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ABSTRACT 

The pharmaceutical industry, while essential to public health, contributes significantly to environmental degradation through energy-intensive 
processes, hazardous waste, and high carbon emissions. This review explores the evolving role of quality assurance (QA) as a strategic enabler of 
sustainability within pharmaceutical manufacturing. Traditionally focused on compliance and product integrity, QA is now expanding to incorporate 
green chemistry principles, environmental auditing, and sustainability metrics into quality systems. The integration of digital tools such as Digital 
Quality Management Systems (QMS), Artificial Intelligence (AI), and the Internet of Things (IoT), under the Pharma 4.0 framework, is transforming 
QA into a real-time, data-driven pillar of sustainable operations. The review emphasizes the implementation of life cycle assessments (LCA), eco-
design strategies, renewable feedstocks, solvent recovery, and green documentation practices across the product lifecycle from R&D to distribution 
and disposal. It further highlights the importance of cross-functional collaboration, regulatory alignment, and stakeholder engagement in achieving 
green objectives. Despite promising innovations, the study identifies several barriers, including regulatory inflexibility, a lack of standardized green 
QA frameworks, and resistance to organizational change. Strategic enablers, including total quality management (TQM), employee empowerment, 
policy incentives, and environmental governance, are discussed as critical to embedding sustainability in quality systems. Ultimately, QA's 
alignment with environmental stewardship not only ensures regulatory compliance and operational efficiency but also fosters long-term corporate 
resilience and societal trust. By embedding sustainability into the pharmaceutical quality framework, this transformation supports the industry’s 
shift toward greener, more ethical, and future-ready manufacturing practices that align with global environmental and public health goals. 
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INTRODUCTION 

The global pharmaceutical industry, while pivotal in advancing 
public health, faces growing scrutiny for its environmental impact 
[1-3]. The rising urgency of climate change, resource depletion, and 
ecological degradation has spurred international efforts like the 
2030 Agenda for Sustainable Development by the United Nations, 
which outlines 17 Sustainable Development Goals (SDGs) that call 
for responsible consumption, industrial innovation, and urgent 
climate action. Within this global framework, the pharmaceutical 
sector is challenged not only to provide safe and effective medicines 
but also to reduce its environmental footprint [4-6]. 

Pharmaceutical manufacturing processes are resource-intensive, 
often involving hazardous chemicals, high energy consumption, and 
significant waste generation. A 2019 study found that the 
pharmaceutical industry emits approximately 48.55 tons of CO₂-
equivalent per $1 million in revenue, surpassing even the 
automotive industry by 55%. This dual responsibility, ensuring 
patient safety and promoting environmental stewardship, becomes 
central to sustainable pharmaceutical practices [7, 8]. Moreover, a 
recent comparative analysis of sustainable manufacturing across 
industries reveals that pharmaceuticals still lag in adopting lean, 
low-emission production models, necessitating accelerated adoption 
of cross-sector green technologies [9-13]. 

 

Table 1: Carbon footprint comparison of industries 

Industry Carbon emission (tons CO₂e per $1 million revenue) Source 
Pharmaceutical 48.55 [9, 10] 
Automotive 31.40 
Semiconductor 20.50 
Textiles 35.60 

 

Compared to other sectors, the pharmaceutical industry exhibits a 
notably higher carbon footprint, reinforcing the need for adopting 
greener practices. Table 1 illustrates the comparative emissions 
among key industries, and the source of this data is mentioned in the 
table as [9, 10]. 

Traditionally, quality assurance (QA) has functioned as a 
compliance-driven system to ensure that medicines meet safety, 
efficacy, and regulatory requirements. However, with increasing 
environmental concerns and regulatory pressure, QA is evolving into 
a strategic enabler of sustainability [14, 15]. By integrating 

sustainability into QA frameworks, organizations can align quality 
systems with green chemistry principles, energy-efficient 
operations, and waste minimization protocols. This evolution 
expands QA’s role from a gatekeeper of compliance to a proactive 
architect of sustainable development in the industry. 

