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Life Cycle Analysis within Pharmaceutical Process
Optimization and Intensification: Case Study of Active
Pharmaceutical Ingredient Production
Denise Ott,*[a] Dana Kralisch,[a] Ivana Denčić,[b] Volker Hessel,[b] Yosra Laribi,[c]

Philippe D. Perrichon,[c] Charline Berguerand,[d] Lioubov Kiwi-Minsker,[d] and Patrick Loeb[e]

Introduction

To quote Lynn R. Goldman, a well-known American public
health physician, epidemiologist, and pediatrician, as well as
former Assistant Administrator for toxic substances at the U.S.
Environmental Protection Agency: “Green Chemistry is preven-
tative medicine for the environment.”[1] But, how green is me-
dicinal chemistry?

Although pharmaceuticals are usually produced batchwise,
yielding only a few tons annually, environmental impacts are
indeed significant. If comparing the estimated total waste re-
lated to annual production, pharmaceutical processes are
much less environmentally benign. As estimated by the Ameri-

can Chemical Society Green Chemistry Institute Pharmaceutical
Roundtable (ACS GCIPR), the E factor[2, 3] is comparable to the
fine chemical sector, but many times higher than that for oil
refining and bulk chemical industry.[4] This is due to the long-
chain production pathways and high efforts for active pharma-
ceutical ingredient (API) isolation and purification.

The ACS GCIPR was launched by the ACS Green Chemistry
Institute and global pharmaceutical corporations in 2005, with
the aim of encouraging innovation by simultaneously imple-
menting green chemistry[5] and green engineering[6] ideals in
the pharmaceutical industry.[7, 8] Thereby, process intensification
(PI), coupled with microreaction technology and flow process-
ing, is described as an important “revolutionary” tool in the
pharmaceutical and fine chemical sectors, offering, for exam-
ple, shorter and more efficient process development or scaleup
activities, safer and more efficient processes, as well as lower
total costs.[9–11] In the meantime, striking improvements, for ex-
ample, of the syntheses of ibuprofen, sertraline, pregabalin,
and others, have been published;[12–18] this highlights the value
of process optimization and redesign (“rethinking”) of pharma-
ceutical processes with respect to environmental impacts.

If the implementation of process optimization and intensifi-
cation concepts is accompanied by environmental and eco-
nomic assessment tools from the start, the possibility of devel-
oping more environmentally benign and economically compet-
itive processes can be enhanced significantly.

This approach was followed within the project POLYCAT.
POLYCAT is a large-scale integrating collaborative FP7-EU proj-
ect; its acronym stands for “modern polymer-based catalysts
and microflow conditions as key elements of innovations in
fine chemical synthesis”.[19] By combining novel heterogeneous
catalytic systems and improved process conditions, as well as

As the demand for new drugs is rising, the pharmaceutical in-
dustry faces the quest of shortening development time, and
thus, reducing the time to market. Environmental aspects typi-
cally still play a minor role within the early phase of process
development. Nevertheless, it is highly promising to rethink,
redesign, and optimize process strategies as early as possible
in active pharmaceutical ingredient (API) process development,
rather than later at the stage of already established processes.
The study presented herein deals with a holistic life-cycle-

based process optimization and intensification of a pharma-
ceutical production process targeting a low-volume, high-value
API. Striving for process intensification by transfer from batch
to continuous processing, as well as an alternative catalytic
system, different process options are evaluated with regard to
their environmental impact to identify bottlenecks and im-
provement potentials for further process development activi-
ties.
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utilizing enabling processing techniques based on microreac-
tion technology, more sustainable production pathways were
aimed for, which will be finally implemented in the Evonik Evo-
trainer.[20] This modular, compact container plant is seen as one
of enabling concepts for the “factory of the future”.

To provide decision support during these technical develop-
ments targeted at process optimization and intensification,
and to ensure the competitiveness, environmental compatibili-
ty, and thus, sustainability of POLYCAT-based processes, life
cycle assessment (LCA) and cost analyses were performed.[19]

Herein, the results of process optimization obtained are pre-
sented by taking an established production of an anticancer
drug at the Sanofi plant site in Vitry-sur-Seine, France, as start-
ing and reference points. The study was performed in parallel
to experimental investigations to find out the most relevant
weak points of the current process and to show promising
pathways to improve its overall environmental balance for
direct implementation in development. The eco-efficiency of
the process alternatives were taken into account as well to
ensure the competiveness of the newly developed, environ-
mentally benign alternative.

Integration of evaluation approaches within pharmaceutical
process design, optimization, and intensification

Moving toward the application of green chemistry principles
and following sustainable practices in pharmaceutical chemis-
try has been intensively pursued over the past decade, see, for
example, refs. [21–26] , and references therein.

To implement life cycle thinking into practical decision guid-
ance, the methodology of LCA can be applied.[27, 28] This holistic
approach includes the whole life cycle of a product or process,
starting from extraction of resources, production, and use up
to product recycling, reuse, or disposal. Although LCA method-
ologies are described thoroughly in literature, the application
is still not practiced widespread within pharmaceutical manu-
facturing.[26, 29] Life cycle invento-
ry (LCI) data are often rarely
available for pharmaceutical pro-
cesses, mainly due to the use of
fine chemicals with complex mo-
lecular structures stemming from
long production chains. There-
fore, the ACS GCI Pharmaceutical
Roundtable has defined process
mass intensity (PMI; defined as
the total mass of materials per
unit mass of product) as the key
mass-based green metric for
benchmarking the greenness of
pharmaceutical processes.[26, 30]

Unfortunately, PMI does not pro-
vide a holistic LCA view, but the
use of such a mass-based metric
can function as a supporting
tool within initial process design
decision making. However, in

recent years, the intention to apply more sophisticated and ho-
listic LCA methodology has increased significantly in many
areas of research, development, and manufacturing, see, for
example, refs. [29, 31–34].

