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ABSTRACT 
The environmental impacts of pharmaceutical production underscore the need for comprehensive 
life cycle assessments (LCAs). Offshoring manufacturing, a common cost-saving strategy in the 
pharmaceutical industry, increases supply chain complexity and reliance on countries like India 
and China for active pharmaceutical ingredients (APIs). The COVID-19 pandemic exposed Europe’s 
vulnerability to global crises, prompting initiatives such as the French government’s re-industrial-
ization plan to relocate the production of fifty critical drugs. Paracetamol production has been 
prioritized, with recent shortages highlighting the urgency to address supply chain risks while con-
sidering environmental impacts. This study uses process engineering to generate life cycle inven-
tory (LCI) data for paracetamol production, offering an eco-design perspective. Aspen Plus was 
employed to model the API manufacturing process, integrating mass and energy balances to ad-
dress the scarcity of LCI data. The results highlight significant differences in emissions between 
India and France. For 1 kg of API, India’s emissions are 0.0826 kg CO₂ eq for electricity and 1.3845 
kg CO₂ eq for heat from steam, compared to France’s significantly lower values of 0.005228 kg 
CO₂ eq and 1.1828 kg CO₂ eq, respectively. These differences emphasize the environmental ben-
efits of relocating production to regions with cleaner energy sources. The study demonstrates the 
value of process modeling for generating robust LCI data, enabling detailed LCAs to support eco-
design in pharmaceutical manufacturing. This approach can be extended to other chemicals, fa-
cilitating sustainable decision-making in the sector's re-industrialization. 
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INTRODUCTION 
Sustainability in the pharmaceutical industry has be-

come a priority as concerns grow about the environmen-
tal impact of Active Pharmaceutical Ingredients (APIs) 
and the increasing complexities of global supply chains. 
In this context, paracetamol, one of the most widely used 
APIs in the world, has become a relevant case study due 
to its current production practices, which rely almost ex-
clusively on large-scale facilities in India and China. 
These facilities can produce up to 40,000 tons annually, 
serving as an important economic source but posing sus-
tainability and supply security challenges. Centralized 
production far from major consumption centers, like Eu-
rope, creates a heavy dependence on foreign API 

sources. 
This dependence became evident during the 

COVID-19 pandemic when disruptions in essential medi-
cine supply chains were experienced due to external fac-
tors and geopolitical tensions, which underscored Eu-
rope's vulnerability to global crises and prompted policies 
advocating the strengthening of local production capac-
ity. Within this framework, the European Pharmaceutical 
Strategy, launched in 2020, advocates the relocation of 
the production of essential medicines on the continent, 
seeking to create shorter and more sustainable value 
chains that are less susceptible to international disrup-
tions. The reindustrialization of pharmaceutical produc-
tion in Europe aims to ensure access to high-quality med-
icines, minimize the environmental impacts associated 
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with transportation, and promote cleaner energy 
sources. 

The global paracetamol API market is projected to 
reach USD 13.72 billion by 2029, with a compound annual 
growth rate (CAGR) of 4.41% between 2024 and 2029[1]. 
The COVID-19 health contingency underscored the criti-
cal role of paracetamol. This surge in demand highlighted 
the global dependency on India and China for the medi-
cation supply. In response, initiatives like the French gov-
ernment's reindustrialization plan aim to localize the pro-
duction of 50 essential medications, including paraceta-
mol, addressing supply chain vulnerabilities observed 
during shortages in 2022 and early 2023 [2]. 

Despite its market significance, sustainability analy-
sis of APIs faces challenges, mainly due to limited Life 
Cycle Inventory (LCI) data. To address this challenge, this 
study applies Life Cycle Assessment (LCA) methodology 
to evaluate two locations for paracetamol API production 
focusing on the environmental benefits of local produc-
tion in France. A notable contribution is developing LCI 
data through chemical process modeling, addressing the 
data gap in LCA studies of pharmaceuticals. 

 By integrating process simulation with LCA meth-
odologies, the goal is to improve the accuracy and com-
prehensiveness of LCI data. This approach aims to en-
sure a more detailed and reliable assessment of environ-
mental impacts, thus supporting better decision-making 
for sustainable development within the pharmaceutical 
sector. 

RELATED WORK 
The pharmaceutical industry leverages simulation 

and process design to improve efficiency and sustaina-
bility, addressing the significant environmental chal-
lenges of API production. Recent advancements inte-
grate simulation with LCA to minimize environmental im-
pacts, focusing on generating LCI data through process 
modeling. This section reviews key studies in this area. 