The rationale for this review is to explore how QA can bridge the gap 
between conventional pharmaceutical quality standards and 
sustainable manufacturing practices. While significant progress has 
been made in applying green chemistry and lean manufacturing 
tools, a structured QA perspective that embeds sustainability into 
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each stage of the product lifecycle from R and D to distribution 
remains underexplored [16, 17]. In particular, aligning QA with 
material sustainability and life-cycle thinking enhances the 
evaluation of long-term environmental trade-offs, fostering a cradle-
to-grave accountability framework [18, 19]. 

Hence, this review aims to provide a critical analysis of QA's role in 
enabling sustainable pharmaceutical manufacturing, focusing on green 
initiatives, regulatory integration, quality metrics, and long-term 
environmental responsibility. This review was conducted through 
structured literature searches using databases such as PubMed, 
ScienceDirect, and Scopus. The search used keywords including 
“pharmaceutical sustainability”, “green chemistry”, “quality assurance 
in pharma”, “environmental stewardship”, and “Pharma 4.0”. Articles 
published from 2015 to 2024 were included, with emphasis on peer-
reviewed studies and guidelines from regulatory agencies. Non-
English and non-peer-reviewed materials were excluded. 

Green pharmaceutical manufacturing: context and drivers 

The pharmaceutical industry is undergoing a major transition, 
driven by mounting pressure to reduce its ecological footprint. 
Conventional manufacturing practices have historically been linear, 
energy-intensive, and heavily reliant on non-renewable resources. 
These operations contribute significantly to carbon emissions, 

hazardous waste generation, and water consumption, all of which 
undermine environmental sustainability [7, 11, 66]. 

One of the primary catalysts for this transformation is regulatory 
pressure combined with public and investor demand for sustainable 
practices. For instance, guidelines from regulatory bodies such as 
the U. S. Environmental Protection Agency (EPA), European 
Medicines Agency (EMA), and the World Health Organization (WHO) 
are increasingly aligned with green manufacturing goals, urging 
pharmaceutical companies to adopt cleaner production techniques 
and green chemistry. Initiatives such as the EU (European Union) 
Green Deal and the FDA’s modernization plan also emphasize 
reducing emissions, transitioning to circular economy models, and 
integrating life cycle thinking into drug production [16]. 

Green pharmaceutical manufacturing integrates principles of green 
chemistry and green engineering into drug development and 
production processes. These principles emphasize reducing or 
eliminating the use of hazardous substances, optimizing energy 
efficiency, minimizing waste, and maximizing atom economy [20, 67]. 
Core concepts such as solvent minimization, catalysis over 
stoichiometric reagents, and use of safer, renewable feedstocks are 
increasingly applied across the product life cycle [16]. Pharmaceutical 
firms are also exploring energy benchmarking and emission 
forecasting tools that have shown success in other manufacturing 
sectors, offering a roadmap for broader implementation [13]. 

 

Table 2: Green chemistry principles in pharma manufacturing 

Principle Application in pharma manufacturing Example Source 
Prevent Waste Optimize synthesis to minimize waste Continuous manufacturing methods [23] 
Safer Solvents and Auxiliaries Use safer, less toxic solvents Supercritical CO₂ instead of organic solvents 
Energy Efficiency Conduct reactions at ambient 

temperature/pressure 
Catalytic reactions replacing heating steps 

Use of Renewable Feedstocks Use bio-based or renewable starting materials Fermentation-derived APIs 
Design for Degradation Design drugs to break down safely in the 

environment 
Biodegradable drug compounds 

 

The application of green chemistry principles enables 
pharmaceutical industries to achieve eco-friendly production goals. 
Table 2 summarizes important principles and their relevance to 
pharmaceutical manufacturing [23]. 

Companies are now moving toward solvent recovery, water reuse, 
waste valorization, and implementing closed-loop systems as part of 
their environmental sustainability initiatives [14]. A growing 
number of firms are adopting environmental management systems 
(EMS) aligned with ISO 14001 to track and reduce environmental 
burden [21, 22]. 

Stakeholder expectations are also reshaping the industry’s 
sustainability agenda. ESG-focused investors, climate-smart 
healthcare providers, and government procurement bodies are 
increasingly favoring companies with strong green credentials [21]. 
These expectations drive transparency, accountability, and 
innovation in sustainable production. Pharmaceutical companies are 
aligning their corporate social responsibility (CSR) strategies with 
global frameworks like the Paris Agreement and Sustainable 
Development Goals (SDGs) to decarbonize supply chains and 
contribute to broader climate objectives [4, 21]. 

