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Abstract 

 

The detrimental impact human activity has on the environment is undeniable with unsustainable 

practices and consumerist mentality of great concern. Due to the precautionary nature around the 

safety of medical equipment, the medical industry has been one of the slowest to incorporate 

sustainability into their design considerations. The research in this field is scarce thus requiring 

extensive communication between numerous stakeholders to ensure the proposed solutions are 

attainable across the entirety of the products’ life cycles.  

This PhD project aims to generate evidence for improving sustainability, in particularly 

environmental aspects, of medical devices and practices using a life cycle approach incorporating the 

views of key stakeholders. Life cycle assessment (LCA) and Life cycle costing (LCC) methodologies are 

used to assess respiratory and airway devices following ISO standards 14040/44:2006. Evaluation of 

environmental impacts from each life cycle stage are provided to identify improvement 

opportunities. Mechanical testing is also used to explore the mechanical properties of an 

environmentally sustainable alternative to polypropylene; calcium carbonate filled polypropylene 

composites. 

Diverse scenarios were explored throughout, including: investigation of more environmentally 

sustainable materials as alternatives to currently used medical polymers (Chapters 4, 5, and 6); the 

potential to use disinfection to allow for reusing and/or recycling of plastic medical devices (Chapters 

6 and 7); the environmental and economic impact of reusable versus single-use devices (Chapter 7), 

and qualitative exploration of barriers faced when segregating and recycling used devices (Chapter 8).  

It is shown that environmental and economic impacts can be reduced by using alternative materials 

such as reducing the use of phthalate-based plasticisers, replacing polyvinyl chloride with 

thermoplastic elastomer, and using calcium carbonate filled polypropylene. To reduce the 

environmental impact of the end-of-life stage, respiratory devices can be reused but the electricity 

demands during reprocessing requires reduction before being environmentally and economically 

favourable to single-use devices. Some environmental impacts can be reduced by disinfecting and 

recycling breathing systems instead of incinerating. The volume of incinerated medical waste can be 

reduced significantly by addressing poor waste segregation within hospitals by providing additional 

training and increasing availability of various coloured waste streams. 
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CHAPTER 1  

1: INTRODUCTION 
 

The impact of human activity on the environment has generated a significant amount of discussion 
over the last few decades with rising issues such as global warming, the plastic pollution crisis, and 
climate change regularly in the public eye (Venghaus et al., 2022). Rapid expansion of mass 
production to keep up with demand generated by a growing global population (Ingrao, 2023) has 
resulted in an alarming rate of depletion of natural resources and a large volume of waste entering 
the global ecosystem (Mittal and Gupta, 2015). Industrial manufacture of materials has boomed 
since the golden age of capitalism in the 1950s attributed to the availability of cheaper mass 
production methods; in particular production of synthetic materials, such as plastics (Ostle et al., 
2019). The environmental implications of over-consumption has raised serious concerns over the 
sustainability of current practices particularly in regard to material procurement and disposal 
(Swearengen and Woodhouse, 2003). 

The need for quick action is vital as projections presented during the 2019 United Nations General 
assembly high level meeting showed that environmental damage at current rate will be irreversible 
if not tackled within the next decade (UNCC, 2019). The medical industry poses a particular 
challenge due to the need to prioritise patient health over sustainability, with the COVID-19 
pandemic further bringing light to these issues. One of the many ways the medical industry impacts 
the environment is through the need for a large quantity of medical devices (TechnoFunc, 2013). The 
UK is the third biggest medical device market in Europe (MedTech, 2022) selling around 600,000 
different types of medical devices (GOV.UK, 2021). The medical technology sector within the UK was 
valued at around £24.5 billion pounds sterling in 2021 with £14 billion originating from medical 
devices (Statista, 2022). Due to the pandemic, respiratory medical devices experienced increased 
market need (Saini et al., 2022) with the demand for respirators and surgical masks (e.g., N95 and 
KN95) rising 140x during COVID-19’s peak (Premier Data, 2021). The enforced isolation reduced the 
general public’s exposure to viruses leading to decreased immunity to respiratory diseases and 
resulting in a surge of respiratory-based illnesses (in terms of frequency and level of harm) (Lancet, 
2022).  

The global market for respiratory and airway devices is currently valued at £39.5 billion and covers 
devices such as anaesthetic equipment, oxygen delivery devices, ventilators, infraglottic Devices, 
supraglottic devices, laryngoscopes, and resuscitators (GVR, 2022; Allied, 2022). The COVID-19 
pandemic has resulted in a dramatic increase in the use of single-use medical devices of which most 
are incinerated due to concerns of cross contamination (Billingsley, 2019). In the UK, any medical 
devices deemed potentially infectious will be incinerated as outlined in the hazardous waste 
(England and Wales) regulations 2005 (CWIM, 2014). Despite a need for sustainable medical devices, 
very few studies have been published demonstrating environmentally friendly options displaying an 
overall general lack of knowledge on how to design sustainable medical devices (Sousa et al., 2021). 

The ability to investigate the environmental impact at each stage of a product’s life is essential in 
order to optimise sustainability. One well-established approach to analyse environmental impact is 
through life cycle assessment (LCA) methodology (Sousa et al., 2021). An LCA involves the acquisition 
and analysis of input data, such as materials and energy, as well as emissions and waste produced 
during a product’s life. Similarly, the studies require the definition of the goal and scope, a functional 
unit, system boundaries, among others. The stages of a product’s life cycle, considering a cradle to 
grave approach, are: raw material extraction, transportation, processing and manufacturing, use, 
and end-of-life. Other factors and steps which contribute to the overall environmental impact of the 
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devices should also be considered. In the case of medical devices, this may include: the sterilisation 
of the product before use and disinfection prior to disposal.  

The availability of research within this area is growing but still lacks studies on sustainable design 
improvement of medical devices, comparison of improvements quantitatively using LCA 
methodology, the development of sustainable medical devices utilising sustainable materials, and 
exploration of the feasibility of reusing and recycling used devices. Throughout this thesis, specific 
respiratory and airway devices will be explored for their environmental impact; all of which were 
carefully chosen for particular reasons. The primary reason is that alongside this thesis, the author 
worked with a sponsor company (a large international medical device manufacturer). Real time data 
was used to determine which medical devices were required in large quantities by consumers and 
those with high demand were chosen to be explored. The possibility of evaluating a vast number of 
medical devices was considered but deemed unattainable in respect to the time and resources 
available during this project.  

A further reason for the choice of these particular devices is that they were found to best allow 
certain life cycle stages and relevant design attributes to be explored in further detail within each 
chapter. For example, the breathing systems in chapter 6 were chosen as they demonstrated the 
possibility of manual disinfection and recycling of used medical devices. Choosing to evaluate other 
medical devices may have added additional complexities and reduced the available literature on the 
subject which would have distracted from the intended objective of the chapter.  

Finally, it was ensured that the devices included throughout this thesis contained materials that 
were common within medical devices available on the market so that, if required, comparisons can 
be made between devices which contain similar materials. A good example of this is with the oxygen 
mask in chapter 4 which is comprised of polyvinyl chloride (a material which is found in over 25% of 
all single-use medical devices). Evaluating the environmental impact of the most utilised materials 
within medical devices will allow future researchers to better translate the findings to their own 
products. 

1.1. Aim and Objectives 
The aim of this research is to generate evidence which can be used to improve the sustainable 

production and management of respiratory and airway medical devices during their complete life 

cycle (raw material extraction, manufacture, transport, packaging, end-of-life) in order to influence 

policies and practices. The specific objectives set out to facilitate achievement of the aim are: 

Objective 1  

Evaluation of the life cycle environmental impacts of respiratory and airway medical devices to 

identify improvement opportunities along their life cycle.  

Objective 2  

Environmental and mechanical evaluation of new materials to be used within respiratory and airway 

devices. 

Objective 3 

Exploration of alternative end-of-life options of respiratory and airway devices and their 

environmental and economic impacts.  

Objective 4 

Identify barriers to improving management and utilisation of sustainable alternative methods of 

disposal of medical devices within UK hospitals involving stakeholder engagement. 
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The structure of this thesis follows an alternative format – thesis by publication. Each 

publication/chapter still follows a clearly linked narrative throughout and individual 

publications/chapters will respond to the specific objectives detailed above.  

1.2. Thesis structure 
This thesis consists of nine chapters. Chapter 1 is the introduction. Chapter 2 covers a literature 

review detailing various aspects which influence the sustainable design of medical devices and 

previous work within this area. Chapter 3 describes the methodologies used throughout this thesis. 

A mixed-method approach has been used, where both qualitative and quantitative methods are 

employed to fulfil the objectives.  

Chapters 4, 5, 6, 7, and 8 are then studies which explore various aspects across the life cycles of 

numerous respiratory and airway medical devices. Some chapters address more than one objective.  

Objective 1 is covered in chapters 4, 6, and 7. These will be exploring the use of Life Cycle 

Assessment methodology to assess the environmental impacts of currently available respiratory and 

airway medical devices to determine their impacts and to help identify key areas for improvement. 

Changes are then suggested followed by further environmental assessments to validate impact 

reductions.  

Objective 2 is addressed in chapters 4, 5, and 6. Chapter 4 includes environmental evaluation of an 

environmentally sustainable material alternative to polyvinyl chloride called thermoplastic 

elastomer. Chapter 5 investigates a sustainable solution to virgin polypropylene by using mechanical 

experiments to test calcium carbonate (CaCO3) as a filler. Chapter 6 includes environmental 

assessment of replacing polypropylene with CaCO3 composite and Polylactic acid.  

Objective 3 is tackled in chapters 6 and 7. Chapter 6 proposes an alternative to the incineration of 

used breathing systems by exploring the possibility for cleaning and subsequent recycling. Chapter 7 

is a case study within a UK based hospital on the environmental and economic impact of reusable 

versus single-use respiratory medical devices. Life Cycle Costing methodology is used to explore the 

economic impacts. 

Objective 4 is explored in chapter 8 where barriers and potential interventions within a hospital 

setting are discussed which explore sustainable end-of-life waste management of medical waste 

with a particular focus on waste segregation, reducing quantity of incinerated waste, and increasing 

recycling. 

This thesis is then concluded with the conclusion chapter (chapter 9) where the findings are 

summarised, recommendations provided for healthcare providers, and suggestions for future work 

are proposed.   

1.3. Novelty and intended audience 
Due to the lack of research currently available in the field of sustainable healthcare, there is a range 

of novel findings that have originated from this work. In the bullet points below, the key areas of 

novelty have been provided. 

• Life cycle assessments and the subsequent environmental evaluation of a variety of medical 

devices have been generated to add to the limited number of assessments currently 

available. These LCAs extensively cover the life cycle stages of the medical devices in detail 

and provide all impact categories per the CML-IA impact assessment methodology; 

something that is often missing in current literature. 
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• New material life cycle inventory data has been generated for commonly used materials 

within medical devices, particularly plasticised polyvinyl chloride and calcium carbonate 

filled polypropylene. 

• There are only a handful of studies which explore the possibility of disinfecting and recycling 

medical devices instead of incineration, none of which evaluate the environmental impact of 

doing so. Chapter 6 fills in this gap in knowledge by using LCAs to assess manual and 

mechanical methods of disinfection and the overall environmental impact of then recycling. 

• No studies are present within literature which use LCAs to assess the environmental impact 

of single-use medical devices by life cycle stage and then evaluate improvements to 

determine potential environmental impact savings. This thesis helps demonstrate the 

importance of taking a life cycle thinking approach when designing medical devices more 

sustainably.  

• Chapter 7 is the first study of its kind to detail the exact steps required to reprocess medical 

devices, especially including quite impactful factors such as the sterilisation packaging used.  

• Chapter 8 is the only study to have been conducted within the United Kingdom which 

identifies barriers to sustainable waste management within NHS facilities taking into 

consideration the views of the healthcare staff.  

When considering the impact that this research could have, it is important to contemplate the 

extensive nature of sustainable healthcare and it’s wide-reaching influence on not just the 

stakeholders directly involved but also on the general public.  

Therefore, the studies conducted within this thesis have been written in a way to not solely target 

policy makers within the United Kingdom’s National Health Service or the direct manufacturers of 

medical devices but also the healthcare staff that are required to partake in the generation of the 

environmental and economic issues as a result of their work and the general public for whom these 

issues impact in terms of global environmental health and taxpayer funding. By incorporating this 

inclusive approach, the intention is to generate the most change through the engagement of 

individuals and organisations across each life cycle stage of the medical devices resulting in a 

universal alignment towards the proposed solutions. 
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     CHAPTER 2 

2: LITERATURE REVIEW 
 

The medical industry (also known as the healthcare industry) has been recognised as highly 

environmentally damaging (Pinzone et al., 2015) and shown to contribute between 4% to 5% of 

overall global greenhouse gas emissions (Tennison et al., 2021). Healthcare covers a wide range of 

public health-related services with the main sectors identified as medical devices and equipment, 

medical insurance, services and facilities, and pharmaceuticals (TechnoFunc, 2013). 

The COVID-19 pandemic had a dramatic influence on the environmental impact of the healthcare 

sector (P. Jiang et al., 2021). As of February 2024, there have been over 774 million confirmed cases 

of COVID-19 and 7 million deaths (232,000 within the UK) (WHO, 2024). During the peak of the 

pandemic, an estimate of 2.6 million tonnes of medical waste was being produced globally every day 

(Andeobu et al., 2022). This increase in waste is largely attributed to the surge in demand of 

respiratory devices and personal protective equipment (PPE) with estimations that from February 

2020 to July 2020, 2.3 billion pieces of PPE were distributed within England alone (GOV.UK, 2020). 

An estimated 89 million medical masks were required globally for the COVID-19 response each 

month (WHO, 2020) resulting in a worldwide shortage of medical masks and respirators (Burki, 

2020) with no country able to keep up with demand in a sustainable manner (OECD, 2020).  

It has been recorded that healthcare is becoming increasingly reliant on single-use devices (Macneill 

et al., 2020) with a large quantity of environmental impacts attributed to the material design, 

manufacturing, and disposal stages of these devices (Sherman et al., 2020). The World Health 

Organisation (WHO) has stated that most PPE is disposed of as unrecovered waste which is reported 

to be mainly due to hospitals incorrectly identifying all COVID-related waste as hazardous and 

therefore incinerating it (Wise, 2022). Adding onto this issue, disposable PPE such as masks, gloves, 

and gowns are made mostly from single-use plastics (SUPs) (Haque et al., 2021) with the majority 

disposed of via incineration or landfill (Z. Wang et al., 2021).  

2.1. The Environmental problem  
Irrespective of the COVID-19 pandemic, the current level of global environmental degradation has 

been widely attributed to the sudden growth of industrialisation (Yadav et al., 2021) correlated with 

an exponentially rising population, increased consumer demands in line with growing affluence and 

development of technology, and vast utilisation of rapidly depleting fossil fuels (Prior et al., 2012). 

Global recognition of the severity of the damage did not begin until the late 1940’s with the United 

Nations (UN) starting to address the worrisome rate of the earth’s ever decreasing natural resources 

in 1949, accounting this primarily to unsustainable demand for resources (Keong, 2021).  

Sustainability efforts within the medical industry tends to focus on the mitigation of three key issues: 

resource depletion (Idso, 2022), climate change (Anåker et al., 2015), and pollution (Eckelman & 

Sherman, 2016; Lenzen et al., 2020).  

Resource depletion: The current level of global resource depletion has been predicted to leave 

irreversible damage to the natural environment if not addressed immediately (Steer, 2014). The 

depletion of non-renewable resources (e.g., coal, oil, and gas) is particularly worrying as these are 

not quickly replenished. Exploitation of natural resources is linked to a variety of related 

environmental issues such as deforestation (Kaplan et al., 2009), pollution of air and water (Gutti & 

Aji, 2012), deterioration of nutrient rich soil (Wassie, 2020), and the decline of economic growth as 
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resources become scarce (Krautkraemer et al., 1998). Dwindling natural resources are predicted to 

have a severe impact on the ability to provide adequate quantities of medical devices (Schroeder, 

2013). 

Climate change: Climate change refers to the change to a weather pattern or temperature recorded 

to be typical for a certain area over a long period of time. Rapid change in climates (e.g., 

deforestation, destruction of natural habitats, pollution in water and air systems, and soil 

degradation) across the world has been recorded since the 19th century with 99.9% of scientific 

studies released between 2012-2021 agreeing this to be the result of human activity (Lynas et al., 

2021). The burning of fossil fuels has been demonstrated to be the main contributing source to this 

shift (Perera & Nadeau, 2022). Climate change has been identified as one of the greatest challenges 

currently inflicted on humanity due to its wide-reaching impact, unpredictability, and potentially 

disastrous consequences for human and animal health such as increased risk of cancer (Henriksen et 

al., 1990), immune deficiency disorders (Anwar et al., 2016), and biochemical changes within aquatic 

ecosystems (Williamson et al., 2019).  

A well-studied example of climate change is global warming. Since 1901, average global temperature 

has risen by 1.26 degree Celsius (Z. Li et al., 2024) which is mostly credited to the atmospheric 

emission of numerous harmful gases (e.g., greenhouse gases (GHG), exhaust particles, 

hydrocarbons, and ozone-depleting substances) (Owen et al., 2006). The medical industry is 

currently the fifth greatest cause of GHG emissions globally (Van-Norman & Jackson, 2020).  

Pollution: Pollution refers to any damaging substance which is released into the environment (Shafi, 

2005). Some pollution has natural causes such as acidic water resulting from volcanic gases (Löhr et 

al., 2004) or smoke from forest fires (Lazaridis et al., 2008) but other pollution is man-made (Pandey 

S, 2006; Reddy et al., 2017). Although pollution is found more heavily in densely populated and 

urbanised areas, it can spread globally (Lin et al., 2014). Industrial production is the main cause of 

pollutants which have been linked to various cancers (Esposito et al., 2010) and respiratory and 

cardiovascular diseases (Kim et al., 2018). Pollution mitigation in the context of medical devices 

focuses largely around the generation of medical waste (Macneill et al., 2020) and reducing toxic 

emissions to air during manufacturing, maintenance, and disposal; particularly GHG emissions 

(Sherman et al., 2019).  

Addressing these issues of sustainability within the medical industry comes with its own unique set 

of challenges. The primary goal of healthcare is to prioritise the health of the patient posing a 

particular problem for sustainability as addressing environmental issues are routinely side-lined 

(DoH, 2013). A big issue is the deficiency of available data with most healthcare services and 

products lacking studies of their environmental impact (Kandasamy et al., 2022).  

2.2. State of the art – Environmental Life Cycle Assessment of Medical Devices 
Life Cycle Assessment (LCA) methodology has been suggested by the International Organization for 

Standardization (ISO) as the best way to determine environmental impact (Kumar et al., 2020). LCA 

analyses the environmental impact across the life cycle of a product or service, accounting for the 

materials and energy inputted and the emissions and waste given off when producing a product or 

service (Finnveden et al., 2009). The lifecycle of a product consists of its life cycle stages e.g., raw 

materials, manufacture, transportation, use, and end-of-life. Other factors may also be included 

depending on the individual requirements of the assessment such as packaging and extra processing 

steps (e.g., sterilisation and reprocessing). Environmental impacts can then be separated by each life 

cycle stage to identify the most impactful areas for improvement. LCAs also help weigh the severity 

of each impact in accordance with scientific literature (Curran, 2006). Utilisation of LCA methodology 
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for medical devices is a growing tool but is still fairly limited. The extent of knowledge around the 

environmental impact of medical devices is unknown but with the lack of studies being available, it is 

safe to assume to be an insufficiently studied topic (Svensson, 2017).  

Currently there are 20 studies available on the environmental impacts of medical devices using LCA 

methodology. Three studies compare medical devices that have the same function but are made of 

varying materials to identify the least environmentally impactful: surgical masks (Schmutz et al., 

2020), hysterectomy equipment (Unger et al., 2017), and custom procedure packs (Campion et al., 

2015). One study focuses on providing baseline environmental impact data for hospital gowns in 

order to provide figures on impact generated within hospitals (Rizan, Reed, et al., 2021). 

The majority of the literature (16 studies) explores the environmental impact of medical devices by 

assessing single-use and reusable devices. These include: anaesthetic equipment (McGain et al., 

2017), drug trays (McGain et al., 2010), laryngeal masks (Eckelman et al., 2012), laryngoscopes 

(Sherman et al., 2018), blood pressure cuffs (Sanchez et al., 2020), central venous catheters 

(McGain, McAlister, et al., 2012), spinal fusion equipment (Leiden et al., 2020), dental burs (Unger & 

Landis, 2014), ureteroscopes (Davis et al., 2018), vaginal specula (Donahue et al., 2020; Rodriguez 

Morris & Hicks, 2022), hospital gowns (Hicks et al., 2016), drapes (Dettenkofer et al., 1999), surgical 

scissors (Ibbotson et al., 2013), and sharps containers (Grimmond & Reiner, 2012; McPherson et al., 

2019).  

All of these studies took the form of comparative LCAs where the total impact from the use of one 

type of single-use device was compared to the total impact of switching to using reusable versions. 

This meant that for many of these studies, specific impacts across the lifecycles of the single-use 

devices was not broken down and assessed. Five of the studies used a functional unit that covered a 

whole facility or procedure performed without specifically mentioning the number of devices that 

were calculated. The remaining 11 studies compared the impact of one reusable device and its 

equivalent number of single-use replacements.  

Out of these 20 studies, 14 were conducted using the LCA software Simapro. One used Umberto 

NXT, and the remaining five collected environmental data on the materials and processes from 

independent sources of data then compiled these impacts together without the use of a specific LCA 

software. 10 of the studies which used Simapro provided up to 10 impact categories for assessment 

including: Global warming potential, eutrophication, ozone depletion, photochemical ozone 

formation (smog), acidification, carcinogenic and non-carcinogenic effects, respiratory effects, 

ecotoxicity potential, and depletion of abiotic resources. The remaining studies only provided global 

warming potential (kg CO2 eq.) and water usage. Even in the studies which included all 10 impact 

categories, global warming potential was emphasised as the most important. If figures were 

included within the study but not for every category, GWP was always one of the figures shown. 

Additionally, all of the studies which did not use an LCA software and instead collected independent 

sources of data did not provide more than the global warming potential or water usage as metrics 

for comparison. This demonstrates the relationship between using an LCA software and being able 

to produce additional impact categories for assessment.   

Once the environmental impact per life cycle stage has been identified, very little research then 

alters medical devices in order to provide sustainable variations. All of the previous papers evaluate 

medical devices which are already in use but do not propose design alternations and then assess 

these further. The few sustainable versions of medical devices currently available include a 

sustainably designed dialyser (Hanson & Hitchcock, 2009) and a sustainable syringe by Cambridge 
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Consultants Limited called ‘Syreen’ (Moultrie et al., 2015). This highlights a need for environmental 

evaluations of medical devices and subsequent alterations to produce sustainable alternatives.  

There is a gap in literature of studies providing extensive investigation pinpointing what input or 

emissions in each life cycle stage is causing the greatest impact. Five of the 20 aforementioned LCA 

papers did not include a breakdown of how each life cycle stage contributed to the overall 

environmental impact; even though all studies included every stage in their calculations and had a 

cradle-to-grave system boundary. Of the remaining 15, one paper found manufacturing to be 

highest, and the final 14 papers found that the raw materials stage was the most impactful.  

Despite many of the studies including detailed life cycle inventories of the materials present within 

the devices, there was little investigation into which of the materials were providing the majority of 

the impacts. Only four of all studies available discussed the contributions the different materials had 

on the overall environmental impact with the remaining 16 having no mention of this. This hinders 

the possibility for manufacturers to identify which materials they should be mitigating during 

sustainable design considerations. 

2.3. Materials and energy use 
Each material has its own unique environmental impact. Some materials are environmentally 

harmful due to their extraction and manufacturing processes; for example, mining coal and gold has 

been attributed to air pollution and toxic metal leakage into local waterways (Scott et al., 2004). 

Some materials may be environmentally impactful by being energy intensive. Embodied energy is 

the term used to describe the amount of energy a material requires throughout its lifecycle (Serranti 

& Bonifazi, 2019). A material with high energy and electricity requirements will also have increased 

manufacturing emissions and costs (Cabeza et al., 2013). As of 2016, around 75% of energy used by 

European countries still originates from non-renewable sources (Asiedu et al., 2021). Many materials 

also require additives in order to become processable (Hahladakis et al., 2018), some of which are 

harmful to the environment and human health. For example phthalates, which are regularly used 

within many medical devices, are now increasingly regulated due to being hormone disrupting and 

causing neurological harm to foetuses during pregnancy (Clayton et al., 2021). Ideally, materials 

which do not require the use of harmful additives should be used but manufacturers may be 

reluctant to change their machinery and practices due to cost and logistics (Anastas & Eghbali, 

2009).  

Polymers have gained particular attention by environmentalists due to their use of petrochemical 

feedstocks and accumulating volume of waste. Polymers can be found in nature, such as cellulose or 

chitin, or be made synthetically using crude oils or natural gas (Brydson, 1999). Plastics are a popular 

subset of polymers with more than 99% of plastics being made using fossil fuels (Momani, 2009). 

Plastics are favoured due to their desirable mechanical properties and as an attractive low energy 

intensive alternative to metal and glass. By 2021, global plastic production reached over 390.7 

million metric tons per year (Statista, 2022). In 2019, 860 million tonnes of CO2 were released in 

order to produce and incinerate global plastic consumption (compared to total global CO2 emission 

of 36 billion tonnes). It has been predicted that this will triple by 2050 (Arkin et al., 2019).  

Despite many plastics being recyclable, only 9% of plastic is recycled globally (Geyer et al., 2017) 

with the rest mostly landfilled or incinerated (Shen & Worrell, 2014). Plastic pollution is 

accumulating at a frightening rate with, as of 2021, over 14 million tons of plastic being discarded 

into the ocean each year and currently constituting 80 percent of the total marine debris (Schmaltz 

et al., 2020).  



23 

 

Almost half of all plastics are known as single use plastics (SUPs) due to being disposed of after one 

use (Varkey et al., 2021). SUPs allow for hygienic and safe protection from potential disease-causing 

germs which is particularly important for the medical industry when reducing cross contamination 

(Das et al., 2021). The main issues with SUPs are based around the overconsumption of 

petrochemical feedstocks and accumulating waste pollution end-of-life (Leissner & Ryan-Fogarty, 

2019). A lot of oil-derived plastics do not biodegrade resulting in inevitable accumulation (Kortei & 

Quansah, 2016). There is also a growing concern over ‘microplastics’ which are small pieces of 

plastics with a diameter between 1 and 5 millimetres. High concentrations of microplastics can lead 

to a range of negative effects such as altering the biophysical properties of soil (Narancic & 

O’Connor, 2019) and harming sea life by decreasing reproduction performance, disrupting metabolic 

functions, and changing physiology (Anbumani & Kakkar, 2018). Due to their size, it is extremely 

difficult to retrieve microplastic pollutants so are therefore left to accumulate within the 

environment (Clayton et al., 2021). The best way to avoid future generation of microplastics is to 

reduce the consumption of plastics in the first place (Prata, 2018). 

The most commonly produced fossil fuel derived plastics used within medical devices are 

Polypropylene (PP), High-Density Polyethylene (HDPE), Low-Density Polyethylene (LDPE), and 

Polyvinyl Chloride (PVC) (Czuba, 2014). PP, HDPE, and LDPE are overall fairly safe plastics with low 

embodied energies and are recyclable (Alsabri et al., 2022; Muthusubramanian et al., 2023). The 

main environmental conflict around PP, HDPE, and LDPE revolves around the depletion of fossil 

fuels, the need for natural gas, and slow degradation rate leading to accumulation of plastic-based 

waste (Pelegrini et al., 2019; Tähkämö et al., 2022). These three materials have GWPs of 1.93 to 1.98 

kg CO2 eq. per one kg of material (Alsabri et al., 2022; Bordón et al., 2022) as can be seen in Table 1. 

Just over a quarter of all single-use plastic medical devices are made from PVC (Bernard et al., 2014). 

The main environmental issues when discussing PVC is the use of plasticisers and the release of 

chlorides when incinerated (EU, 2000). The majority of PVC-based medical devices contain 

plasticised PVC with phthalates being the most commonly used plasticiser (Nagorka et al., 2022). 

Phthalates have been increasingly restricted due to concerns around leaching of plasticisers (Wei et 

al., 2019), risk of infertility and birth defects (Niermann et al., 2015), and being potentially 

carcinogenic (Caldwell, 2012). This has increased pressure on manufacturers to find material 

replacements with the same properties as PVC.  

Sustainable alternative materials to fossil fuel derived plastics are already in production. Some of 

these materials are sustainably sourced; e.g., renewably sourced feedstock, bio-based (made from 

biological matter), have low embodied energy, or made from recycled materials. Others are 

sustainable due to their end-of-life practices such as being recyclable, biodegradable, or 

compostable. Currently, landfill is the most popular method of waste disposal for plastics (including 

medical and non-medical) (Krook et al., 2012) but since most plastics take a long time to decompose, 

this leads to accumulation of plastic waste and environmental pollution (Visvanathan, 1996). Any 

potentially usable materials within a discarded product can no longer be introduced back into 

industrial processes negating any further attempts to conserve valuable material. Another popular 

form of waste disposal is incineration. The benefits of incineration include reduction of waste 

volume, energy recovery, and the destruction of any potentially harmful contaminants on the 

surface of the plastic (WIPH, 2000). However, incineration has been reported to negatively impact 

human health and the environment through the harmful pollutants emitted when heating certain 

types of plastics (Sharma et al., 2013). 

In order to reduce reliance on landfill and incineration, recycling has become increasingly popular. 

Many plastics can already be recycled but problems arise such as the logistics around the collection 
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of plastic waste, the identification and separation of different types of plastics, and issues of 

contamination. Repeat recycling can also affect the mechanical properties of the material raising 

concerns around performance (Mele et al., 2023).  

Some materials can be disposed of via use of biological processes (e.g., biodegradation and 

composting) where materials are broken down into environmentally acceptable products such as 

carbon dioxide, water, oxygen, or biomass through the use of biological species (Narancic & 

O’Connor, 2019). Composting requires specific environmental conditions in order to break down, 

whereas biodegradation will occur naturally. Blending of different biodegradable plastics can cause 

issues due to the difficulty of separating biodegradable from potentially recyclable polymers. It is 

also important to consider whether a biodegradable material will maintain its strength over its 

expected life span. 

Below is an exploration of sustainable alternatives to traditional polymers that are available on the 

market; some are already being used for medical applications whilst others are being trialled. Life 

cycle assessments have been conducted previously on each of these materials, the results of which 

will be included within the section for each material below. A summary of the key issues is shown in 

Table 1 and a visual colour-coded table of different properties of each material is summarised in 

Figure 1. 

Table 1: Summary of the key environmental issues, including sustainability data, availability, and 
mechanical issues of the four popular plastics used within medical devices (PP, LDPE, HDPE, PVC) and 
the sustainable material alternatives available on the market.   

Material Main issues GWP  
(kg CO2 eq./ 
per 1 kg) 

EoL waste management Availability Specific 
mechanical 
properties issues 

PP Fossil fuel depletion, 
Plastic pollution 

1.95 Recyclable High No major issues 

LDPE Fossil fuel depletion, 
Plastic pollution 

1.98 Recyclable High No major issues 

HDPE Fossil fuel depletion, 
Plastic pollution 

1.93 Recyclable High No major issues 

PVC Toxic waste fumes, 
additives 

2.51 Recyclable High No major issues 

PLA Cost, some poor 
mechanical properties 

0.6 Recyclable, compostable, 
and biodegradable 

Too high 
demand 
for supply 

Poor plasticity at 
low temps 
(~60°C), low 
toughness, low 
ductility 

PHA Cost, lack of production 
facilities 

-2.3 to -1.4 Recyclable, compostable, 
and biodegradable 

Poor No major issues 

Starch Poor mechanical 
properties, very 
sensitive to moisture 

1.9 Recyclable, compostable, 
and biodegradable 

High High water 
vapour 
permeability and 
high viscosity 

Chitin Cost, water insolubility, 
time consuming 
production 

7 Recyclable, compostable, 
and biodegradable 

High Insoluble in 
water, limited 
processing ability 

Cellulose Cost, Poor mechanical 
properties 

0.75 to 1 Recyclable, compostable, 
and biodegradable 

High Insoluble in 
water, limited 
processing ability 

Bio-PP Poor production 
capacity 

-0.3 Recyclable Very poor No major issues 

Bio-PE Poor production 
capacity 

1.6 to 2.1 Recyclable Too high 
demand 
for supply 

No major issues 
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PCL Cost 1.02 Compostable and 
biodegradable 

Poor Restricted use in 
high temps 

PBAT Cost, low thermo-
mechanical properties 

4.2 Recyclable, compostable, 
and biodegradable 

High Low thermo-
mechanical 
properties 

PBS High cost, low 
availability  

6.6 Compostable and 
biodegradable 

Poor Poor strength 
when blended 
with cheap 
materials 

PEF Poor production 
capacity 

1.17 Recyclable Very poor No major issues 

Recyclate Contamination, 
diminished mechanical 
properties, availability 

Depends  
(e.g., rPP 0.53, 
rPET 0.91, 
rHDPE 0.56) 

Recyclable  Too high 
demand 
for supply 

Unpredictable 
depending on 
source 

Fillers Poorer mechanical 
properties at higher 
filler percentages 

Depends (e.g., 
CaCO3 0.04, 
Jute 0.57, 
Kenaf 0.45) 

Recyclable High Unknown 
properties at 
high filler % 

 

 

Figure 1: Visual representation of properties found within sustainable materials available on the 
market. Colour scale use: Red – Poor, Yellow – Average, Green – Good.  

Polylactic Acid (PLA) 

Polylactic acid (PLA) is a biopolymer derived through the fermentation of renewable resources (e.g., 

corn and wheat) (Jamshidian et al., 2010) popular due to its recyclable, compostable, and 

biodegradable properties (Dubey et al., 2017) as well as its absorption of CO2 from the atmosphere 

during the growing phase of its renewable agricultural sources. Its mechanical and thermoformable 

properties are similar to typical synthetic polymers (Madival et al., 2009), but its higher cost means it 

is typically reserved for higher value films, containers, and paper coatings. Increased customer 

demand for PLA is projected to increase affordability. Its non-toxic nature also makes PLA a popular 

choice for biomedical devices such as implants (Carvalho et al., 2020), face masks (Soo et al., 2022), 
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ventilators (DeStefano et al., 2020), and respirators (Papavasiliou & Chatzimichail, 2021). Previous 

LCAs on PLA have found that it has lower fossil energy use and greenhouse gas emissions than 

petrochemically-based polymers but higher eutrophication and water acidification due to the 

growth and conversion of the biobased resources into plastic (Rezvani Ghomi et al., 2021). PLA has 

some undesirable mechanical properties such as plasticity at relatively low temperatures (~60°C), 

low toughness, and low ductility. The effect of these characteristics can be minimised e.g., through 

copolymerization, plasticization modification, the addition of reinforcing phases (Elsawy et al., 2017), 

or blending (Carvalho et al., 2020).  

Polyhydroxyalkanoates (PHA) 

Polyhydroxyalkanoate (PHA) is a natural polyester produced via bacterially fermented lipids and 

sugar. Its mechanical properties resemble traditional plastics (e.g., PP) and is recyclable, 

compostable, biodegradable, and non-toxic (Mukherjee & Koller, 2023). PHA is commonly blended 

with conventional plastics to make bottles, containers, packaging films, and medical applications 

(e.g., sutures, bone marrow scaffolds, and bone plates (Madison & Huisman, 1999)). PHAs are 

biocompatible making them a potential choice for use within the body (Kalia et al., 2023) but lack of 

production facilities, strict requirements for sterile fermentation conditions, and high production 

costs (Anjum et al., 2016) has limited large-scale commercialisation (Kovalcik et al., 2017). If a PHA 

strain that has a less strict fermentation process is ever developed, PHA could one day be produced 

affordably (Y. Wang et al., 2014). Previous LCAs on PHA are currently inconclusive due to the many 

ways PHA can be synthesised which affects its environmental impact (Narodoslawsky et al., 2015). 

Studies show that whether PHA is less environmentally impactful than petrochemical-based 

polymers depends heavily on the manufacturing methods used (Asunis et al., 2021; Koch et al., 

2023; Saavedra del Oso et al., 2023). 

Polycaprolactone (PCL) 

Polycaprolactone (PCL) is a fossil fuel based aliphatic polyester currently used for biodegradable 

packaging (Bartnikowski et al., 2019), biomedical implants, and prolonged drug release carriers 

(Sisson et al., 2013) due to its biocompatibility and high degradation rate (Manivasagam et al., 2019; 

Narayanan et al., 2016). PCL has a low melting point providing low viscosity and ease when 

processing (Al Hosni, 2019) but restricts use in elevated temperatures (McKeen, 2012). PCL is 

unlikely to be used as a replacement for traditional plastics due to its extremely high cost but has 

been prototyped for face masks (Ferreira et al., 2022) and radiotherapy masks (Aoyama et al., 2021). 

Very few environmental studies have been conducted on PCL but current research shows that the 

environmental impacts vary greatly depending on the method of synthesis used and so overall 

conclusions on impact cannot yet be made (Ang et al., 2021). 

Polybutylene adipate terephthalate (PBAT) 

PBAT is a fossil-fuel derived biodegradable biopolymer with desirable mechanical properties similar 

to those of LDPE and particularly high elongation at break (over 600%) (Bordes et al., 2009; 

Nagarajan et al., 2013). Despite the attractiveness of this biodegradable polymer, high cost and low 

thermo-mechanical properties limits its use on a large scale. As combinations of polymer blends are 

further explored to improve mechanical properties and reduce cost, PBAT may become increasingly 

available (Ferreira et al., 2019). A further life cycle assessment of unblended PBAT has not yet to be 

conducted but previous studies have shown that the global warming potential of PBAT is much 

higher than other polymers (Choi et al., 2018). Within the medical sector, PBAT is primarily used for 

tissue engineering (Fukushima et al., 2012) and medical packaging (Kantor-Malujdy et al., 2022). 

PBAT has been studied as a potential material for medical devices due to its biodegradability but so 
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far has faced issues such as being unsuitable for certain types of sterilisation (Zhao et al., 2019) and 

unsatisfactory mechanical properties (Pinheiro et al., 2017).  

Chitin 

Chitin is the second most abundantly found naturally occurring bio-based polymer sourced from the 

exoskeleton of invertebrates, yeast, and fungi cell walls. Chitin is biocompatible, biodegradable, 

nontoxic, non-polluting, and has strong mechanical properties making it a popular choice for 

biomedical applications such as for artificial skin, bones, and drug carriers (Ravi-Kumar, 2000). 

Practical applications of chitin are extremely limited due to its water insolubility which also limits its 

reactivity and processability (Agarwal, 2020). Further research is required to improve the chitin’s 

ability to block moisture and find ways to produce it economically at scale. There is no indication of 

long-term accumulation of chitin in nature meaning the process of isolating chitin from the 

exoskeletons is hands-on, time-consuming (Elieh-Ali-Komi & Hamblin, 2016), and expensive (Rao et 

al., 2014). LCAs have shown that the location of chitin production is an important factor on its overall 

environmental impact. Due to the need to harvest large quantities of exoskeletons, typically from 

aquatic animals, water requirements are high and result in greenhouse gas and ammonia emissions 

from the need for fertiliser (Muñoz et al., 2017).  

Starch 

Starch accounts for around 20% of global bioplastic production (European Bioplastics, 2020). Starch 

is a natural polymer with a low carbon footprint derived from renewable polysaccharide-based 

sources such as corn, wheat, and rice. It is favoured for its biodegradability, biocompatibility, and 

non-toxicity (Marques et al., 2002). Starch is low cost but has high water vapour permeability (Ribba 

et al., 2017) and high viscosity (T. Jiang et al., 2020) resulting in poor flow properties (Xie et al., 

2009). Plastics made from starch have been shown to reduce greenhouse gas emissions and energy 

usage but increase eutrophication and land usage compared to traditional plastics (Broeren et al., 

2017). Starch is favoured for applications such as drug carriers but displays lower tensile strength 

under higher moisture conditions. Furthermore, pure starch is known to be brittle (Ghanbarzadeh et 

al., 2011). Creating starch-based composites or adding plasticisers can decrease the moisture 

sensitivity and increase the ease of thermal processing (Jiang et al., 2020). These blends can be used 

in applications such as compostable bags, food containers, packaging, films, and foams, (Jiang et al., 

2020). Early-stage research is being conducted on starch as a potential wound dressing (Poehnert et 

al., 2015) and for tissue engineering (Beilvert et al., 2014) but nothing yet for medical devices.   

Cellulose 

Cellulose is the most abundant natural-polymer and is extracted from renewable sources such as 

cotton, bamboo, wheat, and bagasse. It is biocompatible, biodegradable, chemically stable, light 

weight, and exhibits superior flexural and tensile properties as well (Kumari et al., 2007). Cellulose, 

however, is insoluble due to its crystallinity and thus unable to be processed in traditional 

machinery. To allow cellulose to become processable it can be reacted to produce esters or ethers 

which are then modified with plasticisers. Processable cellulose can be used as films or fibres 

(Gilbert, 2017) but due to the added expense, is rarely used for commercial applications (Averous & 

Pollet, 2014). Cellulose has been shown to have a lower global warming potential and fossil fuel use 

to petrochemical plastics but the processing method used can greatly affect water and energy 

requirements (Foroughi et al., 2021). Like starch, Cellulose has promising use within tissue 

engineering and as a wound dressing (Petersen & Gatenholm, 2011) but most likely not within 

medical devices due to its lack of processability (Chandel et al., 2023).  
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Bio based bioplastic: Bio-Polyethylene 

Bio-Polyethylene (Bio-PE) has chemical, physical, and mechanical properties identical to its 

petrochemical counterpart but its monomer, ethylene, is derived from glucose obtained from 

biological feedstocks (e.g., sugar beet, sugarcane, maize, and wheat) which is fermented and distilled 

to form bioethanol then dehydrated to ethylene and polymerised to bio-polyethylene (Kang & Lee, 

2015). The degree of branching of the resulting Bio-PE can be controlled during polymerisation to 

create bio-HDPE and bio-LDPE. Bio-PE can be used in the same processing equipment and in the 

same applications as traditional PE such as for films (bags, pouches, packaging), blow moulded and 

injection moulded parts (e.g., containers), tubing, and any medical devices that currently use PE. 

Originally Bio-PE was considered too expensive for industrial use but starting from 2008 the price of 

sugar derived ethanol became competitive with the price of crude oil (Gotro, 2014). As demand for 

bio-based plastics grows, increase in production volume capacity can be expected as acquiring the 

material is currently a major struggle. It is hoped that a bio-based alternative to polypropylene may 

also one day become viable but, as of yet, the commercial production of Bio-PP has accrued limited 

results (Siracusa & Blanco, 2020). No peer-reviewed LCAs have been conducted on Bio-PE due to its 

lack of availability. However, the Bio-PE manufacturer ‘Braskem’ released an LCA which found that 

all impact categories except global warming potential and ecotoxicity potential increase when using 

bio-PE compared to petrochemical-based polyethylene (Braskem, 2016).  

Biodegradable polyester (PBS) 

Poly (butylene succinate) (PBS) is a fossil fuel derived polyester with mechanical properties 

comparable to PP and PE (Abdelghafour et al., 2021). PBS displays many favourable properties such 

as melt processability, thermal and chemical resistance, flexibility, gas barrier properties, and 

biodegradability (Al Hosni, 2019). PBS is also biocompatible and non-toxic making it a potential 

alternative material for use within biomedical applications (Mtibe et al., 2023). PBS is used in many 

applications such as films, containers, injection moulded items, and disposable medical devices 

(Rafiqah et al., 2021). One of PBS’ constituents, succinic acid, is produced through electrolysis (Luyt 

& Malik, 2018) but recently can be synthesised via the fermentation of sugars. The main downsides 

of PBS are its cost and limited availability resulting in it rarely being used commercially (Rafiqah et 

al., 2021). The greenhouse gas emissions of PBS have been shown to be very high compared to 

traditional polymers (Rajendran & Han, 2023) but is overall environmentally non-toxic (Rafiqah et al., 

2021). PBS can be blended with cheap material bases to lower cost but issues can occur within the 

bonding between the fillers and the PBS matrix (Mochane et al., 2021).  

Polyethylene Furanoate (PEF) 

Polyethylene Furanoate (PEF) is a thermoplastic polyester chemically analogous of polyethylene 

terephthalate (PET) and has high strength, high toughness, good heat resistance, and desirable gas 

barrier properties. It also has attractive thermal properties due to its lower melting point and higher 

glass transition temperature than PET (Polymerdatabase, 2018). It is non-toxic, easily recycled 

(Werpy et al., 2001), and has promising applications as a replacement for traditional PET packaging 

such as bottles, films, and trays (CROW, 2018). Once commercial production is established and is 

cost effective, PEF will become a very promising polymer. Currently no studies explore PEF as a 

potential material for medical devices mainly due to its lack of production and availability on the 

market.  

Recyclates 

Recycled polymers (recyclates) can be mixed with virgin material to reduce virgin resource usage, 

lower greenhouse gas emissions, and extend the life cycle of used products (Asdrubali et al., 2012). 

The maximum percentage of recycled material that can be present before performance and 
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appearance is compromised varies between materials (e.g., in rHDPE <45%) (BPF, 2020). In general, 

polymers can be recycled around three times before the quality (e.g.,  appearance, flexibility, and 

strength) becomes too poor (Baffour-Awuah et al., 2020). Sorting and collecting recyclable materials 

is also an issue, for example, PET and HDPE are regularly collected whereas PP and PE are less so. PP 

is often recycled into non-food-packaging applications, such as crates and bins, or ends up in landfills 

or incinerators. This is due to a number of factors such as not being cost effective compared to virgin 

material, a lack of processing plants, and difficulty separating food-grade PP from non-food-grade PP 

(i.e., contamination) (Kosior, 2020). Few medical devices consist of recycled plastic due to issues of 

contamination (Undas et al., 2023) from previous uses disallowing recycled plastics of medical 

grades and the risk to patient of potential diminished mechanical properties (Rosli & Ahmad, 2021).  

Fillers 

Polymers can be mixed with sustainable fillers (e.g., Calcium carbonate, Mica, and Talc) to create 

blends with lower fossil fuel content, lower carbon footprint, and lower cost (Chang et al., 2021). 

Polymers blended with fillers typically have inferior mechanical and thermal properties compared to 

the original polymer (De Luca Bossa et al., 2020) but the extent to which the properties differ is yet 

to be fully explored. Filled polymer blends are not yet common within the medical device 

manufacturing industry but has shown promise in non-healthcare sectors (Myllytie et al., 2016; 

Mohanty et al., 2018).  

2.4. Medical device material standards  
The materials that respiratory and airway medical devices consist of has changed significantly over 

time. Very early-day devices were quite rudimentary in design and materials used. Some examples 

include the first anaesthetic mask (the Schimmelbusch mask) which was made of a metal wire frame 

covered in gauze fabric (Ball, 1995), oxygen masks which utilised rubber for an air-tight fit to the 

patient face (Leigh, 1974), and glass IV bottles (Czuba, 2014). These types of materials were used 

until the 1970s, however, the widespread development of plastics in the mid-20th century 

revolutionised the design of medical devices (Czuba, 2014). Plastics were shown to have very 

desirable mechanical properties competitive to those of metal, glass, and rubber whilst being cheap 

to produce (Andrady & Neal, 2009). Metal frames covered in fabric were replaced with polyolefins 

and PVC was used to replace rubber and glass IV bottles (Czuba, 2014).   

When medical devices are approved for sale, legal regulations place emphasis on the device meeting 

operational standards (e.g., being non-toxic and biocompatible in order to be classed as medical 

grade as dictated by ISO 10993 standards (ISO, 2018)) instead of focusing on the specific materials 

being used. Therefore, if sustainable materials can be shown to meet these operational standards, 

there is the possibility that alternatives could be used in place of traditional plastics.   

For some medical applications, less environmentally harmful materials are already being used. For 

example, biodegradable materials such as PLA, chitosan, and PCL can be used in implantable 

monitoring devices (Hosseini et al., 2021) and PHA and PBS in tissue engineering (Narancic et al., 

2020). However, when it comes to external devices (e.g., masks and tubing), bioplastics are a lot less 

common place due to numerous concerns such as low mechanical strength, high water permeability, 

low thermal stability, and high brittleness (Kong et al., 2023). Some sustainable materials may be 

more challenging than others to become acceptable for use within medical devices. For example, 

biodegradable polymers tend to have lower lifetime durability (Moshood et al., 2022), be negatively 

affected by sterilisation (Zhao et al., 2019), and require segregation from non-biodegradable waste 

(Song et al., 2009). 
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With the need for sustainability within healthcare becoming more urgent, a growing acceptance of 

sustainable material alternatives to petrochemical based plastics can be expected. More studies 

being released exploring the mechanical properties of environmentally friendly materials will help 

drive the utilisation of appropriate replacements within medical devices. This will help ensure there 

is a balance between the mechanical and environmental demands of the medical industry.   

2.5. Regulations and Policies  
This section discusses the legal regulations at play when designing medical devices. An overview of 

environmental considerations are detailed followed by the legal requirements during design of 

medical devices which may affect how sustainable design can be implemented. The specific 

regulations required within the United Kingdom are also provided.   

2.5.1. Overview of Environmental Regulations  
An increasing number of businesses attempt to exaggerate the environmental benefits of their 

product or services in order to increase sales in what has been termed ‘Greenwashing’ (Marciniak, 

2009). This illustrates the importance of guidance, regular data measurement, and imposed 

regulations when declaring if something is sustainable (Delmas & Burbano, 2011). Most international 

environmental regulations have been formed over the last 120 years with very few existing before 

the 20th century (Environmental Law, 1981). The first substantial law protecting the environment 

was the 1969 National Environmental Policy Act which spurred the formation of the Environmental 

Protection Agency (EPA) in 1970. In 1995, the UK established the Environment Agency (EA). Arguably 

the largest international organisation is the United Nations (UN). There are 193-member states 

which meet every 2 to 3 years at ‘Conference of the Parties’ (COPs). Some of the biggest and most 

recognisable international laws have been passed via action by the United Nations. For example, the 

Kyoto Protocol was signed in 1997 which required participating countries to limit their emission of 

greenhouse gases to agreed targets. This was originally aimed at developed nations but was 

extended to developing nations via the Paris agreement in 2015. In September 2015, The UN 

released a list of 17 Sustainable Development Goals (SDGs) which specify the actions countries 

should take to encourage sustainable development by 2030 (Güney, 2019).  

Another major player in the global regulation of environmental protection is the European Union 

(EU). The EU regularly releases and amends environmental policies and legislation such as the 2003 

Directive on the Restriction of use of certain Hazardous Substances (RoHS) and The Waste 

Framework Directive which ensures waste is disposed of safely. 

Outside of these International organisations, each country may have their own environmental laws. 

Below is an example of laws currently in effect within the United Kingdom: 

Regulation Date Description 

Control of Pollution Act 1974 Covers issues such as Air, Noise, Water, and Land pollution/waste. 

Energy Act 1976 
 

Requires energy providers to meet set energy efficiency requirements including 
reducing CO2 emissions. 

Environmental Protection Act 1990 
 

large legislation (164 sections) covering topics including: Pollution Control, Land 
waste, Statutory Nuisances, and Clean Air control. 

Environment Act 1995 Air quality, water quality, contaminated Land, and waste. 

WEEE Directive 2007 Decrease production of electrical waste and encourages reusing, recycling, and 
recovering. 

Climate Change Act 2008 
 

A long-term framework aiming to bring down UK’s carbon emissions to net zero 
by 2050.  

Environmental Permitting 
Regulations 

2010 
 

Regulate storage, transport, and disposal, and treatment of hazardous waste. 

The Environment Act 2021 The United Kingdom’s framework for environmental protection and 
environmental targets after leaving the EU. 
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2.5.2. Medical Devices Regulations  
One of the main reasons for an absence of sustainably designed medical devices is a lack of 

knowledge around lower environmentally impactful design options due to insufficient previous 

research as well as inadequate pressure from regulatory agencies to require manufacturers to 

reduce the environmental impact of their medical devices (Kumar, 2021). The slow adaptation of 

sustainable manufacturing practices by the medical industry is also in part due to the highly 

regulated nature of medical devices and concerns of safety. In order to minimise risk of 

contamination and potential harm to patients, current governmental guidelines tend to encourage 

the use of single-use medical devices and incineration end-of-life despite environmental concerns 

around accumulating waste and environmental impact of incinerators compared to recycling or 

reuse (Kumar, 2021).  

Within Europe, the main governmental body enforcing the legal regulations of medical products is 

the European Commission (EC). The EC introduces regulations in the form of European Directives. 

Most respiratory and airway masks are regulated under specific EU directives namely the Medical 

Devices Directive (MDD) 93/42/EEC. In 2021, this directive was updated by the EU Medical Devices 

Regulation (MDR) 2017/745. Some masks are considered PPE and therefore also come under the EU 

Regulation 2016/425 (PPER). During the product design phase, The Eco-design Directive 

2009/125/EC may also be consulted as to optimise the energy requirements of the device (Svensson, 

2017).  

Some more generalised regulations are the International Organization for Standardization (ISO) 

standards. The most common standards for medical devices are ISO 10993, 14971, and 62304. When 

designing medical devices, focus is placed on the safety of the device for its intended purpose 

instead of focusing on specific design or material choices. ISO 10993 is used to evaluate the 

biocompatibility of the devices in order to minimise risk to biological organisms (ISO, 2018). ISO 

14971 is a standard for risk management during the use of the medical devices in the context of the 

specific medical procedure it is intended for (ISO, 2019c). Finally, ISO 62304 is used to regulate the 

software used to produce medical devices or embedded within them (IEC, 2015). The UK’s 

Department of Health and Social Care (DHSC) also provides the ISO standard EN ISO 13485:2016 as a 

quality management standard for medical devices but does not require environmental consideration 

during the medical device design phase (Kumar, 2021). The ISO 14000 series may be applicable for 

the management of environmental design and monitoring but is not strictly required, only advised.  

Devices may also be required to adhere to specific requirements set by individual countries. For 

example, respirators within the United States are required to be evaluated by the US quality 

standards and approved by National Institute for Occupational Safety and Health (NIOSH) Federal 

agency. Devices within the EU which fall under the guidance of the MDD and MDR must perform to 

certain safety and performance standards and appropriately CE-marked to demonstrate conformity 

with EU health, safety, and environmental protection standards along with a declaration of 

conformity provided by the manufacturer (French-Mowat, 2012). 

UK Medical device Regulations 

Within the UK, the Health and Safety Executive (HSE) governmental agency enforces the UK Medical 

Device Regulations 2002 as its primary medical device regulations and to transpose the EU MDD and 

MDR. The UK develops its regulations according to the 2021 Medicines and Medical Devices Act 

(Kumar, 2021). The approval of medical devices onto the UK market is overseen by the Medicines 

and Healthcare products Regulatory Agency (MHRA) which is an executive agency of the DHSC 
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(Moultrie et al., 2015). The DHSC also issues the Health Technical Memoranda (HTM) which covers 

safety, device reprocessing, and safe management within the healthcare sector. The Environment 

Agency (EA) is the main regulatory entity overseeing environmental and waste regulations within 

England. The key concepts covered within the regulations for clinical waste are the segregation of 

waste depending on defined classifications, correct storage and disposal routes, and ensuring 

thorough documentation of transferring waste between organisations.  

