ABSTRACT

JIMENEZ-GONZALEZ, CONCEPCION. Life Cycle Assessment in Pharmaceutical
Applications. (Under the direction of Michael R. Overcash).

In the present work, life cycle information is developed to provide environmental
input into process development and chemical selection within the pharmaceutical industry.
The evaluation at various stages of the development process for Sertraline Hydrochloride, an
effective chiral antidepressant, was conducted. This evauation included the Life Cycle
Inventory (LCI) and further Life Cycle Assessment (LCA) to compare several synthetic
routes and production processes of this pharmaceutical product.

To complete the Sertraline analysis, a methodology to generate gate-to-gate life cycle
information of chemical substances was developed based on a transparent methodology of
chemical engineering process design (an ab initio approach). In the broader concept of an
LCI, the information of each gate-to-gate module can be linked accordingly in a production
chain, including the extraction of raw materials, transportation, disposal, reuse, etc. to
provide afull cradle-to-gate evaluation.

Furthermore, the refinery, energy and treatment sub-modules were developed to
assess the environmental burdens related to energy requirements and waste treatment.

Finally, the concept of a ‘Clean/Green Technology Guide was also proposed as an
expert system that would provide the scientists with comparative environmental and safety
performance information on available technologies for commonly performed unit operations
in the pharmaceutical industry.

With the expected future application of computer-aid techniques for combinatorial
synthesis, an increase of the number of parallel routes to be evaluated in the laboratory scale
might be predicted. Life cycle information might also be added to this combinatorial
synthesis approach for R&D. This input could be introduced in the earlier stages of process
design in order to select cleaner materials or processes using a holistic perspective. Thislife
cycle approach in pharmaceutical synthesis is intended to facilitate the evaluation,
comparison, and selection of alternative synthesis routes, by incorporating the overall
environmental impact of routes.
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1. LIFECYCLE IN FINE CHEMICAL AND PHARMACEUTICAL
PROCESSES: LITERATURE REVIEW

The use of life cycle assessment for process selection and development in
pharmaceuticals is a novel area of research. This area has been in encouraged in part by the
need of improving process development in pharmaceuticals (Pisano, 1997; Thayer, 1998) and
by the increasing use of techniques such as combinatorial chemistry (Studt, 1997; Studt,
19974), which alows the discovery chemist to develop severa chemica routes for the
synthesis of a particular drug.

Although pharmaceutical companies recognize the importance of including the
environmental aspects from the beginning of process design, and some pharmaceutical
companies have looked at concepts like green chemistry and atom economy (Freitas dos
Santos, 1999; Anastas and Warner, 1998), the application of life cycle for the process design
of drugs has been limited.

Almost all the research in environmental issues for the pharmaceutical industry,
including the ones based on pollution prevention, deal mainly with specific issues outside the
life cycle perspective, like solvent recovery or the minimization of a specific waste (Ahmad
and Barton, 1994; Forman et. a., 1994).

Nevertheless, it was found that Curzons et. a. have developed a methodology for
evaluating synthetic organic reaction in pharmaceutical processes through the lens of
sustainable practices, including the life cycle viewpoint. This methodology consists in the
development of a series of heuristics and metrics. The heuristics permit derivation of data for
each of the environmental metrics, since the metrics provide a measurement of environmental

characteristics for the evaluation and comparison of synthetic reactions.



Finaly, Koller et. a. (1998), and Heinzle et. a. (1998) have also proposed a general
procedure for ecological and economic assessment during process design in fine chemical and
pharmaceutical production that includes the life-cycle viewpoint. This procedure proposes
three type of indices: mass, cost and environmental. All three indices are based on mass

balances and can be calculated only with literature data, or including early process knowledge.
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2. LIFE CYCLE ASSESSMENT IN PHARMACEUTICAL APPLICATIONS.

Abstract

Source reduction of wastes can be achieved in industry through changes in products,
raw materials, process technologies or procedural practices. Thereis also a need to introduce
environmental factors as an integral part of the decison-making process at the Research and
Development (R&D) stages of design for drug manufacturing. This may improve efficiency,
lower costs, and avoid environmental consegquences in the production stage.

In the present work, life cycle information is developed to provide environmental input
into process development and chemical selection within the pharmaceutical industry. The
evaluation at various stages of the development process for Sertraline Hydrochloride, an
effective chiral antidepressant, was conducted at Pfizer Pharmaceuticals.

With the expected future application of computer-aid techniques for combinatorial
synthesis, an increase of the number of paralld routes to be evaluated in the laboratory scale
might be predicted. Life cycle information might also be added to this combinatorial synthesis
approach for R&D. This input is expected to be introduced in the earlier stages of process
design in order to select cleaner materials or processes using a holistic perspective. This life
cycle approach in pharmaceutical synthesis is intended to facilitate the evaluation, comparison,
and selection of alternative synthesis routes, by incorporating the overall environmental impact

of routes.

Keywords. Pharmaceutical industry, pharmaceutical process development, life cycle analysis,

chiral synthesis.



2.1. Introduction: Process Development in the Pharmaceutical Industry

What organizations learn during the initial drug development phase clearly has an
effect on production, as each process development project not only creates new production
capabilities, but also adds to the company’s know-how. Thus, a successful initia process
development project can be visualize as improving the starting point on the process
development curve (Pisano, 1997 and Overcash, 1988). Better initial conditions lead to
shorter time to achieve a determined level of efficiency with a new drug

Process development for bulk pharmaceuticals is oriented to severa key objectives.
The first priority is to design a process that can reproducibly synthesize an extremely high
quality final product. Another priority is to improve process efficiency in order to reduce the
capital expense required to achieve the first priority (Forman, 1994). Each stage of
compound development has different characteristics, and as far as the preclinical stage is
concerned, the efforts are traditionally focused on synthesizing high quality material as fast as
possible. This leads to priorities for the availability of raw materials, while the cost is only a
secondary consideration. As many as a third of the route candidates fail at this stage, making
it advisable to use the initial discovery route or a close modification.

As a consequence, development objectives are addressed only after extensive
screening of unsuitable compounds and routes.  For instance, of the 5,000 compounds
evaluated in preclinical testing, only about 5 progress far enough to enter clinical trials and on
average only 1 might actually gain approval by the US FDA for marketing (Pisano, 1997).
Thus, given the average 12 years required to get approval for a new drug candidate, time

allocated for process development must be optimized.



Synthetic routes represent the basic process technology concept for pharmaceuticals.
In theory, problems with synthetic routes can be detected long before a process reaches the
factory. Therefore, learning about route selection and how it affects development
performance and quality offers broader conceptual lessons.

Changes to a synthetic route late in the development cycle can require a great deal of
rework, as optimization conditions and new solutions are developed. The same concept
applies to changes due to environmental factors. Including overall environmental criteria as
inherent factors of process development and optimization is an essential part of anticipating
and attempting to solve problems that might arise in actual production, as well as an intrinsic
characteristic of environmentally conscious manufacturing (USEPA, 1991).

Furthermore, there is an emphasis on evaluating multiple routes at various phases of R
& D. With the expected future application of computer-aid techniques for combinatorial
synthesis, an increase in the number of parallel routes to be evaluated at the laboratory scale
might be predicted (Studt, 1997). The life cycle inventory analysis approach thus represents
an integrated part of the synthesis and route selection processes, allowing the prediction of
potential environmental problems that might arise and offer global environmenta criteria for
route selection.

It has been formerly discussed that quality in the route selection process, expressed as
early selection of the most attractive route, can influence overall process design qudlity,
including cost and complexity reduction. Introducing environmental life cycle information at
this stage would represent a powerful tool to face the potential global environmental problems

before the manufacturing phase. This allows the company to rapidly cycle through multiple



routes early in the development process, while leaving sufficient time to optimize and refine
the process.

As a case study, a life cycle was conducted at Pfizer Pharmaceuticals Inc. on a chiral
product, Sertraline Hydrochloride, an effective antidepressant, which has been evaluated at
various stages of the development process. The present work is focused in the results

obtained in this case study.

