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ABSTRACT

In the pharma and fine chemical industries, the development of continuous flow technologies is a
process intensification step of primary importance towards the manufacturing of high-quality
products, while reducing the environmental impact and cost of production. The sustainability and
profitability of a process can be measured through Life Cycle Assessment and cost evaluation.
However, when applied to emerging technologies, these need to be performed at different stages of
the process development in order to limit the uncertainties arising from the scale-up, and hence
providing high-fidelity projections of environmental impacts and costs at larger scales. The output of
the assessment can in fact vary significantly depending on the maturity of the technology and this
translates into having different results at commercial scale compared to early estimations. Therefore,
in this paper we perform an assessment at two different scales of production, lab and mini-pilot
scale, with the aim of quantifying the uncertainties of the assessment related to the scale-up,
identifying the hotspots of the system, and hence providing guidelines for the further steps of
process development. The subject of the assessment is the continuous flow synthesis of Rufinamide.
It is the first time that this synthesis is evaluated at pilot-scale. The results show that low yields in the
cycloaddition drastically affect the waste management and the production of precursors, and hence
increases environmental impacts and cost of production. This calls for the need of prioritizing the
optimization of this synthesis step in order to deploy a green and economically competitive
production technology.

KEYWORDS: Anticipatory assessment — Emerging technologies — Continuous flow synthesis —
Uncertainty — Life Cycle Assessment — Sustainability — Cost analysis

1. INTRODUCTION

Process intensification offers several benefits regarding process efficiency, the use of resources and
therefore sustainability’™. In the pharma and fine chemical industries, continuous flow (CF)
technologies®™ are considered good examples of process intensification, which are able to deliver
high-quality products. These emerging technologies, however, are seldom used in industry because
they are often not attractive to management at large scales due to economic or environmental
reasons. Not all processes reach in fact commercial scale, and this translates into loss of human and
capital resources. Furthermore, their development can be costly, time consuming and involve long
procedures for their implementation™.
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Therefore, emerging technologies need to be filtered from early stages to prevent waste of resources
which lead to high costs and reduce competitiveness. To this end, the early screening and filtration of
emerging technologies requires a high level of knowledge of the process. Such knowledge, however,
is usually only obtained at later stages of their development.

This calls for the need of an “anticipatory” or “ex-ante” assessment, being able to provide a faithful
rendering of the environmental impact'* and costs throughout the process development of an
emerging technology™. A visual representation of this is shown in Figure 1.

This type of assessment should hence quantify the uncertainty and variability of the results
depending on the scale®®, and identify the ‘hotspots’ of the system on which focus the subsequent
phases of the development.

To this end, in this paper we report the environmental impact and cost assessment of an intensified
production technology that is still at the early stages of development: the CF synthesis of
Rufinamide™™®, an anticonvulsant drug consumed worldwide for the treatment of epilepsy’’. The
latter is assessed at different scales, a lab scale and a mini-pilot scale (productivity of 7g/h and 47 g/h
respectively) in order to understand the effect of the scale-up on the environment and the costs. The
low maturity of this CF system is taken into account by identifying the parameters of the synthesis
(e.g operative conditions) that generate uncertainties in the results. These uncertainties are
quantified by means of hotspot analysis and scenario analysis. All together, these provide a more
accurate projection of the environmental impacts and costs of the system at larger scales. It is worth
noting, that the scale of production of pharmaceuticals is relatively low compared to that of bulk
chemicals, with the average mass of pharmaceuticals produced in a single plant being 10-10°
tonnes/year and 10%-10° tonnes/year for bulk chemicals®®. Notwithstanding this, the mass of waste
generated per mass of product (i.e. E factor'®) has been estimated to be 25->100 *® (>200, according
to other sources”) for pharmaceuticals, opposed to that of bulk chemicals having a E factor of <1-5'.
This is partly a reflection of the increasing complexity of pharma products, necessitating multistep
batch syntheses and large volumes of solvents'®. Furthermore, the research for new pharmaceuticals
involves intensive R&D activities at lab scale and pilot scale with substantial resources allocated?".
Therefore, the production of pharma products can have a large environmental footprint, in spite of
contained volumes of product generated. This call for the need of assessments being able to capture
the potential impact of a production process from the early stages of its development and render the
latter more efficient.

