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Abstract 

Sustainability has become an essential priority across industries, as organizations grapple with the 
need to reduce environmental impact, conserve resources, and adapt to evolving regulations. In the 
pharmaceutical sector, the urgency of these demands is particularly acute, given the industry’s 
substantial energy use, resource consumption, and waste production. Meeting sustainability goals 
requires innovative approaches that can address these specific challenges. Digital Twin Technology 
(DTT) emerges as a powerful tool in this context, providing pharmaceutical manufacturers with a 
comprehensive solution to monitor, simulate, and optimize production processes in real-time. This 
article explores the transformative impact of Digital Twin Technology (DTT) in fostering sustainable 
manufacturing within the pharmaceutical industry. It provides an in-depth analysis of how DTT 
facilitates substantial reductions in material waste, improves energy efficiency, and enables 
predictive maintenance, thereby optimizing both environmental and operational performance. 
Drawing on real-time data integration, simulation modeling, and intelligent analytics, the study 
demonstrates how DTT enhances decision-making, ensures process stability, and minimizes 
production inefficiencies. A key contribution of this paper is the development of a structured 
framework that links core DTT functionalities to specific sustainability metrics, including carbon 
footprint reduction, resource optimization, and lifecycle performance improvement. Furthermore, 
the paper introduces novel use cases and data-driven strategies for applying DTT in pharmaceutical 
manufacturing environments, supported by case studies and empirical evidence. It also addresses 
the challenges of implementation, such as data interoperability, infrastructure requirements, and 
integration with legacy systems, providing actionable recommendations for overcoming these 
barriers. By aligning DTT applications with global sustainability agendas such as the UN Sustainable 
Development Goals (SDGs), this research positions DTT not only as a tool for operational excellence 
but also as a strategic enabler of environmental stewardship and industry resilience. Ultimately, the 
paper offers a practical and forward-looking perspective for industry stakeholders seeking to 
transition towards greener, smarter manufacturing paradigms. 

Keywords: digital twin; pharmaceuticals; sustainability; industry 5.0; predictive maintenance; 
Sustainable Development Goals (SDGs); green technologies; process optimization; Good 
Manufacturing Practice (GMP) 
 

1. Introduction: 

The digital twin idea, which is mainly defined as real entity combination, the link of data, and 
digital corresponding that unite all, is slowly assembling its capacity acknowledgement to enhance 
sustainability in many areas. In recent years, as interest about digital twins has increased in both 
academic and industrial areas, number of articles have been published in these areas for promoting the 
behavior of sustainability (Figure 1). 
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Figure 1. Number of papers published on Digital Twin and Sustainability from 2020 to November 2024. 

1.1. Origin of Digital Twin: 

The concept of the Digital Twin (DT) originated from NASA's Apollo 13 project, where a 
physical space capsule on Earth was used to simulate the behavior of its counterpart in space. Dr. 
Michael Grieves formally introduced the idea of a Digital Twin in 2003 during a lecture on Product 
Lifecycle Management at Michigan University, describing it as a virtual representation of a physical 
object, product, process, or service (Grieves, 2014). 

A Digital Twin encompasses a high-fidelity digital replica of a physical asset, capturing its 
behavior, condition, and properties through data and models, which allows for real-time monitoring 
and simulation of the physical counterpart’s actions in its operational environment (Kshetri, 2021). 

Digital Twins are designed to predict opportunities and failures, enabling real-time actions to 
mitigate issues and optimize operational profiles (Semeraro et al., 2021a). DT continuously maintain 
an updated digital representation of physical entities, providing insights that support optimal 
decision-making by leveraging both live and historical data to forecast and simulate potential futures. 
Applications of Digital Twins span various fields, including manufacturing, healthcare, smart cities, 
energy, transport, and smart buildings. (Fuller et al., 2020a). Advanced uses include visualization 
through augmented and virtual reality, predictive simulations, and orchestration of processes (Figure 
2) (Aheleroff et al., 2020). 

 

Figure 2. Digital Twin Model, Grieves’ model adaptation result shown in the picture (Barricelli et al., 2019). 

According to a recent study (Attaran & Celik, 2023), the total investment in the development 
of DT technology was $8 Billion in 2022 and it is expected to rise to nearly $32 Billion in 2026. This 
investment consists of machine learning, remote monitoring, cloud apps, IoT, computer-aided design 
or CAD, networking, and systems integration to build Digital Twin applications (C. Chen et al., 2023). 
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1.2. Components of Digital Twin: 

Digital twin is a versatile technology that combines physical and cybernetic systems for 
optimization based on performance indicators in different fields. The core components of digital twin 
technology can be categorized into three primary layers: the physical layer, the transmission layer, 
and the virtual layer (Figure 3) (Tao et al., 2022). 

The physical layer includes the actual object or system to be digitized. Physical layer or concrete 
layer involves digitization with the help of sensors and computing parts for data acquisition in real-
time mode (Yuxizi Zheng, 2023). 

The transmission layer or connection layer serves as a bridge between the digital and the 
physical domain, with the help of 5G, LoRa, SatCom and other technologies at macro and micro scales 
(Shaptala & Myronova, 2023; Yuxizi Zheng, 2023). 

Finally, the virtual layer uses artificial intelligence (AI) and analytical models to work through 
the data gathered, subsequently developing an extensive virtual picture for tracking and 
improvement (Chandaluri & Nelakuditi, 2022; Steinmetz et al., 2022). 

 

Figure 3. Component of Digital twin technology: 1. Physical entity, 2. Virtual entity, 3. Data connection between 
Physical & Virtual entities (Mary E. Shacklett, 2025). 

1.3. The characteristics of the DT: 

DT has three key attributes: concentration, integrity, and dynamism. Concentration addresses 
controlling and coordinating vast amounts of operational data to improve functionalities and the 
efficiency of data flow in the System Development Lifecycle (Straw et al., 2022). 

Integrity is achieved when integrated subsystems into a unified model which is upheld by 
forecasting activities and constant updating of data to aid in accurate analysis and early identification 
of faults (Li & Brennan, 2024). 

Dynamism makes DT suitable for such changes over time and they easily transform the real- 
time sensor data and probabilistic models to facilitate online monitoring for effective preventive 
maintenance enhancing operational reliability (Tripura et al., 2023). 