2.2. Sertraline: A Case Study

In recent years, interest in the synthesis of pure enantiomers has received new impetus,
largely as a result of the increasing awareness of the importance of optical purity in the
context of biological activity. Although chirality is not a prerequisite for biological activity,
when bioactive molecules contain a chiral center, differences are usualy observed in the
activities of the individual enantiomers. In redlity, a chiral drug administered as a racemic
mixture amounts to two separate drugs, each with different pharmacodynamics and
pharmacokinetics (Sheldon, 1990).

The number of new pharmaceutical agents being developed and marketed as single
stereoisomers continues unabated. Pure enantiomers now constitute over half of the drugs
undergoing clinical evaluations (Quallich and Woodall, 1992). The commercial importance of
this trend in pharmaceuticals is that the combined sales of the ‘chiral top ten’ in 1994
amounted to more than 16 billion dollars. Eight of these top ten drugs are marketed as single
enantiomers (Table 2.1; Sheldon, 1996).

The evaluation of a development process for a drug is being conducted to analyze the

effects in the environment that are produced by chemical, technological and process changes



throughout various R&D stages of design for drug manufacturing. The product chosen as a
model was Sertraline Hydrochloride (Sertraline) of Pfizer Pharmaceuticals.

Sertraline, which has demonstrated excellent efficacy as an antidepressant (Quallich et.
a., 1990), is another member of the drug class marketed as pure enantiomers (Williams and
Quallich, 1990; Welch et. al., 1994; Sheldon, 1990). From all four possible isomers tested for
activity (Figure 2.1a) the required high sdlectivity resided in the cis(+) isomer (cis-1S,4S),
Setraline.

At an industria level, the main raw material in the synthesis of Sertralineistetralone in
the form of a racemate (Figure 2.1b). The process currently performed at Pfizer is the
conversion from racemic tetralone to Sertraline.  Racemic tetralone manufacture is
outsourced, then racemic Sertraline is produced, followed by a resolution with D-mandelic
acid to isolate the desired enantiomer. This synthesisis processed as batches in 4 steps.

For Sertraline there are three alternate processes reported (Welch, 1984;Pfizer, 1985;
Pfizer 1999) which use different solvents in the first three steps of the conversion. These
variations were labeled as THF, EtOH and Tol process after the solvent used in the first step
in each alternative (Fig. 2.2). The process development of these aternatives has occurred at
three stages. laboratory, pilot and full scale.

Figure 2.3 shows routes under study for making tetralone (Pfizer 1989; Pfizer, 1988;
Pfizer 1991; Quallich and Woodall, 1992). Tetralone was originaly prepared in five steps at
8% overdl yield (Route 1), with the possibility to employ a different starting material (Route
2). Later, another preparation of tetralone was conceived, which employed Friedel-Crafts
reactions to construct all of the carbon-carbon bonds, Route 3 (37% yield). This route was

further consolidated with one less step via double Friedel-Crafts reaction with isolation of the



intermediate compound, Route 7 (49% vyield) or without isolation, Route 8 (47% yield).
Afterwards, the current commercial route for tetralone production was developed with
reported laboratory yields as high as 79.6%, Route 4.

An asymmetric synthesis of tetralone was also sought to eliminate processing the
undesired enantiomer of Sertraline through the resolution stage. The synthesis of the chira
tetralone was successfully performed at a laboratory level with yields of 12 and 55% (Routes
5 and 6), followed by a direct synthesis of chiral Sertraline at the laboratory level. Chiral
tetralone has been produced at |aboratory level with an optical purity of 84% ee for route 5
(Or a92:8 ratio of enantiomers. Enantiomer excess is the difference between the percentages
of the two enantiomers) and 88.6% ee for route 6.

In addition to the asymmetric synthess, Simulated Moving Bed (SMB), a
chromatographic-based separation method has been studied for isolating the desired
enantiomer from racemic tetralone. Recoveries up to 75% in laboratory scale and 82% in
pilot scale were reported (Guham, 1997). The refinement of this technology would be to re-
racemize the unwanted enantiomer and recirculate it again into the separation process. There
is laboratory scale evidence of the possibility of re-racemizing the unwanted enantiomer under
strong basic conditions, but the racemization has not been fully developed or considered yet in

any of the routes.

2.3. Goal, Scope and Functional Unit of the Life Cycle Assessment of Sertraline
Goal
To provide life cycle insight into process selection and devel opment of complex drugs

within the pharmaceutical industry was the main goa of this study. Therefore, it aimsto
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facilitate the evaluation, comparison and selection of aternative Sertraline synthesis routes,

incorporating the overall environmenta impact of the routes.

The findings of this research are expected to be utilized in early stages of Pfizer

process design in order to select cleaner materials or processes using alife cycle perspective.

Besides the general goal, there are some specific interest areas to which the findings of

this LCA are intended to provide some understanding. Those interest areas are:

1)

2)

3)

4)

5)

6)

7)

Scope

Influence of number of steps (complexity) and at what step to introduce chirality on
total chemical losses.

Influence of similar chemical structure in starting raw materials with the same final
product on the overal energy use and chemical losses.

Influence of solvent recovery and non-isolation techniques on environmental factors.
External (supply chain) versus Internal (pharmaceutical facility) environmental
impacts

Relationship between yield (overal efficiency) and total waste.

General understanding of inclusion of environmental factors in early stages of route
selection and the relationships to process performance.

Influence of scale of manufacturing.

Unit process life cycle description.

This study is a comparative assessment of different synthetic routes (production

processes) for manufacturing of Sertraline, using LCA as atool in a cradle-to-gate approach.
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The analysis of packaging and distribution of the drug once manufactured are not considered
(Figure 2.4).

The research examined both the Sertraline processes and Tetralone Routes. In total,
four variations of the process for Sertraline, and eight devel opment routes for tetralone have
been identified. The Tetralone routes include two that involved the synthesis of chiral
tetralone.

Such a system involves different scale production, different chemicals used, and
different process principles (e.g. separation-synthesis, racemic synthesis-separation, and
asymmetric synthesis).

For the assessment phase, neither land use, biotic resource depletion, terrestrial eco-
toxicity, nor landfill volume are being considered in the analysis. Landfill volume is not
included since at the time of the analysis no assessment factors were available for this
category, besides most of the data obtained express the solid waste in mass units instead of
volume. Terrestrial ecotoxicity is not included because the data for landfilling is expressed as
total metals to soil, instead of the individual metals which have assessment factors for this

category.

Functional unit

The functional unit has to be defined in order to make a reliable comparison of
different processes. For this research, the functional unit was defined as 1000 kg of Sertraline
produced.

This functiona unit was chosen since the exact amount of Sertraline dosages that

would fulfill the function of the drug will vary depending on the patient and the severity of the
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ailment. Besides, since this research has been conducted using the cradle-to-gate approach, a

mass-based functiona unit makes the comparison between routes and processes easier.

2.4. Methodology
The general methodology for this life cycle study is represented in Figure 25. A
description of the methodology is given in the following paragraphs, and more detail

explanations of methods are described in subsequent chapters.

2.4.1. Identification of the Routes under Study.

The research was divided into Sertraline processes and Tetralone Routes. In total, four
variations of the process for Sertraline and eight development routes for tetralone have been
identified. The Tetralone routes include two that involved the synthesis of chiral tetralone.
The routes involve different scale production, different chemicals used, and different process
principles (e.g. separation-synthess, racemic synthesis-separation, and asymmetric synthesis).

Figure 2.6 summarizes the routes to be anayzed.

2.4.2. Definition of the system boundaries

In this study, a cradle-to-gate approach of life cycle assessment was used. In acradle-
to-gate approach the boundaries of the life cycle assessment are set to analyze the activity
from the extraction of raw materials until the end of the manufacturing process. The
packaging, distribution, use and disposal of the drug are assumed to not vary among the
production processes, and therefore, the analysis and selection of synthetic routes and

production process is independent of the downstream system (post-manufacturing). As a
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result, this research does not include the life cycle issues related to packaging, distribution, use
and disposal of Sertraline.