There has also been rapidly growing interest at Sanofi in in-
vestigating more productive, competitive, and simultaneously
environmentally benign process routes by applying green
chemistry, green engineering, and PI principles. In 2011, Sanofi
joined the ACS GCI Pharmaceutical Roundtable. Within their
active ingredient manufacturing, Sanofi is committed to im-
proving its drug manufacturing processes, while minimizing
environmental impacts. Therefore, Sanofi also tracks the green-
ness of their processes by implementing solvent-selection
guidelines,[35] as well as metrics such as PMI, reaction mass effi-
ciency (RME), or solvent consumption.[36] In addition, indices
describing waste production, carbon content, or potential CO2

emissions related to the targeted product are used for compar-
ing processes and quantifying progress during the process de-
velopment phase.[24]

However, the study presented herein is the first holistic life-
cycle-based process optimization and intensification of an es-
tablished pharmaceutical production process at Sanofi.

API production process at Sanofi: Process analysis

The API production process investigated herein is based on
stereo- and chemoselective reduction of aromatic nitro groups
in the presence of alkene functionalities to the respective Z-
and E-amino compounds. The Z-isomeric compound is the
economically valuable one. The production scale is 100 kg per
year, which indicates a low-volume, high-value API. For confi-
dentiality reasons, no details about the chemical compounds
can be given. The final API is targeted for the treatment of ad-
vanced-stage tumors. A generic process is shown in Figure 1.
Conventionally, a powdery Pd@C catalyst is used for this heter-
ogeneous hydrogenation reaction. First, charging and mixing

Figure 1. Simplified flow sheet of the API batch manufacturing process investigated in this study; Z-isomeric com-
pound as economically valuable key output material (KOM).
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of the components take place followed by a batch reaction.
Thereby, the functional unit of E/Z-isomeric starting material,
which is referred to in the following as the key input material
(KIM), amounts to 8.1 kg KIM per batch.

Hydrogenation is achieved by using ammonium formate as
an in situ hydrogen source. After the hydrogenation reaction,
the catalyst is filtered and washed. To separate the targeted
KOM, that is, the Z-amino isomeric compound, the E-isomeric
compound (which is the main byproduct) has to be isolated
by 1) solvent switching; 2) a second reaction (in the following
referred to as reaction II), in which the E-amino isomer crystalli-
zes; 3) E-amino isomer filtration and washing; and 4) second
solvent switching, in which the Z-amino isomer crystallizes and
is dried in vacuo. The overall yield of targeted KOM amounts
to 47 %.

The main bottlenecks of the process are 1) low reaction effi-
ciency, 2) high solvent consumption, 3) fresh catalyst is re-
quired for each batch, 4) high losses of KOM along the process
chain (mainly due to purification and crystallization steps), and,
5) as a result, a high waste production rate.

The overall PMI of the investigated process amounts to
115 kg of raw material (RM) input per kg of API in the current
state. Solvents give the largest contribution to the mass inten-
sity (about 96 %), which emphasizes the need for reducing
and/or replacing hazardous solvents (see Figure 2, top).

Because PMI does not provide a holistic LCA view on the en-
vironmental burdens of the pharmaceutical process, previous
investigations were extended by using the cumulative energy
demand (CED).[37, 38] CED represents the energy demand during
the entire life cycle of a product or process, and is accepted as
a suitable screening indicator predicting environmental bur-
dens of production[39] and reflecting many energy-related life

cycle impact categories of an LCA, for example, global warm-
ing potential (GWP) or abiotic resource depletion poten-
tial.[40–43] Primarily, the CED for the KIM supply was predicted
by using the Finechem software tool developed by Wernet
et al.[44, 45] (and later on substituted by values resulting from LCI
modelling). As a result, parallels between CED and PMI results
could be identified, especially with regard to solvent consump-
tion. In contrast to PMI, the CED values for the catalyst supply,
mainly due to palladium, as well as for KIM supply, indicate
high environmental burdens as well, although only in small
amounts compared with the overall mass streams (see
Figure 2, bottom).

Resulting from initial process analysis, different strategies of
optimization became clear immediately: 1) development of
strategies to reduce solvents and/or replace hazardous sol-
vents; 2) fixation of the heterogeneous catalyst in the reactor
instead of using a catalyst suspension (thus avoiding additional
solvent for catalyst separation); 3) optimizing the crystallization
step for KOM isolation (lower solvent demand, higher crystalli-
zation yield) ; 4) improvement of overall purification yields; and
5) recovery of KOM losses.

To consider the latest PI issues, the following items were
considered to be conceivable for implementation as well :
1) development and utilization of efficient novel nanoparticu-
late catalysts based on a structured support ; and 2) continuous
operation mode by using intensified micro-/millireactors, in
which the catalyst is implemented through deposition on walls
or filling of reactor channels (fixed bed), respectively.

Both ideas were followed within POLYCAT. With regard to
further optimization potentials gained from full continuous
processing, continuous distillation of solvents as well as micro-
wave drying, to enhance the efficiency of solvent recycling and
the drying procedure, were considered as theoretical PI op-
tions as well. In case of a transfer to continuous processing,
molecular hydrogen instead of ammonium formate will be
used at Sanofi. The catalytic three-phase hydrogenation of aro-
matic nitro compounds has great importance in the manufac-
turing of aromatic amines.[46–48]

Cost analysis studies recently done on selected process op-
tions have shown that an intensified millireactor-based tech-
nology for synthesis and downstream processing results in
high economic benefits.[49] This is valid even if lower initial con-
centrations of KIM are applied to avoid crystallization in pe-
ripheral elements (i.e. , 30 g L�1).