These features allow DT to improve on traditional project processes by facilitating cross- 
departmental interaction, permitting virtual testing prior to physical production, and enabling real 
time data driven model updates that improve accuracy and adaptability to complicated situations. 

1.4. Application OF Digital Twin: 

Digital twin models have been effectively applied across a broad range of manufacturing 
applications, including large-scale factories, precision parts, macro manufacturing systems, and 
specialized product production processes (Tao et al., 2022). 

Table 1 summarizes the application of Digital Twin technology in various industries, its role in 
each sector.. 

Table 1. Application of Digital Twin technology in various industries, its role in each sector. 
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Industry Role of Digital Twin References 

Industrial 
Production 

Enhances quality and productivity in 
Industry 4.0 processes, facilitates 
innovation, and establishes 
communication between the digital 
and Physical worlds. 

(Enders & Hoßbach, 2019; 
Guo & Lv, 2022; Pokhrel et 
al., 2020). 

Automotive 

Supports R&D, predictive maintenance, 
real-time vehicle health monitoring, 
and 
Sustainable vehicle design. 

(Antreas & Piromalis, 
2021; Fang et al., 2022; 
Mohanraj et al., 2024). 

Healthcare 
Allows predictive diagnosis, remote 
treatments, real-time patient 
monitoring, And personalized care. 

(Subramanian, 2020; Tao, 
Liu, et al., 2019a; Y. Zhang Et 
al., 2023). 

Smart Cities 
Connects the real and virtual worlds for 
water treatment, traffic control, urban 
planning, and facility monitoring. 

(Hu, 2023; Lehner & 
Dorffner, 2020; W. Wang et 
al., 2023). 

Aerospace 

Minimizes expenses, boosts productivity, 
and enhances mission success through 
flight replication and pre-launch 
simulation. 

(Kim, 2022; Meng et al., 
2023; Shafto et al., 2010). 

Energy 

Enhances decision-making in nuclear 
power plants and energy harvesting, 
finds anomalies, and improves smart 
energy systems. 

(Aghazadeh Ardebili et al., 
2021; Bhatti et al., 2021; 
Okita et al., 2019). 

Agriculture 

Increases output in precision 
farming, robotics, crop management, 
aquaponics, and smart water 
management. 

(Bissadu et al., 2024; 
Purcell & Neubauer, 2023; 
Sreedevi & Kumar, 2020) 

Construction 

combines AI, image processing, and 
sensor integration to provide more 
efficient real-time progress tracking, 
resource planning, safety monitoring, 
and quality control. 

(Opoku et al., 2021) 

1.5. Importance of Sustainability in Pharmaceutical Manufacturing: 

The pharmaceutical manufacturing industry faces significant environmental, social, and 
economic concerns that impact public health and sustainability throughout the entire pharmaceutical 
life cycle, from production to disposal. A key focus for pharmaceutical companies is environmental 
sustainability, which includes the use of cleaner production methods, sustainable raw materials, 
responsible human resource management, and the sustainability of global supply chains (Milanesi et 
al., 2020). One of the problems that are of great concern are the disposal of pharmaceutical wastes 
since discharge them in a wrong way pollutes the environment and is dangerous to human health 
(M H et al., 2023). 

The daily demand for APIs entails multiple synthesis reactions and is associated with a low 
material yield rate, which greatly harms the environment (Kong et al., 2021; Siegert et al., 2020). 
Recently, there has been much concern on the effects of presence of pharmaceutical residues into the 
environment since adverse impacts on wildlife is well documented (Riikonen et al., 2024). Compared 
to the chemical industry this sector has lower sustainability commitment which further stress the 
importance of improved environmental disclosure and regulation (Calciolari et al., 2024). 

Through the individual steps in the process of manufacturing pharmaceuticals – synthesis of the 
active substance in bulk quantities, transportation, and packing the manufacture affects not only the 
worldwide economy but also specific segments of certain areas. Specifically, the need for 
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pharmaceutical chemicals demonstrates twenty times more energy demand (CED) and twenty-five 
times more negative global warming impact than that of other essential chemical assets (Z. Chen et 
al., 2024). 

Pharmaceutical manufacturing wastes (PMWs) such as volatile organic compound and API 
threaten the life of human and causes harm to the environment as it interferes with geochemical cycles 
and other natural physiological process (Okeke et al., 2022). 

Given these multifaceted challenges, the pharmaceutical industry must prioritize sustainable 
practices. By minimizing waste, reducing carbon emissions, conserving resources, and ensuring 
equitable labor standards, the industry can lessen its environmental impact, enhance social 
responsibility, and achieve sustainable economic stability. Ultimately, adopting sustainable practices 
is essential for fostering a resilient and equitable future while safeguarding both public health and 
the environment. 

2. Sustainability: 

Sustainability encompasses the ability to maintain ecological balance while meeting the present 
needs without generations of compromising future. It integrates environmental, economic, and social 
dimensions, emphasizing the responsible use of natural assets and the preservation of biodiversity 
(Hajian & Kashani, 2021). The concept of sustainability became mainstream in the 1980s, but its roots 
trace back much earlier. 

Natural scientists in the 19th and 20th centuries also contributed by highlighting the tension 
between conserving resources for human use and preserving nature for its own sake. The modern 
idea of sustainability gained momentum in the 1970s, particularly with the Rome's Club "Limits to 
Growth" and other influential publications (Coomer, 2013; Driver, 1979; Ecology Party Manifesto for 
a Sustainable Society 1975, 1975; Vernon, 1979; Woodhouse, 1972). 

The 2030 blueprint established by United Nations for the growth of sustainability in 2015. This 
project consists of 17 goals of sustainable development to realize enhancement and more viable future 
ecologic. The 169 targets were accompanying having 17 goals aim to direct the most pressing 
challenges of world. They are divided into three categories: environment, economy, and society 
(United Nations, Economic and Social Council, Committee on Economic, Social and Cultural Rights, 
2019). The accomplishment of these goals significantly depends on technological solutions, which 
catalyze the three pillars of sustainable development (Chege & Wang, 2019) 

As I go to the trend of publication on sustainability (Figure 4), I found that from 2001 to 2023, 
there were more publications on sustainability, which indicates that people are becoming more aware 
of how important it is to solving global issues. 
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Figure 4. The dramatic increase in the number of articles on sustainability published from 2001 to 2023. 
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2.1. Three Pillars of Sustainability: 

One common way to describe "sustainability" is by using three connected "pillars" that cover 
economic, social, and environmental (or ecological) aspects. This three-part idea is often shown as three 
overlapping circles representing society, the environment, and the economy, with sustainability 
sitting where they all meet, as seen in Figure 5 is widely used to explain "sustainability" in academic 
papers, policy documents, business materials, and online (Purvis et al., 2019). 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Right, sustainability typical representation as three intersecting circles. Left, alternative depictions: 
literal ‘pillars’ approach. 