The environmental impact of excipients in the pro-
duction of ibuprofen tablets is investigated in [3] through 
simulation at each stage of the manufacturing process. 
This approach helped authors collect energy consump-
tion and emissions data for the LCI. Their findings high-
light that auxiliary materials, such as excipients, signifi-
cantly impact the environmental footprint of pharmaceu-
tical products, stressing the need to optimize these ma-
terials for better sustainability.  

A continuous production framework for synthesizing 
zuclopenthixol is proposed in [4], demonstrating simula-
tion integration to gather process data in continuous pro-
duction. This included modeling solvent use and separa-
tion operations, enabling analysis of material and energy 
flows in API production. Similarly, simulation is used in [5] 
to develop a continuous flow model in the synthesis of 

ibuprofen,  using a series reactors to optimize solvent use 
and reduce the environmental impact of production. 
These studies highlight how continuous production can 
significantly reduce the environmental footprint and im-
prove process sustainability in producing commonly used 
APIs. 

The scope of simulation and process modeling is ex-
tended to encompass common anesthetics in  [6]. Their 
approach included industrial-scale simulations that ena-
bled detailed data collection for the LCI of 20 anesthet-
ics, quantifying greenhouse gas emissions at each stage. 
This work provides a framework for comparing sustaina-
bility options in anesthesia. 

The environmental impact of the catalytic synthesis 
of nopal is explored in [7]. This study used simulation to 
construct the LCI of two synthesis alternatives. The au-
thors found that selecting solvents and reusing materials 
can significantly reduce the environmental footprint in 
synthesizing specialty chemicals, including those of 
pharmaceutical relevance. 

The literature demonstrates that integrating chemi-
cal process simulation with process engineering is key to 
generating an accurate LCI in the pharmaceutical indus-
try, allowing energy and materials flow to be comprehen-
sively captured throughout production stages, facilitating 
more complete environmental assessments. The studies 
reviewed highlight that simulation can optimize the use 
of excipients, solvents, and continuous processes, con-
tributing to reducing the environmental footprint of APIs 
and other specialty chemicals. 

Despite these advances, the literature scarcely 
mentions the application of this approach to the environ-
mental assessment of acetaminophen production, leav-
ing a gap in the sustainability analysis for this medication. 
Implementing process modeling and simulation method-
ologies for acetaminophen could provide critical data for 
the LCI, contributing to more sustainable manufacturing 
practices in the future. 

MATERIALS AND METHODS 
Paracetamol, also known as acetaminophen, is a 

medication with analgesic and antipyretic effects. It is 
widely used for headaches, muscle aches, arthritis, back-
aches, toothaches, colds, and fevers due to its efficacy 
and low side effects. Its proven effectiveness makes it 
essential in over-the-counter and prescription pain man-
agement, justifying its selection for this case study de-
veloped. 

This study uses LCA methodology and process 
modeling to assess the environmental impacts of various 
supply chain scenarios for active pharmaceutical ingredi-
ents, particularly evaluating the benefits of relocating 
production to France.  

 The flowsheet development outlines the API 
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production process in Aspen Plus V14, providing 
energy and material balances for the LCA. 

 The life cycle assessment compares the impacts 
of API production in France and India.  

Process modeling 
Simulating acetaminophen production in Aspen Plus 

helps analyze its environmental impact by providing data 
on material and energy balances. In this system, two re-
actions are characterized: (1) the reaction of p-amino-
phenol and acetic anhydride to form acetaminophen and 
acetic acid, and (2) the reaction of acetic anhydride and 
water to produce acetic acid. According to [8], (1) can be 
modeled as an irreversible pseudo-first order reaction 
when acetic anhydride is in excess relative to p-amino-
phenol. Regarding (2), three irreversible steps, charac-
terized by first-order kinetics, are involved [9]. The reac-
tions are as follows: 

(𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶)2𝑂𝑂 +  𝐶𝐶6𝐻𝐻7𝑁𝑁𝑁𝑁 →  𝐶𝐶8𝐻𝐻9𝑁𝑁𝑁𝑁2 + 𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶      (1) 

(𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶)2𝑂𝑂 +  𝐻𝐻2𝑂𝑂 →  𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶            (2) 

Both reactions must take place within a reasonable 
time frame; to characterize their rates, the Arrhenius 
equation is used: 

   𝑘𝑘 = 𝐴𝐴ℯ(−𝐸𝐸𝐸𝐸/𝑅𝑅𝑅𝑅)         (3) 

According to [8], the activation energy for (1) is 
37310 J/mol. That study compared the reaction rate as a 
function of temperature and used the reaction rate, acti-
vation energy, gas constant, and temperature to deter-
mine the pre-exponential Arrhenius factor over a range 
of 323 K to 343 K, which corresponds to the operating 
temperature range used in the simulation, with a value of 
k equal to 11,293s-1. 