In the next step, by means of a holistic, detailed LCA analy-
sis, the following questions were addressed: Which process
steps and materials are the most influencing factors from a ho-
listic environmental point of view? How can the current API
production process be improved? Which process parameter
changes will result in significant ecological improvements?
Does the implementation of continuous operation mode im-
prove overall ecological sustainability, although the concentra-
tion of KIM in the solvent needs to be reduced to avoid clog-
ging phenomena? Will other process optimization and intensi-
fication options within novel process design outweigh nega-
tive impacts of increased solvent consumption? What initial
concentrations of KIM should be targeted to outweigh the cur-

Figure 2. Shares of components in metrics PMI (top) and CED (bottom) for
current API production process.
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rent Sanofi batch process? How does the preparation
of catalysts affect the overall environmental balance?
What lifetimes and stability of heterogeneous cata-
lysts utilized are required for flow conditions to be
ecologically competitive to the current slurry-batch
API manufacturing process?

By performing detailed LCA analyses, bottlenecks
or process improvement potentials can be investigat-
ed and recommendations for further process devel-
opment can be given from a holistic point of view,
by taking into account a variety of partly contradicto-
ry environmental effects.

Methodological approach

To support process redesign and optimization efforts,
a comparative environmental assessment and holistic
decision-making procedure was followed according
to previous studies, see, for example, refs. [50–52].
Thus, focus was given on life cycle approaches that
covers all life cycle stages of a process or product
system, and which were combined with an iterative
screening and optimization procedure. The LCA
methodology was chosen to quantify and assess the potential
environmental impacts associated with the processes under in-
vestigation. During the evaluation steps, the information was
summarized by using several criteria for process improvement
to assess whether the requirements specified during the objec-
tive definition step were met. Finally, the screening step ended
with a ranking of alternatives according to their overall level of
attractiveness by applying multicriteria decision-making tools.
The key criteria for green process improvement determined
were then taken into account within the next iterative step of
process design. In the end, the environmental impacts of the
redesigned process alternatives were quantified and compared
with a reference or benchmark process.

To evaluate the entire 10 step synthesis holistically, LCI data
are necessary. In Figure 3, the system boundary and overall ret-
rosynthetic steps for KIM supply down to very basic com-
pounds with existing LCI data (green points, Figure 3) are
shown schematically. In some synthetic steps, valuable byprod-
ucts (orange points, Figure 3) are formed to which environ-
mental burdens can be allocated. Data for the KIM production
step were from Sanofi in-house processes. If there were no
direct production data from manufacturers available for LCI
upstream chain modelling, information platforms such as Sci-
Finder,[53] Web of Science,[54] or Espacenet[55] were used. Fur-
thermore, information within textbooks, for example, Ullmann’s
Encyclopedia of Industrial Chemistry,[56] Handbook of Petro-
chemicals and Processes,[57] and the references therein, were
used. These data sources allowed a mass balance of all mass-
based input and output flows for each synthetic step to be
generated. In the case of low data availability, the LCI analysis
approach by Hischier et al.[58] was followed; this allowed for
the integration of average values with regard to transport,[59]

energy and water consumption,[60] and plant infrastructure. For
the investigated fine chemical upstream processes, an average

organic solvent recovery rate of 71 % was assumed.[61] For KIM
preparation, which is the last process step before the API pro-
duction process under study, no solvent recovery is actually
implemented at Sanofi ; this was also considered within the
LCA investigations. In a later section, the impact of solvent re-
covery within Sanofi processes (KIM and API manufacturing) is
also considered. Due to a lack of information and to ensure
consistency, LCI data for hydrogenation catalyst preparation
were also modeled according to Ref. [58] . RM input for catalyst
preparation was modeled directly based on extracted metal
(instead of, e.g. , inorganic metal salt precursors).

In general, process waste (liquid, solid) was considered to be
disposed of by hazardous waste incineration. Distilled solvent
waste was considered to be disposed of by conventional
waste incineration. All processes were modeled by considering
infrastructure (Ecoinvent v.2.2[62] module “infrastructure, chemi-
cal plant, organics”).

The differences in the impact of the chosen reaction equip-
ment (stirred tank reactor compared with tubular reactor (e.g. ,
H-Cube[63] system, ThalesNano, Hungary) etc.) was not evaluat-
ed separately due to the estimated negligibly low life cycle
impact of the overall plant infrastructure and transport (in total
less than 1 % of the environmental impact in all impact catego-
ries considered) compared with the production performed
within the reactor (see Figures 4 and 7, below). This is in line
with earlier results of a comprehensive LCA study, in which the
supply chain of the alternative reactors (batch and continuous)
were considered.[64]

LCI analysis and impact assessment were supported by the
software tools Umberto 5.6 and the LCI database Ecoinvent
v.2.2, respectively.[62, 65] Life cycle impact assessment (LCIA) was
conducted by applying the LCIA methodology ReCiPe 2008 de-
veloped by Goedkoop et al.[66] Thus, 10 ReCiPe impact poten-
tials, namely, GWP (in kg of CO2 equivalents per functional unit