2.2. Relationships Among the Environment, Economy, and Society: 

The idea of sustainability is likely to keep playing a big role in discussions about development 
science. According to van der Linde and Porter (1995) (Van der Linde & Porter, 1995), the best 
decisions will be those that satisfy society's needs while also being good for the environment and 
economy, fair for everyone, and supportive of social well-being. This creates three connected areas of 
sustainability that show how the economic, environmental, and social aspects of sustainable 
development are related, as shown in Figure 6 (Mensah, 2019). 

 

Figure 6. Relationships among social, environmental, and economic sustainability. 
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2.3. The Evolution Process of Sustainability: 

The concept of Sustainable Development (SD) has matured from early environmental awareness 
into a comprehensive global policy framework addressing interconnected social, economic, and 
environmental challenges (Stagl, 2007; Olawumi & Chan, 2018). Key milestones—such as the 
Brundtland Report (1987), the Rio Earth Summit (1992), the adoption of the Sustainable Development 
Goals (2015), and the EU Green Deal (2021)—have progressively shaped SD into a central agenda in 
global governance. Recent developments, including AI for Climate Action and sustainable healthcare 
models post-COVID-19, reflect a shift toward innovation-driven solutions. This evolution 
underscores the increasing urgency for industries, including pharmaceuticals, to align with SD 
principles and integrate technologies like Digital Twin Technology to meet environmental and 
operational sustainability targets. 

Figure 7 shows the evolution of sustainability in different eras. 

 
Figure 7. The evolution of sustainability in different era.2.4 Importance of Sustainability:. 

The connection between concern for future and earth concern is at sustainability thinking heart. 
Sustainability is essential because it strikes a balance between economic, social, and environmental 
issues to protect the future and present generation’s welfare. Serious issues caused by unsustainable 
practices like depletion of resources, change in climate, and loss of biodiversity as the world’s 
consumption and population increase. Keeping an eye on previous goals, governments and sectors 
have incorporated practices of sustainability more and more, in results moving towards circular 
economics, emissions of lower carbon, and renewable energy advancement. There are many 
problems to be resolved, like expanding of projects, momentum, and resolving global variation 
(Groves, 2019). 

Considering the past goals and issues that lies beyond, we can identify the advantages of 
sustainable practices also the possible disadvantages of not implementing them. 

2.4.1. Previous Progress: 

Ecosystem health is maintained by sustainable practices, prevention of environmental 
degradation, and support biodiversity by promoting management of responsible resources, 
renewable and conservation energy (Gernaat et al., 2021; Osman et al., 2023). 
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According to economic perspective, contribution in green technologies promote creation of jobs 
and resilience in economic, though sustainable models of business reduce waste, resource efficiency, 
and minimize prices (Geissdoerfer et al., 2017; Nikolaou et al., 2021). Also, ethical business 
conduct, and well-being of community boosted by promoting sustainable programs, which normally 
leads to developed society that is more inclusive and equitable (Orbons et al., 2024). 

2.4.2. Future Challenges: 

Today humanity facing the biggest challenges are natural resources loss. Unsustainable practices 
create the risk of exhausting vital resources such as fossil fuels, water and minerals (Kulkarni, 2024). 
Change in climate also made it important to decrease footprints of carbon and build resilience to its 
results (de Oliveira et al., 2023). Globally, more strict regulations are implemented by government to 
promote sustainability, legal and financial penalties are facing by companies that violate these 
policies (Ogrean & Herciu, 2020). 

2.4.3. Positive Outcomes of Sustainable Practices: 

Sustainable techniques are important for the protection of environment, providing benefits loke 
conservation of resources, reduction of pollution, and biodiversity. Methodology and research have 
shown that the renewable energy use greatly decreases emission of greenhouse gas (Hassan et al., 
2024). Economically, substantial financial gains lead by sustainable approaches through reduction of 
waste and efficient energy, investment in sustainability, many companies getting long-term 
advantages (Singh & Rahman, 2021). Also, these practices increase health of public by decreasing 
levels of pollution, which as a result reduces costs of healthcare related to water and air quality issues 
(Bangsa & Schlegelmilch, 2020). Additionally, sustainability promotes responsible use of energy, 
other assets, water, and efficient use of resources, thus protecting these assets for upcoming 
generations, reducing environmental impact extraction of resources (Deng et al., 2024; M. Zhang & 
Wei, 2024). 

2.4.4. Negative Effects of Not Using Sustainable Practices: 

In contrast, Neglecting the practices of sustainability can create many degradations of 
environment, like depletion of resources, loss of habitat, and accelerated change in climate (Leal Filho 
et al., 2020). The natural resources overuse such as minerals, water, and fossil fuel can cause notable 
ecological shortage and damage, badly affecting both human populations and ecosystems 
(Rockström et al., 2023). Economically, an absence of sustainability focus creates serious risks, like 
increased fines, costs, and inefficiencies, along with increased risks to market crises of banking and 
volatility of market by change in climate (Alex Comerford, 2024; Dafermos et al., 2018; Migliorelli, 
2020). 

The most significant issues are health risks, contamination of water and respiratory diseases 
caused by unsustainable practices of pollution (Shetty et al., 2023). Also, businesses lose market share 
by ignoring sustainability to competitors that parallel with growing of consumers preference for 
responsible practices of environment (J. Z. Zhang & Chang, 2021). 

2.5. Optimistic and Pessimistic Scenarios for Sustainability: 

Understanding sustainability current trends are important, as they will shape the society, 
ecosystem, and economy in upcoming years. If current methodologies continue, the world faces two 
split paths; one to enhance the sustainability, and another toward instability to environment and 
economics. The distinct cases over the upcoming 10-15 years expose a sharp difference between 
unsustainable practices continuation and future of sustainability. 

