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Abstract 

Healthcare systems are essential for improving population health and supporting economic development; however, 

healthcare operations are increasingly recognized as significant contributors to environmental degradation through energy 

consumption, pharmaceutical use, and medical waste generation. Recent global assessments indicate that the healthcare 

sector contributes approximately 4–5% of total global greenhouse gas emissions, demonstrating that medical systems 

have a measurable environmental footprint comparable to that of major industrial sectors. Among the various 

contributors to healthcare environmental impacts, pharmaceutical products represent a critical component because their 

life cycle includes energy-intensive manufacturing processes, complex chemical synthesis, global transportation networks, 

and disposal of unused drugs. Life Cycle Assessment (LCA) is widely recognized as a comprehensive methodological 

framework used to quantify environmental impacts associated with products and services across their entire life cycle, 

from raw material extraction to final disposal. LCA has been increasingly applied in healthcare sustainability research to 

evaluate environmental impacts associated with hospital infrastructure, pharmaceuticals, and medical devices. 

Pharmaceutical products are particularly important in LCA studies because their production involves multiple stages of 

chemical processing, solvent usage, and energy-intensive manufacturing that contribute to greenhouse gas emissions, 

resource depletion, and ecotoxicological risks. This study evaluates the environmental impacts of drugs and 

pharmaceutical products within the life cycle of a medical healthcare unit in India using the Life Cycle Assessment 

framework. Environmental impact categories including climate change potential, fossil resource depletion, freshwater 

ecotoxicity, and human toxicity were analyzed using inventory data collected from healthcare operations. In addition to 

pharmaceutical consumption, the study also evaluates the environmental impacts associated with laboratory and 

diagnostic instruments used in pharmaceutical testing and clinical analysis. The results indicate that pharmaceutical 

production and diagnostic equipment contribute significantly to climate change potential and resource depletion within 

healthcare systems. These findings highlight the importance of integrating environmental sustainability into 

pharmaceutical management practices and hospital procurement strategies. The study contributes to sustainable 

healthcare research by providing empirical insights into the environmental footprint of pharmaceutical products in 

Indian healthcare systems. 
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1. Introduction 

Healthcare systems play a vital role in maintaining 

public health, improving life expectancy, and supporting 

socio-economic development across the world. 

Hospitals, diagnostic laboratories, pharmaceutical 

supply chains, and medical research institutions 

collectively form the backbone of modern healthcare 

systems [1]. Despite their essential role in society, 

*Author for Correspondence: vikasbugalia@yahoo.co.in 

healthcare activities require large quantities of energy, 

materials, pharmaceuticals, and medical equipment, 

which can result in significant environmental impacts 

[2]. As global healthcare demand continues to increase 

due to population growth, urbanization, and rising 

disease burdens, the environmental footprint of 

healthcare systems has become an important issue for 

researchers and policymakers [3]. 
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Recent studies have demonstrated that the healthcare 

sector contributes substantially to global environmental 

emissions. According to Eckelman and Sherman, 

healthcare activities are responsible for nearly 4.4% of 

global greenhouse gas emissions, placing the healthcare 

sector among the major contributors to climate change 

[3]. These emissions originate from several sources, 

including hospital infrastructure energy consumption, 

medical equipment production, pharmaceutical 

manufacturing, and healthcare waste management [4]. 

Among these components, pharmaceuticals represent a 

particularly complex environmental challenge due to the 

chemical-intensive nature of drug production and the 

widespread distribution of medicines across healthcare 

systems [5]. 

Pharmaceutical products exert environmental impacts at 

multiple stages of their life cycle. The life cycle of 

pharmaceutical products typically includes raw material 

extraction, synthesis of active pharmaceutical 

ingredients (APIs), formulation of drugs, packaging, 

transportation, consumption within healthcare facilities, 

and disposal of unused or expired medicines [6]. Each of 

these stages involves energy consumption, chemical 

processing, and resource utilization that contribute to 

environmental emissions and ecological risks [7]. In 

particular, pharmaceutical manufacturing processes 

involve extensive chemical synthesis and solvent usage, 

which can lead to significant greenhouse gas emissions 

and waste generation [8]. 