Figure 3. Upstream chain analysis of KIM for LCI data collection.
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(FU)), ozone depletion potential (ODP; in kg of chlorofluorocar-
bon-11 (CFC-11) per FU), terrestrial acidification potential (TAP;
in kg of SO2 equivalents per FU), freshwater eutrophication po-
tential (FEP; in kg of P equivalents per FU), human toxicity po-
tential (HTP; in kg of 1,4-dichlorobenzene (1,4-DCB) per FU),
photochemical oxidant formation potential (POFP; in kg of
non-methane volatile organic compounds (NMVOC) per FU),
terrestrial ecotoxicity potential (TETP; in kg of 1,4-DCB per FU),
natural land transformation potential (NLTP; in m2 per FU),
metal depletion potential (MDP; in kg of Fe equivalents per
FU), and fossil fuel depletion potential (FDP; in kg of oil equiv-
alents per FU), were addressed at the midpoint level and hier-
archist perspective. This perspective is in accordance with the
most common policy principles with regard to time frame and
other issues.[66] Most frequently, the 100 year timeframe is used
therein. All LCIA potentials were weighted equally during the
decision making process. In some cases, LCIA and interpreta-
tion were simplified by applying only selected impact poten-
tials, namely, GWP, HTP, MDP, and TAP. For example, global
warming due to anthropogenic emissions is one of the most
urgent environmental problems and is directly related to cost-
intensive energy consumptions; thus particularly awakening
stakeholder’s interests. In addition, HTP addresses toxicological
issues related to potential emissions that occur within the con-
sidered system boundary. In
general, environmental impacts
were estimated in a cradle-to-
gate boundary for European pro-
duction. The LCIA results pre-
sented in the following are
based on FU = 1 kg API.

Results and Discussion

Screening for optimization and
intensification: Process alterna-
tives in focus

After establishing LCI data for
upstream chains, the holistic
evaluation of the current pro-
duction at Sanofi, as well as pos-
sible process alternatives, was

performed. Thereby, different process alternatives were consid-
ered to investigate the environmental effects of single and
coupled process parameter variations, regarding 1) changing
the reduction agent, 2) changing the crystallization approach
(direct crystallization of KOM in acetonitrile (ACN)/benzyl alco-
hol), 3) isolating the Z isomer prior to the hydrogenation reac-
tion (due to melting point differences of E/Z isomers) and re-
ducing KOM losses (i.e. , higher purification/crystallization
yield), 4) changing the drying procedure (microwave drying
versus vacuum drying), 5) changing the operation mode (from
batch to continuous reaction and processing), accompanied by
6) changing the catalyst. Tables 1 and 2 provide a summary of
the batch and continuous process alternatives considered
herein. For simplification, the reference process at Sanofi is
called the actual process (AP), whereas the rest are batch (BP)
and continuous process alternatives (CP).

Inventory analysis was based on process flow sheet informa-
tion from Sanofi (related to existing batch procedures and first
trial processes with a continuous H-Cube[63] mini system, Tha-
lesNano, Hungary, as well as Aspen process simulation re-
sults).[49] In case of microwave and vacuum drying steps, the
energy demand was calculated thermodynamically.

According to Kemp,[67] to achieve drying, at least the latent
heat of evaporation must be supplied to turn moisture into

Table 1. Summary of the main process characteristics of considered batch scenarios.[a]

Process Operating
T [8C]

Solvent Initial KIM
c [g L�1]

Reducing
agent

Catalyst Crystallization
method

Z-separation +

reduction of KOM losses
KOM drying Overall

yield [%]

AP 30 ACN 87 NH4HCO2 Pd@C powder, 5 wt % Pd indirect – vacuum 47
BP 1 30 ACN 87 NH4HCO2 Pd@C powder, 5 wt % Pd direct – vacuum 50
BP 2 50 MeOH/H2O 71 Na2S2O4 – indirect – vacuum 42
BP 3 50 MeOH/H2O 71 Na2S2O4 – direct – vacuum 44
BP 4[b] 30 ACN 87 NH4HCO2 Pd@C powder, 5 wt % Pd indirect X vacuum 54
BP 5[b] 30 ACN 87 NH4HCO2 Pd@C powder, 5 wt % Pd indirect – microwave 47
BP 6[b] 30 ACN 30 NH4HCO2 Pd@C powder, 5 wt % Pd indirect – vacuum 47

[a] Common process conditions: p = 1 bar; reaction time�24 h; reactor volume, V = 90 L. [b] Hypothetical scenarios for demonstration of effects of param-
eter variations, based on Aspen simulation and/or estimations.

Table 2. Summary of main process characteristics of continuous process alternatives.[a]

Process Operation
mode

Catalyst Crystallization
method

Z-separation +

reduction of KOM losses
Overall yield
[%]

CP 1 continuous reaction Pt/V@C indirect – 52
CP 2 continuous reaction Pt/V@C direct – 55
CP 3[d] continuous reaction Pt@ZnO indirect – 52
CP 4[e] continuous reaction Pt/V@C indirect X 60
CP 5[e] continuous reaction Pt/V@C direct X 64
CP 6[f] continuous process Pt/V@C indirect – 52

[a] Common process conditions: T = 55 8C; p = 35 bar; liquid flow rate, Fl = 41 mL min�1; residence time 9 s; esti-
mated reactor volume, V = 10 mL[b] for assumed bed porosity of 60 % (Pt/V@C);[c] reaction solvent: ACN; KIM in-
itial concentration c0 = 30 g L�1; reducing agent: H2 ; catalyst: fixed bed; Pt/V@C: 1 wt % Pt/2 wt % V @C,
Pt@ZnO: 2 wt % Pt @ZnO; KOM drying by means of a vacuum dryer. Liquid flow rate, Fl, calculated according
to P = c0Fl ; P : targeted productivity [kg h�1] , c0 : KIM initial concentration. [b] For H-Cube or similar. [c] Bed po-
rosity of Pt@ZnO still to be determined. [d] In accordance to CP 1, hypothetical scenario considering newly de-
veloped hydrogenation catalyst. [e] Hypothetical scenarios, forecasted to demonstrate the effect of optimized
continuous processing. [f] Hypothetical scenario, RM demand adapted to known process output, based on
Aspen simulation.
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vapor. Thus, the absolute minimum amount of energy for
a drying process was determined by the solvent’s mass, heat
capacity, and its enthalpy of vaporization. An overall drying ef-
ficiency of 40 % was assumed.[68] Regarding microwave drying,
power consumption was calculated according to previous
work,[49] considering an overall efficiency of 25 %.[69, 70] The re-
maining solvent amount to be dried was assumed to be
2.5 kg kg�1 KOM in each case.