The Table 2 comparing worse and optimistic cases for sustainability for upcoming 10-15 years, 
based on the current situation: 
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Table 2. comparing worse and optimistic cases for sustainability for upcoming 10-15 years, based on the current 
situation. 

Category Optimistic Scenario (2035) Pessimistic Scenario (2035) 
1. Environmental Progress 

 
Carbon Emissions 

Global carbon emissions 
reduced by 40-50% by 2035. 

Continued rise in emissions, 
leading to a 2-3°C temperature 
increase. 

 
Renewable Energy 

Renewables dominate 70%
 of global electricity 
generation. 

Renewables account for only 
40%, with fossil fuels still 
dominant. 

 
 
Biodiversity 

10% increase in biodiversity 
through reforestation and 
conservation. 

30% biodiversity loss, risking 
species extinction and ecosystem 
collapse. 

 
Resource 
Availability 

Natural resources managed 
sustainably; water scarcity 
reduced. 

Water shortages affect 2-3 billion 
people globally; severe resource 
depletion. 

      2. Economic Growth 

 
 
Green Economy 

 
$12 trillion from green 
economy by 2030, creating 395 
million jobs. 

Economic loss from climate 
disasters; widening inequality and 
poverty. 

 
Sustainable 
Technologies 

Widespread adoption of clean 
technologies in energy, transport, 
and agriculture. 

 
Stagnation in green tech, reliance 
on unsustainable practices. 

    3. Government & Policy Action 
 
Global Policy 
Alignment 

Strong international cooperation; 
enforcement of strict 
environmental regulations. 

 
Weak policy response: failure 
to meet Paris Agreement targets. 

 
 
Urbanization 

Sustainable, smart cities with 
green infrastructure and 
electrified public transport. 

Unplanned, sprawling cities with 
pollution, waste problems, and 
social unrest. 

    4. Technological Innovation 
 
 
Carbon Capture 

Carbon capture technology 
widely adopted, reducing 
industrial emissions. 

 
Slow technological progress: 
carbon capture remains unscalable. 

 
AI & Data
 for 
Sustainability 

AI-driven precision agriculture 
and resource optimization 
reduce waste. 

Limited use of AI, inefficient 
resource management, and high 
waste levels. 

5. Socio-Economic Impact 
 
 
Job Creation 

Millions of jobs in renewable 
energy, green technology, and 
sustainability sectors. 

Job losses in fossil fuel industries, 
leading to widespread 
unemployment. 

 
Climate-induced 
Economic Losses 

Climate resilience reduces 
damage; green sectors drive 
stable growth. 

 
Trillions of dollars in damages 
from climate-related disasters. 

6. Global & Social Impact 
 
Food & Water 
Security 

 
Food & Water Security 

 
Food & Water Security 
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International 
Cooperation 

 
International Cooperation 

 
International Cooperation 

Summary: 

Optimistic Case: Progress toward restoration of biodiversity, net zero carbon emission, growth 
of economy, and renewable energy through green technologies, and enhanced water and food 
securities. 

Worse Case: Collapse of biodiversity, increase emission, social instability, climate change, and 
loss of economy due to unemployment and scarcity of resources. 

This comparison shows that adoption of sustainability is urgent need to exclude the negative 
impact of worse case. 

IEA (2021). Net Zero by 2050: A Roadmap for the Global Energy Sector. IRENA (2021). 
Renewable Energy and Jobs – Annual Review. 

IPCC (2021). Sixth Assessment Report. 
World Bank (2021). World Development Report on Climate Change. World Economic Forum 

(2020). The Future of Jobs Report. 
OECD (2021). Green Growth and Climate Change Policies. WWF (2020). Living Planet Report. 
UNEP (2022). Global Environmental Outlook. 
The two cases differentiate these situations and show how important is adapt sustainability 

quickly, to overcome worse case. If we fail to take serious action, we will fall in harsh situation that will 
affect the society negatively, the environment, and the economy. On the other side, a dynamic 
approach that puts first sustainability can guarantee, a more balanced, bright, and robust future 
(Isaksson, 2019). 

3. The Impact of Industries on Sustainability: 

3.1. Industrial Revolution 1.0 to 4.0 and Towards 5.0: 

The Industrial Revolution, beginning in the 18th century in Great Britain, marked a shift from 
rural to industrial economies (Malik et al., 2023), fueled by steam engines and mechanized industry, 
which boosted productivity but caused environmental issues like deforestation and pollution (Allen, 
2017; Growiec, 2022). The Second Industrial Revolution introduced electricity, petroleum, and mass 
manufacturing, further increasing productivity and global trade, yet also intensifying resource 
extraction and pollution (Clark, 2012; X. Wang & Yan, 2022). The Third Industrial Revolution, or 
Digital Revolution, brought advances in automation and IT, improving efficiency while raising 
concerns about energy use and e-waste (Ghulam & Abushammala, 2023; Mohajan, 2021). 

Today’s Fourth Industrial Revolution, driven by AI, robotics, and IoT, is transforming industries 
and society, enhancing efficiency but also leading to challenges such as job displacement and the 
demand for new skills (Moloi & Marwala, 2023). The industrial revolution is represented in Figure 8. 
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Figure 8. The sequence and fundamental of the industrial revolutions. 

Industry 5.0 represents a shift in industrial development towards sustainable and human- 
centered goals, prioritizing human-machine collaboration, and the personalization of manufacturing 
processes. Unlike Industry 4.0, which concentrated on automation and digital systems, Industry 5.0 
focuses on reducing waste, promoting a circular economy, and implementing ethical labor practices 
and renewable energy. This approach aims to create effective, resilient, and ecologically friendly 
solutions that address social and environmental inequalities, balancing technological growth with 
sustainability (Grabowska et al., 2022; Verma, 2024). 

3.2. Industrialization and Sustainability: 

Sustainability has been greatly influenced by industrialization, while industrialization has 
boosted the economy, it has also had a negative impact on the environment and society that results 
in social inequality, higher carbon footprints, and environmental destruction are made worse using 
fossil fuels, poor waste management, and unsustainable consumption habits (Malik et al., 2024). 
Ineffective waste management practices in several businesses, particularly in the industrial and 
pharmaceutical sectors, have led to the pollution of land and water, endangering human health and 
ecosystems (Buckberry & Crane-Kramer, 2022; Karaduman, 2022). Rapid industrial expansion has 
also made social inequality worse, leading to unfavorable working conditions, low pay, and 
environmental injustices (Ellitan, 2020; Memon & Ooi, 2021). 