2.5.3. UK National Health Service  
Healthcare within the United Kingdom is provided by the UK National Health Service (NHS). The main 

supplier of products and logistical services to the NHS is the NHS Supply Chain. It is currently 

estimated that the NHS has a yearly CO2 footprint of 21 million Tonnes CO2e (Pinzone et al., 2015) 

and accounts for 4% of the UK’s total carbon footprint (Wilkinson, 2021). In 2020, the NHS set a 

target of becoming carbon net zero by 2040, the first healthcare service in the world to do so.  

In 2008, the NHS formed the Sustainable Development Unit (SDU) which is responsible for the 

implementation of sustainable initiatives (Pencheon, 2015). A primary goal of the SDU is to increase 

monitoring of environmental impact and encourage engagement and collaboration from NHS trusts. 

In 2009, they released their first report on Greenhouse gas emissions across the NHS. It was found 

that 72% of the NHS' carbon footprint originates from procurement, 15% from building energy, and 

13% from travelling (NHS, 2020). As of 2019, NHS carbon emissions have reduced by 26% since 1990 

(Tennison et al., 2021).  

Waste prevention is a priority for many major environmental policies and governmental schemes, 

especially within the EU; as demonstrated by the Waste framework Directive. This directive provides 

clear guidance requiring EU countries to carefully record, evaluate, and reduce the waste they are 

producing (Zorpas & Lasaridi, 2013). Preventing waste is also the most ideal first step in reducing 

environmental impact according to the waste hierarchy model (Gharfalkar et al., 2015). Great efforts 

have already been made by the NHS over the last one to two decades addressing a variety of 

environmental issues throughout the life cycle of medical devices and services. Despite this progress, 

specific guidelines on sustainable development are still unclear and further studies are required to 

identify where the best changes can be made (Pencheon, 2015). Sustainability initiatives are 

becoming increasingly popular within UK hospitals with attention being directed on the end-of-life 

treatment of medical devices with a large focus on prevention of waste as this is the area hospitals 

have most control over.  

2.6. Medical Waste management 
Waste is often a mix of different types of materials which must be separated and sorted to decipher 

what materials are present before processing. A large proportion of waste leaving a medical facility 

is classified as ‘regulated medical waste (RMW)’ (also called clinical waste) due to its potential 

exposure to harmful or infectious substances and ability to transmit infection (Kandasamy et al., 

2022). The treatment of medical waste differs from waste originating from other businesses and 

residences (which is often referred to as municipal waste) due to the risks involved with 

contamination and spreading of disease.  

The UK Department of Health and Social care released an updated version of the HTM 07-01 in 2011 

called ‘Safe Management of Healthcare Waste Version 2.0’. These documents define different 

classifications of clinical waste and how they should be stored, packaged, and transported for 

disposal. A colour coding system is provided for NHS hospitals to follow to ensure certain types of 

waste are put in specifically coloured waste containers. Clinical Waste destined for incineration or 

landfilling will be sealed within their bags and containers with ties or clips and labelled. This waste 
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will be kept in their bag/box until it is disposed of and will not be reopened at any point. It is 

therefore key that the healthcare workers correctly place the waste in the correct container before it 

is sealed in order to ensure it will be disposed of in the correct manner.  

The European Waste Catalogue (EWC) provides definitions for different types of waste and assigns 

each a colour for disposal; shown in Figure 2. Hospital waste is primarily split into hazardous and 

non-hazardous waste. The non-hazardous waste includes domestic (black bins), recycling (clear 

bins), and non-hazardous offensive waste (i.e., displeasing substances such as body fluids, 

excretions, human hygiene waste, uncontaminated dressings etc. which are placed in yellow and 

black striped tiger bags). 

The hazardous waste regulations 2005 defines hazardous waste as waste that is dangerous to either 

humans or the environment (GOV.UK, 2005). Hazardous waste will enter either the yellow or orange 

waste stream. The yellow waste stream is for infectious waste which is also anatomical waste, 

samples contaminated by chemicals or medical substances, or category A pathogens, whereas 

orange is infectious waste that does not fall under any of these categories e.g., used PPE. Sharp 

objects (e.g., needles, blades, and broken glass) are also classed under hazardous waste and placed 

in yellow or orange rigid containers depending on whether the waste is infectious or not (Manager, 

2016).  

Colour of waste bag Waste type Disposal 

 Yellow Hazardous and 
contaminated infectious 

waste 

Incinerated 

 Orange Potentially infectious 
waste 

Rendered safe through 
alternative treatment or 

incinerated 

     Black and 
Yellow stripes 

Offensive and hygiene 
waste 

Landfill 

 Purple Cytotoxic waste Incinerated 

 Black Domestic Landfill 

 Clear Recycling Recycled 

Figure 2: Colour codes for waste segregation within the United Kingdom’s National health service 
(HTM, 2022). 

Across Europe, incineration is currently the primary method of clinical waste disposal (Kumar, 2021) 

despite this being the most expensive and least environmentally friendly waste stream (Windfeld & 

Brooks, 2015). Around 15% of waste generated by hospitals meets the criteria of being hazardous; 

the remaining 85% being non-hazardous with a likeness akin to domestic waste (WHO, 2017). The 

issue lies where non-hazardous waste is incorrectly placed in waste streams designed for hazardous 

waste and is therefore incinerated needlessly (Harding et al., 2021). Regulatory guidelines state that 
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once waste enters the hazardous waste stream it is classified and treated as hazardous (HTM, 2022). 

A study from six operating suites in Australia discovered 60% of the general waste was actually 

recyclable (McGain et al., 2009). Less than 10% of the waste generated by the UK NHS is currently 

recycled (Hutchins & White, 2009). 

Lee et al. found correct identification of contaminated devices to be the greatest obstacle to 

establishing recycling within hospitals (B.K. Lee et al., 2002). (Leissner & Ryan-Fogarty, 2019) 

identified that poorly labelling of materials made recycling difficult and suggested a clear material 

labelling system to be developed. (Anåker et al., 2015) and (Shivalli & Sanklapur, 2014) discovered 

nurses are aware of the need for sustainability but face many challenges such as lack of clear 

instructions, training, and feedback (Vogt & Nunes, 2014; Sürme & Maraş, 2022). Similarly, (McGain, 

White, et al., 2012b) found anaesthesiologists supported recycling within operating rooms but felt 

there were inadequate facilities and guiding information to do so.  

Some studies identified knowledge around the correct disposal of waste by healthcare workers to be 

poor (Oroei et al., 2014; Mugabi et al., 2019). Easy access to the correct waste stream bin required 

was crucial for effective waste segregation (Sahiledengle, 2019; Cowie et al., 2020) but when these 

bins were accessible by the general public, incorrect segregation commonly occurred (Shivalli & 

Sanklapur, 2014). Regardless if devices are made recyclable, biodegradable, or compostable, if they 

are being incorrectly placed into waste streams destined for incinerated, then they will be 

incinerated. 

2.6.1. Disposal - Landfill and incineration 
The most environmentally impactful end-of-life option is disposal where waste is discarded with no 

intention of recovering any materials or energy (Kumar et al., 2022). The NHS currently creates over 

538,600 tonnes of waste each year across the UK (Rizan, Bhutta, et al., 2021). As of March 2023, 

156,000 tonnes of this waste is classified as clinical waste and disposed of via high temperature 

incineration or for alternative treatment (where waste is disinfected prior to disposal often via 

landfill) (NHS, 2023). Using landfills for waste disposal is known to have a variety of negative 

environmental impacts such as contamination of nearby water or soil (Kiddee et al., 2020), attraction 

of disease vectors increasing risk of illness to nearby organisms, and generation of methane 

emissions due to the decomposition of organic waste (Warith, 2003). 

In terms of greenhouse gas emissions, high heat incineration (required for hazardous and 

contaminated medical waste) produces 1074 kg CO2e per tonne of waste compared to only 172 to 

249 kg CO2e/t for low heat incineration and 21 to 65 kg CO2e/t for recycling. These figures were 

determined by measuring the energy required and emissions given off by a waste disposal facility for 

waste generated within a south England NHS hospital (Rizan, Bhutta, et al., 2021). The GHG 

emissions for high heat incineration were determined for treatment of one tonne of hazardous 

medical waste, the low heat incineration for one tonne of offensive waste, and the recycling for one 

tonne of recyclable domestic waste; all of which were taken directly from the hospital. 

A key method to reducing the impact of disposal is by aiming to avoid it completely. By following the 

waste hierarchy, products should be designed for re-use, recycling, or recovery before being 

disposed (Vergara & Tchobanoglous, 2012).  

One way to reduce waste intended for landfill is via incineration with energy recovery. This is where 

waste is burned to produce heat in order to generate electricity within industrial incineration plants 

called waste-to-energy facilities. Not only is heat produced but also ash and flue gas. Ash is a type of 

residue and is mainly composed of the inorganic parts of the waste left over after incineration (Knox, 
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2005). The Flue gas carries the gaseous by-products such as CO2, SO2, NOx, CO, Particulate matter, 

dioxins, and furans (Vergara & Tchobanoglous, 2012). Despite incineration being advantageous by 

reducing landfill and producing electricity, the air pollutants emitted can cause a variety of 

environmental issues. It releases chemicals, heavy metals, and greenhouse gases into the 

atmosphere resulting in air pollution, global warming, and contributing to acid rain (Sharma et al., 

2013). Another environmental concern is that incinerators take waste that could have potentially 

been reused or recycled which wastes resources (Rajadesingu et al., 2021). 

2.6.2. Recycling 
Recycling allows waste to be diverted from incineration or landfill and provides a reduction in virgin 

materials where recycled materials can be used in its place (Woolridge et al., 2006). Recycling is 

regularly found to be more environmentally friendly than landfill and incineration (Björklund & 

Finnveden, 2005; Morris, 2004; Hou et al., 2018; Rizan, Bhutta, et al., 2021). The NHS currently 

generates 133,000 tonnes of plastic waste each year with only 5% of this being recycled (Trimedika, 

2023). There are different methods of recycling such as: chemical recycling (degraded into chemical 

components), mechanical and thermal recycling (waste is melted to produce typically lower quality 

products), closed-loop recycling (recycled multiple times without reducing material quality), and 

open-loop recycling (transformed into often lower-grade products). Previous research has found the 

greatest barriers to recycling within hospitals are lack of information about what is recyclable (Azouz 

et al., 2019) and incorrect placement of non-hazardous potentially recyclable waste within the waste 

stream for hazardous waste (Wyssusek et al., 2016). 

2.6.3. Reuse 
Reusing a product helps keep materials and energy circulating within a life cycle for longer, reducing 

the need for new products which saves time, resources, and money. Within hospitals, reusing is 

much more challenging due to regulations around decontamination and risk of harm to patients 

(Spencer et al., 2001). There is an on-going debate comparing single-use to reusable medical devices. 

Single-use devices (SUDs) have become popular (even encouraged by legal regulations) to reduce 

healthcare-associated infections (HAIs) despite the lack of studies comparing infection rates of 

single-use versus reusable devices (Macneill et al., 2020). In terms of financial requirements, studies 

(using methodologies such as life cycle costing) have found reusable medical devices to have an 

overall lower cost than single-use (Apelgren et al., 1994; McGain et al., 2010; McGain et al., 2017; 

Sherman et al., 2018). Only one was found to show single-use to be cheaper (Voigt et al., 2021).  

SUDs provide an attractive option for easy-to-dispose devices as well as minimal risk for cross-

contamination and are manufactured from cheap materials. Reprocessing devices after use in order 

to be reintroduced into a circular style economy has been shown to reduce waste volume and cost 

associated with disposing of waste identified as contaminated within hospitals (Kandasamy et al., 

2022). However, issues arise when looking at the feasibility of sterilisation after use and the cost and 

environmental impact associated with it.  

The first concern when designing a device to be reusable is ensuring the properties of the material 

do not deteriorate during sterilisation in order to meet the standards required to be reused. 

Polymers such as polypropylene and polyethylene have been shown to be unaffected by lower-level 

cleaning methods such as hydrogen peroxide disinfection (Laurence et al., 1995) or via use of a 

washer-disinfector (Bryce et al., 2011). High-level sterilisation, that is required before a device can 

be reused, has been shown to degrade certain types of plastics such as PP and PE (Rogers, 2012b).  

Reusable medical devices already on the market typically require the use of more environmentally 

impactful materials in order to withstand the harsh conditions of sterilisation such as various 
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elastomers e.g., polychloroprene and polyisoprene (Rogers, 2012b). Furthermore, the sterilisation 

process requires extensive energy and chemicals (McGain et al., 2017) as well as requiring PPE for 

the sterilisation workers (I’ons, 2020) and single-use decontamination tray liners (Kumar, 2021); the 

full environmental effects of which are yet to be investigated.  

Legislation does not allow hospitals without certified decontamination services to decontaminate 

medical devices. Hospital culture is built around single-use disposal with potential cross-

contamination one of the biggest concerns (Kumar, 2021). (Cole et al., 2018) and (Ordway et al., 

2020) conducted focus groups to explore the opportunities for reuse of medical devices (hearing 

aids and durable medical equipment respectively). Both studies found that there was potential for 

greater reuse but that more understanding around the logistics and quality control of returned 

devices as well as the need for better communication of information between the healthcare 

providers and the patients was needed. It was found that the provider of the device has the greatest 

influence over the rules regarding end-of-life treatment (Cole et al., 2018). An alternative solution to 

avoid single-use plastics while also removing contamination is via the use of sterilisation. The 

following section describes the various sterilisation methods that can be used on medical devices.  

2.6.4. Types of sterilisation 
To ensure a reusable or recyclable device is safe, it can be sterilised. Sterilisation is the process of 

making something free from microorganisms and bacteria. The most popular methods of 

sterilisation are: 

FDA approved methods 

Ethylene Oxide (EtO) - EtO gas denatures the protein inside cells resulting in the cell’s death. This 

process does not cause discoloration and embrittlement of the material but causes a lot of stress 

and reduction in seal integrity (Boyd, 2002).  

Ionising Radiation (gamma and electron beam) – Ionising radiation sterilisation is quick and effective 

and works by destroying a microorganism’s DNA to reduce multiplication. Gamma radiation can be 

known to discolour or embrittle some polymers, so it is important to assess the effect of radiation on 

the specific material (Albano et al., 2010). 

Heat sterilisation (e.g., high pressure steam, autoclave, microwave, and dry heat from an oven) – 

High heat causes cell proteins to coagulate resulting in the death of the cell. High pressure steam is 

effective, the required equipment is widely available, and no hazardous by-products are produced. 

Using a porous material that vapor can penetrate is required. A disadvantage with heat sterilisation 

is that plastics such as PS, PE, and PVC can become deformed from the high temperature so more 

heat resistant materials are required (Coleman et al., 2018). Most medical devices can undergo heat 

sterilisation with steam being a popular choice (CDC, 2008). If the materials are moisture sensitive, 

autoclaves and ovens can be used instead. Microwaves are currently only used on a small scale due 

to a lack of research and greater inconvenience compared to other methods (Gartshore et al., 2021). 

Not FDA approved methods 

Infrared, ultraviolet, and ozone – Some other options for sterilisation that are less common include 

infrared radiation (IR), ultraviolet (UV) radiation, and ozone. IR and UV are both non-ionising 

radiation with IR having wavelengths between 780 nm and 1 mm (Tsai et al., 2017) and UV (the 

wavelengths specifically used for sterilisation) from 200nm to 280nm (Yin et al., 2013). IR sterilises 

by creating heat when absorbed resulting in the destruction of the microorganism’s cells (Mata-

Portuguez et al., 2002). UV sterilises by being absorbed by a cell’s nucleic acids causing defects in the 
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replication of the cell which deactivates the microorganisms (Yin et al., 2013). Both IR and UV, 

however, can only be used for surface sterilisation. IR radiation has not been FDA approved for use 

in hospitals (CDC, 2008) and UV radiation is only in its early stages of testing (Ramos et al., 2020). 

Ozone sterilisation works by energising oxygen molecules which then oxidise surrounding 

microorganism. This method is highly unstable and still being tested for its use on a wider scale (CDC, 

2008). 

Sterilisation of single-use medical devices 

Single-use devices that are destined for incineration due to contamination could potentially be 

sterilised to allow it to be disposed of via alternative methods. Some countries are already 

employing this technique (Goldberg et al., 1996; Carter, 2006; Collier, 2011a; Collier, 2011b) but 

more research is required into sterilisation and subsequent disposal of originally single-use devices 

before it will be allowed within the UK due to strict governmental legislation (Oturu et al., 2022). 

2.6.5. Biodegradation and Composting 
Biodegradable and compostable medical devices are scarce within literature. Studies addressing 

biodegradability are mainly focusing on discarded drugs within hospital wastewater (Kümmerer et 

al., 1997; Kajitvichyanukul & Suntronvipart, 2006; Álvarez-Torrellas et al., 2017) or implantable 

devices which are intended for long term use within the patient’s body (Migneco et al., 2009; Zhang 

et al., 2014; Bao et al., 2022) etc.) 

Biodegradable or compostable single-use medical devices are generally not considered due to a 

variety of reasons. The first is a concern for safety and durability of devices made from 

biodegradable or compostable materials as these materials tend to have short lifespans (Yaradoddi 

et al., 2019) or low performing mechanical properties (Babaahmadi et al., 2021). There is also an 

issue of devices which degrade and negatively interact with the patient’s body (Liu et al., 2017). 

Outside of hospital cafeterias (Galvan et al., 2018; Plevris et al., 2021; Thiel et al., 2021), waste 

facilities to allow the disposal of biodegradable or compostable medical devices are rarely available. 

Furthermore, devices which come in contact with infectious material will be discarded in the 

infectious waste stream negating any benefits of being able to biodegrade or compose. The 

breakdown of these devices alongside non-degradable waste would need to be further studied as 

this may cause a cross contamination and segregation issue for the waste management team. 

Biodegradable or compostable materials may also not have the required mechanical properties to 

undergo sterilisation (Zhao et al., 2019) causing concerns of safety for the patients and raising the 

risk of HAIs.  
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2.7. Need for research 
The widespread repercussions from the COVID-19 pandemic has shown that current practices within 

healthcare are unsustainable. When faced with high levels of stress, the medical industry simply 

cannot keep up. From depleting resources to an increasing volume of waste, procedures as they are 

now will not sustain future generations of healthcare provision and will struggle again during the 

next global crisis. The lack of current data and environmental analysis of medical devices across 

many stages of their life cycles is a clear problem which must be addressed before sustainable 

mitigations can be employed.  

The research for environmental impact of current medical devices shows gaps within life cycle 

inventory data disallowing for key problems within the products’ life cycles to be identified and 

addressed. The use of medical devices made from less environmentally harmful materials is also very 

scarce. The area of end-of-life treatment of used medical devices is often not fully addressed due to 

the complexities of the medical industry, safety regulations, and stakeholder approval. Similarly, 

barriers faced when disposing of waste sustainably are currently unknown within the United 

Kingdom and must be explored. This will help identify the best courses of action in terms of end-of-

life treatment of medical waste and to aid regulatory guidance for future waste segregation.  

The discussion surrounding sustainable medical devices is evolving rapidly and is likely to produce 

conflicts between medical device manufacturers (who aim to sell their single-use products) and 

healthcare facilities (that wish to cut costs as safely as possible while maintaining patient 

confidence). The whole system must be addressed and not just the medical devices in isolation as 

stakeholder engagement is key to ensure harmonised solutions can be found (Moultrie, Sutcliffe and 

Maier, 2015). The work conducted within this project aims not only to identify implementable 

environmental improvements but also to bring forth collaboration between various parties allowing 

for sustainable changes moving forward.   

Due to the expansive and complex nature of sustainability within healthcare, the scope of this 

project has been limited to only include respiratory and airway devices. The impact of the COVID-19 

pandemic and the effect it has had on the increase of respiratory diseases, deemed this area the 

most vital. The hope is that future researchers will recognise the possibility for sustainable 

improvements from work conducted within this thesis and expand these practices to other medical 

devices in the future.  
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    CHAPTER 3 

3: METHODOLOGY 
 

This section details the scientific approaches taken within this research project in order to achieve 

the desired aim and objectives. An introduction and justification to the choices made in regard to the 

research methods are described first, followed by an analysis of the quantitative methods and then 

the qualitative method. A concluding summary is provided at the end.  

3.1. Introduction 
As of recent years, an increasingly amount of research conducted by doctoral students has employed 

the use of mixed methods research (MMR), particularly in the field of healthcare-related studies 

(McKenna et al., 2021). This has been widely accredited due the need for a varied scientific approach 

when dealing with the complexities of the medical industry that cannot be encapsulated by a 

singular scientific framework (Curry et al., 2013). Researchers have found that by combining both 

quantitative methods used for objective numerical analysis and qualitative methods for a deeper 

understanding of humanistic factors, the strengths of each integrate to yield more comprehensive 

findings and the ability to explore large and complicated issues (Wasti et al., 2022).   

During the creation of this research project, it was found that to address sustainability within 

healthcare, a multi-disciplinary approach was deemed necessary. This was particularly apparent 

when examining the multitude of interested stakeholders involved and their own preference for 

what would be deemed worthwhile and pragmatic solutions. Fixation on a singular scientific method 

was considered inadequate to address the variety of issues which hinder the sustainable 

development of medical devices. Chapter 2 can be referred to for a descriptions of such complex 

issues (e.g., lack of environmental data, lack of exploration into suitable sustainable materials, lack of 

research on alternative disposal scenarios outside of incineration etc.). 

There are six main types of designs used to carry out mixed methods research: convergent parallel, 

explanatory sequential, exploratory sequential, transformative, embedded, and multiphase (Hafsa, 

2019). Since the chapters within this dissertation are not reliant on the findings of other chapters 

and instead all contribute complimentary information to the overarching theme, the convergent 

parallel mixed methods approach will be used. With this method, studies using different 

methodologies can be conducted simultaneously and their results combined provide holistic 

solutions to a problem. A diagram of this mixed method approach as well as how it will be employed 

for each objective during this thesis is provided in Figure 3. 
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Figure 3: Convergent parallel mixed methods research model, adapted from (Rmn, 2016), with signposting to specific 
objectives and chapters included.  

The conclusions from each objective help contribute to improving the sustainability of specific 

problems found within medical devices. By schematically addressing each objective in turn, this 

creates evidence to allow medical device manufacturers, healthcare facilities, and future researchers  

to implement sustainable changes across the life cycles of their devices.  

Figure 3 helps visually illustrate how the objectives will be researched throughout this thesis. Each of 

the objectives will be covered in various publications/chapters with each generating their results 

which contribute to the understanding of opportunities to address the problems explored. Each 

objective will be explored across numerous chapters for different devices or situations in order to 

provide thorough investigation into various inflicting factors.  

The first three objectives require the generation of numerical data in order to determine what the 

environmental impacts currently are and how the materials and disposal alternatives compare to 

currently used options. As can be seen in Figure 3, this, therefore, requires a quantitative approach. 

The quantitative approaches used are life cycle assessments, life cycle costing, and mechanical 

testing; which are described first. The fourth objective relies on exploration of the humanistic factors 

involved so therefore a qualitative approach is used. The phenomenological approach is used and 

described. 

3.2. Quantitative methods 
This project uses three quantitative methods - life cycle assessments (LCAs) for the environmental 

impact assessment, life cycle costing for the economic assessment, and analytical mechanical testing 

to assess the materials’ mechanical properties. Life cycle assessments (LCAs) are advised by the 

International Organization for Standardization (ISO) as the best method to assess environmental 

impact (Kumar et al., 2020). LCAs also allow for comparison of impacts when changing materials 

used or the end-of-life disposal option. Life cycle costings (LCCs) can also be explored using a life 

cycle thinking approach. As is similar to the LCA methodology, the LCC methodology assesses a 

product or service across its life cycle considering individual life cycle stages and their contribution to 
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the overall impact. for the LCA methodology, environmental data is used for inputs and outputs 

whereas economic data (e.g., the intrinsic value of materials or electricity) is used for the LCC 

methodology.  

The mechanical properties considered in this study are tensile, flexural, and impact. These properties 

were chosen as they allow for testing of the most commonly considered properties when deciding 

whether a material is suitable for a chosen application, i.e., tensile strength (which allows for yield 

strength and young’s modulus calculations), flexural strength, and impact strength. Furthermore, the 

mechanical testing methods used within this thesis were specifically conducted on calcium carbonate 

filled polypropylene composites. For this material, some mechanical properties had already been 

explored in previous studies (e.g., thermal resistance, elasticity, volume strain, and rheological 

behaviour), meaning conducting these experiments again was unnecessary.   

The three aforementioned methodologies (LCAs, LCCs, and mechanical testing) are now described in 

further detail below. 

3.2.1. Life Cycle Assessment (LCA) 
Life cycle assessment (LCA) is a tool to calculate the total environmental impact of a product or 

service by analysing the materials and energy inputted and the emissions and waste over a life cycle 

(Finnveden et al., 2009).  

One particular advantage of LCAs is that variations across the life cycle of the product can be 

considered in order to compare alternative options. For example, the change in impact can be 

observed when replacing certain materials within the product allowing for analysis of more 

sustainable material choices. Different energy sources and location as well transportation can also be 

replaced to study the various choices that can be made during the product’s life cycle. Furthermore, 

the end-of-life scenarios can also be altered to determine whether changing from incineration to 

disposal or reuse etc. would be more environmentally favourable.   

Methodology 

The lifecycle of a product consists of life cycle stages (e.g., raw materials, manufacture, 

transportation, use, and end-of-life). Other factors may also be included depending on the individual 

requirements of the assessment such as packaging and extra processing steps (e.g., sterilisation and 

reprocessing). Environmental impacts can then be separated by each life cycle stage to identify the 

most impactful areas for improvement. LCAs also help weigh the severity of each impact in 

accordance with scientific literature (Curran, 2006). For this research, the LCA software ‘SimaPro’ was 

used as it was found to be the most widely used (Teixeira et al., 2011), provided a large array of 

background data and was flexible when adding in new data (Iswara et al., 2020). 

There are four main structural elements of an LCA as currently defined by ISO: 

1) Goal and scope definition  

2) Life cycle inventory analysis (LCI) 

3) Life cycle impact assessment (LCIA)  

4) Interpretation 

Guidelines to help follow this structure are given in detail by the Environmental Protection Agency, 

SETAC, and in the form of ISO standards (specifically ISO 14040 and ISO 14044).  
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Goal and Scope definition 

The first step of an LCA is to define the goal and scope. Here is where the aim of the study is stated 

and parameters such as depth of research or area of investigation are established (Curran, 2017). The 

goal and scope help define the functional unit and system boundaries. The functional unit is a set 

unit of measurement in relation to either a physical or functional property of the product. This 

provides vital context around the quantity of data that needs to be collected and allows comparison 

of equivalent products with the same functional unit. System boundaries specifies what information 

should be included or excluded from the study (Curran, 2006).  

Inventory analysis and data acquisition 

After the goal and scope phase, data must be collected on the input flows (e.g., raw materials, 

intermediate products, and energy) and output flows (e.g., solid waste, wasted heat, and emissions 

to land, air, and water) involved in the life cycle of the product being studied (Klöpffer, 1997). This 

collection of data constitutes what is called the life cycle inventory (Rimos et al., 2014). Data can 

either be primary or secondary sourced data. Collecting primary data may require an extensive use 

of time or resources and sometimes would not be available at all (Saavedra-Rubio et al., 2022). 

Therefore, commercially available LCA databases have been compiled in order to assist a LCA 

practitioner in accessing the data they required (Laca et al., 2011). A database will collect data from 

multiple sources such as research organisations, governmental datasets, industrial companies, and 

literature (Ecoinvent, 2024). This data may be provided as applicable for a specific area or timeframe 

or may be more generalised and available as aggregated data such as a representation for a country 

or region (Dai et al., 2020).  

Currently, the three largest life cycle inventory databases available are Ecoinvent, GaBi, and the 

Product Environmental Footprint (PEF) (Ecochain, 2024). Different databases can be found on 

different LCA softwares but some softwares will include a particular database built in when you 

purchase access to the software. For example, Simapro incorporates the Ecoinvent database whereas 

the GaBi software priorities the GaBi database (although Ecoinvent can also be included if required). 

Currently the three most popular LCA softwares are: Simapro, GaBi, and OpenLCA (Lopes-Silva et al., 

2019). LCA software will all have the same core function of providing a life cycle inventory data 

allowing the user to form their LCA study and calculate impacts, however, different software will 

offer additional varying features. For example, GaBi uses a sequential calculation algorithm which 

allows for the user to receive impact feedback from each individual modelling step within the LCA, 

Simapro has the largest dataset available and can calculate a great quantity of unit processes at once, 

and OpenLCA is free to use (Curran, 2012).  

A noted issue within literature is the lack of consistently followed guidance when it comes to how 

data collection should be pursued. Currently, LCI data collection is primarily guided by the ISO 

standards and supported by documents such as book chapters, scientific reports, and LCA textbooks 

(Saavedra-Rubio et al., 2022). Some impact categories are calculated with more rigidity than others; 

for example, Global Warming Potential is calculated from the infrared absorption from the 

greenhouse gases emitted and how long these emissions stay within the atmosphere given a 100-

year time horizon. These calculations are derived from original studies conducted by the 

intergovernmental Panel on Climate Change (IPCC) and so the results are far more standardised and 

allow comparison across studies and impact assessment methodologies (Shine et al., 2005). For 

other impact categories, the lack of standardised data collection procedures may result in 

inconsistencies within data generation and therefore it is important to ensure the data used is 

reliable and accurate. The data collection stage is the primary determinant of the quality of the 

resulting study and also of the level of uncertainty of the results (Saavedra-Rubio et al., 2022).  
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One term used when assessing the quality of LCA data is representativeness which refers to the 

data’s ability to accurately represent the population being sampled considering the context of the 

study (Henriksen et al., 2020). Representativeness covers temporal attributes (when the data was 

collected), geographical attributes (where the data was collected), and technological attributes 

(whether the data is for specific technology or a technology mix) (Fraval et al., 2019). Tools such as 

uncertainty analysis and sensitivity analysis can help assess the representativeness of LCI data. An 

uncertainty analysis uses the variability of the data collected (e.g., variance in the sample population, 

knowledge gaps, assumptions) to quantify the probability of the results given (Loucks, 2005). 

Confidence intervals can then be determined by calculating the likeliness of this specific result 

occurring and demonstrates the reliability of the data (Barahmand and Eikeland, 2022). A sensitivity 

analysis assesses data by demonstrating how significantly the results would vary when data or 

assumptions are differed. The extent in which the results change then indicates the importance for 

data accuracy of certain parameters and provides error ranges to indicate to the reader the degree in 

which the data is reliable for conclusions to be made (Guo, 2012).  

Impact assessment (LCIA)  

To turn the inventory data into environmental impacts, there are four steps that are followed: 

classification, characterisation, normalization, and weighting. An environmental impact during a 

product’s life cycle will affect more than just one area of the environment so the classification step 

allows each input to be assigned separate impacts for each impact category (Klöpffer, 1997). These 

impacts are then aggregated for the whole life cycle and converted into a ‘reference unit’ (also called 

the characterisation factor) allowing comparison of LCAs where different types of emissions are 

produced.  

When conducting an LCA, the LCA practitioner has the choice to assess the impacts via different 

impact assessment methodologies. Impact categories are used as a way to demonstrate the impact a 

product or service has on specific aspects within the environment (Mu et al., 2020). How the extent 

of these impacts are qualified or which impact categories are displayed will be dependent on how 

the organisations of the impact assessment methodologies have calculated the impact according to 

their chosen methodologies and data sources (Acero et al., 2016). Currently, the most popular 

impact assessment methodologies are Recipe, EDIP, CML, TRACI, and ILCD (Dong et al., 2021).  

Impact assessment methodologies will differ by the number of impact categories they provide and 

whether these are midpoint or endpoint indicators (Finnveden and Potting, 2014). Midpoint 

indicators are described as ‘links’ in the cause-effect chain meaning that these impact categories 

assess the impact to specific aspects of the environment by calculating the direct emissions or 

depletion of resources the inputs and outputs are generating (Bare et al., 2000). Some common 

examples of midpoint impact categories are Global warming potential (GWP), Ozone depletion 

Potential (ODP), and Human toxicity potential (HTP). Alternatively, endpoint indicators assess the 

overall resulting impact at the end of the cause-effect chain. The impacts from a collection of impact 

categories are aggregated into three endpoint categories: damage to human health, damage to 

ecosystems, and damage to resource availability (Hardaker et al., 2022). These endpoint indicators 

demonstrate the overall resulting environmental impact whereas midpoint indicators display the 

generation of harmful substances which will lead to these overall impacts (Sala et al., 2014). The 

choice of which impact assessment methodology should be used is dependent on which impact 

categories are required to be explored, which methodologies are being used by other researchers in 

the field in order to ease comparability, and the ability of the study’s target audience to correctly 

interpret the results (Yi et al., 2014; Dong et al., 2021). 
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After the impacts have been generated, the results can be normalised in relation to reference values 

to understand their significance in a larger context. Subsequent weighting of results allows for some 

impacts to be deemed more relevant than others within the context of the study and for this to be 

reflected in the overall assessment (Finnveden et al., 2009). Normalisation and weighting are not 

required steps due to different goals set within studies but are encouraged by ISO 14044 when it is 

beneficial for interpretation of overall results (Sala et al., 2017).  

Interpretation of the results 

Interpretation is more commonly being included as a required step of an LCA. This is the critical 

evaluation stage where the results are examined in relation to other information provided around 

the study or in conjunction with mathematical modelling or statistical analysis. The potential for 

error is taken into consideration and final judgements about the importance of the study outcomes 

are expressed. This may also be the step where some operators involve expert reviewers to look 

over the findings to ensure accuracy (Klöpffer, 1997). 

Limitations 

There are some limitations of using LCAs, some of which are related to the questionable quality of 

the results produced (Ross et al., 2002). When low quality data is used as an input, the outcome of 

the study will be limited. Poor quality data can include: not having all the inputs (e.g., materials) you 

require thus excluding some data from your study, not having data specific for your geographical 

location, only having data produced a long time ago and may be inaccurate to current impacts, and 

lacking data on the specific manufacturing process undergone within your study thus requiring a 

close substitute to be used (Curran, 2006). It can also be challenging when data is not available for a 

required input or output adding to concerns of poor-quality research (Finnveden et al., 2009). In 

order to mitigate these concerns, new data collection can be used to replace low quality data or to 

fill gaps in knowledge. This data collection can be conducted through collaborations with industry 

partners, especially medical device manufacturers, who work with the data required for the 

operation of their business. Although, it is important to note that this is not easy. Industry partners 

may be sceptical to share data and require the use of non-disclosure agreements which makes 

publishing of generated data difficult and time consuming. Scientific research can also be published 

on the manufacturing stages of missing inputs can also be adapted to be used within the LCA 

software. This is another reason why the LCA software SimaPro is advantageous as it is known to be 

particularly user friendly in respects to adding new data sets. Although not exclusive to Simapro, 

background data on a variety of base chemicals and manufacturing processes are available and can 

be used to form new materials once the manufacturing stage is determined. The Ecoinvent database 

available via the Simapro software has a particularly large database of base chemical and processes 

which makes creating new materials more accessible. 

By ensuring even small steps of a product’s life cycle is included within the LCA as well as accurate 

data is used as possible, the limitation of unreliable results can be minimised as confidence in data 

quality grows. In situations where primary data collection cannot be achieved when required, the 

system boundaries of the LCAs can be altered to ensure the accuracy of the assessment is not 

compromised. Studies with the same system boundaries can still be compared especially in cases 

where changes are made to a singular product or service and direct comparisons can be made (i.e. a 

comparative LCA). Comparing the findings of LCAs conducted with LCAs already published also adds 

an extra layer of security as similar findings will indicate the results are accurate and reproduceable.  



45 

 

3.2.2. Life Cycle Costing (LCC) 
Per the International Organisation for Standardisation (ISO), Life Cycle Costing (LCC) methodology is 

a valuable tool used to assess, and in some cases predict, the cost of assets which have undergone 

construction or manufacturing (ISO, 2017). An alternative and expanded definition can be found 

from the ‘National Institute of Standards and Technology (NIST) Handbook 135, 1996 edition’ where 

LCC is defined as “the total discounted dollar cost of owning, operating, maintaining, and disposing 

of a built system” over a given specified time period (Mearig et al., 2018). LCCs are conducted for 

two primary reasons: to predict cost in order to construct a budget or to decide on preferable 

courses of action in terms of design options (Bourke. 2016). 

The results of an LCC can be useful for multiple reasons. An LCC provides identification of ‘hotspots’ 

which are areas of high economic cost. Identifying where these hotspots lie allows for mitigation 

opportunities to arise ideally resulting in less costly products or services. An LCC can also be used as 

a decision-making tool when comparing various products or services in order to assist the financial 

decision of pursuing a particular design choice or recognising one as more advantageous to the 

other (Kambanou, 2020). Furthermore, LCC methodology can be used to support legislation and 

policy making; for example, governmental organisations may wish to optimise their region’s 

economic sustainability by minimising total lifetime costs resulting from specific product 

procurement or service utilisation (Atia et al., 2020). LCCs are particularly useful if the end-of-life 

stage of the product or service is expected to contribute a relatively large proportion to the overall 

cost. Other costing methodologies, e.g., Total Cost of Ownership (TCO), primarily focus on the cost 

to a specific stakeholder within the lifecycle chain; particularly centred on purchase price. Whereas 

the LCC methodology takes a lifecycle thinking approach and is better suited for considering multiple 

stages of a product or service’s lifecycle (IPB, 2017).  

There are three types of life cycle costing methodologies to choose from: conventional LCC, societal 

LCC, and environmental LCC. The conventional LCC method is often linked closely to the ‘Total Cost 

of Ownership’ method in that it is favoured by companies as a method to conduct economic analysis 

on the cost of their product mainly focused on the direct costs that is occurred from their 

prospective. Within a conventional LCC, external analysis of the wider reaching effects during the 

product’s lifecycle are often excluded and is primarily used as a decision-making tool typically only 

available internally within an organisation. A conventional LCC generally does not include end-of-life 

costs. Societal LCCs include the impact to external societies during the product or service’s lifecycle 

alongside the economic analysis. Examples such as communal wellbeing and quality of job prospects 

are intertwined into the evaluation which makes this a popular LCC method for governmental 

organisations and policy makers (Ingemarsdotter, 2022).  

The final methodology and the one which will be used within this thesis is the environmental LCC. An 

environmental LCC is very closely aligned to the LCA methodology in that they contain similar 

methodological steps and are often used alongside one another utilising the same system 

boundaries and functional units (Falcone et al., 2016). In the same way as the LCA methodology, the 

environmental LCC will involve acquisition of input and output economic flows through defined life 

cycle stages of a product or service which allows the identification of hotspots and potential areas 

for mitigation (Ingemarsdotter, 2022). The economic flows throughout an environmental LCC 

includes the costs that are directly incurred with no value added by the companies. This method of 

LCC does not have the primary intention of assessing the financial cost between businesses (i.e. the 

purchase value) but instead accounts for financial flow throughout the life cycle stages in order to 

identify the intrinsic cost of the product or service (Hunkeler et al., 2008). 
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Methodology 

As mentioned previously, when it comes to methodology, environmental LCC is very much similar to 

the LCA methodology. Both LCC and LCA focus on flows of impacts throughout the lifecycle of a 

product or service considering individual lifecycle stages. The goal of an LCC is to generate an 

evaluation of the ‘true cost’ of a product, which is often neglected when only considering purchase 

price. When used alongside an LCA framework, LCCs are able to link the environmental impact per 

lifecycle stage with their corresponding economic impact (Falcone et al., 2016). The LCA 

methodology is standardised using the ISO standards 14040:2006 and 14044:2006 (ISO, 2006a; ISO, 

2006b) whereas the LCC methodology is standardised by the standard ISO 15686:2017 which covers 

the main definitions and principles of life cycle costing (ISO, 2017). Despite these methodologies 

have separate standards, the LCC methodology is built around common elements of the LCA 

methodology. 

In the previous section, the four keys elements were described for LCAs: goal and scope definition, 

data collection, impact assessment, and interpretation. These elements can also be applied for LCCs. 

The only difference is that for LCCs, the impact assessment is much more simplified as the results are 

comprised of only a single unit (cost) and therefore there is no requirement for weighting or 

characterisation factors (Swarr et al., 2011). When running an LCA alongside an LCC congruently, it is 

beneficial to apply the same system boundaries and functional unit in order to aid consistency and 

comparison (Swarr et al., 2011). This also applies when choosing which life cycle stages to include 

and whether the study is cradle-to-grave, cradle-to-gate, cradle to cradle etc. Which lifecycle stages 

are included will be influenced by the goal and scope of the study and the context of the product or 

service (IPB, 2017; Ingemarsdotter, 2022). When deciding which economic flows will be required to 

be included within the LCC, The life cycle stages can be split up into their elementary components 

(Falcone et al., 2016).  

For this thesis, the lifecycle stages included are the same as are used within the LCAs. These stages 

are: Raw materials and pre-processing, Transport, Manufacturing, Packaging, and End-of-life. The 

use phase is excluded as it is associated with the medical equipment and not the medical devices 

and so is outside the scope of this thesis. For an LCC of reusable devices, the cost of reprocessing 

may also be included. 

The LCC has been modelled according the following equation which was constructed with reference 

to the LCA ISO standards (ISO, 2006a; ISO, 2006b), the LCC ISO standard (ISO, 2017), and the steps 

detailed by Swarr et al. (Swarr et al., 2011). 

LCC = CCRMEP + CT + CM + CP + CEoL 

LCC = Total life cycle cost  

CRMEP = Cost of the raw materials and their pre-processing  

CT = Cost of transportation  

CM = Cost of manufacturing 

CP = Cost of packaging  

CEoL = Cost of End-of-Life disposal 

 

https://pre-sustainability.com/articles/life-cycle-assessment-lca-basics/
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For each stage, the economic flows will require data collection to form a life cycle inventory. For the 

raw material and preprocessing stage (CRMEP), the cost of purchasing the raw materials in a pre-

processed state from market average data is used. The transportation stage (CT) includes the cost of 

petrol (specified to the country of operation and the respective weight of transported product) to 

transport from the manufacturing site to the hospital and from the hospital to the end-of-life 

treatment facility. The manufacturing stage (CM) includes the cost of electricity to process the 

materials. The packaging stage (CP) includes the cost of raw materials, cost of electricity to 

manufacture the packaging, and cost of petrol to transport the packaging to the manufacturer. The 

End-of-Life stage (CEoL) includes the cost paid to the required end-of-life facility. 

Limitations 

Some of the limitations of LCCs are similar to those encountered with the LCA methodology. The first 

is that collecting data on economic impact flows can be challenging and time-consuming. Unlike 

LCAs, there is a limited amount of secondary data available on LCC input flows and so a heavier 

reliance on primary sourced data or available industry datasets is required. This may require 

collaboration with industry partners but this then creates the additional problems of confidentiality 

within industry. To minimise this limitation, the LCC practitioner may need to be aware of what 

datasets are available prior to commencement of their study and if missing data is identified, 

establish early communication with industry partners. Assumptions can also be made if the decision 

to do so is presented transparently and with justified reasoning. 

An additional problem is that the price of goods or services is more unstable in comparison to 

environmental impacts. Economic flow data that is collected at different timeframes may be subject 

to change (Swarr et al., 2011). This is why it is important to contextualise the economic flow data 

within average market value changes and aim to collect data from a similar time period. For data 

which is highly volatile, sensitivity and uncertainty analyses can be conducted to demonstrate 

reliability of the data and allow the reader to make informed conclusions (Pernetti et al., 2021). 

Despite the difficulties that unpredictable economic changes can provide, a credible LCC study can 

be conducted as long as the data used is transparently disclosed and decision-making is well 

documented (Mearig et al., 2018). 

A final limitation of the life cycle costing methodology is that the results of LCCs can be perceived as 

absolute values particularly due to the sense of familiarity the general public has was common 

currency (Ciroth, 2009). It is therefore important to emphasise within the study that the data used is 

not a direct representation of purchase value of products but instead is an approximate value to 

identify trends within data and recognise economic hotspots. 

3.2.3. Mechanical testing 
Once the initial environmental impacts have been determined via use of LCAs, new materials can be 

assessed for their potential use as a replacement to currently used materials, looking at improving 

environmental profile of final products. These replacements will be required to be tested 

experimentally to ensure their mechanical properties meet the same standards. A variety of 

mechanical tests can be conducted in order to determine a material’s strength, toughness, plasticity, 

ductility, stiffness, and deformation under strain. The main methods employed during mechanical 

testing (i.e., tensile testing, flexural testing, and impact testing) are provided below. 

Methodology 

Tensile testing 

A tensile test is used to determine a range of mechanical properties such as yield and ultimate 

tensile strength, ductile properties, and strain hardening characteristics. Further calculations can 
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also be applied to compute Young’s modulus and Poisson’s ratio (ASM, 2004). During this test, two 

opposing ends of a tensile test piece are clamped into a tensile test system which is then pulled 

apart by an applied load until the materials yields and may eventually fracture. The load is then the 

calculated stress value and the displacement by the material is converted into the corresponding 

strain value. A graph can be produced using the stress and strain values generated over the course 

of the experiment and can be plotted to produce a stress strain graph using software such as excel. 

Using different values generated by the graph, mechanical properties can be determined. For 

example, by dividing stress over strain, the young’s modulus can be calculated, the greatest tensile 

stress within the tensile stress-strain curve data is the yield stress etc. During this study, tensile tests 

are carried out according to standard ISO 527-1:2019 (ISO, 2019b) using an Instron 5967 tensile test 

system. All data was recorded by the Instron test system with no need for an extensometer. 

Flexural (3-point bend) testing 

Flexural properties can be measured using a 3-point bend test according to standard ISO 178:2019 

(ISO, 2019a). To determine bending properties, a test piece is secured at each end on supporting 

pins and then a load is applied to the middle of the sample. The displacement of the curvature of the 

test piece can be used alongside the applied load to calculate properties such as flexural strength 

and flexural modulus. To calculate these, the following equations can be used: 

Flexural strength:                       𝜎𝑓 =
3𝐹𝑚𝑎𝑥L

2𝑊𝑇2
 

Flexural modulus :                 𝐸𝑓 =
𝐿3𝑚

4𝑊𝑇3
 

• L (span)  

• T (thickness)  

• W (width)  

• F (force applied) 

• m = gradient of the initial straight-line section of the load deflection curve  

 

During this study, an Instron 5967 test system was used and software such as excel can be used to 

calculate the deflection curve and any data points that need identifying. 

Impact testing 

For impact testing, a sample piece of material is placed in an impact testing system where a 

pendulum is able to be released and swing into the sample. The energy (in joules) required to 

rupture the sample upon impact (calculated by measuring the potential energy of the pendulum 

prior to and after hitting the sample) is used to determine the materials impact strength. 

For this research, Charpy impact testing is conducted using an Instron CEAST impact tester according 

to standard ISO 179-1:2023 (ISO, 2023). A pendulum of 2 J impact energy was used to measure the 

specimens over a cross sectional area of 70 mm x 10 mm x 4 mm. In order to calculate Charpy 

impact strength, the following equation can be used: 

Impact strength =   
Impact energy 

Specimen thickness ∗ Specimen width
 



49 

 

Limitations 

A limitation of mechanical testing is related to the potential for human error. In order to ensure the 

reliability of results and minimise any room for inaccuracies, it is essential that multiple trials are 

conducted and that standard deviation of data ranges are provided. As per scientific norm, a 

minimum of three repetitions of any test will be conducted and any anomalies or outliers will be 

clearly stated in the results and discussion. Minimising potential disruptions to data prior to and 

during the operation of the tests is also important. Ensuring conditions such as room temperature, 

sample quality, handling of samples etc. are maintained through the experiments will help minimise 

any inconsistencies.  

3.3. Qualitative method 
The final theme identified to achieve the aim of this dissertation is the determination of barriers to 

the successful integration of more sustainable practices and solutions. Once quantitative methods 

have been used to identify and mitigate unsustainable designs and disposal options of medical 

devices, it is then imperative that the proposed alternatives are viable for real-world application. In 

order to achieve this, an understanding of the obstacles that individuals face when attempting to 

enact sustainable change is essential. The qualitative method chosen to best explore these barriers is 

the phenomenological approach. The rationale behind this decision as well as the methodology and 

limitations are described.  

3.3.1. The Phenomenological method 
There are four main types of qualitative research methods: Phenomenological, Grounded Theory, 

Ethnography, and Historical (Whitehead et al., 2018). There are a few reasons why the 

phenomenological method was deemed the best approach for this research. Phenomenology 

involves the use of observation and questioning of participants to gain a greater understanding of 

why decisions (whether sustainable or not) are made the way they are. Focus groups and interviews 

are examples of study types that can be used within phenomenology. Focus groups are discussions 

within a group of people whereas interviews are targeted to one individual and allows for a more in-

depth investigation. For this dissertation, a mixture of a focus group and individual interviews were 

selected to allow data collection from a larger audience, where interaction between the participants 

is allowed to facilitate free flowing conversation, as well as more in-depth analysis through one-on-

one discussions. 

Upon investigation of the other qualitative research methods, it was found that the other options 

would be less suitable in comparison to the phenomenological method. Grounded theory relies on 

provision of a data set to participants and allow emerging theories to be developed of why this 

behaviour occurs (Breckenridge, 2014). This is not applicable to this dissertation as previous data sets 

generated are explored using quantitative means. Ethnography involves watching participants’ 

actions in certain scenarios (Goodson & Vassar, 2011). This was considered but deemed an 

unattainable approach due to the issues around observation within a busy clinical setting, and lack of 

skills and experience of the researcher. This approach is extremely time-consuming and relies heavily 

on the cooperation of various healthcare staff (Roberts, 2013). Additionally, the majority of this 

research was conducted during or shortly after the COVID-19 pandemic making observation 

particularly challenging due to the added regulations in effect. Finally, the historical method makes 

use of previous events to make predictions for future action (Whitehead et al., 2018). The issue with 

this approach is that sustainability within healthcare on the level it is today is unprecedented and 

there are no previous events that can help with the scale of the problem as it currently presents. This 

overall leaves the phenomenological method as the primary suitable approach for this thesis.  
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Methodology 

For this study, a semi-structured focus group and a series of interviews were conducted with 

healthcare workers within the United Kingdom. The focus group and interviews all took place 

virtually via the use of MS Teams. The goal of the study was to explore how hazardous waste is 

segregated within the United kingdom and identify why waste may be disposed of in unsustainable 

manners. Additionally, suggestions were made on how to reduce the quantity of waste which is 

unnecessarily incinerated focusing on ways to remove the barriers identified during the study. The 

research was designed as a pilot study to enable emulation by future researchers within their own 

medical facilities.  

Ethical considerations were taken very seriously prior to conduct of the study. Approval was sought 

from the Brunel University London research ethics committee (ethical approval number 41309) and 

regular contact with staff higher up in the healthcare organisations was prioritised to receive their 

support in operating the study. All participants were over the age of 18 and informed consent was 

received prior to commencement. The participants were provided written details (via a participant 

information sheet) about the nature of the study as well as any information about what the study 

would entail and how it would be used. Participation was completely voluntary and the participants 

were allowed to withdraw at any point with no need for explanation. Information about the 

participants such as their names, job description, and location of employment were collected but 

only made available to the principal researcher. After the analysis was concluded, all participant data 

was anonymised so that no identifiable information is provided.  

Participants were identified as potential candidates to partake within the study as well as initially 

contacted through communication leads within various National Health Service trusts across 

England. A total of six healthcare workers participated; three as individual interviews and three 

within the focus group. Of the healthcare workers who contributed, one is a medical doctor, three 

are nurses, and two were previously nurses who then switched their primary job responsibilities to 

become head providers of nurse training. Participants were sought that held a range of professional 

job roles in order to enhance the breadth of investigation that was conducted. 

To analyse the responses, the focus group and interviews were recorded and transcribed via use of 

the MS Teams which were then manually checked by the primary researcher to ensure accuracy to 

the provided responses. These transcriptions were then transferred to the qualitative analysis 

software NVivo (Dhakal, 2022) where they were coded and a thematic analysis conducted. The steps 

of a thematic analysis (as outlined within (Braun & Clarke, 2006)) are as follows: 

1. Familiarisation with the data (i.e. transcription, comprehension of the data, general noting of 

initial identifiable themes)  

2. Generating codes by identifying common themes whilst systematically reading through the 

data  

3. Collate all data associated with each theme and identify repetition  

4. Review themes in relation to the generated codes  

5. Define the features of the themes and the research outcome they suggest  

6. Analyse the themes including use of relevant quotes to produce meaningful findings 

From these steps, it is possible to identify themes within participant response data, collate the 

themes with the biggest impact, and identify barriers within the healthcare industry that impede 

sustainable choices from being made. 
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Limitations 

Time and resource constraints meant that a limited sample of participants were able to take part in 

the study. The attempt to mitigate this was done by having healthcare workers that have a variety of 

job roles in order to provide a varied sample of viewpoints. Ideally, future research will be able to 

conduct similar studies but with a larger representation of the population to enhance the range of 

investigation. Another limitation of the phenomenological method is the potential for personal bias 

within the questions provided. To avoid this, the questions were created then reviewed by numerous 

academic and non-academic peers to ensure no bias remained. The questions were also provided to 

the Brunel University London research ethics committee for approval.   

3.4. Concluding summary 
By the end of this thesis, it is this researcher’s intention to provide evidence throughout each life 

cycle stage of various medical devices so that stakeholders (e.g., manufacturers, healthcare facilities, 

policy makers etc.) have scientific backing for the sustainable changes they can make to their own 

medical devices and within their own specific environmental context.   

As each objective is addressed throughout the chapters, their conclusions can be used collectively to 

guide suitable options for the development of future medical devices. Key areas of the products’ life 

cycles will be highlighted to help determine which areas should be focused on, new sustainable 

materials will be tested, and alternative sustainable end-of-life options will be explored. By 

addressing all aspects of the products’ life cycles, the changes can be introduced to reduce the 

environmental impact across various areas to create overall more sustainable medical devices.  
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     CHAPTER 4 

4: LIFE CYCLE ENVIRONMENTAL EVALUATION OF MEDICAL 

OXYGEN MASKS IN THE UK 
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Abstract 
This study explores the environmental impacts of three (low-flow) MOMs using a life cycle assessment 
approach from cradle to grave with a functional unit defined as ‘one single-use low-flow medical 
oxygen mask for adult use in the UK’. In a clinical setting, medical oxygen masks (MOMs) are made 
using lightweight and transparent materials with Polyvinyl Chloride (PVC) being a popular choice. 
Environmental concerns around the use of PVC have arisen due to the toxicity of plasticisers required; 
in particular the use of increasingly regulated phthalate (Pht) based plasticisers. Non-Pht plasticisers 
and alternative materials to PVC are being sought as potential replacements in order to keep MOMs 
in line with current and expected regulations. PVC is the main component of two MOMs: mask A using 
a non-Pht based plasticiser and mask C (a hypothetical mask) using Pht-based plasticiser DEHP. For 
Mask B, styrene-ethylene-butadiene-styrene based thermoplastic elastomer (TPE-S) and 
polypropylene is used instead of PVC.  

