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Abstract. The pharmaceutical industry, vital to global health, faces significant 

environmental challenges due to its energy-intensive processes, chemical use, 

and waste generation, including the presence of active pharmaceutical 

ingredients (APIs) in water systems, which contributes to ecological harm and 

antimicrobial resistance.  This study aims to assess the environmental impact of 

pharmaceutical manufacturing processes and also to evaluate the effectiveness of 

current sustainability initiatives adopted by pharmaceutical firms. This 

systematic review, guided by PRISMA protocols, evaluates the Environmental 

Sustainability Performance (ESP) of pharmaceutical manufacturing, analyzing 

studies from 2020 to 2025 sourced from Scopus, Web of Science, PubMed, and 

Google Scholar. 10 studies met the inclusion criteria, revealing packaging and 

API synthesis as the largest impact area. Findings highlight the industry’s 

substantial environmental footprint, with packaging and API synthesis identified 

as key areas of impact through Life Cycle Assessments (LCAs). Sustainability 

initiatives, such as green chemistry, renewable energy adoption, and continuous 

manufacturing, demonstrate progress in mitigating emissions and waste; 

however, they face challenges from regulatory complexities and inconsistent 

supply chain integration.The study underscores the need for standardized ESP 

metrics, advanced technologies like AI-driven LCAs, and unified regulations to 

align with global sustainability frameworks.  

Keywords: environmental sustainability, sustainable performance, 

pharmaceutical industry, green chemistry.   

1 Introduction  

The pharmaceutical industry plays a critical role in global health by developing, man-

ufacturing, and distributing medicines that improve quality of life and increase life ex-

pectancy (Urias, 2020; de la Torre & Albericio, 2022). However, this industry is also 

associated with significant environmental impacts throughout the product lifecycle, 

from raw material sourcing and production to distribution, consumption, and disposal 

(Chopra et al., 2015; Zhang et al., 2020). In recent years, increasing attention has been 

directed toward understanding and improving the Environmental Sustainability Perfor-

mance (ESP) of pharmaceutical companies, particularly in light of growing regulatory 
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pressure, consumer awareness, and the global commitment to sustainable development 

goals (SDGs) under the United Nations Agenda 2030 (Mishra, 2024; Ding, 2018). In 

the pharmaceutical industry, ESP encompasses a wide range of issues, including carbon 

emissions, water usage, waste generation, chemical pollution, energy efficiency, and 

supply chain management (Kumar & Singh, 2019; Wang et al., 2021).   

Notably, the discharge of active pharmaceutical ingredients (APIs) into water sys-

tems has raised serious concerns due to potential risks to aquatic life and the develop-

ment of antimicrobial resistance (Larsson et al., 2018; Fick et al., 2009). The pharma-

ceutical industry is pivotal in advancing global health by developing life-saving medi-

cations and therapies. At the same time, the industry has increasingly embraced envi-

ronmental sustainability as a core component of its corporate strategy, driven by regu-

latory requirements, stakeholder expectations, and a commitment to responsible busi-

ness practices (Kümmerer et al., 2019; De Soete et al., 2017). Leading pharmaceutical 

companies have adopted innovative approaches such as green chemistry, energy effi-

cient manufacturing, and waste reduction initiatives to minimize their ecological foot-

print (Jimenez-Gonzalez et al., 2011; Constable et al., 2007).   

The pharmaceutical industry is a significant contributor to environmental degrada-

tion due to its resource-intensive production processes, the emission of active pharma-

ceutical ingredients (APIs) into waterways, and the generation of hazardous waste 

(Kümmerer, 2010; aus der Beek et al., 2016). These practices pose risks to ecosystems, 

the proliferation of antibiotic resistance, and public health, yet many pharmaceutical 

companies still prioritize profitability over sustainable practices (Daughton, 2016). Ac-

cording to Puckowski et al. (2021), regulatory frameworks remain inconsistent across 

regions, leading to uneven enforcement of environmental standards.  

Additionally, the lack of transparency in corporate sustainability reporting makes it 

difficult to assess the true environmental impact of pharmaceutical operations (Belkhir 

et al., 2017). Addressing these challenges is critical to minimizing the industry's eco-

logical footprint while ensuring global healthcare needs are met sustainably.  