The statistical data selection about the Sustainability and Revolution of industrial environment 
over the long term is shown in Table 3. 

Table 3. Statistical data about the Revolution of Industrial and the sustainability of the environment. 

Key area of 
environmental 
sustainability 

 
Analytical perspective outward 

 
Pollution of Water 

Throughout the Industrial Revolution, chemicals and industrial waste 
led to widespread water contamination. Over 80% of untreated 
wastewater worldwide is released into the environment, according 
to the UN, with serious consequences for the ecosystem and human 
health (Whelan et al.,2022). 

 
Pollution of Air 

The air pollution level increased because of industrialization. The 
reports of World Health Organization (WHO) show 91% people on 
Earth lives in locations where the amount of particle matter in 
the air is higher than acceptable (Gómez Peláez et al., 2020). 

 
Emissions of 
Greenhouse gas 

There has been a significant increase in emissions of greenhouse gas 
since the Revolution of Industrial. The world's produced fossil and 
industries fuels produced 33.1 billion tons of carbon dioxide in 2019, 
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up significantly from 2.8 billion tons in 1850, according to the 
findings of the Global Carbon Project (Raihan & Tuspekova, 2022). 

 
Deforestation 

The Industrial Revolution resulted in massive deforestation because 
natural resources were used to power industrial activity. The United 
Nations Agriculture and Food Organization reports that, between 
1990 and 2022, 178 million hectares of forest were destroyed 
worldwide (Zahoor et al., 2022). 

 
Carbon emissions 

Due to fossil fuels the extensive use for energy production, carbon 
emissions increased significantly during the Industrial Revolution. 
The Project of Global Carbon reports that worldwide emissions of 
carbon dioxide from fossil fuels and industry increased in 2019 by 
2.6% hitting 36.8 billion tons (X. Wang & Yan, 2022). 

3.3. The Role of Pharmaceuticals in Sustainability: 

Pharmaceuticals have a double effect on society, they improve healthcare tremendously while 
also posing possible hazards to the environment and public health. The pharmaceutical industry plays 
a crucial role in advancing global health by improving healthcare outcomes, notably through the 
distribution of vaccines that save annually an estimated 2-3 million lives and antiretroviral drugs 
that have reduced AIDS-related deaths (WHO, 2023), and antiretroviral drugs that have reduced 
AIDS-related deaths (UNAIDS, 2023). Economically, it is a major contributor, employing over 800,000 
people in the U.S. and generating approximately $1.3 trillion in revenue in 2020 (Pharmaceutical 
Research and Manufacturers of America, 2021). The sector also drives innovation and job growth 
across various fields, with global R&D spending reaching $186 billion in 2021 (WifOR, 2021). 

However, alongside its benefits, pharmaceuticals pose capable risks to the environment and 
public health. Pharmaceutical Environmental Pollution raises during drug production, disposal and 
use can destroy ecosystem, resistance of increases antimicrobial, and generate emissions of 
substantial, and generate emissions of substantial greenhouse gas (Belkhir & Elmeligi, 2019). 
Researchers are exploring pharmaceutical substances to treat bacterial infections in humans and 
livestock, but the residues from these drugs pose serious environmental and health risks. These 
residues are persistent, resistant to degradation, highly water-soluble, and can become more complex 
and carcinogenic when mixed with other substances. Consequently, emissions of pharmaceutical 
residues from hospitals and industrial wastewater can lead to disease outbreaks, affecting both 
humans and wildlife (Khan et al., 2022). 
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Figure 9. Many ways that pharmaceuticals are released into the environment, including solid waste dumps, 
hospital effluents, pharmaceutical industrial effluents, home sources, and animal pharmaceutical releases, have 
resulted in significant outbreaks. 

3.4. Current Sustainable Practices in Pharmaceuticals: 

A more comprehensive evaluation of the literature indicates that the adoption of sustainable 
practices is increasing globally across multiple industrial sectors. Studies show that more industries 
around the world are adopting sustainable practices. As social and environmental issues get more 
attention, manufacturing companies are adding more environmental efforts into their business 
strategies. The previously mentioned study concluded that waste minimization, resource efficiency, 
material efficiency, and eco-efficiency were the four primary methods to sustainable production (Kar et 
al., 2024). Following are some of the practices adopted within the industry. 

3.4.1. A dedication to green and net-zero technology: 

Pharmaceutical firms are committed to using sustainable techniques in drug development and 
manufacture to have net-zero carbon footprints. These include of limiting waste, reducing energy 
use, and investing in green technologies. An analysis of 20 top pharmaceutical companies 
demonstrates the significance of this requirement (Booth et al., 2023). 

3.4.2. Artificial Intelligence (AI) and Modern Technology Integration: 

Businesses are optimizing their manufacturing processes with the use of AI and modern 
technologies, which lowers waste and increases energy efficiency. By sending out early alerts about 
possible interruptions, artificial intelligence is also helping to improve supply chain management and 
mitigate the effects of prescription shortages (Kumar et al., 2023; Pall et al., 2023). 

3.4.3. Good Manufacturing Practice (GMP) in the Pharmaceutical Industry: 

GMP addresses five crucial elements to guarantee a product's quality and consistency: people, 
goods, processes, procedures, and premises. Several advantages of GMP compliance include 
increased profitability, productivity, and risk minimization, all of which promote sustainability 
(Kabir et al., 2023). 

3.4.4. Cooperations and Partnership Strategies: 

A component of the pharmaceutical supply chain are contract development and manufacturing 
organizations, or CDMOs. Working with CDMOs facilitates the integration of environmentally 
friendly projects and sustainable production techniques. Implementing ethical sourcing and energy-
efficient production requires this collaboration (Agrawal et al., 2024). 

3.4.5. Regulations: 

Regulatory bodies and other stakeholders around the world have periodically created and 
adopted several policies, programs, and guidelines related to sustainable development (Fallah 
Shayan et al., 2022). European nations were already adopting the SDG3 idea as a "safer 
pharmaceutical campaign" or "health care without harm" in 2016 (Agrawal et al., 2024). 