To this end, the environmental impact assessment is undertaken using the Life Cycle Assessment
(LCA) methodology. This is regulated by the International Standard Organization (ISO, 14040** and
14044%%); it enables the qualification and quantification of environmental impacts and identifies
improvement options throughout the life cycle of a product, process or activity. In this paper, LCA is
applied in an “anticipatory” *° fashion at the early stages of the development of the CF synthesis of
Rufinamide.

Itis the first time the LCA is undertaken on the production of Rufinamide at a pilot scale. To date, LCA
has been performed on the CF production of Rufinamide only at lab scale®; this study analyzed the
environmental profile of different Rufinamide synthesis pathways and reported a comparison of
batch and CF routes to 2,6-difluorobenzyl azide (Rufinamide precursor).

No evaluation of the consequences of the scale-up of this technology has been published yet, and
more generally, only few LCA studies have been published in literature on pilot scale productions®®*".
To this end, the present study fills this gap by evaluating the effect of the scale-up of the CF synthesis
of Rufinamide on environmental impacts and costs. As mentioned before, this is a critical aspect in
the process development, and this assessment provides guidelines for the further steps of the
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process development, rendering the latter more efficient, less costly and preventing waste of
resources.

With regards to the economic analysis, a preliminary evaluation of the CF synthesis of Rufinamide
has been performed by Escriba et. al'®. In the latter, the payback period (PBP) and cumulative cash
flow (CCF) were used as main indicators. The analysis looked at the impact of the cost of the raw
materials used in the process, the number of operators needed for the operation of the plant, and
the capital investment. However, in this analysis the effect of variable yield of the synthesis was not
evaluated thoroughly. In the present work, the latter is fully analyzed by considering the potential
variation of the synthesis yield in the next steps of the process development, and how this will affect
PBP and CCF.

The paper is structured as follow:

e Materials and Methods
The CF synthesis of Rufinamide is described and the assessment methodology is presented.
e Results and Discussion
This section reports the results of the LCA and cost assessment. These includes a scenario
analysis, hotspot analysis and comparative analysis.
e Conclusions
Conclusions are drawn and opportunities for future works are discussed.
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2. MATERIALS AND METHODS

This section is divided into three parts. Firstly, the subject of the assessment, the CF synthesis of
Rufinamide, is described in ‘System Definition’. This offers an overview of the synthesis method, a
description of the operative conditions adopted at different scales, and the process parameters on
which the environmental impact and cost assessment focus on. Lastly, ‘Environmental impact
assessment’ and ‘Cost assessment’ report a description of the methodology adopted and the
calculation of the results.

2.1. System Definition

Rufinamide is antiepileptic drug used to treat the Lennox—Gastaut syndrome and it was originally
developed by Novartis Pharma. Several batch processes and synthetic routes have been described in
patents®>>*. However, these processes hinge on the use of expensive raw materials (i.e.
dipolarophiles), are often characterized by high consumption of solvents and involve purification
steps that have a large impact on the environment as they increase the generation of wastes*. In
order to improve the environmental impact and the economics of the process, a solvent-free and
continuous plant was developed'*™**. A schematic representation of the CF synthesis of Rufinamide
is reported in Figure 2.

A description of each step of the synthesis is reported in the ‘Supporting Information’. The CF process
was originally developed at lab scale and it was later on scaled-up to a mini-pilot plant. Figure 2
provides also a list of the different operative conditions followed in the lab and mini-pilot systems.
The plant operates solvent-free with exception of the Step 2, from the addition of NaN; to the L/L
separator. As reported in previous publications'*®, the scale-up process can lead to different mass
and heat transfer coefficients which can have an impact on the yield. To this end, the proposed
assessment investigates on the effects that different operative conditions have on environmental
impacts and costs. Furthermore, a scenario analysis is undertaken, considering as a variable the
overall yield of the synthesis. Specifically, the Step 3 of the synthesis process has shown in the trials a
significant variation in the yield due to fouling of the reactor. This is likely to be overcome with
further optimization of the reactor design. To this end, the chosen scenarios range from the lowest
overall yield observed in the mini-pilot system (47%) to the best overall yield that was achieved in the
lab scale (83%), as listed in Figure 2.

2.2. Environmental Impact Assessment

The environmental impacts of the synthesis of Rufinamide are calculated for the lab and the mini-
pilot scale. These are benchmarked against the environmental impact of the conventional batch
synthesis. The results of the assessment of the CF system at mini-pilot scale are further analysed in a
comparative analysis, showing the variations of the impacts depending on different overall yields and
operative conditions. A hotspot analysis is also undertaken to identify the main causes of the
environmental impacts.