Market competitiveness and cost-effectiveness are also critical drivers. 
Adopting sustainable practices can lead to reduced raw material costs, 
improved process efficiency, and lower waste management expenses. 
More importantly, green credentials have become a reputational asset, 
influencing consumer behaviour and investor decisions [20]. Recent 
studies highlight the potential of modular, scalable green 
manufacturing units to reduce energy costs while improving agility 
and carbon tracking in pharma supply chains [25]. 

Quality assurance in the age of sustainability 

Traditionally, Quality assurance (QA) in the pharmaceutical industry 
has centered on ensuring that products meet regulatory standards 
related to good manufacturing practices (GMP), product safety, 

efficacy, and compliance. QA systems are designed to maintain 
consistency in manufacturing, conduct documentation and batch 
review, and ensure traceability throughout the product lifecycle 
[26]. However, the evolving global focus on sustainability has 
necessitated a paradigm shift in the scope and responsibilities of QA. 

Modern QA is no longer confined to conventional quality metrics but 
is being reshaped into a governance model that includes 
environmental accountability. This expansion is catalyzed by 
increasing regulatory expectations, ESG (Environmental, Social, 
Governance) imperatives, and the industry’s commitment to green 
transformation. As sustainability becomes a strategic priority, QA is 
taking a more proactive role in enabling and verifying sustainable 
practices across the manufacturing ecosystem [14]. 

One of the core expansions in QA’s role is in conducting 
environmental audits. These audits evaluate not only compliance 
with GMP but also examine resource utilization, emissions, and 
waste generation. QA teams now collaborate with Environmental, 
Health, and Safety (EHS) departments to ensure compliance with 
environmental regulations and to monitor green performance 
indicators such as water footprint, energy intensity, and solvent 
recovery rates [7, 12]. 

Another critical aspect is sustainable documentation practices. 
Traditional paper-based quality systems are being replaced with 
digital platforms that reduce paper waste and support real-time data 
management. These platforms streamline data collection for 
sustainability KPIs (Key Performance Indicators), facilitate 
traceability, and improve audit readiness [27]. 

Furthermore, QA is increasingly involved in supporting EHS 
integration and green metrics tracking. QA systems are being 
redesigned to include metrics such as carbon intensity per batch, 
compliance with green chemistry principles, and percentage of 
renewable materials used. These parameters are now embedded 
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into quality management systems to ensure that sustainability goals are monitored, validated, and continuously improved [21]. 

 

Table 3: Sustainability metrics for QA systems 

Sustainability metric Description Example for QA monitoring Source 
Carbon intensity CO₂ emissions per unit batch or product Carbon footprint audit [24] 
Water footprint Total water used in production Water reuse monitoring reports 
Solvent recovery rate % solvents recovered and reused Internal recovery validation in batch records 
Renewable raw material usage % of materials sourced from renewable resources Supplier audits and certification reports 
Hazardous Waste Reduction % decrease in hazardous waste generation Annual EHS report tracking 

 

Monitoring key sustainability indicators within QA systems ensures 
continuous environmental performance improvement. Table 3 
provides an overview of relevant metrics used in pharmaceutical 
quality management [24]. 

The integration of sustainability into QA also enhances risk 
management. By evaluating environmental risks alongside product 
risks, QA contributes to a more holistic approach that anticipates and 
mitigates environmental harm while maintaining product integrity. 
Additionally, many companies are incorporating life cycle assessment 
(LCA) into QA protocols to evaluate the environmental impact of 
products from raw material sourcing to end-of-life disposal [16]. 

For example, LCA has been applied in evaluating the environmental 
trade-offs in API synthesis processes, where different chemical 
routes were compared to determine their impact on energy and 
waste generation. Additionally, packaging materials have been 
optimized using LCA to reduce plastic usage and improve 
biodegradability without compromising stability [35, 36]. 

QA’s evolution in the age of sustainability reflects a shift from 
reactive compliance to proactive stewardship, ensuring not only that 
medicines are safe and effective but also that their production 
respects ecological boundaries. This transformation positions QA as 
a key enabler of green innovation, operational transparency, and 
long-term environmental responsibility. 