Life cycle impact assessment

Ecological profile of reference API process

First, in Figure 4, an ecological fingerprint of the current API
production process AP at Sanofi is shown. The main result is
that the ecological impact is mostly affected by the supply of
KIM, the supply of ACN as a reaction and purification solvent,
and the supply of the catalyst. Despite the fact that the
demand of the Pd@C catalyst amounts to only 0.1 kg kg�1 KIM,
the environmental effect is indeed significant, not least be-
cause the catalyst is disposed of after each batch. The high en-
vironmental burden of catalyst supply is mainly due to the
supply of palladium (>99 %).

Thus, from a life cycle point of view, the main key drivers for
enhancing sustainability of the existing AP production process
are the improvement in reaction efficiency, for example,
through the increase in reaction, purification, and/or crystalliza-
tion yield, as well as reduction of solvent demand and/or the
integration of efficient solvent recycling strategies. Moreover,
lower catalyst consumption, efficient catalyst recycling/reacti-
vation strategies, or the use of “greener” catalysts can signifi-
cantly contribute to more environmentally benign processing.

In the following section, the
effects of selected process pa-
rameter variations on ecological
impacts are discussed in detail.

Process parameter variations for
batch optimization

First, focus was given to batch
process optimization strategies.
Figure 5 provides a summary of
the results for scenarios AP and
BP 1–BP 6 (see Table 1) with
regard to selected LCIA poten-
tials. For demonstration purpos-
es and a clear arrangement, all
scenarios are standardized to the
reference case AP (blue deca-
gon, Figure 5). The larger the
decagon areas in Figure 5, the
higher the environmental bur-
dens associated with the respec-
tive process alternative.

Thus, it can be seen that
changing the reduction agent

from NH4HCO2 to Na2S2O4 (BP 2, BP 3) does not result in overall
ecological benefits ; this is mainly due to lower yields. In addi-
tion to higher RM consumption, especially the use of dichloro-
methane, which is required in these scenarios for post-treat-
ment after hydrogenation, causes a significant peak in ODP.
However, simultaneous reduction within HTP, POFP, MDP, TAP,
and FEP also reveals environmental benefits of a catalyst-free
preparation. In BP 2 and BP 3 alternatives, no metal-based hy-
drogenation catalyst was used; this is the key reason for fewer
environmental burdens within these categories (cf. Figure 4).
Instead, the application of process alternatives BP 1 and BP 4
results in fewer environmental burdens within all impact cate-
gories. Within these scenarios, the KOM yield is improved as
a result of more effective downstream processing. Primarily,
this is realized by a direct crystallization approach that enhan-

Figure 4. Ecological profile of conventional batch API manufacturing (pro-
cess AP) at Sanofi. Scaled effects.

Figure 5. LCIA: a comparison of conventional API batch processes versus batch process alternatives. Bottom right:
complete graphical display of ODP. Scaled effects.
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ces the crystallization yield (BP 1). The direct crystallization
route further requires much less solvent than the reference
route.

Second, this result can be gained by strengthening efforts
for KOM recovery from waste streams (BP 4). As shown in
Figure 4, the share of KIM supply in noncatalyst dominated
LCIA items is >40 %. Thus, yield enhancement is another key
driver, favoring scenario BP 4.

Because energetic aspects do not seem to play a crucial role
within this production process, the switch to microwave
drying has a negligibly low impact on the overall environmen-
tal effects (see Figure 5, BP 5, which has nearly the same envi-
ronmental impact as AP).

In conclusion, the following strategies are to be focused on
in further process development: 1) overall yield enhancement;
2) reduced solvent demand; and 3) changing the catalyst, pref-
erably switching to wall-coated or fixed-bed catalysis.

In accordance with the PI approach followed within
POLYCAT, the next step evaluated was the transition from
batch to continuous processing by using hydrogen and a fixed
heterogeneous, more effective catalyst. Thus, the solvent
demand for catalyst separation and product stream purification
is reduced, and possibly improves the environmental balance
as well. For safety precautions, the use of hydrogen as a direct
reducing agent was not applicable in the case of batch proc-
essing. In continuous processing, changing the reducing
agent, that is, by using hydrogen instead of ammonium for-
mate or sodium dithionite, will result in an environmentally
more benign procedure that features less emissions and down-
stream efforts.[2, 3] Figure 6 presents the resulting environmental
impacts for the supply of those alternative reducing agents uti-
lized in, for example, AP, BP 2, and a continuous process alter-
native with hydrogen, as discussed in the following (CP 1, see
Table 2).

However, the transfer from batch to continuous processing
may also result in a worse environmental balance. If assuming
a KIM concentration in ACN of 30 g L�1, which is the current
status within continuous process development, the environ-
mental impact would clearly be worsened if combined with
batch processing (see BP 6, Figure 5). Thus, the critical question
is, whether the environmental benefits gained by continuous,
heterogeneously catalyzed processing can counterbalance or
even outweigh current constraints in process engineering.

Comparison of crude batch and continuous operation: Ecolog-
ical profile

In Figure 7, the LCIA of both batch (AP, see Table 1) and cur-
rent continuous operation processing with a benchmark cata-
lyst (CP 1, see Table 2) is compared. The current continuous
processing (CP 1) will not bring immediate environmental ben-
efits with regard to GWP, TETP, NLTP, and FDP. However, this
holistic life cycle analysis reveals significant benefits within
other LCIA categories, such as HTP, POFP, MDP, TAP, and FEP.
Thus, despite featuring higher solvent and energy consump-
tion in continuous reaction, changing the catalyst and a yield
enhancement outweigh the negative environmental burdens

already in the current state of development. Beyond this, sev-
eral additional actions can strengthen the greenness of the re-
designed continuous API production process, as discussed in
the following.