The results account for all 11 impact categories as provided by the CML-IA baseline v3.03 
methodology. Mask B shows the lowest environmental impact across all impact categories. For six out 
of 11 impact categories (including global warming potential and ozone depletion), mask C has the 
highest impact, whereas mask A is highest for the other five categories (with large impacts in human 
toxicity and ecotoxicities). A scenario analysis shows the importance of supply chain logistics (i.e., the 
location of the manufacturing site) on overall environmental impact. The results of this study intend 
to provide evidence to policy makers, healthcare professionals, and manufacturers of MOMs to 
improve the overall environmental impacts of these products, as they contribute around 4,437 tonnes 
of CO2 eq. yearly in the UK alone. The results show that switching from plasticised PVC to TPE-S would 
reduce the impacts of the use of MOMS within the UK by 2,700 tonnes of CO2 eq. per year. 

 

Keywords: Plasticisers, LCA, medical devices, phthalates, Sustainable polymers 

4.1. Introduction 
Medical Oxygen Masks (MOMs) are masks which cover a patient’s nose and mouth and transfer 
oxygen from a gas storage tank to the respiratory system. MOMs can be used within a clinical setting 
to regulate oxygen concentration a patient receives and is vital for oxygen therapy. MOMs can also be 
used at the patient’s home or in care-homes. Despite the extensive use of medical oxygen masks in 
hospitals and at home, no environmental assessments have been conducted investigating the 
environmental impacts during their lifecycles. Furthermore, no studies have explored the hotspots 
and improvement opportunities in order to mitigate the environmental impact of medical oxygen 
masks. In order to assess the environmental impact of products, Life Cycle Assessment (LCA) 
methodology has been suggested as the best method by the International Organization for 
Standardization (ISO) (Kumar et al., 2020). A benefit of using LCAs is that the environmental impact of 
a product can be separated by its life cycle stages in order to more effectively identify where the major 
environmental impacts lie and quantitatively suggest the best areas for improvement. Before 
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conducting a life cycle assessment, it is important to understand what is required in order to 
manufacture medical oxygen masks. 

MOMs tend to be made of plastic, silicone, or rubber with plastic being popular as it is lightweight, 
inexpensive, and transparent. Plastic is favoured over heavier, more energy-intensive materials (i.e., 
silicone and rubber) as MOMs are usually incinerated after first use per the HTM-01-07 regulations 
(HTM, 2022). This is done to reduce risk of contamination (Unger & Landis, 2016) and costs associated 
with cleaning and reprocessing. In 2015, the global market for oxygen therapy was estimated at £5.98 
billion (Allied, 2022). The demand for disposable oxygen masks heavily increased during the COVID-19 
pandemic due to the prevalence of respiratory infections (Allied, 2022). Each year within the UK, over 
14.5 million surgeries are performed (Abbott et al., 2017). If each surgery required the use of a single-
use oxygen mask, the volume of materials used would exceed 487 tonnes. It is important to note that 
this figure is only used a guide to imagine the scale of surgeries performed and in many cases an 
oxygen mask is used in situations outside of surgery. Technavio estimates the global disposable MOMs 
market will grow by £0.924 billion from 2019 to the end of 2023 due to the rising need for oxygen 
therapy related services (Technavio, 2020). This demand has sparked concerns over the 
environmental impact of single-use medical devices, particularly due to the volume of waste and 
current management practices.  

Previous studies have explored the sustainability of reusable medical devices as an alternative to 
single-use. Reusable masks can be more impactful due to the materials and energy required for 
manufacture and reprocessing (ISON and MILLER, 2011; Unger and Landis, 2014; Leiden et al., 2020), 
but single-use masks may be more impactful due to the wasteful nature of single-use plastics and 
impacts associated with incineration (Unger and Landis, 2016). Some studies conclude that the 
advantages and disadvantages of both, results in no overall better choice (Dettenkofer et al., 1999; 
McGain et al., 2017). The dependency on case-by-case studies makes it hard to conclusively show 
reusable or single-use devices to be evidently less impactful making it difficult for legislators to decide 
on overseeing policy and therefore single-use devices are expected to stay in high demand for the 
foreseeable future. One of the biggest concerns with single-use devices is with the materials used.  

Polyvinyl Chloride (PVC) is the most widely used plastic within medical devices (around 25% of all 
plastic medical devices use PVC) (McKeen, 2012), due to its ease to manufacture, low-cost, strong 
mechanical properties, inertness, and non-toxicity (Chiellini et al., 2013). PVC is considered a highly 
environmentally damaging plastic (Thornton, 2002) with issues arising during its end-of-life treatment 
and with the plasticisers added after PVC production. Incinerated PVC creates hazardous flue gas 
residues and releases toxic dioxins (Buekens and Cen, 2011; Bidoki and Wittlinger, 2010) and 
chlorinated by-products (Aracil, Font and Conesa, 2005). Environmental concerns have been raised 
around the potential leaching of plasticisers from between the PVC fibres into solutions in contact 
with patients (Wei et al., 2019). Phthalates, such as the most popular DEHP (Rowdhwal & Chen, 2018), 
are used within some plasticisers. These are known to cause infertility and birth defects (Niermann et 
al., 2015), be endocrine disrupting (Hung et al., 2021), and are potentially carcinogenic (Caldwell, 
2012) at certain doses. Regulatory bodies such as the Medicines & Healthcare products Regulatory 
Agency (MHRA), The European Commission (EC), and the European Union (EU) have released 
legislation restricting the use of six main phthalates (BBP, DBP, DEHP, DIDP, DINP, and DNOP). DEHP, 
in particular, is named on the REACH restricted substances list and classed as a substance of very high 
concern by the European chemicals agency. Medical device companies have been searching for 
suitable alternatives to using phthalate-based plasticisers with one option being the use of non-
phthalate-based plasticisers. 

Styrene-ethylene-butylene-styrene (SEBS) based Thermoplastic elastomer (TPE-S) displays similar 
performance to PVC in medical applications without the need for plasticisers (Râpă et al., 2016). 
SEBS contains hard end-blocks of polystyrene and a rubbery midblock of ethylene-butylene which 
provides the mechanical properties similar to rubber at ambient temperature, but thermoplastic 
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properties once heated. SEBS is used in combination with modifying additives such as polypropylene, 
oil, and antioxidants to form TPE-S (X. Cheng et al., 2019). Medical devices containing TPE-S as an 
alternative to PVC are already available on the market. No studies are available within literature 
which assess the environmental impacts of plasticised PVC compared with SEBS-based TPE. This is 
also true in the context of medical oxygen masks where no studies have explored the potential 
changes in environmental impact when manufacturing MOMs with SEBS-based TPE instead of PVC 
(despite SEBS-based TPE being advertised as an environmentally sustainable alternative to PVC). 

There is a lack of studies which investigate the environmental sustainability of materials used within 
medical devices in general. Studies which are available either focus on end-of-life treatment of 
healthcare waste without addressing the contribution to environmental impact from the specific 
materials being used (Wu and Cerceo, 2021; McGain et al., 2020; Xiao et al., 2021; Tyler, 2018) or 
explore sustainable materials but not specifically materials viable for use in medical devices 
(Asdrubali, Schiavoni and Horoshenkov, 2012; Ljungberg, 2007; Park and Lakes, 2007; Ramesh and 
Vinodh, 2020). Some studies investigate sustainable design changes for medical devices, but none 
address MOMs (Hanson and Hitchcock, 2009; Marshall et al., 2009; Unger, 2015; Cheng et al., 2022; 
Barbero, Pereno and Tamborrini, 2017; Arif et al., 2022). There has been an increase in studies 
focusing on the sustainability of face masks since the start of COVID-19 (Rowan and Moral, 2021; 
Soo et al., 2022; Rodríguez et al., 2021; Luo et al., 2023) but it is important to note that studies that 
refer to ‘face masks’ are not describing MOMs but instead face coverings which include examples 
such as N95 respirators and blue disposable 3-ply masks (i.e., surgical masks). These typically use 
different materials and abide to less rigorous manufacturing and operational standards than the 
MOMs used for oxygen therapy, so are unsuitable comparisons.  

This study aims to fill the gap in environmental sustainability assessment data of current and 
improved designs of MOMS used in the UK, including the development of life cycle inventory data on 
new materials for medical devices. 

4.2. Methodology 

The environmental impact assessments are performed using the Life Cycle Assessment methodology 
according to the ISO standards 14040/44:2006 (ISO, 2006a; 2006b), and conducted using the 
SimaPro software (v8.3.1) (PRé, 2008). 

4.2.1 Goal and Scope  

The goal of this study is to calculate and compare the environmental impact of three single-use 
MOMs to identify improvement opportunities. A further goal is to determine the environmental 
performance of new materials utilised in medical devices to provide information and aid sustainable 
design and manufacturing in the sector. All three masks are produced within a country based in 
South Asia and are used and disposed of within the United Kingdom. The outcomes of this study will 
provide evidence to policy makers, healthcare professionals and providers, and mask manufacturers, 
in order to improve the environmental sustainability of these devices across their life cycles.   

The functional unit is defined as ‘one single use low-flow medical oxygen mask for adult use in the 
UK’. The scope of this study is from ‘cradle to grave’, including raw material extraction and pre-
processing stage, transportation to the processing plant, device manufacturing and assembly, 
packaging, transportation to and from the hospital, and end of life disposal. The use phase is 
considered; however, it does not require materials or energy inputs. The oxygen and the machinery 
required for the oxygen delivery is outside the scope of this study. The full system boundary is 
provided in Figure 4. The RMEP, manufacturing, and packaging stages all take place within the Asian 
country. The transportation stage involves transporting the masks to the United Kingdom and then 
the Use and End-of-life disposal stages take place within the United Kingdom. 
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Figure 4: Diagram showing the full life cycle of the MOMs studied (use stage is in red as it does not 
include any material or energy input). The coloured dotted lines define the individual life cycle stage, 
which are raw materials (green), packaging (light blue), transport (dark blue), manufacturing 
(orange), and end-of-life (pink) life cycle stages.  

4.2.2. Medical Oxygen Masks (MOMs) 

This study assesses three MOMs (mask A, B and C) made of different material compositions (PVC 
with a non-phthalate-based plasticiser vs TPE-S vs PVC with DEHP); shown in Figure 5. The non-
phthalate-based plasticiser used within mask A is known and used for the calculations during this 
study but due to confidentiality reasons shall be referred to as NonPht. The masks are medium 
concentration (i.e., low-flow) oxygen masks used to administer oxygen to adult patients. A low-flow 
mask is capable of providing a patient approximately 30% to 50% oxygen concentration at flows of 5 
to 8 litres per minute. These masks are designed to be single-use (designed for use by one patient 
whether that is a few hours for surgery or many days for oxygen therapy) and are disposed of via 
incineration. They are all produced in an Asian country (not disclosed for confidentiality). The mask 
designs consist of a rigid mask shell, a mask connector, and an elastic band to secure the mask to the 
patient’s face (see Figure 5). The two PVC masks require metal nose clips to aid mask rigidity. All 
masks perform the same function, and any can be substituted in for use without adjustments 
required by the healthcare provider.  

Mask A is comprised of PVC plasticised with an estimated 30-40% (the exact percentage is known 
and used for the calculations but not provided here for confidentiality) NonPht plasticiser and 
weighs 33.62 g. Mask B, is made of TPE-S and PP, weighs 15.79g, and is advertised as an 
environmentally-friendly version of mask A; mask B was redesigned to require less material whilst 
maintaining the same mechanical performance as mask A. The rigidity of TPE-S allows the successful 
mask redesign requiring less material.  

Due to phthalate regulations in Europe, The use of non-phthalate-based plasticisers replaced most of 
the previously used DEHP plasticiser in the 2010’s. As a theoretical comparison, mask C has been 
included within this study but is not available for purchase or use. Mask C has been modelled to 
have the same design and weight (33.62 g) as mask A but uses DEHP as a plasticiser instead of 
NonPht. Except from change in plasticiser, all other material requirements are the same for these 
two masks. Figure 5 summarises the masks selected for this study. 



57 

 

 

Figure 5:  Images and descriptions of the three masks investigated within this study. The images for 
masks A and B were received from the manufacturer. As mask C is a theoretical mask based on the 
current design of mask A, the image of mask A has again been used here.  

4.2.3. Life Cycle Inventory  

The following sections provide details of the inventory developed for each life cycle stage - raw 
materials, manufacturing, packaging, transport, and end-of-life.  

Raw material extraction and pre-processing stage (RMEP) 

The RMEP stage involves the extraction of raw materials of the masks and their pre-processing, 
which includes converting extracted raw material into a form which is mouldable by manufacturing 
equipment. Ecoinvent 3.2 database (Wernet, 2016) has been used for the background data. The 
materials requirements were obtained via material datasheets from a manufacturer. Table 2 
summarises the material composition of each mask.  

Table 2:  Life cycle inventory of the raw material and pre-processing stage (RMEP) of the three 
MOMs; data are presented per functional unit. 

  
                                                                                               Maska 

   A B C 
Component               Material Mass (g) Mass (g) Mass (g) 

Mask Shell 
 

Plasticised PVCb 28.05 - 28.05 

 
 

TPE-Sc - 7.53 - 

  Polypropylene - 7.09  

  Colourant (LDPEd) - 0.08  

Mask Connector  Polypropylene 2.98 - 2.98 

  Colourant (LDPEd) 0.03 - 0.03 

             Nose Clip Aluminium 1.47 - 1.47 

Elastic Band  PETe Polyester 0.73 0.73 0.73 

  Elastane 0.36 0.36 0.36 

  Total Weight 33.62g 15.79g 33.62g 
a Description of masks in figure 5  
b PVC: Polyvinyl Chloride  
c TPE-S: SEBS-based Thermoplastic Elastomer, SEBS: Styrene Ethylene Butadiene Styrene 
d LDPE: Low Density Polyethylene 
e PET: Polyethylene Terephthalate 

 
In the case of SEBS, DEHP, and NonPht, background information was modelled from patents, 
literature, and consultations with industry. SEBS was modelled from private consultation and 
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deemed confidential information (data retrieved from SEBS produced in Germany). The LCI data for 
DEHP was taken from a life cycle assessment conducted of DEHP from the University of Pittsburgh 
(Li, 2013) where the average of European data was used as production location. This data is shown 
in Table 3 and displayed per one kg of plasticiser production. Background information for product 
flows sourced from Ecoinvent 3.2 database (Wernet, 2016). NonPht was modelled from the patent 
CN104072365A - Google Patents ( 2013) alongside confirmation with a plasticiser manufacturer and 
NonPht’s reaction ratio (modelled off production data from Turkey).  
 
Table 3: Inventory data to produce one kg of DEHP (Li, 2013).  

                      1 kg DEHP 

Quantity Product flows Background 
database source 

0.0205 kg Hydrogen, liquid, at plant/RER U Ecoinvent3.2 

0.287 kg Carbon monoxide CO, at plant/RER U Ecoinvent3.2 

0.431 kg Propylene, at plant/RER U Ecoinvent3.2 

0.379 kg Phthalic anhydride, at plant/RER U Ecoinvent3.2 

25.82 MJ Energy, Market for/RER U Ecoinvent3.2 

 

Manufacturing stage (Processing and assembly) 

The processing machinery are all present within the same European manufacturing plant and owned 
by the manufacturer. Processing stages were provided in the form of product data sheets by the 
manufacturer and via consultations with the machine operators. The environmental impact data for 
the machines are sourced from the Ecoinvent 3.2 database (Wernet, 2016) and is specified to 
operate using electricity from the national grid of the specific country of manufacture. Ecoinvent 3.2 
uses data valid for the year 2012. It is important to note that as this data is from over 10 years ago 
that the changes in environmental impact data, particularly for the electricity, would change if 
conducted again with up-to-date datasets. The key change that would occur would be within the 
global warming potential (GWP) category due to decarbonisation efforts over the last decade; 
specifically as a result of the net zero goals set by the 2015 Paris Agreement (Tvinnereim and 
Mehling, 2018). To ensure accuracy of the data used within this study, the GWP of the electricity 
used from 2012 has been compared to the current GWP from the same South Asian country 
modelled. Data from the Ember and Energy Institute shows that the GWP has decreased by 3.8% 
from 2012 to 2023 (OWID, 2024). This is not a substantial decrease so helps demonstrates reliability 
of the results but also allows the reader to consider that the overall GWP for each masks would be 
reduced slightly if this study were to be repeated. It is also of relevance to note that the overall 
share of fossil fuels used within average electricity mixes has decreased by 0.8% since 2010 to 2020 
and has been replaced by renewably sourced electricity (Eurostat, 2021). This may indicate that the 
abiotic depletion of fossil fuels would decrease slightly for all masks if this study were to be 
repeated. The changes that would result from using more up-to-date data would occur for all masks 
studied so would maintain the overall trends found when comparing the masks. 

Assembly has no additional environmental impact as the masks are designed to allow the nose clip 
punching and elastic band to be attached to notches and gaps in the shell by a human operator. 
Once assembled, the masks are packaged and dispatched for delivery.  
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Table 4: Input data for the manufacturing stage. Data is presented per functional unit.  

a Description of mask in Figure 5  

Packaging stage 

The packaging required for each mask is identical. Table 5 provides the weight and processing steps 
for each packaging material. This stage includes the extraction and pre-processing of the packaging 
materials (paper, cardboard, and LDPE film), transport (to the manufacturer and from the hospital to 
the end-of-life disposal site), and end-of-life disposal. All the materials are virgin material. The paper 
and cardboard are recycled at a rate of 69% within the UK and the rest is landfilled (Wrap, 2020). 
The LDPE film is landfilled as is typical destination within an UK hospital setting. 

Table 5: Inventory data of packaging stage per functional unit. The packaging is the same for all 
three type of masks. 

Component Material Weight 
(g) 

Extra processing 
required after pre-

processing 

Transport to 
processing centre 

(km) 
(Vehicle: 7.5-16 mton 

Euro6 lorry) 

Transport From 
hospital to end-of-

life (km) 
(Vehicle: 21mton 

lorry) 

Pack insert Paper 0.85 None 100 10 

Polybag Low density 
Polyethylene 

2.29 Extrusion plastic film 200 10 

Carton Corrugated 
Board box 

5.71 None 100 10 

 Total weight (g) 8.85    

 

Transportation stage 

This stage accounts for all the transportation during the MOMs’ life cycles, including transport of raw 
materials to the device manufacturer, transport from the manufacturing facilities to the hospital, 
and transport from the hospital to the final end-of-life disposal. The location of raw material 
extraction plant for each material was received through product data sheets from the manufacturer 
and the distance travelled from material extraction site to manufacturer (based in South Asia) was 
calculated using Google maps. For this study, a London-based hospital was used. The type of vehicles 
used to transport the masks to the hospital were acquired from consultation with the manufacturer 
and the hospital, and the distance travelled was calculated using Google Maps. After use, the masks 
are disposed of separate from their original packaging and taken to a nearby incineration site. The 
disposal site is 10km away from the hospital  and information on the type of vehicle used was 
acquired from consultation with the hospital waste-management team. This data is shown in Table 
6. 

 

 

 

 

      Mask a 

Processing inputs A B C 

Injection moulding (g) 31.06 14.7 31.06 

Sheet Rolling (g) 1.47 - 1.47 

Elastic band sewing (g) 1.09 1.09 1.09 
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Table 6: Inventory data use for the transportation stage. Data is presented per functional unit.  

  
   

Maska 
   

Transport Stage Transport data 
A 

(g) 
B 

(g) 
C 

(g) 

Distance 
by Lorry 

[km] 

Distance 
by Boat 

[km] 

Raw material to Asian 
manufacturer 

Vehicle: 7.5-16 mton Euro 6 
lorry 

Plasticised PVCb 28.05 - 28.05 1700 - 

TPE-Sc - 7.53 - 100 - 

Polypropylene 2.98 7.09 2.98 100 - 

LDPEd 0.03 0.08 0.03 2050 - 

Aluminium 1.47 - 1.47 12 - 

Elastic band 1.09 1.09 1.09 140 - 

From Asian manufacturer to 
UK hospital 

Vehicle: 7.5-16 mton Euro 6 
lorry, Transoceanic Ship 

Mask + packaging 42.47 24.64 42.47 190 22000 

From UK hospital to UK-based 
end-of-life 

Vehicle: 21mton lorry 
Mask 33.62 15.79 33.62 10 

- 

a Description of mask in Figure 5 
b PVC: Polyvinyl Chloride  
c TPE-S: SEBS-based Thermoplastic Elastomer, SEBS: Styrene Ethylene Butadiene Styrene 
d LDPE: Low Density Polyethylene 

4.2.4. End of life stage 

All the oxygen masks studied are single-use devices and after contact with the patient are placed 
directly into a waste stream for disposal. The end-of-life scenario modelled for this study is 100% 
incineration with energy recovery (Great Britain based) which is NHS best practice for contaminated 
medical devices. It is against best practice (NHS waste disposal regulation HTM 07-01) for used 
single-use medical devices to be reused or recycled and so neither of these scenarios are modelled 
within this assessment (HTM, 2022).  

4.2.5. Impact Assessment 

The Life Cycle Impact assessment results were calculated using the CML-IA Baseline version 3.03 
EU25 methodology. A recent study (Rejane-Rigon et al., 2019) found CML to be the most widely 
used LCA methodology which is why it was chosen. All 11 environmental impact categories that are 
calculated will be presented in the results to ensure a comprehensive comparison.  

4.3. Results and discussion 
This section presents the environmental impact results for the three masks studied for the 11 impact 
categories calculated: abiotic depletion potential of elements (ADPe), abiotic depletion potential of 
fossil resources (ADPf), acidification potential (AP), eutrophication potential (EP), global warming 
potential (GWP), human toxicity potential (HTP), marine aquatic ecotoxicity potential (MAEP), 
freshwater aquatic ecotoxicity potential (FAETP), ozone depletion potential (ODP), photochemical 
oxidants creation potential (POCP) and terrestrial ecotoxicity potential (TETP).  

The overall results are discussed in section 4.3.1. where comparisons between masks as well as 
between life cycle stages will be examined. An in-depth analysis of the materials used within the 
masks is provided in section 4.3.2. A sensitivity analysis of the material data is provided in section 
4.3.3. and a scenario analysis is discussed in section 4.3.4. Validation of the results is shown in 
section 4.4.  
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4.3.1. Environmental impacts of oxygen masks 

Figure 6 shows mask B (TPE-based) to be the lowest in all impact categories compared to masks 
A&C. Regardless of impact category, mask B has a reduced environmental impact of at least 40%. For 
six of the 11 impacts, including ODP and GWP, mask C (DEHP-based PVC) has the highest impact. For 
the remaining five categories (particularly the toxicity potentials HTP, FAETP, MAEP, and TETP), mask 
A has greatest environmental impact with its TETP impact being considerably higher than mask C; 
over 7 times greater. The transport, packaging, and manufacture stages provide similar impact 
regardless of the mask due to the same inputs required for each device; the only exception is for 
mask B that has slightly lower transport and manufacturing impacts due to its lower weight. The 
RMEP and end-of-life stages have the greatest influence on overall impact. These two stages 
combined make up over half of the impact for each category, with some categories such as FAETP, 
MAEP, and TETP consisting almost entirely of the impact from the RMEP and end-of-life stages. It is 
important to note that since the only difference between masks A&C is the type of plasticiser used, 
all variation in environmental impact is due to changing the plasticiser from DEHP to NonPht. 
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Figure 6:  Comparison of environmental impact of three oxygen masks A, B and C. Results expressed 
per functional unit (FU). Description of masks in Figure 5. ADPe: abiotic depletion potential of 
elements; ADPf: abiotic depletion potential of fossil resources; AP: acidification potential; EP: 
eutrophication potential; GWP: global warming potential; HTP: human toxicity potential; MAEP: 
marine aquatic ecotoxicity potential; FWETP: freshwater aquatic ecotoxicity potential; ODP: ozone 
depletion potential; POCP: photochemical oxidants creation potential; TETP: terrestrial ecotoxicity 
potential. 
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Global Warming Potential (GWP) 

Figure 6a shows that for GWP, mask B has the lowest environmental impact of 116 g CO2 eq/fu, 
which is 62% and 56% lower than masks A&C, respectively. The RMEP and end-of-life stages of mask 
B are much lower than that of masks A&C; the environmental impact of the raw materials required 
for mask B is less than one third of the impact of masks A&C and the end-of-life impact reduced by 
46% and 53% from mask A&C to mask B respectively. Some of this can be attributed to the lower 
material requirements for mask B (47% the weight of masks A&C); e.g., as shown in the 48% 
reduction in manufacturing and 51% reduction in impact from transport. However, the 
environmental impact of mask B has decreased greater than would be expected on weight reduction 
alone because of the material type (see detailed materials analysis in section 4.3.2.). The change in 
GWP between masks A&C is less sizeable than compared to mask B (C is overall 15.6% higher impact 
than A). Most of this difference  between masks A&C can be found in the RMEP stage, because of 
the use of NonPht instead of DEHP, respectively. Details of where these variations occur within the 
materials will be explored in section 4.3.2. 

Depletion Potentials (ADPe, ADPf, ODP) 

As seen in Figure 6b-d, for ADPe, ADPf, and ODP the variation in impact from masks A&C are 
relatively small (ADPe: A is +17%, ADPf: C is +20%, ODP: C is +9%). Most of this variation occurs due 
to changes in the RMEP stage, which for masks A&C, is the result from using NonPht instead of DEHP 
whilst for mask B is from using TPE instead of plasticised PVC. For ADPe, ADPf, and ODP, mask B has 
impacts 50-75% lower than masks A&C. Some of this reduction comes from a lower transport and 
manufacturing impact explained by the lighter weight of mask B; however, the main variations can 
be seen in the RMEP and end-of-life stages which has an impact lower than would be proportional 
with just the weight reduction. Figure 6b-d demonstrates that the materials required for mask B, 
primarily TPE-S, has a lower environmental impact than masks A&C made from plasticised PVC. The 
impact associated with end-of-life disposal of mask B is small compared to the PVC-based masks (98-
99% reduced for ADPe, ADPf, and ODP). This indicates that incinerating mask B is less 
environmentally impactful in terms of ADPe, ADPf, and ODP than the incineration of the PVC-based 
masks.  

Human health (HTP, POCP) 

Figure 6e&f show mask B to have a HTP and POCP impact less than half (52% to 61% lower) of masks 
A&C. This is mostly due to lower impact from the RMEP and end-of-life stages. For the RMEP stage, 
mask B has a fifth of the HTP impact compared to masks A&C and less than a third of the POCP 
impact. Over one third (38% to 52%) of the POCP impact from each mask is due to the RMEP stage. 
During the RMEP stage, the emissions of sulphur dioxide (SO2) and carbon monoxide (CO) to air 
combined provide 60.9% of mask A’s total POCP, 59.8% of mask B’s, and 75.6% of mask C’s. For mask 
B, the majority of the SO2 and CO is emitted due to the extraction and pre-processing of the raw 
materials used for the TPE. For masks A&C, the SO2 mainly comes from the plasticised PVC whereas 
over half of the CO emissions are from the extraction the aluminium. For such a small quantity (1.47 
g) of the total weight of the mask, the aluminium is particularly impactful during the POCP stage.  

The end-of-life is the largest contributing stage to the environmental impact for HTP (mask A: 103 g 
1,4-DB eq., mask B: 43.1 g 1,4-DB eq., mask C: 76.6 g 1,4-DB eq.). Most of this impact (58% to 73%) is 
from emission of Beryllium (Be) to water which for masks A&C, originate solely from the incineration 
of the plasticised PVC. For mask B, emissions of Be emits 28.0 g 1,4-DB eq.; >99% of which is from 
the incineration of the TPE. For the end-of-life stage for HTP, mask B is 58% and 44% lower than 
masks A and C respectively. Some of this reduction is due to mask B’s lower weight, however, the 
decrease in impact from mask C to mask B is less than would be expected on weight alone. 
Therefore, the incineration of mask C (DEHP-based PVC) is slightly less impactful to HTP based on 
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weight contribution than mask B (TPE). There is only a slight variation (8% to 10%) between masks 
A&C for HTP and POCP. For HTP, mask A has a 19% lower RMEP impact than mask C but a 34% 
higher end-of-life impact.  

Aquatic Ecotoxicity potentials (FAETP, MAEP) 

For FAETP and MAEP, mask A had the highest impact followed by mask C then mask B. Most of the 
masks’ impact (79% to 94%) is due to the end-of-life stage. For mask A’s FWAEP, 489 g 1,4-DB eq. is 
from Be emissions to water, whereas for mask C only 289 g 1,4-DB eq.; both with >99% from the 
plasticised PVC. Similar reductions are seen for MAEP (A: 2,880 kg 1,4-DB eq., C: 1,710 kg 1,4-DB 
eq.). The only variation between mask A and C was the result of switching DEHP plasticiser for 
NonPht due to no other changes in the life cycle stages. Therefore, showing that the incineration of 
a product containing the non-phthalate plasticiser has a much higher emission of beryllium than a 
product containing DEHP.  

Mask B has the lowest impact out of the three masks and reduces the environmental impact of 
FAETP by 59% and MAEP by 65% compared to mask A and FAETP by 40%, MAEP by 47% compared 
to mask C. Most of the impact is due to the end-of-life stage (89% to 94%). This is again due to the 
emissions of Be to water for both categories. The incineration of the TPE is responsible for most of 
the Be emissions for mask B’s end-of-life stage for FAETP and MAEP. There is a slight reduction in the 
RMEP stage which for FAETP primarily consists of emissions of Barium (Ba) to water (1.8 g 1,4-DB 
eq., 99% coming from the TPE). For MAEP, emissions of Ba to water (6.5 kg 1,4-DB eq) and Hydrogen 
Fluoride (HF) to air (5.3 kg 1,4-DB eq.) are the main contributing emissions to the RMEP stage, with 
99% and 67% of these impacts respectively originating from the extraction and pre-processing of the 
raw materials used within the TPE.  

Ecosystems (TETP, AP, EP) 

Mask A has a high TETP, 95% originating from the RMEP stage, particularly from the emission of 
Cypermethrin (CM) to soil (3320 mg 1,4-DB eq., 94.1%). Almost the entirety (>99.9%) of the CM 
emissions is due to the extraction and pre-processing of the raw materials for the plasticised PVC. 
Switching from mask C to mask A results in TETP from the RMEP stage being over thirteen times 
greater. With CM emissions increasing from 2.58 mg to 3320 mg 1,4-DB eq.  

Mask C has an AP 17% higher than mask A and almost three times that of mask B’s. For EP, mask C is 
+30% than mask A and almost four times more impactful than mask B. The environmental impact 
associated with end-of-life was much lower for mask B than the other masks, but the end-of-life 
stage had a much lower contribution (1% to 14%) to the overall AP and EP. Mask B was the lowest 
scoring out of all three masks for TETP, AP, and EP. Reduction from masks A&C to mask B in 
manufacture and transport impacts were directly correlated to the reduction in the weight of mask 
B. The reduction in end-of-life and RMEP impacts from masks A&C to mask B was greater than would 
be expected purely on weight. 

4.3.2. Environmental impact of materials 

The lower weight of mask B helped reduce its environmental impact by reducing the contribution of 
all life cycle stages. The lower weight also means that if assuming that 14.5 million MOMs are used 
each year within UK hospitals (Abbott et al., 2017), switching from PVC-based to TPE masks would 
reduce materials consumption by 259 tonnes per year (from the original 487 tonnes). Additionally, 
switching from DEHP-plasticised PVC to TPE-S within MOMs, the greenhouse gas emissions 
associated with this product would reduce from 4,437 tonnes of CO2 eq. to 2,700 tonnes of CO2 eq. 
per year. 
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The lighter weight of mask B was partially due to removing excess material (i.e., around nose as seen 
in Figure 5) as well as utilising the lower density of TPE-S (0.88 g/cc of TPE-S vs 1.20 g/cc for PVC). 
The analysis in section 4.3.1. demonstrated that the weight difference was not the only aspect 
reducing the impacts of mask B, but also the materials used. For comprehensive comparison on the 
materials, Table 7 provides the environmental impact of the main materials used within the three 
masks (PVC with NonPht, TPE-S, and PVC with DEHP). The plasticiser percentage is modelled the 
same as is present within the masks, 30-40%, which is known exact for the calculations but kept 
confidential here. A functional unit of 1 kg of each material was modelled following methodology 
described in the methodology section. Only the impacts from the raw materials are assessed in this 
section.  

Table 7: Environmental impact of 1 kg of mask materials: Polyvinyl Chloride with DEHP, Polyvinyl 
Chloride with NonPht, and SEBS-based Thermoplastic Elastomer. Results are displayed for each 
impact category using absolute values together with a traffic light system - red indicates the highest 
impact of the three materials, green the lowest impact, and yellow the middle impact. 

  Material (results per one kg of material) 

Impact category Units PVC + NonPht TPE-S PVC + DEHP 

ADPe mg Sb eq 3.15 0.23 1.37 

ADPf MJ 53.8 78.5 80 

GWP kg CO2 eq 2.75 2.31 3.95 

ODP ug CFC-11 eq 75.6 6.12 125 

HTP kg 1,4-DB eq 0.574 0.862 0.935 

FAETP kg 1,4-DB eq 0.665 0.291 0.773 

MAEP kg 1,4-DB eq 1690 1580 3520 

TETP g 1,4-DB eq 124 0.754 6.71 

POCP g C2H4 eq 0.69 0.863 0.852 

AP g SO2 eq 8.49 11.8 16.6 

EP g PO4
3- eq 2.23 0.913 4.92 

Table 7 shows that TPE-S has the lowest environmental impact of all the materials for seven of the 
11 impact categories with particularly low ADPe, ODP, FAETP, and TETP. For these categories, using 
TPE-S instead of plasticised PVC reduce the impacts by >50%. TPE-S has the highest impact for POCP 
but is only +1.3% than PVC plasticised with DEHP. DEHP-plasticised PVC has the highest 
environmental impact across eight of the 11 categories. The variation in environmental impact by 
switching from NonPht to DEHP is quite considerable especially for MAEP, AP, and EP. For these 
three categories, the impact of DEHP-plasticised PVC is around double that of NonPht-plasticised 
PVC. NonPht-plasticised PVC has the highest impact for ADPe and TETP. For ADPe, environmental 
impact increases by 129.9% from DEHP-plasticised PVC with 37% of the impact coming from 
emissions of Gold, 14.5% from Cadmium, and 9.8% from Lead. For each of these emissions, 95% 
originate from the non-phthalate plasticiser; more specifically, 69% to 71% from the fatty alcohol 
within the NonPht.  

The TETP impact for NonPht-plasticised PVC is significantly greater than both DEHP-plasticised PVC 
and TPE-S (over 18 and 164 times greater respectively). Most of this impact (118 g 1,4-DB eq., 
95.2%) originates from the emission of CM to soil, 97% from NonPht, of which >99.9% is due to the 
fatty alcohol. The emission of CM has a much lower contribution (<1.2%) to the TETP of DEHP-
plasticised PVC and TPE-S indicating that this emission is the main cause of the high TETP. To 
elaborate on the results presented in Table 7, an LCA of the plasticisers (DEHP and NonPht), 
excluding PVC, is conducted using a FU of 1 kg of plasticiser; the results are displayed in Figure 7.  
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a) One kg DEHP plasticiser 

 
b) One kg NonPht plasticiser 

Figure 7: Environmental impact of plasticisers – DEHP (a) and NonPht (b) with functional unit of 1 kg 
of material. Details of impacts per stage can be found in Table A2 in the appendices. 

Figure 7 shows the environmental impacts of the plasticisers. Energy required to manufacture DEHP 

has the greatest contribution to environmental impact across all impact categories except ADPe 

(where phthalic anhydride is more prevalent) and ADPf (where phthalic anhydride, polypropylene, 

and carbon monoxide collectively contribute a greater percentage) as seen in Figure 7a. Therefore, 

focusing on reduction of the environmental impact of the energy used to manufacture DEHP would 

have the greatest benefit to reduction of overall environmental impact. For NonPht, the fatty alcohol 

provides over half of the environmental impact for all impact categories except ADPf and ODP 

(where it consists of 38% to 42%), as displayed in Figure 7b.  

Figure 7b shows the fatty alcohol used during manufacturing of NonPht to be the main reason for its 

high TETP. 1-Octanol is the fatty alcohol used during the esterification step of NonPht manufacture. 

Potential options for decreasing the environmental impact of the alcohol used during NonPht 
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manufacture may include increasing efficiency during esterification or using sustainable alternatives 

such as bio-based fatty alcohols (Xia et al., 2015; Akhtar et al., 2015).   

4.3.3. Sensitivity analysis: Energy use of plasticiser production  

This section explores the impact that changes in the plasticisers’ inventory would have in the 

impacts of MOMS. Data used for the plasticisers was modelled from literature and by expert’s 

inquires; hence, it is important to test it. In particular, the energy use in the manufacturing of 

plasticisers may vary due to different machinery, operation scheduling, among others. The sensitivity 

analysis considers a variation of +/-20% on the energy use in both plasticisers. Table 8 shows the 

effect on the environmental impact of these materials. As 10.38 g of plasticiser is added per mask, to 

determine the change per mask, the values shown in Table 8 would need to be divided by around 

100 to find the variation on a scale of one mask.  

Table 8: Sensitivity analysis on plasticisers DEHP and NonPht with functional unit of 1 kg. Variation of 
+/- 20% of energy use during production of the plasticisers; results are compared with baseline.  

             1 kg DEHP                     1 kg NonPht 

Impact 
category 

Unit Base -20% 
Energy 

+20% 
Energy 

Base -20% 
Energy 

+20% 
Energy 

GWP kg CO2 eq 7.29 6.25 8.33 4.05 3.88 4.23 

ADPe mg Sb eq 3.29 3.01 3.57 8.09 8.06 8.11 

ADPf MJ 134.80 122.96 146.63 64.03 61.03 67.03 

ODP ug CFC-11 eq 314.48 261.57 367.40 179.75 164.97 194.53 

HTP kg 1,4-DB eq 2.03 1.74 2.33 1.05 1.04 1.07 

POCP g C2H4 eq 1.74 1.52 1.96 1.30 1.27 1.33 

FAETP kg 1,4-DB eq 1.69 1.39 1.98 1.39 1.39 1.40 

MAEP mg (t) 1,4-DB eq 7.34 6.02 8.66 2.40 2.38 2.43 

TETP g 1,4-DB eq 7.07 6.01 8.13 322.97 322.94 323.01 

AP g SO2 eq 35.39 29.95 40.84 13.51 12.99 14.04 

EP g PO4
3- eq 11.75 9.71 13.79 4.46 4.43 4.50 

Table 8 shows energy use during material production does have a slight impact (on average +/-14% 

for DEHP, +/-3% for NonPht) on overall environmental impact of the plasticisers. For DEHP, the 

change in impact from the baseline varies by between 8.5% to 18%. The greatest variation is 

observed for ODP where impact increases and decreases by 52.9 ug CFC-11 eq. as energy use 

changes. The change in environmental impact is less prevalent for NonPht as energy has a lesser 

overall contribution to its environmental impact (as shown in Figure 7b). The impacts for NonPht 

varies from 8.2% (i.e., ODP) to no change (i.e., TETP). Overall, sensitivity in energy use during 

plasticiser production will have variable effect on the environmental impact depending on the 

impact category. However, changes in the electricity mix could have a larger effect, as this study uses 

data from 2012. 

4.3.4. Scenario analysis: Location  

Even though the manufacturing and transport stages are not environmental impact hotspots within 
the lifecycles of the medical oxygen masks, there are a number of reasons changing manufacturing 
location is important to be explored. Currently, RMEP and Disposal are the most contributing life 
cycle stages. During the previous sections the materials used (i.e. the RMEP stage) have already been 
explored for mitigating opportunities by assessing an alternative material suggestion; thermoplastic 
elastomer. There are no other materials that have been suggested within literature as appropriate 
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replacements for PVC within medical oxygen masks for this scenario analysis to explore. The disposal 
stage is currently modelled as incineration for all three masks studied. According to the HTM 07-01 
(HTM, 2022) this is currently the only option for contaminated single-use medical products. It is 
unlikely that changes to legislation in order to allow alternative disposal routes will be released in 
the near future. Therefore, changing the disposal scenario for this scenario analysis was deemed a 
sub-optimal use of this study due to the unlikeliness that practical applications of the results will 
arise.  

Changing the manufacturing location was therefore chosen to be explored as deciding where to buy 
products from is a key decision consumers can control during purchasing. Furthermore, no previous 
studies have explored the influence of the manufacturing location on the environmental impact of 
medical devices and so whether this will cause a significant change is unknown. The results of this 
scenario analysis are expected to be greatly beneficial for the purchasers of medical devices when 
deciding what level of consideration manufacturing location should be given especially when aiming 
to minimise environmental impact.  

To evaluate the role of manufacturing site location on the masks’ environmental impact, two 
scenarios are considered: the UK and the USA. These places were chosen as they have large MOMs 
manufacturing plants. By changing manufacturing location, the following life cycle stages have been 
altered accordingly: national electricity mix during manufacturing of devices and packaging, and 
changes in transportation stage (distance of raw materials acquisition, delivery of devices to 
manufacturer, and from manufacturers to the hospital). All other stages are identical to those 
described in the life cycle inventory section. For acquisition of raw materials, some of the materials 
are sourced within the country of manufacture in order to minimise required transportation. 
However, the plasticised PVC, TPE-S, and LDPE requires a specific composition by particular suppliers 
and so their location of origin remains unchanged. Table 9 summarises these changes.  

Table 9: Transport distance for scenario analysis  

Transport stage Material Distance Manufacturing site 

   UK USA 

 
 
 
 
 

Raw materials to manufacturer 
Lorry (7.5-16 mton Euro 6 lorry) 

Boat (Freight, sea, transoceanic ship) 

Plasticised PVC By Boat (km) - 20000 

By Lorry (km) 400 - 

TPE-S 
By Boat (km) - 22000 

By Lorry (km) 2000 - 

Polypropylene 
By Boat (km) - - 

By Lorry (km) 7 100 

LDPE 
By Boat (km) - 22000 

By Lorry (km) 30 - 

Aluminium 
By Boat (km) - - 

By Lorry (km) 12 12 

Elastic band 
By boat (km) - - 

By Lorry (km) 140 140 

From manufacturer to hospital 
Lorry (7.5-16 mton Euro 6 lorry) 

Boat (Freight, sea, transoceanic ship) 

Weight of mask + packaging (g) 24.64 42.47 

       Distance by Boat (km) - 18520 

       Distance by Lorry (km) 45 250 

 

Figure 8 exhibits the results for the scenario analysis, showing a sample of four indicators – GWP, 
ODP, HTP and AP. For the other seven indicators, refer to table A3 in the appendices. 
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Figure 8: Scenario analysis - Comparison of environmental impact of three oxygen masks A, B and C 
at three different manufacturing locations: Asian country (baseline), UK, and USA. Results expressed 
per functional unit. Description of masks in Figure 5. GWP: global warming potential; ODP: ozone 
depletion potential; HTP: human toxicity potential; AP: acidification potential. For other impacts, see 
Table A3 in the SI. 

As seen in Figure 8, the location of manufacturing site does have an effect on the environmental 
impact of MOMs, with variations between 1% and 23% across all 11 impact categories. The greatest 
increase (+23%) can be seen in the AP category when manufacturing the masks in the USA instead of 
the Asian country (baseline). Manufacturing in the USA has the greatest AP mainly due to the large 
increase in environmental impact from the transportation stage.  

For all categories, the least environmentally impactful location for all masks is in the UK. GWP from 
transportation reduces significantly (over 74% reduced for all masks) when manufactured in the UK 
instead of Asia (baseline), as well as slight reductions (10% to 12%) in impact from manufacturing. As 
the hospital is based in the UK, this reduced transportation distance has resulted in a lower GWP. 
The reduction in the manufacturing stage can be attributed to the UK’s electricity mix having the 
lowest carbon intensity per kWh out of the three countries studied; Baseline: 315 g CO2 eq./kWh, 
UK: 169 g CO2 eq./kWh, USA: 181 g CO2 eq./kWh (Wernet, 2016)). This demonstrates that choosing 
to manufacture in a location with minimal transportation distance from the user will have great 
effect on lowering environmental impact. Similarly, choosing a location with lower emissions 
associated with their electricity generation will help reduce the impact further. 

4.4. Data Validation 
The lack of research exploring the environmental impact of MOMs makes it harder to ensure the 

findings are supported by other scientific studies. In order to validate the final outcomes of this 

study, the findings have been compared with studies of similar medical devices, with products which 

contain similar materials, and manufactured using similar processes. Studies which used similar 

methodologies as this paper as well as providing evaluation of medical devices were also chosen to 

aid comparison. For most papers, a full range of environmental impact categories were not provided 
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but a common impact category shown for each paper was GWP given in g CO2 eq. per FU of their 

study. In order to allow comparison of the results of this study, the GWP (g CO2 eq.) for each product 

will be divided by the product’s weight in order to calculate a GWP per g CO2 eq./g of product. 

Figure 9 shows the GWP for each of the products (in g CO2 eq./g of product). Details of the analysis, 

including sources and further description is provided in table A4 in the appendices. 

 

Figure 9: Validation of the study - Comparison of GWP (g CO2 eq./g of product) of various medical 
devices found in literature. Functional unit of per gram of product. 

Review of the literature found that the results provided correlate with the results of the three masks 

within this paper. Per gram of product, the three masks from this study emitted 5.0 g CO2 eq./g to 

7.3 g CO2 eq./g with the two PVC masks (masks A&C) having higher g CO2 eq./g (A: 6.4 g CO2 eq./g, C: 

7.3 g CO2 eq./g ) than mask B (5.0 g CO2 eq./g). For some of the devices found in the literature, the 

impacts are slightly higher or lower than this study, but all fall within the range of 3.9 g CO2 eq./g to 

7.6 g CO2 eq./g. This variation can be explained by the types of materials found within the devices. 

For studies where similar materials are used (e.g., PVC-based laryngeal mask airway (LMA) by (M. 

Eckelman et al., 2012)) the impact is slightly lower than masks A&C. Upon investigation, it was found 

that no plasticiser was modelled within Eckelman et al.’s study. This is understandable as prior to 

this research, little LCI data was available for plasticisers. As shown in Table 7, one kg of plasticiser 

has a GWP of 7.29 kg CO2 eq./kg (DEHP) and 4.05 kg CO2 eq./kg (NonPht). This is higher than the 

GWP of 1 kg of unplasticized PVC (1.98 kg CO2 eq./kg) (Wernet, 2016) thus showing that adding 

plasticisers would increase the impact of PVC per kg, and also helps explain why the PVC LMA 

containing unplasticized PVC has a lower GWP (g CO2 eq./g) than masks A&C containing plasticised 

PVC.  
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For many of the studies, the entire life cycle was included; except (Maceno et al., 2022) where 

transport is excluded. The papers explored found the same key life cycle stage contributors as this 

study; the materials (RMEP) and end-of-life stages were shown to be the most impactful phases, 

with processing and transportation to have least impact. Furthermore, (Atılgan-Türkmen, 2022) 

showed end-of-life to be the main contributor to FAETP, MAEP, and HTP which concurs with this 

paper’s findings.  

4.5. Conclusion 
This paper analysed the environmental impact of three low-flow medical oxygen masks (MOMs). 
Mask B (TPE-S based) is shown to have the lowest environmental impact across all impact 
categories. The life cycle stages with the biggest contribution were shown to be RMEP and end-of-
life. The lighter weight and material composition of mask B were found to reduce the environmental 
impact of the RMEP, manufacturing, transport, and end-of-life stages across all impact categories. 1 
kg of TPE-S material was found to have the lowest environmental impact for seven of 11 impact 
categories. It is therefore encouraged to replace plasticised PVC within medical devices with TPE-S 
for optimal environmental impact savings.  

Assuming that over 487 tonnes of material is used for oxygen masks within UK hospitals each year, 
switching from DEHP-plasticised PVC to TPE-S would reduce the impacts of the use of MOMS by 
2,700 tonnes of CO2 eq. per year (from 4,437 tonnes of CO2 eq.) per year. If plasticised PVC must still 
be used, 1 kg of PVC plasticised with DEHP material was found to have the highest impact for eight 
out of 11 of the impact categories so replacing DEHP with NonPht should be pursued instead. Energy 
used during the manufacturing of DEHP, and the fatty alcohol used during the manufacture of 
NonPht were the greatest contributors to environmental impact across all impact categories. The 
scenario analysis demonstrated that environmental impacts can be reduced by manufacturing at a 
site closer to the location of the hospital and with a low emissions electricity mix. 

The findings of this study suggest that future research should focus on lowering environmental 
impact of MOMs by primarily addressing the material and end-of-life stages. Further research could 
also examine how to reduce the environmental impact from the constituents of the DEHP and non-
phthalate plasticisers. 
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CHAPTER 5 

5: MECHANICAL AND ENVIRONMENTAL EVALUATION OF 

GROUND CALCIUM CARBONATE (CACO3) FILLED POLYPROPYLENE 

COMPOSITES AS A SUSTAINABLE ALTERNATIVE TO VIRGIN 

POLYPROPYLENE. 
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Unlike the other chapters within this thesis, this chapter addresses the issue of sustainable medical 

devices in a slightly different way and so in order to aid the reader, a description of its relevance to 

the over-arching aim of this research and how it can be best applied in order to design sustainable 

medical devices is provided here. Within this chapter, no specific medical devices are being assessed 

and no particular mitigations within the life cycle stages are examined. Instead, this chapter 

specifically focuses on the examination of a proposed sustainable alternative to virgin polypropylene; 

calcium carbonate filled polypropylene.  

The current literature has consistently shown that the materials required within medical devices is 

the most impactful life cycle stage. It is therefore imperative that sustainable solutions are found for 

the materials currently being used. Polypropylene is one of the most popular materials used within 

plastic medical devices and so this chapter explores a sustainable alternative. The composites formed 

when combining calcium carbonate with polypropylene can be used in place of virgin polypropylene 

in medical devices currently being manufactured. Further studies such as biocompatibility testing will 

be required before this can be expected to become a manufacturing norm, however, this chapter 

helps bring the possibility of sustainable alternative medical materials one step closer. 

The changes to mechanical properties when incorporating varying percentages of calcium carbonate 

into polypropylene is shown throughout this chapter. If these changes are acceptable to the 

tolerances demanded by the manufacturer, then these composites could potentially be incorporated 

into any medical device that currently uses polypropylene. The environmental impact savings can 

then be calculated per device using the life cycle assessment environmental impact data calculated. 

It is then by incorporating these composites into manufacturing designs that the environmental 

impact of medical devices can be reduced which ultimately helps achieve this thesis’ aim of creating 

sustainable medical devices.  
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polypropylene composites as a sustainable alternative to virgin polypropylene. 
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Abstract 

Polypropylene (PP) has raised numerous environmental concerns particularly due to the depletion of 

fossil-fuels and its contribution to climate change. In order to reduce the reliance of virgin PP on 

petrochemicals and to lower environmental impacts, sustainable composites can be made by 
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combining with biobased fillers. One widely used filler is calcium carbonate (CaCO3) which, as of yet, 

has not been studied for its full environmental impact. The mechanical properties of PP containing 

CaCO3 has also not been explored in depth at higher filler percentages neither the range of filler ratio 

in large intervals. This study explores the aesthetic, tensile, flexural, and impact properties of injection 

moulded CaCO3 filled PP with filler content ranging from 0% to 40% at 5% increments. A full 

environmental analysis is also provided using life cycle assessments. The results show that as filler 

percentage increased, yield strength decreased (0% CaCO3: 17.68 MPa, 40% CaCO3: 12.73 MPa), but 

young’s modulus, flexural modulus, and impact strength increased (respectively 69%, 51%, and 35% 

greater than pure PP). Flexural strength increased initially at 5% CaCO3 but then declined as more filler 

was added. A yellowish hue is observed within all blends which grows stronger with more filler.  

The environmental analysis showed that the addition of CaCO3 reduced the environmental impact for 

all 11 impact categories compared to virgin PP. For every 5% of CaCO3 added, the material’s GWP 

decreases by 100 g CO2 eq. per functional unit (1000 cm3) of material. Abiotic depletion of fossil fuels 

had the biggest decline of 32% when 40% CaCO3 was added. In conclusion, the addition of CaCO3 filler 

significantly reduces the environmental impact of virgin PP, however, manufacturers will need to 

decide what allowances are acceptable in terms of mechanical properties. Furthermore, it would be 

beneficial to explore other factors that affect the properties of CaCO3 filled PP such as particle size, 

particle distribution, and binding additives.  

 

Keywords: Composite, Calcium carbonate, Flexural properties, Modulus, Environmentally friendly. 

5.1. Introduction 
In 2020, 380 million tonnes of plastic were produced globally (Nielsen et al., 2020), a number which 

is growing every year and expected to reach over 1.1 billion tons by 2050 (Muthukumar & 

Kasiraman, 2023). Polypropylene (PP) is one of the most commonly produced plastics and accounts 

for 16% of total global plastic production (Alsabri et al., 2022). PP has come under scrutiny for 

contributing to a variety of environmental issues with depletion of fossil fuels and impact to climate 

change of particular concern (Moretti et al., 2020). In order to improve the sustainability of PP, a 

possible approach is to combine virgin polypropylene with materials deemed more sustainable, such 

as: rice husk (Yam & Mak, 2014; Mohamed et al., 2018), Lignin (Alassod et al., 2020; Abdelwahab et 

al., 2015), Starch (Kaseem et al., 2012), Chitosan (Alassod et al., 2023), Talc (Tadele et al., 2020), 

Polylactic Acid (Bai & Dou, 2016), Cellulose (Reale Batista et al., 2020), Jute (Rani Bepari et al., 2019), 

Kenaf fibre (Mohamed et al., 2018), and Calcium carbonate (Peng et al., 2021).  

Out of the mineral-based fillers, ground calcium carbonate (CaCO3) is the most popular (Thio et al., 

2002) due to its numerous benefits such as being widely available (Ortiz et al., 2019), cheap to 

produce (Poudyal et al., 2021), non-toxic (Ortiz et al., 2019), and naturally occurring (Mattila & 

Zevenhoven, 2014). CaCO3 can be used as a nutrient supplement and FDA approved for use within 

food and medical applications (Park et al., 2017). CaCO3 is produced from the mining and 

subsequent grinding of naturally occurring forms of calcium carbonate such as limestone, marble, or 

chalk (El-Sherbiny et al., 2015). It can regularly be found within polymers such linear low-density 

polyethylene (Radebe et al., 2023; Barczewski et al., 2017), low-density polyethylene (Sampath et al., 

2019; Leow et al., 2023), high-density polyethylene (Abdellah Ali et al., 2023; Sepetcioglu & Aydemir, 

2022), polyvinyl chloride (Malak, 2021; Schlickmann et al., 2019; Malak et al., 2022), polystyrene 

(Gorna et al., 2008; Godard et al., 1993), polylactic acid (Liang et al., 2013) (V. Kumar et al., 2014), 

and polypropylene (Leong, Ishak, et al., 2004; Wang & Wang, 1999; Jancar et al., 1993; Chan et al., 

2002).  
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CaCO3 has been shown to improve certain mechanical and thermal properties of the resulting 

polymer composite such as increased thermal resistance (Schlickmann et al., 2019), impact 

resistance (Eirasa & Pessan, 2009), and elastic resistance (Thenepalli et al., 2015). CaCO3 filled PP in 

particular has been researched for its effect on yield strength (K. Yang et al., 2006b), young’s 

modulus (Lam et al., 2009), volume strain (Lazzeri et al., 2004), tensile strength (Demjén et al., 1998; 

(Mitsuishi et al., 1985), impact toughness (Thio et al., 2002), flexural properties (Zebarjad et al., 

2004), and rheological behaviour (Karamipour et al., 2011; Han, 1974). It has been found that as 

filler percentage of CaCO3 within the formulation increases, the potential for issues during 

processing as well as reduced flexural toughness and strength of the resulting composites could 

occur (Leong, Abu Bakar, et al., 2004). Despite this, the research currently available do not test high 

percentages of CaCO3 filler whilst increasing at regular increments. Some papers explore up to 40% 

CaCO3 but at only 10% increments (Zuiderduin et al., 2003; Supaphol et al., 2004; K. Yang et al., 

2006a; K. Yang et al., 2007), whereas others increase by 2-10% increments but only up to 30% 

(Hanim et al., 2008; Eirasa & Pessan, 2009; Chafidz et al., 2014; Essabir et al., 2017). This limits how 

accurately manufacturers can extrapolate an ideal percentage of filler to use for their own 

production requirements. 