Digital QA and pharma 4.0 for sustainable manufacturing 

The rise of Pharma 4.0 has ushered in a new era of digital 
transformation in the pharmaceutical industry, with significant 
implications for both quality assurance (QA) and sustainability. 
Digital Quality Management Systems (QMS) have become central to 
driving resource efficiency, regulatory compliance, and real-time 
decision-making, thereby aligning operational excellence with 
environmental responsibility [26]. 

Role of digital QMS in sustainable operations 

The above fig. 1 explains how Digital QMS tools are integrated into 
pharmaceutical quality systems to improve sustainability. By 
enabling real-time monitoring, process optimization, and data-
driven decision-making, these tools support reduced waste, 
improved visibility, and lower documentation burden. 

Use of AI, IoT, and predictive analytics 

Emerging technologies such as Artificial Intelligence (AI), Internet of 
Things (IoT), and predictive analytics enable real-time tracking of 
resource consumption and emissions. For example, AI algorithms 
can predict equipment failures and schedule maintenance, thereby 
reducing unscheduled downtimes and associated energy wastage. 
IoT sensors facilitate continuous environmental monitoring, 
tracking variables like temperature, pressure, and emissions with 
high accuracy to ensure compliance with green metrics [28]. 
Predictive tools also support lean inventory management and just-
in-time production, minimizing excess stock and obsolescence [29]. 

Advanced concepts: real-time release testing, digital twins, and 
blockchain 

Advanced Pharma 4.0 tools are now being integrated into QA 
frameworks to enhance efficiency and sustainability. Real-Time 
Release Testing (RTRT) enables product quality to be evaluated 
during manufacturing, reducing the need for large-scale end-product 
testing and minimizing batch rejections [25]. Digital Twins simulate 
entire production lines virtually, allowing companies to optimize 
energy use, identify bottlenecks, and run sustainability impact 
scenarios without disrupting real-time operations [28]. Additionally, 
blockchain-enabled supply chains offer immutable, transparent 
records of sourcing, production, and distribution, thereby 
supporting sustainability claims, traceability, and improved 
regulatory reporting [21]. 

 

 

Fig. 1: Digital QMS process flow-illustrates how digital quality tools minimize paper use, optimize resource tracking, and enhance real-
time sustainability monitoring (Source: Author’s own) 

 

Enhancing data integrity in ESG and sustainability reporting 

Digital QA systems ensure robust data integrity, which is vital for 
Environmental, Social, and Governance (ESG) reporting and 
regulatory compliance. With integrated analytics and automated 

data capture, digital systems reduce manual errors and offer 
verifiable audit trails. These capabilities are crucial for documenting 
adherence to Sustainable Development Goals (SDGs) and meeting 
investor and regulatory expectations around environmental 
performance [14]. 
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QA across the product lifecycle: enabling sustainable practices 

Quality assurance (QA) plays a pivotal role in embedding sustainability 
across the entire pharmaceutical product lifecycle from research and 
development (R and D) to distribution. In the early stages of drug 
discovery and development, QA ensures adherence to green chemistry 
principles by promoting the use of green solvents and eco-friendly 
synthesis routes [30, 31]. This not only minimizes hazardous waste 
generation but also reduces the overall environmental burden of 
pharmaceutical processes. During raw material sourcing, QA is 
responsible for verifying supplier practices to ensure ethical and 
sustainable procurement, thereby mitigating the risks associated with 
deforestation, biodiversity loss, and unethical labor practices. In active 
pharmaceutical ingredient (API) production and formulation, QA 
oversees the implementation of environmentally responsible 
manufacturing practices, such as reducing water and energy 
consumption, controlling emissions, and optimizing waste 
management systems [32, 33]. Furthermore, QA ensures the selection 
and validation of sustainable packaging materials that are 
biodegradable or recyclable, while also monitoring for harmful 
leachables and extractables, which contributes to reducing plastic 
pollution and aligning with responsible consumption goals. During 
distribution and storage, QA supports carbon-efficient logistics and 
energy-efficient cold chain systems to lower greenhouse gas 
emissions. At the end of the product lifecycle, QA facilitates take-back 
programs for expired or unused medications, enforces proper 
segregation of pharmaceutical and packaging waste, and supports safe 
disposal practices to prevent environmental contamination. 
Throughout all these stages, QA integrates life cycle assessment(LCA) 
tools to continuously evaluate the environmental impacts of 
pharmaceutical products and processes, including energy use, carbon 
footprint, and resource consumption. By embedding sustainability-
focused checkpoints at every level, QA significantly contributes to 
greener, more resilient, and ethically aligned pharmaceutical 
manufacturing and distribution systems [34-37]. 