The ‘cradle’ part of the boundaries was set back into raw materials extracted from
earth (petroleum, metals) or produced in agriculture (corn). All the production data included
in this research consider post-treatment emissions, although the emissions from treatment are

presented separately in order to compare pre versus post treatment data.

2.4.3. Data Collection for Sertraline processes and Tetralone routes.

The information for the tetralone routes was mainly obtained in literature articles that
described the processes for tetralone synthesis.

For the Sertraline processes the information at a laboratory level was gathered from
literature articles and laboratory notebooks. At pilot scale it was obtained from pilot plant
archives, and at full scale from production records inside of the company.

The data found included the complete description of the process with the typical
guantities of each chemical incorporated to the route, as well as the description of the unit
operations and temperatures. For the tetralone routes, block flow diagrams were developed
to better illustrate the lengthy routes. The data found in those articles were thoroughly
reviewed by scientists in Pfizer. In general, much of the actual data had been previoudy

published.
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2.4.4. Estimation of chemical losses inside the pharmaceutical manufacturing boundary.

To estimate the chemical losses generated in the different tetralone routes and
sertraline processes, mass balances were performed using the information from the process
description. All the information about amounts of materials entering the system was provided
in the literature or directly from records from the company at the different scales of

production. The output of the mass balances was sent to the company for review.

2.4.5. Estimation of Energy Requirements for tetralone and sertraline processes.

For calculating the energy requirements for tetralone routes and sertraline processes,
typical thermodynamic equations were used. The heat capacities and unknown heat of
reactions were estimated using the group contribution theory. The procedure for estimating
the energy requirements for tetralone routes and sertraline processes is described in detail in

Chapter 7.

2.4.6. Energy-Related Emissions. Development of Energy sub-modules.

To include the energy-related emissions in this life cycle assessment, energy sub-
modules were developed for steam production, cooling using refrigeration, and cooling using
a cooling tower. A detailed explanation of the methodology for the energy sub-modules and
the life cycle information of the sub-modules, including eectricity production, is presented in
chapter 4.

For the emissions related to the primary energy carriers (e.g. natural gas, fud oil, etc.),

the averages of the reported data in severa commercia databases were used. The detailed
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comparison of several commercia databases is presented in chapter 5, and a summary of the

data employed for the energy-related emissionsis presented in Table 2.2.

2.4.7. Development of Waste Treatment sub-modules.

To obtain the input of the emissions generated in treatment and disposal, waste
treatment sub-modules were generated. Models for the waste water treatment plant, solvent
incinerator and solvent recovery were developed. Models for landfill disposal were taken

from the literature. The detailed description of the treatment modules is given in chapter 6.

2.4.8. Development of a Life Cycle Inventory (LCI) Database.

A substance tree was generated for the Sertraline processes and tetralone routes. A
substance tree is a graphic tool that shows all the precursor raw materials required in the
production of a specific product or compound, extended back to the materials extracted from
nature. The substance tree documents all the materias involved in each one of the synthetic
routes and production processes. Figure 2.7 illustrates the substance tree of route 3.

After the substance was generated and all the cradle-to-gate raw materials identified,
al the information regarding the raw material production for tetralone and sertraline was
estimated using a pre-treatment gate-to-gate approach, according to the methodology
presented in chapter 3. This approach was chosen because initially insufficient information

was found for the rather large number of substances involved in the system.
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2.4.9. Modeling

To expand the boundaries of the analysis beyond the pharmaceutical manufacturing
plant limits, the life cycle study was performed in a modular manner, incorporating the energy
sub-modules, the waste treatment modules and the gate-to-gate information for the raw
materials to the in-plant processes.

After comparing severa life-cycle software packages (e.g. PEMS, SIMAPRO,
ECOPRO, LCAIT), ECOPRO 1.5 was the software selected for the modeling, mainly for the
capability of this software to work in a modular manner, and to export the results for further

analysis and interpretation. The mechanics of the modeling are described in Figure 2.8.

2.4.9.1. Transportation-related Emissions.

Since the gate-to-gate estimation approach was used no specific suppliers were
considered. To include the transportation of raw materials to the production centers, the
average distances for transportation of goods and contributions related to the mode of
transportation were used as reported by the US Department of Commerce, Economics and
Statistics Administration, US Census Bureau (US Department of Commerce, 1999).

For the present research, the transportation of basic chemicas, metallic ores and
concentrates, non-metalic minerals, cereas and grains, coa and fuels were included. The
transportation modes included in the analysis were truck, rail and boat.

The transportation-related emissions factors were taken directly from the database in
ECOPRO 1.5 for diesel trains, 40 ton trucks (50% capacity) and river-size diesel boat (70%
capacity). The values for distances and mode of transportation distribution are shown in

Table 2.3.
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2.4.9.2. Allocation factor

When a specific process produces more than one product of commercial vaue, the
waste treatment option, raw material requirements, energy consumption, and emissions need
to be allotted or alocated. In this research the allocation factor used in the modeling was
product mass ratio. That is, if a given process produces 25 kg of product A and 75 kg of
product B, then the emissions, raw materias, energy, etc., will be distributed in a proportion

of 25% for product A and 75% for product B.

2.4.9.3. Life Cycle Inventory

The inventories (chemical emissions and energy requirements) for the tetralone routes
and Sertraline processes were generated using the modular system described above. The
material requirements for the tetralone routes and Sertraline processes were determined by
linking the gate-to-gate life cycle information over the substance tree back to the raw material
database. The energy requirements were linked to the energy sub-modules, the waste
generated were linked to the treatment modules, and the transportation modules were added
to each substance system. A fina inventory was developed, containing the information on

material consumption, energy requirements, and chemical emissions obtained.

2.4.9.4. Solvent Recovery Scenarios

For the life cycle inventory and assessment modeling, two scenarios were considered:
with and without solvent recovery in the pharmaceutical processes and routes.

The average solvent recovery percentage used was 75%. The details of the solvent

recovery module are described in detail in Chapter 6.
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For the solvent recovery module, the avoided emissions from solvent recovery are
considered. To account for these avoided emissions, the corresponding amounts of solvent
that are ‘saved’ through recovering the solvent are entered in the modeling as credits
(‘negative requirements’). If the recovery of solvent brings large benefits regarding solvent
savings, it might trandate into negative assessment values if they are larger than the energy

and/or solvent required for a process.

2.4.9.5. Life Cycle Impact Assessment Models
To analyze the results of the inventories, a life cycle assessment was made with three
different methodologies:

a) BUWAL 132. Critical volumes method (BUWAL, 1991). Includes factors for air,
water, energy, soil, and landfill. Since in this research land use and landfill volume are
not being considered, these factors were not included in the assessment with BUWAL
132

b) CML (Centrum voor Milieukunde in Leiden, NL, Heijungs, 1992). Problem oriented
method based on environmental effects. Includes Greenhouse effect, Nutrification,
ozone layer depletion, photochemical oxidation, eco-toxicity, human toxicity and
abiotic depletion. As stated in the methodology, terrestrial eco-toxicity is not included
in this research.

¢) Eco-indicator 95 (Goedkoop, 1995)

Characterization. Problem oriented method based on environmental effects.
Includes global warming, ozone depletion, acidification, nutrification, heavy

metals, carcinogenic, winter smog and summer smog.
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Eco-Indicator 95, Valuation. Transforms the output of the characterization

step into a single-indicator output (Ecopoints)

All the factors used for these methodol ogies were taken directly from the database of

ECOPRO.

2.5. Results and Discussion
2.5.1. Tetralone Routes
2.5.1.1. Tota Emissionsinside of the pharmaceutical manufacturing plant boundaries

In order to study the relationship between material wastes and system complexity, the
generation of materia wastes in Sertraline synthesis using different tetralone routes were
compared. Basically, the information available of the tetralone routes was found at |aboratory
level. Routes 7 and 4 (Fig 2.3) have been used for commercia purposes, route 4 being the
one used currently, because it proved more economical in the past.