Using a Life Cycle Assessment approach the phases described below have been followed:

Life Cycle Inventory (LCI)

This is an inventory analysis in which all the relevant inputs and outputs of the product
system are quantified by means of data collection and calculation procedures (indicated by
the ISO 14040%%). By means of the LCl, it is possible to understand in advance whether the
resources utilization and releases to the environmental matrices will be relevant, or not. At
the basis of the LCI there is the definition of the Functional Unit (FU), that quantifies the
function of the product under study and provides a reference to which input and output data
are normalized; in this study the selected FU is 1 kg of Rufinamide.
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The data for the LCI are quantified for each unit process included into the defined system
boundaries (Figure 3). These are subdivided into macro systems: foreground and background.
The foreground system is composed by the array of operations occurring in the production
phase, and by the production of chemicals. The background system is composed by the set of
operations and services that revolve around the synthesis, namely, electricity production,
raw materials extraction, and waste disposal. Each process is defined by compiling the
material and energy balance occurring in them through the standardized approach indicated
in the 1SO 14040% and these includes:

- Energy inputs, raw materials, ancillary inputs, other physical inputs,
- Products, co-products and waste,
- Emissions to air, discharges to water and soil, and other environmental aspects

Life Cycle Impact Assessment (LCIA)

This phase translates the elementary flows described in the LCI (i.e. emissions or resource
use) into an impact on the environment. LCIA results are expressed on the basis of the
defined FU.

LClI and LCIA were supported by the software tools GaBi ts 8.7 (SP36) professional +
extensions (ll, VI, IX, XVIl) and Ecoinvent 3.5 (integrated SP36): the datasets are in
compliance with the 1SO 14044, ISO 14064 and 1SO 140257 standards. In general,
environmental impacts were estimated using a cradle-to-gate boundary for European
production: in other words the activities that compose the life cycle (e.g electricity
production) are region-specific and are modelled on the basis of European activities. LCIA
was conducted applying the methodology “ReCiPe 2008” by Goedkoop?® et al. in accordance
with other studies® on Rufinamide production, in order to render coherent the benchmark
with previous results. The results are expressed through impact categories (see ‘Supporting
Information) that were addressed at the midpoint level. LCIA methods essentially model the
environmental mechanism that underlies each of the impact categories as a cause-effect
chain starting from the environmental intervention (emission or physical interaction) all the
way to its impact. To this end, the impact can be expressed through midpoint and endpoint
methods, depending on type of output the analysis is meant to provide (i.e. increased
chemical concentration in a lake vs extinction of species). As a general rule, the further the
outcome of the assessment is expressed in the cause-effect chain, the more the results can
be biased. In the present study, the chosen LCIA method imply a midpoint level assessment
in order to minimize errors.

2.3. Cost Assessment

The objective of performing a cost assessment is to provide enough information to make investment
decisions. Besides selecting technologies with the biggest potential of economic return, early
assessments can be used to assess risks, uncertainties or potential areas of improvement. In this
paper we considered two indicators in the cost evaluation of the continuous plant: the payback
period (PBP) and the cumulative cash flow (CCF). In the assessment, several scenarios are
investigated. These scenarios take into account the uncertainty of the cost of the raw materials, total
investment costs and number of operators. Complementing the previous analysis'®, the impact of
yield is evaluated under the same assumptions: straight line depreciation, useful life equal to 10,
salvage cost of 0%, tax rate of 32%, interest rate of 0%. Furthermore, the same bulk prices are
assumed.

At this stage, it is not possible to estimate additional costs such as regulatory and cleaning
procedures. Consequently, it was assumed an additional 10% to the total costs (capital investment
and raw material costs) to take into consideration these uncertainties, as reported by Escriba et. al'®.
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With regards to calculations, the PBP is a methodology that estimates the amount of time to recover
the investment, while the CCF estimates the sum of the cash flows in a determined period of time.

The PBP can be determined with Equation®.

PBP = 1IC Eq. 1

ANcr

Where Apc; represents the annual cash income, Crc the new investment. The Ayc can be
determined with Equation 2°°.

Ancr = Acs — (Acs — App)t Eq.2

Where A.s represents the annual cost savings, Agp the balance sheet depreciation and t the tax
rate. The CCF can be determined by the sum of Ay, in the period analyzed.