QA checkpoints from R and D to distribution with sustainability 
impact 

In the pharmaceutical industry, integrating sustainability throughout 
the entire process from research and development (R and D) to 
distributionis essential. During the R and D phase, the selection of 
sustainable materials, such as biodegradable substances and eco-
friendly packaging, plays a critical role in minimizing environmental 
impacts on landfills and ecosystems. The adoption of green chemistry 
principles is equally vital, as it focuses on reducing or eliminating 
hazardous substances and minimizing waste generation during drug 
development and manufacturing, thus enhancing sustainability while 
ensuring regulatory compliance [38]. Effective supply chain 
management is necessary to maintain sustainable practices 
throughout distribution, which involves sourcing raw materials from 
ethical and environmentally responsible suppliers [39]. Regulatory 
compliance is another key checkpoint, as the pharmaceutical industry 
faces increasing pressure to integrate sustainable practices due to 
environmental concerns and evolving legal requirements. Engaging 
stakeholders, including suppliers and customers, further enhances 
transparency and accountability, addressing the growing demand for 
responsible corporate behaviour [40]. Additionally, implementing 
monitoring systems to track sustainability metrics and adhering to 
Global Reporting Initiative (GRI) standards allow companies to 
disclose their environmental, social, and governance (ESG) impacts, 
improving accountability. Continuous improvement driven by 
researchers and academics plays a significant role in identifying 
opportunities to reduce environmental footprints and enhance 
sustainability throughout the pharmaceutical lifecycle. Lastly, 
integrating sustainability into pharmaceutical education is crucial for 
preparing future professionals to embed green practices into their 
work, thereby fostering a culture of environmental responsibility and 
innovation within the industry [41, 42]. 

In the pharmaceutical industry, integrating sustainability 
throughout the entire process from research and development (R 
and D) to distribution is essential for minimizing environmental 
impact and promoting long-term viability. A key QA checkpoint 
begins with sustainable material development during the R and D 
phase, which includes selecting biodegradable materials and 
designing eco-friendly packaging to reduce the industry's burden on 

landfills and ecosystems. Another crucial aspect is the adoption of 
green chemistry principles, which aim to eliminate hazardous 
substances and reduce waste during drug development and 
manufacturing, thus enhancing both environmental sustainability 
and regulatory compliance. Effective supply chain management also 
plays a vital role in maintaining sustainability, as it ensures that raw 
materials are sourced from ethical and environmentally responsible 
suppliers, thereby reducing the environmental footprint of the 
distribution process. Compliance with environmental regulations is 
another essential checkpoint, as the industry is under increasing 
pressure to align its practices with evolving environmental policies, 
helping to mitigate ecological impacts and meet legal obligations. 
Engaging stakeholders such as suppliers and customers further 
enhances transparency and accountability in sustainability efforts, 
meeting growing demands for responsible corporate behaviour [43-
45]. To support these initiatives, monitoring and reporting systems 
must be in place to track sustainability metrics, with adherence to 
frameworks like the Global Reporting Initiative (GRI) improving ESG 
accountability. Continuous improvement is driven by academic 
research and innovation, which helps identify strategies to lower the 
environmental footprint across the pharmaceutical lifecycle. Lastly, 
integrating sustainability into pharmaceutical education and 
training equips future professionals with the knowledge and 
mindset needed to implement green practices, fostering a culture of 
environmental responsibility within the industry [46-48]. 

Environmental governance and quality systems 

Role of QA in implementing 

The implementation of CI concepts in QA leads to the establishment 
of process performance indicators, which are crucial for evaluating 
overall organizational performance. This focus is aligned with 
contemporary requirements, such as those outlined in ICH Q10 and 
ISO 9004, which emphasize the importance of integrating quality 
management with cleaner production [49-51]. 