Studies about samples’ appearance once prepared via injection moulding are also lacking. Material 

manufacturers looking to incorporate CaCO3 into their polypropylene are unable to use scientific 

literature to decipher how surface appearance of the polypropylene will change as CaCO3 filler is 

added. Therefore, comparison between colour and aesthetic features of composites containing 

various concentrations of filler are unable to be made.  

In addition to testing mechanical properties, no studies explore the full environmental impact of 

CaCO3 filled polypropylene composites. This is despite research claiming CaCO3 to be more 

sustainable based solely on its lack of need for fossil fuels and low embodied energy and carbon 

footprint (H. Yang et al., 2018). As of 2016, one kg of CaCO3 has a global warming potential (GWP) of 

39.6 g CO2 eq. (Wassenaar, 2016) which includes the mining of the limestone and preparation into 

processable form, compared to one kilogram of PP which is much greater at 1.95 kg CO2 eq. (Alsabri 

et al., 2021). No other environmental impact categories outside of GWP have been investigated in 

regard to ground CaCO3. PP, however, has been shown to have a wide range of negative effects on 

the environment including impact on marine life (Andrady, 2011), eutrophication (Yuan et al., 2021), 

and resource depletion (Tähkämö et al., 2022) to name a few. The production of the raw virgin 

material of PP constitutes a vast proportion of its overall impact across its lifecycle (Mannheim & 

Simenfalvi, 2020). Whether replacing a proportion of the virgin PP with CaCO3 will solve this range of 

environmental problems is yet to be determined. 

To fully understand all environmental impacts, a more in-depth and comprehensive analysis will 

need to be conducted. Life cycle assessment (LCA) methodology is a well-known and standardised 

framework to assess the environmental impact of products or services by compiling the input and 

emissions data throughout the lifecycle to calculate overall environmental impact (Kousemaker et 

al., 2021). As of currently, no environmental assessment study has been conducted on CaCO3 filled 

polypropylene; a gap this study intends to fill. 

5.2. Materials and Method 
The following sections first describe the goal of this project (section 5.2.1.) and then explain the 

samples used (section 5.2.2.). The methodologies used for determining mechanical and aesthetic 

properties are explain in section 5.2.3., followed by the description of the LCA methodology in 

section 5.2.4.   
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5.2.1. Goal 

The goal of this study is to explore changes in key mechanical, aesthetic, and environmental 

properties as varying percentages of CaCO3 filler are added to virgin PP to form PP - CaCO3 

composites. The environmental impacts across a comprehensive range of impact categories are 

provided via the use of the life cycle assessment (LCA) methodology.  

5.2.2. Materials  

Two commercially available materials were used for this study; Polypropylene (PP) and Ground 

calcium carbonate (CaCO3). The PP is a polypropylene impact copolymer acquired from INEOS. This 

material has a melt mass flow index (190 ◦C/21.6 kg) of 20.0 g/10 min, tensile yield stress of 21.0 

MPa, and Flexural modulus (23 ◦C) of 850 MPa. A ground calcium carbonate (CaCO3) mineral 

masterbatch was acquired from Granic with the product number Granic535. This masterbatch has a 

calcium carbonate content of 83%, with the remaining 17% consisting of a multifunctional 

copolymer. This material has a melt flow index (190◦C/5 kg) of 1.6 g/10 min and a mean particle size 

(D50) of 2.5 μm.  

Injection moulding processing 
Both the CaCO3 and polypropylene were purchased in the form of pellets which were introduced 

into an injection moulding machine via a hopper allowing for distribution of the CaCO3 within the 

polypropylene. Measured weight percentages of CaCO3 and polypropylene were added to the 

hopper to create the various composites of varying filler percentages. CaCO3 masterbatch was added 

to the polypropylene in percentages of 0% to 40% at 5% increments (therefore equalling 4.15% to 

33.2% of pure CaCO3 at 4.15% increments). This results in nine specimens of varying filler 

percentages being created. An ISO 527 type 1 dumbbell test bar mould with thickness 4mm and 

170mm in length was used following standard BS EN ISO 527-2:2012. 

5.2.3 Experimental methodology 

This study applies three methods (tensile tests accompanied with the Young’s modulus formula, 3-

point bend tests, and Charpy impact tests) to assess the mechanical properties of the composites. 

These methods are described below. Aesthetic properties are assessed using visual observation. 

Tensile testing 
Tensile tests were carried out according to standard ISO 527-1:2019 (ISO, 2019a) using an Instron 

5967 tensile test system at a cross-head speed of 10 mm/min. The average value of three samples 

for each type of composite was taken. The samples were tested at room temperature (20°C). All data 

was recorded by the Instron test system with no need for an extensometer. 

The yield stress was calculated by identifying the greatest tensile stress within the tensile stress-

strain curve data and the young’s modulus was calculated using the equation: 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸) =
Stress (σ)

𝑆𝑡𝑟𝑎𝑖𝑛 (𝜀)
 

Flexural (3-point bend) testing 
Flexural properties were measured via a 3-point bend test according to standard ISO 178:2019 (ISO, 

2019b) using an Instron 5967 test system at a cross-head speed of 10 mm/min. The average value of 

three samples for each type of composite was taken. The tests were conducted at room 
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temperature (20°C). The flexural strength and flexural modulus were calculated using the following 

equations: 

Flexural strength:                       𝜎𝑓 =
3𝐹𝑚𝑎𝑥L

2𝑊𝑇2  

Flexural modulus:                 𝐸𝑓 =
𝐿3𝑚

4𝑊𝑇3 

• L (span) = 70 mm 

• T (thickness) = 4 mm 

• W (width) = 10 mm 

• F = force applied 

• m = gradient of the initial straight-line section of the load deflection curve 

Impact testing 
The Charpy impact testing of the composites was conducted on an Instron CEAST impact tester 

according to standard ISO 179-1:2023 (ISO, 2023). a pendulum of 2 J impact energy was used to 

measure the specimens over a cross sectional area of 70 mm x 10 mm x 4 mm. For each composite, 

three specimens were tested. The following equation was used to calculate Charpy impact strength: 

Charpy impact strength =   
Impact energy 

Specimen thickness ∗ Specimen width
 

• Thickness = 4 mm 

• Width = 10 mm 

 

5.2.4. Life Cycle Assessment (LCA) Methodology 

For this study, the environmental impact assessments are performed applying the Life Cycle 

Assessment methodology according to the ISO standards 14040 and 14044:2006 (ISO, 2006a; 

2006b), and conducted using the SimaPro software (v8.3.1) (PRé, 2008). The functional unit was set 

at 1000 cm3 (which in this case is equivalent to one kg) of composite material with varying 

percentages of CaCO3 filler (0% to 40% at 5% increments). The scope of this assessment is cradle to 

gate including the following life cycle stages: raw material extraction, transport to pellet processing, 

pellet production, and subsequent injection moulding to represent required manufacturing into 

usable parts.  

Background information for product flows were sourced from the Ecoinvent 3.2 database (Wernet et 

al., 2016) with global market averages used. For the life cycle inventory of the raw materials, 

unprocessed limestone and granulate polypropylene were the processes selected to model calcium 

carbonate and polypropylene; these are detailed in table A5 of the appendices.  

‘Limestone, unprocessed {GLO} market for Alloc Def U’ and ‘Polypropylene, granulate {GLO} market 

for Alloc Def U’ were selected from the Ecoinvent 3.2 database as the input processes. Data that has 

been averaged from global production was used. 

The transport and pellet production impacts are embedded within the raw material extraction 

process as provided by the Ecoinvent database. The modelling for transportation (i.e., transport 
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vehicles and transport distance) as provided by the Ecoinvent database can be found in table A6 of 

the appendices.  

For the injection moulding process, a unit of one kg of the process titled ‘Injection moulding {GLO} 

market for Alloc Def U’ was chosen from the Ecoinvent 3.2 database. This is again data that has been 

averaged from global production. The electricity grid used was also from average global data and the 

process selected from the Ecoinvent 3.2 database was ‘Electricity medium voltage {RoW} market for 

Alloc Def U’. 

The Life Cycle Impact assessment results were calculated using the CML-IA Baseline version 3.03 

EU25 methodology including all 11 environmental impact categories. 

5.3. Experimental results and discussion 
The results from each test are provided and discussed below in separated sections. The aesthetic 

properties are discussed in section 5.3.1, tensile properties in section 5.3.2., flexural properties in 

section 5.3.3., impact properties in section 5.3.4., and environmental properties in section 5.3.5. An 

overall discussion of these properties combined are then discussed in section 5.4. followed by 

suggestions for future research in section 5.5. 

5.3.1. Aesthetic properties  

Figure 10 displays images taken of the tensile test pieces created via injection moulding for each 

formulation. The 0% specimen is shown to have an opaque white colour and even just 5% of filler 

added creates a noticeable difference in surface colour. 5% filler shows to be a very light cream 

which becomes only a slightly darker cream at 10% and 15%. A yellowish hue can be seen to become 

more prevalent as the percentage of CaCO3 filler increases. At 20% filler and above, the yellowish 

tint appears to no longer grow much stronger but instead maintains a similar dark cream colour. The 

colour change across all specimens is uniform in that the colour is equally distributed for each piece. 

There are no noticeable areas of irregular concentration of colour gradients within individual 

samples. This indicates that there is minimal clumping of CaCO3 particles on a macro scale allowing 

for the colour to spread evenly.  

When the specimens were moulded, no alterations to the injection moulding equipment were 

required compared to the requirements when moulding pure polypropylene (0% CaCO3). No mixing 

of the polypropylene pellets and ground calcium carbonate was conducted prior to being placed in 

the machine but via observation of colour, generalised distribution of materials appears to have 

occurred. In addition to colour, no observable changes to the macro scale topography were noted. 

The surface of the composites where CaCO3 particles were added did not appear to have any 

noticeable roughness or uneven texture compared to the sample of pure polypropylene (0% CaCO3).  
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Figure 10: Visual appearance of CaCO3 - polypropylene composites with 5% increments of CaCO3 filler (From left to right, 
CaCO3 content ranges from 0% to 40%, increasing at 5% increments) 

5.3.2. Tensile testing  

Figure 11 shows the tensile stress-strain curves for the PP - CaCO3 (0% to 40%) composites. 

Accompanied alongside the stress-strain curves are the yield strength values and young’s modulus of 

the specimens provided in Table 10. 

The stress-strain curves show how all specimens demonstrate tensile behaviour typical of plastic 

ductile yielding followed by eventual fracture. The specimen containing 0% CaCO3 is shown to have 

the largest elongation at break, fracturing at a strain of 4.79 mm/mm. The 40% CaCO3 filled PP 

sample has the lowest elongation at break by a large margin and seen to fracture at 2.5 mm/mm 

strain, much less than the other specimens and around half of the elongation of pure PP. The other 

samples are shown to break at values between these two formulations. 30% CaCO3 filled PP has an 

elongation at break closest to that of pure polypropylene (0% CaCO3) breaking at a strain of 4.40 

mm/mm; 0.39 mm/mm less than that of pure PP. It appears that as CaCO3 filler content increases 

from 5% to 30%, the elongation before breaking increases but then any filler percentage higher, the 

elongation experiences rapid decrease. At percentages above 30%, breakage is shown to occur at 

3.43 mm/mm and 2.5 mm/mm for 35% and 40% respectively. This is a fast decline from the break of 

4.40 mm/mm when using 30% CaCO3. 

It can be seen in both Figure 11 and Table 10 that as percentage of CaCO3 present increases, the 

yield strength reduces. This trend is not perfectly linear but does show a steady overall decrease. 

Pure PP (0% CaCO3) has the greatest yield strength of 17.68 MPa but is only slightly greater than that 

of 5% and 10% (17.26 MPa and 17.60 MPa respectively). At 15% CaCO3 filler and above, the yield 

strength demonstrates a larger decrease. For 15% and 20%, yield strength lowers to 15.86 MPa and 

15.17 MPa respectively, a 10% and 14% reduction from pure PP (0% CaCO3). Interestingly, at 25% 

and 30%, the yield strength increases slightly to 16.14 MPa and 16.02 MPa. This is still over 1.5 MPa 

lower than pure PP but higher than the composites containing lower percentages of filler (15% and 

20% CaCO3).  
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(K. Yang et al., 2006) and (Zuiderduin et al., 2003) studied yield strength up to 30% CaCO3 at 10% 

increasing filler percentage increments. They both found that yield strength decreases consistently 

with no percentages where the value increased as higher filler content was added. This study used 

an average of three samples when calculating tensile properties, all samples of which demonstrated 

the increased yield strength for 25% and 30% CaCO3 filler. This indicates that another factor is at play 

which differs between this study and the previous two resulting in the increased yield strength of 

these specimens. Perhaps at these percentages, changes have occurred between the interaction 

between the CaCO3 particles and the polypropylene but with current understanding, this will need 

further investigation.   

Just as was seen with elongation at break, when CaCO3 filler percentage is at 25% or 30%, yield 

strength is closer to pure PP (0% CaCO3) than specimens containing lower percentages of CaCO3 filler 

(15% and 20%). Also as was seen with elongation at break, yield strength decreases significantly and 

is the lowest (12.73 MPa) for the sample containing 40% CaCO3. This sudden drop in both elongation 

at break and yield strength indicates that at this filler percentage and above, the material will have 

noticeably different tensile properties to pure PP and may not be a suitable material alternative. 

Table 10 shows that as CaCO3 filler percentage increases, the young’s modulus increases. The pure 

PP (0% CaCO3) sample has the lowest young’s modulus of 733 MPa, whereas 40% CaCO3 filled 

polypropylene has the highest at 1240 MPa; a 69% increase. Between each increment of +5% CaCO3, 

the young’s modulus can be seen to increase consistently with each addition. As young’s modulus 

measures the stiffness of a material, these results show that as percentage of CaCO3 filler increases, 

the stiffness of the material also increases.  

 

Figure 11 Tensile stress-strain curves of polypropylene composites filled with calcium carbonate (CaCO3) ranging from 0% 

to 40% at 5% increments.  
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Table 10: Yield strength and Young’s modulus of polypropylene composites filled with calcium carbonate (CaCO3) ranging 

from 0% to 40% at 5% increments.  

Percentage CaCO3 filler Yield strength (MPa) Young’s modulus (MPa) Youngs modulus standard 
deviation 

0% 17.68 733 72.3 

5% 17.26 818 23.4 

10% 17.60 925 47.5 

15% 15.86 942 55.5 

20% 15.17 961 80.8 

25% 16.14 1009 29.2 

30% 16.02 1168 78.9 

35% 15.46 1205 75.2 

40% 12.73 1240 28.9 

 

5.3.3. Flexural (3-point bend) testing 

Figure 12 displays the extension-load curves resulting from 3-point bend flexural tests of the PP 
composites filled with various percentages of calcium carbonate (CaCO3). Accompanied alongside 
the extension-load curves are the flexural strengths of the specimens and maximum loads (Fmax) 
experienced; provided in Table 11. 

As can be seen in Figure 12, the 3-point bend tests were continued until 25 mm extension at 
which point none of the specimens had fractured. The pure polypropylene (0% CaCO3) sample 
had a flexural strength and maximum force that was at the midpoint of all the samples. Once 
5% of CaCO3 was added, the flexural properties increased dramatically. The specimen with the 

greatest flexural strength (30.71 N/mm2) and maximum load (46.80 N) was the 5% CaCO3 filled 
PP. The composites containing 5%, 10%, and 15% CaCO3 filler had very good performance in 
terms of flexural strength with values higher than that of pure PP. This shows that 
incorporating small amounts of CaCO3 can positively affect the material’s ability to resist 
deformation. As higher percentages of CaCO3 were added, the flexural strength and Fmax 
decreased. The lowest flexural strength can be seen for the 30% CaCO3 filled PP samples with a 
flexural strength of 20.16 N/mm2 and maximum load of 30.73 N. Both of these values are 34% 
lower than the 5% CaCO3 sample and 18% lower than the pure PP (0% CaCO3). A similar study 
which explored the flexural strength of CaCO3 filled PP up to 25% filler supports these findings 
as it also found that initial addition of small amounts of CaCO3 increased strength which then 
gradually decreased as more filler was incorporated (Jing et al., 2018). 
 
As flexural strength refers to a material’s ability to resist deformation, these results indicate 
that adding small percentages of CaCO3 will make PP less likely to deform. It is only until 20% or 
above of CaCO3 is added before the flexural strength and maximum force of the composite 
becomes lower than that of pure PP. As filler percentages reach higher levels (30% and above), 
the flexural strength and Fmax appears to stay consistent or even increases as is the case of 35% 
CaCO3 compared to 30% CaCO3. This is represented quite well in Figure 12, where the 30%, 
35%, and 40% CaCO3 filled PP samples have extension-load curve that stay consistently close 
throughout the 3-point bend test. This may indicate that at CaCO3 filler percentages of 30% and 
above, flexural strength and maximum load no longer continues to reduce. Further tests could 
be conducted at CaCO3 filler percentages of greater than 40% in future experiments to see if 
the Fmax and flexural strength stays constant or changes at much higher filler percentage 
ranges.  
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Figure 12: Flexural extension-load curves resulting from 3-point bend tests of polypropylene composites filled with calcium 
carbonate (CaCO3) ranging from 0% to 40% at 5% increments.  

Table 11: Flexural strength and maximum load (Fmax) of polypropylene composites filled with calcium carbonate (CaCO3) 
ranging from 0% to 40% at 5% increments.  

Percentage CaCO3 filler 
(%) 

Fmax  
(N) 

Flexural strength  
(N/mm2) 

Flexural strength standard 
deviation 

0 37.55 24.64 0.40 

5 46.80 30.71 0.67 

10 44.51 29.21 1.01 

15 41.28 27.09 1.09 

20 36.87 24.20 1.55 

25 36.58 24.01 0.97 

30 30.73 20.16 0.31 

35 31.73 20.82 1.23 

40 30.87 20.26 0.67 

 

Flexural modulus has also been calculated for each CaCO3 – PP sample and this data is shown in 

Table 12. 

Table 12 shows that the pure PP (0% CaCO3) sample has the lowest flexural modulus (856 

N/mm2) out of all of the samples. As CaCO3 filler percentage is increasingly added to the 

composites, the flexural modulus also increases. The 40% CaCO3 filled polypropylene specimen 

has the highest flexural modulus of 1289 N/mm2; 51% higher than pure PP. Flexural modulus 

measures a materials stiffness during bending meaning these results show that pure 

polypropylene (0% CaCO3), with the lowest modulus, has the greatest flexibility of all the 

samples. As more CaCO3 filler is added to the polypropylene, the resulting composite can be 

seen to increase in flexural modulus and therefore increase in material stiffness with the 40% 

CaCO3 sample therefore having the greatest stiffness. It can be seen clearly that as greater 

percentages of CaCO3 filler are added to polypropylene, the resulting material composites 

become stiffer and at over 15% filler, has lower deformation resistance than pure PP.  
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Table 12: Flexural modulus of polypropylene composites filled with calcium carbonate (CaCO3) ranging from 0% to 40% at 
5% increments.  

Percentage CaCO3 filler  
(%) 

Flexural modulus  
(N/mm2) 

Flexural modulus standard 
deviation 

0 856 8.09 

5 955 1.59 

10 1056 4.06 

15 1081 12.81 

20 1099 10.52 

25 1127 5.36 

30 1217 1.39 

35 1264 4.50 

40 1289 3.00 

 

5.3.4. Impact testing 

Table 13 shows the average Charpy impact data taken from three samples of each of the CaCO3 filled 

PP composites from filler percentages of 0% to 40% at 5% increments.  

Table 13 Average Charpy impact data of three specimens for polypropylene composites filled with calcium carbonate 
(CaCO3) ranging from 0% to 40% at 5% increments. Standard deviation from each set of three specimens is also provided. 

Percentage of CaCO3 
filler (%) 

Average initial Charpy 
impact strength (J) 

Standard Deviation Average calculated Charpy 
impact strength (J/mm2) 

0 1.10 0.09 0.028 

5 1.25 0.26 0.031 

10 1.07 0.20 0.027 

15 1.37 0.15 0.034 

20 1.23 0.08 0.031 

25 1.09 0.10 0.027 

30 1.35 0.06 0.034 

35 1.31 0.17 0.033 

40 1.49 0.08 0.037 

Table 13 shows that Charpy impact strength increases slightly as percentage of CaCO3 filler increases 

with the sample containing 40% CaCO3 filler having the highest Charpy impact strength of 0.03725 

J/mm2; 35% greater than pure PP (0% CaCO3).  This increasing trend, however, is not linear and 

fluctuations in the impact strength can be observed at different filler percentages. In particular, the 

10% and 25% CaCO3 filled specimens which have lower impact strength than pure polypropylene 

(0% CaCO3). This data suggests that the inclusion of CaCO3 has an inconsistent effect on impact 

strength. As impact strength is known to be affected by a variety of filler properties (e.g., particle 

size, particle distribution, matrix – filler binding additives etc.), future research could further help to 

identify which factors could be key in order to ensure consistent modifications to impact strength.   

5.3.5. Environmental Assessment - Results 

Figure 13 displays the environmental impacts for the CaCO3 filled PP composites (as filler 

percentages range from 0% to 40%, increasing at 5% increments) per FU of 1000 cm3 of composite 

material. All eleven environmental impact categories as provided by the CML-IA Baseline version 

3.03 EU25 methodology are included. Red lines are provided to indicate the impact provided from 

the injection moulding process. The remaining impact above the line includes the raw material 
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extraction, transport to pellet production, and pellet processing. These impacts are combined as 

within the Ecoinvent database, they are embedded together into one process. 

 

Figure 13: Graphical representation of environmental impact data for polypropylene composites filled with calcium 
carbonate (CaCO3) ranging from 0% to 40% at 5% increments. All eleven environmental impact categories as provided by 
the CML-IA Baseline version 3.03 EU25 methodology are included. Results shown per functional unit of 1000 cm3 of CaCO3 
filled polypropylene. Red lines are included to indicate the impact provided from the injection moulding process.  

As can be seen in Figure 13, the environmental impact for all eleven categories decreases as CaCO3 

filler percentage increases. For each category, the reduction in impact is linearly proportional to 

quantity of added filler. For example, for every 5% of CaCO3 added, GWP decreases by 100 g CO2 eq. 

per FU of composite material. This is consistent whether you are comparing 0% filler to 5% filler or 

35% to 40%; the reduction per increment is the same.  

The overall environmental impact for all categories can be seen to decrease by 3% to 32% once 40% 

of CaCO3 has been added. The category with the least reduction of impact (3%) is TETP that 

decreases from 2.7 g 1,4-DB eq. emissions from the pure PP (0% CaCO3) sample to 2.6g 1,4-DB eq. 

from the 40% CaCO3 filled PP. The overall reduction is small because the environmental impact from 

the injection moulding manufacturing stage consists the majority (92%) of the total impact. In fact, 
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the injection moulding has quite a significant contribution for all categories of between 20% to 92%, 

as can be seen indicated by the red lines.  

The greatest reduction is shown for ADPf which reduces from 89.5 MJ for the pure PP sample to 60.9 

MJ for 40% CaCO3 filled PP; 32% lower. It is understandable that ADPf would have such a great 

reduction as PP is derived from fossil fuels whereas CaCO3 is naturally sourced and does not require 

fossil fuels within the raw materials. The raw material extraction and pellet processing also has a 

larger overall contribution to this category of 80% resulting in greater overall reductions as CaCO3 is 

added. There are no environmental impact categories that are made worst by using CaCO3 so no 

compromises to certain impact categories would be needed to achieve an overall more sustainable 

material. Even just small additions of CaCO3 filler within virgin PP would have a positive 

environmental impact. Manufacturers can therefore use this data to choose what percentage of 

filler is acceptable in terms of mechanical tolerances and calculate the resulting environmental 

savings that will be made. Figure 13 showed injection moulding to contribute a large proportion of 

the total environmental impact. It is, however, important to note that studies have shown that using 

CaCO3 within PP can improve thermal conductivity of the resulting composite. This enables PP to 

heat up faster resulting in lower energy requirements during processing (Ebadi-Dehaghani et al., 

2013). Manufacturers could potentially measure the change in energy requirements when including 

CaCO3 into their PP. They could also test whether the operation temperature or run time of the 

injection moulding machine could be reduced whilst still providing materials of satisfactory quality. 

These energy savings could lead to further reduced environmental impact and future studies may 

wish to utilise life cycle assessments to examine the reductions in energy requirements and its 

resulting change in environmental impact as various percentages of CaCO3 filler are used.  

5.4. Overall discussion 
To help aid the comparison of the various properties that have been explored within this study, 

Figure 14 provides a heat map indicating which blends demonstrate desirable or undesirable 

properties ranging from best (dark green) to worst (red). 

 

Figure 14 Heat map showing the performance of various properties displayed by polypropylene composites filled with 
calcium carbonate ranging from 0% to 40% at 5% increments. The colours indicate the following: Dark green – best, Light 
green – good, Yellow – midway, Orange – bad, Red – worst. 
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Overall, it has been shown that adding CaCO3 to PP will have variable effect on the mechanical and 

environmental properties depending on the percentage of filler added. Environmental impacts are 

consistently shown to improve as more CaCO3 is added but the same cannot be said for the 

mechanical properties. In terms of processability and aesthetic properties, no changes to the 

injection moulding equipment were required resulting in easy manufacturing but a yellowish hue 

can be seen in the resulting moulded pieces. Even with just 5% CaCO3 added, the colour change is 

noticeable and gets stronger as more CaCO3 filler is added. If a pure white colour is required by the 

manufacturer, even the smallest amount of CaCO3 will deem this unachievable. 

Figure 14 shows the tensile and flexural properties transition from greens and yellows to oranges 

and reds as more CaCO3 is added. This is due to the yield strength and flexural strength decreasing as 

well as the Young’s modulus and flexural modulus rising when percentage of CaCO3 filler increases. 

Manufacturers would need to determine how low of the yield and flexural strengths and how high of 

the Young’s and flexural moduli would be acceptable for their product in order to decide on the 

percentage of CaCO3 filler that can be added for their composite. As environmental impact 

decreases linearly, the more filler that can be added, the lower the overall impact will be. If a flexural 

strength closely resembling or surpassing pure PP is desired, then PP containing 20% CaCO3 or less 

could be used.  

Despite the slight overall increase in impact strength as more CaCO3 filler is added, the unpredictable 

nature of the values as percentage varies makes choosing the best formulation a challenge. This is 

demonstrated well in Figure 14 as the colours are shown to not follow any particular pattern and 

behave sporadically. More research will be needed to explore the effect that different factors, such 

as particle size, particle distribution, and binding additives etc., may have on the impact strength to 

determine the cause of this inconsistency. 

5.5. Suggestions for future research 
Previous studies have shown that the mechanical properties of composites containing CaCO3 can be 

dependent on factors pertaining to the shape, size, and dispersion of the CaCO3 particles. Impact 

strength, in particular, relies on equal dispersion of similarly sized particles within the polymer 

matrix (Zhu et al., 2014) due to filler particles acting as stress concentrators within the polymer 

matrix leading to increase fracturing at areas of agglomeration (Elfakhri et al., 2022). Section 5.3.4. 

of this study showed that impact strength at varying CaCO3 filler percentages can be unpredictable. 

Electron microscopes could be used to study the particle size distribution within the composite 

materials and assess how any changes may affect the mechanical properties. This has been done for 

studies where CaCO3 has been added to polyethylene (Suwanprateeb, 2000) and when analysing the 

tensile properties in PP (Budiyantoro et al., 2018). 

Changes to the preparation method of the CaCO3 - PP  composites could also be explored such as 

whether premixing prior to injection moulding has any effect on material properties. One study 

found that a higher back pressure and increased rotation speed of the injection moulding screw can 

result in superior distribution of filler particles within PP (Budiyantoro et al., 2018). Variations in 

injection moulding machine settings could therefore be further tested.  

One known property of CaCO3 is its high hydrophilicity which contributes to the agglomeration and 

uneven dispersion of CaCO3 particles (Zhu et al., 2014). Calcium carbonate can be treated with 

compounds of low molecular weight in order to modify how the particles interact within composites 

(Deshmukh et al., 2010). For example, stearic acid decreases the polarity of CaCO3 reducing 

agglomeration (Cao et al., 2016; Shi et al., 2010). Future research could explore how additives, such 
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as stearic acid, affect the mechanical properties of CaCO3 - PP composites at higher filler 

percentages.  

5.6. Conclusion 
In conclusion, as percentage of CaCO3 filler increases from 0% to 40% within polypropylene, the 

aesthetic and mechanical properties are affected. In terms of aesthetics, the specimens demonstrate 

a yellow hue in colour which grows stronger as filler percentage increases. No difficulties were 

encountered when processing the CaCO3 when using settings usually required to mould pure 

polypropylene. Elongation at break decreases as filler content increases as well as yield strength 

which decreases from 17.68 MPa to 12.73 MPa from 0% to 40% CaCO3. The Young’s modulus rose 

consistently as filler percentage increased indicating the materials became stiffer as more CaCO3 was 

added. Flexural strength initially increased from 24.64 N/mm2 (pure polypropylene) to 30.71 N/mm2 

as at 5% CaCO3 but then declined as filler increased. The flexural modulus consistently increased as 

more filler was added; pure polypropylene having the lowest flexural modulus (856 N/mm2) and 40% 

CaCO3 filled polypropylene the highest (1289 N/mm2).  

Impact strength increased slightly from pure polypropylene (0.0275 J/mm2) to 40% CaCO3 (0.03725 

J/mm2), however, this change was inconsistent and unpredictable. Future research is encouraged to 

explore the affect that dispersion, size, and shape of the CaCO3 particles have on the mechanical 

properties. The environmental analysis showed that for every category, environmental impact 

decreases proportionally as CaCO3 filler content increases. For every 5% of CaCO3 added, global 

warming potential decreased by 100 g CO2 eq. per 1000cm3 of composite material.  Abiotic depletion 

of fossil fuels experienced the greatest reduction of 32% when 40% CaCO3 was added.  

Overall, this study showed that if the changes in mechanical properties are acceptable to the 

manufacturers’ requirements, that significant environmental savings could be made by partially 

replacing virgin polypropylene with calcium carbonate (CaCO3). Future research is advised on the 

effect that particle size distribution, premixing, and binding additives have on the mechanical 

properties of CaCO3 – PP composites in order to help control some of the properties whilst allowing 

for the environmental savings associated with using calcium carbonate.   
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  CHAPTER 6 

6: ENVIRONMENTAL EVALUATION OF PASSIVE HUMIDIFICATION 

BREATHING SYSTEMS AND ASSESSMENT OF MITIGATIONS 

OPPORTUNITIES 
 

 
This chapter addresses objectives 1, 2, and 3 

 
Due to issues of confidentiality, this chapter has not been submitted for publishing but has been 

allowed to be included as part of this uploaded thesis.  
 
Statement of contribution: 
As multiple authors are listed to have contributed to this chapter, a statement is provided to 
demonstrate the roles each author had during its construction and a respective overall percentage 
to the work as a whole. 
 
In order to facilitate fair assignment of author contribution percentages to each of the respective 
authors, the following division of work contribution has been allocated: 

• 20% will be allocated to chapter conceptualisation and planning.  

• 20% will be allocated to the running of any required software or alternative methods to 
obtain the results.  

• 20% will be allocated to the interpretation of the results and any further analysis required.  

• 25% will be allocated to the writing and editing of the chapter.  

• The final 15% of the work is allocated to supervision. This percentage will be split amongst 
the supervisors according to their respective involvement. 

Christina Webb (Percentage contribution: 80%) 
Fulfilled roles: Chapter conceptualization, Methodology, Data curation, Formal analysis, Software, 
Project administration, Validation, Writing- Original draft preparation, Review and editing.  
 
Lorna Anguilano (Percentage contribution: 5%) 
Fulfilled roles: Supervision, final read of the finished chapter before submission.  
 
Ximena Schmidt Rivera: (Percentage contribution: 15%) 
Fulfilled roles: Supervision, Writing (Review and Editing of all drafts) 

 

 

 

 

 

 

 

 



89 

 

Environmental evaluation of passive humidification breathing systems and assessment of 
mitigations opportunities 

Christina Webba, Lorna Anguilanob, Ximena Schmidtc 

a Department of Mechanical and Aerospace engineering, College of Engineering, Design and Physical Sciences, 
Brunel University London, UB8 3PH, Uxbridge, United Kingdom  
b Experimental Techniques Centre, College of Engineering, Design and Physical Sciences, Brunel University 
London, UB8 3PH, Uxbridge, United Kingdom 
c Department of Chemical engineering, College of Engineering, Design and Physical Sciences, Brunel University 
London, UB8 3PH, Uxbridge, United Kingdom 

 

 

Abstract 

The increased reliance on single-use devices (SUDs) is a significant contributor to the medical 

industry’s environmental impact. Over 25% of plastic SUDs are made from polyvinyl chloride (PVC) 

which has generated concerns due to toxic emissions produced during incineration as well as the use 

of potentially carcinogenic plasticisers. Sustainable alternatives to PVC-based SUDs are available on 

the market but lack full environmental assessments. This study uses life cycle assessments (LCAs) to 

explore the environmental impacts of two passive humidification breathing system (BS1 and BS2) 

including cradle-to-grave lifecycles with 11 impact categories provided via the CML-IA baseline v3.03 

methodology. BS1 is comprised primarily of plasticised PVC whereas BS2 is advertised as a sustainable 

alternative to BS1 as thermoplastic elastomer (TPE) and polypropylene (PP) are used instead of PVC.  

BS2 is found to have the lowest environmental impact across all 11 impact categories with ADPe, ODP, 

and TEP being significantly reduced. GWP is lowered by 19% when comparing BS2 to BS1. For six 

categories, the most impactful stage for BS1 is raw material and pre-processing (RMEP) with >95% 

bring from the plasticised PVC. For the toxicity potentials (HTP, FWAEP, and MAEP), the disposal stage 

contributes 70%-97% of the impact for both breathing systems. Sustainable mitigations of the 

materials used within BS2 were explored with PLA and Calcium carbonate (CaCO3) filled PP composites 

tested as replacements to virgin PP. PLA raised the impact for nine of the 11 impact categories; 

whereas CaCO3 lowered for six. GWP was lowered slightly when using PLA instead of virgin PP but was 

the lowest (12% reduction) when using CaCO3. PLA increased the RMEP stage for nine categories but 

CaCO3 reduced RMEP for all categories. Both increased the disposal stage for HTP, MAEP, and FWAEP. 

A scenario analysis explored the potential to disinfect and recycle the breathing systems after use 

instead of incineration. Manually cleaning had lower environmental impact for all categories 

compared to mechanical cleaning (via use of a washer-disinfector) due to the reduced use of 

electricity. Cleaning and subsequent recycling was found to lower environmental impact for five 

(mechanical) to six (manual) categories compared to incineration.  

 

6.1. Introduction 
The impact human activity has on the environment has been of increasing concern with the recently 

termed ‘climate crisis’ now classed as one of humanity’s greatest threat to life by the United Nations 

(UN Press, 2021). The medical industry in particular plays a large role in the global environmental 

decline contributing around 5% of global emissions (Tennison et al., 2021). The United Kingdom’s 

National Health Service (NHS) identified that the increase reliance on single-use devices (SUDs) is 

having significant contributions to the medical industry’s environmental impact (Macneill et al., 

2020; NHS, 2020). A large quantity of the environmental impacts from these devices can be 

attributed to the use and manufacturing of materials as well as end-of-life disposal (Sherman et al., 

2020). There is a noticeable lack of environmental assessments done on single-use medical devices, 
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with passive humidification breathing systems having no studies conducted. With no research 

available, it is impossible to identify what the current environmental impacts are, where the 

hotspots lie, and how these impacts can be mitigated. Another factor to consider is that breathing 

systems can be made of various type of polymeric materials, some of which are advertised as 

environmentally sustainable with no peer reviewed environmental assessments provided to support 

these claims.  

One material that is prevalent within SUDs is Polyvinyl Chloride (PVC), found in just over a quarter of 

all single-use plastic medical devices (Researchnester, 2023). This polymer has caused global concern 

due to the generation of dioxins, vinyl chloride, and heavy metals (Akovali, 2012) and the use of 

potentially carcinogenic additives such as phthalate-based plasticisers (Caldwell, 2012). Phthalates 

were first used in medical devices in 1955 (Sampson & De Korte, 2011) but have been increasingly 

restricted globally due to concerns around leaching from the polymer fibres (Wei et al., 2019) and 

the risk of infertility and birth defects (Niermann et al., 2015). In order to address the issues 

surrounding the use of PVC, alternative sustainable materials have been proposed. An example of 

this is thermoplastic elastomer (TPE) which is advertised as an environmentally friendly material 

alternative due to not requiring the use of increasingly regulated phthalate-based plasticisers whilst 

retaining mechanical properties akin to PVC (Payne & Rader, 2020). An application where a PVC-

based single-use medical device has been re-designed using TPE is with passive humidification 

breathing systems. So far, the environmental implications of this change has not been quantified. In 

fact, as of yet, very few respiratory devices have been researched for their environmental impact 

demonstrating a need for more baseline data in order to identify where problem areas occur and 

how optimal changes can be made. More studies are also needed comparing medical devices (in this 

case breathing systems) made of PVC and TPE in order to quantify the difference in environmental 

impact when changing material. 

To assess the environmental impact of products, the International Organization for Standardization 

(ISO) recommends life cycle assessments (LCAs) as the best methodology (Kumar et al., 2020). LCAs 

analyse the environmental impact of materials and energy inputted and the emissions and waste 

given off when producing a product to give overall environmental impact across a variety of 

categories (Finnveden et al., 2009). The lifecycle of a product consists of scope-defined life cycle 

stages (e.g., raw materials, manufacture, transportation, use, and end-of-life) allowing LCA results to 

be separated by each life cycle stage in order to identify the most impactful areas for improvement. 

The utilisation of the LCA methodology for assessing the environmental impacts is well established, 

however, it is still growing within the medical industry and case studies are fairly limited (Svensson, 

2017). Full life cycle assessments of passive humidification breathing systems are not available 

within literature which means the environmental impacts of these systems have not been broken 

down by lifecycle stage to identify where the largest environmental impacts lie. 

Currently, environmental assessment studies using LCA methodology can be found on respiratory 

medical devices such as anaesthetic equipment (McGain et al., 2017), laryngeal masks (Eckelman et 

al., 2012), laryngoscopes (Sherman et al., 2018), and non-medical face masks (Lisa Allison et al., 

2020; Schmutz et al., 2020); but none on breathing systems. This lack of data is surprising especially 

considering that the global market for respiratory and airway devices is currently valued at £39.5 

billion (Allied, 2022). Within the UK, over 14.5 million surgeries are carried out each year (Abbott et 

al., 2017) with each one potentially requiring the use of a breathing system. This demonstrates the 

sheer volume of breathing systems being used and indicates the potential for environmental savings 

if sustainable changes were established. In addition to a lack of baseline data, very few studies 

investigate mitigations that can be implemented which address the main environmental impacts and 
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explore changes to the devices to create sustainable alternatives. So far, only two studies on 

sustainable versions of medical devices are available; a sustainably designed dialyser (Hanson & 

Hitchcock, 2009) and a sustainable syringe called ‘Syreen’ (Moultrie et al., 2015). The study 

improving the sustainability of the dialyser focused on optimising material strength-to-weight ratio 

using 3D computer aided design software but did not change the material itself. The sustainable 

syringe was deemed sustainable as the syringe cannisters were designed to arrive to the consumer 

prefilled therefore not requiring additional packaging to transport the medicine alongside the 

syringe. As with the dialyser, these researchers’ approach minimised the amount of material used by 

varying design choices but does not explore environmentally sustainable material alternatives. For 

both these studies, life cycle assessments were not conducted prior or after design optimisation and 

therefore the researchers were not able to specify the optimal environmental impact reductions or 

quantify the reduction in impact. This shows that there is a gap in research for using LCAs to 

demonstrate that sustainable mitigations can be identified prior to commencement of design 

changes and that the overall change in environmental impact can also be quantified. 

Within this study sustainable materials will be explored as alternatives to the polypropylene (PP) 

used withing the breathing systems. Current literature on sustainable material replacements to PP 

within medical devices is at its early stages. Of the research available, two materials have grown in 

popularity as a replacement for PP; polylactic acid and composites containing mineral-based fillers 

(e.g., calcium carbonate) (Leong et al., 2005; Saleh et al., 2023). 

Polylactic acid (PLA) is a very promising biopolymer derived through the fermentation of renewable 

resources (e.g., corn and wheat) (Jamshidian et al., 2010). PLA is advertised as a sustainable 

alternative to petrochemical-based polymers such as PP (Vink et al., 2003; Mehmood et al., 2023) 

due to its compostable and biodegradable properties (Dubey et al., 2017) as well as its absorption of 

CO2 from the atmosphere during the growing phase of its renewable agricultural sources (Morão 

and de Bie, 2019). Its mechanical properties are similar to, and sometimes even surpass those, of 

typical synthetic polymers such as PP (Madival et al., 2009; Taib et al., 2023). Some medical devices 

are already being made using PLA such as bioabsorbable bone plates (Lovald et al., 2009), non-

medical face masks (Soo et al., 2022), ventilators (DeStefano et al., 2020), and respirators 

(Papavasiliou & Chatzimichail, 2021). 

Mineral-based filled PP composites are another potential sustainable substitute for virgin PP. A 

popular mineral used is calcium carbonate (CaCO3) that has been shown to be able to be mixed with 

PP in order to reduce the virgin fossil-fuel derived polymer and instead replace with a naturally 

occurring, low environmentally impacting mineral (Lam et al., 2009; Chang et al., 2021). CaCO3 is 

known to be compatible with polymers without considerably affecting its processability, mechanical 

properties, or recyclability if low percentages of filler is added (Lam et al., 2009; Chaiyut et al., 2012). 

A previous study showed that up to 40% of the PP can be replaced with CaCO3 and still be 

processable using injection moulding machinery (Webb at al., 2024). Fillers are not yet common 

within the medical device manufacturing industry but has been showing promise in non-healthcare 

sectors (Myllytie et al., 2016; Mohanty et al., 2018). 

6.2. Methodology 

For this study, the environmental impact assessments are performed using a Life Cycle Assessment 

methodology according to the ISO standards 14040:2006 and 14044:2006 ((ISO, 2006a; ISO, 2006b), 

and conducted using SimaPro software v8.3.1 (PRé, 2008). The following sections describe each of 

the four steps of the LCA methodology. 
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6.2.1. Goal and Scope  

The goal of this study is to assess and evaluate the environmental impact of passive humidification 

breathing systems throughout their complete life cycle. Additionally, comparisons will be made 

between two breathing systems to identify which is more sustainable and where further sustainable 

mitigations are possible.  

The devices studied 

This study assesses two passive humidification breathing systems (BS1 and BS2). BS1 is made of 

majority Polyvinyl chloride (PVC), whereas BS2 is advertised as an environmentally friendly version 

of BS1 due to the replacement of PVC with Thermoplastic elastomer (TPE) and Polypropylene (PP). 

Both products are available on the global market as of 2023. These breathing systems are designed 

to be single-use and are disposed of via incineration. The breathing system design consists of two 

tubes attached with connectors at each end (total of four connectors), and a red safety cap (see 

Figure 15). Each breathing system performs the same function and either could be substituted in for 

use without any required adjustments by the healthcare worker. The PVC within BS1 is plasticised 

using a non-phthalate-based plasticiser that cannot be disclosed due to confidentiality. This 

plasticiser shall be referred to as NonPht. BS1 and BS2 are shown in Figure 15. 

Breathing System 1 (BS1)              Breathing System 2 (BS2) 

 
 Made largely of Polyvinyl 

Chloride (PVC) 

 Made largely of Thermoplastic 

elastomer (TPE) and Polypropylene (PP) 

Figure 15: Images of the two breathing systems (BS1, BS2) investigated in this study; for details of 

materials composition see Table 14. Labels of the system’s components are provided on the image. 

The functional unit is defined as ‘one single-use passive humidification breathing system for adult 

use in the UK’, which is equivalent to 348 g in the case of BS1, and 288 g for BS2.  

The scope of the study is from cradle-to-grave which includes raw material extraction and pre-

processing, transport within stages (i.e., to the manufacturer, to the hospital, and to final disposal), 

manufacturing (including material moulding, component assembly, and initial sterilisation prior to 

dispatchment), packaging, and final disposal. The environmental impact originating from the use 
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stage has been excluded as this can be attributed to the respiratory machinery generating the gas 

flow which is outside the scope of this study. The full system boundary is provided in Figure 16. 

 

Figure 16: Diagram showing the full Cradle-to-Grave System boundary for the breathing systems 

studied (use stage is in red as it is excluded). The coloured boxes define the individual life cycle stages 

which are included; Raw material extraction and pre-processing (green), packaging (light blue), 

transport (dark blue), manufacturing (orange), and end-of-life disposal (gold).  

6.2.2. Life Cycle Inventory data 

The following sections provide data for each life cycle stage: raw material extraction and pre-

processing, manufacturing, packaging, transport, and disposal.  

Raw material extraction and pre-processing stage (RMEP) 

The RMEP stage involves the extraction of raw materials and pre-processing (converting extracted 

raw material into a form which is mouldable by manufacturing equipment). Ecoinvent 3.2 database 

(Wernet et al., 2016) has been used for the background data. The materials requirements were 

obtained via material datasheets from the manufacturer. Table 14 summarises the material 

composition of each breathing system.  
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Table 14:  Life cycle inventory of the raw material and pre-processing stage (RMEP) of the two 

breathing systems; data is presented per functional unit (one single-use breathing system). 

   
Component Material Breathing system 

       

BS1a 

Mass (g) 

BS2a 

Mass (g) 

Tubing 
 

PVCb 261.3 - 

 NonPht 63.4 - 

 TPEc - 119.8 
  Polypropylene - 100.0 

  LLDPEd - 29.4 

  Colourant (LDPEd) - 0.3 

Connectors Polypropylene 18.9 34.3 

   Colourant (LDPEd) 0.3 0.3 

Dust Cap  HDPEd 4.3 4.3 

   Colourant (LDPEd) 0.04 0.04 

    Total Weight 348.24g 288.44g  
a Description of Breathing systems in Figure 15 
b PVC: Polyvinyl Chloride,  
c TPE: Thermoplastic Elastomer 
d LLDPE: Linear Low-Density Polyethylene, LDPE: Low-Density Polyethylene, HDPE: High-Density Polyethylene 

 
In the case of NonPht, background information was modelled from patents, literature, and 

consultations with industry. In particular, NonPht was modelled from the patent CN104072365A 

Google Patents (2013) alongside confirmation with a NonPht manufacturer (modelled off production 

data from Turkey). This data is shown in Table 15 and displayed per one kg of plasticiser production.  

Table 15: Raw materials and energy used for the production of 1 kg of NonPht (CN104072365A - 
Google Patents, 2013). Background information for product flows sourced from Ecoinvent 3.2 
database (Wernet et al., 2016). 

1 kg NonPht 

Quantity Product flows Database source 

0.425 kg Purified Terephthalic acid, at plant/RER U Ecoinvent3.2 
0.668 kg Fatty alcohol, Market for/RER U Ecoinvent3.2 

0.002 kg Titanium Dioxide, Market for/RER U Ecoinvent3.2 
0.07 kg Water, Market for/RER U Ecoinvent3.2 

25.80 MJ Energy, Market for/RER U Ecoinvent3.2 

 

Manufacturing stage (Processing, Assembly, and Sterilisation) 

The processing facility is based in an European country. The environmental impact data for the 

machines are sourced from the Ecoinvent 3.2 database (Wernet et al., 2016) and is specified to 

operate using electricity from the country’s national grid. The environmental impact of the electricity 

used during processing is embedded within the processes themselves from the Ecoinvent database 

and calculated via the SimaPro software. Ecoinvent 3.2 uses data valid for the year 2012. Processing 

stages were provided in the form of product data sheets by the manufacturer and via consultations 

with the machine operators. Assembly has no additional environmental impact as all components 
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within the breathing systems are attached together either during the manufacturing process or by a 

human operator.  

These breathing systems are available to be purchased as sterile by the hospitals, therefore after 

manufacturing and assembly, the breathing systems are packaged and undergo Ethylene Oxide (EtO) 

sterilisation. Each of the breathing systems studied were sterilised onsite by the manufacturer. The 

sterilisation input and emission data were received by the manufacturer via technical data sheets. 

Each packaged breathing system is placed into an EtO steriliser which operates at <63°C and 

sterilises by passing a gaseous mix of EtO and nitrogen into the steriliser. Due to the similarities of 

size, each breathing system uses the same inputs for sterilisation thus the environmental impact of 

sterilisation is identical for each breathing system. Table 16 summarises the inventory of the 

processing stage. 

Table 16: Input data for processing and sterilisation per functional unit  

 
Direct Emissions 

EtO emission to atmosphere mg 2 
a Description of breathing system in Figure 15 
b Per functional unit of one breathing system 

 

Packaging 

Prior to sterilisation, the breathing systems are packaged. The packaging required for each breathing 

system is 19 g of LDPE film and is identical for both breathing systems studied. The LDPE is pre-

processed into pellets but then requires an extra extrusion processing stage to convert the pellets 

into a plastic film. This LDPE film is manufactured onsite at the manufacturing plant. The raw 

materials are transported via a 7.5-16 mton Euro6 lorry from the material extraction site to the 

processing centre a total of 200 km. 

Transportation stage 

This stage includes the transport of the raw materials to the device manufacturer, the transport 

from the manufacturing facilities to hospital, and the transport from hospital to the final disposal. 

The location of raw material extraction plant for each material was received through product data 

sheets from the manufacturer and the distance travelled from material extraction site to 

manufacturer was calculated using Google maps. For this study, a London-based hospital was used. 

The type of vehicles used to transport the breathing systems to the hospital were acquired from 

consultation with the manufacturer and hospital and the distance travelled was calculated using 

Google Maps. After use, the breathing systems are disposed of separate from their original 

Processing  Breathing system a 

Inputsb Units BS1a BS2a 

Injection moulding g 53.3 39.3 

Extrusion moulding g 294.94 249.14 

 
Sterilisation 

   

Inputsb  

Ethylene Oxide g 5.84 

Natural gas m3 0.021 

Tap Water g 93.28 

Nitrogen g 20.84 

Electricity kWh 0.268 
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packaging and taken to a nearby incineration site. The disposal site is 10km away from the hospital 

and information on the type of vehicle used was acquired from consultation with the hospital waste 

management team. This data is shown in Table 17. 

Table 17: Inventory data use for the transportation stage. Data is presented per functional unit.  

Transport stage Transport data                         Breathing system a 

  Units BS1a BS2a 

 
 
 
 
 

Transport of raw materials to device 
manufacturer 

Vehicle: 7.5-16 mton Euro 6 lorry 

Plasticised PVC g 324.7 - 

km 1700 - 

TPE g - 119.8 

km - 100 

Polypropylene g 18.9 134.3 

km 100 100 

LDPE g 0.34 0.64 

km 200 200 

LLDPE g - 29.4 

km - 10 

HDPE g 4.3 4.3 

km 20 20 

Transport from manufacturer to hospital 
Vehicle: 7.5-16 mton Euro 6 lorry 

Transport weight 
(incl. packaging) 

g 367.2 307.4 

Distance km 2200 2200 

Transport from hospital to final disposal 
Vehicle: Municipal waste 21mton lorry 

Transport weight 
(incl. packaging) 

g 367.2 307.4 

Distance km 10 10 

a Description of Breathing systems in Figure 15 

 

6.2.3. End of life Disposal 

All of the breathing systems studied are single-use devices and after contact with the patient are 

placed directly into a waste stream for disposal. The end-of-life scenario modelled for this study is 

100% incineration with energy recovery (Great Britain based) which is NHS best practice for 

contaminated medical devices. It is against best practice (NHS waste disposal regulation HTM 01-07) 

for contaminated single-use medical devices to be recycled prior to sterilisation or reused and so 

neither of these scenarios are modelled within this section. For the packaging, the LDPE film is 

landfilled as is typical within an UK hospital setting. 

6.2.4. Impact Assessment 

The Life Cycle Impact assessment results were calculated using the CML-IA Baseline version 3.03 

EU25 methodology. A recent study (Rejane Rigon et al., 2019) found CML to be the most widely used 

LCA methodology which is why it was chosen. The 11 impact categories are as follows: abiotic 

depletion potential of elements (ADPe), abiotic depletion potential of fossil resources (ADPf), 

acidification potential (AP), eutrophication potential (EP), global warming potential (GWP), human 

toxicity potential (HTP), marine aquatic ecotoxicity potential (MAEP), freshwater aquatic ecotoxicity 
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potential (FWAEP), ozone depletion potential (ODP), photochemical oxidants creation potential 

(POCP) and terrestrial ecotoxicity potential (TEP).  

6.2.5. Methodologies for scenario analyses  

6.2.5.1. Potential changes in best practices - Disinfection and subsequent recycling of breathing 

systems’ 

BS2 is most largely made of PP which consists of 134.3g (47%) of BS2’s total weight (see Table 14). 

For this scenario analysis, LCAs are conducted as were described throughout the methodology 

section (section 6.2.). For this scenario, the polypropylene found within BS2 is replaced with either 

Polylactic acid (PLA) or Calcium Carbonate (CaCO3) filled Polypropylene composite. These new 

modelled breathing systems will be referred to as BS3 (PLA) or BS4 (CaCO3+PP). 

As shown in Table 18, apart from the change from PP to PLA or CaCO3+PP, BS3 and BS4 have the 
same material weight requirements as BS2. Background information for material flows for PLA and 
CaCO3 were sourced from the Ecoinvent 3.2 database (Wernet et al., 2016). Polylactide, Granulate 
and Limestone, unprocessed were the selected material from the database; both using global 
average production data. The environmental assessment are run using the same data as before (no 
changes to: processing inputs, sterilisation, packaging, and disposal). The distance required to 
transport the raw materials to the manufacturer in the European country will change as shown in 
Table 19. 

Table 18:  Life cycle inventory of the raw material and pre-processing stage (RMEP) of the three 
breathing systems; data is presented per functional unit. 

   

Component                   Material                               Breathing systems 

   

BS2a 

Mass (g) 

BS3 

Mass (g) 

BS4 

Mass (g) 

Tubing 
 

TPEb 119.8 119.8 119.8  

  Polypropylene 100.0 - 60.0  

  Polylactic Acid - 100.0 -  

  CaCO3
c - - 40.0  

  LLDPEd 29.4 29.4 29.4  

  Colourant (LDPEd) 0.3 0.3 0.3  

Connectors Polypropylene 34.3 - 20.58  

 Polylactic Acid  34.3 -  

 CaCO3
c  - 13.72  

  Colourant (LDPEd) 0.3 0.3 0.3  

Dust Cap  HDPEd 4.3 4.3 4.3  

  Colourant (LDPEd) 0.04 0.04 0.04  

  Total Weight 288.44 

   
288.44 288.44 

a Description of Breathing system in Figure 15 
b TPE: Thermoplastic Elastomer 
c CaCO3: Calcium Carbonate  
d LLDPE: Linear Low-Density Polyethylene, LDPE: Low-Density Polyethylene, HDPE: High-Density Polyethylene 
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Table 19: Inventory data use for the transportation stage. Data is presented per functional unit.  
  