Figure 2.9 shows the material wastes directly generated at the laboratory level in
Sertraline synthesis via different Tetralone routes. At the laboratory level thereis no recycling
of materials whatsoever. For the racemic Tetralone the total waste of a route follows a fairly
good correlation with the number of steps or isolations of the same route. Route 8 is an
exception, which is explainable by the fact that in this route a much higher amount of solvent
is used in the non-isolation step equivaent to two steps of route 7.

Meanwhile, the chiral Tetralone routes had different behavior in comparison with the

non-chira routes. Routes 5 and 6 have both atotal of 9 isolation steps, but different amount
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of waste produced. This is explained by the fact that Route 6 has a better overall chemical
yield.

Route 4 is the one that produces the least amount of wastes, according with the results
from laboratory level. This same route was demonstrated to be also the most economical
route, with the highest yield and with the lowest level of complexity, carrying out the synthesis
in only one isolation step to tetralone. This route also has a starting raw materia that is more

similar in chemical structure to the final product.

25.1.2. Life Cycle Inventory: Mass Intensity and Total Carbon Dioxide production

The life cycle inventory was performed as described in the methodology section. Once
the raw materials, chemical losses and energy requirements were calculated for each of the
tetralone routes, the gate-to-gate information of al the substances of the chemical tree was
incorporated, as well as the energy, treatment, and transportation sub-modules.

A comparison of the mass intensity and total carbon dioxide emissions is shown in
Figures 2.10 and 2.11. Mass intensity is defined as the total amount of the raw materials
taken directly from nature per mass unit of product (including treatment and transportation).
As an example, for auminum chloride production, bauxite, chlorine and air are required; for
chlorine production water and sodium chloride are needed and, finally, sodium chloride is
extracted from sat rock. The mass intensity for auminum chloride will be then the
summation of the amounts of bauxite, air, water and salt rock needed per unit of aluminum
chloride.

In this analysis, routes 5 and 6 (chira routes) are covered in the sertraline analysis

because they are designed for the production of chiral tetralone. Again, the route with lowest
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mass intensity and lowest carbon dioxide emissions is route 4. This route, as it has been
shown earlier, is smpler, has fewer steps and has raw materials that can be synthesized in
mass- and energy-efficient processes (refinery products).

It also can be seen that recovering the solvent has an effect in diminishing the mass
intensity and carbon dioxide emissions proportional to the percentage of solvent in the total
inputs (Figure 2.12). It is interesting to note that in a life cycle framework the solvent
recovery has a big impact on the total mass intensity, but even bigger to the total carbon
dioxide emissions. Furthermore, for most of the routes, the effect in mass intensity and
carbon dioxide emissions is larger in percentage than the proportion of solvent in the inputs.
The exception is the mass intensity for route 4, but this can be explained by the lower

proportion of solvents (Table 2.4), and a smaller substance tree.

2.3.1.3. Life Cycle Impact Assessment.

A life cycle assessment was performed using the methods shown in the methodol ogy
section. Figure 2.13, 2.14, 2.15, and 2.16 show the results of the life cycle assessment for the
tetralone routes using the methods of BUWAL 132 (1996), CML, Ecoindicator 95
(characterization only) and Ecoindicator 95 (valuation).

In al the assessment methods, route 4 is the one that fares the best in al the
categories, followed by routes 7 and 8. It isinteresting to observe that the routes fared better
in proportion of their development time, that is, the routes that developed later fared better in
the assessment. Also, when the scenario with solvent recovery is considered, the impact
indicators have vaues between two and three times smaller than when the solvent recovery

scenario is not considered.
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Regarding the contribution of processes, therma energy, electricity generation,
disposal (treatment) and transport to the different impact categories, the distribution for the
ecoindicator 95 (characterization) are shown in Table 2.5. As it can be appreciated in Table
2.5, some routes present negative values for some contributions; this is caused by relatively
large amounts of potential energy recovery of these routes (heat to be recovered from hot
streams by heat integration, see chapter 3) compared with the heating requirements of the
routes, as explained in the methodology section.

As expected, most of the global warming potential contributions come from disposal
and energy-related emissions (electricity and thermal). In routes 7 and 8, the contribution of
energy-related emissions to the globa warming potential is less due mainly to the large
amount of potential energy to be recovered from energy integration. As amatter of fact, most
contributions to the assessment impacts categories are dominated by the energy-related
emissions.

The process-generated emissions are important contributors in the categories of
acidification (average 27%), nutrification (average 55%), carcinogens (average 30%), winter
smog formation (average 39%) and summer smog formation (average 59%, not including
values over 100%). Transport-related emissions have important contributions only in the
ozone depletion potential (average 38%).

The importance of these contributions is that these allow to target process design and
optimization regarding a specific environmental effect. By example, if the priority of the
design is to improve the process conditions regarding globa warming, then effort should be

directed to optimize energy. These percentages also show the importance of the
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environmental credits given to a process by recovering the solvent, either internally or

externaly.

25.2. Sertraline Processes
25.2.1. Tota Emissionsinside of the pharmaceutical manufacturing plant boundaries

In order to study the relationship between material wastes and system complexity, the
generation of material wastes in Sertraline processes was assessed. The TOL, THF and EtOH
processes (Figs. 2.2 and 2.6), have been used for commercial purposes in that order, and the
information was obtained for |aboratory, pilot and full scale.

Figure 2.17 shows the material wastes directly generated for al the scales in the
Sertraline synthesis from racemic Tetralone. At the full-scale level, although the THF process
presents dightly larger amount of waste produced, there is not significant difference between
the THF and EtOH processes regarding in-plant material waste production. Nevertheless, for
the TOL process, the chemical losses are two-fold in comparison to the THF and EtOH
processes, mainly due to the larger use of solventsin said TOL process (Table 2.4)

For the laboratory and pilot scale the trend is the same, with the exception of the TOL
process at laboratory scale, which presents a remarkably larger amount of chemical losses per
unit of product (6.6 times higher than THF process at laboratory scale). This can be explained
by alarger number of solvents used in the laboratory synthesis, and by the fact that the toluene

processes was the first one to be devel oped.
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25.22. LifeCyclelInventory: Mass Intensity and Total Carbon Dioxide production

A life cycle inventory was carried out for the sertraline processes, comparing the chird
and non-chiral processes, that is, including the TOL, THF and EtOH processes and the routes
5and 6. Even though information was available in al the scales for the TOL, THF and EtOH
processes, the comparison was made only at full scale, scaling-up the laboratory information
for the chira routes (routes 5 and 6). For the production of racemic tetralone prior to the
sertraline processes, route 4 was employed. The life cycle inventory was performed as
described in the methodology section.

Once the raw materias, chemical losses and energy requirements were calculated for
each of the sertraline processes, the gate-to-gate information of all the substances of the
chemical tree was incorporated, as well as the energy, treatment, and transportation sub-
modules.

A comparison of the mass intensity and total carbon dioxide emissions is shown in
Figures 2.18 and 2.19. Mass intengity is defined as the total amount of primary raw materials
per mass unit of product.

It can be seen that the process with the least mass intensity and carbon dioxide
emissions is the EtOH process. This is a non-isolation process that uses the same solvent
throughout the first 3 steps of the synthesis, and avoids the formation of a waste cake in the
first step. However, it is important to note that for carbon dioxide production the difference
between the EtOH and the THF is twice as big as for mass intensity (34% vs 12% difference
between the processes), which indicates that with regard to emissions, the EtOH has a better

environmental performance in comparison to the other processes anayzed.
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It also can be seen that recovering the solvent has an effect in diminishing the mass
intensity and carbon dioxide emissions proportional to the percentage of solvent in the total
inputs (Figure 2.20). As well as with the tetralone routes, in a life cycle framework the
solvent recovery has a big impact on the total mass intensity, but even bigger to the total
carbon dioxide emissions. But contrary to what occurred with the tetralone routes, the effect
in mass intensity and carbon dioxide emissions is smaller in percentage than the proportion of
solvent in the inputs, for most of the processes. This last point is expected, and explained by
the fact that the chemical tree of the processes is larger by the Sertraline synthesis, and
therefore, the effect of solvent is relatively smaller than for the tetralone routes, athough
nevertheless important in the contribution to mass intensity and carbon dioxide emissions.