The production process begins with water mixed 
with a recycle stream at 15°C, which is preheated to 

53.7°C using 5 atm steam for the reaction in a Continu-
ously Stirred Tank Reactor (CSTR). Acetic anhydride is 
also preheated to the same temperature, and p-amino-
phenol is added to the reactor. After the reaction, the 
fluid is cooled in a crystallizer (to 40°C and then 15°C) 
and sent to filtration and washing. A portion of the slurry 
(35%) is recycled for preheating, while the rest (65%) and 
wash drains go to a distillation column. 

Recycled drain water and acetic acid are heated and 
mixed with the acetaminophen cake and purified through 
a column with activated carbon, then undergoes a sec-
ond recrystallization, filtration, and washing process. 
Seventy-five percent of the drain water is recycled into 
the solvent, and the wash drains are sent to the distilla-
tion column. The acetaminophen cake is sent to storage. 
Distillate, mainly water and acetic acid, is reused in the 
solvent and wash processes, with the remainder stored. 
The bottom residues from the distillation column, consid-
ered waste, are stored separately. Figure 1 complements 
the description. 

Life cycle assessment  
The LCA evaluates a product or service's environ-

mental impacts by examining all stages of its life cycle 
based on a defined functional unit. Its objective is to iden-
tify opportunities to improve its environmental perfor-
mance. The LCA consists of four main stages: goal and 
scope definition, inventory analysis, impact assessment, 
and interpretation. 

The goal of this LCA is to carry out a comparative 
analysis of the environmental impacts associated with 
the production of acetaminophen API in two locations: 
France and India. The system boundary, depicted in Fig-
ure 2, includes all material and energy inputs related to 
API production, following a “cradle-to-gate” approach. 
This approach covers resource use and emissions from 
raw material extraction to the final API manufacturing 

 
Figure 1: Simulation flowsheet and main equipment for API production 
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stage. The functional unit is defined as 1 kg of API aceta-
minophen, ensuring consistency in mass and energy bal-
ance calculations in the different scenarios. Data on the 
API production process is taken from [8]. 

 
Figure 2: System boundary 

 
 The LCI phase quantifies all material and energy 

flows that cross the system boundary. This involves link-
ing the units or services required to produce a functional 
unit with the corresponding emissions and resource ex-
traction for each unit process. Although literature 
sources provide reference data on raw materials, they 
are often insufficient for high-quality LCA. To address 
this limitation, process simulation with Aspen Plus was 
used to generate detailed mass and energy balances of 
acetaminophen production. This approach allows for ac-
curate estimation of inputs and outputs, improving the 
LCI accuracy and strengthening the assessment reliabil-
ity of as a whole. To ensure robust and complete data 
collection, the LCI was developed by combining process 
modeling with literature-based information 

For the LCIA phase, LCI data is linked to environ-
mental impact categories. This evaluation follows the EF 
3.0 (Environmental Footprint) method, implemented us-
ing the SimaPro version 9.4.0.2 software. This method 

aligns with European sustainability policies and industry 
standards, providing a comprehensive framework for as-
sessing environmental impacts at intermediate and end-
points. In addition, the ecoinvent database complements 
the information on emissions, guaranteeing coherence in 
characterizing impacts in all the evaluated processes. 

RESULTS AND DISCUSSION 
This section compares the environmental impacts of 

acetaminophen API production in France and India to il-
lustrate the effectiveness of the proposed methodology. 

Results (see Figure 3) show that the climate change 
category presents higher values in India (16,35 kg CO2 
eq) compared to France (13,91 kg CO2 eq). Similarly, non-
carcinogenic human toxicity is higher in India (2.13 E-07 
CTUh) compared to France (1,95 E-07 CTUh). In contrast, 
ozone depletion presents higher values in France (2.07 
E-06 kg CFC11 eq) compared to India (1.93 E-06 kg 
CFC11 eq). These results highlight key areas of environ-
mental impact in the acetaminophen production process, 
indicating potential opportunities for improvement of 
emissions related to each impact category. 

Figure 4 shows the normalized energy consumption 
results for production in India and France. Normalization 
addresses unit incompatibility and compares an indicator 
to a reference value such as the average annual environ-
mental load per inhabitant in a country or continent, so 
that the results are expressed as a "relative impact," 
making them easier to understand through familiar com-
parisons. Normalization unifies impact category indica-
tors, aids in category comparisons, enhances the under-
standing of each impact's scope, and enables a more co-
herent analysis of results. 