 Breathing system 

Transport stage  Unit BS2a BS3 BS4 

 
 
 
 
 
 

Transport of raw materials to device 
manufacturer 

Vehicle: 7.5-16 mton Euro 6 lorry 

TPE g 119.8 119.8 119.8 

km 100 100 100 

Polypropylene g 134.3 - 80.6 

km 100 - 100 

Polylactic Acid g - 134.3 - 

km - 200 - 

CaCO3 g - - 53.7 

km - - 50 

LDPE g 0.64 0.64 0.64 

km 200 200 200 

LLDPE g 29.4 29.4 29.4 

km 10 10 10 

HDPE g 4.3 4.3 4.3 

km 20 20 20 

Transport from manufacturer to 
hospital 

Vehicle: 7.5-16 mton Euro 6 lorry 

Transport weight 
(incl. packaging) 

g 307.4 307.44 307.4 

Distance km 2200 2200 2200 

Transport from hospital to final 
disposal 

Vehicle: Municipal waste 21mton 
lorry 

Transport weight 
(incl. packaging) 

g 307.4 307.44 307.4 

Distance km 10 10 10 

a Description of Breathing systems in Figure 15 

6.2.5.2. Potential changes in best practices - Disinfection and subsequent recycling of breathing 

systems 

In this scenario analysis, LCAs are run using the same life cycle inventory as provided throughout the 

methodology section (section 6.2.) and the additional inventory data (Tables 18 and 19) provided in 

the methodology for section 6.2.5.1. The only change to the breathing systems’ life cycles is that the 

disposal stage (incineration) is excluded and instead the environmental impact of cleaning and 

subsequent recycling is included. To model the disposal stage of recycling, the materials must 

undergo sorting, cleaning, melting, and reforming into pellets that can be used by the next 

manufacturer (Lange, 2021). The data to model the sorting and cleaning process was taken from a 

study by Franklin Associates (Associates, 2018). The melting and reforming stage uses data from 

Ecoinvent 3.2 using the processing method ‘injection moulding’ from global average data (Wernet et 

al., 2016). The RMEP stage is then consequently changed to accommodate the environmental 

savings resulting from recycling materials via the avoided burden approach. This is where, by 

recycling materials, the burden that would have occurred by using virgin material has now been 

avoided and the savings made are included by removing the raw material required in the RMEP 

stage (Liu et al., 2022).  

These scenarios are currently completely hypothetical as no research has yet been conducted on the 

practicalities of physically separating the breathing systems for recycling. It will therefore have to be 

an assumption for this study that the breathing systems are able to be disassembled without 

difficulty in order to separate the materials present within the breathing systems. It is also assumed 
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that there would be no issues caused by including CaCO3 into the recycling waste stream alongside 

PP.  

Two cleaning scenarios will be modelled for BS2 and BS4. The first is a manual cleaning scenario 

where the breathing systems are washed by being submerged in a container of medical device 

disinfectant (hydrogen peroxide) diluted to a 7.5% concentration which is typically used to clean 

medical devices within medical facilities (Rutala & Weber, 2008). The Center for Disease Control and 

Prevention (CDC) advises that hydrogen peroxide should only be reused up to 105 times in order to 

not risk the disinfectant losing its potency (CDC, 2017). Therefore for this study, it will be assumed 

that the hydrogen peroxide is used to the maximum of its capacity (105 times) and that each 

cleaning cycle will be attributed 
1

105
 of the total impact. In order to immerse the breathing system, 

10 litres of solution is required which was calculated by filling a plastic container to a level at which 

the system is able to be fully submerged. After a few minutes submerged in the solution, the 

breathing system is taken out of the container and placed into a new container of fresh water; again 

10 litres. This water cannot be reused due to risk of cross contamination so therefore 10 litres of 

water is required for each breathing system (CDC, 2008). After a few more minutes, the breathing 

system can be left to drain and air-dry.  

Alternatively to manual cleaning, mechanically cleaning the breathing systems requires use of a 

washer-disinfector. The washer-disinfector modelled for this scenario is a 11 KWh machine, with a 

50-minute cycle and uses 36 litres of water per cycle. The washer-disinfector can hold 20 systems 

per cycle. All information was obtained via machinery technical data sheets and confirmation by NHS 

sterile services technicians. Both disinfection methods can be conducted in-house and so 

transportation between the hospital and the cleaning facilities is not required.  

6.3. Results and discussion 
This section discusses and compares the results of the environmental assessments of both breathing 

systems in section 6.3.1. followed by two mitigation strategies. One strategy focuses on mitigating 

the impacts from the materials stage (section 6.3.2.1) whilst another tests the opportunities of 

changing waste management practices (section 6.3.2.2). 

6.3.1. Environmental Assessment 
Figure 17 displays the environmental impact for the two breathing systems studied with all 11 

impact categories provided. The results of the environmental sustainability assessments are 

discussed below followed by proposed sustainable mitigations. 
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Figure 17:  Comparison of environmental impact of two breathing systems (BS1: PVC; BS2: TPE and 

PP). Results expressed per functional unit (one single-use breathing system). ADPe: abiotic depletion 

potential of elements; ADPf: abiotic depletion potential of fossil resources; AP: acidification potential; 

EP: eutrophication potential; GWP: global warming potential; HTP: human toxicity potential; MAEP: 

marine aquatic ecotoxicity potential; FWAEP: freshwater aquatic ecotoxicity potential; ODP: ozone 

depletion potential; POCP: photochemical oxidants creation potential; TEP: terrestrial ecotoxicity 

potential. 

Figure 17 shows BS2 to have the lowest environmental impact for all the 11 impact categories. BS2 

has particularly low ODP and TEP compared to BS1 (under one sixth) as well as significant reductions 

(less than a third lower) for ADPe, MAEP, and EP. For GWP, a reduction of 19% can be seen from BS1 

to BS2; a saving of 0.42 kg CO2 eq. per breathing system.  For six categories, the most impactful life 

cycle stage for BS1 is the RMEP stage whereas for BS2, the RMEP stage is greatest for four. In three 

of the categories (HTP, FWAEP, and MAEP), the disposal stage contributes the majority of the impact 

(70%-97%) for both BS1 and BS2. Packaging consistently contributes the lowest impact in each 

category (up to 11%).  
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Each of the impact categories will now be explored in depth over the following sections.  

Global Warming Potential (GWP) 

As seen in Figure 17a, BS1 has the greatest GWP of 2.19 kg CO2 eq., followed by BS2 with 1.77 kg CO2 

eq. These reductions (19%) in GWP from BS1 to BS2 is particularly significant when considering the 

vast utilisation of breathing systems. Assuming 14.5million breathing systems are used each year 

within the UK, moving toward BS2 devices would equal saving of 6090 tonnes of CO2 eq. emissions 

per year.  

For this category, the RMEP stage is the largest contributor to BS1’s impact, providing 0.8 kg CO2 eq. 

(38%) of total impact followed by the disposal stage (0.71 kg CO2 eq.), whereas for BS2, the disposal 

and RMEP stages shared an almost equal contribution (0.66 kg CO2 eq. vs 0.65 kg CO2 eq. 

respectively, both 37%). CO2 emissions to air contributed to the majority (90%) of BS1’s RMEP stage 

impacts with 95% from the life cycle of the plasticised PVC. Emissions of CO2 to air are also the most 

contributing for BS2’s RMEP impact (43%) due to the life cycle of PP. The other stages within both 

breathing systems have much lower contribution; less than 14% of total impact. The transport and 

manufacturing stages are slightly higher for BS1 compared to BS2; 0.30 kg CO2 eq. vs 0.20 kg CO2 eq. 

and 0.24 kg CO2 eq. vs 0.20 kg CO2 eq. respectively. Some of these reductions will be due to the 

lower weight of BS2 (288 g) that is being transported and requiring manufacturing compared to BS1 

(348 g). In addition to this, shown in Table 6, the plasticised PVC within BS1 is required to be 

transported a great distance (1700 km) to the manufacturer adding to this impact.  

Abiotic Depletion Potentials (ADPe, ADPf) 

Figure 17b&c show BS1 to have greater ADPe (2.39 mg Sb eq.) and ADPf (33.18 MJ) than BS2 (1.03 

mg Sb eq. and 28.69 MJ). For ADPe, BS1 has 2.3 times greater impact than BS2. For ADPf, RMEP is 

the most contributing stage, providing 64% and 75% of BS1’s and BS2’s impact respectively. For BS1, 

the majority (92%) of the RMEP emissions originate from the plasticised PVC; more specifically, 50% 

from the use of natural gas. Whereas for BS2, PP contributes the most (45%) to the RMEP impact 

with a impact of 9.6 MJ; 66% of which comes from the use of crude oil. This shows that the most 

efficient way of reducing the ADPf of BS1 would be to lower the natural gas used within the 

plasticised PVC and for BS2 to reduce the crude oil used within the PP. As PP is a fossil fuel-based 

polymer, it could be possible to reduce this impact by using alternative materials that are not fossil-

fuel derived.  

In the disposal stage, emissions are shown to reduce by 96% from BS1’s 0.74 mg Sb eq. to BS2’s 0.03 

mg Sb eq. Similarly, the ADPf disposal stage for BS1 has an impact of 1.9 MJ but only 0.05 MJ for BS2. 

For BS1, the greatest emission is gold (Au) which contributes 30% of its ADPe disposal stage impact. 

This emission of Au is greatly reduced to 0.002 mg Sb eq. in BS2. This shows that replacing 

plasticised PVC with TPE and PP drastically reduces the emission of Au resulting in a much lower 

impact from the disposal stage for depletion potential categories. For ADPe, the most contributing 

stage overall is the transport stage for both BS1 and BS2. Transport is shown here to have a much 

larger effect on overall impact than it does for any other impact category. For BS1, transport is 43% 

of the ADPe, and for BS2, 51%. To reduce this, focus should be placed on minimising the distance 

materials are required to be transported and using the most energy efficient vehicles.  

Manufacturing and packaging have a much smaller contribution to BS1’s and BS2’s ADPe and ADPf, 

only contributing 5% to 23% of the total impacts. For ADPe, emissions of raw cadmium (Cd) is the 

biggest contributing impact for both manufacturing and packaging for both breathing systems. For 
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ADPf, the use of natural gas during manufacturing and the use of crude oil during the packaging 

stage are the main causes of these impacts.   

Atmospheric impacts (ODP, POCP) 

For both ODP and POCP (Figure 17d&e), BS1 has the greatest impact of the two breathing systems. 

The ODP of BS1 is much greater (295.77 ug CFC-11 eq.) than BS2’s (48.54 ug CFC-11 eq.); a 6.1 times 

increase. For POCP, the variation is less pronounced, with BS1 being 19% higher than BS2. In both 

categories and breathing systems, the RMEP stage is the greatest, except for BS2’s ODP where the 

RMEP stage is reduced so dramatically that it only contributes 9%. The RMEP stage for BS1’s ODP 

contributes 44% of the total impact, almost entirely due to the plasticised PVC; of which 79% is from 

the emission of bromo-methane (CH3Br) to air. For BS2, the RMEP stage contributes 4.4 ug CFC-11 

eq., a vast reduction in ODP compared to BS1. A particularly drastic decrease can be observed with 

the emission of CH3Br with only 0.001 ug CFC-11 eq. now being emitted. The removal of plasticised 

PVC within BS2 has shown clear advantage when reducing ODP. The RMEP stage is also the biggest 

contributor to BS1’s and BS2’s POCP (50% and 68%, respectively). Similar patterns can be seen for 

POCP with plasticised PVC accounting for 92% of BS1’s impact. 59% of BS1’s POCP from the RMEP 

stage originates from the TPE used with emissions of Sulphur Dioxide (SO2) to air having the greatest 

contribution (38%).  

For both categories, the impact from disposal is greatly reduced from BS1 to BS2 to less than a tenth 

of the impact. To reduce emissions of the disposal stage, switching to materials which are less 

environmentally impactful when incinerated, such as is found in BS2, can reduce the ODP and POCP 

without requiring change to disposal regulations. Additionally, the impact from transport for both 

categories is shown to decrease by 48% from BS1 to BS2. This will be partially due to the lower 

weight of BS2 but also the great transport distance required for PVC acquisition. Reducing 

transportation distance and weight of materials transported will help lower these impacts even 

further.  

Human and Aquatic toxicity potentials (HTP, MAEP, FWAEP) 

For HTP, MAEP, and FWAEP (Figure 17f,g,&h), BS1 has the highest impact compared to BS2 (HTP: 

1.22 kg 1,4-DB eq. vs 0.91 kg 1,4-DB eq., MAEP: 22.39 t 1, 4-DB eq. vs 14.32 t 1, 4-DB eq., FWAEP: 

4.25 kg 1, 4-DB eq. vs 3.10 kg 1, 4-DB eq. The disposal stage is the most contributing life cycle stage 

for both breathing systems across all three categories, providing 70% to 97% of total impact. For 

HTP, FWAEP, and MAEP, the disposal impact of BS2 is shown to be 27% to 36% lower than BS1. For 

both breathing systems, across all impact categories, emissions of beryllium (Be) to water provides 

the majority of the disposal impact. For HTP, these emissions provide 62% of BS1’s impact from 

disposal and 53% of BS2’s. For MAEP, the same emission is responsible for 98% of BS1’s disposal 

impact and 95% of BS2’s. Finally, for FWAEP, 90% of BS1’s and 77% of BS2’s. Reducing the release of 

Be to water will have considerable effects on the reduction of HTP, MAEP, and FWAEP for both 

breathing systems.  

For MAEP and FWAEP, the other stages collectively only contribute 3% to 6% of the total impact, for 

HTP, 28% to 30%. This further emphasises that the most important stage to focus on reducing in 

order to improve impact on human and aquatic toxicity is the disposal stage. Ideally, more 

sustainable methods of disposal should be explored.  
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Ecosystems (TEP, AP, EP) 

For TEP, AP, and EP (Figure 17I,j,&k), BS1 has the highest impact compared to BS2 (TEP: 6.91 g 1,4-

DB eq. vs 0.69 g 1,4-DB eq., AP: 5.23 g SO2 eq. vs 3.96 g SO2 eq., EP: 1.29 g PO4
3- eq. vs 0.70 g PO4

3- 

eq.). BS2’s TEP is particularly small; 10% the impact of BS1. There is little variation between the 

transport, manufacturing, and packaging stages between BS1’s and BS2’s TEP, but BS2’s RMEP and 

disposal stages can be seen to reduce almost entirely. The RMEP stage provides a large proportion 

(75%) of BS1’s TEP with the plasticised PVC consisting of almost all (99.8%) of this impact. Emissions 

of cypermethrin (Cm) to soil are responsible for 3.3 g 1,4-DB eq. (64%) of the impact. For BS2, the 

emission of Cm has greatly reduced to only 0.0005 g 1,4-DB eq. This reduction in emissions by 

replacing the plasticised PVC in BS1 to TPE and PP in BS2 is very significant and is a very effective way 

of reducing TEP. The TEP impact from disposal is also noticeably smaller within BS2, with a change in 

emissions from 0.93 g 1,4-DB eq. to 0.05 g 1,4-DB eq. The main emission when incinerating BS1 is of 

mercury (Hg) to air providing 0.68 g 1,4-DB eq. (73%). This is also the biggest emission for BS2’s 

disposal stage but the quantity of emissions have reduced greatly to 0.04 g 1,4-DB eq. The 

incineration of BS2 instead of BS1 has shown to decrease the TEP by 95% and the emissions of Hg to 

air by 94%.  

For AP and EP the variation in impacts between the life cycle stages are also quite small, apart from 

the disposal stage. BS2’s disposal stage is 93% and 74% lower than BS1’s for AP and EP respectively. 

For BS1 the main emission contributing to AP during the disposal stage is of SO2 to air emitting 0.68 g 

SO2 eq. (72%) and for EP, the emissions of phosphate (PO₄3-) to water providing 0.29 g PO4
3- eq. 

(63%). Both of these emissions are seen to reduce significantly within BS2; emission of SO2 decrease 

by 98% and emission of PO₄3- by 97%.  

6.3.2. Scenario analysis 

6.3.2.1. Mitigations opportunities - Material alternatives  

Figure 17 showed that BS2 is the least environmentally damaging device across all impact categories. 

Assuming both breathing systems are equally favourable in terms of performance and usability, this 

result effectively makes using BS1 redundant. Therefore, when exploring potential sustainable 

mitigations options to further reduce environmental impact, focus will be solely placed on altering 

BS2. Figure 17 showed that for BS2, the RMEP stage was highest for four of the 11 impact categories. 

The PP was also shown in section 6.3.1. to have the highest contribution to the RMEP stage for GWP 

and ADP impacts. This section aims to test whether using environmentally sustainable materials as a 

replacement to polypropylene lowers the environmental impact of BS2, replacing PP content with 

either PLA (BS3) or a 40% CaCO3 – 60% PP composite (BS4). BS2 is available on the global market as 

of 2023 whereas BS3 and BS4 are hypothetical devices not currently available.  
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Results and discussion  

 

 

Figure 18:  Comparison of environmental impact of three breathing systems (BS2: TPE; BS3: PLA; BS4: 
CaCO3). Results expressed per functional unit (one single-use breathing system). ADPe: abiotic 
depletion potential of elements; ADPf: abiotic depletion potential of fossil resources; AP: acidification 
potential; EP: eutrophication potential; GWP: global warming potential; HTP: human toxicity 
potential; MAEP: marine aquatic ecotoxicity potential; FWAEP: freshwater aquatic ecotoxicity 
potential; ODP: ozone depletion potential; POCP: photochemical oxidants creation potential; TEP: 
terrestrial ecotoxicity potential. 

As can be seen in Figure 18, the use of the alternative materials has increased the environmental 
impact of the breathing system for some of the impact categories. The majority of impact categories 
increase when using PLA instead of PP whereas four categories increase when using CaCO3 filled PP 
composite. These changes will now be discussed in more detail, first comparing BS3 (PLA) vs BS2 (PP) 
and then comparing BS4 (CaCO3) vs BS2 (PP).  
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BS3 (PLA) vs BS2 (PP) 

The use of PLA in place of PP (BS3) is shown to provide a higher impact for nine impact categories 

with especially high aquatic and terrestrial ecotoxicity impacts (MAEP, FWAEP, and TEP). A slight 

reduction in GWP can be observed within BS3 compared to BS2. The use of PLA in place of PP has 

lowered the overall GWP of the breathing system by 0.11 kg CO2 eq. with most of this reduction due 

to a lower impact from the disposal stage. The RMEP impact actually increases slightly when using 

PLA. In fact, for all categories except ADPf, the impact from the RMEP stage increases when using 

PLA instead of PP. BS3’s ADPe, ODP, TEP, and EP in particular experiences a drastic increase (over 

five times higher) in their RMEP stage. This shows that the environmental impact when growing and 

producing the raw materials required to manufacture PLA is greater than the production of PP’s 

constituents, despite PLA being bio-based and PP being fossil fuel based. Figure 18 shows that using 

PLA in place of PP also increases environmental impact from the disposal stage for eight impact 

categories. For HTP, MAEP, and FWAEP the impact from disposal increases by over double. Section 

6.3.1. found that emissions of beryllium to water provides the majority of BS2’s impact from disposal 

(HTP: 0.341 kg 1,4-DB eq., MAEP: 13.1 t 1,4-DB eq., FWAEP: 2.23 kg 1,4-DB eq.). For BS3, this is still 

the case, but the quantity of Be emitted is much higher (HTP: 1.17 kg 1,4-DB eq., MAEP: 45.0 t 1,4-

DB eq., FWAEP: 7.63 kg 1,4-DB eq.). 

The only impact categories which decrease by using PLA are GWP and ADPf. The disposal stage of 

BS2’s GWP is shown to emit 0.66 kg CO2 eq. whereas BS3 emits 0.39 kg CO2 eq. This reduction in 

impact from the disposal stage results in the overall GWP from BS3 being than 0.11 kg CO2 eq. less 

than BS2 despite the RMEP stage being higher. For ADPf, the lower impact is mainly due to the 

RMEP stage where BS3’s impact (16.81 MJ) is 4.58 MJ lower than BS2’s (21.39 MJ); a 21% reduction. 

As PLA is not derived from fossil fuels, it is understandable why the ADPf would be lower. This lower 

GWP and ADPf is interesting when viewed in the context of how PLA is currently marketed to 

consumers. PLA producing companies (e.g., Biopak (Biopak, 2023), NatureWorks (Vink et al., 2004) 

and Total Corbion (TotalCorbion, 2019)) which promote the use of PLA in the place of petrochemical-

based polymers tend to do so by promoting its lower impact on global warming and reduced use of 

fossil fuels (Bala et al., 2022; Vink et al., 2003; Piemonte, 2011).  

Figure 18 shows that for many of the environmental impact categories, it is hard to justify PLA as the 

environmentally sustainable option as it is currently sold. Despite this, mitigation opportunities 

should be pursued in order to facilitate the use of PLA due to its biobased origins particularly as 

fossil-fuel based plastics are depleting. Figure 18 shows that the raw material and pre-processing 

stage increases for each of the environmental impact categories which is the cause of the PLA 

breathing system being less environmentally sustainable than the PP breathing system for six of the 

11 impact categories. Some studies have explored how to reduce PLA’s impact during the growing 

and processing stage. One promising option is to use food waste instead of growing new crops to be 

used to synthesise PLA (Swetha et al., 2023). Food waste contains high amounts of carbohydrates 

which can be used for generation of lactic acid; the monomer that can undergo polymerisation into 

polylactic acid. This reduces the environmental impact of the land, water, and fertiliser required to 

grow new crops. Other studies have explored reducing the environmental impact of the processing 

steps by improving the efficiency of the plant processing steps through the use of bagasse boilers 

with higher efficiencies, using renewably sourced energy to power the machinery, and reducing use 

of chemicals during processing (Morão and De Bie, 2019; Rezvani Ghomi et al., 2021). 

Two of the biggest advantages of using PLA in place of petrochemical-derived polymers is its 

biodegradable and compostable properties. Currently, used medical devices are controlled by 
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regulations which push for incineration but if these rules were ever explored to be changed to allow 

for composting or biodegradable materials, PLA could become a lot more favourable and the 

reduction in environmental impact by not requiring incineration could make PLA more advantageous 

compared to PP. 

BS4 (CaCO3) vs BS2 (PP) 

BS4 (CaCO3) is shown in Figure 18 to have lower environmental impact than BS2 (PP) for six of the 11 

impact categories, higher for four, and stay the same for one (ADPe). The GWP is shown to decrease 

by 0.22 kg CO2 eq. when using the CaCO3 filled PP composite in place of virgin PP due to a 

combination of reduced impacts from the RMEP and disposal stages. The main increases can be 

observed in the disposal stages; particularly for the human and aquatic ecotoxicity potentials. Shown 

in section 6.3.1., the majority of BS2’s disposal impact is due to the emissions of Be to water. BS4’s 

main emission for these categories is also Be but in larger quantities than BS2 (HTP: 0.67 kg 1,4-DB 

eq., MAEP: 25.9 t 1,4-DB eq., FWAEP: 4.39 kg 1,4-DB eq.), as was also the case for BS3. Without this 

increase in impact from disposal, the impact of BS4 across all categories would be lower than BS2. 

With the incineration of the CaCO3 filled PP being more environmentally impactful than the 

incineration of the PP, focus should be placed on alternative methods of disposal. As mentioned in 

section 6.3.2.1., CaCO3 can be mixed with polymers without significantly affecting recyclability (Lam 

et al., 2009; Chaiyut et al., 2012). Therefore, if the breathing systems were able to be recycled 

instead of incinerated, the CaCO3 would not affect its ability to do so. 

Across all impact categories, the environmental impact from the RMEP stage is decreased within BS4 

compared to BS2 with decrease in impact varying from 6% to 17%. The greatest reduction can be 

seen for ADPf where the RMEP impact lowers from 21.39 MJ (BS2) to 17.54 MJ (BS4); a 18% 

reduction. Section 6.3.1. showed the use of crude oil was the main cause of BS2’s ADPf from the 

RMEP stage; with an impact of 14.2 MJ. Crude oil is also the highest cause of BS4’s RMEP ADPf but 

produced a lower impact (11.6 MJ) than BS2. This is understandable as CaCO3 is a naturally occurring 

mineral substance and would therefore require less crude oil to produce compared to a fossil-fuel 

derived polymer. For this LCA, the manufacturing stage has remained unchanged from the steps 

described in Table 15 and therefore the manufacturing stage has the same resulting impact as 

previously. This is due to the fact that the CaCO3 mixed in with the PP undergoes the same injection 

and extrusion moulding processes as virgin PP and therefore no manufacturing changes are 

required. However, studies have shown that mixing CaCO3 with PP improves thermal conductivity of 

the resulting composite (Ebadi-Dehaghani et al., 2013; Patti et al., 2019) allowing for lower energy 

requirements from the manufacturing machinery (Jones, 1988). Future research may allow for the 

manufacturing stage to be optimised resulting in further reductions in environmental impacts when 

using CaCO3.  

6.3.2.2. Potential changes in best practices - Disinfection and subsequent recycling of 

breathing systems 

Unlike other single-use devices that are in physical contact with a patient, breathing systems do not 

physically touch the patient. A filter can be placed at the Y-piece (see Figure 15) to stop the patient 

from contaminating the breathing system (Halbeis et al., 2008). Despite incineration of single-use 

devices being encouraged by legal regulations, some facilities have tried utilising the non-contact 

nature of breathing systems to pursue alternative disposal options. Some studies have explored 

reusing breathing systems (Carter, 2006; Kranabetter et al., 2006) which could theoretically reduce 

up to 10% of medical regulated waste (Carter, 2006). However, a number of issues have been 

brought up such as: the potential contamination if used on a new patient, the requirement of 



107 

 

increased safety checks, the potential need for reprocessing equipment such as autoclaves which 

some plastics cannot mechanically withstand, and manufacturers of the single-use systems 

discouraging reuse. Reusing would also make the healthcare professional liable for any infection or 

potential lawsuit as there are no legal regulations supporting this decision.  

Recycling of disinfected breathing systems, however, may be a potential option as this would be 

perceived differently in regard to legal regulations. A medical device that has no chance of causing 

infection would be classified as non-hazardous and therefore be able to be placed in the domestic or 

recycling waste stream (NHS, 2023). Some places are piloting the idea that the breathing systems 

could be disinfected and then recycled as it would no longer be classed as infectious waste 

(Goldberg et al., 1996; HTM, 2022). Typical disinfection routes are either via manual cleaning using a 

chemical disinfectant or by mechanical cleaning using an automated washer-disinfector (Rutala & 

Weber, 2019). This scenario analysis explores the change in environmental impact if instead of 

breathing systems being incinerated, they are disinfected prior to recycling. Both manual and 

mechanical cleaning routes will be explored.  

Only BS2 and BS4 will be tested for this scenario. This is due to the fact that for BS1 (PVC) and BS3 

(PLA), plasticised PVC and PLA are not able to be recycled with the rest of the recyclable medical 

waste. Plasticised PVC and PLA require segregation from other recyclable plastics before they can be 

recycled and there are currently no waste streams available within hospitals to separate these 

materials into and so would require extra research on a collection scheme to explore (Niaounakis, 

2019). CaCO3, however, can be recycled alongside PP and any other recyclable plastics without 

requiring any extra segregation or collection system (Brunner, 2021).  

Results and discussion 

Figure 19 displays the environmental impact for BS2 and BS4 provided with three disposal scenarios; 

incinerated, cleaned mechanically (by washer-disinfector), and cleaned manually (by hand-washing). 
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Figure 19:  Comparison of environmental impact of two breathing systems (BS2: TPE; BS4: CaCO3) 
with three disposal scenarios; incinerated, cleaned mechanically (by washer-disinfector), and cleaned 
manually (by hand-washing). Results expressed per functional unit of one breathing system. ADPe: 
abiotic depletion potential of elements; ADPf: abiotic depletion potential of fossil resources; AP: 
acidification potential; EP: eutrophication potential; GWP: global warming potential; HTP: human 
toxicity potential; MAEP: marine aquatic ecotoxicity potential; FWAEP: freshwater aquatic ecotoxicity 
potential; ODP: ozone depletion potential; POCP: photochemical oxidants creation potential; TEP: 
terrestrial ecotoxicity potential. 

As can be seen in Figure 19, compared to incineration, cleaning the breathing systems via the 
manual cleaning scenario (using 7.5% hydrogen peroxide solution) decreases the overall 
environmental impact for six of the 11 impact categories and increases for five. For the mechanical 
cleaning scenario, the environmental impacts decrease from the incineration scenario for five of 11 
impact categories and increases for six.  

GWP is decreased quite significantly when cleaning and recycling the breathing systems instead of 
incinerating. For BS2 (TPE), GWP decreases by 33% and 47% when mechanically and manually 
cleaned respectively; for BS4 (CaCO3), GWP decreases by 23% and 40%. A lot of this reduction can be 
seen to be attributed to the reduction in the RMEP stage due to the avoided burden savings by not 
using virgin material.  
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For three of the categories (ADPe, ODP, and TEP), both cleaning scenarios have environmental 
impacts much greater than incineration which can be seen to be due to the minimal impact that 
comes from the disposal stage for incineration but a considerable contribution from the cleaning 
and disposal (i.e., recycling) stages for the cleaning scenarios. For these categories, the cleaning and 
disposal (recycling) stages for both cleaning scenarios consist 51% to 76% of the total impact. The 
disposal stage for the incineration scenario, however, only contributes up to 11%. For the 
mechanical cleaning, the cleaning stage (using the washer-disinfector) contributes a larger 
percentages of the impact from the cleaning and disposal stages. However, for manual cleaning, the 
cleaning stage has a much lower overall contribution resulting in this being the more sustainable 
option of the two cleaning scenarios. It is also important to note that cleaning medical devices 
instead of incinerating would also require additional labour and logistical organising due to the need 
to collect, transport, and clean the devices in order to be recycled. 

In fact, the manual cleaning scenario has a lower environmental impact than mechanical cleaning for 
all of the impact categories provided. Despite the mechanical cleaning cycle requiring only 1.8 litres 
of water per breathing system, 8.2 litres less than the total water usage via the manual cleaning 
scenario, its overall impact is greater. As the disposal stages for both cleaning scenarios are identical, 
the only varying factor then is the cleaning scenario itself. For the mechanical cleaning scenario, the 
majority of impact originates almost entirely (>98%) from the electricity used. Therefore, if this can 
be reduced by using more sustainably sourced electricity or reducing energy usage, mechanical 
cleaning may be able to better compete with manual cleaning.  

The main decrease in impact when disposing via one of the cleaning scenarios instead of incineration 
can be observed for HTP, MAEP, and FWAEP. This is due to the large contribution the disposal stage 
(incineration) has on these categories. The recycling scenarios have less than a third of the impact 
than incineration for these categories with MAEP and FWAEP being less than one tenth. The largest 
decrease can be observed for BS4’s MAEP where manually cleaning has less than 4% of the impact 
compared to incineration (26.93 t 1,4-DB eq. versus 0.89 t 1,4-DB eq.). Section 6.4.1 showed 
replacing 40% of the PP with CaCO3 lowers impact from all categories compared to the original BS2 
except for HTP, MAEP, FWAEP, and TEP. This cleaning scenario analysis has demonstrated that 
cleaning and recycling BS4 instead of incinerating will lower the impact for three of these categories 
(HTP, MAEP, and FWAEP) to less than the original BS2. This however will also result in slight 
increases for some (i.e. ADPe, ODP, TEP, AP, and EP) of the remaining impact categories so whether 
this is acceptable will depend on personal sustainability goals. Furthermore, comparing the cleaning 
scenarios between BS2 and BS4, BS4 is less impactful or has equal impact to BS2 for all impact 
categories. Therefore, if cleaning and recycling is to be chosen as the end-of-life disposal route, it is 
environmentally advantageous to incorporate CaCO3 into the breathing system instead of using 
100% virgin PP.  

It is important to consider that the cleaning scenarios have additional benefits compared to 
incineration. After the breathing systems are disinfected, they can potentially be recycled. Recycling 
materials reduces utilisation of resources allowing for the material to stay within product lifecycles 
for longer helping to contribute to a more circular based economy. The volume of waste that is 
diverted from the incineration plants should also be considered. Assuming 14.5 million breathing 
systems are used within the UK each year, this would mean 4182 tonnes of material could 
potentially be recycled. The NHS currently pays £910 per tonne of infectious waste but £150 per 
tonne of domestic waste (data received from private consultation). Placing 4182 tonnes of waste in 
domestic instead of infectious could save the NHS £3.2 million each year. This is not even taking into 
account if the materials were to be sold after recycling.  

6.4. Conclusion 
This paper analysed the environmental impact of two breathing systems (BS1 and BS2), two 

hypothetical breathing systems using alternative sustainable materials (BS3 and BS4), and three 
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disposal scenarios (incineration, manual cleaning, and mechanical cleaning). BS1 was a single-use 

breathing system made from majority plasticised polyvinyl chloride (PVC), whereas BS2 was a single-

use breathing system made of thermoplastic elastomer and polypropylene (PP). BS2 had the lowest 

environmental impact for all of the 11 impact categories with ADPe, ODP, and TEP being significantly 

reduced with considerable reductions of 19% observed for GWP. It was found that big reductions in 

impact originating from the RMEP and disposal stages helped contribute to the lower overall impact 

with plasticised PVC being the cause of most of these impacts. For the human and aquatic toxicity 

potentials (HTP, MAEP, FWAEP), the disposal stage consists of the majority (70% to 97%) of the 

emissions for BS1 and BS2 with reductions of 27% to 36% observed from BS2 to BS1. Medical device 

manufacturers are encouraged to switch from using plasticised PVC within their single-use medical 

devices and start using TPE. The result of this study also provides information for the general public 

to bring their concerns to their local governmental representatives and the organisations which 

provide their healthcare (who are also responsible for choosing which medical devices to purchase) 

to request that medical devices are made from environmentally sustainable material alternatives 

such as TPE. 

Two alternative materials (BS3: PLA and BS4: CaCO3 filler) were explored as potential replacements 

of virgin PP within the TPE and PP based breathing system (BS2). It was found that apart from global 

warming potential and abiotic depletion of fossil fuels, the use of PLA raises the environmental 

impact for nine categories. The breathing system containing 40% CaCO3 – 60% PP composite was 

shown to decrease environmental impact of BS2 for six of the 11 impact categories. For HTP, MAEP, 

and FWAEP, the inclusion of PLA or CaCO3 filler increased the environmental impact of the disposal 

(incineration) stage compared to BS2. This scenario analysis demonstrated the usefulness of using 

LCAs to assess the changes varying material alternatives will have on a product before it has been 

manufactured. This is particularly important for one of the key stakeholders that this paper targets; 

the medical device manufacturers. The design engineers within these manufacturing companies are 

implored to use LCAs within their design stages in order to explore potentially environmentally 

sustainable materials alternatives without requiring physically constructing the device and utilising 

minimal resources.  

A scenario analysis was used to explore cleaning and recycling the breathing systems as an 

alternative to incineration. Two cleaning scenarios were modelled; manual cleaning (by hand using 

hydrogen peroxide disinfectant) and mechanical cleaning (using a washer-disinfector).  Manually 

washing the breathing systems decreased environmental impact compared to incineration for six 

impact categories whereas mechanically cleaning decreased for five categories. An additional 

drawback to note is that the cleaning scenarios would also require extra labour in terms of 

collecting, transporting, and disinfecting the medical devices. A large proportion of the mechanical 

cleaning scenario’s impact originated from the washer-disinfector’s electricity usage. Using more 

sustainably sourced electricity or reducing energy usage would help reduce impact.  

An interesting discovery during this scenario analysis is that the steps required to recycle the 

disinfected material was more environmentally impactful than incinerating the same material for 

seven of the 11 environmental impact categories. Stakeholders such as hospital waste disposal 

teams and disposal facilities (particularly recycling centres) should find these results particularly 

important when aiming to reduce the impact of the recycling stage especially since big financial 

savings can be made by recycling. Assuming 14.5 million breathing systems are used each year 

within the UK, 4182 tonnes of material could be diverted from the incinerators saving the NHS £3.2 

million each year in waste disposal costs.  
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Abstract 
In the United Kingdom, healthcare products and services contribute 62% of National Health Service 
Greenhouse gas emissions. One proposal to reduce this impact is by replacing single-use devices 
(SUDs) with reusable devices. This study employs life cycle assessment (LCA) and life cycle costing 
(LCC) methodologies to assess the environmental and economic sustainability of a reusable 
anaesthetic mask made primarily of Polychloroprene and Polyisoprene (mask A); and two single-use 
masks; a polyvinyl chloride (PVC)-based mask (mask B), and a thermoplastic elastomer and 
polypropylene (TPE+PP) based mask (mask C). The reusable mask is shown to be more 
environmentally sustainable than the PVC single-use mask for nine of the 11 impact categories (via 
CML-IA impact methodology) and for cost but less environmentally sustainable than the TPE+PP mask 
for only three (HTP, MAETP, and FAETP). The reusable mask shows massive reductions in 
environmental impact from the materials and end-of-life stages compared to the single-use masks but 
the impacts from the reprocessing stage provide over 70% of overall emissions for most of the impact 
categories. For eight environmental impact categories, including global warming potential and human 
toxicity potential, mask B (PVC) is the most impactful with raw materials and end-of-life stages having 
the greatest contribution whereas mask C (TPE+PP) has the lowest environmental impact. The LCC 
showed mask B to have the greatest life cycle cost (£5.89) compared to C (£4.99) and A (£4.44). Masks 
B&C’s life cycle cost is primarily due to the raw material and end-of-life stages, whereas mask A’s is 
89% from reprocessing. Sensitivity and scenario analyses tested key factors of mask A’s reprocessing 
stage (number of reprocessing cycles and machinery energy consumption). The number of 
reprocessing cycles was found to influence the sustainability of the reusable mask compared to the 
single-use options, mainly when the number of reuses was less than 14. The energy consumption of 
the reprocessing machinery has more noticeable changes (up to 12%) on the overall impact. In 
conclusion, to make reusable masks a favourable option compared to single-use, reducing energy 
requirements and packaging during reprocessing are key to ensure environmental and economic 
sustainability.  
 

Keywords: Energy consumption, Health economics, Life Cycle Assessment, Reprocessing, 
Thermoplastic Elastomer  

7.1. Introduction 
The medical industry’s environmental impact has come under great scrutiny over the last few years 

with studies estimating that 1% to 5% of all global impacts are attributed to healthcare facilities and 

services (Lenzen et al., 2020). Within the United Kingdom, 62% of total National Health Service (NHS) 

emissions originate from the NHS supply chain which provides its medical products and services 

(Tennison et al., 2021). Medical devices has received growing attention due to worrisome levels of 

natural resource depletion (Chen et al., 2021) and growing volumes of waste associated with single-

use devices (SUDs) (Benson et al., 2021)). Despite these concerns, SUDs are still popular due to their 
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inexpensive and easy-to-dispose-of nature and low risk for cross-contamination (De Sousa, 2020). 

SUDs are sometimes encouraged to minimise risk of healthcare-associated infections (HAIs) despite 

a lack of research showing increased infection rates when using reusable devices (Macneill et al., 

2020). 

To counter growing utilisation of SUDs, reusable devices are proposed as a potential alternative. 

Reusable anaesthetic masks are available for purchase on the global market and are currently being 

used within some UK NHS hospitals however little is known about their environmental or economic 

impact compared to single-use anaesthetic masks. Devices designed for reuse are reprocessed 

between uses instead of being disposed of and are typically produced using sturdier materials (e.g., 

silicone and polychloroprene), as opposed to plastic, in order to withstand the reprocessing 

temperatures and chemicals (Lerouge & Simmons, 2012). Reprocessing between uses allows for one 

reusable device to be used for multiple patients within its lifespan without the requirement for new 

materials or manufacturing. It does, however, require material and energy inputs to reprocess the 

devices, therefore questioning whether there is an overall beneficial or detrimental impact.  

Life cycle assessment (LCA) methodology has become increasingly popular over the last few decades 

as a way of assessing environmental impact including the whole life cycle of a product (Kousemaker 

et al., 2021). A small number of studies have utilised LCAs to assess the environmental impact of 

reusable versus single-use medical devices but with contradictory results. Some found reusable 

devices to reduce waste volume (Kandasamy et al., 2022) and to be more environmentally 

favourable (McGain et al., 2010a; Sherman, Raibley and Eckelman, 2018; Kümmerer, Dettenkofer 

and Scherrer, 1996; Adler et al., 2005; Eckelman et al., 2012; Overcash, 2012) due to reductions in 

raw material requirements and waste generation. Whereas other studies conclude that SUDs are 

more sustainable because of the high energy and cleaning requirements of reprocessing (Leiden et 

al., 2020; Davis et al., 2018; McGain et al., 2017) and the use of single-use packaging and trays during 

the reprocessing stage (Kumar, 2021). Many studies found that the individual factors such as 

material type used in the devices, energy source mix, and weight of devices within specific case 

studies can sway whether reusable or single-use is more environmentally impactful (Dettenkofer et 

al., 1999; Ison and Miller, 2011; Unger and Landis, 2014; Unger and Landis, 2016; McGain et al., 

2017). These results demonstrate the need for further studies to identify areas for improvement and 

to allow healthcare organisations to individualise their sustainability plans (Sherman et al., 2020). 

There is a gap in the literature of studies examining the environmental impact of single-use and 

reusable anaesthetic masks. More research is required to examine whether reusable anaesthetic 

masks reduce or increase overall environmental impact compared to single-use anaesthetic masks. 

Further studies are also required identifying the ‘hotspots’ across the lifecycles of anaesthetic masks 

(single-use and reusable) to find where the greatest environmental impacts lie and explore possible 

mitigation opportunities.  

Life cycle costing (LCC) is a popular methodology used alongside LCAs to decipher the economic 

impact during the life cycle of a product accounting for each life cycle stage (Hunkeler et al., 2008). 

Few studies researching reusable medical devices have accompanied their investigations with LCCs. 

Of the studies which have, three found reusable devices to be cheaper (McGain et al., 2017; Unger 

and Landis, 2016; McGain et al., 2010), whereas one found disposable devices reduced costs (Voigt 

et al., 2021). Due to the limited quantity of research exploring this topic, neither reusable nor single-

use devices can be concluded as being more economically beneficial. There is a need for more 

studies investigating the cost of reusable versus SUDs in order to come to a more substantially 

backed consensus. 
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Despite a growing demand for respiratory devices and a recent global shortage of surgical masks 

during the COVID-19 pandemic (Paxton et al., 2020; Burki, 2020; Howard et al., 2021), no studies 

have researched the impact of reusable versus single-use anaesthetic masks. The number of 

surgeries requiring anaesthetics in the United Kingdom per year is estimated to be around 3 million 

(Sury et al., 2014). This number increases dramatically to 32 million when also considering the 

United States (Matsusaki & Sakai, 2011). Each of these surgeries require the use of an anaesthetic 

mask demonstrating the large quantity of masks required and the importance of conducting studies 

exploring this area. Previous research also tends to not include packaging and transport into their 

calculations not allowing for fully comprehensive investigations. This study aims to fill these gaps by 

investigating the environmental and economic sustainability of three anaesthetic masks (one being a 

reusable anaesthetic mask) including their full life cycles and identify the hotspots and opportunities 

for mitigation. 

7.2. Methodology 

For this study, life cycle assessment (LCA) and life cycle costing (LCC) methodologies are used to 
assess the environmental impact and economical cost of reusable and single-use anaesthetic masks. 
The LCA methodology is conducted according to the ISO standards 14040 and 14044:2006 (ISO, 
2006a; 2006b), using SimaPro software version 8.3.1 (SimaPro manual PRe-Consultants, 2008) to aid 
calculation of impacts. The LCC methodology is run according to the code of practice provided by 
(Swarr et al., 2011). 

7.2.1. Goal and Scope  

This study’s goal is to calculate and compare the environmental and economic sustainability of 
reusable and single-use anaesthetic masks across their entire life cycles. The scope of the study is 
from cradle-to-grave including the raw material extraction and pre-processing, transport between 
the stages, manufacturing including material moulding, component assembly, packaging, 
reprocessing of the reusable mask, and final disposal. The environmental impact and cost associated 
with the use stage of the anaesthetic masks is attributed to the anaesthetic machinery generating 
the gas flow for the patient, hence is outside the scope of this study and excluded. All three masks 
are modelled to be used and disposed of within the United Kingdom. Two masks are manufactured 
and transported from an Asian country and one mask is manufactured and transported from a 
European country. 

Functional unit and system boundaries 

The functional unit (FU) is defined as ‘the administration of anaesthesia to 50 individual patients via 
the use of a sterile anaesthetic mask’, therefore, the FU for the reusable mask will be one reusable 
mask and the equivalent FU for the single-use masks is 50 masks. During this study, the efficacy of 
each device is deemed equal, and each use fulfils the function of providing anaesthesia for one 
patient over the course of a medical procedure in the UK. A London-based hospital is used for this 
case study. Figure 20 demonstrates the life cycle stages included within the LCAs of the single-use 
and reusable masks.  
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Figure 20 Diagram showing the full Cradle-to-Grave System boundary for the anaesthetic masks studied (use stage is in red as it does not include any 
material or energy input). Life cycle stages: raw material extraction and pre-processing (RMEP - pink), manufacturing (light green), packaging (blue), 
transport (dark green), reprocessing (yellow), end-of-life (purple).  
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The devices studied 

Three anaesthetic masks will be explored; as shown in Figure 21. Mask A is a reusable anaesthetic 
mask primarily consisting of polyisoprene and polychloroprene with the capability to be reprocessed 
up to 50 times before final disposal. Masks B&C are single-use anaesthetic masks intended to be 
disposed of after one use. Mask B is made from plasticised Polyvinyl Chloride (PVC). Mask C is 
advertised as a sustainable alternative to Mask B due to its lighter weight and utilisation of Styrene-
Ethylene-Butylene-Styrene (SEBS) based Thermoplastic elastomer (TPE) and Polypropylene (PP) 
instead of PVC.  

Mask A Mask B Mask C 

   
Reusable anaesthetic mask PVC single-use anaesthetic 

mask 
TPE and PP single-use 

anaesthetic mask  
Figure 21: Images and descriptions of the three masks investigated within this study. The images for 
these masks were taken from the manufacturer’s website. 

7.2.2. Life Cycle Inventory data 

The following sections provide a description and the inventory of each life cycle stage, as seen in 
Figure 20.  

Raw material extraction and pre-processing stage (RMEP) 

The RMEP stage involves the extraction of raw materials and pre-processing, converting extracted 
raw material into a form which is mouldable by manufacturing equipment. The bill of materials was 
obtained via material datasheets from the manufacturers; Ecoinvent 3.2 database (Wernet, 2016) 
has been used for the background data. SEBS and the plasticiser (the specific name is not provided 
for confidentiality) were the only materials not available on the Ecoinvent 3.2 database. SEBS was 
modelled from private consultation and deemed confidential information (data retrieved from SEBS 
produced in Germany). The LCI data for the plasticiser was sourced from (ECPI, 2015) and is 
modelled from average EU-27 production.  

Table 20 summarises the material composition of each mask. A full inventory source for these 
materials can be found in the appendices in table A7. 
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Table 20:  Life cycle inventory of the raw material and pre-processing stage (RMEP) of the three 
anaesthetic masks; data are presented per functional unit of one mask. 

  
                        Component                                        Material                                                  Maska 

   A B C 

  Mass (g) Mass (g) Mass (g) 

                         Mask Shell  Plasticised PVCb - 24.2 - 

 Polychloroprene 47.76 - - 

  Polyisoprene 98 - - 

  Polypropylene - - 8.40 

  LDPEc - - 0.13 

Cushion TPE-Sd - - 8.7 

  PVCb - 9.51 - 

Mask Bung Polysulfone 0.88 - - 

Mask Collar Polychloroprene 20.3 - - 

Hook ring HDPEc - 1.84 - 

  Polypropylene - - 1.48 

  Total Weight (g) 166.94 35.55 18.71 
a Description of masks in Figure 21 
b PVC: Polyvinyl Chloride 
c LDPE: Low-Density Polyethylene, HDPE: High-Density Polyethylene 
d TPE-S: SEBS-based Thermoplastic Elastomer, SEBS: Styrene-Ethylene-Butadiene-Styrene 

 

Manufacturing stage (processing and assembly) 

The manufacturing and assembly processes are present within the manufacturing plants and owned 
by the manufacturer. Masks A and B are manufactured in an Asian country and Mask C is 
manufactured in a European country. The specific countries are known and used for the study but is 
excluded here for confidentiality. The environmental impact data for operation of the manufacturing 
machines are sourced from the Ecoinvent 3.2 database (Wernet, 2016) and is specified to operate 
using electricity extracted from the specific Asian and European countries’ national grid (data valid 
for the year 2015 is used). Information about the manufacturing stage was provided as product data 
sheets by the manufacturer and via consultations with the machine operators.  

Assembly has no additional environmental impact as the masks are designed to allow the 
components to be moulded together during manufacturing and the hook rings attached by a human 
operator. After manufacture and assembly, the masks are packaged.  

Table 21: Input processes for the manufacturing stage of each mask type per functional unit  

Packaging 

Table 22 provides the weight and processing steps for each packaging material which were received 
via material data sheets provided by the manufacturer. The paper and cardboard are virgin materials 
and purchased ready to be used by the manufacturer. The low-density polyethylene (LDPE) is also 

 Manufacturing          Mask 

Inputs Units A B C 

Injection moulding g 166.94 26.04 10.01 

Blow moulding g - 9.51 8.70 
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virgin material but requires an extra processing stage (film extrusion) to be converted into a plastic 
film. The distance of transporting raw materials for the packaging to the processing centre was taken 
from average distances of nearby material procurement suppliers. The environmental impact of 
disposal of the packaging is included within this stage and described in the ‘end-of-life disposal’ 
section. 

Table 22: Materials, weight, and extra processing required for the packaging used per FU of one 
mask. 

Material Mask A 
(g) 

Mask B 
(g) 

Mask C 
(g) 

Extra processing required 
after pre-processing 

Transport to processing centre 
(km) 

(Vehicle: 7.5-16 mton Euro 6 lorry) 

Paper 37 - - None 100 

Low density 
Polyethylene 

6 2 4 Extrusion plastic film 200 

Corrugated 
Board box 

48 6 11 None 100 

Total (g) 91 8 15 
  

Transport stage 
This stage includes the transport of the raw materials to the device manufacturer, from the 
manufacturing facilities to hospital, to the reprocessing facility and back to the hospital for the 
reusable, and to the final disposal of the single use and the end of the life of the reusable. The 
location of the raw material extraction plant for each material was received through product data 
sheets from the manufacturer and the distance travelled was calculated using Google maps. For this 
study, a London-based hospital was used. The type of vehicles used to transport the masks to the 
hospital were acquired from consultation with the manufacturer and hospital team. After use, the 
masks are disposed of separate from their original packaging and taken to a nearby incineration site. 
The disposal site is 10 km away from the hospital and the type of vehicle used was acquired from 
consultation with the hospital waste management team. Data is shown in Table 23. 

Table 23: Transport weight and distance travelled as well as type of vehicle used; results shown per 
functional unit.  

Transport stage         Mask  

 Transport data Units A B C 

 
 
 

Raw materials to device manufacturer 
Vehicle: 7.5-16 mton Euro 6 lorry 

Plasticised PVC km - 1700 - 

TPE-S km - - 100 

Polypropylene km - - 100 

LDPE km - - 2050 

HDPE km - 20 - 

Polychloroprene km 200 - - 

Polyisoprene km 100 - - 

Polysulfone km 100 - - 

Manufacturer to distributor 
Vehicle: Transoceanic Ship, 

7.5-16 mton Euro 6 lorry 

Transport weight 
(incl. packaging) 

g 257.94 43.55 33.71 

Distance by Boat km 13100 13100 - 

Distance by Lorry km 88.5 88.5 2100 

Distributor to UK based hospital 
Vehicle: 7.5-16 mton Euro 6 lorry 

Transport weight 
(incl. packaging) 

g 257.94 43.55 33.71 

Distance km 45 45 45 

Hospital to UK based final disposal 
Vehicle: Municipal waste 21mton lorry 

Transport weight g 166.94 35.55 18.71 

Distance km 10 10 10 
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7.2.3. Reprocessing of reusable mask 

After each use, mask A is reprocessed at a sterile services facility. This reprocessing stage includes 
the environmental impact of any packaging or wrap used during a cycle of reprocessing, the 
transport to and from the hospital and sterile services (10.46 km), and the input and emissions 
during washing and sterilisation. Mask A can be reprocessed 50 times before final disposal per the 
manufacturer’s recommended safety guidelines.  

Reprocessing machinery: Washing and Sterilisation 

Reprocessing of a reusable device requires initial washing via a washer-disinfector to remove larger 
contaminants followed by sterilisation. The washer-disinfector is a 11 KWh machine, with a 50-
minute cycle and uses 36 litres of water per cycles; it can hold 60 masks per cycle. The mask is then 
sterilised in a steriliser that uses 7.4 KWh for a 60-minute cycle; it can hold 180 masks per cycle. All 
information was obtained via machinery technical data sheets and confirmation by the sterile 
services technicians.  

Packaging 

When the device has finished being used, it is placed into a protective pouch to confine any 
contaminants prior to being transported to the sterile services. For this study, mask A is placed in a 
moisture retention pouch made of viscose-based film and weighing 11 g. This pouch containing mask 
A is transported to the sterilisation facilities where the mask is taken out of the pouch and the pouch 
is disposed of via incineration. The mask is then washed and wrapped in PP based sterilisation wrap; 
two sheets of 62.7 g/m2 density wrap and one sheet of 40.7 g/m2 density wrap weighing a combined 
total of 22.91 g. This wrap is recycled after use and converted into commercial products. The mask 
wrapped in sterilisation wrap is then placed in the sterilisation machine. 

Transport 

The transport stage of reprocessing includes the transport from the hospital to the sterile services 
prior to reprocessing, then transport back to the hospital afterwards. For both of these trips a 7.5-16 
mton Euro 6 lorry is used as confirmed by the hospital waste management team. The distance from 
the hospital to the sterile services is 10.46 km found using google maps.  

7.2.4. End-of-life Disposal 

After mask A has been sterilised and reused 50 times, it is disposed of. The end-of-life scenario 
modelled for this study is 100% incineration with energy recovery (UK-based) which is NHS best 
practice for contaminated medical devices. Masks B&C are single-use devices and after use are 
placed directly into a waste stream for incineration. It is against best practice (NHS waste disposal 
regulation HTM 01-07) for used medical devices to be recycled and so is not modelled within this 
assessment. For the packaging, the paper and cardboard are recycled at a rate of 69% within the UK 
and the rest is landfilled (Wrap, 2020). The LDPE film is landfilled as is typical within a UK hospital 
setting. 