The exception of the above is the chiral route 6, in which the carbon dioxide emissions
saved with solvent recovery are in percentage larger than the solvent input, which can mainly
be explained by the large absolute amount of solvent input employed in this synthesis (Table

2.4).

2.5.2.3. Life Cycle Impact Assessment.

A life cycle assessment was performed using the methods shown in the methodology
section. Figures 2.21, 2.22, 2.23, and 2.24 show the results of the life cycle assessment for
the tetralone routes using the methods of BUWAL 132 (1996), CML, Ecoindicator 95
(characterization only) and Ecoindicator 95 (valuation).

In al the assessment methods, the EtOH process is aso the one that fares the best in
all the categories, followed by the TOL and THF processes. As well as with the tetralone

routes, when the scenario with solvent recovery is considered for the racemic tetralone
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processes (TOL, THF and EtOH), the impact indicators present values between two and three
times smaller than when the solvent recovery scenario is not considered. For the chiral routes,
the impact is not as large. The non-chiral processes represent a better option almost in all the
impact categories compared with the two chira routes.

Regarding the contribution of processes, thermal energy, electricity generation,
disposal (treatment) and transport to the different impact categories, the distribution for the
Ecoindicator 95 (characterization) are shown in Table 2.6.

As expected, most of the global warming potential contributions come from energy-
related emissions (electricity and thermal), and disposal in a lower percentage (around 8%
average). As a matter of fact, most contributions to the assessment impacts categories are
dominated by the energy-related emissions in a very uniform manner.

The process-generated emissions are important contributors in the categories of
acidification (11% average), nutrification (average 33%), carcinogens (average 46%), winter
smog formation (10% average) and summer smog formation (average 50%). Transport-
related emissions do not represent in genera a significant contribution to the impacts (less

than 2% in average in all the cases).

2.6 Data Quality

Data quality is the specific characteristic of data as expressed through information
about the data. The data quality indicators used were (Weidema and Wesnaes, 1996):
reliability (R), completeness (C), geographical correlation (G), tempora correlation (time),
and technological correlation (Tech). A 1 to 5 scale for each indicator is used, 1 being the

most accurate data and 5 the least accurate. Table 2.7 shows the criteria parameters used in
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this research to determine the data quality indicators, and Table 2.8 shows a summary of the

data quality indicators for the present research.

2.7.- Conclusions and Recommendations.

When designing a process, a myriad of interrelated factors must be taken into
consideration. Environmental aspects are also a complex set of interrelated variables. The
inclusion of environmental issues could be facilitated by producing a better understanding of
the relations among different factors that contribute to global wastes. Also, it could help to
determine aredlistic influence of factors such asyield and starting materials on emissions.

A better understanding of the relationship between the stages of scale-up (laboratory,
pilot and full scae) can help to anticipate, if not predict, the possible burdens and
environmental problems when selecting or designing a route. Chemica usage and wastes
follows afairly linear scae-up, while the main advantage of experimenting at pilot scale before
producing commercialy seems to be energy optimization.

According to the work done with Sertraline, it seems that there is a strong relationship
between the complexity of the system and the environmental aspects in the early stages of
synthesis in a pharmaceutical product. The more steps, intermediate isolation, and solvents
that are involved in a single route in the synthesis, the more wastes seems to be generated. If
this factor is taking into consideration when comparing different routes in the beginning of the
selection process (e.g. lab scale) some of the environmenta differences can be addressed from
the start.

The results also show that two factors seem to have great influence over

environmental performance: solvent utilization and energy usage.
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Solvent utilization is an important part of the synthesis of pharmaceuticals and plays a
very important role in the overall waste generation. Non-isolation of intermediates and the
use of the same solvent throughout steps reduce the amount of waste streams, as well as the
energy requirements for separating the solvent. Recycling solvents and favoring the use of a
single solvent that implies less production waste produce a large effect in the overal life cycle
of the system.

Energy usage is a factor that historically has been overlooked in the pharmaceutical
industry, but according to the life-cycle assessment, it plays an important role in the
environmental performance (especially in the categories of globa warming, acidification,
ozone layer depletion), and the results justify investing resources in improving the energy
usage. These factors are important to take into consideration when designing a new process,
when possible.

On the other hand, transportation does not play an important role in the system
analyzed. This result might justify, on a preiminary basis, employing non-site-specific
methodologies, like the one utilized in this research, to model pharmaceutical systems.

In a future perspective, this research project is intended to coordinate with route
selection and design in the pharmaceutical industry. The rapid development of computer-
aided synthesis, combined with the stricter environmental regulations and above al, the need
for environmentally conscious manufacturing are the driving forces for future utilization of life
cycle assessment.

Since solvent usage is a very important factor in pharmaceutical synthesis, analyzing
different recycling percentages and methods is another research target to be taken into

consideration in the future. The role that the experiments at pilot scale play in optimizing
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energy, as well as the role and importance of different energy-related unit operations are other
subjects to be evaluated in order to understand and help to improve the design process.

Finally, economicsis always a driving force for processes of any kind. Logic seems to
point out that the most economical aternative will be the one with less wastes.  Future
research including economical comparison between routes could provide a way to examine
this hypothesis.

The relevance of this kind of research stands by the fact that the progress in cleaner
process design is directly proportional to the understanding we have of the system and of the

many factor that are interrelated to it.
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Table 2.1. The Chiral Top Ten (1994)

Sales®
Drug Ther apeutic class ($ million /year)
Amoxycillin Antibiotic 2,200
Enalaprin Antihypertensive 2,100
Ampicillin Antibiotic 2,000
Catopril Antihypertensive 1,800
Pravastatin Antihyperchol esteraemic 1,700
Diltiazem Antihypertensive 1,500
|buprofen® Antiinflammatory 1,500
Lovastatin Antihyperchol esteraemic 1,300
Naproxen Antiinflammatory 1,200
Fluoxetine” Antidepressant 1,200

&Bulk formulated drug
® Marketed as racemate

Source: Chirotechnology: Designing Economic Chiral Synthesis. Sheldon, R.A., J. Chem.
Tech. Biotechnol., 1996, 67, 1-14.
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Table 2.2. Summary of the data used for the Energy sub-modules and refinery products