These efforts align with global sustainability frameworks, including the United Na-

tions Sustainable Development Goals (SDGs) and the European Green Deal, which 

emphasize the need for industries to transition toward environmentally responsible op-

erations (European Commission, 2020; UNEP, 2019). Recent advancements in phar-

maceutical sustainability highlight the industry’s progress in reducing carbon emis-

sions, optimizing water usage, and implementing circular economy principles (Hansen 

et al., 2021; Calvo et al., 2022). Firms are leveraging cutting-edge technologies, such 

as continuous manufacturing and biocatalysis, to enhance process efficiency while re-

ducing environmental impact (Tao et al., 2020). Additionally, industry-wide collabora-

tions and sustainability reporting initiatives, such as the Pharmaceutical Supply Chain 

Initiative (PSCI) and the Carbon Disclosure Project (CDP), demonstrate a collective 

commitment to transparency and continuous improvement (PSCI, 2021; CDP, 2022).   

   This research aligns with several Sustainable Development Goals (SDGs), pri-

marily SDG 3 (Good Health and Well-Being) through reducing pharmaceutical pollu-

tion's health impacts, SDG 6 (Clean Water and Sanitation) by addressing pharmaceuti-

cal contamination in water systems, SDG 9 (Industry, Innovation and Infrastructure) 
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via green pharmaceutical manufacturing innovations, SDG 12 (Responsible Consump-

tion and Production) through waste reduction and sustainable resource use, and SDG 

13 (Climate Action) by mitigating the industry's carbon footprint.  

  Despite the pharmaceutical industry’s significant strides in adopting sustainable 

practices, its operations continue to exert considerable environmental pressures, includ-

ing high energy consumption, greenhouse gas emissions, and the release of active phar-

maceutical ingredients (APIs) into ecosystems (Kümmerer et al., 2019; De Soete et al., 

2017). Regulatory bodies and environmental agencies have raised concerns about the 

long-term ecological consequences of pharmaceutical waste, particularly in water sys-

tems, where trace concentrations of drugs contribute to antimicrobial resistance and 

disrupt aquatic life (Bengtsson-Palme et al., 2018). While many firms have imple-

mented green chemistry principles and circular economy strategies, the scalability and 

effectiveness of these measures across global supply chains remain inconsistent, with 

disparities between large multinational corporations and smaller manufacturers (Han-

sen et al., 2021; Calvo et al., 2022).  

The existing literature on pharmaceutical sustainability has predominantly focused 

on isolated case studies or specific environmental aspects, such as carbon footprint re-

duction or solvent recycling, without providing a holistic evaluation of the industry’s 

overall sustainability performance (Jimenez-Gonzalez et al., 2011; Tao et al., 2020). 

Few studies systematically consolidate findings across different regions, regulatory en-

vironments, and pharmaceutical subindustries (e.g., biologics vs. generics), leaving 

gaps in understanding best practices and transferable strategies (Constable et al., 2007; 

De Soete et al., 2017). Additionally, while corporate sustainability reports and initia-

tives, such as the CDP and PSCI, offer valuable insights, there is a limited amount of 

academic research that critically analyzes the alignment between stated sustainability 

goals and measurable environmental outcomes (CDP, 2022; PSCI, 2021).   

  This study aims to assess the environmental impact of pharmaceutical manufactur-

ing processes and also to evaluate the effectiveness of current sustainability initiatives 

adopted by pharmaceutical firms. This systematic review examines environmental sus-

tainability in the pharmaceutical industry through six key sections. The introduction 

establishes the research context and objectives. The methodology details the PRISMA 

protocol, database searches, and inclusion criteria. Results analyze environmental im-

pacts and current sustainability initiatives adopted by pharmaceutical firms. The dis-

cussion interprets findings, addressing industry challenges, policy implications, and re-

gional disparities. The conclusion synthesizes recommendations for sustainable prac-

tices and future research directions.   

2 Research Methods  

2.1 Search Strategy and Terms  

A systematic and comprehensive search strategy was employed to identify relevant lit-

erature on environmental sustainability performance in the pharmaceutical industry. 

The search was conducted across four major academic databases (Scopus, Web of Sci-

ence, PubMed, and Google Scholar) to ensure broad coverage of peer-reviewed articles, 
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industry reports, and grey literature (Moher et al., 2009; Page et al., 2021). These data-

bases were selected based on their multidisciplinary scope and relevance to pharma-

ceutical and environmental research. To capture the most pertinent studies, a combina-

tion of keywords was used, categorized into three groups: (1) pharmaceutical industry 

terms (e.g., "pharmaceutical industry," "drug production," "pharma industry"), (2) en-

vironmental sustainability terms (e.g., "environmental performance," "carbon foot-

print," "waste management"), and (3) performance and strategy terms (e.g., "sustaina-

bility assessment," "green chemistry," "circular economy") (Zuin et al., 2021; De Soete 

et al., 2017). Boolean operators (AND, OR) were applied to refine the search, and filters 

were used to limit the results to studies published between 2020 and 2025, ensuring 

relevance to current industry practices.   