Another major environmental concern associated with 

pharmaceuticals is the release of pharmaceutical 

residues into the environment. Several studies have 

reported the presence of pharmaceutical compounds in 

surface water, groundwater, and wastewater treatment 

plants, indicating that conventional wastewater 

treatment technologies may not effectively remove 

pharmaceutical contaminants [9]. These residues may 

accumulate in aquatic ecosystems and cause adverse 

ecological effects, including toxicity to aquatic 

organisms and disruption of microbial communities 

[10]. Furthermore, the presence of pharmaceutical 

compounds in the environment may contribute to the 

development of antimicrobial resistance, which has 

become a major global public health concern [11]. 

Life Cycle Assessment (LCA) has emerged as a widely 

accepted methodological framework for evaluating 

environmental impacts associated with products and 

processes throughout their life cycle [6]. LCA provides 

a systematic approach for quantifying environmental 

burdens such as greenhouse gas emissions, resource 

depletion, and toxic emissions associated with 

production and consumption activities [12]. The 

methodology has been standardized through 

international guidelines including ISO 14040 and ISO 

14044, which define the principles, framework, and 

requirements for conducting life cycle assessments [13]. 

These standards provide a structured approach for 

analyzing environmental impacts across the entire life 

cycle of products and services. 

In recent years, LCA has been increasingly applied in 

healthcare sustainability research to evaluate 

environmental impacts associated with hospitals, 

medical devices, pharmaceuticals, and healthcare 

services [7]. Studies have shown that LCA can provide 

valuable insights into environmental hotspots within 

healthcare systems and identify opportunities for 

improving sustainability in healthcare operations [14]. 

For instance, life cycle assessments of healthcare 

systems have revealed that pharmaceutical 

manufacturing and medical device production contribute 

significantly to healthcare carbon footprints [15]. 

India has one of the largest healthcare systems in the 

world and is also a major global producer of 

pharmaceutical products. The Indian pharmaceutical 

industry plays a critical role in supplying generic 

medicines to both domestic and international markets 

[16]. While the pharmaceutical sector contributes 

significantly to economic growth and healthcare 

accessibility, it also generates environmental impacts 

associated with chemical manufacturing processes, 

energy consumption, and waste generation [17]. The 

rapid expansion of healthcare infrastructure in India has 

further increased the demand for pharmaceuticals and 

diagnostic services, thereby intensifying environmental 

pressures associated with healthcare operations. 

Hospitals and healthcare facilities rely heavily on 

pharmaceutical products and laboratory diagnostic 

instruments for patient care. Diagnostic laboratories 

require advanced instruments such as chromatographs, 

spectrometers, analyzers, and centrifuges to conduct 

clinical testing and pharmaceutical analysis [18]. These 

instruments consume significant amounts of energy and 

materials during operation, contributing to 

environmental impacts associated with healthcare 

systems. Evaluating the environmental footprint of 

pharmaceuticals and laboratory equipment is therefore 

essential for developing sustainable healthcare 

strategies. 

Although several studies have examined environmental 

impacts associated with healthcare systems globally, 

limited research has focused specifically on the life cycle 

impacts of pharmaceuticals within healthcare facilities 

in developing countries such as India. Understanding the 

environmental impacts associated with pharmaceutical 

consumption in healthcare units is important for 

developing sustainable healthcare policies and 

environmental management strategies. 

Therefore, the objective of this study is to evaluate the 

environmental impacts associated with drugs and 

pharmaceutical products within the life cycle of a 

medical healthcare unit in India using the Life Cycle 

Assessment framework. The study analyzes 

environmental impact categories including climate 

change potential, fossil resource depletion, freshwater 

ecotoxicity, and human toxicity associated with 

pharmaceutical consumption and laboratory activities. 