In addition to the SDGs from the UN, which work as a model for development in all areas, ISO 
14000 Standards offer businesses and organizations useful instruments for handling their 
environmental responsibility. 

4. Digital Twin Technology as a Catalyst for Sustainability in Pharmaceutical 
Manufacturing: 
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In pharmaceutical manufacturing, achieving sustainability is challenging due to complex 
equipment and processes. These complexities make it hard to gather real-time data, resolve issues, 
and optimize production. Traditional methods often depend upon error-and-trial, resulting in 
material significant waste, time, and energy, resulting in loss of sustainability goals (De Soete et al., 
2017; Hashmi et al., 2024; Kruk et al., 2018; X. Wang et al., 2022). 

Though, these challenges are overcome gradually by industry through transformation of digital 
technology. New systems are evolving that boost monitoring of equipment, improve processes, and 
failures prediction through novel algorithms (Cui et al., 2022; Zhao et al., 2020). DTT is emerging as 
a trigger for transformation of sustainability, offering physical manufacturing processes real time 
digital replica. Digital Twin not only interact also monitor with production of live data and use AI 
for prediction of equipment failures, optimization of energy usage, and waste reduction, so enhance 
(Ciano et al., 2021; Tao, Qi, et al., 2019). 

DT technology improves efficiency and allocation of resources by integrating AI, transforming 
pharmaceutical manufacturing more sustainable and green industry (Böttjer et al., 2023; Pimenov et 
al., 2023). In 2016, 4.0 industry introduce by Siemens, significantly expanded the research, with 
advanced technology like 5D DT model expanding manufacturing applications (Tao et al., 2018). 

Overall, the sustainability practices enabler is DTT in pharmaceutical manufacturing, helping 
the industry integration sustainable into every production (Tao et al., 2017; Tao, Liu, et al., 2019b). 
Figure 10 illustrates some milestones in DT development. 

 

Figure 10. Illustrates some milestones in DT development. 

4.1. The Role of Digital Twin Technology for Sustainability Enhancement in Pharmaceutical Manufacturing: 

DTT is emerging rapidly as the tool of transformation to enhance sustainability in 
pharmaceutical manufacturing. It creates highly accurate physical production environment virtual 
simulation, DTT along with manufacturers to optimize and monitor their real-time processes. It 
reduced waste as well as boosting efficiency, environmental impact, and consumption of energy. 
Below, we investigate the vital areas. Where DTs are driving improvement in sustainability in 
pharmaceutical manufacturing. Figure 11 demonstrates the numerous ways that Digital Twin (DT) 
technology enhances sustainability in the production of pharmaceuticals. 
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Figure 11. Use of Digital Twin Technology for sustainability enhancement in pharmaceutical manufacturing. 

4.1.1. Enhancing Process Efficiency: 

The technology can enable the manufacturers in the pharmaceutical industry literally model all 
facets of the process and solve the system for the best strategy regarding its movements, mixing, 
packing and several more methodical movements. These virtual replicas enable the evaluation of 
situations with real and possible information to improve energy use and workforce allocation. 

Examples from Xia (Xia et al., 2021) and discussions during the ProcessNet Symposium 2018 
show that the implementation of DTs allows one to detect potential issues early on, work with the 
versatility of processes, and achieve higher quality control with less energy and material used 
(Kockmann, 2019). Further, they are self-contained smart sensors that collect, transmit, and control 
the required data highlighted by (Eisen et al., 2020) to perpetually fine-tune and optimize processes 
and to minimize waste as well as improve safety standards. This approach leads to sustainability in 
production and thus leaner, greener processes with the least wastage (Aheleroff et al., 2021; Soori et 
al., 2023). 

4.1.2. Predictive and Preventive Maintenance: 

The digital twins in the form of an overlay of physical data from the sensors or simulations show 
where maintenance is needed without interrupting the processes as they give a real-time view into 
the equipment. The enhancement of machine learning (ML) into Digital Twin-driven Predictive 
Maintenance (DT-PdM) has provided offsetting justification for an increment in performance 
improvement in manufacturing operations through actual monitoring and effective fault detection 
in equipment. DT technology offers the opportunity to integrate physical assets with their 
counterpart and support HI computation, RUL estimation, and fault diagnosis for important 
predictive maintenance operations as described in previous works, ML algorithms handle big data 
and multisource data mostly consisting of monitoring and maintenance information (Aivaliotis et al., 
2019; Oluwasegun & Jung, 2020; J. Zhao et al., 2022). The ability to predict equipment failure errors 
minimizes the time resources are damaged or idle, and optimizes the utilization of resources (Ulmer 
et al., 2022; Yasin et al., 2021). Consequently, DTT enables a lean manufacturing process by increasing 
the useful life of the equipment and reducing the general impact on the environment (Rojek et al., 
2020). 
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4.1.3. Minimizing Downtime and Waste: 

Digital twins contribute to improved pharmaceutical manufacturing by decreasing unexpected 
downtime and minimizing losses due to constant inspection and forecasts. Through simulation, they 
discover problems that may arise in production in an early stage allowing modification to occur before 
a disruption happens (M. Singh et al., 2022). Also incorporate real-time sensor data, digital twins 
constantly observe production flow, and correct as soon as there is a deviation, minimizing downtime 
and waste. Moreover, they validate methods at least virtually to determine ideal processes, thus 
saving resources, and improving process effectiveness (Kharchenko et al., 2020). This predictive 
approach, implemented in advance, reduces wastage, and has a positive impact on the environment, 
and (Agnusdei et al., 2021; dos Santos et al., 2021). 

4.1.4. Sustainable Supply Chain Management: 

DT also brings positive shifts to the establishment of supply chain management of sustainability 
through improvement of the logistics of sustainability optimization, openness and minimized 
wastage. Using predictive simulation and analytics DTT can identify optimal chain routes of supply, 
better control stock and implement sustainable practices in source. This improves resource utilisation, 
promote broad sustainability initiatives and lower levels of greenhouse gas (Abualigah; et al., 2023; 
Dietz, & Pernul, 2020). 