Only peer-reviewed journal articles, conference papers, and industry reports pub-

lished in English were included, while editorials, non-English publications, and non-

peer-reviewed sources were excluded to maintain academic rigor. This multi-database 

approach, aligned with the PRISMA-S guidelines (Rethlefsen et al., 2021), was de-

signed to minimize selection bias while ensuring comprehensive coverage of both es-

tablished and emerging research across disciplines. These keywords were identified 

through preliminary scoping reviews and informed by key publications in the field. 

Boolean operators (AND, OR) were used to refine search strings across Scopus, Web 

of Science, PubMed, and Google Scholar databases. This yielded a total of 1842 papers.   

2.2 Inclusion & Exclusion Criteria  

This systematic review employed strict inclusion and exclusion criteria to ensure the 

selection of relevant, high-quality studies focusing on Environmental Sustainability 

Performance (ESP) in the pharmaceutical industry. Studies were included if they: (1) 

were published between 2020-2025 to capture recent developments; (2) explicitly ex-

amined ESP in pharmaceutical contexts, including manufacturing processes, supply 

chains, or product life cycles, with specific metrics such as carbon footprint reduction, 

green chemistry applications, waste management, or circular economy implementation; 

(3) utilized empirical methods (quantitative, qualitative, or mixed-methods), robust 

conceptual frameworks, or detailed case study analyses; and (4) were available as full-

text, peer-reviewed articles in English.   

Exclusion criteria eliminated studies that: (1) were published prior to 2020; (2) dis-

cussed general sustainability concepts without pharmaceutical industry relevance or 

specific ESP measurements; (3) lacked empirical or theoretical rigor (e.g., editorials, 

conference abstracts, or non-peer-reviewed reports); (4) focused on other industries 

without including pharmaceutical case studies or applications; or (5) were inaccessible 

due to paywall restrictions. The selection process followed a two-stage screening ap-

proach: an initial title/abstract review against the inclusion criteria and a full-text as-

sessment of the retained studies to confirm eligibility. These criteria ensured the re-

view's focus on contemporary, high-quality evidence of ESP practices specific to the 

pharmaceutical industry while maintaining methodological rigor and practical rele-

vance for researchers and industry practitioners.  
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These criteria were systematically applied in a two-stage screening process (see Ta-

ble 1):  

1. Initial screening of titles and abstracts against the inclusion criteria.  

2. Full-text review of retained studies to confirm eligibility.  

Table 1. Inclusion & Exclusion Criteria  

Criteria  Inclusion  Exclusion  

Time Frame  2020–2025  Before 2020  

Study Focus  

ESP in pharma (e.g., emis-

sions, waste, green chemis-

try)  

General sustainability or non-pharma industries 

Methodology  
Peer-reviewed, empirical, 

conceptual, or case studies  

Non-peer-reviewed, lacking data/theoretical 

framework  

Industry  Pharmaceutical industry  Other industries without pharma relevance  

Access  
Full-text, peer-reviewed, 

English  
Paywalled/unavailable  

2.3 Data Extraction and Analysis   

Data extraction and analysis in a systematic review involve systematically collecting 

relevant data from the included studies and synthesizing the findings. In each included 

paper, relevant data were collected and organized in a coherent manner. There are gen-

eral measures to ensure that the thematic analysis is comprehensive and systematic, 

even though Castleberry and Nolen (2018) note that there is no one-size-fits-all guide-

line for every study setting. The five phases of a research data analysis model are com-

pilation, disassembly, reassembling, interpretation, and conclusion. The first stage is 

gathering the data into a form that can be used to identify relevant answers to your 

research questions. Once the data is consistently and neatly organized, one can dissect 

it to uncover its components. These included study characteristics such as study design 
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assumptions, sample size, sample background information, intervention implementa-

tion, result measurement, and points that were seen and not observed. Both the data 

extraction process and the data analysis were conducted with caution (Pati & Lorusso, 

2018). After confirming the consistency of the results, the analysis's findings were made 

public. In most cases, data was sorted alphabetically or based on the text's actual subject 

matter or the different debate topics (Mengist et al., 2020).  