By identifying environmental hotspots within healthcare 

operations, this research aims to provide insights for 
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improving environmental sustainability in healthcare 

systems. 

 

2. Research Methodology 

Life Cycle Assessment (LCA) was adopted in this study 

to evaluate the environmental impacts associated with 

drugs and pharmaceutical products used in a medical 

healthcare unit in India. LCA is widely recognized as a 

scientific method for assessing environmental impacts 

associated with a product system throughout its life 

cycle, from raw material extraction to final disposal 

[6][12]. The methodology enables comprehensive 

evaluation of environmental burdens including 

greenhouse gas emissions, energy consumption, 

resource depletion, and toxicity impacts [14]. Due to its 

systematic and internationally standardized framework, 

LCA has increasingly been applied in environmental 

evaluation of healthcare systems and pharmaceutical 

industries [19][20]. 

The methodological framework used in this study 

follows the internationally recognized guidelines 

described in ISO 14040 and ISO 14044 standards for life 

cycle assessment [13]. According to these standards, 

LCA consists of four major phases: goal and scope 

definition, life cycle inventory analysis, life cycle impact 

assessment, and interpretation of results [6]. These 

phases provide a structured approach for evaluating 

environmental impacts associated with pharmaceutical 

products and healthcare activities. 

The primary objective of this research is to evaluate 

environmental impacts associated with drugs and 

pharmaceutical products used in a medical healthcare 

unit in India. The study also considers environmental 

impacts associated with laboratory and diagnostic 

instruments used in pharmaceutical testing and clinical 

analysis. The functional unit for the study represents 

pharmaceutical consumption and associated laboratory 

activities within a healthcare facility during the defined 

study period. 

The system boundary for this research includes 

pharmaceutical production, drug transportation, 

pharmaceutical consumption within healthcare facilities, 

laboratory diagnostic processes, and waste management. 

These stages represent the major phases of the 

pharmaceutical life cycle within healthcare systems. 

Previous studies have highlighted that pharmaceutical 

manufacturing and distribution contribute significantly 

to environmental emissions due to energy-intensive 

chemical synthesis processes and global supply chain 

logistics [21][22][23][24]. 

The life cycle inventory analysis involves the collection 

and quantification of input and output flows associated 

with pharmaceutical activities. Inventory data include 

energy consumption, chemical usage, emissions to air 

and water, and resource consumption associated with 

pharmaceutical products and laboratory instruments. 

Inventory data used in this study were derived from 

healthcare operational data and environmental impact 

databases commonly applied in LCA studies [25]. 

The environmental impact categories considered in the 

present study are widely used in life cycle assessment 

research and represent major environmental concerns 

associated with industrial and healthcare activities [26]. 

These categories include climate change potential, fossil 

resource depletion, freshwater ecotoxicity, human 

toxicity, marine ecotoxicity, metal depletion, ozone 

depletion, particulate matter formation, and terrestrial 

acidification [27][28]. These impact indicators enable 

evaluation of environmental consequences associated 

with pharmaceutical consumption and laboratory 

operations. 

 

Impact Category Reference Unit 

Agricultural land occupation m²a 

Climate change kg CO₂-eq 

Fossil depletion kg oil-eq 

Freshwater ecotoxicity kg 1,4-DCB eq 

Human toxicity kg 1,4-DCB eq 

Marine ecotoxicity kg 1,4-DCB eq 

Metal depletion kg Fe eq 

Ozone depletion kg CFC-11 eq 

Particulate matter formation kg PM10 eq 

Photochemical oxidant formation kg NMVOC 

Terrestrial acidification kg SO₂ eq 

Table 1: Environmental impact categories considered in the study 

categories and facilitate identification of environmental 

The life cycle impact assessment phase converts 

inventory data into environmental impact indicators 

using characterization models. These models quantify 

the potential environmental damage associated with 

emissions and resource consumption. Impact assessment 

models such as ReCiPe and TRACI are commonly used 

in LCA studies to evaluate environmental impacts in 

standardized units [28][29]. These models allow 

comparison of environmental impacts across different 

hotspots within the system. 