Process Unit | Electricity* Natural gas Refinery | Steam | Dowtherm [ Cooling water | Refrigeration | Heating by | Heating by
emission [IMJ] precombustion | product [1 |produced| [1MJ of tower [1MJ of Natural gas | Fuel oil #2
Cradle-to-gate [1kg] ka] [IMJ] heating | [LMJ of cooling cooling combustion | combustion
(Median) potential ] | water potential] [ potential] | [1kg Natural | [1kg fuel oil
gas] #2]
Electricity MJ 5.000E-02| 5.50E-03|  6.50E-04 3.20E-03 3.20E-01 2.00E-03|  2.00E-03
Natural gas g 1.10E+01[ 2.00E+01 0.00E+00 0.00E+00 1.00E+03|  0.00E+00
Fuel oil #2 g 1.20E+01 0.00E+00 0.00E+00 0.00E+00|  1.00E+03
Energy MJ/kg 4.20E+01| 3.80E+01
produced**
Air emission
C02 g 1.650E+02 2.651E+02| 2.840E+02(7.00E+01| 5.30E+01 0.00E+00 0.00E+00 2.50E+03|  3.30E+03
co g 4.500E-02 2.761E-01| 8.000E-02( 5.00E-02|  8.00E-03 0.00E+00 0.00E+00 4.00E-01|  4.00E-01
CH4 g 5.800E-01 6.666E+00| 3.190E+00(0.00E+00|  0.00E+00 0.00E+00 0.00E+00 0.00E+00|  0.00E+00
VOC g 3.800E-02 1.591E+01| 8.600E+00| 5.00E-02|  8.00E-03 0.00E+00 0.00E+00 4.00E-01|  4.00E-01
NOx g 3.500E-01 9.648E-01| 2.900E+00( 2.00E-01|  1.70E-01 0.00E+00 0.00E+00 8.00E+00|  4.50E+00
SOx g 4.900E-01 1.113E+00| 1.800E+00| 3.00E-01|  0.00E+00 0.00E+00 0.00E+00 0.00E+00|  1.20E+01
Water emission
CcoD g 5.000E-01 1.809E-03| 4.000E-01| 1.00E-02] 0.00E+00 0.00E+00 0.00E+00 0.00E+00|  0.00E+00
BOD5 g 2.000E-02 1.312E-04] 2.000E-01| 3.00E-03| 0.00E+00 0.00E+00 0.00E+00 0.00E+00|  0.00E+00
DS g 4.200E-01 1.125E-01| 1.000E+00| 3.40E-01| 0.00E+00 4.80E-02 0.00E+00 0.00E+00|  0.00E+00
Solid waste g 7.500E+00 3.641E+00( 4.700E+00{0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0.00E+00|  0.00E+00
* Average of US and UK energy
grid
48% Coal 5% Hydro
25% Nuclear 4% Fuel ol
18% Natural gas 2% Other

** Calorific value x 80% efficiency to recover flame energy (such as steam,

kiln, etc.)




Table 2.3 Average Transportation Distances and Mode Contribution

Reported Value Value to use in modeling
Metallic Non- Metallic Non-
Basic ores and metallic |Cereal Basic ores and metallic |Cereal
Mode Chemicals [concentrates |minerals |grains Coal |Fuel Oils |Chemicals |concentrates |minerals |grains Coal | Fuel Oils
Average
distance/shipment (mi) 332 303 174 125 81 28 330 300 175 125 80 30
Average
distance/shipment (km) 531 485 278 200 130 45 530 480 280 200 128 48
Contribution of modes
(% of ton-mi)
Truck 26.4 4.6 31.2 9 17 50.7 30 5 33 10 2 51
Rail 50.8 76.8 39.3 58 81.2 14 50 75 44 60 93 2
Water 19.3 18.6 19.7 29 4.2 11.2 20 20 23 30 5 12
Air - - - - - - - - - - - -
Pipeline - - - - - 34.2 - - - - - 35
Multiple modes 2.2 - 9.8 15 12 1.2 - - - - - -
Other unknown 1.3 - - 25 0.9 1.3 - - - - - -
Total 100 100 100 100 100 100 100 100 100 100 100 100
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Table2.4. Total waste, total solvent input and percentage of solvent in waste for the internal processes for

Tetralone and Sertraline

Tetraloneroutes Total waste pre- Solvent input, % Solvent in
treatment (before  kg/kgtetralone total waste
solvent recovery),
kg/kg tetralone

1,2 644.17 370.46 57.5%

3 225.92 80.19 35.5%

4 16.07 5.32 33.1%

7 112.43 4.71 4.2%

8 174.19 43.69 25.1%

Sertraline processes Total waste pre- Solvent input, % Solvent in

treatment (before  kg/kg sertraline total waste
solvent recovery),
kg/kg sertraline

5

6
EtOH-lab
EtOH-pilot
EtOH-full
THF-lab
THF-pilot
THF-full
TOL-lab
TOL-pilot
TOL-full

3,660.99 2,481.56 67.8%
1,642.97 471.23 28.7%
73.93 68.47 92.6%
134.39 129.09 96.1%
93.76 89.47 95.4%
104.06 94.66 91.0%
154.64 143.05 92.5%
96.88 88.88 91.8%
915.97 889.86 97.1%
215.58 206.59 95.8%
221.23 213.79 96.6%
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Table 2.5. Distribution of the potential effects for the Tetralone routes. Method: Ecoindicator 95,
Characterization only. (sr denotes with solvent recovery. The averages were calculated without including
values over 100% or negative values).

GWP

Process Themic Electric  Disposal Transport Total CO2-eq
routel, 2 1.26% 93.31% 0.94% 4.07% 0.45% 2.69E+07
route 3 1.52% 90.50% 1.85% 5.60% 0.53% 6.11E+06
route 4 6.23%  -45.64% 21.43% 114.32% 3.65% 1.74E+04
route 7 6.05% 6.10% 28.18% 56.87% 2.80% 9.15E+04
route 8 3.99% 0.89% 23.77% 68.46% 2.88% 2.47E+05
12 1.45% 91.92% 1.57% 4.42% 0.64% 7.90E+06
3s 1.76% 88.63% 3.14% 5.76% 0.70% 2.79E+06
4s 5.37% 13.26% 32.76% 41.08% 7.53% 6.93E+03
7s 5.21% 14.09% 30.57% 47.24% 2.89% 8.43E+04
8sr 4.19% 8.96% 27.78% 55.87% 3.20% 1.55E+05
average 3.70% 45.30% 17.20% 40.37% 2.53%
ODP

Process  Themic Electric  Disposal  Transport Total CFC11-eq
routel, 2 0.00% 99.20% 0.05% 0.00% 0.75% 1.87E+01
route 3 0.00% 99.03% 0.24% 0.00% 0.97% 4.14E+00
route 4 0.00% 5.23% 10.25% 0.00% 84.53% 8.53E-04
route 7 0.00% 30.82% 21.15% 0.00% 48.03% 6.10E-03
route 8 0.00% 23.00% 23.60% 0.00% 53.40% 1.00E-02
12 0.00% 98.88% 0.19% 0.00% 1.12% 5.34E+00
3s 0.00% 98.36% 0.23% 0.00% 1.09% 1.83E+00
4s 0.00% 5.14% 3.07% 0.00% 91.67% 6.48E-04
7s 0.00% 31.60% 21.68% 0.00% 46.72% 5.95E-03
8sr 0.00% 22.00% 22.80% 0.00% 55.20% 1.00E-02
average 0.00% 51.33% 10.33% 0.00% 38.35%
HM

Process Themic Electric  Disposal Transport Total Pb-eq
routel, 2 0.00% 90.51% 8.81% 0.00% 0.68% 22.130
route 3 0.01% 83.11% 15.95% 0.00% 0.75% 5.330
route 4 0.51% 0.90% 90.79% 0.00% 7.81% 0.010
route 7 0.03% 0.98% 95.24% 0.00% 1.50% 0.210
route 8 0.02% 0.66% 97.37% 0.00% 2.63% 0.380
1-2sr 0.00% 85.10% 14.01% 0.00% 0.89% 6.710
3s 0.02% 73.58% 25.66% 0.00% 0.75% 2.650
4s 1.45% 2.29% 77.59%% 0.00% 18.48% 0.003
7s 0.03% 0.98% 95.24% 0.00% 1.43% 0.210
8sr 0.02% 0.65% 97.30% 0.00% 2.70% 0.370
average 0.21% 33.88% 61.79% 0.00% 3.76%
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Table 2.5. (continued)

AP

Process  Themic Electric  Disposal Transport Total SO2-eq
routel, 2 13.02% 84.35% 0.44% 1.62% 0.56% 3.00E+05
route 3 26.15% 69.90% 0.74% 2.66% 0.56% 8.00E+04
route 4 4859%  -144.27% 73.73% 85.23% 36.72% 2.38E+01
route 7 27.01% 2.39% 14.07% 52.85% 3.69% 9.63E+02
route 8 25.80% -1.73% 17.02% 53.27% 5.64% 1.74E+03
1-2sr 22.81% 73.46% 0.66% 2.37% 0.71% 9.87E+04
3sr 39.90% 54.75% 1.02% 3.74% 0.60% 451E+04
4sr 21.42% 3.33% 34.33% 16.17% 24.75% 291E+01
7sr 25.34% 4.93% 13.92% 52.34% 3.47% 9.72E+02
8sr 21.88% 2.90% 14.36% 56.56% 4.31% 1.59E+03
average 27.19% 37.00% 17.03% 32.68% 8.10%
NP