Process parameter variations for continuous optimization:
Prognosis

Figure 8 reflects a prognosis for GWP and HTP with regard to
different parameter variations that can be realized in combina-
tion with continuous processing. Starting from current batch
process AP, alternative continuous mode processes (see
Table 2) were evaluated comparatively. As discussed above,
transferring from batch to continuous reaction without any fur-
ther process optimization results in 1 and 41 % reduction on
GWP and HTP, respectively (compare AP and CP 1 in Figures 7
and 8).

According to Sanofi, a process including continuous reaction
followed by a downstream processing option (“direct crystalli-
zation”) would be easy to implement (scenario CP 2, see
Table 2). Thus, an additional reduction in GWP and HTP by 12
and 4 %, respectively, can be gained (compared to CP 1).
Recent catalyst developments within POLYCAT also led to an-
other promising and stable hydrogenation catalyst, namely,
Pt@ZnO,[71, 72] which was favored, for example, over Pt/V@C, for
the following reasons: 1) The Pt/V@C catalyst indeed demon-
strates high selectivity (up to 99 %) towards the desired prod-
uct, but only with system modifiers. However, the presence of
additives, even in small concentrations, could be a problem for
product purity, see, for example, Ref. [73]. Usually, such modifi-
ers are sulfur-containing organic compounds and are very
toxic. 2) Furthermore, the recycling of Pt/V@C is difficult, and
the presence of toxic vanadium is a big issue, especially in the
case of drug production. The developed Pt@ZnO catalyst does

Figure 6. Comparison of reducing agent supply (Na2S2O4, NH4HCO2, H2) per
kg of KOM (according to scenarios AP, BP 2, and CP 1) from a life cycle per-
spective. Scaled effects, logarithmic scale.
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not require any additives to attain close to 100 % selectivity at
up to 99 % conversion, and ensures the purity of the final
product without special cleaning steps. 3) Moreover, the cata-
lyst was confirmed to be stable in batch and continuous oper-
ation. Consequently, confidence in the choice of the Pt@ZnO
catalyst for further process design was given.

To date, screening in the H-Cube system resulted in at least
comparably high performances to that of CP 1. By evaluating
the performance of this hydrogenation catalyst, the resulting
difference to CP 1 can be estimated to be negligibly low (see
CP 3, Table 2) (Due to a lack of data, catalyst consumption
comparable to that of CP 1 was assumed, which is 0.23 g of

Pt@ZnO per kg of KIM. This
value was confirmed by POLY-
CAT members. Furthermore,
a lower catalyst amount (1/3 of
the above assumed value) was
indicated to be feasible as well
as within experimental condi-
tions. However, this needs to be
checked in further experiments.)
In batch alternatives the catalyst
share in GWP and HTP is about
10 and 42 %, whereas in continu-
ous alternatives it is <0.1 %. In
general, this is due to 1) higher
efficiency, 2) reduced consump-
tion, and 3) lower environmental
burdens within almost all impact
categories compared with Pd@C
in a slurry batch reactor. Because
HTP and GWP are mainly domi-
nated by KIM and ACN supply,

yield enhancement, solvent reduction, and/or recycling are
issues to be focused on in the future.

Thus, process optimization options already evaluated for
batch processing can be coupled with the benefits of continu-
ous, heterogeneously catalyzed processes. Because yield en-
hancement was identified as a key criterion, more effective
downstream processing will also have a significant impact on
the resulting environmental balance under these conditions.
Upon recovering KOM from the waste stream, a yield enhance-
ment of 8 % would result in a reduction of GWP and HTP by
13 % (see CP 1 and CP 4, Figure 8). In addition, by combining
this process with direct crystallization for KOM isolation, a fur-

Figure 7. Comparison of ecological fingerprints of a conventional batch API manufacturing process (AP) and a novel continuous reaction process (CP 1) in the
development state. Scaled effects.

Figure 8. Effect of single- and multiparameter variations within continuous operation mode scenarios compared
with the batch benchmark process AP (see Tables 1, 2). Scaled effects of GWP and HTP. ! Effect of transition
from batch to continuous reaction; ! effect of transition from batch to full continuous processing; ! effect of
direct crystallization; ! effect of catalyst change; ! effect of KOM recovery; ! effect of direct crystallization and
KOM recovery; ! effect of solvent recycling.
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ther improvement by 23 (GWP) and 17 % (HTP) could be ach-
ieved (see CP 5, Figure 8). Performing the process in a full con-
tinuous operation mode (reaction step and downstream proc-
essing) will result in benefits of 6 (GWP) and 43 % (HTP) with
regard to the current industrial process AP (see CP 6, Figure 8).
Within future developments, this environmental profit could
be extended by multiparameter changes (e.g. , continuous, het-
erogeneously catalyzed processing + direct crystallization + im-
proved downstream processing), as demonstrated for CP 5.

Another challenging task, but highly profitable from an envi-
ronmental point of view—and also foreseen to be implement-
ed at Sanofi site—would be the recycling and reuse of organic
solvents. Up to now, used solvents will enter the waste stream,
that is, they are not fed back. Due to residual contaminations,
quality requirements or legal restrictions (e.g. , good manufac-
turing practice (GMP) standards), this is often practiced in the
pharmaceutical industry.

Thus, in the following, the possibility of process-integrated
solvent recovery was assumed, namely, for the current best
case described above (CP 5, see Table 2), to forecast the
impact of solvent recycling.