The interpretation phase of LCA involves analysis of 

impact assessment results to identify key environmental 

contributors and evaluate their significance. Through 

this process, the study identifies major environmental 

impacts associated with pharmaceutical products and 

laboratory instruments within healthcare systems. 
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3. Results and Discussion 

The life cycle assessment results indicate that 

pharmaceutical products and laboratory diagnostic 

instruments contribute significantly to environmental 

impacts within healthcare systems. The analysis reveals 

that several environmental impact categories are 

affected by pharmaceutical consumption, particularly 

climate change potential, fossil resource depletion, and 

ecotoxicity. 

Impact Category Result 

Climate change 14.71 kg CO₂-eq 

Fossil depletion 4.85 kg oil-eq 

Freshwater ecotoxicity 0.028 kg 1,4-DCB eq 

Human toxicity 0.0012 kg 1,4-DCB eq 

Table 2-Environmental impacts associated with drugs and pharmaceutical products 
 

3.1 Climate Change Impact 

Climate change potential represents one of the most 

significant environmental impact categories associated 

with pharmaceutical production and healthcare 

activities. The analysis shows that pharmaceutical 

products contribute approximately 14.71 kg CO₂- 

equivalent emissions, indicating a substantial carbon 

footprint associated with pharmaceutical consumption. 

These emissions originate primarily from energy- 

intensive pharmaceutical manufacturing processes, 

transportation of medicines, and packaging materials 

used in pharmaceutical supply chains. 

Previous studies have said pharmaceutical 

manufacturing as a major contributor to healthcare 

carbon emissions. Pharmacmilarly identifieeutical 

production involves multiple chemical synthesis steps, 

solvent usage, and purification processes that require 

significant energy input [30]. In addition, global 

pharmaceutical distribution networks require 

transportation and refrigeration, which further increase 

greenhouse gas emissions associated with 

pharmaceutical products [31]. 

3.2 Fossil Resource Depletion 

Fossil depletion potential was observed to be 4.85 kg oil 

equivalent, indicating that pharmaceutical production 

ecosystems [35]. 

and distribution rely heavily on fossil fuel resources. 

Petrochemical feedstocks are commonly used in 

pharmaceutical synthesis and packaging materials, 

which contributes to fossil resource consumption [32]. 

Furthermore, energy required for pharmaceutical 

manufacturing and laboratory equipment operation is 

often generated from fossil fuel sources, thereby 

increasing fossil depletion impacts. 

3.3 Ecotoxicity Impact 

Freshwater ecotoxicity potential was observed to be 

0.028 kg 1,4-DCB equivalent, indicating potential 

ecological risks associated with pharmaceutical residues 

released into aquatic environments. Pharmaceutical 

compounds entering water bodies may affect aquatic 

organisms and disrupt ecosystem functions [33]. 

Research has demonstrated that pharmaceutical residues 

can accumulate in aquatic environments and influence 

biological processes such as reproduction and growth in 

aquatic species [34]. 

Human toxicity potential was also identified as an 

environmental concern associated with pharmaceutical 

production and disposal. Chemical synthesis processes 

used in pharmaceutical manufacturing may release toxic 

substances that pose risks to human health and 

 
Impact Category Result 

Climate change 1847 kg CO₂-eq 

Freshwater ecotoxicity 1700 kg 1,4-DCB eq 

Fossil depletion 362 kg oil-eq 

Table 3-Environmental impacts associated with laboratory and scientific instruments 

 

Figure 1. Environmental impacts of drugs and pharmaceutical products used in the healthcare unit 
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Impact of Laboratories and Scientific 

Instruments 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

The graphical representation shown in Fig. 1 illustrates the environmental impact indicators associated with 

pharmaceutical products. Climate change potential exhibits the highest contribution among the evaluated categories, 

indicating that pharmaceutical manufacturing and distribution processes are major contributors to greenhouse gas 

emissions. 