 

 

Fig. 2: TQM and sustainability cycle shows how total quality 
management drives corporate green practices through CSR, 
aligning quality systems with sustainability goals (Source: 

Author’s own) 

 

The cycle presented in fig. 2 highlights the integrated relationship 
between total quality management (TQM), Corporate Social 
Responsibility (CSR), and sustainability goals. TQM frameworks 
strengthen process efficiency, while CSR initiatives serve as a bridge 
to align environmental performance with stakeholder expectations, 
thereby promoting Corporate Green Practices (CGP). 

The study highlights that total quality management (TQM) practices 
can significantly enhance organizational capabilities to achieve 
green performance objectives, suggesting that effective quality 
management plays a crucial role in managing environmental risks by 
ensuring that processes are efficient and sustainable. Furthermore, 
Corporate Social Responsibility (CSR) acts as a partial mediator 
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between TQM and Corporate Green Practices (CGP), implying that 
companies focusing on CSR can improve their environmental 
performance, which is essential for managing risks associated with 
sustainability. The research also emphasizes the importance of 
linking sustainable development objectives with quality 
management, helping organizations improve their overall 
sustainability performance and better address environmental risks 
[52]. The concept of CGP is discussed in terms of introducing new or 
improving existing products and processes to meet customer 
expectations while simultaneously enhancing environmental 
performance, aligning closely with the need for quality assurance 
(QA) in sustainability-linked data to ensure effectiveness and 
regulatory compliance. Additionally, the paper notes that businesses 
face increasing pressure from stakeholders to consider the 
environmental impact of their operations, necessitating robust 
environmental risk management strategies and QA processes to 
meet regulatory and sustainability goals [53-55]. 

Building a sustainable quality culture 

Embedding sustainability into quality assurance (QA) practices is 
becoming increasingly important, with a focus on integrating 
sustainability perspectives into Quality Management (QM) systems. 
Organizations are encouraged to review and update their standard 
operating procedures (SOPs), training programs, and audit protocols 
to reflect sustainability goals, ensuring that QA efforts align with 
broader sustainable development objectives. A key shift highlighted 
is the move from focusing solely on customer satisfaction to 
achieving societal satisfaction, which requires QA teams to adopt a 
sustainability-first mindset in their operations and decision-making 
processes [55, 56]. To support this shift, upskilling staff is essential, 
particularly in areas such as understanding climate impact, applying 
green metrics, and implementing sustainable operations. The 
development of additional quality management models aimed at 
societal satisfaction further emphasizes the need for sustainability-
related competencies. Additionally, cross-functional collaboration 
among departments such as QA, Operations, Environmental Health 
and Safety (EHS), and Regulatory Affairs is crucial. Redefining the 
quality function to better meet stakeholder expectations facilitates 
the development of innovative, sustainable solutions that address 
the rapidly evolving demands of society [57, 58]. 

Barriers and strategic enablers 

For quality assurance (QA) teams in the pharmaceutical industry, 
understanding sustainability metrics that encompass environmental, 
social, and economic aspects is essential for effectively evaluating 
the sustainability of products and processes. Structured frameworks 
such as scorecards and sustainability indices can support this 
understanding by enabling the assessment and comparison of 
different product-service systems. Additionally, training QA teams in 
life cycle assessment (LCA) and Life Cycle Costing (LCC) 
methodologies is crucial, as these tools offer valuable insights into 
the environmental impacts of products throughout their entire life 
cycle, allowing for more informed decision-making [59]. Cross-
functional collaboration among QA, Operations, Environmental 
Health and Safety (EHS), and Regulatory teams is equally important 
for embedding sustainability practices organization-wide; for 
example, integrating a 'green strategy' into Corporate Social 
Responsibility (CSR) programs can strengthen both sales and 
corporate commitment to sustainability. Upskilling staff to 
understand climate impacts, green metrics, and sustainable 
manufacturing practices is vital for empowering QA teams to 
actively contribute to sustainability initiatives. Moreover, adopting 
sustainable practices not only fulfills social responsibilities but also 
enhances a company's reputation as a 'green' organization, leading 
to greater customer satisfaction. However, several challenges hinder 
the transition to greener practices, including a lack of research into 
the drivers and barriers for different pharmaceutical sectors, such as 
innovative, generic, and biopharma companies. Regulatory 
challenges, such as stringent quality requirements and lengthy 
approval processes, can discourage green modifications in drug 
development due to compliance risks. Furthermore, the absence of 
standardized green QA frameworks creates inconsistencies in the 
implementation and measurement of sustainability initiatives, 