4.1.5. Drug Discovery and Development: 

There is a worldwide implementation of using animals for scientific research. Globally, an 
estimated 192.1 million animals were used for research in 2015 (Rahman et al., 2022; Tao et al., 2018). 
By creating simulated models of biological structure, digital twins allow pharmaceutical companies 
to reduce depending on animal testing and process of streamline drug development. DTT allows 
researchers to simulate interactions of drug, efficacy of assess, and predict potential side effects 
without physical path. This reduces both use of resources and time, boosting a more ethical, 
sustainable approach to drug discovery (Sinisi et al., 2020). Also, they improve clinical paths by 
simulating patient responses, which reduces the creating medications that might not support in 
experiments (Bordukova et al., 2024; Mariam et al., 2024). 

4.1.6. Energy and Resource Optimization: 

Digital twins are important in optimizing resources and consumption of energy use within 
manufacturing environments. By managing efficient resources and enabling predictive maintenance, 
DTT confirms that production facilities operate with reduced waste and energy usage. This aligns 
with pharmaceutical manufacturing and lowers the cost of operations but also with sustainability 
objectives (Darbali-Zamora et al., 2021; Semeraro et al., 2023). 

4.1.7. Process Control and Quality Assurance: 

The pharmaceutical industry recycles raw materials into high-demanding products, requiring 
severe process control to ensure compliance with regulations, consistency, and quality. Precision is 
important, as variations can lead to compliance issues or defects (Qian et al., 2017). 

As research on quality and process control advances, procedures and techniques have also 
improved, but challenges remained. It is hard to estimate issues, get abrupt input, or make rapid 
decisions about the product quality since existing methodologies aren't smarter or quicker enough. 
As manufacturing technology enhances, more control over product quality is needed. To resolve 
these issues, Digital Twins provide a platform for process of real-time control, allowing 
manufacturers to maintain quality of product and compliance of regulatory. By continuously 
monitoring key production parameters, DTT supports making decision timely and reduces the need 
for human action. This promotes consistent quality of product, minimizes wastage of resource, and 
enhances total sustainability (Kannan & Arunachalam, 2019; Zhu & Ji, 2022). 
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4.1.8. Enhancing Sustainability Across the Pharmaceutical Product Lifecycle: 

Digital Twins play a vital role in the entire lifecycle of pharmaceutical product, from initial stage 
to disposal and production. By reducing waste and optimizing stage at each stage, DTT promotes a 
comprehensive technique to sustainability that benefits both the environment and businesses. This 
lifecycle opinion ensures that sustainability is integrated into pharmaceutical production each stage, 
boosting overall resilience of operational (Lo et al., 2021; Pronost et al., 2024; Semeraro et al., 2021b), 

In summary, Digital Twin Technology offers pharmaceutical manufacturers with an extensive 
tool to enhance sustainability. By enabling practices of sustainable, improving efficiency, and 
reduction of waste, DTT aligns with operations of manufacturing with the industry's transforming 
goals of sustainability. Through insights of real-time and continuous innovation, Digital Twins are 
setting new standards for manufacturing practices which are environmentally responsible. 

4.2. Case Studies of Digital Twin Technology in Pharmaceutical Sustainability: 

Digital Twin Technology (DTT) is significantly transforming the pharmaceutical industry by 
improving operational efficiency and promoting sustainability. Several leading companies have 
adopted DTT, yielding measurable benefits that align with their sustainability objectives. 

GSK, in collaboration with Siemens and Atos, employs digital twin technology to optimize 
vaccine development. This virtual simulation of the manufacturing process reduces the need for 
extensive physical experiments, thereby minimizing material and energy usage and supporting 
sustainable practices throughout vaccine development (GSK, 2022). 

Pfizer uses M-Star CFD, a GPU-based computational fluid dynamics application, to develop 
digital replicas of bioreactors. It assists in the simulations of fluid flow and the diffusion of gases 
making physical experiments less necessary and aiding the scale-up process. Therefore, Pfizer has 
been able to advance manufacturing schedules, launch drugs in the market, and reduce resource use 
(M-Star, 2021). 

Sanofi has implemented digital twin technology in the company’s Evolutive Facilities in France 
with the help of its partner Dassault Systems. By employing the use of the 3D platform, Sanofi 
manufactures and develops custom selective integrated production lines which are energy-effective 
and can produce different products at once. Here the outcomes include minimizing waste and 
qualification time, which also increase the speed to market and thereby, decrease the effects on the 
environment (Puja Mitra 2022). 

Also, Sanofi uses artificial intelligence in digital twins to predict virtual patients, improving the 
speed of research through quantitative systems pharmacology (QSP). This makes it possible to 
estimate drug performance outcomes suggesting the reduction of real patient utilization in R&D 
processes, which shortens the timelines in drug development (Fraiser Kansteiner, 2022). 

In its new Modular Aseptic Processing (MAP) factory in Kalamazoo, Michigan, Pfizer leverages 
digital twin technology for virtual training and supply chain optimization. This facility, which 
focuses on sterile injectables, enables remote training via virtual reality, reducing on-site resource 
demands and emissions, all while supporting Pfizer’s goal of job creation (Kenna Hughes-
Castleberry, 2022). 

The collaboration between Altis Labs, AstraZeneca, and Bayer further illustrates the 
sustainability potential of DTT. By employing Altis's Nota imaging platform, this initiative aims to 
enhance clinical trials through AI-driven simulations of patient responses and therapy effectiveness, 
streamlining drug development and optimizing resource use (Joseph Keenan, 2023). 

Finally, joint Merck and Gerresheimer AG have developed and introduced a digital twin of 
smart solutions and primary packaging that improves the reliability of the pharmaceuticals supply 
chain. They assign distinct numbers related to their digital twins and, using its block- chain approach, 
they give real-time access to figures connected with quality which has a positive impact on 
productivity and ecological impact (Merck, 2022). 

5. Discussion: 
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This paper has explored how Digital Twin Technology (DTT) can support sustainability in 
pharmaceutical manufacturing. From our analysis, DTT offers practical ways to reduce waste, 
improve energy use, and make better use of resources. It does this by creating digital copies of 
physical systems, allowing manufacturers to monitor operations in real-time, run simulations, and 
test changes virtually before applying them in real life. This makes it easier to improve processes and 
reduce environmental impact without causing disruptions to ongoing production. 

The pharmaceutical industry faces growing pressure to lower its environmental footprint due 
to stricter regulations and increased expectations around corporate responsibility. At the same time, 
companies must still produce high-quality medicines efficiently and affordably. DTT can help meet 
both goals by offering detailed insights into every part of the manufacturing process. For example, it 
can detect early signs of equipment failure, helping to prevent breakdowns and reduce unplanned 
downtime. It can also optimize the use of raw materials and energy, leading to lower emissions and 
less waste. 