The evaluated scenarios use the following yields and reactant ratios (refer to Figure 2 for the
synthesis steps):

e Ideal plant, 100% yield and ratio of all reactants equal to 1.

e lab plant, HCI:2,6-difluorobenzyl alcohol=1.2 and yield 99%; NaNs:2,6-difluorobenzyl
chloride=1.5 and yield 98%; methyl trans-3-methoxyacryate:2,6-difluorobenzyl azide=1.5 and
yield 86%.

e  Mini-pilot plant, HCI:2,6-difluorobenzyl alcohol=4 and yield 90%; NaNs:2,6-difluorobenzyl
chloride=1.6 and yield 99.4%; methyl trans-3-methoxyacryate:2,6-difluorobenzyl azide=1.5
and yield 93%.

e Worst case scenario, HCI:2,6-difluorobenzyl alcohol=2 and vyield 90%; NaNs:2,6-
difluorobenzyl chloride=1.6 and vyield 99.4%; methyl trans-3-methoxyacryate:2,6-
difluorobenzyl azide=1.5 and yield 47%.
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3. RESULTS AND DISCUSSION

3.1. Environmental impacts

The environmental impact of the CF synthesis of Rufinamide at lab scale and at mini-pilot scale are
presented in Figure 4. These are normalized on the basis of the environmental impact of the CF
synthesis at lab scale (baseline, in orange) and are expressed for each of the impact categories listed
in the figure (in accordance with the work of Ott et al.*°). Three scenarios are considered for the
mini-pilot setup, referring to different process yields as a result of the uncertainties of the
experimental results obtained in Step 3 (see ‘System Definition, Figure 2’). These yields represent a
pessimistic scenario (47%) in which the observed fouling issue cannot be mitigated, an optimistic
scenario (83%) in which the overall yield of the mini-pilot system is equal to the overall yield
observed in the lab system, and a mid-way scenario (65%). Furthermore, the proposed scenarios
allow a potential deviation of 20% from the baseline (reported in Figure 2), for each one of the
chemicals and operative conditions involved in the cycloaddition step, namely, methyl-trans-3-
methylacrylate, methanol, NHs, energy generation and waste management.

As shown in Figure 4, the environmental impact of the CF synthesis is significantly lower compared to
the batch synthesis (red lines in the graph). With specific regards to the CF synthesis, the impacts
associated to the mini-pilot system are generally higher compared to the lab system, in all the impact
categories analyzed. To this end, low yields in Step 3 translates into higher environmental impacts. A
detailed analysis on the primary causes of such increase is reported later in the hotspot analysis. It is
worth noting that the optimistic scenario (83%) for the mini-pilot scale has still slightly higher (~6%
on average) environmental impacts than lab CF system in all the impact categories. This additional
impact can be looked at as the effect of the different operative conditions followed in the mini-pilot
system, namely operative temperature and precursor ratios.

A hotspot analysis of the environmental impact of the lab and mini-pilot CF system is reported in
Error! Reference source not found.. This looks at the contributions of the activities present in the life
cycle of the synthesis of Rufinamide to the overall environmental impact. Following a similar
approach as in Figure 4, the baseline is the environmental impact of the lab system®® and the results
of the LCA of the mini-pilot system are normalized accordingly.

The production of 2-6-diflorobenzyl alcohol takes on average more than 50% of the environmental
impact of the CF synthesis of Rufinamide in all the impact categories. This compound is the main
precursor and hence its impact is hardly mitigatable without changing the synthesis method or the
way it is produced. Methanol and methyl trans-3-methoxyacrylate production, and energy
generation take a significant share of the impact in Fossil Depletion Potential, Ozone Depletion
Potential and Natural land transformation potential. Waste management is also a major contributor
to the environmental impact of the systems. The waste generated is classified as hazardous waste
and it is consequently disposed via incineration route that contributes to increase the impact
especially in Global Warming Potential, Ozone Depletion Potential and Terrestrial Ecotoxicity
Potential. To this end, the CF process requires lower volumes of solvents across the CF synthesis
compared to conventional multi-step batch synthesis. The generation of waste is hence reduced, and
this emerges clearly by looking at indicators such as E factor and solvent rate. These look respectively
at the ratio of the total mass of waste to the mass of the isolated product, and the total mass of
solvent to the mass of isolated product. In the CF process, both indicators are effectively reduced by
a factor of 3.5 on average compared to the batch synthesis, with the final value being 17 +2 and 19
+3 respectively®’. From a wider perspective, the E factor of the CF production of Rufinamide falls
below the typical range of E factors of pharma products’®®, attesting the reduction of the
environmental footprint of the production process of Rufinamide when CF technology is used.
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Consequently, the CF synthesis emerges as a valid alternative to the batch synthesis of Rufinamide,
and this should incentivize further efforts towards its deployment at commercial scale. Because of
the potentialities shown in the efficient use of solvents and management of wastes, CF technologies
could contribute, more in general, to reduce the environmental impact of other production
processes in the pharma industry that still hinge on batch manufacturing. However, the results of this
work cannot be generalized, and case-specific anticipatory assessments are needed in order to
evaluate the impact of CF technologies on other manufacturing processes.