2.4 Quality Assessment  

To evaluate the quality of the literature, the final selections were submitted to the Crit-

ical Appraisal Skills Programme (CASP) (Ferreira & Patino, 2018). The researcher's 

evaluation of the validity of the included studies is the particular source of worry. This 

required assessing the approach's advantages and disadvantages, as well as any subjec-

tive components, and evaluating the reliability of the data reported in the research (Cy-

press, 2018; Shahin, 2016). The CASP tool was chosen because of its normative ap-

proach; depending on the type of inquiry, it provides details on standard and exclusion 

criteria (Long et al., 2020). It was determined that a methodological review was neces-

sary to carry out the investigation. These elements include the research problem's sci-

entific character and definition, the effectiveness of the study's design and execution, 

sample size, methods for gathering and analysing data, and conclusions and suggestions 

(see Table 2)(Purssell, 2020).  

Table 2.  Quality Assessment   
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2.5 PRISMA Flow   

This systematic review employed a PRISMA-guided methodology to rigorously select 

studies examining environmental sustainability performance in the pharmaceutical in-

dustry (Figure 1). The initial search across Scopus, Web of Science, PubMed, Sci-

enceDirect, and Google Scholar yielded 1,842 records, reduced to 1,530 after duplicate 

removal. A multi-stage screening process first excluded 1,480 records for: (1) non-

pharmaceutical focus (n=892), (2) non-environmental sustainability focus (n=423), and 

(3) lack of performance metrics (n=165). The remaining 50 pharmaceutical-specific 

sustainability studies underwent full-text review with additional criteria requiring (1) 

measurable environmental indicators (e.g., carbon emissions, waste reduction, or green 

chemistry metrics), (2) pharmaceutical manufacturing or supply chain focus, and (3) 

empirical data analysis. After excluding 40 studies that lacked specific pharmaceutical 

environmental sustainability environmental performance data or proper methodology, 

the final synthesis included 10 high quality studies published between 2020 and 2025. 

This stringent process ensured the review's focus on measurable outcomes in pharma-

ceutical industry operations while maintaining methodological rigor. 

Fig. 1. Prisma Flow Diagram  
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The initial database search identified 1842 records. After removing 312 duplicates, 

1530 records remained. Following title and abstract screening, 1480 records were ex-

cluded for not meeting inclusion criteria. The remaining 50 full text articles were as-

sessed for eligibility, leading to the exclusion of 40 studies lacking pharmaceutical-

specific environmental sustainability data. The final synthesis included 10 highly qual-

ified studies published between the year 2000 and 2025. 

3 Results  

The pharmaceutical industry has a substantial environmental footprint, primarily driven 

by high energy consumption, extensive chemical use, and significant waste generation 

across the drug production lifecycle. Studies indicate that the industry's emissions ex-

ceed those of the automotive industry, underscoring the urgency for sustainable inter-

ventions. Life Cycle Assessment (LCA) has emerged as a pivotal tool in identifying the 

most environmentally detrimental stages of pharmaceutical production. For instance, 

in the production of anti-hangover drugs, energy consumption during packaging was 

identified as the primary environmental cost driver, contributing significantly to the 

overall ecological burden (Hartini & Sari, 2023). The synthesis of Active Pharmaceu-

tical Ingredients (APIs) also poses challenges, as chemical-intensive processes can lead 

to environmental toxicity. However, optimizing these processes through LCA has 

shown promise, as evidenced by improved yields and reduced waste in the synthesis of 

Celecoxib (Chaturvedi, 2023). Packaging, particularly blister packaging, has been high-

lighted as a significant environmental concern due to its resource consumption and gen-

eration of non-biodegradable waste (Sharma et al., 2020).   

Efforts to mitigate these impacts have shown measurable progress (Figure 2). The 

adoption of renewable energy sources, such as solar panels, has reduced energy-related 

environmental costs by up to 22% in specific processes (Hartini & Sari, 2023; Izam, 

Najwa Syahirah Mohamed Nor, et al. 2022). Green chemistry principles have been in-

strumental in minimizing hazardous substances, while biodegradable packaging mate-

rials are increasingly utilized to reduce landfill impacts (Bhadoriya et al., 2024). Fur-

thermore, transitioning from batch to continuous manufacturing and employing process 

intensification techniques has demonstrated potential in reducing energy consumption, 

waste, and emissions, thereby alleviating the environmental burden (Lian et al., 2024). 