Process Themic Electric  Disposal  Transport Total Phos-eq
routel, 2 26.33% 70.17% 0.15% 2.87% 0.49% 5.91E+04
route 3 28.98% 64.95% 0.29% 5.24% 0.54% 1.41E+04
route 4 95.01% -2.89% 1.02% 5.66% 1.19% 1.25E+02
route 7 66.39% 0.78% 1.57% 30.23% 1.03% 5.86E+02
route 8 53.66% -0.06% 2.66% 41.58% 2.16% 7.76E+02
1-2sr 30.26% 64.44% 0.24% 4.42% 0.65% 1.84E+04
3sr 33.35% 57.24% 0.44% 8.32% 0.65% 7.06E+03
dsr 96.86% 0.16% 0.62% 1.35% 1.01% 1.22E+02
7sr 66.04% 1.23% 1.57% 30.18% 0.98% 5.87E+02
8sr 54.14% 0.98% 2.04% 41.30% 1.54% 7.59E+02
average 55.10% 32.49% 1.06% 17.11% 1.02%
WS

Process  Themic Electric  Disposal Transport Total SO2-eq
routel, 2 1.59% 95.04% 2.70% 0.00% 0.51% 451E+04
route 3 2.98% 90.91% 5.23% 0.00% 0.59% 1.04E+04
route 4 9254%  -109.42%  107.20% 0.00% 7.79% 1.53E+01
route 7 64.09% -0.17% 32.86% 0.00% 1.27% 3.80E+02
route 8 54.76% -5.05% 45.81% 0.00% 2.23% 5.98E+02
1-2sr 2.99% 91.63% 4.42% 0.00% 0.70% 1.35E+04
3sr 4.46% 85.68% 8.61% 0.00% 0.74% 4.91E+03
4sr 50.87% 0.00% 44.22% 0.00% 4.62% 2.12E+01
7sr 61.44% 2.93% 32.51% 0.00% 1.19% 3.84E+02
8sr 56.27% 1.45% 38.20% 0.00% 1.69% 5.52E+02
average 39.20% 52.52% 32.18% 0.00% 2.13%
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Table 2.5. (continued)

CG

Process Themic Electric Disposal Transport  Total PAH-eq
routel,2 12.25% 86.03% 1.23% 0.00% 0.74% 4.08E+00
route 3 71.07% 27.86% 0.71% 0.00% 0.36% 2.80E+00
route 4 49.03% 1.08% 35.09% 0.00% 14.70% 9.32E-04
route7 14.84% 5.14% 72.05% 0.00% 7.98% 6.94E-03
route 8 11.20% 4.35% 69.15% 0.00% 15.30% 1.00E-02
1-2sr 32.68% 65.36% 1.31% 0.00% 0.65% 1.53E+00
3 53.85% 43.59% 2.56% 0.00% 0.54% 7.80E-01
4 36.18% 2.73% 22.73% 0.00% 38.57% 2.93E-04
7s 14.91% 5.17% 72.36% 0.00% 7.63% 6.91E-03
8 11.20% 4.17% 73.93% 0.00% 10.70% 1.00E-02
average 30.72% 24.55% 35.11% 0.00% 9.72%
SS

Process Themic Electric Disposal Transport Total PCOP-eq
routel,2 25.75% 73.62% 0.04% 0.14% 0.45% 6.95E+04
route 3 28.98% 70.17% 0.08% 0.25% 0.52% 1.61E+04
route 4 266.38%  -183.50%  2.75% 4.31% 10.13% 1.60E+01
route7 95.48% -2.39% 1.12% 3.35% 2.43% 2.69E+02
route 8 104.42%  -7.55% 0.50% 1.30% 1.33% 1.36E+03
1-2sr 26.54% 72.55% 0.07% 0.21% 0.63% 2.04E+04
3 30.01% 68.78% 0.14% 0.40% 0.67% 7.36E+03
4sr 92.15% -7.49% 2.41% 1.16% 11.86% 1.12E+01
7s 86.12% 6.09% 1.30% 3.80% 2.70% 2.31E+02
8 94.25% -0.61% 0.95% 3.01% 2.40% 5.28E+02
average 59.91% 58.24% 0.76% 1.54% 2.71%

GWP = Global Warming Potential
AP = Acidification Potentical

ODP = Ozone layer Depletion Potential

NP = Nutrification Potential
WS = Winter Smog

SS = Summer Smog
HM = Heavy Metals
CG = Carcinogenics
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Table 2.6. Distribution of the potential effects for the Sertraline processes. Method: Ecoindicator 95,
Characterization only. (sr denotes with solvent recovery).

GWP

Process Themic  Electric  Disposal Transport Total, CO2-eq
EtOH 1.33% 87.71% 2.38% 8.06% 0.51% 3.39E+06
EtOH sr 1.47% 82.66% 5.26% 9.74% 0.86% 1.26E+06
THF 1.32% 87.56% 2.68% 7.90% 0.55% 5.16E+06
THF s 1.51% 81.75% 5.98% 9.92% 0.83% 2.02E+06
TOL 1.41% 89.95% 1.44% 6.68% 0.51% 8.17E+06
TOL sr 1.52% 87.03% 3.24% 7.38% 0.83% 2.14E+06
5 1.57% 87.93% 2.51% 7.32% 0.66% 6.05E+07
5sr 1.52% 89.62% 3.69% 4.52% 0.68% 5.01E+07
6 2.50% 81.21% 4.79% 10.07% 1.17% 1.49e+07
6 sr 3.38% 76.60% 7.67% 10.62% 1.73% 8.22E+06
average 1.75% 85.20% 3.96% 8.22% 0.83%
ODP

Process Themic  Electric Disposal Transport Total, CFClleq
EtOH 0.00% 98.68% 0.15% 0.00% 0.88% 227
EtOH sr 0.00% 98.70% 0.37% 0.00% 1.30% 0.77
THF 0.00% 98.97% 0.26% 0.00% 0.77% 3.89
THF s 0.00% 98.48% 0.76% 0.00% 1.52% 1.32
TOL 0.00% 98.99% 0.08% 0.00% 0.84% 5.93
TOL sr 0.00% 97.93% 0.20% 0.00% 1.38% 1.45
5 0.00% 97.99% 0.09% 0.00% 1.93% 23.33
5sr 0.00% 97.27% 0.31% 0.00% 2.36% 16.11
6 0.00% 97.65% 0.32% 0.00% 2.14% 9.35
6 sr 0.00% 96.30% 0.62% 0.00% 3.29% 4.87
average 0.00% 98.10% 0.31% 0.00% 1.64%
HM

Process Themic  Electric Disposal Transport Total, Pb-eq
EtOH 0.00% 81.27% 18.06% 0.00% 1.00% 2.99
EtOH sr 0.01% 63.57% 34.88% 0.00% 1.55% 1.29
THF 0.00% 80.31% 18.92% 0.00% 0.77% 5.18
THF s 0.01% 61.14% 37.55% 0.00% 1.31% 2.29
TOL 0.00% 88.69% 10.47% 0.00% 0.84% 7.16
TOL sr 0.01% 76.24% 22.28% 0.00% 1.49% 2.02
5 0.31% 85.99% 12.07% 0.00% 1.70% 28.76
5sr 0.35% 66.44% 31.60% 0.00% 1.61% 25,51
6 0.00% 68.68% 29.85% 0.00% 1.46% 14.37
6 sr 0.00% 54.99%  43.06% 0.00% 1.95% 9.22
average 0.07% 72.73% 25.87% 0.00% 1.37%
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Table 2.6 (continued)