7.2.5. Life cycle impact assessment 

The life cycle impact assessment results were calculated using the CML-IA Baseline version 3.03 
EU25 methodology (Gabathuler, 2006). A recent study (Rejane Rigon et al., 2019) found CML to be 
the most widely used impact methodology which is why it was chosen. All 11 environmental impact 
categories that are calculated will be presented in the results to ensure a comprehensive 
comparison.  
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7.2.6. Life cycle costing 

Life cycle costing (LCC) is an economic analysis tool carried out using the same life cycle stages as the 

LCA; as detailed by Swarr et al. (Swarr et al., 2011). These stages are as follows: raw materials and 

pre-processing (RMEP), manufacturing, transport, packaging, and end-of-life. The use phase is 

excluded due to being outside the scope of this study as was the case with the LCA. The cost of 

reprocessing is included for the LCC of the reusable mask (mask A). 

For this study, the methodology provided for an environmental LCC is used. An environmental LCC is 

intended to be conducted alongside an LCA as they contain similar methodological steps (Falcone et 

al., 2016). When used alongside an LCA framework, LCCs are able to link the environmental impact 

per lifecycle stage with their corresponding economic impact (Falcone et al., 2016). LCAs follow the 

ISO standards 14040/44:2006 (ISO, 2006a; ISO, 2006b) and LCCs follow the standard ISO 15686:2017 

(ISO, 2017). When running an LCA alongside an LCC congruently, it is beneficial to apply the same 

system boundaries and functional unit in order to aid consistency and comparison (Swarr et al., 

2011). This also applies when choosing which life cycle stages to include. 

The LCC has been modelled according the following equation which was constructed with using the 

LCC ISO standard 15686 (ISO, 2017) and the steps detailed by Swarr et al. (Swarr et al., 2011) as well 

as with reference to the LCA ISO standards 14040/44:2006 (ISO, 2006a; ISO, 2006b),  

LCC = CCRMEP + CM + CT + CP + (CR)* + CEoL 
*Only applicable to the reusable mask (mask A) 

LCC = Total life cycle cost  

CRMEP = Cost of the raw materials and their pre-processing  

CM = Cost of manufacturing 

CT = Cost of transportation  

CP = Cost of packaging 

CR = Cost of reprocessing  

CEoL = Cost of End-of-Life disposal 

For each stage, the cost associated with the required materials or energy (e.g., cost of raw materials, 

electricity, and petrol) are calculated. This data only includes the costs that are directly incurred with 

no value added by the companies. An LCC is not intended to assess the financial cost of services or of 

the purchasing and selling between businesses but instead is a strategic scientific method of 

accounting for financial flow throughout the life cycle stages to identify true cost (Hunkeler et al., 

2008). 

Average market value for each raw material cost (CRMEP) was calculated using regionally appropriated 

data. For manufacturing data (CM), average KWh usage was used to calculate the electricity required 

to process the material. It was found that injection moulding machinery uses on average 1.47 KWh 

to process one kg of plastics (Elduque et al., 2018) and extrusion blow moulding 2.49 KWh per kg 

(Kent, 2009). Masks A and B were manufactured in an Asian country where the average cost for 

electricity per KWh for businesses was used and found to be £0.084 per KWh (GPP, 2023). Mask C 

was manufactured in a European country with electricity costs of £0.22 per KWh (GPP, 2023). 
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Two types of transport were used during the life cycles of the three masks: 7.5-16 mton lorry and 

transoceanic ship. To calculate the cost of petrol (CT) for the 7.5-16mton lorry, an average miles per 

gallon (mpg) was found by comparing mpg of popular lorry models. The average was found to be 17 

mpg which by further calculations determines that 13.8 litres of fuel is required per 100 km 

travelled. The majority of lorries are powered by diesel engines (Lloyd & Cackette, 2001). Currently, 

average diesel costs in the European country are £1.44 per litre and £1.70 in the United Kingdom 

(Tolls.eu, 2023). The weight of the transported goods will also be taken into consideration during 

calculations. The average payload weight allowance on a 7.5-16mton lorry is calculated at 5000 kg 

when using average payload data from current vehicle models (Hunts, 2020). For the cost of 

transporting via transoceanic ship, a modern container vessel has a fuel consumption of 217 tons of 

bunker fuel per day which values at £461 per ton (MTS, 2018). It has a maximum container capacity 

of 7,750 twenty-foot equivalents (TEUs) (MTS, 2018) with each container having a weight-bearing 

capacity of 28200 kg (Menon, 2022). Using an average cargo ship speed of 20 knots (37 km/h) (MOL, 

2022) traveling 13100 km (7073 nautical miles) takes just under 15 days. This data is used to 

calculate the cost of transporting masks A and B from the manufacturing site in the Asian country to 

the UK.  

Packaging cost (CP) was determined using the above methods for raw material, transport, and 

manufacturing costs. Disposal of packaging once the device is removed within the hospital is also 

included. The packaging is disposed of as non-infectious waste within the hospital costing £0.67 per 

kg as received from the hospital’s waste management team. The reprocessing cost (CR) was 

calculated using cost per KWh of UK electricity, cost per litre of water within the UK, and average UK 

petrol cost. The used masks are disposed of (CEoL) as infectious waste which costs £0.91 per kg as 

also received from the hospital team. This life cycle costing data is shown in Table 24. 

Table 24: Life cycle costing data of three anaesthetic masks A, B, and C. Descriptions of masks in 
Figure 21. Units expressed per mask. 

  
  Mask  

Stage Material  A B C 

 
 
 
 
 

Raw Materials 
Cost per mask 

Plasticised PVC 
(includes mask shell and 

cushion) 

Weight (g) - 33.71 - 

Cost (pence) - 6.44 - 

TPE-S Weight (g) - - 8.7 

Cost (pence) - - 3.62 

Polypropylene 
(includes mask shell and 

hook ring) 

Weight (g) - - 9.88 

Cost (pence) - - 1.80 

LDPE Weight (g) - - 0.13 

Cost (pence) - - 0.03 

HDPE Weight (g) - 1.84 - 

Cost (pence) - 0.40 - 

Polychloroprene 
(includes mask shell and 

mask collar) 

Weight (g) 68.06 - - 

Cost (pence) 13 - - 

Polyisoprene Weight (g) 98 - - 

Cost (pence) 23 - - 

Polysulfone Weight (g) 0.88 - - 

Cost (pence) 1.3 - - 

Manufacturing (injection 
moulding) 

Processing weight (g)  166.94 26.04 10.01 

Electricity used (KWh)  0.245 0.03828 0.015 



122 

 

Electricity cost Cost (pence)  2.1 0.321 0.324 

Manufacturing (Blow 
moulding) 

Electricity cost 

Processing weight (g)  - 9.51 8.7 

Electricity used (KWh)  - 0.024 0.022 

Cost (pence)  - 0.202 0.476 

Transport 
Petrol cost 

 

Raw materials (pence)  0.09 0.228 0.008 

To hospital (pence)  0.3 0.051 0.288 

To disposal (pence)  0.007 0.001 0.007 

Packaging Material Cost (pence)               
(incl. transport to manufacturer) 

 2.1 0.308 0.604 

Manufacturing cost (pence)  0.06 0.056 0.112 

Packaging disposal cost (pence)  6.1 0.536 1.006 

Reprocessing cost 
Per one cycle 

Transport (pence)  0.015 - - 

Reprocessing (pence)  5.24 - - 

Packaging (pence)  2.662 - - 

Disposal cost Disposed weight (g)  166.94 35.55 18.71 

Cost (pence)  0.152 3.236 1.702 

7.3. Results and discussion 
Figure 22 displays the environmental impact for the three anaesthetic masks studied with all 11 

impact categories provided together with the life cycle costing. The environmental impact categories 

are as follows: abiotic depletion potential of elements (ADPe), abiotic depletion potential of fossil 

resources (ADPf), acidification potential (AP), eutrophication potential (EP), global warming potential 

(GWP), human toxicity potential (HTP), marine aquatic ecotoxicity potential (MAETP), freshwater 

aquatic ecotoxicity potential (FAETP), ozone depletion potential (ODP), photochemical oxidants 

creation potential (POCP) and terrestrial ecotoxicity potential (TETP). The results are first discussed 

for the environmental assessment, followed by a discussion of the economic assessment. Key 

contributing factors to the impact are explored via a sensitivity analysis and scenario analysis.   

7.3.1. Environmental sustainability assessment 
Figure 22 shows that mask C has the lowest environmental impact for eight of 11 environmental 
impact categories and mask A the lowest for the remaining three (HTP, FAETP, and MAETP). Mask B 
has the greatest impact for eight impact categories with particularly high toxicity potentials (HTP, 
FAETP, and MAETP). For 10 categories, over 70% of mask A’s impact originates from the 
reprocessing stage. For most categories, the RMEP or end-of-life stages combined contribute 
between 65%-94% of mask B’s overall impact. None of mask C’s life cycle stages stand out as 
particularly impactful, except for HTP, FAETP, and MAETP, where end-of-life contributes 51%, 84%, 
and 91% of total impact respectively. The impacts for each category are analysed in greater detail 
below.  
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Figure 22:  Comparison of environmental impact and life cycle costing of three anaesthetic masks A, 
B, and C. Results expressed per functional unit (FU) (the administration of anaesthesia to 50 
individual patients via the use of a sterile anaesthetic mask). Description of masks in Figure 21. ADPe: 
abiotic depletion potential of elements; ADPf: abiotic depletion potential of fossil resources; AP: 
acidification potential; EP: eutrophication potential; GWP: global warming potential; HTP: human 
toxicity potential; MAETP: marine aquatic ecotoxicity potential; FAETP: freshwater aquatic 
ecotoxicity potential; ODP: ozone depletion potential; POCP: photochemical oxidants creation 
potential; TETP: terrestrial ecotoxicity potential. 

Global Warming Potential (GWP) 

As shown in Figure 22a, mask B has the greatest GWP (20.2 kg CO2 eq.), followed by mask A (12.6 kg 
CO2 eq.), then mask C (7.9 kg CO2 eq.). Mask A’s GWP from the end-of-life stage is much lower (0.27 
kg CO2 eq., 2%) than masks B&C (3.44 kg CO2 eq. and 1.87 kg CO2 eq.). This is due to the lower 
quantity of material incinerated as only one mask A is incinerated per FU. However, 11.2 kg CO2 eq 
(89%) of mask A’s GWP is from its reprocessing stage; 5.9 kg CO2 eq (53%) from the use of 
machinery, 5.3 kg CO2 eq (47%) from reprocessing packaging, and 0.04 kg CO2 eq (0.3%) from 
transport. 79% of the GWP from the reprocessing machinery is due to the washer-disinfector’s 
electricity requirements. More sustainable sources of electricity (e.g., renewable energy) could be 
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considered which produce less CO2 emissions than fossil-fuel derived (Ben Jebli et al., 2020). 
Alternatively, reducing energy consumption during the reprocessing stage perhaps by using more 
energy efficient machinery will also help lower the environmental impact (as will be tested in the 
sensitivity analysis).  56% (3.0 kg CO2 eq) of the GWP contribution from the reprocessing packaging 
comes from the sterilisation wrap and 44% (2.3 kg CO2 eq) from the humidification pouches. 2.4 kg 
CO2 eq of this impact is due to the PP used within the sterilisation wraps. To reduce these emissions, 
more sustainably-sourced PP, e.g., recycled PP, or non-fossil fuel derived materials could be used 
(Freeland et al., 2022; Markl et al., 2018). These changes could help reduce mask A’s impact enough 
to compete with the TPE+PP based single-use mask (mask C).  

10.6 kg CO2 eq. of mask B’s GWP comes from the RMEP stage whereas only 2.0 kg CO2 eq. is from 
mask C’s. Some of this change is attributed to mask C’s lower weight, however, this reduction of 81% 
exhibits that mask C’s materials (TPE+PP) have a lower GWP than PVC on a weight-to-weight basis. 
The emissions of Carbon dioxide (CO2) to air contributed 93% of mask B’s GWP from the RMEP stage 
with 74% of these emissions originating from the raw material requirements of the plasticiser. To 
reduce GWP from the raw materials used within the plasticiser, manufacturers could change the raw 
materials used during production or use an alternative plasticiser. All other stages within masks 
B&C’s life cycles contribute 8%-24% to the overall GWP. End-of-life is the highest contributing stage, 
consisting of 3.4 kg CO2 eq (17%) and 1.9 kg CO2 eq (24%) of masks B&C’s overall GWP respectively.  

Depletion Potentials (ADPe, ADPf, ODP) 

Figure 22b shows mask A to have the greatest ADPe (27.2 mg Sb eq), over two times greater than 

mask B (12.1 mg Sb eq) and 2.5 times higher than mask C (11.0mg Sb eq). For ADPf (Figure 22c), 

mask B is the most impactful having an impact 48% higher than mask A and over twice mask C’s. For 

ODP, mask A is the highest but only 26.2 ug CFC-11 eq. (3%) greater than mask B. For these three 

categories, 74% to 91% of mask A’s impact originates from the reprocessing stage. The reprocessing 

packaging provided over half (52% to 64%) of the impact with the remaining impact from the 

reprocessing machinery’s electricity requirements. The reprocessing packaging has greater ADPe, 

ADPf, and ODP impact than the packaging required during the whole lifecycle of the single-use 

masks. This is partly due to the greater quantity of packaging required during one cycle of 

reprocessing (33.91 g of packaging each cycle compared to 8 g and 15 g of packaging for masks B&C). 

To reduce the impact of mask A, the electricity and packaging used during reprocessing should take 

priority.  

The other stages have a much smaller contribution to mask A’s ADPe, ADPf, and ODP collectively 

only contributing 7.05 mg Sb eq (26%), 22.7 MJ (11%), and 82.7 ug CFC-11 eq. (9%) to the total 

impact. This is mostly due to the manufacturing, packaging, and transport life cycle stages being 

required for only one reusable mask whereas they are required 50 times per FU for masks B&C. 

Most of mask B’s ADPe comes from end-of-life (30%), packaging (28%), and transport (21%) with 

manufacturing (18%) adding the rest. Mask C is similar to mask B in the respect that packaging 

(57%), transport (25%), and manufacturing (15%) are also its biggest ADPe contributors. However, its 

end-of-life stage is much less impactful (0.125 mg Sb eq compared to mask B’s 3.64 mg Sb eq.). For 

ODP, the end-of-life stage is responsible for 463 ug CFC-11 eq (43%) of mask B’s impact but 3.1 ug 

CFC-11 eq (1%) of mask C’s, thus demonstrating that incinerating PVC has greater ADPe, ADPf, and 

ODP than incinerating TPE and PP. For all three categories, the impact from transport is reduced by 

49% from mask B to mask C. This is consistent with the lower weight required to be transported for 

mask C and demonstrates the importance of lightweighting in reducing environmental impact.  
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Human health (HTP, POCP) 

Mask A has the lowest HTP (3.5 kg 1, 4-DB eq) comprised mainly of the reprocessing (70%) stage. 
The reprocessing stage is also the majority (90%) of mask A’s POCP. For HTP, 1.3 kg 1,4-DB eq. 
originates from operation of the reprocessing machinery; 1.0 kg 1,4-DB eq (78%) from the washer-
disinfector’s electricity consumption. For POCP, 1.4 g C2H4 eq (52%) comes from the reprocessing 
packaging. Therefore, as mentioned previously, reducing energy demands and packaging required 
during reprocessing will lower these impacts. 

For both HTP and POCP (Figure 22e&f), mask B has the greatest impact. Mask B’s HTP (12.7 kg 1,4-
DB eq.) is much greater than mask A (3.5 kg 1,4-DB eq.) and mask C (5.0 kg 1,4-DB eq.) with the 
majority of its impact originating from the RMEP (47%) and end-of-life (32%) stages. Manufacturing, 
packaging, and transport have smaller contributions (3% to 20%) for both masks B&C. The emissions 
primarily responsible for mask B’s HTP from the RMEP stage is Barium (Ba) released to water (82% of 
total impact) almost entirely (>99%) due to the raw materials used within the plasticiser. The RMEP 
consist of only 8.5% of mask C’s HTP emitting 0.43 kg 1, 4-DB eq compared to mask B’s RMEP 
emissions of 6.0 kg 1, 4-DB eq. A significantly lower (-78%) POCP from the RMEP stage can be seen 
from mask B to mask C. This reduction is greater than can be explained by reduced material weight 
alone so therefore must also be due to the material type. Sulphur Dioxide (SO2) and Carbon 
Monoxide (CO) emissions to air, primarily from the raw materials used to produce the plasticiser, is 
particularly high during the RMEP stage for mask B and contributes 54% and 23% to the total POCP 
respectively. However, the difference in impacts between masks B&C is too big for the reduction of 
these emissions to be enough to make mask B overall less impactful.  

Aquatic Ecotoxicity potentials (MAETP, FAETP) 

For MAETP and FAETP (Figure 22g&h), mask B has the highest impact (MAETP: 113.7 t 1,4-DB eq., 

FAETP: 22.6 kg 1,4-DB eq.) followed by mask C (MAETP: 70.2 t 1,4-DB eq., FAETP: 15.0 kg 1,4-DB eq.), 

then mask A (MAETP: 36.7 t 1,4-DB eq., FAETP: 7.1 kg 1,4-DB eq.). End-of-life is the most 

contributing stage for all masks (62% to 91%). For MAETP and FAETP, mask B’s end-of-life emits 96.5 

t 1,4-DB eq. and 17.9 kg 1,4-DB eq. respectively; 51% and 42% greater than mask C. Beryllium (Be) to 

water is the most contributing emission consisting of >84% of mask C’s MAETP and FAETP. >99% of 

the MAETP impact and 88% of the FAETP is due to the incineration of the TPE within mask C. To 

lower this impact, focus should therefore be placed on reducing the quantity of TPE being 

incinerated perhaps by lightweighting or replacing with less impactful materials.  

Despite the end-of-life impact for mask A being the lowest of the three masks, based on weight of 

incinerated material alone (166.94 g vs 1800 g and 900 g per FU), mask A’s MAETP and FAETP would 

be assumed to be lower. Over 98% of mask A’s MAETP and FAETP comes from incineration of the 

Polyisoprene, specifically >97% from the emissions of Be to water. To reduce impacts, the Be 

emissions produced when incinerating Polyisoprene would need to be reduced or an alternative 

material used. Despite the environmental impact being higher during the incineration of mask A on a 

weight basis, a lower quantity of material overall is being incinerated. For every 50 masks disposed, 

mask B requires incineration of 1800 g of material, mask C requires 940 g, and mask A only 170 g. If 

the goal is to decrease volume of generated waste or reduce material resource depletion, mask A 

has a clear advantage.   

For both categories, mask C has a low contribution (1%) from the RMEP stage. Compared to mask B 
where the RMEP stage contributes 8% to 9%. 7.4 t 1,4-DB eq. (82%) of mask B’s MAETP and 1.8 kg 
1,4-DB eq. (85%) of FAETP from the RMEP stage originates from the raw materials required to 
produce the plasticiser with Ba released to water being the main (71% to 84%) emission produced. 
Ba released to water is also the largest contributing emission for mask C’s MAETP and FAETP but is 
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produced in a lower quantity (MAETP: 0.4 t 1,4-DB eq, FAETP: 0.1 kg 1,4-DB eq.; both 94% less than 
mask B). To reduce MAETP and FAETP from the RMEP stage, the impact from the plasticiser 
(specifically the release of Ba) should become a focus and the materials used within mask C (TPE+PP) 
should be encouraged over the use of plasticised PVC.  

Ecosystems (TETP, AP, EP) 

For TETP and EP (Figure 22i&k), mask A has the highest impact (TETP: 25.4 g 1,4-DB eq., EP: 15.3 g 

PO4
3- eq.), whereas for AP (Figure 22j), mask B is the greatest (86.7 g SO2 eq.). The variation in total 

impact between masks A&B for TETP and EP is relatively small; mask A is 5% and 10% higher than 

mask B respectively. Across all three categories, 88% to 90% of mask A’s impact is from the 

reprocessing stage with the washer-disinfector’s energy consumption consisting 51% to 65% of that. 

Due to mask A’s impact being only slightly greater than mask B’s, even slight reduction in emissions 

during reprocessing may cause mask A to become more environmentally favourable than mask B.  

For all three categories, mask C has the lowest impacts, >53% lower than the other masks, with 

particularly small TETP and AP partially due to reduced RMEP emissions. In order for mask A to 

compete with mask C, its reprocessing stage would need to be reduced by over two thirds. Mask C’s 

RMEP stage emits 0.4 g 1,4-DB eq. (TETP), 8.5 g SO2 eq (AP), and 0.8 g PO4
3- eq. (AP) which are much 

lower than mask B’s RMEP stage (11.2 g 1,4-DB eq., 50.2 g SO2 eq., and 2.9 g PO4
3- eq.). 79% of mask 

B’s TETP from the RMEP stage is from emissions of mercury (Hg) to air, 75% of which is due to 

electricity used during raw material processing required during production of the plasticiser. For AP, 

74% is from SO2 to air which again is primarily (85%) from the plasticiser. The plasticiser is also the 

main contributor (56%) of EP of which 78% comes from nitrogen oxide (NO) emissions to the air.  

For transport and manufacturing, reductions in impacts from mask B to mask C are found to be 

correlated to the reduced weight of mask C. For EP, The manufacturing stage contributes 4.8 g PO4
3- 

eq. (34%) of masks B’s impact and 2.6 g PO4
3- eq. (35%) of mask C’s. 4.5 g PO4

3- eq. (94%) of masks 

B’s EP from the manufacturing stage is due to the injection moulding and blow moulding processes; 

injection moulding accounting for the majority (3.1 g PO4
3- eq). For both moulding processes, 

phosphate (PO₄3-) to water makes up 81% of the emissions originating from the use of electricity. 

This is the same for mask C, where 2.0 g PO4
3- eq. comes from the moulding processing again mainly 

from PO₄3- to water (81%). For EP, packaging also has a considerable contribution to masks B&C’s 

impacts; 3.0 g PO4
3- eq. (22%) and 3.3 g PO4

3- eq. (44%) respectively. 67% of mask B’s impact from 

packaging and 45% of mask C’s originates from the impact of disposal, therefore showing that more 

sustainable disposal methods of the packaging would make noticeable changes to the overall EP.  

7.3.2. Life cycle costing 

Mask B has the highest cost (£5.89) per FU, followed by mask C (£4.99) then mask A (£4.44). The 
majority (89%) of mask A’s cost originates from the reprocessing stage (£3.96), whereas the RMEP 
stage is the largest contributing stage for masks B&C (£3.42 and £2.73 respectively). 52% (£2.06) of 
mask A’s reprocessing cost is due to the cost of electricity required to run the washer-disinfector. A 
further 26% (£1.05) is from the cost for the PP within the sterilisation wrap. Substantial reductions 
can be observed for all other life cycle stages for mask A compared to both masks B&C: RMEP (B: -
304p C: -235p), manufacturing (B: -24p C: -38p), transport (B: -13p C: -15p), packaging (B: -37p C: -
78p), and end-of-life (B: -£1.61 C: -£0.85). This reduced cost can mainly be attributed to mask A 
requiring only one mask to be manufactured, processed, transported, and disposed. The cost to 
transport mask C via lorry from the European country to the UK is 14.4p whereas transporting masks 
A and B and their packaging from the Asian country to the UK via transoceanic ship costs only 0.3p 
for fuel; a 98% reduction. 
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Per 50 masks, mask C costs 90p less than mask B, a 15% decrease. The greatest contributing stage to 
mask B’s impact is from RMEP (58%) followed by end-of-life (27%). The least expensive is transport 
contributing only 14p (2%). The cost to transport mask B’s raw materials to the manufacturer is 
11.4p whereas mask C’s is 0.42p, a reduction of 96%. Mask C has lower associated costs for all life 
cycle stages compared to mask B except packaging (+41p). A big reduction can be seen in RMEP 
where cost is £3.42 for mask B but £2.73 for mask C. RMEP is also the most contributing stage for 
mask C’s overall cost (55%), followed by packaging (17%) and end-of-life (17%). 

7.3.3. Sensitivity analysis: Energy consumption of reprocessing 

The reprocessing stage has significant contribution to mask A’s overall environmental impact, 

accounting for between 28% and 91%; with 10 categories above 70%. The electricity required to 

operate the reprocessing machinery (washer-disinfector and steriliser) consists of 35% to 65% of the 

total reprocessing impact across all impact categories. To test the effect that machinery energy 

consumption has on the environmental impact of mask A, a sensitivity analysis is run where energy 

consumption is changed by +/- 20%. Figure 23 shows the results.  

 
Figure 23: Sensitivity analysis on machinery energy consumption during mask A’s reprocessing stage. 
Results expressed per FU with error bars displaying impact when machinery energy consumption is 
increased by 20% (upper cap) and decreased by 20% (lower cap). The baseline results and masks 
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B&C’s impacts are provided for comparison. Description of masks in Figure 21. All eleven impact 
categories and LCC are included; see description in methodology section. 

As shown in Figure 23, changing the energy consumption of the reprocessing machinery has an 

observable influence on the overall environmental impact of mask A; ranging from +/-5% to +/-12%. 

By reducing the energy usage by 20%, mask A would only be highest for ADPe; mask B would then be 

the most environmentally impactful mask for 10 of 11 impact categories. When increasing energy 

usage by 20%, the order of the masks from least to most environmental impactful does not change 

across all categories. For eight of the 11 environmental impact categories, mask C is less impactful 

than mask A by at least 31%. Even with energy consumption reduced by 20%, for none of these 

categories does the impact of mask A reduce enough to compete with the TPE+PP based single-use 

mask. If further reductions to energy consumption could be made then this would increasingly 

improve the impact of mask A. Across all impact categories, the largest percentage change occurs for 

cost where mask A’s overall price changes by +/-12% (+/-53.4p). The category in which mask A and 

mask C are also the closest is for cost. Energy usage increased by 20% would mean that mask A is 

now only 4p less than mask C. Regardless of increasing energy percentage, mask B is still the most 

expensive by a considerable margin. 

For only two of the environmental categories (GWP and ADPf) could the energy consumption be 

reduced enough to become less impactful than mask C. GWP would require an 80% reduction and 

ADPf a 93% before mask A’s overall impact is the lowest. The other categories would require 

reductions in other areas of mask A’s life cycle (particularly the packaging used during reprocessing) 

before being able to compete with mask C. 

For some impact categories i.e., ADPe, ADPf, and MAETP, the effect of reducing energy consumption 

is small varying the overall impact by 3% to 7%. However, for other categories, such as TETP and 

cost, the variation has a more considerable effect on overall impact (12%). For GWP, reducing the 

machinery energy by 20%, reduces its overall impact by 1.18 kg CO2 eq. (9%). In the case of TETP, 

mask A’s current impact is 25.4 g 1,4-DB eq. which is only 1.1 g 1,4-DB eq. greater than mask B’s. 

Reducing the energy usage lowers mask A’s impact by 2.9 g 1,4-DB eq. making mask B now the least 

favourable mask. This also occurs for EP, where mask A is reduced from 15.3 g PO4
3- to 13.8 g PO4

3- (-

10%) which is lower than mask B’s (13.9 g PO4
3- eq.). Quite observable change can be seen for ODP 

where mask A increases from 887.1 ug CFC-11 eq. to 962.6 ug CFC-11 eq.; now 101.7 ug CFC-11 eq. 

greater than mask B.  

7.3.4. Scenario: Number of reprocessing cycles 
A scenario analysis is provided to test the significance of number of reprocessing cycles on mask A’s 

overall environmental impact. For this analysis, the number of reprocessing cycles is decreased and 

increased from one to 100 cycles. This is then compared with the equivalent quantity of single-use 

masks (one and 100 masks). The results are shown in Figure 24. 
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Figure 24: Comparison of environmental impact of three anaesthetic masks. Description of masks in Figure 21. The reusable mask (mask A) is represented in 
blue, the PVC single-use (mask B) in orange, and the TPE+PP single-use mask (mask C) in grey. Results expressed as the number of reprocessing cycles is 
decreased and increased from one to 100 reprocessing cycles. This is then compared with the equivalent quantity of single-use masks (one to 100 single-use 
masks). All eleven impact categories and LCC are included; see description in the methodology section.  
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Changing the number of reprocessing cycles for mask A and comparing to equivalent quantities of 

single-use masks has variable effects on the impact categories. For nine of the categories, mask A’s 

reprocessing stage has more of an impact per cycle than of the entirety of the TPE+PP single-use 

mask (mask C) and therefore for these categories, no matter how many times mask A can be reused, 

it will not become less environmentally impactful than mask C. HTP, MAETP, and FAETP are the 

categories where the reprocessing stage is less per cycle than mask C. For HTP, more than 19 reuses 

would be required before mask A is more environmentally friendly than mask C, more than 21 

reuses is required for MAETP, and more than 18 for FAETP. This shows that no matter how many 

times mask A is reused, unless sustainable changes are made to the reprocessing stage itself, it will 

not be more environmentally favourable than the TPE+PP single-use mask (mask C) for the majority 

of the impact categories. 

For 10 of the environmental impact categories and the LCC, mask B has a higher impact per mask 

than the impact from mask A’s reprocessing stage. That means for each of these categories, there 

will be a breakeven point where mask A is more environmentally favourable to mask B. Table 25 

shows how many times the reusable mask (mask A) would need to be reused before it becomes 

environmentally favourable to the PVC single-use mask (mask B) for each category. For only ADPe 

could the number of reprocessing cycles never be able to make mask A more favourable than mask B 

as the impact from the reprocessing cycle is greater than the entirety of mask B’s life cycle.  

Table 25: Number of reuses needed before the reusable mask (mask A) becomes more 
environmentally favourable than the PVC single-use mask (mask B). Description of masks in Figure 
21. All eleven impact categories and LCC are included; see description in the methodology section.  

Impact category GWP ADPe ADPf ODP HTP POCP MAETP FAETP TETP AP EP Cost 

No. of reuses  8 - 9 75 6 10 13 12 74 14 598 17 

As can be seen in Table 25, for seven of the categories, if mask A were to be used 14 or more times, 

it would be favourable to mask B. For some categories (GWP, ADPf, HTP, and POCP), mask A would 

only need to be reused a minimum of 10 times to be more environmentally friendly than mask B. 

Currently the reusable mask has a recommended 50 reuses by the manufacturer. If it were possible 

to increase this to 74, the TETP for mask A would then become lower than the equivalent required 

PVC single-use masks. The categories ADPe and EP are then the only categories where it is unrealistic 

for mask A to have a lower environmental impact than mask B. For ADPe, mask A will always be 

higher no matter the number of reuses and for EP a very high amount (598) of reuses would be 

required.  

7.4. Conclusion 
This study analysed and compared the environmental impact of three anaesthetic masks including a 

reusable mask; mask A (reusable up to 50 reprocessing cycles), mask B (plasticised PVC-based single-

use mask), and mask C (TPE+PP-based single-use mask). It was found that the reusable mask (mask 

A) performs better than the PVC based single-use mask (mask B) but is outperformed in 

environmental impact by the TPE+PP single-use mask (mask C). Key stakeholders such as medical 

device manufacturers and hospital procurement teams should prioritise using TPE within their 

single-use medical devices over plasticised PVC for not just environmental sustainability reasons but 

also to reduce overall life cycle costs.  

For nine of 11 impact categories and the LCC, mask A’s impact originated predominantly (>70%) 

from the reprocessing stage specifically from the reprocessing machinery’s electricity usage and 

reprocessing packaging. To reduce the environmental impact and cost of mask A, sustainability 

efforts should therefore be directed on these areas. This could be through increasing energy 
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efficiency of the machinery, using more sustainably sourced electricity, or reducing quantity of 

packaging. All other life cycle stages for mask A were lower than those of masks B&C. Therefore, 

reducing the impact from the reprocessing stage could make reusable masks an attractive 

sustainable option. Hospitals and reprocessing facilities should explore mitigations effects of 

reducing the reprocessing stage (i.e., electricity and packaging used during reprocessing) in order to 

expand the feasibility of using reusable medical devices. With reprocessing being such a large 

proportion of the reusable anaesthetic mask’s environmental impact, it is clear that focus should be 

placed on this stage. Environmental impact reductions within this stage are also currently available 

and obtainable; for example, more environmentally sustainable materials can be used for 

reprocessing packaging and more sustainably sourced electricity can be obtained for use within the 

reprocessing machinery. If governmental organisations wished to pursue the reduction of single-use 

medical devices (as is becoming a common goal within legislation such as the Health technical 

memorandum 07-01 and UK Clinical Waste Strategy (HTM, 2022; NHS, 2023)), they are within their 

power to require hospitals and reprocessing facilities to explore these sustainable mitigations. 

Mask B had the highest environmental impact for seven of 11 impact categories and the LCC. Most 

of mask B’s impact came from the RMEP and end-of-life stages. The environmental impact from 

RMEP was shown to reduce significantly from mask B to mask A across all impact categories due to 

the lower quantity and type of materials used. Therefore, If hospitals are unable to switch to 

reusable masks, they can make significant environmental impact savings by using TPE+PP single-use 

masks instead of PVC ones. The life cycle costing found mask B to be the most expensive (£5.89); 

£0.90 more than mask C (£4.99) and £1.45 more than mask A (£4.44). The majority of mask A’s cost 

(89%) was from the reprocessing stage with half of this due to the cost of electricity to operate the 

washer-disinfector. A sensitivity analysis showed that reducing energy usage by 20% lowers the 

impact of mask A enough to make it not the most environmentally impactful option for 11 impact 

categories. A scenario analysis analysed the effect of number of reprocessing cycles on 

environmental impact and showed that no matter the number of reuses possible per reusable mask, 

it would never be more environmentally favourable to the TPE+PP single-use mask (mask C) except 

for HTP, MAETP, and FAETP. It was found that as the number of reuses of mask A decreased lower 

than 14, mask B became increasingly more environmentally favourable for seven of the impact 

categories. Therefore as long as mask A is reused above 14 times, it will remain the more sustainable 

choice in comparison to mask B.  

Overall, mask C has the lowest environmental impact across most impact categories but if 

sustainable changes were made during the reprocessing stage of mask A, in particular to the 

electricity and packaging used (which contributes around a half of the environmental impact of the 

reprocessing stage), then it could become a sustainable alternative to single-use masks. The use of 

anaesthetic face masks will always be required within healthcare but this study has shown that 

sustainable alternatives are available as of today, it is now up to policy makers and manufacturers 

for whether it is employed. 
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Abstract 
Even though around 85% of medical waste is non-hazardous, the majority is disposed of via 
incineration or alternative treatment required for only hazardous material. Within the United Kingdom 
(UK), all waste placed in a waste bin designated for hazardous waste is classified as hazardous whether 
it was originally or not. Within this pilot study, a focus group and semi-structured interviews were 
conducted with NHS healthcare workers in order to explore how medical waste is identified as 
hazardous and why incorrect segregation may occur. The low availability of different bins as well as 
lack of space and the healthcare workers’ busy schedules were identified as main reasons. Bins were 
sparsely placed and staff lacked time to find the appropriate one leading to incorrect segregation of 
non-hazardous waste. Lack of information around whether a material was recyclable or not led to less 
recycled waste. When discussed ways to engage this issue, the majority of medical staff favoured quick 
forms of information provision, such as posters, whereas one head-nurse proclaimed longer, hands-on 
style sessions as more effective. The findings of this study provide evidence that governmental 
strategies focused on sustainable medical waste management should direct their attention to the 
placement and availability of bins, whilst including “on the ground” personnel in their decision making. 
It is hoped that the methodology used within this study can be emulated by other healthcare facilities 
to collectively grow a greater understanding of the sustainability issues faced by the UK healthcare 
system.  
 

Keywords: Sustainable healthcare, waste management, incinerated waste, medical waste, focus-group 

8.1. Introduction 
Despite studies showing the negative environmental impact of incineration, most European countries 

still promote incineration as the primary method of clinical waste disposal (Kumar, 2021). It has been 

shown that around 85% of waste generated in hospitals globally is non-hazardous and ideally could 

be treated the same as non-clinical waste (WHO, 2017). Studies across Europe show that over 70% of 

the contaminated waste stream actually contains waste which was uncontaminated prior to being 

discarded (Kadamus, 2008; Hutchins & White, 2009; Cesaro & Belgiorno, 2017; Rasheed & Walraven, 

2023). This presents a clear opportunity for reducing the environmental impact of clinical waste 

being incinerated by reducing what is wrongly identified as hazardous (Moultrie et al., 2015). The 

issue lies where non-hazardous waste is incorrectly placed in waste streams designed for hazardous 

waste (Harding et al., 2021) resulting in it being classified as hazardous, and subsequently incinerated 

or disposed via alternative treatment as dictated, in this case, by United Kingdom (UK) regulatory 

guidelines (DoH, 2013). Over half of the non-hazardous medical waste being incinerated globally is 

made of recyclable materials such as paper and plastic (Rasheed & Walraven, 2023).  

An important step of medical waste management is the sorting of waste before disposal. The 

European Waste Catalogue (EWC) (which covers all types of waste generated but also includes a 

guide for medical waste) provides definitions for different types of waste and assigns each a colour 
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for disposal. Medical waste placed into a specific-coloured bag within European hospitals will be 

sealed with ties or clips and never reopened at any point to be further sorted (DoH, 2013). It is 

therefore key that waste is segregated to the appropriate container before it is sealed in order to 

ensure it will be disposed of in a suitable manner (No Harm Europe, 2020).  

Within the UK, yellow and orange-coloured bins are used for hazardous waste; yellow for infectious 

and contaminated, orange for just infectious. This waste is described as hazardous due to its risk of 

causing harm due to infection or contamination. Infectious waste is defined as waste that can 

transmit infection whereas as contaminated waste is waste containing a pharmaceutically-active 

agent (HTM, 2022). The yellow waste stream must be disposed of via incineration which is the most 

environmentally impactful and most expensive end-of-life method (Rizan et al., 2021; Windfeld & 

Brooks, 2015). The orange waste stream may also be incinerated but could instead be rendered safe 

by alternative treatment (i.e., heated to disinfect the waste) as a less environmentally impactful 

alternative to incineration (HTM, 2022).  

Black and yellow (tiger) striped bins are for non-hazardous and non-infectious waste. Black bins for 

domestic, and clear bins for recycling. The tiger-striped, domestic, and recycling waste streams 

contain waste that cannot cause harm or infection and therefore can be landfilled or recycled. These 

are environmentally favourable options to the hazardous (yellow and orange) waste streams (Rizan, 

Bhutta, et al., 2021). Some specialised waste disposal streams are also available such as purple for 

cytotoxic or variously coloured hard boxes for sharp materials. Figure 25 demonstrates the different 

coloured bins currently available within UK NHS hospitals as well as their description and end-of-life 

treatment as defined by the regulatory Health Technical Memorandum 07-01 (HTM, 2022). 

Colour of waste 
stream 

         

Yellow Orange Tiger-striped Black Clear 

Description 
Contaminated 
and infectious 

waste 

Infectious 
waste 

Offensive and 
hygiene waste 

Domestic Recycling 

Disposal method 
Incinerated Alternative 

treatment or 
incinerated 

Landfill Landfill Recycled 

Figure 25: Colour codes for waste segregation within the United Kingdom’s National health service retrieved from the UK 
Health Technical Memorandum 07-01 (HTM, 2022). 

In previous studies, when waste segregation interventions and educational trainings were introduced 

on the correct placing of non-hazardous waste within European and American hospitals, the volume 

of the hazardous waste stream reduced from a half (Mosquera et al., 2014; Johnson et al., 2013) up 

to three quarters (Wyssusek et al., 2016; Furukawa et al., 2016). Lee et al. (2002) found correct 

identification of infected devices to be the greatest obstacle to establishing recycling within hospitals 

(Lee et al., 2002). A study from six operating suites in Australia discovered similar findings where 60% 

of the general waste was actually recyclable (McGain et al., 2009). Less than 10% of the waste 

generated by the UK National Health Service (NHS) is currently recycled and the main barriers to 

recycling include a lack of staff training on what is recyclable, logistical accessibility to recycling bins, 

and clear guidelines to identify when waste is infectious (Hutchins & White, 2009). 

(Anåker et al., 2015) and (Shivalli & Sanklapur, 2014) found nurses are aware of the need for 

sustainability and want to contribute but face many challenges. A key issue was the lack of clear 

instructions, training, and feedback (Vogt & Nunes, 2014; Sürme & Maraş, 2022) with 86% of nurses 
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within one study expressing the need for refresher training (Anåker et al., 2015). Some studies found 

healthcare workers to have poor knowledge around the correct disposal of waste (Oroei et al., 2014; 

Mugabi et al., 2019), but less is understood on the most effective way to provide and help nurses 

retain this knowledge. It was found that easy access to the correct waste stream bin required was 

crucial for effective waste segregation (Sahiledengle, 2019; Cowie et al., 2020). 

A study exploring why waste is incorrectly identified as hazardous within UK NHS hospitals has yet to 

be conducted. Understanding the reasons behind poor segregation is crucial in order to identify steps 

to address it. The most current UK medical waste regulation (the NHS clinical waste strategy released 

in March 2023) aims to reduce incinerated waste to 20% by increasing the quantity of waste that is 

diverted to alternative treatment and landfill (NHS, 2023). Their approach to accomplish this is 

concentrated around providing waste segregation training and hiring more waste managers. It is 

understandable that the regulatory providers decided on this approach if it is assumed that the issue 

is with healthcare workers not knowing what is hazardous or not. However, with no studies 

investigating whether this is the cause of poor segregation, they could be potentially focusing on the 

wrong issue. This study aims to provide evidence to support the NHS’s efforts to improve clinical 

waste strategy by providing qualitative results of the reasons for inaccurate medical waste 

segregation by staff, as well as to identify the best way to communicate knowledge and guidelines in 

the matter. This pilot will also provide findings to challenge the NHS’s intended course of action 

together with a framework for researchers and practitioners to scale up this study.   

8.2. Methodology 
For this study, a focus group and semi-structured interviews were conducted with healthcare workers 

within the United Kingdom during June and July 2023. The focus group and interviews took place 

virtually via Microsoft teams. The goal of the study was ‘to explore how healthcare workers within 

the UK National Health Services (NHS) identify when medical waste is hazardous, how waste is 

segregated, and the preferred methods of communication of training and segregation related 

information’.  

The criteria for participation selection were that the participants currently worked within a United 

Kingdom based NHS medical facility and that they handled and segregated hazardous and non-

hazardous waste as part of their daily job duties. All participants were over the age of 18.  

Participants were identified as potential candidates to partake within the study as well as initially 

contacted through communication leads within various NHS trusts across England. A total of six 

healthcare workers participated within the study: three as individual interviews and three within the 

focus group. Participants of varying job responsibilities were encouraged to contribute in order to 

provide a wide breadth of ideas and perspectives to the questions asked. Of the healthcare workers 

who contributed, one is a medical doctor, three are nurses, and two were previously nurses who 

then switched their primary job responsibilities to become head providers of nurse training.  

It was decided to do interviews and a focus group to allow a mixture of in-depth responses from 

participants as well facilitate discussions which could be checked for validity by a variety of sources 

(Gill et al., 2008). This mixed approach then provided not only a variety of responses but also allowed 

elaboration on specific aspects if required whilst staying within a reasonable timeframe (Rabiee, 

2004).  

8.2.1. Focus group 

The focus group took place over 90 minutes in July 2023. The focus groups began with an 

introductory warm-up exercise, to be followed by four questions. Each question was allocated 
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roughly 15 minutes to allow for discuss. At the end, 15 minutes were allocated for closing 

statements. A brief PowerPoint was used during the focus group for visual aid. The PowerPoint used 

allowed for each question to be visually displayed in writing on screen to provide reminders and 

convenience for the participants. Some images were also shown where appropriate (the PowerPoint 

slides used for each question are provided in section A8 within the appendices). The warm-up 

exercise consisted of a description of what each coloured waste stream is used for followed by three 

images of a blue face mask, plastic packaging, and a used bandage. The participants were then asked 

which coloured waste stream they would place these items into followed by a reveal of the correct 

response. This allowed for ice-breaker style introduction to the topic as well as engagement from the 

participants prior to questioning. The images used during the ice-breaker are provided in section A9 

of the appendices.   

8.2.2. Semi-structured Interviews 

The interviews were conducted individually with three of the participants. The same questions asked 

during the focus group were also asked during the interviews but no time limits were placed. Each 

interview did not last longer than one hour by request of the participants and were conducted over 

Microsoft teams. No visual aid such as PowerPoints were used and instead were just one-to-one 

conversations. A warm-up exercise was not conducted but the topic of discussion was briefly 

explained to the participants at the start of the interviews. The participants were also given time at 

the end of the interview to expand on any previous points discussed or to provide their own insight 

to the topic of sustainable healthcare. 

8.2.3. Questionnaire 

Four open-ended questions were provided to each participants for the interviews and focus group. 

These specific questions were chosen because they address the key aspects of waste segregation 

whilst also being open-ended and allowing fruitful discussion. Question 1 (Q1) opens the 

conversation by identifying the initial thought process the healthcare workers have without 

prompting or encouraging any specific response. Q2 and Q3 then go on to further explore barriers to 

this segregation process specifically focusing on incorrect segregation of non-hazardous waste and 

recyclable waste which are key problems as shown within current literature. Finally, Q4 directly 

addresses which method of communication is most preferred, giving the participants some examples 

as a guide. During the interviews/focus group, participants were permitted to branch into other 

related topics if they so desired. The questions provided to the participants are as follows: 

Q1 What questions do you consider when deciding whether a device is hazardous or not 
and therefore which coloured waste bin it will enter?  
 

Q2 Are there situations where you are unsure whether waste is hazardous or not and so 
erred on the side of caution and placed it in the hazardous waste stream?   
 

Q3 What barriers do you face when identifying if something is recyclable? 
 

Q4 What method is best to communicate information and training on correct waste 
segregation (e.g., types of plastics that are recyclable, situations which makes a device 
hazardous etc.) which requires minimal distraction to your primary job role? 
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8.2.4. Ethical considerations 

Written consent (via consent forms) was received from all participants prior to commencement of 

the study. The participants were provided written details about the nature of the study as well as any 

information about what the study would entail and how the results would be used. Participation was 

completely voluntary and the participants were allowed to withdraw from the study at any point 

with no need for explanation. Participants provided informed consent for the publication of this 

paper. Ethical approval was received prior to any contact with the participants from the Brunel 

University London research ethics committee. The aim of the study, how it was to be conducted, 

prepared participant information sheets, and risk assessment of any potential issues regarding the 

questions to be asked and how they were to be asked were all submitted to the committee for 

thorough review. Changes required were made prior to any recruitment of participants and were 

ensured to be designed to minimise any potential harm or issues that could arise due to this study. 

The assigned ethical approval reference number as set by the committee is 41309 and the ethics 

approval was given June 2023.  

Information about the participants such as their names, job description, and location of employment 

were collected but only made available to the principal researcher. After the analysis was conducted, 

all participant data was anonymised so that no identifiable information is provided. Participants have 

been labelled with general titles in order to aid analysis within this paper without alluding to any 

specific descriptions of the participant. These titles are as follows: Doctor, Nurse 1, Nurse 2, Nurse 3, 

Head nurse, and Training lead. The appropriate title will be provided alongside any associated quotes 

provided within the results and discussion section. 

8.2.5. Analysis 

To analyse the responses, the focus group and interviews were recorded and transcribed Microsoft 

teams, which were then manually checked by the primary researcher to ensure accuracy. These 

transcriptions were transferred to the qualitative analysis software NVivo (Dhakal, 2022) where they 

were coded and a thematic analysis conducted. The full steps of a thematic analysis (as outlined 

within (Braun & Clarke, 2006)) are as follows: 

1. Familiarisation with the data (i.e. transcription, comprehension of the data, general noting of 

initial identifiable themes)  

2. Identify common themes whilst systematically reading through the data  

3. Collate all data associated with each theme and identify repetition  

4. Review themes 

5. Define the features of the themes and the research outcome they suggest  

6. Analyse the themes including use of relevant quotes to produce meaningful findings 

From the data, eight themes were identified. Figure 26 helps demonstrate how these themes  have 

been generated using examples of quotes from the transcript. 
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Figure 26: Themes identified within the transcripts generated from the interviews and the focus group.  

8.3. Results and Discussion 
The results will be discussed following question order (Q1-4), identifying recurring themes within the 

answers provided by participants. They are followed by suggestions for change. 

8.3.1. Question 1: Identifying when something is hazardous 
Two key themes were identified when the first question (Q1) was answered. The first theme was that 

the medical staff are confident in their ability to identify when waste is hazardous and have enough 

knowledge around each patient in order to make informed decisions. The second theme was that 

even though the healthcare workers knew how to determine when medical waste is hazardous, 

waste which came in contact with bodily fluids was automatically placed in one of the hazardous 

waste streams (yellow or orange) despite the fact that this is not necessary if the waste is not 

infectious or contaminated with pharmaceutically-active agents (HTM, 2022).  

Theme: High competence with hazardous waste segregation 

The responses received from all of the participants indicated that ample training was provided on 

identifying when waste is hazardous and that healthcare workers are attentive when segregating 

hazardous from non-hazardous waste. Interestingly, this finding contradicts two previous studies 

(Oroei et al., 2014; Mugabi et al., 2019) which identified a lack of knowledge when discerning what 

waste is infectious or not. It is important to note that these studies were not conducted within the 

UK and that their participants also expressed disinterest with the importance of waste segregation. 
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Correct segregation of hazardous medical waste is highly regulated within the United Kingdom which 

may explain why participants of this study stated that they receive extensive training and are 

confident identifying when waste is infectious.  

When Q1 was asked, each participant provided a thorough breakdown of all the considerations they 

have when deciding if waste is hazardous. These considerations included: the previous diagnosis of 

the patient, the contact the waste had had with the patient, the level of potential cross 

contamination with other surfaces and staff, and if it had come in contact with bodily fluids (HTM, 

2022). Multiple participants described their thought process as automatic. The head nurse 

mentioned the importance of experience when it comes to waste segregation. 

“It's not even a checklist, it's automatic because you've done it so many times”, “Experience plays a 

huge part in what we do”- Head Nurse 

Even for situations where the healthcare worker was unsure deciphering between different types of 

non-hazardous waste, it was clearly stated that hazardous waste would never enter the non-

hazardous waste stream. For situations where the worker was not certain, then it would most likely 

end up in a hazardous waste bin (yellow or orange coloured). This was done to reduce the likelihood 

that hazardous waste would enter the non-hazardous waste stream due to the severity for harm to 

the general public.  

“I do not think that there's ever been a time where I thought that something might be infectious and 

put it in a black bin or I would definitely always go for orange or yellow if I was not sure.” – Training 

Lead 

This shows the significance of ensuring hazardous waste is correctly disposed of when considering 

the potential consequences improper segregation could have on the public’s health. Minimising any 

doubt when deciding which waste is hazardous would help alleviate uncertainly and direct some of 

that waste from the hazardous waste stream into offensive, general, or recycling bins (refer to Figure 

25 for descriptions). If all waste that is unknown to be hazardous is placed into hazardous waste bins, 

then reducing uncertainty would help divert some of that waste. One way to lessen doubt would be 

to provide workers with any extra information required to make an informed decision. The head 

nurse described the stages at which patient details would be provided to staff: 

“We have two main handovers. Start of shift and finish of shift, but in between we have what we call 

a catch up. So when we are handed over, we do get given history and if someone has got something 

infectious, we will be told so. If it was something that we know is infectious then we definitely would 

be putting it in the in the coloured bag.” – Head Nurse 

As no change-over of patients would occur without a thorough debrief, this must then indicate that 

healthcare workers are informed when a patient is non-infectious as well as infectious. Waste 

produced by a non-infectious person has a much lower likelihood of needing to be placed in the 

yellow or orange waste streams. There must therefore be a disconnect between staff knowing a 

patient is non-infectious but still being unsure if the waste produced is hazardous. This may suggest 

that healthcare workers lack confidence in placing waste into non-hazardous waste streams even 

when they know a patient is non-infectious. Training could help emphasise that non-hazardous waste 

should be segregated correctly just as much as hazardous waste is. For example, a study found that 

within developed nations, education for healthcare workers is one of the key aspects required to 

ensure non-hazardous waste is not incorrectly identified as hazardous (Windfeld & Brooks, 2015). So 

far, importance has clearly been placed on ensuring hazardous waste is never incorrectly segregated; 

however, with the issue of sustainability becoming an increasingly greater global crisis, an equal 
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amount of importance should also be placed on confidently identifying when waste is non-hazardous 

and segregating that correctly as well. 

Theme: Contaminated with bodily fluids 

All participants mentioned that when medical waste had been contaminated with bodily fluids, it 

would be higher risk and placed in waste bins for hazardous waste (yellow or orange).  

I normally go off whether it has had contact with any bodily fluids or anything like that. They always 

go in the infectious bags.” - Nurse 2 

“I ask myself could this be contaminated with blood or body fluid and is it offensive? If yes it goes in 

the orange clinical waste bin.” – Nurse 1 

“Within my ward, there's always going to be bodily fluids involved and with the bins available, I have 

no choice; they’ve always got to go in the orange.” - Nurse 3  

This shows that it is common practice for medical waste contaminated with bodily fluids to be placed 

in the infectious waste streams. This raises the issue of why all medical waste contaminated with 

bodily fluids is placed in the infectious waste streams even if the patient themselves was not 

infectious. Current UK governmental guidelines (HTM, 2022) specify that medical waste that is not 

infectious but could be deemed offensive (such as dressings contaminated with non-infectious fluids) 

should be placed in the tiger-striped bags. Only the yellow-coloured waste stream is required to be 

incinerated (orange can be incinerated but it is not always necessary; shown in Figure 25). Therefore, 

directing waste from the yellow or orange bins into the tiger bins by correctly recognising when 

bodily fluids are non-infectious would reduce the volume of waste that is incinerated. If healthcare 

professionals are automatically placing medical waste contaminated with bodily fluids into the 

hazardous waste streams without first checking if the patient is infectious, then they are 

unnecessarily increasing the quantity of waste being incinerated.  

This instinctual nature that healthcare workers appear to have when segregating waste 

contaminated with bodily fluids indicates that behavioural change may be necessary when dealing 

with non-infectious bodily fluids. A good example of the unnecessary incineration of non-infectious 

waste was provided by the head nurse. The head nurse described an issue they faced during training 

where the incontinence pads that they had used, that had not been in contact with any patients, 

were required to be placed in the infectious waste stream due to preconceptions from cleaning staff 

that any appearance of bodily fluids meant it had to be infectious.  

“For our training for when we take blood, we use red dye. The red dye goes on the inco pad which is 

not infectious; it's not even bodily fluids. I asked our waste management guy, what bag should we put 

this in, because we were putting it in an infectious waste. He said it shouldn't go in infectious, it 

should go in your normal black bag. However, in the same meeting, there was a supervisor of our 

housekeepers that said, ‘if any of my housekeepers saw an inco pad with red on it in a non-bodily 

fluid or infectious bag waste, they will not take that bag’.” – Head Nurse 

This provides a clear opportunity for staff to be encouraged to consider whether the bodily fluid they 

are disposing of requires treatment as if it is infectious and also identifies issues around 

communication between staff and the cleaning teams. A similar disconnect appears to also occur 

when disposing of PPE used by the healthcare worker versus PPE used on patients. 
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“Waste generated by others is more likely to go into orange for safety, waste generated by myself I 

will usually make an extra effort to get it into a tiger bin if I think it is safe to do so. PPE used on 

patients is more likely to go in orange.” – Doctor 

“I would be more cautious with PPE etc. produced by others and would lean towards contamination, 

the orange bag.” - Nurse 1  

If the patient is non-infectious, then the waste they generate is also non-infectious and can be placed 

in the tiger, domestic, or recycling bins. However, when there is a lack of certainty or confidence 

around determining what waste is generated by a non-infectious person, it will increase the quantity 

of waste which is needlessly incinerated. Perhaps training focused on identifying when waste is non-

infectious would help foster a culture where waste contaminated with bodily waste is not primarily 

treated as infectious and grow confidence in staff when placing non-infectious waste in tiger bins. 