Despite these advancements, challenges such as regulatory complexities and the need 

for comprehensive supply chain integration persist, hindering the full realization of sus-

tainable manufacturing practices (Bhadoriya et al., 2024).  

Pharmaceutical firms are increasingly adopting sustainability initiatives to address 

environmental, social, and governance (ESG) concerns, driven by both regulatory pres-

sures and market demands. Environmental initiatives include the adoption of green 

chemistry and technology, which focus on reducing hazardous waste and energy con-

sumption during the production of drugs (Patowary et al., 2024). For instance, the use 

of biodegradable materials and eco-friendly packaging has gained traction, contributing 

to a reduction in landfill waste (Bhadoriya et al., 2024). Energy-efficient systems and 

waste management practices have also been implemented, with studies showing that 
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these measures enhance competitive advantage by increasing market share and foster-

ing customer loyalty (Alkhodary, 2023).  

On the social front, companies like Johnson & Johnson have prioritized health equity 

and supplier diversity, aligning their operations with broader societal goals (Wu, 2024). 

Employee well-being programs have also been integrated into corporate strategies, re-

flecting a commitment to ethical governance. In terms of governance, the adoption of 

sustainability accounting has improved the quality of financial reporting, enhancing 

transparency and accountability in the pharmaceutical industry (Swetha & Saileja, 

2024).  However, the effectiveness of these initiatives is tempered by challenges such 

as regulatory hurdles and the need for greater stakeholder collaboration, which limit 

their scalability and widespread adoption across the industry.  
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Fig. 2.  Environmental drivers, mitigation strategies and sustainable outcomes 
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4 Discussion  

The results highlight the pharmaceutical industry's significant environmental footprint, 

driven by energy-intensive processes, chemical use, and waste generation. The appli-

cation of LCA has been critical in pinpointing high-impact areas, such as packaging 

and API synthesis, and guiding targeted interventions. The adoption of renewable en-

ergy and green chemistry reflects a growing industry commitment to sustainability, 

with tangible benefits including reduced energy costs and waste reduction. For instance, 

the 22% reduction in environmental costs through solar energy adoption underscores 

the potential of renewable energy to transform manufacturing processes (Hartini & Sari, 

2023). Similarly, continuous manufacturing and process intensification offer scalable 

solutions to enhance environmental performance, aligning with global sustainability 

goals (Lian et al., 2024).  

Sustainability initiatives in the pharmaceutical industry demonstrate a positive trend 

toward integrating ESG principles. Green chemistry and eco-friendly packaging ad-

dress environmental concerns, while social initiatives like health equity and supplier 

diversity enhance corporate responsibility (Wu, 2024). The integration of sustainability 

accounting further strengthens governance by improving transparency, which is crucial 

for stakeholder trust (The Impact of Sustainability Accounting, 2023). However, the 

effectiveness of these initiatives is constrained by regulatory complexities and the need 

for cross-industry collaboration. For instance, while individual firms have made strides 

in adopting sustainable practices, the lack of standardized regulations and supply chain 

integration limits broader impact (Bhadoriya et al., 2024).  

To overcome these challenges, pharmaceutical firms must prioritize stakeholder col-

laboration, including partnerships with regulators, suppliers, and research institutions, 

to develop unified sustainability standards. Additionally, investing in scalable technol-

ogies, such as continuous manufacturing and renewable energy infrastructure, can fur-

ther reduce environmental impacts. The social and governance aspects of sustainability, 

such as health equity and transparent reporting, should be embedded into corporate 

strategies to ensure long-term viability. While progress has been made, the industry 

must address these barriers to achieve comprehensive sustainability across the entire 

product lifecycle.  

5 Implications  

The findings on the environmental impact and sustainability initiatives 

in pharmaceutical manufacturing have significant implications for both industry 

practices and policy development. These implications provide actionable in-

sights for stakeholders aiming to reduce the industry’s ecological footprint and 

enhance sustainability across environmental, social, and governance (ESG) di-

mensions.  
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5.1 Implications for Practice  

The study highlights the importance of pharmaceutical firms integrating sustainable 

practices throughout the drug production lifecycle. The high environmental cost of en-

ergy consumption, particularly in packaging, underscores the need to adopt renewable 

energy sources, such as solar panels, which can reduce energy-related impacts by up to 

22%. Firms should prioritize investments in renewable energy infrastructure to lower 

emissions and operational costs. Additionally, the adoption of green chemistry princi-

ples and process optimization techniques, such as continuous manufacturing, can min-

imize chemical waste and enhance efficiency.  