AP

Process Themic  Electric Disposal Transport Total, SO2-eq
EtOH 8.53% 85.90% 1.16% 3.72% 0.68% 3.54E+04
EtOH sr 9.08% 78.81% 2.56% 8.41% 1.14% 1.32E+04
THF 8.89% 85.27% 1.20% 3.98% 0.66% 5.90E+04
THF s 9.38% 77.33% 2.77% 9.48% 1.04% 2.25E+04
TOL 8.69% 87.96% 0.67% 2.03% 0.65% 8.89E+04
TOL & 8.97% 83.65% 1.53% 4.79%% 1.07% 2.30E+04
5 9.60% 85.84% 1.53% 1.82% 1.21% 4.50E+05
5sr 8.95% 81.80% 247% 5.48% 1.29% 3.59E+05
6 20.02% 70.45% 2.05% 6.12% 1.37% 1.75E+05
6 sr 26.96% 58.99% 2.97% 9.24% 1.84% 1.07E+05
average 11.91% 79.60% 1.89% 5.51% 1.10%
NP

Process Themic  Electric Disposal Transport Total, Phos-eq
EtOH 27.20% 65.85% 0.38% 6.05% 0.53% 7.59E+03
EtOH sr 30.84% 55.10% 0.76% 12.49% 0.80% 3.09E+03
THF 26.57% 66.08% 0.39% 6.45% 0.52% 1.27E+04
THF s 28.41% 55.62% 0.83% 14.38% 0.76% 5.15E+03
TOL 26.28% 69.59% 0.22% 3.38% 0.53% 1.86E+04
TOL & 29.74% 61.54% 0.47% 7.45% 0.80% 5.14E+03
5 25.76% 69.23% 0.60% 3.33% 1.08% 8.56E+04
5sr 24.12% 63.80% 0.93% 9.99% 1.15% 6.86E+04
6 52.61% 38.97% 0.48% 7.15% 0.79% 5.20E+04
6 sr 62.47% 27.10% 0.58% 8.98% 0.87% 3.84E+04
average 33.40% 57.29% 0.56% 7.96% 0.78%
WS

Process Themic  Electric Disposal Transport Total, SO2-eq
EtOH 4.16% 88.26% 6.61% 0.00% 0.65% 5.76E+03
EtOH sr 8.70% 76.03% 13.50% 0.00% 1.07% 2.32E+03
THF 5.39% 86.43% 7.18% 0.00% 0.64% 9.14E+03
THF s 9.68% 73.66% 14.90% 0.00% 0.96% 3.86E+03
TOL 3.44% 91.77% 3.99% 0.00% 0.61% 1.38E+04
TOL & 6.24% 83.78% 8.54% 0.00% 1.01% 3.80E+03
5 10.35% 82.66% 6.17% 0.00% 0.71% 1.04E+05
5sr 9.84% 79.98% 9.16% 0.00% 0.70% 9.03E+04
6 19.14% 68.19% 11.07% 0.00% 1.09% 2.99E+04
6 sr 27.55% 54.88% 15.41% 0.00% 1.40% 1.91E+04
average 10.45% 78.56% 9.65% 0.00% 0.88%

41



Table 2.6 (continued)

CG
Process Themic Electric Disposal Transport  Total, PAH-eq

EtOH 4.35% 91.30% 2.17% 0.00% 1.06% 0.46
EtOH sr 11.76% 82.35% 5.88% 0.00% 2.03% 0.17
THF 3.80% 92.41% 2.53% 0.00% 1.27% 0.79
THF s 10.00% 83.33% 6.67% 0.00% 1.64% 0.3
TOL 87.47% 12.20% 0.22% 0.00% 0.11% 9.1
TOL s 87.82% 11.34% 0.42% 0.00% 0.42% 2.38
5 48.63% 49.43% 1.03% 0.00% 1.03% 8.76
5s 56.80% 39.60% 2.67% 0.00% 0.93% 7.5
6 69.59% 28.13% 1.63% 0.00% 0.65% 6.15
6 80.91% 16.82% 1.89% 0.00% 0.57% 5.29
average 46.11% 50.69% 2.51% 0.00% 0.97%

SS

Total,
Process Themic Electric Disposal  Transport PCOP-eq

EtOH 36.25% 62.92% 0.10% 0.27% 0.46% 9.59E+03
EtOH sr 50.54% 48.21% 0.18% 0.45% 0.62% 4.39E+03
THF 35.03% 64.10% 0.11% 0.29% 0.47% 1.52E+04
THF s 52.70% 46.06% 0.19% 0.49% 0.56% 7.59E+03
TOL 29.87% 69.41% 0.06% 0.17% 0.48% 2.21E+04
TOL s 40.72% 58.17% 0.12% 0.31% 0.68% 6.63E+03
5 82.17% 17.57% 0.03% 0.04% 0.18% 5.47E+05
5s 84.11% 15.61% 0.04% 0.07% 0.17% 5.17E+05
6 44.12% 54.22% 0.19% 0.45% 1.01% 4.38E+04
6 s 49.45% 48.12% 0.29% 0.69% 1.45% 2.52E+04
average 50.50% 48.44% 0.13% 0.32% 0.61%

GWP = Global Warming Potential

AP = Acidification Potentical

ODP = Ozone layer Depletion Potential
NP = Nutrification Potential

WS = Winter Smog
SS = Summer Smog
HM = Heavy Metals
CG = Carcinogenics
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Table 2.7 Criteria for determining the data Quality Indicators (DQI) for the Sertraline Case Study.

INDICATOR |1 2 3 4 5
Reliability Verified* data Verified data Non-verified Qudlified Non-qualified
based on partly based on | data partly estimate (e.g. estimate
measurements** | assumptionsor | based on by industrial
non-verified assumptions expert)
data based on
measurements
Completeness | Representative Representative | Representative | Representative | Representativenes
datafrom a datafrom a data from an data but froma | sunknown or
sufficient sample | smaller adequate smaller incomplete data
of sites over an number of sites | number of sites | number of sites | from asmaller
adequate period | but for but from and shorter number of sites
to even out adequate shorter periods | periods or and/or from
normal periods incomplete shorter periods
fluctuations data from an
adequate
number of sites
and periods
Temporal Lessthan three | Lessthan six Lessthan 10 Lessthan 15 Age of data
correlation years of years years years unknown or more
differenceto difference difference difference than 15 years of
year of study difference
Geographical | Datafromarea | Average data Datafrom area | Datafrom area | Datafrom
correlation under study from larger with similar with slightly unknown area or
areain which production similar areawith very
theareaunder | conditions production different
study is conditions production
included conditions
Technological | Datafrom Data from Data from Dataonrelated | Data on related
correlation enterprises, processes and processes and processes or processes or
processes and materials material under | materials, but materials, but
materials under | under study, study, but from | same different
study but from different technology technology
different technology
enterprises

* Verification may take place in several ways, e.g. by on-site checking, by recalculation, through mass
balances or cross-checks with other sources.
** |ncludes calculated data (e.g. emissions calculated from inputs to a process), when the basis for calculation
is measurements (e.g. measured inputs). If the

calculation is based partly on assumptions, the score should be two or three.
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Table 2.8. Data Quality Indicators for the Sertraline Case Study.

Factor Evaluated R C G time  Tech
Material wastes of Sertraline Processes at full and 1 1 1 1 1
pilot scale

Material wastes of tetralone routes and Sertraline 2 2 1 1 1
processes at lab scale

Mechanical Energy Requirements 1 2 1 1 1
Heating and cooling requirements 2 2 1 1 1
Transportation distances and means 2 1 2 1 2
LCI information related to mechanical energy 1 1 2 1 2
reguirements

LCI information related to heating and cooling 2 1 1 1 2
reguirements

LCI information related to transportation 1 2 3 1 2
LCI information related to disposal/waste 2 2 3 1 2
treatment systems

LCI information related to substances of the 2 2 4 3 2
substance tree