According to Capello et al. ,[74–76] the profit from solvent re-
covery depends on the type of solvent. In the case of ACN, dis-
tillation will be the environmentally superior treatment option
to incineration, also because of the high environmental bur-
dens within virgin solvent production. In the case of methanol,
this treatment option will be preferable only in the case of
good solvent recovery. According to Capello et al. , a “good”
solvent recovery rate of 0.84 kg kg�1 waste solvent was used as
basis for this estimation.[61, 76] Because the KIM manufacturing
process also takes place at Sanofi, the targeted recovery rate
was also considered for solvents within the KIM synthesis step.

The resulting hypothetical scenario is named CP 5a (84 % re-
covery rate), see Figure 8, and indicates high environmental
benefits when integrating solvent recovery within further pro-
cess design activities. Thus, compared with the benchmark
process AP, GWP, and HTP could be reduced by 66 and 64 %,
respectively. Regarding other impact potentials, the following
reductions could finally be achieved: TETP 71 %, NLTP 65 %,
POFP 91 %, MDP 85 %, ODP 26 %, TAP 99 %, FEP 82 %, and FDP
67 %.

Sensitivity analyses

LCI Data of KIM

Figure 8 also provides error indicators for each scenario. These
are determined by assuming that the environmental burdens
for KIM manufacturing and all associated upstream processes
vary by �25 %. The error indicators reveal the high share of
KIM supply in most LCIA categories. Nevertheless, the resulting
improvements are significant and the trends discussed above
will remain.

LCIA criteria contribution to the global preference score

As indicated above, process option CP 5a is favored with
regard to LCIA categories GWP and HTP. To determine the con-
tribution of all LCIA criteria to a global preference score, a deci-
sion-making approach was followed based on a total ranking
(equal weighting). The score shown in Figure 9 served as
a basis for the subsequent eco-efficiency ranking. The higher
the global score for environmental efficiency, the higher the
preference for the process alternative.

Figure 9. Criteria contribution to the overall LCA preference ranking scores supported by D-Sight;[77] D-Sight parameters: LCA criteria weights : equal, linear
minimization of LCIA criteria.
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The chart in Figure 9 shows how the different LCIA criteria
and their weights contribute to the global score of each pro-
cess alternative to be discerned at a glance. Because in the
case of CP 5a all criteria have the highest contribution to the
global score, this process option is preferred for every setting
of weighting parameters. In other cases, a multicriteria out-
ranking (without predefined weighting of environmental im-
pacts) results in answers that are more complex. The following
order of Pareto preferences can be found: CP 5a � CP 5 �
CP 2��CP 4 �� BP 1 �� BP 4 � CP 6 � CP 1 �� CP 3 ��
BP 3 � AP �� BP 5 � BP 2 � BP 6 (x�y : x is preferred to y,
x��y : x is non-comparable with y, x~y : x is indifferent to y).
Thus, careful weighting, for example, based on stakeholder
opinions, expert knowledge or environmental impact boun-
dary values have to be further taken into account to decide
between non-comparable alternatives.

However, the results in Figure 9 already demonstrate that
the focus on one or few selected parameters can be mislead-
ing. For instance, BP 2 would switch from total ranking posi-
tion 9 to 13 in the case of an exclusive focus on the typical key
indicator GWP, although the scenario could lead, in practice, to
significant environmental im-
provements within other impact
categories, for example, MDP or
TAP, due to catalyst-free process-
ing.

Catalyst deactivation scenarios

Last, but not least, the effect of
catalyst lifetime (operation time)
and catalyst deactivation rate
was investigated based on the
current status of continuous pro-
cess design, CP 3. Although the
life cycle impact of the catalyst
supply is identified to be negligi-
ble for all continuous, heteroge-
neously catalyzed options, the
aim is to theoretically investigate
limiting values that counteract
environmental benefits. To date,
experimental tests on the long-
term activity and stability of the
Pt@ZnO catalyst have not been
finalized, and the results ob-
tained by LCA are intended to
give a recommendation of
which values need to be target-
ed.

For this analysis, focus is given
to the mainly catalyst-driven
LCIA category “metal depletion”.
Because SO2 emissions are by far
the most important in platinum
primary production,[78] and
acidification caused by SO2 rep-

resents the dominating environmental impact during platinum
mining,[79, 80] “terrestrial acidification” is chosen as the second
LCIA category.

As a starting point, in scenario CP 3a a catalyst amount com-
parable to that applied in industrial process AP (0.1 kg kg�1

KIM) as well as a one-time use was assumed. Although the
consumption of KIM and catalyst could be reduced due to the
higher yields obtained, without fixation in the H-Cube mini
system and long-term use, the share of Pt@ZnO supply would
be the dominating part within MDP of process alternative
CP 3a. In general, LCI data of a metal consumer mix were ap-
plied; this is an assembly of the primary (transported from pro-
ducing mines for consumption in Europe) and secondary
metals (recovered and consumed in Europe).[62]

Figure 10 shows the results concerning KOM output and
MDP in relation to different ranges of deactivation rate,
k(deact) (0, 0.01, 0.05 h�1), and catalyst operation time, tc (0–
2500 h); this is valid by assuming a first-order reaction and de-
activation. In the case of an infinite turnover number (or con-
stant turnover frequency), an operation time of 2400 h roughly
indicates the yearly operation time necessary to produce the

Figure 10. KOM output and resulting MDP in relation to different ranges of deactivation rate, ki (0, 0.01, 0.05 h�1),
and catalyst operation time, tc (0–2500 h), for scenario CP 3a as described in text. Plot (top) in logarithmic scale.
Scaled effects of MDP.
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targeted amount of KOM (100 kg). Because of their major
impact, analysis focuses on the environmental burdens caused
by KIM, ACN, and catalyst supply only.