One of the biggest advantages of DTT is the ability to test new ideas digitally. Companies can 
try different approaches such as using alternative materials, changing equipment settings, or 
adjusting schedules—without risking product quality or wasting resources. This speeds up 
innovation and supports the shift towards greener practices like clean energy and sustainable 
packaging. In the case studies examined, companies using DTT have already seen improvements in 
efficiency, product quality, and environmental performance. 

However, adopting DTT also comes with challenges. Integrating it with older systems, handling 
large volumes of data, and ensuring that different technologies work well together is not always easy. 
Smaller companies may struggle with the upfront costs or lack the technical skills needed to get 
started. That said, the long-term savings and environmental benefits can make the investment 
worthwhile. Collaboration between technology providers, industry leaders, and regulators will be 
key to helping more companies overcome these barriers. 

Looking ahead, DTT can support more than just production. It can help improve sustainability 
across the entire pharmaceutical product lifecycle from drug discovery and development to 
packaging, transportation, and even recycling. With the right strategies and support, DTT can play a 
leading role in building a pharmaceutical industry that is not only efficient but also environmentally 
responsible and ready for the future. 

5.1. Challenges and Considerations: 

However, problems are also observed in the implementation of DTT in the organization of the 
production of pharmaceutical products. A major challenge is the capital investment that is needed 
for the deployment of DTT involving the costs of incorporating sophisticated sensors, computing 
systems, and software applications. To many firms, particularly those wishing to operate on limited 
resources or those that are relatively small, these costs are likely to prove expensive. However, 
integration of DTT with other current systems may pose some technical issues especially when DTT 
is to be integrated with complex legacy systems which are in highly compliant or validating domains. 

There are also regulatory factors as a part of the equation to consider. DTT depends heavily on 
the collection and evaluation of big data and therefore, organizations need to have strong data 
protection policies. Furthermore, for digital models integrated into pharmaceutical manufacturing, 
the regulatory framework is still developing, which means that the validation of the digital twin as 
sufficient to the traditional model in the sphere of compliance may cause unpredictable results. 

5.2. Prospects and Industry Collaboration: 

In the future, the application of DTT in the pharmaceutical industry can be even more 
empowered through the integration of AI, IoT, and ML technologies. These technologies can improve 
how DTT predicts processes, which further optimizes resource use and is increasingly automated. 
When combined with DTT, AI and ML could allow such corporations as pharmaceutical 
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ones to predict behaviors in complicated systems, respond to changes in real- time, and advance 
sustainability on a much grander scale. 

However, it is imperative to note that adoption barriers will require increased cooperation across 
industries. Pharmaceutical firms, technology vendors, and regulatory bodies could, therefore, 
collaborate toward establishing industry benchmarks, standards, and guidelines that enable the 
integration of DTT into various manufacturing processes. Such a strategy may facilitate its adoption, 
drive down costs, and advance improvements in sustainability throughout the automotive sector. 

6. Conclusion: 

Digital Twin Technology (DTT) has emerged as a pivotal tool in transforming pharmaceutical 
manufacturing towards more sustainable practices. As outlined in this paper, DTT offers a robust 
framework for optimizing production processes through real-time monitoring, simulation, and 
intelligent analytics. These capabilities lead to significant reductions in energy consumption, material 
waste, and operational inefficiencies, aligning with the industry's growing need to meet sustainability 
targets. For example, real-time data-driven optimization can reduce energy use in pharmaceutical 
plants by up to 20%, and predictive maintenance enabled by DTT can reduce equipment downtime 
by over 30%, leading to both operational and environmental benefits. 

The pharmaceutical industry, which has traditionally been resource-intensive, stands to gain 
substantially from these advancements. The global push towards sustainability in pharmaceuticals is 
not only driven by environmental concerns but also by stringent regulatory pressures and the need 
to remain competitive in an increasingly eco-conscious market. The UN's Sustainable Development 
Goals (SDGs) call for industries to adopt greener practices, and DTT offers a pathway for 
pharmaceutical manufacturers to achieve these goals while maintaining operational excellence. By 
enabling better resource allocation and improving supply chain sustainability, DTT can help reduce 
the carbon footprint of pharmaceutical production, which is critical in meeting global climate targets. 

However, the adoption of DTT is not without its challenges. While the technology holds 
immense promise, its implementation requires overcoming significant barriers such as the high 
upfront costs of infrastructure, integration with legacy systems, and ensuring data interoperability 
across various platforms. Furthermore, ensuring that DTT solutions comply with the complex and 
evolving regulatory landscape of the pharmaceutical industry presents an additional hurdle. 
Addressing these challenges will require ongoing collaboration between technology providers, 
pharmaceutical manufacturers, and regulatory bodies to streamline integration and standardize 
practices. 

Despite these obstacles, the long-term benefits of DTT for sustainability are undeniable. The 
technology is not only a tool for improving manufacturing efficiency but also an enabler of smarter, 
more sustainable practices that benefit the entire pharmaceutical lifecycle—from research and 
development to drug manufacturing and distribution. For instance, by optimizing processes such as 
drug discovery and manufacturing, DTT can help reduce resource usage by as much as 15%, 
contributing to significant cost savings and environmental impact reduction. 

Looking ahead, the potential for DTT to support sustainability in pharmaceutical manufacturing 
is immense. As the industry continues to innovate and adopt digital transformation strategies, DTT 
will play a central role in shaping a more sustainable and resilient future. Through the continued 
evolution of data analytics, machine learning, and AI integration, the technology’s impact will only 
grow, offering pharmaceutical companies new ways to not only improve their bottom line but also 
contribute meaningfully to global sustainability efforts. 

In conclusion, Digital Twin Technology is poised to be a transformative force in pharmaceutical 
manufacturing, offering a holistic approach to sustainability. By integrating DTT into their 
operations, pharmaceutical companies can enhance process efficiency, reduce waste, lower energy 
consumption, and support predictive maintenance—all while contributing to broader environmental 
and societal goals. As the industry embraces this technology, it will play a vital role in achieving a 
more sustainable, resilient, and future-proof pharmaceutical sector. 
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