 

Figure 2. Environmental impacts associated with laboratory and scientific instruments used in pharmaceutical 

analysis 

 

The environmental impacts of laboratory instruments are 

illustrated in Fig. 2. The results demonstrate that 

diagnostic laboratory equipment contributes 

significantly to climate change potential and freshwater 

ecotoxicity due to high electricity consumption and 

chemical reagent usage. 

3.4 Environmental Impacts of Laboratory 

Instruments 

The analysis indicates that laboratory and diagnostic 

instruments contribute significantly to environmental 

impacts within healthcare systems. Climate change 

potential associated with laboratory equipment was 

Impact of Drugs and Pharmaceuticals 
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observed to be approximately 1847 kg CO₂-equivalent, 

which is substantially higher than impacts associated 

with pharmaceutical products alone. This finding 

highlights the energy-intensive nature of diagnostic 

laboratory operations. 

Laboratory instruments such as chromatographs, 

spectrometers, centrifuges, and analytical devices 

require continuous electricity consumption and 

specialized materials for operation. These instruments 

are essential for pharmaceutical testing and clinical 

diagnostics but contribute to environmental impacts due 

to energy consumption and manufacturing processes 

[36]. 

Freshwater ecotoxicity impacts associated with 

laboratory equipment were also found to be significantly 

high. Chemical reagents, solvents, and laboratory waste 

generated during pharmaceutical analysis contribute to 

ecotoxicological impacts in aquatic environments if not 

properly treated [37]. 

 

3.5 Environmental Hotspots in Healthcare Systems 

The results of this study indicate that environmental 

hotspots within healthcare systems are primarily 

associated  with pharmaceutical  manufacturing 

processes, laboratory diagnostic activities, and energy 

consumption in healthcare facilities [38]. Similar 

findings have been reported in previous life cycle 

assessment studies of healthcare systems, which 

highlight pharmaceuticals and medical equipment as 

major contributors to environmental impacts [39] 

Reducing environmental impacts associated with 

pharmaceutical products requires implementation of 

sustainable practices such  as green  chemistry 

approaches,  improved pharmaceutical   waste 

management,   and  energy-efficient laboratory 

technologies. Green pharmaceutical manufacturing 

techniques can reduce chemical waste generation and 

energy consumption, thereby minimizing environmental 

impacts [40]. 

Healthcare institutions can also reduce environmental 

footprints by adopting environmentally responsible 

procurement policies and promoting rational drug usage. 

Efficient pharmaceutical inventory management and 

proper disposal of expired medicines can further reduce 

environmental contamination. 

4. Conclusions 

This study evaluated the environmental impacts 

associated with drugs and pharmaceutical products 

within the life cycle of a medical healthcare unit in India 

using the Life Cycle Assessment framework. The 

findings indicate that pharmaceutical products 

contribute significantly to environmental impacts 

including climate change potential, fossil resource 

depletion, and ecotoxicity. 

Climate change potential was identified as the dominant 

environmental impact category associated with 

pharmaceutical consumption due to energy-intensive 

manufacturing processes and transportation activities. 

Laboratory and diagnostic instruments used in 

pharmaceutical testing were also found to contribute 

significantly to environmental impacts because of high 

energy consumption and material requirements. 

The results highlight the importance of integrating 

environmental sustainability into pharmaceutical 

management and healthcare operations. Adoption of 

green chemistry principles, energy-efficient laboratory 

technologies, and improved pharmaceutical waste 

management strategies can significantly reduce 

environmental impacts associated with healthcare 

systems. 

The study provides valuable insights for policymakers, 

healthcare administrators, and environmental managers 

seeking to promote sustainable healthcare practices. 

Future research should focus on evaluating 

environmental impacts of healthcare systems using 

large-scale datasets and exploring innovative 

technologies for environmentally sustainable 

pharmaceutical production and waste management. 
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