complicating efforts to align total quality management (TQM) and 
good manufacturing practices (GMP) with sustainability goals [59]. 
Measurement issues related to sustainability Key Performance 
Indicators (KPIs) within QA systems further impede the evaluation 
of environmental performance and the effectiveness of green 
practices, highlighting the need for more empirical research. Finally, 
cultural and structural resistance within legacy systems poses a 
significant barrier, as traditional mindsets often resist the changes 
necessary for integrating sustainability. Overcoming these 
challenges requires fostering a culture of employee empowerment 
and involvement to facilitate the successful adoption of sustainable 
practices in pharmaceutical quality systems [60]. 

Strategic enablers 

The integration of total quality management (TQM) into 
manufacturing processes provides a comprehensive framework that 
supports the transition to environmentally sustainable practices. By 
emphasizing process efficiency and waste reduction, TQM enhances 
the adoption of good manufacturing practices (GMP) initiatives, 
positioning organizations for greater success. Employee engagement 
and empowerment are also critical, as encouraging staff to identify 
areas for improvement fosters innovative solutions to sustainability 
challenges. TQM promotes a culture where employees are motivated 
to contribute ideas for reducing waste and advancing eco-friendly 
practices, thereby strengthening green initiatives. Strong leadership 
and strategic planning are equally important for aligning quality 
management with sustainability objectives [61]. Assimilating 
environmental sustainability into quality management frameworks 
can be particularly transformative for small and medium-sized 
enterprises (SMEs), facilitating the wider adoption of GMP practices. 
Furthermore, digital transformation plays a pivotal role by 
improving data collection and analysis, enabling better decision-
making in process assessments. The use of digital tools allows for 
more efficient monitoring of chemical processes and their 
environmental impacts, supporting the implementation of green 
chemistry practices. Regulatory incentives and harmonization 
across regions are also crucial, as streamlined regulations and 
incentives for using fewer toxic materials or environmentally 
friendly processes encourage companies to innovate and adopt 
sustainable methods. Finally, cross-industry collaboration and 
benchmarking serve as powerful drivers for progress, enabling 
companies to share knowledge, learn from best practices, and 
accelerate the development and implementation of greener 
technologies and processes [62-64]. 

The paper emphasizes that these enablers are essential for the 
successful application of the intensification factor (IF) in assessing 
and improving chemical processes. The IF serves as a decision-
making tool that incorporates various qualitative and quantitative 
factors, aiding in the comparison of different chemical strategies and 
their sustainability impacts [65, 66]. 

CONCLUSION 

In the face of escalating environmental concerns and evolving 
regulatory expectations, the pharmaceutical industry must embrace 
sustainability not as an option but as a core operational imperative. 
This review has highlighted the pivotal transformation of quality 
assurance (QA) from a compliance-centric function to a strategic 
driver of sustainable manufacturing. By integrating green chemistry 
principles, digital quality systems, life cycle assessments, and 
sustainability metrics, QA now plays a central role in reducing the 
industry's ecological footprint while maintaining product integrity 
and regulatory compliance. 

Digital tools under the Pharma 4.0 paradigm, combined with cross-
functional collaboration, employee empowerment, and stakeholder 
engagement, have further enhanced QA's capacity to drive 
innovation in sustainable practices. Nevertheless, achieving this 
vision requires overcoming persistent barriers such as regulatory 
rigidity, lack of standardized green QA frameworks, and cultural 
resistance. Strategic enablers, ranging from TQM integration and 
leadership commitment to policy incentives and digital 
transformation, must be leveraged to embed sustainability across 
the pharmaceutical product lifecycle. 
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Ultimately, aligning QA with environmental stewardship not only 
strengthens corporate social responsibility but also enhances long-
term resilience, operational efficiency, and public trust. The path 
forward lies in embedding sustainability into the very DNA of 
pharmaceutical quality systems, ensuring that future medicines are 
not only safe and effective but also responsibly manufactured for the 
health of both people and the planet. 
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