8.3.2. Question 2: Incorrect segregation of waste 
When answering Q2, three main obstacles were brought up: poor availability of bins, lack of time 

available to the healthcare workers, and lack of space within the medical facilities.  

Theme: Poor availability of bins 

The poor availability of bins within healthcare facilities was by far the most brought up issue by the 

participants. Previous studies also identified access to bins as crucial to correct waste segregation 

(Sahiledengle, 2019; Cowie et al., 2020). Each participant mentioned how most coloured bins were 

not present within their workspace with mainly only two bins (orange and black) available. 

“I only have a choice of two bins. Orange for clinical waste and black for all other waste. A recycling 

bag has been placed in the kitchen, but only because an individual person instigated it; it is not the 

norm. What would be better is having the different coloured bins more available in each area.” – 

Nurse 1  

“Most clinical waste bins are orange in most places so more often than not if I have any suspicion of it 

being infectious, it will go in orange, partly for convenience.” – Doctor 

“The tiger bags are the ones where I work that usually are not available. We have recyclable, we 

have a black bin and we have the orange bin.” - Nurse 3  

“Things that have come into contact with specimens like samples and stuff, not all of that necessarily 

needs to go in orange bags. We don't even have a black bin in the labs, so everything goes in the 

clinical waste, which I don’t think it really needs to.” - Nurse 2 

If the appropriate bins are not available, regardless of whether the staff knows the waste is non-

infectious, it may still end up in the infectious waste stream. In these cases, the first approach to limit 

quantity of waste that is incinerated would be to allow the healthcare workers access to the bins 

they are missing; specifically, tiger-striped bins for non-infectious clinical waste and recycling bins for 

non-infectious non-clinical waste. No amount of waste segregation training would help if the lower 

environmentally impactful and non-incineration route waste streams are not provided. The 

participants emphasised that they and their colleagues can only work with what they are given and 

having the right bin available was very important. 

“If all you have available is an orange or black bin, your hand is forced. If you feel like it should not be 

going into domestic you have got nowhere else to put it other than in that high incineration location. 
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I think there are a lot of people that know some waste does not need to be in an orange, but what 

else have I got… nothing. So that's kind of it, that's choice made.” – Training Lead 

Lacking the equipment required to adequately fulfil their job role responsibilities is a significant 

obstacle and one which was expressed by every participant. This signposts that this issue may be 

widespread across large parts of the UK’s healthcare system.  Repeating this study to various other 

facilities would help indicate the size of this problem and the urgency in which it should be 

addressed.  

Theme: Lack of time 

A second issue that was discussed is the lack of time that the participants had to make decisions 

about waste placement. Having clearly labelled bins close to where they are working was highlighted 

as key when segregating waste in order to minimise time thinking about where the appropriate bins 

are located as well as the time it would take to walk to it. 

“As a busy clinician it is about what is available to you and the right bin being in the right location. If 

you have got to traipse halfway across the ward to go and throw something away, you are going to 

go for the one that is nearest to you.”, “If the only bin available in front of you is a tiger bin, but you 

have not actually touched anything that is needed to go in and it could have gone in a domestic, you 

are going to use the one that is there because you are probably already five minutes late for your 

next patient.” – Training Lead 

“Sometimes you are so busy and the closest bin to you is a bin that is not suitable, but you are so busy 

that you cannot even walk ten steps and I do not condone it, but I understand.” – Head Nurse 

Dealing with highly time-constrained and fast-paced environments such as within medical facilities, it 

is essential that any chance to reduce wasted time and mental energy during decision making is 

taken advantage of. Ideally, the layout of the facilities should be optimised to identify which bins are 

required and where in order to allow access to the appropriate waste stream in the most convenient 

way possible. 

Theme: Lack of space 

Connected to the previous issue of lack of time, a primary reason that the right bin is not available 

close to the healthcare worker was found that there is simply not enough space to fit the number of 

potentially required bins. 

“Ideally, we should have a tiger-striped bag as well, the black and yellow, for offensive waste. We do 

not have one and I feel that is mainly down to not having enough room for lots of bags.” - Nurse 1  

“I think the biggest thing with us is always space. We work in a hospital where when they move our 

patients and us to different wards, the space is never ever considered in terms of working space both 

in clinics and nursing offices. We end up having to adjust to space that is usually not working area 

friendly. So in terms of having the right bins available, that is why half the time they never are.”, “Our 

clinics bases are usually not fit for purpose a lot of the time in terms of space. The ward I work on, the 

clinic is small, so the bins that you can fit in that space are limited, which is why we have not got all 

the choices.” - Nurse 3  

“Right bin and right places I think are really, really key. I think that it comes down to that that space 

issue.” – Training lead 
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Not having the space to fit the bins required could cause big issues when it comes to not only the 

types of bins available to the staff but also the extra time required to find where the required bin is. 

This is a particularly difficult issue for established medical facilities as expanding the space in which 

the staff are required to work might require extensive expansion projects or relocation which may 

not be feasible.  

Identifying the type of bins that are required most for each section of a facility would help in 

providing the most appropriate bins in the limited space available. Less used bins could be removed 

from an area to make space for a more appropriate bin. Assessing the needs of each area of the 

medical facility and the kind of waste they are producing (particularly if it is likely to be hazardous or 

not) could help the waste management team determine the requirements of each section/ward. For 

example, a study in America tracked how quickly certain bins inside of a hospital required emptying 

in order to decide which bins were required more in each area. They found this reduced cost and 

increased efficiency of waste management (Rosales et al., 2015). Another study by Ishaq et al. find 

that placing sensors within medical waste bins to notify the waste management team how quickly 

various bins become full helps with optimising placement of bins where they are most needed (Ishaq 

et al., 2023).    

Furthermore, no studies have yet been conducted on how the bin type and size influences waste 

management within hospitals by affecting where the bins can fit within the hospitals. Non-clinical 

studies have shown that varying the shape of bins can optimise space and workload (Neumann & 

Medbo, 2010). This could be a potential solution to be employed within the UK NHS facilities. 

8.3.3. Question 3: Barriers to recycling waste 
Before waste can be considered for the recycling waste stream, it must first be classified as non-

infectious which a previous study found to be the biggest hindrance to a successful recycling 

initiative (Lee et al., 2002). Once this classification has been made, and assuming a recycling bin is 

present for the healthcare worker to use (again another key issue (Hutchins & White, 2009)), further 

problems are still present to segregate recyclable waste. The participants stated that easily 

recognisable recyclable items (similar to those recycled at home) are the easiest to be placed in the 

recycling bins; e.g., clear plastics cups or food containers. For other recyclable items, lack of 

information was a big issue. 

“If patients are drinking out of general stuff, then they get recycled, anything domestic we are pretty 

good at sorting through.” - Nurse 3  

“The only thing I can think of for recycling would be if I was clearing a patient table, in which case it 

would probably be foodstuffs or plastic bottles or things like that.” – Training lead 

Theme: lack of information 

The participants mentioned some issues they faced when trying to recycle non-infectious waste, all 

of which revolve around the lack of information provided about the type of material the waste is 

made of. This appears to be a common theme within current literature as lack of labelling and not 

knowing what materials the products are made of makes it difficult to recycle (Richardson et al., 

2014; Leissner & Ryan-Fogarty, 2019).  

“I find plastic items the most difficult to decide on as some can be recycled and some cannot and it is 

not always easy to work out.” - Nurse 1  

“Labelling is confusing with recycling, especially soft plastic as opposed to hard plastic.” - Nurse 3  
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“Lack of labelling on medical packaging to indicate recyclability. Being unsure if something is made of 

composites or not. As well as thin films and thin wrappings of varying thicknesses; I know very thin 

films are usually not recyclable but I do not know about the thicker ones.” - Doctor 

“When things are made of multiple different components so that you've got a harder plastic bottom 

and then a softer plastic top and knowing which bit of things can be recycled is sometimes 

challenging.”, “If you have got to stand there for even ten or fifteen seconds and try and muddle 

through whether you think something is recyclable or not when you are already really busy, that 

might be a challenge too far.” – Training lead 

Having clear labels on the different materials of the products and packaging will help the healthcare 

workers identify what can and cannot be recycled. Even simple symbols such as a ‘R’ on recyclable 

materials could go a long way in providing valuable information to healthcare workers. Currently in 

the UK, On-Pack Recycling Labels, the Mobius loop, and Resin identification codes are the most 

recognisable symbols to indicate that something is recyclable or what recyclable material it is made 

of (UK, 2019). A similar approach could be applied to medical packaging as is now commonplace on 

commercial products.  

In addition to labelling, increasing the number of products and packaging that are recyclable would 

help decrease the volume of waste entering the general waste stream. An issue discussed was on the 

problems caused when trying to recycle waste made of multiple materials; i.e., composite materials. 

One issue is when identifying whether each component is recyclable or whether they need to be 

separated prior to disposable. The training lead had worked previously on this issue within their 

hospital and offered the following advice: 

“My team are finding that it is really, really difficult when different products are made out of such 

different materials and it would be a lot more useful if actually what was coming in, the base 

material, was something that meant that everything could be recycled together. So rather than 

having to think oh actually this glove is made of a nitrile base and this mask has got a polypropylene 

base, therefore they need to go in two separate bins which we do not have the space for.” – Training 

lead 

This again puts the onus on the manufacturers to design their products and packaging to be 

recyclable as well as simplified in the type of materials being used. More enforced unified standards 

on the type of materials being used for medical products and their packaging would help healthcare 

workers immensely when sustainably disposing of medical waste.  

Separate from labelling and increasing the recyclability of waste, the participants also suggested that 

further training on identifying the types of recyclable materials could help during segregation. 

Specifically, there appeared to be some confusion around the different terms that are used for 

certain types of sustainable materials.   

“I think specific training would be really good cause we've all got heaps of mandatory training 

anyway, so it would be really useful to have. We are told what colour bins are used for what, but they 

do not go into specifics about what can be recycled and what cannot, which would be really helpful.” 

- Nurse 2  

“I've come across a lot of people who do not necessarily fully understand the difference between if 

something's recyclable or compostable and the fact that the bins on the in the hospital site are 

recycling bins and you cannot put things that are compostable into a recycling bin”, “I think there is a 

lot of confusion about the terms which make it a little bit difficult for people and then it sort of comes 
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back to that sort of cognitive effort of trying to work out whether something can be recycled or not.” 

– Training lead 

Clarifying to staff the differences between recyclable and compostable as well as explain the different 

types of materials which are recyclable could help aid their decision to recycle even when labels are 

not present on the material. Having the information provided to the staff would be most ideal as 

there is then no room for error, but if manufacturers do not provide this, the workers having their 

own specialised training could help fill these gaps in information.  

8.3.4. Question 4: Preferred training and information provision  
When asked how the participants would prefer to receive extra training or information regarding the 

segregation of waste in the future, a clear favourite was discovered. The majority of participants 

expressed their interest in having quick to digest forms of information such as clear labels or posters 

on or above the bins they are working with. Only one participant recommended longer-style 

trainings.  

Theme: Bin labels and posters 

Most of the participants favoured shorter forms of information provision over the longer training 

sessions or courses. The reasons for this included the limited time healthcare workers have to 

undertake longer sessions as well as the already overwhelming number of courses they are required 

to take. Posters or labels that can be read quickly were mentioned to be the most effective in 

communicating the information needed. 

“In my clinical role I have very little time for non-clinical education - so I would say brief targeted 

interventions such as posters, face to face verbal advice from a knowledgeable colleague or 

screensavers are likely best.” - Doctor 

“I think labelling is probably the most effective, more than the training online because unfortunately 

I've just finished a run of fourteen mandatory courses in the past two weeks. So I can tell you I don't 

want to look at another course.” - Nurse 3  

Even more specifically, having posters or labels on or above bins that indicated the types of waste 

that should be entering that waste stream was agreed by everyone to be beneficial. Some 

suggestions for these labels/posters include pictures of what types of waste should go where, 

reminders about what types of waste are recyclable, and a pouch for the label/poster to be kept in to 

allow for the information to be changed if necessary and for the pouch to be wipeable in the case of 

contamination.  

“So just a poster on the wall saying what things can go in, what bins and what can be recycled would 

be really, really helpful, especially of things that I use regularly. So just a poster on the wall to remind 

people would be really helpful. Maybe even just above the bins so that you can see would be really, 

really helpful.” - Nurse 2  

“Stickers on the top of each lid indicating with pictures what goes where.” - Nurse 1  

“Yeah, it is too much information. Whereas the thing sliding on top of the bin there that go inside 

wipeable and plastic is definitely a great idea. So things like concertinas and those then stuck above 

the bin and on the bin is perfect actually; and wipeable, so it's all good.” - Nurse 3  

Two participants mentioned how their medical facilities are already trialling these bin labels and 

posters which have so far been received well by staff. 
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“What you will see in our bins now on the lid it says what are what sort of things you can put in.  

Every bin has been done in such a way that on top it says what can go in these bins. It's not 

exhaustive, but it helps.” – Head nurse 

“So at my trust, we've received a grant to print out massive full size bin lid labels which have got on it 

a little bit more information. There's posters that go with it, they're going to go up behind the bins.” – 

Training lead 

Other studies in America, Spain, and Australia, agreed with these findings and when they conducted 

similar styles of interventions (specifically short presentations and the use of posters) on the correct 

placing of non-infectious waste, they found these successfully lowered the volume of waste classified 

as infectious (Johnson et al., 2013; Mosquera et al., 2014; Wyssusek et al., 2016). These types of 

labels and posters appear to have many benefits with few downsides. It was discussed that having a 

quick reminder to staff of what waste should go where would be helpful in cases of indecision. Times 

where healthcare workers are unsure of whether the best place for their medical waste (for example, 

could it potential be placed in the tiger bin instead of orange, is it recyclable or not etc.) a simple 

label or poster could be the deciding factor in whether the most sustainable choice is made. An 

additional benefit is that if these labels/posters are placed in pouches then they would be able to be 

removed or updated. If the type of coloured bin were to be changed at any point, the label could be 

replaced as well allowing for each switch over of available waste streams.   

Theme: Longer training sessions 

One participant partially disagreed with the other healthcare workers in that they did not think quick 

to read forms of information provision was the most effective. The head nurse, whose current 

primary role was to train future nurses, strongly favoured hands-on simulation style training as 

opposed to labels or posters. 

“Nurses do not have time to read because we are so short of staff and we are so busy. Now, I’m not 

condoning that they do not read, however, there is a reason why simulation is preferred by every 

university and it's becoming bigger and bigger because it is close to real life. So hands on and any 

training real life is better than just giving someone a leaflet to read.” – Head Nurse 

It is understandable that being provided a more in-depth, hands-on style training could be more 

effective as these types of trainings require full engagement by the staff. However, also taking into 

consideration previous comments made by the other participants, these sessions also require a lot 

more time and energy from the healthcare workers. With the number of mandatory courses already 

partaken by staff, the decision to add more would require individualised consideration from each 

medical facility to decide whether this extra time and energy is an acceptable demand on their staff. 

In some situations, a combination of hands-on training as well as the quicker to read labels and 

posters may be the best approach.  

8.4. Suggestions for change  
At the end of the interviews and focus group, the participants were asked if they had any final 

remarks about the topic of sustainable waste disposal or whether they had any suggestions for 

changes that they would recommend. The following were mentioned: 

Using co-creative approaches  

One key aspect that was mentioned was how any future changes are only best if made to fit the 

unique requirements of the facility they are intended for. The participants stated any changes would 
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need to be addressed with the staff before implementation to ensure they are suitable and 

pragmatic. Specific wards may have unique methods of operating that new procedures should take 

into consideration in order to not cause any disruption or unease among staff. 

“If you try and go in as a manager and try and impose and say oh you do not need this, you just need 

one of those, it is different in every single place. So I think co-creation of location of bins and what is 

actually needed in terms of the different types is really important. Working with the people who work 

on that ward, they know how they behave and they know what they need where.” – Training lead 

“We have slightly different issues sometimes with what we can put out on the ward is limited by what 

behaviours are going on the ward at the time. Which means when you are again limited as to what 

we can use where. So it is the nature of the wards that often dictate.” - Nurse 3  

This demonstrates the importance of co-creation approaches and communication throughout every 

level when attempting to implement sustainable changes. For example, a systematic review of 

literature addressing interventions within healthcare facilities found that changes that were 

collaborative and encouraged involvement from the staff had the most effective outcomes (Chauhan 

et al., 2017). The methods employed during use of this pilot study could be an effective way of giving 

healthcare workers a voice when it comes to improving sustainability within the healthcare system.  

The Role of Manufacturers 

Another suggestion provided was focusing on changes the manufacturers could make to allow their 

products and packaging to be more easily segregated. 

“If everything was made out of something that meant that things could be lumped together to be 

recycled together, that would kind of help to solve with the space issue.” – Training lead 

“If plastic goes into the incinerator, then one of the byproducts of that is the chlorine that comes from 

burning the plastic. If things were made of a biodegradable material or a recyclable material, even if 

they did not make it into the recycling stream, the waste that is left at the end of the incineration 

process would be less harmful. If there is something we can put back onto the manufacturers to make 

it so that what we are getting is less wasteful or can be reused and if we can get those materials back 

out and get it into a circular economy, great. But if they do have to be incinerated, how can we do 

that in a way that is less harmful.” - Training lead 

When healthcare facilities receive medical products, they no longer have any say over what material 

the product is made of. Pressure should be placed on the manufacturers to make their products and 

packaging from more sustainable materials. This may be by making them from non-composite 

materials or materials that together can be recycled, so that the staff are able to place the entire 

waste into the recyclable waste stream (Guerritore et al., 2022). For products that are likely to come 

in contact with infectious substances, regardless of if it is made of recyclable material, the waste will 

end up in the infectious waste stream (HTM, 2022). For these materials, manufacturers should 

explore whether different materials could be used which when incinerated produces less 

environmentally impactful fumes; for example biopolymers that have been shown to have a low 

pollutant potential from incineration (Endres & Siebert-Raths, 2011). Putting the emphasis on how 

manufacturers can change their practices would reduce pressure placed on medical staff that are 

already experiencing high demands for their time and energy.   

8.5. Recommendations for Policy Change  
The NHS clinical waste strategy 2023 (NHS, 2023) is currently the UK’s most recent initiative to 

reduce the amount of incinerated clinical waste within NHS trusts. An additional desired aim is to 
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reduce carbon emissions generated by the NHS in order to aid the delivery of the NHS’ net zero goals 

by 2040. The strategy’s primary objectives include: increasing recording of waste data, increase 

training for staff, employing waste managers, and setting targets for percentage of waste which is 

disposed of as infectious. Despite these objectives, no specifics are mentioned within the strategy 

guidance document of why waste is being incorrectly segregated and does not detail the type of 

training the healthcare workers are intended to receive. 

Using the findings from this study can help guide the clinical waste strategy on how best to focus 

their efforts. This study found that: 

1. Trainings provided to healthcare workers should focus on identifying when medical waste is 

non-hazardous and emphasising that waste coming from a non-infectious person does not 

have to be placed in the hazardous waste bins.  

2. Staff should also be encouraged to consider whether waste that is contaminated with bodily 

fluids has come from a non-infectious person and therefore be more confident when placing 

it in the tiger-striped bins.  

3. Appropriate forms of information should be provided to staff with a clear favouritism shown 

towards easy-to-read forms such as labels and posters. If governmental guidance 

encouraged the use of bin labels and posters, healthcare workers may find it easier to 

classify waste without requiring more intensive forms of training such as mandatory 

courses. Finding solutions to the low availability of bins should take high priority in order to 

provide healthcare staff with the resources they need in order to correctly segregate waste.  

4. Waste management teams within medical facilities should assess whether the bins currently 

available to staff are being used to their full potential or whether it would be more 

favourable to have an alternative bin in their place.  

5. Waste managers should personalise their placement of bins to the specific medical facility 

they are working at and in particular consider the staff voices to understand issues such as 

amount of space available to the staff, type of bins available, etc.  

6. Managers could optimise the utilisation of the space available perhaps by moving bins, using 

more creative solutions, or improve designs tailored to the reality of the trust.  

Currently the clinical waste strategy does not put any onus on the role of the manufacturers when 

considering how waste can be sustainably disposed of. Ideally, legislation should encourage 

manufacturers to use recyclable materials as well as clearly label which materials they are using that 

are currently recyclable. Composite materials should aim to be minimised or be able to be recycled 

together as one attached unit.  

8.6. Recommendations for future research 
As this research was designed as a pilot, the discoveries made during the conduct of the study is just 

as important to future developments as the results themselves. It was found that running a focus 

group as well as individual interviews provided a wide range of detailed answers to the questions 

provided. One particular difficulty faced was the lack of time the healthcare workers had available to 

participate in the study. These time constraints also limited the number of participants who were 

able to contribute. By allowing the option of participants to be interviewed, it was found that this 

allowed flexibility for those who had tight schedules. The 1-2-1 style approach meant interviews 

could be kept as long or short as was required by the participant and was a highly valued tool.  

The focus group was also favoured due to the insightful interactions sparked between participants. 

There was a sense of comradery developed during the session and every participant expressed their 

enjoyment from taking part and their willingness to cooperate in future studies. As challenges were 
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faced whilst recruiting willing participants, this was helpful feedback to receive. For future 

researchers planning to conduct their own study, using this mixed methods approach to their study 

may help them not only recruit members but also retain interest after completion.  

With the emphasis placed on improving sustainability within healthcare now widely felt throughout 

the UK, this study has shown that it is possible for barriers to be identified and solutions found. Each 

NHS trust is required to have a sustainability plan (i.e., ‘green plan’) on how they will address 

environmental issues within their specific facility. This pilot study could be a potential starting point 

for trusts that are unsure of where to address their efforts. Despite the significance of the findings 

found during this study, the scale of which it was conducted has been limited. However, if the 

methods used where to be emulated within multiple facilities, a growing consensus of the problems 

faced could be generated. Each trust could identify what problems they face as told by the workers 

themselves in order to provide individualised solutions as well as identify sustainability barriers on a 

regional scale. 

8.7. Conclusion 
In conclusion, it has been shown that a variety of obstacles are present which impede UK healthcare 

workers’ ability to correctly segregate clinical waste within NHS trusts. Medical staff are shown to be 

competent when it comes to identifying hazardous waste, but more work can be done to correctly 

segregate non-hazardous waste into more sustainable waste disposal streams. Currently, all clinical 

waste that comes into contact with bodily fluid is automatically classified as infectious where this 

does not necessarily need to be the case. Specific interventions should be introduced to encourage 

staff to consider whether a piece of medical waste is non-infectious and subsequently place it in 

tiger-striped, domestic, or recycling bins.  

The availability of the required coloured bins was found to be a big hindrance to successful waste 

segregation. In most cases, it was found that only orange and domestic bins were available to the 

staff. Assessing whether different bins could be provided would be key in facilitating the diversion of 

non-infectious waste from hazardous waste streams, thus reducing incineration. Having the right bin 

available would also help with the lack of time that healthcare workers have available to dispose of 

waste. Space within the medical facilities may present an issue to having the appropriate bins 

present. It was found that lack of information about what materials are recyclable discouraged waste 

to be placed in the recycling bags. Manufacturers should be pressured to label their products and 

packaging with indications of which materials are recyclable.  

The majority of participants expressed that quicker to read forms of information provision, such as 

posters, were preferred. Specifically labels stuck onto the lids of bins or posters placed above the 

bins were popular suggestions. These labels and posters can be used to help remind staff what types 

of waste should go in which bin as well as aid in what types of materials are recyclable. Overall, this 

study has provided guidance on how waste can be more sustainably segregated with UK NHS trusts. 

The results of this research should prove invaluable and help guide future legislation and practical 

interventions in an informed direction as well as provide a framework for future researchers to 

conduct their own similar studies.  
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CHAPTER 9 

9: CONCLUSION 
 

This chapter summarises the main findings presented within chapters 4, 5, 6, 7, and 8 of this thesis. 
The overall summary and how this research has addressed the objectives are provided first, followed 
by recommendations for healthcare providers, potential future work, and finally a future perspective 
closing statement surrounding sustainability within healthcare. 
 
Throughout this dissertation, multiple medical devices have been explored for their environmental 
impact and a variety of methodologies have been employed to address the complex issues which 
hinder sustainability within the medical industry.  
 
Objective 1 defined the need to calculate initial environmental impacts of medical devices 
throughout their life cycles and identify areas for improvement. Objective 2 detailed that alternative 
materials should be investigated. Objective 3 focused on exploration of alternative end-of-life 
treatment of medical devices and objective 4 explored barriers to the utilisation of these alternative 
methods of disposal. 
 
In order to address these objectives, the summary will be split by highlighting the main findings from 
each chapter. 
 

9.1. Chapter 4 
Chapter 4 addressed objectives 1 and 2 by providing an environmental evaluation of three oxygen 

masks consisting of different materials; phthalate plasticised polyvinyl chloride (PVC), non-phthalate 

plasticised PVC, and thermoplastic elastomer (TPE). 

• Phthalate-based plasticisers were shown to have a higher environmental impact than non-

phthalate-based plasticisers. The plasticiser used contributed a significant portion of 

plasticised PVC’s high environmental impact. 

 

• Environmental impacts were significantly reduced for every impact category when using TPE 

instead of PVC.  

 

• Raw materials and preprocessing (RMEP) and end-of-life (EoL) were the most contributing 

stages to environmental impact throughout the entire life cycle of all oxygen masks. Big 

reductions were observed within the RMEP and EoL stages when switching from PVC to TPE. 

 

• Freshwater aquatic ecotoxicity potential and marine aquatic ecotoxicity potential consisted 

predominantly of impact originating from the end-of-life stage for all oxygen masks.  

 

• The transportation and packaging stages had the smallest overall contribution to the 

environmental impact of each oxygen mask. Choosing a manufacturing location that is close 

to the place of use lowers the environmental impact further.  
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9.2. Chapter 5 
Chapter 5 addressed objective 2 by investigating the mechanical and environmental properties of 
calcium carbonate (CaCO3) filled polypropylene composites.  

• Adding CaCO3 to polypropylene lowers the environmental impact for all impact categories 
within the resulting composite.  
 

• For every 5% of CaCO3 added, the composite’s GWP decreases by 100g CO2 eq. per 
functional unit (1000cm3) of material. Abiotic depletion of fossil fuels had the biggest decline 
of 32% when 40% CaCO3 filler was added. 
 

• Some properties (tensile strength, tensile modulus, and flexural modulus) declined as 
increasing percentages of CaCO3 were added. 

 

• Flexural strength increased up to 20% of CaCO3 filler added.    
 

• If the change in mechanical properties are within the range acceptable to the medical device 
manufacturer, then CaCO3 filled polypropylene composites offers a lower environmentally 
impactful option to virgin polypropylene.  

 
9.3. Chapter 6 
Chapter 6 addressed objectives 1, 2, and 3 by providing an environmental evaluation of two 
breathing systems consisting of different materials; non-phthalate plasticised PVC and thermoplastic 
elastomer (TPE). Chapter 6 also examined the environmental impact when swapping polypropylene 
within the TPE-based breathing system with CaCO3 filled polypropylene composite or polylactic acid 
(PLA). An alternative end-of-life method to incineration was explored where the breathing systems 
were cleaned (manually or via a washer-disinfector) and subsequently recycled.  
 

• Environmental impacts were reduced for every impact category when using the TPE-based 
breathing system instead of the PVC-based breathing system. ADPe, ODP, and TEP were 
significantly reduced with considerable reductions of 19% observed for GWP. 
 

• The raw materials and preprocessing (RMEP) and end-of-life (EoL) stages contributed the 
greatest environmental impact throughout the entire life cycle of the breathing systems. 
 

• Using CaCO3 filler decreased the overall impact of the breathing system for six impact 

categories whereas PLA was found to increase it for nine of the eleven environmental impact 

categories.  

 

• The environmental assessment found that cleaning and then recycling reduced the overall 

impact of the breathing system for six categories of the 11 categories (when manually 

cleaned) and five categories (when mechanically cleaned). 

 

• A large proportion of the mechanical cleaning scenario’s impact originated from the washer-

disinfector’s electricity usage. Manually cleaning had lower environmental impact for all 

categories compared to mechanical cleaning (via use of a washer-disinfector) due to the 

reduced use of electricity. 
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9.4. Chapter 7 
Chapter 7 addressed objectives 1 and 3 by providing environmental and economic evaluation of 

three anaesthetic masks; one reusable made of polyisoprene and polychloroprene, one single-use 

made of phthalate-based plasticised PVC, and another single-use made of TPE. The environmental 

and economic impacts generated over the full life cycle of the reusable anaesthetic mask was 

compared to an equal functional unit of single-use anaesthetic masks. 

• Environmental impacts were significantly reduced for every environmental impact category 

and cost when using the TPE-based single-use anaesthetic mask instead of the plasticised 

PVC-based single-use anaesthetic mask.  

 

• The reusable mask was less impactful than the plasticised PVC mask for nine of the 11 

impact categories whereas it was less impactful than the TPE mask for only three categories 

(HTP, MAETP, and FAETP).  

 

• The reprocessing stage consisted the majority of the reusable mask’s impact for almost all 

categories; specifically from the electricity used by the washer-disinfector and the sterile 

packaging used during reprocessing.  

 

• Reducing the energy consumption of the washer-disinfector by just 20% has significant 

savings on the overall environmental impact of reusable masks and would become more 

sustainable than the PVC masks for ten of the 11 impact categories.  

 

• Reusable anaesthetic masks were the least expensive compared to both of the single-use 

anaesthetic masks. 89% of the cost originated from the reprocessing stage. Lowering use of 

electricity and packaging would reduce the cost of reusable masks even further.  

 

• The cost for both single-use masks was primarily due to the raw material and end-of-life 

stages.  

 

• The number of reprocessing cycles was shown to have a formidable effect on the overall 

sustainability of reprocessable masks. The reusable masks were required to be reused at 

least 21 times in order to stay less environmentally impactful than the plasticised PVC single-

use masks for the majority of the impact categories.  

9.5. Chapter 8 
Chapter 8 addressed objective 4 by investigating potential barriers to improving the management 
and utilisation of sustainable alternative methods of disposal of medical devices within a UK hospital 
setting. Qualitative methods (a focus group and interviews) were used to explore why a large 
quantity of medical waste is currently being needlessly incinerated and the potential for medical 
waste to be redirected from waste streams designed for incineration and instead to be landfilled or 
recycled. 

• It was found that numerous issues occur within a UK medical setting that results in overuse 
of the waste streams for incineration. The lack of available bins for offensive and recyclable 
waste was a great hindrance when allowing medical staff to place non-hazardous waste into 
their appropriate waste stream.  
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• Reorganisation of bin placements to be specific for the requirements of each ward would 
help provide the correct waste stream where it is needed and also reduce time travelled to 
find the correct bin.  
 

• A trend of medical staff automatically placing waste contaminated with bodily fluids, 
whether it is hazardous or not, into waste streams for incineration was identified. Specific 
training should be provided to staff to emphasise that not all bodily waste is required to be 
incinerated.  
 

• Lack of information around whether a material was recyclable or not led to less recycled 
waste. 
 

• Providing labels or posters to place on or above bins that remind workers of what types of 
waste should or should not be placed within each waste stream would be favourable to the 
medical staff. This would also allow easy changing of the coloured bin waste streams if 
required by replacing the label/poster with a new one. 

Overall recommendations for healthcare providers 
This research has evaluated environmental and economic sustainability within respiratory and 
airway medical devices and provided evidence to support practical changes which can be 
implemented across the life cycle of medical devices.  
 

• Upon the completion of environmental evaluations of various medical devices, it has been 
found that the material and end-of-life stages are consistently the most impactful for single-
use devices and therefore these stages should become the focus when implementing future 
changes.  
 

• The use of life cycle assessments has demonstrated the importance of using life cycle 
thinking when assessing appropriate sustainable solutions to the design of medical devices. 
By taking a holistic approach when deciding on the most beneficial changes, various aspects 
of the product’s life can be taken into consideration and the optimal solution can be 
uncovered using scientifically supported methodologies. 

 

• Medical device manufacturers should be encouraged to use less environmentally impactful 
materials such as TPE to replace PVC and CaCO3 filled polypropylene composites to replace 
polypropylene. Phasing out the use of phthalate-based plasticisers within PVC by switching 
to non-phthalate-based plasticisers would also help reduce environmental impact. 

 

• End-of-life options as alternatives to incineration are available such as reusing or cleaning 
and subsequent recycling. The environmental impacts of these options would need to be 
further mitigated before they become environmentally favourable to single-use devices.  
 

• Providers of medical device cleaning services should aim to lower the environmental impact 
of the electricity and sterile packaging used during reprocessing in order to allow reusable 
devices to become a viable sustainable option. 

 

• The issue of non-contaminated devices being incorrectly identified as hazardous and 
incinerated would need to be addressed in order to not hinder any efforts particularly when 
making devices recyclable. Manufacturers should be encouraged to identify what materials 
within their products are recyclable and increase the quantity of recyclable content during 
design considerations.  
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• Governmental/NHS policies should encourage non-hazardous medical waste to be correctly 
placed in the waste streams designed for alternative treatment, landfill, or recycling. This 
may require hospitals to ensure the correct waste streams are available and that adequate 
information is provided to staff, particularly in terms of what materials are recyclable and 
situations when devices contaminated with bodily fluids are not required to be incinerated. 

 

Future Work 
There are a few areas for future work that is suggested to further advance the field of sustainable 
medical devices. These include: 
 

• It is advised that life cycle assessment should be included at early stage of the medical 
device design and manufacturing and make these studies available, as currently there is a 
limited number that have been assessed and as more data is gathered, further trends can be 
identified and required areas for mitigation can be made increasingly universal.  

 

• Future studies may wish to explore the replacement of PVC within currently used medical 
devices with TPE to demonstrate that this replacement is practical and to help encourage 
manufacturers to emulate this design choice. A cost analysis of changing materials would 
also assist manufacturers in making informed decisions for their future production of 
medical devices.  

 

• The biocompatibility of CaCO3 filled polypropylene composites would need to be tested at 
various filler percentages to ensure safety if used within medical devices. Despite calcium 
carbonate being non-toxic, official studies would be required before medical manufacturers 
can use it within their devices.  

 

• Research is encouraged in the area of reducing electricity and packaging used during 
reprocessing of reusable devices to test whether these impacts can be brought low enough 
to compete with single-use devices. As shown within chapter 7, even just a 20% reduction 
would have a big effect on the environmental impact of reusable medical devices.  

 

• Multiple studies and interventions could be conducted within hospitals with the aim of 
increasing effective waste segregation and test opportunities for recycling and reusing 
certain devices. For example, piloting the use of bin labels in order to provide segregation 
education to staff and optimise placement of different waste streams; implementing training 
on segregating non-hazardous waste and measuring the change in waste quantities 
produced; and running focus groups and interviews with a range of different medical 
facilities and staff to confirm the findings from this dissertation are universal or suggest 
other issues found. 

Concluding remarks 
Upon starting this dissertation, the issue of sustainability within healthcare appeared daunting and 
the looming nature of the climate crisis (particularly in the light of the recent global pandemic) 
becoming an ever-growing issue. However, throughout this research journey, the influx of support 
and sheer enthusiasm observed by individuals and organisations alike within this sector has sparked 
a hopeful envision of the future. Despite the problems as they are currently presented within 
academic realms and the public media, this researcher remains optimistic about the field of 
sustainable healthcare. A vast increase in interest in this topic indicates a humanistic nature to fix 
what is broken and displays an unrelenting drive to find pragmatic solutions; one which is unlikely to 
diminish anytime soon.  



156 

 

References 
Abbott, T. E. F., Fowler, A. J., Dobbs, T. D., Harrison, E. M., Gillies, M. A., & Pearse, R. M. (2017). Frequency 

of surgical treatment and related hospital procedures in the UK: a national ecological study using 

hospital episode statistics. BJA: British Journal of Anaesthesia, 119(2), 249–257. 

https://doi.org/10.1093/BJA/AEX137 

Acero, A., Rodríguez, C. and Changelog, A. (2016). LCIA methods Impact assessment methods in 

Life Cycle Assessment and their impact categories. [online] Available at: 

https://www.openlca.org/wp-content/uploads/2016/08/LCIA-METHODS-v.1.5.5.pdf. 

Abdelghafour, M. M., Orbán, Á., Deák, Á., Lamch, Ł., Frank, É., Nagy, R., Ádám, A., Sipos, P., Farkas, E., 

Bari, F., & Janovák, L. (2021). The effect of molecular weight on the solubility properties of 

biocompatible poly(Ethylene succinate) polyester. Polymers, 13(16). 

https://doi.org/10.3390/polym13162725 

Abdellah Ali, S. F., Moustafa, A. S., & El-Rafey, M. E. (2023). Characteristics and performance of high-

density polyethylene, calcium carbonate particles and polyethylene maleic anhydride 

nanocomposites. Polymer Bulletin, 1–18. https://doi.org/10.1007/S00289-023-04802-9/TABLES/5 

Abdelwahab, M., Misra, M., & Mohanty, A. (2015). Effect of maleated polypropylene emulsion on the 

mechanical and thermal properties of lignin-polypropylene blends. AIP Conference Proceedings, 

1664(1), 150006. https://doi.org/10.1063/1.4918502/822792 

Adler, S., Scherrer, M., Rückauer, K. D., & Daschner, F. D. (2005). Comparison of economic and 

environmental impacts between disposable and reusable instruments used for laparoscopic 

cholecystectomy. Surgical Endoscopy, 19(2), 268–272. https://doi.org/10.1007/S00464-003-9232-4 

Agarwal, S. (2020). Biodegradable Polymers: Present Opportunities and Challenges in Providing a 

Microplastic-Free Environment. Macromolecular Chemistry and Physics, 221(6). 

https://doi.org/10.1002/macp.202000017 

Allied, Airway Management Devices Market Size & Share | Report 2030. (2022). Retrieved January 26, 

2023, from https://www.alliedmarketresearch.com/airway-management-devices-market-A07466 

Akhtar, M. K., Dandapani, H., Thiel, K., & Jones, P. R. (2015). Microbial production of 1-octanol: A naturally 

excreted biofuel with diesel-like properties. Metabolic Engineering Communications, 2, 1–5. 

https://doi.org/10.1016/J.METENO.2014.11.001 

Akovali, G. (2012). Plastic materials: polyvinyl chloride (PVC). Toxicity of Building Materials, 23–53. 

https://doi.org/10.1533/9780857096357.23 

Al Hosni, A. S. (2019). Biodegradation of Polycaprolactone Bioplastic in Comparision With Other Bioplastics 

and Its Impact on Biota. 

Alassod, A., Islam, S. R., Farooq, A., & Xu, G. (2020). Fabrication of polypropylene/lignin blend sponges via 

thermally induced phase separation for the removal of oil from contaminated water. SN Applied 

Sciences, 2(9), 1–10. https://doi.org/10.1007/S42452-020-03372-Z/FIGURES/8 

Alassod, A., Khalaji, M. S., Islam, S. R., Xu, G., Chaudary, A., Alam, M. K., & Alkhateeb, W. (2023). 

Polypropylene-chitosan sponges prepared via thermal induce phase separation used as sorbents for 

oil spills cleanup. Polymer Bulletin, 80(5), 4949–4964. https://doi.org/10.1007/S00289-022-04297-

W/TABLES/6 



157 

 

Albano, C., Perera, R., & Silva, P. (2010). Effects of gamma radiation in polymer blends, in composites with 

micro and nano fillers and in functionalized polyolefins. Revista Latinoamericana de Metalurgia y 

Materiales, 30(1), 3–27. http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0255-

69522010000100002&lng=es&nrm=iso&tlng=en 

Alsabri, A., Tahir, F., & Al-Ghamdi, S. G. (2021). Life-Cycle Assessment of Polypropylene Production in the 

Gulf Cooperation Council (GCC) Region. Polymers, 13(21). https://doi.org/10.3390/POLYM13213793 

Alsabri, A., Tahir, F., & Al-Ghamdi, S. G. (2022). Environmental impacts of polypropylene (PP) production 

and prospects of its recycling in the GCC region. Materials Today: Proceedings, 56, 2245–2251. 

https://doi.org/10.1016/J.MATPR.2021.11.574 

Álvarez-Torrellas, S., Peres, J. A., Gil-Álvarez, V., Ovejero, G., & García, J. (2017). Effective adsorption of 

non-biodegradable pharmaceuticals from hospital wastewater with different carbon materials. 

Chemical Engineering Journal, 320, 319–329. https://doi.org/10.1016/J.CEJ.2017.03.077 

Anåker, A., Nilsson, M., Holmner, Å., & Elf, M. (2015). Nurses’ perceptions of climate and environmental 

issues: a qualitative study. Journal of Advanced Nursing, 71(8), 1883–1891. 

https://doi.org/10.1111/JAN.12655 

Anastas, P., & Eghbali, N. (2009). Green Chemistry: Principles and Practice. Chemical Society Reviews, 

39(1), 301–312. https://doi.org/10.1039/B918763B 

Anbumani, S., & Kakkar, P. (2018). Ecotoxicological effects of microplastics on biota: a review. 

Environmental Science and Pollution Research 2018 25:15, 25(15), 14373–14396. 

https://doi.org/10.1007/S11356-018-1999-X 

Andeobu, L., Wibowo, S., & Grandhi, S. (2022). Medical Waste from COVID-19 Pandemic—A Systematic 

Review of Management and Environmental Impacts in Australia. International Journal of 

Environmental Research and Public Health, 19(3). https://doi.org/10.3390/IJERPH19031381 

Andrady, A. L. (2011). Microplastics in the marine environment. Marine Pollution Bulletin, 62(8), 1596–

1605. https://doi.org/10.1016/J.MARPOLBUL.2011.05.030 

Andrady, A. L., & Neal, M. A. (2009). Applications and societal benefits of plastics. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 364(1526), 1977. 

https://doi.org/10.1098/RSTB.2008.0304 

Ang, P., Mothe, S. R., Chennamaneni, L. R., Aidil, F., Khoo, H. H., & Thoniyot, P. (2021). Laboratory-Scale 

Life-Cycle Assessment: A Comparison of Existing and Emerging Methods of Poly(ϵ-caprolactone) 

Synthesis. ACS Sustainable Chemistry and Engineering, 9(2), 669–683. 

https://doi.org/10.1021/ACSSUSCHEMENG.0C06247/SUPPL_FILE/SC0C06247_SI_001.PDF 

Anjum, A., Zuber, M., Zia, K. M., Noreen, A., Anjum, M. N., & Tabasum, S. (2016). Microbial production of 

polyhydroxyalkanoates (PHAs) and its copolymers: A review of recent advancements. International 

Journal of Biological Macromolecules, 89, 161–174. https://doi.org/10.1016/j.ijbiomac.2016.04.069 

Anwar, F., Chaudhry, F. N., Nazeer, S., Zaman, N., & Azam, S. (2016). Causes of Ozone Layer Depletion and 

Its Effects on Human: Review. Atmospheric and Climate Sciences, 06(01), 129–134. 

https://doi.org/10.4236/ACS.2016.61011 

Aoyama, T., Uto, K., Shimizu, H., Ebara, M., Kitagawa, T., Tachibana, H., Suzuki, K., & Kodaira, T. (2021). 

Development of a new poly-ε-caprolactone with low melting point for creating a thermoset mask 



158 

 

used in radiation therapy. Scientific Reports 2021 11:1, 11(1), 1–8. https://doi.org/10.1038/s41598-

021-00005-2 

Apelgren, K. N., Blank, M. L., Slomski, C. A., & Hadjis, N. S. (1994). Reusable instruments are more cost-

effective than disposable instruments for laparoscopic cholecystectomy. Surgical Endoscopy 1994 

8:1, 8(1), 32–34. https://doi.org/10.1007/BF02909490 

Aracil, I., Font, R. and Conesa, J.A. (2005) ‘Semivolatile and volatile compounds from the pyrolysis and 

combustion of polyvinyl chloride’, Journal of Analytical and Applied Pyrolysis, 74(1–2), pp. 465–478. 

doi:10.1016/j.jaap.2004.09.008. 

Arif, Z. U., Khalid, M. Y., Sheikh, M. F., Zolfagharian, A., & Bodaghi, M. (2022). Biopolymeric sustainable 

materials and their emerging applications. Journal of Environmental Chemical Engineering, 10(4), 

108159. https://doi.org/10.1016/J.JECE.2022.108159 

Arkin, C., Rached, S., Malik, B., Allen, C., Guerrero at GAIA, L., Vahk at Zero Waste Europe, J., Lenker at 

FracTracker Alliance, B., Feaster, S., Carrillo, V., Gwinn, J., & Albar Díaz, M. (2019). 

Acknowledgements. www.ciel.org/plasticandclimate 

Asdrubali, F., Schiavoni, S., & Horoshenkov, K. V. (2012). A review of sustainable materials for acoustic 

applications. Building Acoustics, 19(4), 283–312. https://doi.org/10.1260/1351-010X.19.4.283 

Asiedu, B. A., Hassan, A. A., & Bein, M. A. (2021). Renewable energy, non-renewable energy, and 

economic growth: evidence from 26 European countries. Environmental Science and Pollution 

Research, 28(9), 11119–11128. https://doi.org/10.1007/S11356-020-11186-0/TABLES/11 

ASM International. (2004). Introduction to Tensile Testing. Tensile Testing, Second Edition, 1–13. 

Associates, F. (2018). Life Cycle Impacts For Postconsumer Recycled Resins: Pet, Hdpe, And Pp Submitted 

To. 

Asunis, F., De Gioannis, G., Francini, G., Lombardi, L., Muntoni, A., Polettini, A., Pomi, R., Rossi, A., & Spiga, 

D. (2021). Environmental life cycle assessment of polyhydroxyalkanoates production from cheese 

whey. Waste Management, 132, 31–43. https://doi.org/10.1016/J.WASMAN.2021.07.010 

Atia, N.G., Bassily, M.A. and Elamer, A.A. (2020). Do life-cycle costing and assessment integration support 

decision-making towards sustainable development? Journal of Cleaner Production, 267, p.122056. 

doi:https://doi.org/10.1016/j.jclepro.2020.122056. 

Atılgan-Türkmen, B. (2022). Life cycle environmental impacts of disposable medical masks. Environmental 

Science and Pollution Research, 29(17), 25496–25506. https://doi.org/10.1007/S11356-021-17430-

5/FIGURES/3 

Averous, L., & Pollet, E. (2014). Nanobiocomposites Based on Plasticized Starch. Starch Polymers: From 

Genetic Engineering to Green Applications, 211–239. https://doi.org/10.1016/B978-0-444-53730-

0.00028-2 

Azouz, S., Boyll, P., Swanson, M., Castel, N., Maffi, T., & Rebecca, A. M. (2019). Managing barriers to 

recycling in the operating room. The American Journal of Surgery, 217(4), 634–638. 

https://doi.org/10.1016/J.AMJSURG.2018.06.020 

Babaahmadi, V., Amid, H., Naeimirad, M., & Ramakrishna, S. (2021). Biodegradable and multifunctional 

surgical face masks: A brief review on demands during COVID-19 pandemic, recent developments, 



159 

 

and future perspectives. Science of The Total Environment, 798, 149233. 

https://doi.org/10.1016/J.SCITOTENV.2021.149233 

Baffour-Awuah, E., Akinlabi, S., & Jen, T.-C. (2020). Recycling of polyethylene: an attempt to sachet and 

bottled water sustainability in Ghana. Modern Manufacturing Processes, 179–203. 

https://doi.org/10.1016/b978-0-12-819496-6.00010-5 

Bai, Z. fei, & Dou, Q. (2016). Non-isothermal crystallization kinetics of polypropylene/poly(lactic 

acid)/maleic anhydride-grafted polypropylene blends. Journal of Thermal Analysis and Calorimetry, 

126(2), 785–794. https://doi.org/10.1007/S10973-016-5554-Z/FIGURES/7 

Bala, A., Arfelis, S., Oliver-Ortega, H., & Méndez, J. A. (2022). Life cycle assessment of PE and PP multi film 

compared with PLA and PLA reinforced with nanoclays film. Journal of Cleaner Production, 380, 

134891. https://doi.org/10.1016/J.JCLEPRO.2022.134891 

Ball, C. (1995). The Schimmelbusch mask. Anaesthesia and Intensive Care, 23(4), 417. 

https://doi.org/10.1177/0310057x9502300401 

Bao, Y., Paunović, N., Leroux, J.-C., Bao, Y., Paunović, N., & Leroux, J.-C. (2022). Challenges and 

Opportunities in 3D Printing of Biodegradable Medical Devices by Emerging Photopolymerization 

Techniques. Advanced Functional Materials, 32(15), 2109864. 

https://doi.org/10.1002/ADFM.202109864 

Barahmand, Z. and Eikeland, M.S. (2022) ‘Life cycle assessment under uncertainty: A scoping review’, 

World, 3(3), pp. 692–717. doi:10.3390/world3030039. 

Barbero, S., Pereno, A., & Tamborrini, P. (2017). Systemic innovation in sustainable design of medical 

devices. Design Journal, 20(sup1), S2486–S2497. https://doi.org/10.1080/14606925.2017.1352763 

Barczewski, M., Lewandowski, K., Schmidt, M., & Szostak, M. (2017). Melt fracture and rheology of linear 

low-density polyethylene - calcium carbonate composites. Polymer Engineering & Science, 57(9), 

998–1004. https://doi.org/10.1002/PEN.24477 

Bare, J.C., Hofstetter, P., Pennington, D.W. and de Haes, H.A.U. (2000). Midpoints versus endpoints: The 

sacrifices and benefits. The International Journal of Life Cycle Assessment, 5(6). 

doi:https://doi.org/10.1007/bf02978665. 

Bartnikowski, M., Dargaville, T. R., Ivanovski, S., & Hutmacher, D. W. (2019). Degradation mechanisms of 

polycaprolactone in the context of chemistry, geometry and environment. Progress in Polymer 

Science, 96, 1–20. https://doi.org/10.1016/j.progpolymsci.2019.05.004 

Beilvert, A., Chaubet, F., Chaunier, L., Guilois, S., Pavon-Djavid, G., Letourneur, D., Meddahi-Pellé, A., & 

Lourdin, D. (2014). Shape-memory starch for resorbable biomedical devices. Carbohydrate Polymers, 

99, 242–248. https://doi.org/10.1016/J.CARBPOL.2013.08.015 

Ben Jebli, M., Farhani, S., & Guesmi, K. (2020). Renewable energy, CO2 emissions and value added: 

Empirical evidence from countries with different income levels. Structural Change and Economic 

Dynamics, 53, 402–410. https://doi.org/10.1016/J.STRUECO.2019.12.009 

Benson, N. U., Bassey, D. E., & Palanisami, T. (2021). COVID pollution: impact of COVID-19 pandemic on 

global plastic waste footprint. Heliyon, 7(2), e06343. 

https://doi.org/10.1016/J.HELIYON.2021.E06343 



160 

 

Bernard, L., Décaudin, B., Lecoeur, M., Richard, D., Bourdeaux, D., Cueff, R., & Sautou, V. (2014). Analytical 

methods for the determination of DEHP plasticizer alternatives present in medical devices: A review. 

Talanta, 129, 39–54. https://doi.org/10.1016/J.TALANTA.2014.04.069 

Bidoki, S. M., & Wittlinger, R. (2010). Environmental and economical acceptance of polyvinyl chloride 

(PVC) coating agents. Journal of Cleaner Production, 18(3), 219–225. 

https://doi.org/10.1016/J.JCLEPRO.2009.10.006 

Billingsley, Alex. (2019). Different Types of Medical Waste. https://www.inciner8.com/blog/medical-

incineration/different-types-of-medical-waste/ 

Biopak, What Is PLA Plastic. (2023). Retrieved June 14, 2023, from 

https://www.biopak.com/uk/resources/what-is-pla 

Björklund, A., & Finnveden, G. (2005). Recycling revisited—life cycle comparisons of global warming 

impact and total energy use of waste management strategies. Resources, Conservation and 

Recycling, 44(4), 309–317. https://doi.org/10.1016/J.RESCONREC.2004.12.002 

Bordes, P., Pollet, E., & Avérous, L. (2009). Nano-biocomposites: Biodegradable polyester/nanoclay 

systems. Progress in Polymer Science (Oxford), 34(2), 125–155. 

https://doi.org/10.1016/j.progpolymsci.2008.10.002 

Bordón, P., Elduque, D., Paz, R., Javierre, C., Kusić, D., & Monzón, M. (2022). Analysis of processing and 

environmental impact of polymer compounds reinforced with banana fiber in an injection molding 

process. Journal of Cleaner Production, 379, 134476. 

https://doi.org/10.1016/J.JCLEPRO.2022.134476 

Bourke, K. (2016). Life cycle costing. 1st Edition ed. [online] London: the Royal Institution of Chartered 

Surveyors (RICS). Available at: 

https://www.rics.org/content/dam/ricsglobal/documents/standards/life_cycle_costing_1st_edition_

rics.pdf [Accessed 23 May 2024]. 

Boyd, C. (2002). E-Beam Sterilizes the Industry. 

Braskem. (2016). I’m greenTM bio-based PE Life Cycle Assessment. 

Braun, V., & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative Research in Psychology, 

3(2), 77–101. https://doi.org/10.1191/1478088706QP063OA 

Breckenridge, J. (2014). Doing classic grounded theory: the data analysis process. Doing Classic Grounded 

Theory: The Data Analysis Process. https://doi.org/10.4135/978144627305014527673 

British Plastics Federation. (2020). Recycled content used in plastic packaging applications. 

Broeren, M. L. M., Kuling, L., Worrell, E., & Shen, L. (2017). Environmental impact assessment of six starch 

plastics focusing on wastewater-derived starch and additives. Resources, Conservation and 

Recycling, 127, 246–255. https://doi.org/10.1016/J.RESCONREC.2017.09.001 

Brunner, M.K. et al. (2021) Calcium carbonate enables sustainability in polymer fiber applications: 

International Fiber Journal, International Fiber Journal | Fibers, Filaments & Processing Solutions. 

Available at: https://www.fiberjournal.com/calcium-carbonate-enables-sustainability-in-polymer-

fiber-applications/ (Accessed: 07 May 2024). 



161 

 

Bryce, E., Lamsdale, A., Forrester, L., Dempster, L., Scharf, S., McAuley, M., Clearie, I., Stapleton, S., & 

Browning, S. (2011). Bedpan washer disinfectors: An in-use evaluation of cleaning and disinfection. 

American Journal of Infection Control, 39(7), 566–570. https://doi.org/10.1016/J.AJIC.2010.10.028 

Brydson, J. A. (1999). Melt Processing of Thermal Plastics. Plastics Materials, 161. 