As expected, the environmental burdens increase with de-
creasing catalyst activity and decreasing catalyst lifetime. By as-
suming a catalyst deactivation rate of k(deact) = 0 h�1 and an
operation time of tc = 2400 h, the impact on MDP will decrease
by 92 % compared with CP 3a. By assuming a deactivation rate
of k = 0.01 h�1/0.05 h�1, the operation time, tc, should be
<1200 h/<240 h, otherwise positive effects will be counter-
balanced due to stagnating product formation.

Finally, Figure 11 provides the results with regard to MDP
and TAP in comparison to the reference industrial process AP,
as well as the current status of continuous process develop-
ment CP 3. For simplification, only the scenarios discussed
below are marked in color, whereas the others shown in
Figure 10 are marked as black points.

This sensitivity study reveals that, even if higher amounts of
catalyst than that in CP 3 become necessary, the environmental
burdens will be significantly reduced by increased operation
time (compare CP 3a scenarios in Figure 11) and fixation. Fur-
thermore, by utilizing only secondary platinum instead of
a mix of primary and secondary metal, the resulting environ-
mental burdens of catalyst supply could be reduced by 97
(MDP) and 80 % (TAP), respectively (see scenario CP 3b,
Figure 11).

Conclusions

The study presented herein is the first holistic life-cycle-based
process optimization of an established pharmaceutical produc-
tion process at Sanofi. By using environmental assessment
tools from the start of process redesign and optimization, hot

spots and weak points could be analyzed, the effect of poten-
tial improvements could be demonstrated, and prognoses and
decision support could be given. From the API process evalua-
tion study reported herein, the following conclusions can be
drawn:

The most influencing factors of the Sanofi API production
process on LCIA categories are supply of KIM, solvent, and cat-
alyst. In conclusion, the following strategies promise to bring
significant ecological improvements with further process devel-
opment: yield enhancement, reduced solvent demand or sol-
vent recycling, and fixation/change of catalyst. In particular,
multiparameter variations, including improved downstream
processing, were recommended within further development
activities.

The transition from batch to continuously running operation
mode by using fixed catalysts improved the overall ecological
sustainability, although the concentration of KIM in solvent
needed to be reduced. The positive effect was mainly due to
changing the catalyst.

The environmental burdens resulting from the preparation
of the novel heterogeneous catalyst did not affect the overall
environmental balance to a great extent, providing that cata-
lyst consumption was reduced by fixation, secondary metals
were utilized, or the catalyst lifetime and activity remained
stable over a longer time period (target : >1200 h, i.e. , >50 kg
of KOM production).

To forecast eco-efficiency,[52, 81] which was the key enabling
force for competitive products and processes, LCA activities
were further coupled with cost analysis. As previously shown,
the direction of development was also associated with signifi-
cant economic benefits.[49] Figure 12 gives a comprehensive
overview of ecological and economic results (assessment of
economic impact was based on Ref. [49] ; the sale price of

Figure 11. Sensitivity analysis regarding catalyst lifetime and activity. Scaled effects of MDP and TAP; logarithmic scale. ! Effect of transition from batch to
continuous reaction for equal catalyst consumption; !! effect of increasing catalyst operation time, assuming no catalyst deactivation; ! effect of plati-
num supply: switching from platinum consumer mix (primary + secondary platinum) to secondary platinum; and ! effect of the current status of continuous
process development (improved catalyst consumption).
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Pt@ZnO was estimated by the research group of Lioubov Kiwi-
Minsker in Lausanne) for all scenarios discussed above. The
higher the value in cost and environmental efficiency, the
greater the preference for the appropriate scenario. The follow-
ing Pareto ranking of process design options was found: CP 5a
� CP 5 � CP 4 �� CP 6 � CP 2 � CP 1 ~ CP 3 � BP 3 ��
BP 4 � BP 1 �� BP 2 � BP 5 � AP � BP 6. Thus, a clear order
of preferences could be concluded for most of the alternative
processes considered. For CP 4 and CP 6, BP 3 and BP 4, and
BP 1 and BP 2, the order may change based on a weighting
priority towards environmental protection or cost savings.

The outcome of the eco-efficiency ranking revealed the high
environmental and economic benefits obtained by transferring
from batch to continuous processing combined with the appli-
cation of a heterogeneous catalyst fixed in a tubular reactor.
Furthermore, it drew attention to the benefits that would addi-
tionally be gained by combining full continuous processing
(CP 6) and multiparameter optimization (as in CP 5a).

In conclusion, current saving potentials, for example, 765 kg
CO2 equivalents (GWP) and 65 kg Fe equivalents (MDP) per kg
of API, could be expected upon transitioning from the conven-
tional API manufacturing process AP at Sanofi to the best sce-
nario, CP 5a, discussed herein. This is complemented by cost-
saving potentials of 33 %. Due to smaller reaction hold up,
better heat management, and high reaction rates, better safety
and lower risk to human health and the environment are also
to be expected. This will be also confirmed by the absence of
toxic vanadium compared with the heterogeneous benchmark
catalyst.

Although this study already picked up on various process-in-
fluencing parameters, the scope of topics addressed in the
POLYCAT project was even wider. A more detailed insight into
the methodological approach followed within the project for
the assessment of pharmaceutical and fine chemical processes
will be published in the near future. Furthermore, for example,
different catalyst fixation methods and flow reactor concepts
have been investigated. The latest development activities by
the research group of De Bellefon at the Centre National de la
Recherche Scientifique (CNRS; Lyon, France) integrate a catalyt-

ic foam-in-tube reactor[82] that is applicable for the same type
of hydrogenation reaction.

The results gained so far have now been implemented in
the newly developed compact container plant of Evonik.
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