It is worth noting that as the overall yield of the CF mini-pilot synthesis of Rufinamide decreases, the
environmental impact arising from the production of chemicals and waste management drastically
increases as a consequence of additional quantities of chemicals required and the higher volume of
waste produced per kg of Rufinamide. When the effect of the synthesis yield is excluded, it is
possible capture further effects of the scale-up. This can be achieved by looking at the impact of the
mini-pilot system (83%) and comparing it with the impact of the lab system in Figure 5. These two
systems have the same overall yield but different operative conditions (see Figure 2 in ‘System
Definition’). On a closer look, the additional environmental impact of the mini-pilot system -less than
6% on average- results to be due to the production of HCl and energy generation. In other words, the
main factors that contribute to the additional environmental impact of the mini-pilot plant are hence
the higher ratio of HCI:2,6-difluorobenzyl alcohol in the Step 1 of the synthesis, which is circa 3.3
times higher compared to the lab scale, and higher reaction temperatures. The excess of HCI also
contributes to generate a higher volume of wastes. These drawbacks could be theoretically mitigated
by implementing a recirculation system, and hence avoiding part of the impact arising from
incineration activities. The feasibility of this option has not been proved yet. However, a successful
implementation would reduce the environmental impact of the CF mini-pilot scale, hence potentially
matching the environmental impact of the CF lab system. To this end, it is worth noting that the CF
synthesis at mini-pilot scale showed on average a lower environmental impact than the batch
synthesis (Figure 4) also in the worst-case scenario (47% yield). From the LCA perspective, the CF
synthesis would enable savings of environmental impact in each of the impact categories of the
analysis, and it is therefore advisable that this production technology is adopted.

Operative conditions, energy consumption, waste management and synthesis yield emerged as the
most relevant aspects to factor into the assessment of the scale-up. To this end, the latter is well
summarized in Error! Reference source not found. that reports the effect of these factors on Global
Warming Potential and Human Toxicity Potential.

It is worth remembering that Step 3 is still to be optimized in the mini-pilot system and hence there is
room for improvement. As reported in the section ‘System definition’, the main issue is the fouling of
the reactor. This can be overcome through further optimization of the reactor’s design without
impacting on the operative conditions of the system. By looking at Figure 6, it is clear that low yields
in the Step 3 of the synthesis highly affect the environmental impact of the system in the selected
impact categories. In the light of this, the optimization of this step should be prioritized for the
development of a low impacting production system in the next phases of the scale-up.

3.2. Costs

The reduction of the cost of the raw materials is the main business driver for the CF synthesis of
Rufinamide. The analysis considered two plants (batch and CF) with an equal capacity of 10 ton/y.
The yearly costs of the raw materials had been estimated to be $924k and $1432k for the batch and
continuous plant respectively®®. The bulk price of the raw materials was estimated using the
correlation proposed by Hart et. al as seen in Eq. 3°. This equation estimates the bulk price of the
products based on the price at lab scale, where the index B represents the commercial scale and [
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lab scale, P represents the price, and Q; is the amount of grams at lab scale and Qg is a constant
equal to 60 Ib.

Py =P, (%)—0.75 Eq. 3

The previous cost estimations considered a fixed overall yield of 80% for the continuous plant. To this
end, Figure 7 reports the annual expenditure on raw materials considering the potential variation in
yields.

The scenario referring to pilot scale with 47% yield has the highest raw materials costs as it would be
expected (lowest yield, worst case scenario). In this scenario, the annual expenses are in fact even
higher than the annual expenses estimated for the batch process without considering recirculation of
the reagents'®. However, the estimation of the batch process is based on results at lab scale and no
information was found at larger scales™.