These practices not only reduce environmental toxicity but also im-

prove yield, offering economic benefits. The use of biodegradable materials and 

eco-friendly packaging designs is another critical practice that addresses the en-

vironmental hotspot of blister packaging. Companies should collaborate with 

suppliers to develop sustainable packaging solutions, reducing landfill waste 

and enhancing brand reputation. Social initiatives, such as health equity and sup-

plier diversity programs, should be embedded into corporate strategies to align 

with societal expectations and foster customer loyalty. Furthermore, integrating 

sustainability accounting into financial reporting can enhance transparency, en-

abling firms to attract environmentally conscious investors and consumers.  

5.2 Implications for Policy  

Policymakers play a crucial role in addressing the regulatory complexities that hinder 

industry-wide adoption of sustainable practices. The study emphasizes the importance 

of establishing standardized environmental regulations that promote green chemistry, 

the adoption of renewable energy, and waste reduction. Governments should develop 

frameworks that reward firms for implementing life cycle assessments to identify and 

mitigate high-impact processes. Incentives such as tax breaks or subsidies for renewa-

ble energy adoption could accelerate the transition to sustainable manufacturing. Col-

laboration across stakeholders, regulators, industry, and research institutions is essen-

tial to establish unified sustainability standards. Policies should mandate supply chain 

transparency and encourage cross-industry partnerships to scale sustainable innova-

tions. Additionally, regulatory bodies should promote the adoption of continuous man-

ufacturing and process intensification through streamlined approval processes, as these 

methods significantly reduce environmental burdens. Social and governance policies 

should also support initiatives like health equity and employee well-being, ensuring 

that pharmaceutical firms contribute to broader societal goals.  

5.3 Conclusion, Limitations and Future Research  

The pharmaceutical industry's significant environmental footprint, driven by energy in-

tensive processes, chemical use, and waste generation, necessitates urgent action to 

align with global sustainability goals. This study highlights the critical role of life cycle 
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assessments (LCAs) in identifying high-impact areas, such as packaging and API syn-

thesis, thereby enabling targeted interventions, including the adoption of renewable en-

ergy and the implementation of green chemistry. Sustainability initiatives, including 

eco-friendly packaging, energy-efficient systems, and social programs like health eq-

uity, demonstrate progress but face challenges from regulatory complexities and limited 

stakeholder collaboration.  

For sustained impact, firms must integrate practices such as continuous manufactur-

ing and sustainability accounting. Meanwhile, policymakers should establish standard-

ized regulations and incentives to promote green technologies and supply chain trans-

parency. By fostering industry-wide collaboration and integrating ESG principles, the 

pharmaceutical industry can reduce its environmental footprint, enhance social respon-

sibility, and improve governance. Continued innovation and policy support are crucial 

to overcoming barriers and ensuring the industry contributes to a sustainable future, 

striking a balance between profitability and environmental and societal well-being.  

The study included only literature published between 2020 and 2025, excluding ear-

lier foundational research and emerging studies published after the cutoff date. This 

temporal restriction may limit the historical context and the identification of long-term 

trends in Environmental Sustainability Performance (ESP) within the pharmaceutical 

industry. The review relied on four major databases (Scopus, Web of Science, PubMed, 

and Google Scholar) and excluded non-English publications. This approach has over-

looked relevant studies in languages other than English or from regional databases, po-

tentially skewing the findings toward English-speaking or Western contexts. This bias 

can distort the global picture by overemphasizing findings from developed economies 

while underreporting experiences from emerging or developing markets, where contex-

tual factors such as policy environments, socio-economic conditions, infrastructure lim-

itations play a crucial role in shaping adoption outcomes. 

The pharmaceutical industry must prioritize innovative research and policy-driven 

strategies to advance environmental sustainability. Future studies should explore AI-

driven process optimization to minimize energy and resource consumption in drug 

manufacturing, in conjunction with advanced green chemistry techniques to reduce 

hazardous waste. Additionally, circular economy models such as API recovery from 

wastewater and closed-loop recycling of pharmaceutical packaging require further de-

velopment to minimize waste.   
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