The results focus on energy-related processes 
which were explicitly selected based on the country or 
the corresponding geographical area and account for 
significant emissions and resource consumption. The im-
pact categories with the highest environmental impacts 
are freshwater ecotoxicity, fossil resource use, and cli-
mate change.  The freshwater ecotoxicity category 
shows a significantly higher impact for “heat from steam” 
in India compared to France. Although the values for 
“electricity” and “cooling energy” in both countries are 
similar and lower, “heat from steam” in India stands out 
as the major contributor to ecotoxicity, likely due to the 
release of specific contaminants during steam production 
that adversely affect aquatic ecosystems. 

 Regarding the use of fossil resources and climate 
change, both electricity and “heat from steam” in India 
exhibit higher values compared to the same resources in 
France. Electricity generation in India predominantly re-
lies on coal-fired power plants [9]. Despite ongoing ef-
forts to diversify the energy mix, coal remains the most 
cost-effective option due to India's substantial coal 
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reserves. In contrast, electricity production in France is 
predominantly nuclear-based, which plays a crucial role 
in reducing CO2 emissions [10]. 

India and France's energy infrastructures differ sig-
nificantly. India needs to enhance energy efficiency, 
waste treatment, and adopt renewables to mitigate envi-
ronmental impacts, while France predominantly uses nu-
clear and renewable energy. Developing strategies to 
lower energy consumption and emissions is vital, focus-
ing on energy-efficient technologies and process optimi-
zation. Transitioning to renewable energy is also crucial. 

Incorporating advanced waste treatment minimizes 
toxic contaminants, particularly in freshwater. Recycling 
solvents and by-products cuts raw material use and 
waste. Redesigning supply chains and relocating produc-
tion to greener energy regions can lessen climate im-
pacts and carbon footprints. 

Figure 4: Normalized energy consumption results for 
production in India and France 

It is important to highlight that France has imple-

mented strategies to reduce the pharmaceutical indus-
try's carbon footprint, such as government energy tran-
sition initiatives and environmental regulations. However, 
as some essential inputs are still imported, their impact 
on the overall carbon footprint must be considered [11]. 

Beyond domestic efforts, a key challenge is ensur-
ing international suppliers meet sustainable standards. 
The French pharmaceutical industry has advanced in re-
sponsible sourcing, focusing on materials with lower en-
vironmental impact and suppliers committed to sustaina-
bility. However, the level of sustainability in supply chains 
outside France varies significantly, potentially affecting 
the kgCO₂/kg API value. This underscores the need for 
enhanced monitoring across the supply chain to maintain 
sustainability consistency [12]. 

To further reduce its environmental impact and pro-
mote sustainable production, the pharmaceutical indus-
try must adopt a holistic approach. This includes improv-
ing energy efficiency, enhancing waste treatment, opti-
mizing supply chains, innovating in raw materials, and in-
tegrating clean technologies. By addressing these as-
pects collectively, the industry can move toward a more 
sustainable and resilient production model. 

CONCLUSIONS 
The relocation of paracetamol production facilities 

to French territory represents a strategic response to the 
need for enhanced supply security and a reduced envi-
ronmental impact associated with its manufacturing. This 
shift underscores the urgency of implementing long-term 
sustainable solutions that promote more resilient supply 
chains with a smaller ecological footprint. 

This research addresses a key limitation in LCA in 
the pharmaceutical industry: the need for more detailed 
LCI data on specific processes. By using advanced pro-
cess modeling tools, both LCI data collection steps and 

 
Figure 3: Characterization results per impact category for API production 
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accuracy are significantly improved. Integrating process 
simulation with LCA methodologies allows for an exhaus-
tive and precise evaluation of environmental impacts. 
This approach not only reinforces the reliability of LCA 
data but also provides a solid basis for sustainability-ori-
ented decision-making in the pharmaceutical sector. 

The methodology used in this study allows the con-
struction of a detailed and reliable LCI for the paraceta-
mol production process, facilitating a precise quantifica-
tion of the associated environmental impacts. This level 
of detail supports more informed sustainability decisions, 
allowing pharmaceutical industry players to develop pro-
duction strategies with lower environmental impacts and 
greater alignment with sustainable development goals. 

The study also highlights a gap in traditional LCA 
methodologies, as they lack impact factors tailored to the 
pharmaceutical sector. To address this, the industry re-
lies on specific indicators to enhance sustainability like 
Process Mass Intensity (PMI), which measures material 
efficiency in API synthesis and promotes more sustaina-
ble manufacturing practices [13]. 

Future work will explore scenarios for producing 
APIs such as waste recycling, treatment, and heat recov-
ery which can reduce environmental impact and optimize 
resources for a sustainable pharmaceutical production. 
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