Figure 7 also highlights the importance of having an optimized yield in the Step 3 of the synthesis.
This results having a great impact on the use of raw materials, which take the highest share of the
total costs. Additionally, Figure 7 shows the impact of the uncertainty on the cost estimation for each
single raw material. It is observed that HCl(gas) has the highest impact and potential savings. This
result requires as a next step to determine the commercial price of this specific raw material. In case
the actual prices do not deviate greatly from the estimated ones, it could be helpful to take a step
back and rethink if HCI (ag.) could be used instead as a mean to reduce costs even further, which has
already been proven to be feasible before™. This approach would make a compromise between
profitability and sustainability of the process (HCl in liquid phase produces water as waste).

Figure 8 shows the CCF under different case scenarios. Figure 8 also shows the impact on uncertainty
of the raw materials costs (£10%) of the CF plant.

The worst-case scenario (yield 47%) does not provide a positive CCF under the assumptions analyzed
in most of the scenarios evaluated. Additionally, without considering the worst-case scenario, the
PBP was below 4-5 years in most of the cases. The cost of the raw materials is expected to have the
biggest impact on the plant as reported by Escriba et al.*® and small variations on the estimations can
have a major impact on the profitability of the project and it highlights the need to improve the yield
of the third reaction step and to estimate as accurate as possible the cost of the raw materials.

4. CONCLUSIONS

We performed a life cycle assessment and cost evaluation of the continuous flow synthesis of
Rufinamide at a lab scale and a mini-pilot scale. It is the first time that this synthesis is evaluated at
pilot-scale. To this end, a scenario analysis and a hotspot analysis were undertaken to investigate the
variation of the results and to identify the key parameters of the synthesis.

The assessment shows that, under the same overall yield, the CF mini-pilot plant has marginally
higher environmental impacts and costs per kg of Rufinamide produced compared to the CF lab
system. The mini-pilot plant adopts higher operative temperatures and ratio of reactant-to-precursor
that translate into larger quantities of chemicals processed, additional energy consumption, and
hence increased costs and effect on the environment. The increase though is marginal and the
environmental impact and costs of the CF synthesis of Rufinamide at pilot scale remain significantly
lower compared to a conventional batch synthesis. The lower impact stems in large part from the
generation of waste, which is effectively mitigated in the CF system. In the latter the E factor is
significantly lower than a conventional batch synthesis, and more generally falls below the typical
range of E factors of pharma products. In light of this, it is hence advisable that the CF production
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technology is adopted in place of the conventional batch synthesis of Rufinamide. However, the last
step of the CF synthesis— the cycloaddition — has a strong effect on the performances of the mini-
pilot plant and hence emerges from the assessment as the key factor for achieving low
environmental impacts and generating good return on investment. Therefore, the next phase of the
process development should prioritize the optimization of the cycloaddition step.

On the whole, the findings of this paper highlight the need for a continuous assessment on emerging
technologies during the early stages of their development. As shown in the paper, this type of
assessment provides insights on their optimization and it can be used as the basis for the screening
and the selection of these technologies along process conditions and potential raw materials. We
hence envisage the application of this approach to other emerging technologies with the aim of
reducing waste of resources and capitals in the process development.
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Figure Captions

Figure 1. Conceptual overview of anticipatory assessment inputs to process development

Figure 2. Schematic representation of the CF setup and list of operative conditions and yields of the
process for lab and mini-pilot scale

Figure 3. System boundaries: foreground and background system. A picture of the mini-pilot plant is
reported in the right-bottom corner

Figure 4. Comparison of the environmental impact of the synthesis of Rufinamide. The results are
reported for a conventional batch synthesis, and for the CF synthesis at a lab scale*®* and a
mini-pilot scale. Three scenarios are given for the mini-pilot scale under different yields.

Figure 5. Hotspot analysis of the environmental impact of the CF synthesis of Rufinamide. Three
scenarios are reported for the mini-pilot scale (same as in Figure 4) under different yields.

Figure 6. Effects of production technologies, operative conditions and yields on GWP and HTP
Figure 7. Yearly cost of raw materials under different scenarios in the CF process

Figure 8. Cumulative cash flow for different yields in the CF process, and different CAPEX investments
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Figure 2 — Schematic representation of the CF setup and list of operative conditions and yields of the process for lab and
mini-pilot scale
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Figure 4 — Comparison of the environmental impact of the synthesis of Rufinamide. The results are reported for a
conventional batch synthesis, and for the CF synthesis at a lab scale3? and a mini-pilot scale. Three scenarios are given for
the mini-pilot scale under different yields.
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Figure 6 — Effects of production technologies, operative conditions and yields on GWP and HTP
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Figure 7 - Yearly cost of raw materials under different scenarios in the CF process
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