Budiyantoro, C., Sosiati, H., Kamiel, B. P., & Fikri, M. L. S. (2018). The effect of CaCO3 filler component on 

mechanical properties of polypropylene. IOP Conference Series: Materials Science and Engineering, 

432(1). https://doi.org/10.1088/1757-899X/432/1/012043 

Buekens, A., & Cen, K. (2011). Waste incineration, PVC, and dioxins. Journal of Material Cycles and Waste 

Management, 13(3), 190–197. https://doi.org/10.1007/s10163-011-0018-9 

Burki, T. (2020). Global shortage of personal protective equipment. The Lancet. Infectious Diseases, 20(7), 

785–786. https://doi.org/10.1016/S1473-3099(20)30501-6 

Cabeza, L. F., Barreneche, C., Miró, L., Morera, J. M., Bartolí, E., & Inés Fernández, A. (2013). Low carbon 

and low embodied energy materials in buildings: A review. Renewable and Sustainable Energy 

Reviews, 23, 536–542. https://doi.org/10.1016/J.RSER.2013.03.017 

Caldwell, J. C. (2012). DEHP: genotoxicity and potential carcinogenic mechanisms-a review. Mutation 

Research, 751(2), 82–157. https://doi.org/10.1016/J.MRREV.2012.03.001 

Campion, N., Thiel, C. L., Woods, N. C., Swanzy, L., Landis, A. E., & Bilec, M. M. (2015). Sustainable 

healthcare and environmental life-cycle impacts of disposable supplies: a focus on disposable 

custom packs. Journal of Cleaner Production, 94, 46–55. 

https://doi.org/10.1016/J.JCLEPRO.2015.01.076 

Cao, Z., Daly, M., Clémence, L., Geever, L. M., Major, I., Higginbotham, C. L., & Devine, D. M. (2016). 

Chemical surface modification of calcium carbonate particles with stearic acid using different 

treating methods. Applied Surface Science, 378, 320–329. 

https://doi.org/10.1016/J.APSUSC.2016.03.205 

Carter, J. A. (2006). The reuse of breathing systems in anesthesia. Respiratory Care Clinics of North 

America, 12(2), 275–286. https://doi.org/10.1016/J.RCC.2006.03.008 

Carvalho, J. R. G., Conde, G., Antonioli, M. L., Dias, P. P., Vasconcelos, R. O., Taboga, S. R., Canola, P. A., 

Chinelatto, M. A., Pereira, G. T., & Ferraz, G. C. (2020). Biocompatibility and biodegradation of 

poly(lactic acid) (PLA) and an immiscible PLA/poly(ε-caprolactone) (PCL) blend compatibilized by 

poly(ε-caprolactone-b-tetrahydrofuran) implanted in horses. Polymer Journal, 52(6), 629–643. 

https://doi.org/10.1038/s41428-020-0308-y 

CDC, Sterilization | Disinfection & Sterilization Guidelines | Guidelines Library | Infection Control | CDC. 

(2008). Retrieved October 12, 2023, from 

https://www.cdc.gov/infectioncontrol/guidelines/disinfection/sterilization/index.html 

CDC, Table 4 | Disinfection & Sterilization Guidelines | Guidelines Library | Infection Control | CDC. 

(2017). Retrieved November 23, 2023, from 

https://www.cdc.gov/infectioncontrol/guidelines/disinfection/tables/table4.html 

Cesaro, A., & Belgiorno, V. (2017). Sustainability of Medical Waste Management in Different Sized Health 

Care Facilities. Waste and Biomass Valorization, 8(5), 1819–1827. https://doi.org/10.1007/S12649-

016-9730-Y 



162 

 

Chafidz, A., Kaavessina, M., Al-Zahrani, S., & Al-Otaibi, M. N. (2014). Rheological and mechanical 

properties of polypropylene/calcium carbonate nanocomposites prepared from masterbatch. 

Http://Dx.Doi.Org/10.1177/0892705714530747, 29(5), 593–622. 

https://doi.org/10.1177/0892705714530747 

Chaiyut, N., Borvornchettanuwat, K., Chantanachai, N., & Thonglor, K. (2012). Thermal and Mechanical 

Properties of Modified CaCO / PP Nanocomposites P 3. 

Chan, C. M., Wu, J., Li, J. X., & Cheung, Y. K. (2002). Polypropylene/calcium carbonate nanocomposites. 

Polymer, 43(10), 2981–2992. https://doi.org/10.1016/S0032-3861(02)00120-9 

Chandel, N., Jain, K., Jain, A., Raj, T., Patel, A. K., Yang, Y. H., & Bhatia, S. K. (2023). The versatile world of 

cellulose-based materials in healthcare: From production to applications. Industrial Crops and 

Products, 201, 116929. https://doi.org/10.1016/J.INDCROP.2023.116929 

Chang, B. P., Gupta, A., Muthuraj, R., & Mekonnen, T. H. (2021). Bioresourced fillers for rubber composite 

sustainability: current development and future opportunities. Green Chemistry, 23(15), 5337–5378. 

https://doi.org/10.1039/D1GC01115D 

Chauhan, B. F., Jeyaraman, M., Mann, A. S., Lys, J., Skidmore, B., Sibley, K. M., Abou-Setta, A., & 

Zarychanksi, R. (2017). Behavior change interventions and policies influencing primary healthcare 

professionals’ practice—an overview of reviews. Implementation Science 2017 12:1, 12(1), 1–16. 

https://doi.org/10.1186/S13012-016-0538-8 

Chen, Y., Awasthi, A. K., Wei, F., Tan, Q., & Li, J. (2021). Single-use plastics: Production, usage, disposal, 

and adverse impacts. Science of The Total Environment, 752, 141772. 

https://doi.org/10.1016/J.SCITOTENV.2020.141772 

Cheng, X., Wu, J., Yao, C., & Yang, G. (2019). Flame-retardant mechanism of zinc borate and magnesium 

hydroxide in aluminum hypophosphite–based combination for TPE-S composites. Journal of Fire 

Sciences, 37(3), 273–300. https://doi.org/10.1177/0734904119851270 

Cheng, Y., Li, J., Chen, M., Zhang, S., He, R., & Wang, N. (2022). Environmentally friendly and antimicrobial 

bilayer structured fabrics with integrated interception and sterilization for personal protective mask. 

Separation and Purification Technology, 294, 121165. https://doi.org/10.1016/j.seppur.2022.121165 

Chiellini, F., Ferri, M., Morelli, A., Dipaola, L., & Latini, G. (2013). Perspectives on alternatives to phthalate 

plasticized poly(vinyl chloride) in medical devices applications. In Progress in Polymer Science (Vol. 

38, Issue 7, pp. 1067–1088). Elsevier Ltd. https://doi.org/10.1016/j.progpolymsci.2013.03.001 

Choi, B., Yoo, S., & Park, S. Il. (2018). Carbon Footprint of Packaging Films Made from LDPE, PLA, and 

PLA/PBAT Blends in South Korea. Sustainability 2018, Vol. 10, Page 2369, 10(7), 2369. 

https://doi.org/10.3390/SU10072369 

Ciroth, A. (2009). "Cost data quality considerations for eco-efficiency measures," Ecological Economics, 

Elsevier, vol. 68(6), pages 1583-1590. https://doi.org/10.1016/j.ecolecon.2008.08.005 

Clayton, C. A., Walker, T. R., Bezerra, J. C., & Adam, I. (2021). Policy responses to reduce single-use plastic 

marine pollution in the Caribbean. Marine Pollution Bulletin, 162, 111833. 

https://doi.org/10.1016/J.MARPOLBUL.2020.111833 

Cole, R., Lindsay, C. F., & Barker, F. (2018). Reverse exchange of healthcare devices: the case of hearing aid 

equipment in the UK. Production, Planning and Control, 29(13), 1045–1057. 

https://doi.org/10.1080/09537287.2018.1506892 



163 

 

Coleman, J., Unsplash, /, Stringer, R., Ferrer, F., Tolibas, M., Oliva, M. P., & Pascual, R. S. (2018). PLASTICS 

HEALTH PROFESSIONALS AS ADVOCATES TO REDUCE PLASTIC POLLUTION TECHNICAL REPORT. 

https://doi.org/10.1111/j.1365-3156.2009.02386.x/pdf 

Collier, R. (2011a). Reprocessing single-use devices: an international perspective. CMAJ, 183(11), 1244–

1244. https://doi.org/10.1503/CMAJ.109-3906 

Collier, R. (2011b). The ethics of reusing single-use devices. CMAJ : Canadian Medical Association Journal, 

183(11), 1245. https://doi.org/10.1503/CMAJ.109-3907 

Cowie, J., Nicoll, A., Dimova, E. D., Campbell, P., & Duncan, E. A. (2020). The barriers and facilitators 

influencing the sustainability of hospital-based interventions: A systematic review. BMC Health 

Services Research, 20(1), 1–27. https://doi.org/10.1186/S12913-020-05434-9/FIGURES/12 

CROW. (2018). Polyethylene Furanoate (PEF). Polymer Properties Database. 

http://polymerdatabase.com/Polymer Brands/PEF.html 

Curran, M. A. (2006). US EPA Life Cycle Assessment: Principles and Practice. 

Curran, M. A. (2012). Life Cycle Assessment Handbook : a guide for environmentally sustainable products. 

Beverly, Mass.: Scrivener Publishing. 

Curran, M. A. (2017). Overview of Goal and Scope Definition in Life Cycle Assessment. 1–62. 

https://doi.org/10.1007/978-94-024-0855-3_1 

Curry, L. A., Krumholz, H. M., O’Cathain, A., Clark, V. L. P., Cherlin, E., & Bradley, E. H. (2013). Mixed 

Methods in Biomedical and Health Services Research. Circulation: Cardiovascular Quality and 

Outcomes, 6(1), 119–123. https://doi.org/10.1161/CIRCOUTCOMES.112.967885 

CWIM. (2014). An Introductory Guide to Healthcare Waste Management in England and Wales. April. 

www.ciwm-journal.co.uk 

Czuba, L. (2014). Application of Plastics in Medical Devices and Equipment. Handbook of Polymer 

Applications in Medicine and Medical Devices, 9. https://doi.org/10.1016/B978-0-323-22805-

3.00002-5 

Dai, T. et al. (2020) ‘Life cycle inventory regionalization and uncertainty characterization: A Multilevel 

Modeling Approach’, Journal of Cleaner Production, 242, p. 118459. 

doi:10.1016/j.jclepro.2019.118459. 

Das, K. P., Sharma, D., Saha, S., & Satapathy, B. K. (2021). From outbreak of COVID-19 to launching of 

vaccination drive: invigorating single-use plastics, mitigation strategies, and way forward. 

Environmental Science and Pollution Research 2021 28:40, 28(40), 55811–55845. 

https://doi.org/10.1007/S11356-021-16025-4 

Davis, N. F., McGrath, S., Quinlan, M., Jack, G., Lawrentschuk, N., & Bolton, D. M. (2018). Carbon Footprint 

in Flexible Ureteroscopy: A Comparative Study on the Environmental Impact of Reusable and Single-

Use Ureteroscopes. Journal of Endourology, 32(3), 214–217. https://doi.org/10.1089/END.2018.0001 

De Luca Bossa, F., Santillo, C., Verdolotti, L., Campaner, P., Minigher, A., Boggioni, L., Losio, S., Coccia, F., 

Iannace, S., & Lama, G. C. (2020). Greener Nanocomposite Polyurethane Foam Based on Sustainable 

Polyol and Natural Fillers: Investigation of Chemico-Physical and Mechanical Properties. Materials 

2020, Vol. 13, Page 211, 13(1), 211. https://doi.org/10.3390/MA13010211 



164 

 

De Sousa, F. D. B. (2020). Pros and Cons of Plastic during the COVID-19 Pandemic. Recycling 2020, Vol. 5, 

Page 27, 5(4), 27. https://doi.org/10.3390/RECYCLING5040027 

Delmas, M. A., & Burbano, V. C. (2011). The Drivers of Greenwashing: 

Http://Dx.Doi.Org/10.1525/Cmr.2011.54.1.64, 54(1), 64–87. 

https://doi.org/10.1525/CMR.2011.54.1.64 

Demjén, Z., Pukánszky, B., & Nagy, J. (1998). Evaluation of interfacial interaction in polypropylene/surface 

treated CaCO3 composites. Composites Part A: Applied Science and Manufacturing, 29(3), 323–329. 

https://doi.org/10.1016/S1359-835X(97)00032-8 

Department of Health. (2013). Environment and sustainability Health Technical Memorandum 07-01: Safe 

management of healthcare waste. Department of Health Guidance, 187. www.tso.co.uk 

Deshmukh, G. S., Pathak, S. U., Peshwe, D. R., & Ekhe, J. D. (2010). Effect of uncoated calcium carbonate 

and stearic acid coated calcium carbonate on mechanical, thermal and structural properties of 

poly(butylene terephthalate) (PBT)/calcium carbonate composites. Bull. Mater. Sci, 33(3), 277–284. 

DeStefano, V., Khan, S., & Tabada, A. (2020). Applications of PLA in modern medicine. Engineered 

Regeneration, 1, 76–87. https://doi.org/10.1016/J.ENGREG.2020.08.002 

Dettenkofer, M., Grießhammer, R., Scherrer, M., & Daschner, F. (1999). [Life-cycle assessment of single-

use versus reusable surgical drapes (cellulose/polyethylene-mixed cotton system)]. Der Chirurg; 

Zeitschrift Fur Alle Gebiete Der Operativen Medizen, 70(4), 485–492. 

https://doi.org/10.1007/S001040050677 

Dhakal, K. (2022). NVivo. Journal of the Medical Library Association : JMLA, 110(2), 270. 

https://doi.org/10.5195/JMLA.2022.1271 

Donahue, L. M., Hilton, S., Bell, S. G., Williams, B. C., & Keoleian, G. A. (2020). A comparative carbon 

footprint analysis of disposable and reusable vaginal specula. American Journal of Obstetrics and 

Gynecology, 223(2), 225.e1-225.e7. https://doi.org/10.1016/J.AJOG.2020.02.007 

Dong, Y., Hossain, M.U., Li, H. and Liu, P. (2021). Developing Conversion Factors of LCIA Methods for 

Comparison of LCA Results in the Construction Sector. Sustainability, 13(16), p.9016. 

doi:https://doi.org/10.3390/su13169016. 

Dubey, S. P., Thakur, V. K., Krishnaswamy, S., Abhyankar, H. A., Marchante, V., & Brighton, J. L. (2017). 

Progress in environmental-friendly polymer nanocomposite material from PLA: Synthesis, processing 

and applications. Vacuum, 146, 655–663. https://doi.org/10.1016/j.vacuum.2017.07.009 

Ebadi-Dehaghani, H., Reiszadeh, M., Chavoshi, A., Nazempour, M., & Vakili, M. H. (2013). The Effect of 

Zinc Oxide and Calcium Carbonate Nanoparticles on the Thermal Conductivity of Polypropylene. 

Http://Dx.Doi.Org/10.1080/00222348.2013.810032, 53(1), 93–107. 

https://doi.org/10.1080/00222348.2013.810032 

Eckelman, M. J., & Sherman, J. (2016). Environmental Impacts of the U.S. Health Care System and Effects 

on Public Health. PLoS ONE, 11(6). https://doi.org/10.1371/JOURNAL.PONE.0157014 

Eckelman, M., Mosher, M., Gonzalez, A., & Sherman, J. (2012). Comparative life cycle assessment of 

disposable and reusable laryngeal mask airways. Anesthesia and Analgesia, 114(5), 1067–1072. 

https://doi.org/10.1213/ANE.0B013E31824F6959 



165 

 

Ecochain (2024) LCI databases in LCA: Function & Most-used databases., Ecochain. Available at: 

https://ecochain.com/blog/lci-databases-in-lca/ (Accessed: 22 May 2024). 

Ecoinvent (2024) Data submission, ecoinvent. Available at: https://ecoinvent.org/data-

submission/#benefits (Accessed: 22 May 2024). 

ECPI, Eco-profiles and Environmental Product Declarations of the European Plastics Manufacturers. (2015). 

Eirasa, D., & Pessan, L. A. (2009). Mechanical properties of polypropylene/calcium carbonate 

nanocomposites. Materials Research, 12(4), 517–522. https://doi.org/10.1590/S1516-

14392009000400023 

Elduque, A., Elduque, D., Pina, C., Clavería, I., & Javierre, C. (2018). Electricity Consumption Estimation of 

the Polymer Material Injection-Molding Manufacturing Process: Empirical Model and Application. 

Materials, 11(9). https://doi.org/10.3390/MA11091740 

Elfakhri, F., Alkahtani, R., Li, C., & Khaliq, J. (2022). Influence of filler characteristics on the performance of 

dental composites: A comprehensive review. Ceramics International, 48(19), 27280–27294. 

https://doi.org/10.1016/J.CERAMINT.2022.06.314 

Elieh-Ali-Komi, D., & Hamblin, M. R. (2016). Chitin and Chitosan: Production and Application of Versatile 

Biomedical Nanomaterials. International Journal of Advanced Research, 4(3), 411–427. 

http://www.ncbi.nlm.nih.gov/pubmed/27819009%0Ahttp://www.pubmedcentral.nih.gov/articleren

der.fcgi?artid=PMC5094803 

Elsawy, M. A., Kim, K. H., Park, J. W., & Deep, A. (2017). Hydrolytic degradation of polylactic acid (PLA) and 

its composites. Renewable and Sustainable Energy Reviews, 79, 1346–1352. 

https://doi.org/10.1016/j.rser.2017.05.143 

El-Sherbiny, S., El-Sheikh, S. M., & Barhoum, A. (2015). Preparation and modification of nano calcium 

carbonate filler from waste marble dust and commercial limestone for papermaking wet end 

application. Powder Technology, 279, 290–300. https://doi.org/10.1016/J.POWTEC.2015.04.006 

Endres, H. J., & Siebert-Raths, A. (2011). Engineering biopolymers: Markets, manufacturing, properties 

and applications. Engineering Biopolymers: Markets, Manufacturing, Properties and Applications, 1–

675. https://doi.org/10.3139/9783446430020 

Environmental law. (1981). Environmental Policy and Law. https://doi.org/10.1016/S0378-

777X(81)80148-5 

Esposito, L., Conti, D., Ailavajhala, R., Khalil, N., & Giordano, A. (2010). Lung Cancer: Are we up to the 

Challenge? Curr Genomics, 11(7), 513–518. https://doi.org/10.2174/138920210793175903 

Essabir, H., Bensalah, M. O., Rodrigue, D., Bouhfid, R., & Qaiss, A. el kacem. (2017). A comparison between 

bio- and mineral calcium carbonate on the properties of polypropylene composites. Construction 

and Building Materials, 134, 549–555. https://doi.org/10.1016/J.CONBUILDMAT.2016.12.199 

EU, Environmental Issues of PVC - Green Paper. COM (2000) 469 final, 26 July 2000. (2000). 

European Bioplastics. (2020). Market – European Bioplastics e.V. European Bioplastics. 

https://www.european-bioplastics.org/market/ 



166 

 

Eurostat (2021). Energy statistics - an overview. [online] ec.europa.eu. Available at: 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Energy_statistics_-

_an_overview#Final_energy_consumption. 

Falcone, G., De Luca, A., Stillitano, T., Strano, A., Romeo, G. and Gulisano, G. (2016). Assessment of 

Environmental and Economic Impacts of Vine-Growing Combining Life Cycle Assessment, Life Cycle 

Costing and Multicriterial Analysis. Sustainability, 8(8), p.793. 

doi:https://doi.org/10.3390/su8080793. 

Ferreira, C. A. M., Guerreiro, S. F. C., Valente, J. F. A., Patrício, T. M. F., Alves, N., Mateus, A., & Dias, J. R. 

(2022). Advanced Face Mask Filters Based on PCL Electrospun Meshes Dopped with Antimicrobial 

MgO and CuO Nanoparticles. Polymers 2022, Vol. 14, Page 3329, 14(16), 3329. 

https://doi.org/10.3390/POLYM14163329 

Ferreira, F. V., Cividanes, L. S., Gouveia, R. F., & Lona, L. M. F. (2019). An overview on properties and 

applications of poly(butylene adipate-co-terephthalate)–PBAT based composites. Polymer 

Engineering and Science, 59(s2), E7–E15. https://doi.org/10.1002/pen.24770 

Finnveden, G., Hauschild, M. Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S., Koehler, A., Pennington, D., 

& Suh, S. (2009). Recent developments in Life Cycle Assessment. Journal of Environmental 

Management, 91(1), 1–21. https://doi.org/10.1016/J.JENVMAN.2009.06.018 

Finnveden, G. and Potting, J. (2014). Life Cycle Assessment. Encyclopedia of Toxicology, 3, pp.74–77. 

doi:https://doi.org/10.1016/b978-0-12-386454-3.00627-8. 

Foroughi, F., Ghomi, E. R., Dehaghi, F. M., Borayek, R., & Ramakrishna, S. (2021). A Review on the Life 

Cycle Assessment of Cellulose: From Properties to the Potential of Making It a Low Carbon Material. 

Materials (Basel, Switzerland), 14(4), 1–23. https://doi.org/10.3390/MA14040714 

Fraval, S. et al. (2019) ‘Life cycle assessment of food products’, Encyclopedia of Food Security and 

Sustainability, pp. 488–496. doi:10.1016/b978-0-08-100596-5.22221-x. 

Freeland, B., McCarthy, E., Balakrishnan, R., Fahy, S., Boland, A., Rochfort, K. D., Dabros, M., Marti, R., 

Kelleher, S. M., & Gaughran, J. (2022). A Review of Polylactic Acid as a Replacement Material for 

Single-Use Laboratory Components. Materials 2022, Vol. 15, Page 2989, 15(9), 2989. 

https://doi.org/10.3390/MA15092989 

French-Mowat, E. and Burnett, J. (2012) ‘How are medical devices regulated in the European Union?’, 

Journal of the Royal Society of Medicine, 105(1_suppl), pp. 22–28. doi:10.1258/jrsm.2012.120036. 

Fukushima, K., Wu, M. H., Bocchini, S., Rasyida, A., & Yang, M. C. (2012). PBAT based nanocomposites for 

medical and industrial applications. Materials Science and Engineering: C, 32(6), 1331–1351. 

https://doi.org/10.1016/J.MSEC.2012.04.005 

Furukawa, P. de O., Cunha, I. C. K. O., & Pedreira, M. da L. G. (2016). Evaluation of environmentally 

sustainable actions in the medication process. Revista Brasileira de Enfermagem, 69(1), 23–29. 

https://doi.org/10.1590/0034-7167.2016690103I 

Gabathuler, H. (2006). LCA History: Centrum voor Milieukunde Leiden (CML) The CML Story How 

Environmental Sciences Entered the Debate on LCA. Appendix: Reprint Int J LCA, 11(1), 187–194. 

https://doi.org/10.1065/lca2006.04.021 



167 

 

Galvan, A. M., Hanson, R., & George, D. R. (2018). Repurposing Waste Streams: Lessons on Integrating 

Hospital Food Waste into a Community Garden. Journal of Community Health, 43(5), 944–946. 

https://doi.org/10.1007/S10900-018-0509-X/FIGURES/1 

Gartshore, A., Kidd, M., & Joshi, L. T. (2021). Applications of Microwave Energy in Medicine. Biosensors, 

11(4). https://doi.org/10.3390/BIOS11040096 

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of all plastics ever made. Science 

Advances, 3(7), e1700782. https://doi.org/10.1126/SCIADV.1700782 

Ghanbarzadeh, B., Almasi, H., & Entezami, A. A. (2011). Improving the barrier and mechanical properties 

of corn starch-based edible films: Effect of citric acid and carboxymethyl cellulose. Industrial Crops 

and Products, 33(1), 229–235. https://doi.org/10.1016/J.INDCROP.2010.10.016 

Gharfalkar, M., Court, R., Campbell, C., Ali, Z., & Hillier, G. (2015). Analysis of waste hierarchy in the 

European waste directive 2008/98/EC. Waste Management, 39, 305–313. 

https://doi.org/10.1016/J.WASMAN.2015.02.007 

Gilbert, M. (2017). Cellulose Plastics. Brydson’s Plastics Materials: Eighth Edition, 617–630. 

https://doi.org/10.1016/B978-0-323-35824-8.00022-0 

Gill, P., Stewart, K., Treasure, E., & Chadwick, B. (2008). Methods of data collection in qualitative research: 

interviews and focus groups. British Dental Journal 2008 204:6, 204(6), 291–295. 

https://doi.org/10.1038/bdj.2008.192 

Godard, P., Bomal, Y., & Biebuyck, J. J. (1993). Influence of interactions on the tensile behaviour of 

polystyrene filled with calcium carbonate. Journal of Materials Science, 28(24), 6605–6610. 

https://doi.org/10.1007/BF00356403/METRICS 

Goldberg, M. E., Vekeman, D., Torjman, M. C., Seltzer, J. L., & Kynes, T. (1996). Medical waste in the 

environment: Do anesthesia personnel have a role to play? Journal of Clinical Anesthesia, 8(6), 475–

479. https://doi.org/10.1016/0952-8180(96)00127-4 

Goodson, L., & Vassar, M. (2011). An overview of ethnography in healthcare and medical education 

research. Journal of Educational Evaluation for Health Professions, 8, 4. 

https://doi.org/10.3352/JEEHP.2011.8.4 

Gorna, K., Hund, M., Vučak, M., Gröhn, F., & Wegner, G. (2008). Amorphous calcium carbonate in form of 

spherical nanosized particles and its application as fillers for polymers. Materials Science and 

Engineering: A, 477(1–2), 217–225. https://doi.org/10.1016/J.MSEA.2007.05.045 

Gotro, J. (2014). Bio Polyethylene: Drop-in Replacement - Polymer Innovation Blog. Polymer Innovation 

Blog. http://polymerinnovationblog.com/bio-polyethylene-drop-in-replacement/ 

Gov.uk, PPE deliveries (England): 6 July to 12 July - GOV.UK. (2020). Retrieved May 17, 2022, from 

https://www.gov.uk/government/statistics/ppe-deliveries-england-6-july-to-12-july 

Gov.uk, Factsheet: medical devices overview - GOV.UK. (2021). Retrieved January 17, 2023, from 

https://www.gov.uk/government/publications/medicines-and-medical-devices-bill-overarching-

documents/factsheet-medical-devices-overview 

Gov.uk, The Hazardous Waste (England and Wales) Regulations 2005. (2005). 



168 

 

GPP, Electricity prices around the world | GlobalPetrolPrices.com. (2023). Retrieved November 16, 2023, 

from https://www.globalpetrolprices.com/electricity_prices/ 

Grimmond, T., & Reiner, S. (2012). Impact on carbon footprint: A life cycle assessment of disposable 

versus reusable sharps containers in a large US hospital. Waste Management and Research, 30(6), 

639–642. 

https://doi.org/10.1177/0734242X12450602/ASSET/IMAGES/LARGE/10.1177_0734242X12450602-

FIG1.JPEG 

Guerritore, M., Olivieri, F., Castaldo, R., Avolio, R., Cocca, M., Errico, M. E., Galdi, M. R., Carfagna, C., & 

Gentile, G. (2022). Recyclable-by-design mono-material flexible packaging with high barrier 

properties realized through graphene hybrid coatings. Resources, Conservation and Recycling, 179, 

106126. https://doi.org/10.1016/J.RESCONREC.2021.106126 

Güney, T. (2019). Renewable energy, non-renewable energy and sustainable development. International 

Journal of Sustainable Development and World Ecology, 26(5), 389–397. 

https://doi.org/10.1080/13504509.2019.1595214/SUPPL_FILE/TSDW_A_1595214_SM1378.RAR 

Guo, M. and Murphy, R.J. (2012) ‘LCA data quality: Sensitivity and uncertainty analysis’, Science of The 

Total Environment, 435–436, pp. 230–243. doi:10.1016/j.scitotenv.2012.07.006. 

Gutti, B., & Aji, M. M. (2012). Environmental Impact Of Natural Resources Exploitation In Nigeria And The 

Way Forward Environmental Impact Of Natural Resources Exploitation In Nigeria And The Way 

Forward, View project Local Food and Balanced Diet Monitoring Software View project. 

https://www.researchgate.net/publication/265102234 

GVR, Oxygen Therapy Market Size, Share | Global Industry Report 2018-2024. (2022). Retrieved July 13, 

2022, from https://www.grandviewresearch.com/industry-analysis/oxygen-therapy-market 

Hafsa, N.-E. (2019). Mixed Methods Research: An Overview for Beginner Researchers. An International 

Peer-Reviewed Journal, 58. https://doi.org/10.7176/JLLL 

Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou, E., & Purnell, P. (2018). An overview of chemical 

additives present in plastics: Migration, release, fate and environmental impact during their use, 

disposal and recycling. Journal of Hazardous Materials, 344, 179–199. 

https://doi.org/10.1016/J.JHAZMAT.2017.10.014 

Halbeis, C. B. E., Macario, A., & Brock-Utne, J. G. (2008). The reuse of anesthesia breathing systems: 

another difference of opinion and practice between the United States and Europe. Journal of Clinical 

Anesthesia, 20(2), 81. https://doi.org/10.1016/J.JCLINANE.2007.10.006 

Han, C. D. (1974). Rheological properties of calcium carbonate-filled polypropylene melts. Journal of 

Applied Polymer Science, 18(3), 821–829. https://doi.org/10.1002/APP.1974.070180317 

Hanim, H., Zarina, R., Fuad, M. Y. A., Ishak, Z. A. M., & Hassan, A. (2008). The Effect of Calcium Carbonate 

Nanofiller on the Mechanical Properties and Crystallisation Behaviour of Polypropylene. Malaysian 

Polymer Journal (MPJ), 3(12), 38–49. 

Hanson, J. J., & Hitchcock, R. W. (2009). Towards sustainable design for single-use medical devices. 

Proceedings of the 31st Annual International Conference of the IEEE Engineering in Medicine and 

Biology Society: Engineering the Future of Biomedicine, EMBC 2009, 5602–5605. 

https://doi.org/10.1109/IEMBS.2009.5333495 



169 

 

Haque, M. S., Sharif, S., Masnoon, A., & Rashid, E. (2021). SARS-CoV-2 pandemic-induced PPE and single-

use plastic waste generation scenario. Waste Management and Research, 39(1_suppl), 3–17. 

https://doi.org/10.1177/0734242X20980828 

Hardaker, A., Styles, D., Williams, P., Chadwick, D. and Dandy, N. (2022). A framework for integrating 

ecosystem services as endpoint impacts in life cycle assessment. Journal of Cleaner Production, 

[online] 370, p.133450. doi:https://doi.org/10.1016/j.jclepro.2022.133450. 

Harding, C., Van Loon, J., Moons, I., De Win, G., & Bois, E. Du. (2021). Design Opportunities to Reduce 

Waste in Operating Rooms. Sustainability 2021, Vol. 13, Page 2207, 13(4), 2207. 

https://doi.org/10.3390/SU13042207 

Health Technical Memorandum 07-01: Safe and sustainable management of healthcare waste 2022 

edition. (2022). 

Henriksen, T., Astrup, T.F. and Damgaard, A. (2020) ‘Data representativeness in LCA: A Framework for the 

systematic assessment of data quality relative to technology characteristics’, Journal of Industrial 

Ecology, 25(1), pp. 51–66. doi:10.1111/jiec.13048. 

Henriksen, T. et al. (1990) ‘Ultraviolet-radiation and skin cancer. effect of an ozone layer depletion’, 

Photochemistry and Photobiology, 51(5), pp. 579–582. doi:10.1111/j.1751-1097.1990.tb01968.x. 

Hicks, A. L., Reed, R. B., Theis, T. L., Hanigan, D., Huling, H., Zaikova, T., Hutchison, J. E., & Miller, J. (2016). 

Environmental impacts of reusable nanoscale silver-coated hospital gowns compared to single-use, 

disposable gowns. Environmental Science: Nano, 3(5), 1124–1132. 

https://doi.org/10.1039/C6EN00168H 

Hosseini, E. S., Dervin, S., Ganguly, P., & Dahiya, R. (2021). Biodegradable Materials for Sustainable Health 

Monitoring Devices. ACS Applied Bio Materials, 4(1), 163. https://doi.org/10.1021/ACSABM.0C01139 

Hou, P., Xu, Y., Taiebat, M., Lastoskie, C., Miller, S. A., & Xu, M. (2018). Life cycle assessment of end-of-life 

treatments for plastic film waste. Journal of Cleaner Production, 201, 1052–1060. 

https://doi.org/10.1016/J.JCLEPRO.2018.07.278 

Howard, J., Huang, A., Li, Z., Tufekci, Z., Zdimal, V., van der Westhuizen, H. M., von Delft, A., Price, A., 

Fridman, L., Tang, L. H., Tang, V., Watson, G. L., Bax, C. E., Shaikh, R., Questier, F., Hernandez, D., 

Chu, L. F., Ramirez, C. M., & Rimoin, A. W. (2021). An evidence review of face masks against COVID-

19. Proceedings of the National Academy of Sciences, 118(4), e2014564118. 

https://doi.org/10.1073/PNAS.2014564118 

HTM » (HTM 07-01) Management and disposal of healthcare waste. (2022). Retrieved March 20, 2023, 

from https://www.england.nhs.uk/publication/management-and-disposal-of-healthcare-waste-htm-

07-01/ 

Hung, C. M., Huang, C. P., Chen, C. W., & Dong, C. Di. (2021). The degradation of di-(2-ethylhexyl) 

phthalate, DEHP, in sediments using percarbonate activated by seaweed biochars and its effects on 

the benthic microbial community. Journal of Cleaner Production, 292, 126108. 

https://doi.org/10.1016/J.JCLEPRO.2021.126108 

Hunkeler, D., Lichtenvort, K., & Rebitzer, G. (2008). Environmental life cycle costing. Environmental Life 

Cycle Costing, i–iv. https://doi.org/10.1201/9781420054736 

Hunts Transport | Dimensions & Cabailities | Haulage & Logistics . (2020). Retrieved March 2, 2023, from 

https://huntstransport.co.uk/our-fleet/dimensions-and-capabilities/ 



170 

 

Hutchins, D. C. J., & White, S. M. (2009). Coming round to recycling. BMJ (Online), 338(7697), 746–748. 

https://doi.org/10.1136/BMJ.B609 

Ibbotson, S., Dettmer, T., Kara, S., & Herrmann, C. (2013). Eco-efficiency of disposable and reusable 

surgical instruments - A scissors case. International Journal of Life Cycle Assessment, 18(5), 1137–

1148. https://doi.org/10.1007/S11367-013-0547-7/FIGURES/10 

Idso, I. (2022). Resource Depletion Risk for Medical Equipment: Embracing the Circular Economy. 

Biomedical Instrumentation & Technology, 56(1), 12–18. https://doi.org/10.2345/0899-8205-56.1.12 

IEC, 62304:2006/Amd 1:2015 - Medical device software — Software life cycle processes — Amendment 1. 

(2015). Retrieved October 11, 2023, from https://www.iso.org/standard/64686.html 

Ingemarsdotter, E. (2022). A guide to life cycle costing. [online] PRé Sustainability. Available at: 

https://pre-sustainability.com/articles/life-cycle-costing-in-more-detail/. 

Ingrao, C. et al. (2023) ‘Water scarcity in agriculture: An overview of causes, impacts and approaches for 

reducing the risks’, Heliyon, 9(8). doi:10.1016/j.heliyon.2023.e18507. 

I’ons, From Design To Disposal: Achieving Sustainability In Medical Devices - ONdrugDelivery. (2020). 

Retrieved August 4, 2023, from https://www.ondrugdelivery.com/from-design-to-disposal-

achieving-sustainability-in-medical-devices/ 

IPB (2017). Life Cycle Assessment (LCA) and Life Cycle Costing (LCC). [online] 

www.biobasedconsultancy.com. Available at: 

https://www.biobasedconsultancy.com/uploads/files/InnProBio_Factsheet_n5.pdf [Accessed 23 

May 2024]. 

Ishaq, A., Mohammad, S. J., Al-Amin, ·, Bello, D., Surajo, ·, Wada, A., Adebayo, A., Zainab, ·, & Jagun, T. 

(2023). Smart waste bin monitoring using IoT for sustainable biomedical waste management. 

Environmental Science and Pollution Research 2023, 1, 1–16. https://doi.org/10.1007/S11356-023-

30240-1 

ISO. (2006a). ISO 14040:2006 - Environmental management — Life cycle assessment — Principles and 

framework. Retrieved November 14, 2023, from https://www.iso.org/standard/37456.html 

ISO. (2006b). ISO 14044:2006 - Environmental management — Life cycle assessment — Requirements and 

guidelines. Retrieved November 14, 2023, from https://www.iso.org/standard/38498.html 

ISO. (2017). ISO 15686-5:2017. Buildings and constructed assets — Service life planning, Part 5: Life-cycle 

costing [online] ISO. Available at: 

https://www.iso.org/standard/61148.html#:~:text=ISO%2015686%2D5%3A2017%20provides 

[Accessed 23 May 2024]. 

ISO. (2018). ISO 10993-1:2018, Biological evaluation of medical devices — Part 1: Evaluation and testing 

within a risk management process. Retrieved October 11, 2023, from 

https://www.iso.org/standard/68936.html 

ISO. (2019a). ISO 527-1:2019, Plastics — Determination of tensile properties — Part 1: General principles. 

Retrieved October 27, 2023, from https://www.iso.org/standard/75824.html 

ISO. (2019b). ISO 178:2019, Plastics — Determination of flexural properties. Retrieved October 27, 2023, 

from https://www.iso.org/standard/70513.html  



171 

 

ISO. (2019c). ISO 14971:2019 - Medical devices — Application of risk management to medical devices. 

Retrieved October 11, 2023, from https://www.iso.org/standard/72704.html 

ISO. (2023). ISO 179-1:2023, Plastics — Determination of Charpy impact properties — Part 1: Non-

instrumented impact test. Retrieved October 27, 2023, from 

https://www.iso.org/standard/84393.html 

ISON, E., & MILLER, A. (2011). The Use Of Lca To Introduce Life-Cycle Thinking Into Decision-Making For 

The Purchase Of Medical Devices In The Nhs. Https://Doi.Org/10.1142/S1464333200000497, 02(04), 

453–476. https://doi.org/10.1142/S1464333200000497 

Iswara, A. P., Farahdiba, A. U., Nadhifatin, E. N., Pirade, F., Andhikaputra, G., Muflihah, I., & Boedisantoso, 

R. (2020). A Comparative Study of Life Cycle Impact Assessment using Different Software Programs. 

IOP Conference Series: Earth and Environmental Science, 506(1), 012002. 

https://doi.org/10.1088/1755-1315/506/1/012002 

Jamshidian, M., Tehrany, E. A., Imran, M., Jacquot, M., & Desobry, S. (2010). Poly-Lactic Acid: Production, 

applications, nanocomposites, and release studies. Comprehensive Reviews in Food Science and Food 

Safety, 9(5), 552–571. https://doi.org/10.1111/j.1541-4337.2010.00126.x 

Jancar, J., Dibenedetto, A. T., & Dianselmo, A. (1993). Effect of adhesion on the fracture toughness of 

calcium carbonate–filled polypropylene. Polymer Engineering & Science, 33(9), 559–563. 

https://doi.org/10.1002/PEN.760330908 

Jiang, P., Klemeš, J. J., Fan, Y. Van, Fu, X., & Bee, Y. M. (2021). More Is Not Enough: A Deeper 

Understanding of the COVID-19 Impacts on Healthcare, Energy and Environment Is Crucial. 

International Journal of Environmental Research and Public Health 2021, Vol. 18, Page 684, 18(2), 

684. https://doi.org/10.3390/IJERPH18020684 

Jiang, T., Duan, Q., Zhu, J., Liu, H., & Yu, L. (2020). Starch-based biodegradable materials: Challenges and 

opportunities. Advanced Industrial and Engineering Polymer Research, 3(1), 8–18. 

https://doi.org/10.1016/j.aiepr.2019.11.003 

Jing, Y., Nai, X., Dang, L., Zhu, D., Wang, Y., Dong, Y., & Li, W. (2018). Reinforcing polypropylene with 

calcium carbonate of different morphologies and polymorphs. Science and Engineering of Composite 

Materials, 25(4), 745–751. https://doi.org/10.1515/SECM-2015-

0307/MACHINEREADABLECITATION/RIS 

Johnson, K. M., González, M. L., Dueñas, L., Gamero, M., Relyea, G., Luque, L. E., & Caniza, M. A. (2013). 

Improving waste segregation while reducing costs in a tertiary-care hospital in a lower–middle-

income country in Central America. Https://Doi.Org/10.1177/0734242X13484192, 31(7), 733–738. 

https://doi.org/10.1177/0734242X13484192 

Jones, P. (1988). EngD Thesis On Improving the Cost-Effective Dispersion of Calcium Carbonate in 

Polypropylene for Impact Resistance. 

Kadamus, C. (2008). Sustainability in medical device design. Medical Device and Diagnostic Industry. 

https://www.researchgate.net/publication/291515758_Sustainability_in_medical_device_design 

Kajitvichyanukul, P., & Suntronvipart, N. (2006). Evaluation of biodegradability and oxidation degree of 

hospital wastewater using photo-Fenton process as the pretreatment method. Journal of Hazardous 

Materials, 138(2), 384–391. https://doi.org/10.1016/J.JHAZMAT.2006.05.064 



172 

 

Kalia, V. C., Patel, S. K. S., & Lee, J.-K. (2023). Exploiting Polyhydroxyalkanoates for Biomedical 

Applications. Polymers 2023, Vol. 15, Page 1937, 15(8), 1937. 

https://doi.org/10.3390/POLYM15081937 

Kambanou, M.L. (2020). Additional uses for life cycle costing in life cycle management. Procedia CIRP, 90, 

pp.718–723. doi:https://doi.org/10.1016/j.procir.2020.01.128. 

Kandasamy, J., Kinare, Y. P., Pawar, M. T., Majumdar, A., K.E.K., V., & Agrawal, R. (2022). Circular economy 

adoption challenges in medical waste management for sustainable development: An empirical study. 

Sustainable Development. https://doi.org/10.1002/SD.2293 

Kang, A., & Lee, T. S. (2015). Converting sugars to biofuels: Ethanol and beyond. Bioengineering, 2(4), 

184–203. https://doi.org/10.3390/bioengineering2040184 

Kantor-Malujdy, N., Skowron, S., Michalkiewicz, B., & El Fray, M. (2022). Poly(butylene-succinate)-based 

blends with enhanced oxygen permeability. Materials Today Communications, 33, 104306. 

https://doi.org/10.1016/J.MTCOMM.2022.104306 

Kaplan, J. O., Krumhardt, K. M., & Zimmermann, N. (2009). The prehistoric and preindustrial deforestation 

of Europe. Quaternary Science Reviews, 28(27–28), 3016–3034. 

https://doi.org/10.1016/J.QUASCIREV.2009.09.028 

Karamipour, S., Ebadi-Dehaghani, H., Ashouri, D., & Mousavian, S. (2011). Effect of nano-CaCO3 on 

rheological and dynamic mechanical properties of polypropylene: Experiments and models. Polymer 

Testing, 30(1), 110–117. https://doi.org/10.1016/J.POLYMERTESTING.2010.10.009 

Kaseem, M., Hamad, K., & Deri, F. (2012). Rheological and mechanical properties of 

polypropylene/thermoplastic starch blend. Polymer Bulletin, 68(4), 1079–1091. 

https://doi.org/10.1007/S00289-011-0611-Z/FIGURES/12 

Kent, R., What’s Your Process Energy Fingerprint | Plastics Technology. (2009). Retrieved March 2, 2023, 

from https://www.ptonline.com/articles/whats-your-process-energy-fingerprint 

Keong, C. Y. (2021). The United Nations’ journey to global environmental sustainability since Stockholm: 

An assessment. Global Environmental Sustainability, 7–61. https://doi.org/10.1016/B978-0-12-

822419-9.00002-3 

Kiddee, P., Pradhan, J. K., Mandal, S., Biswas, J. K., & Sarkar, B. (2020). An overview of treatment 

technologies of E-waste. Handbook of Electronic Waste Management: International Best Practices 

and Case Studies, 1–18. https://doi.org/10.1016/B978-0-12-817030-4.00022-X 

Kim, D., Chen, Z., Zhou, L.-F., & Huang, S.-X. (2018). Air pollutants and early origins of respiratory diseases. 

Chronic Diseases and Translational Medicine, 4(2), 75. https://doi.org/10.1016/J.CDTM.2018.03.003 

Klemeš, J. J., Fan, Y. Van, & Jiang, P. (2020). The energy and environmental footprints of COVID-19 fighting 

measures – PPE, disinfection, supply chains. Energy (Oxford, England), 211, 118701. 

https://doi.org/10.1016/J.ENERGY.2020.118701 

Klöpffer, W. (1997). Life cycle assessment. Environmental Science and Pollution Research 1997 4:4, 4(4), 

223–228. https://doi.org/10.1007/BF02986351 

Knox, A. (2005). An Overview of Incineration and EFW Technology as Applied to the Management of 

Municipal Solid Waste (MSW) Prepared for: ONEIA Energy Subcommittee. 



173 

 

Koch, M., Spierling, S., Venkatachalam, V., Endres, H. J., Owsianiak, M., Vea, E. B., Daffert, C., Neureiter, 

M., & Fritz, I. (2023). Comparative assessment of environmental impacts of 1st generation (corn 

feedstock) and 3rd generation (carbon dioxide feedstock) PHA production pathways using life cycle 

assessment. The Science of the Total Environment, 863. 

https://doi.org/10.1016/J.SCITOTENV.2022.160991 

Kong, U., Mohammad Rawi, N. F., & Tay, G. S. (2023). The Potential Applications of Reinforced Bioplastics 

in Various Industries: A Review. Polymers, 15(10). https://doi.org/10.3390/POLYM15102399 

Kortei, N. K., & Quansah, L. (2016). Plastic waste management in Ghana Biorecycling of rice wastes in 

Ghana View project Indigenous crop utilization View project. 

https://www.researchgate.net/publication/308889973 

Kosior, E. (2020). Making a mark on polypropylene recycling. 

https://www.recyclingtoday.com/article/polypropylene-marking-technology-aids-in-recycling/ 

Kousemaker, T. M., Jonker, G. H., Vakis, A. I., Ciardelli, F., & Picchioni, F. (2021). LCA Practices of Plastics 

and Their Recycling: A Critical Review. Applied Sciences 2021, Vol. 11, Page 3305, 11(8), 3305. 

https://doi.org/10.3390/APP11083305 

Kovalcik, A., Meixner, K., Mihalic, M., Zeilinger, W., Fritz, I., Fuchs, W., Kucharczyk, P., Stelzer, F., & Drosg, 

B. (2017). Characterization of polyhydroxyalkanoates produced by Synechocystis salina from 

digestate supernatant. International Journal of Biological Macromolecules, 102, 497–504. 

https://doi.org/10.1016/j.ijbiomac.2017.04.054 

Kranabetter, R., Leier, M., Kammermeier, D., & Krodel, U. (2006). [HME filter versus patient-related 

replacement of tubes from the ventilation circuit for anaesthesia: a cost-benefit analysis]. Der 

Anaesthesist, 55(5), 561–567. https://doi.org/10.1007/S00101-006-0982-Y 

Krautkraemer, J. A., Krautkraemer, & A., J. (1998). Nonrenewable Resource Scarcity. Journal of Economic 

Literature, 36(4), 2065–2107. https://EconPapers.repec.org/RePEc:aea:jeclit:v:36:y:1998:i:4:p:2065-

2107 

Krook, J., Svensson, N., & Eklund, M. (2012). Landfill mining: A critical review of two decades of research. 

Waste Management, 32(3), 513–520. https://doi.org/10.1016/J.WASMAN.2011.10.015 

Kumar, P. A. (2021). Regulating Environmental Impact of Medical Devices in the United Kingdom—A 

Scoping Review. Prosthesis 2021, Vol. 3, Pages 370-387, 3(4), 370–387. 

https://doi.org/10.3390/PROSTHESIS3040033 

Kumar, P. A., Wang, S. J., & Kristensen, S. A. (2020). EcoDesign for Medical Devices Barriers and 

Opportunities to Eco-Effective Design of Medical Devices. 

Kumar, P., Kumar, B., & Singh, D. (2022). Radioactive waste management. Hazardous Waste 

Management, 289–301. https://doi.org/10.1016/B978-0-12-824344-2.00004-5 

Kumar, V., Dev, A., & Gupta, A. P. (2014). Studies of poly(lactic acid) based calcium carbonate 

nanocomposites. Composites Part B: Engineering, 56, 184–188. 

https://doi.org/10.1016/J.COMPOSITESB.2013.08.021 

Kumari, R., Ito, H., Takatani, M., Uchiyama, M., & Okamoto, T. (2007). Fundamental studies on 

wood/cellulose-plastic composites: Effects of composition and cellulose dimension on the properties 

of cellulose/PP composite. Journal of Wood Science, 53(6), 470–480. 

https://doi.org/10.1007/s10086-007-0889-5 



174 

 

Kümmerer, K., Dettenkofer, M., & Scherrer, M. (1996). Comparison of reusable and disposable laparatomy 

pads. The International Journal of Life Cycle Assessment 1996 1:2, 1(2), 67–73. 

https://doi.org/10.1007/BF02978647 

Kümmerer, K., Steger-Hartmann, T., & Meyer, M. (1997). Biodegradability of the anti-tumour agent 

ifosfamide and its occurrence in hospital effluents and communal sewage. Water Research, 31(11), 

2705–2710. https://doi.org/10.1016/S0043-1354(97)00121-8 

Laca, A., Herrero, M. and Díaz, M. (2011) ‘Life Cycle Assessment in Biotechnology’, Comprehensive 

Biotechnology, pp. 839–851. doi:10.1016/b978-0-08-088504-9.00140-9. 

Lam, T. D., Hoang, T. V., Quang, D. T., & Kim, J. S. (2009). Effect of nanosized and surface-modified 

precipitated calcium carbonate on properties of CaCO3/polypropylene nanocomposites. Materials 

Science and Engineering: A, 501(1–2), 87–93. https://doi.org/10.1016/J.MSEA.2008.09.060 

Lancet, The Lancet Respiratory Medicine. (2022). COVID-19 pandemic disturbs respiratory virus dynamics. 

The Lancet. Respiratory Medicine, 10(8), 725. https://doi.org/10.1016/S2213-2600(22)00255-7 

Lange, J. P. (2021). Managing Plastic Waste-Sorting, Recycling, Disposal, and Product Redesign. ACS 

Sustainable Chemistry and Engineering, 9(47), 15722–15738. 

https://doi.org/10.1021/ACSSUSCHEMENG.1C05013/ASSET/IMAGES/LARGE/SC1C05013_0001.JPEG 

Laurence, C., Mercer, A. J., & John, G. (1995). Chemical Migration from Polypropylene and Polyethylene 

Aseptic Food Packaging as Affected by Hydrogen Peroxide Sterilization. Journal of Food Protection, 

58(2), 170–174. https://doi.org/10.4315/0362-028X-58.2.170 

Lazaridis, M., Latos, M., Aleksandropoulou, V., Hov, O., Papayannis, A., & Tørseth, K. (2008). Contribution 

of forest fire emissions to atmospheric pollution in Greece. Air Quality, Atmosphere and Health, 1(3), 

143–158. https://doi.org/10.1007/S11869-008-0020-0/FIGURES/12 

Lazzeri, A., Thio, Y. S., & Cohen, R. E. (2004). Volume strain measurements on CACO3/polypropylene 

particulate composites: The effect of particle size. Journal of Applied Polymer Science, 91(2), 925–

935. https://doi.org/10.1002/APP.13268 

Lee, A. W. L., Neo, E. R. K., Khoo, Z. Y., Yeo, Z., Tan, Y. S., Chng, S., Yan, W., Lok, B. K., & Low, J. S. C. (2021). 

Life cycle assessment of single-use surgical and embedded filtration layer (EFL) reusable face mask. 

Resources, Conservation and Recycling, 170, 105580. 

https://doi.org/10.1016/J.RESCONREC.2021.105580 

Lee, B. K., Ellenbecker, M. J., & Moure-Eraso, R. (2002). Analyses of the recycling potential of medical 

plastic wastes. Waste Management (New York, N.Y.), 22(5), 461–470. 

https://doi.org/10.1016/S0956-053X(02)00006-5 

Leiden, A., Cerdas, F., Noriega, D., Beyerlein, J., & Herrmann, C. (2020). Life cycle assessment of a 

disposable and a reusable surgery instrument set for spinal fusion surgeries. Resources, Conservation 

and Recycling, 156, 104704. https://doi.org/10.1016/J.RESCONREC.2020.104704 

Leigh, J. M. (1974). The evolution of oxygen therapy apparatus. Anaesthesia, 29(4), 462–485. 

https://doi.org/10.1111/J.1365-2044.1974.TB00688.X 

Leissner, S., & Ryan-Fogarty, Y. (2019). Challenges and opportunities for reduction of single use plastics in 

healthcare: A case study of single use infant formula bottles in two Irish maternity hospitals. 

Resources, Conservation and Recycling, 151, 104462. 

https://doi.org/10.1016/J.RESCONREC.2019.104462 



175 

 

Lenzen, M., Malik, A., Li, M., Fry, J., Weisz, H., Pichler, P. P., Chaves, L. S. M., Capon, A., & Pencheon, D. 

(2020). The environmental footprint of health care: a global assessment. The Lancet Planetary 

Health, 4(7), e271–e279. https://doi.org/10.1016/S2542-5196(20)30121-2 

Leong, Y. W., Abu Bakar, M. B., Ishak, Z. A. M., Ariffin, A., & Pukanszky, B. (2004). Comparison of the 

mechanical properties and interfacial interactions between talc, kaolin, and calcium carbonate filled 

polypropylene composites. Journal of Applied Polymer Science, 91(5), 3315–3326. 

https://doi.org/10.1002/APP.13542 

Leong, Y. W., Bakar, M. B. A., Ishak, Z. A. M., & Ariffin, A. (2005). Effects of filler treatments on the 

mechanical, flow, thermal, and morphological properties of talc and calcium carbonate filled 

polypropylene hybrid composites. Journal of Applied Polymer Science, 98(1), 413–426. 

https://doi.org/10.1002/APP.21507 

Leong, Y. W., Ishak, Z. A. M., & Ariffin, A. (2004). Mechanical and thermal properties of talc and calcium 

carbonate filled polypropylene hybrid composites. Journal of Applied Polymer Science, 91(5), 3327–

3336. https://doi.org/10.1002/APP.13543 

Leow, V. J., Teh, P. L., Yeoh, C. K., Abdul Rahim, N. A., Wong, W. C., Voon, C. H., Mohamed Rasidi, M. S., & 

Lim, B. Y. (2023). The effect of coated calcium carbonate using stearic acid on the recovered carbon 

black masterbatch in low-density polyethylene composites. E-Polymers, 23(1). 

https://doi.org/10.1515/EPOLY-2023-0025/MACHINEREADABLECITATION/RIS 

Lerouge, Sophie., & Simmons, Anne. (2012). Sterilisation of biomaterials and medical devices. 330. 

Li, Y. (2013) Life cycle assessment to di-2-ethylhexyl phthalate (DEHP), applications and potential 

alternatives, D. Available at: https://d-scholarship.pitt.edu/18234/ (Accessed: 07 May 2024). 

Li, Z., Li, Q., & Chen, T. (2024). Record-breaking High-temperature Outlook for 2023: An Assessment Based 

on the China Global Merged Temperature (CMST) Dataset. Advances in Atmospheric Sciences, 41(2), 

369–376. https://doi.org/10.1007/S00376-023-3200-9/METRICS 

Liang, J. Z., Zhou, L., Tang, C. Y., & Tsui, C. P. (2013). Crystalline properties of poly(L-lactic acid) composites 

filled with nanometer calcium carbonate. Composites Part B: Engineering, 45(1), 1646–1650. 

https://doi.org/10.1016/J.COMPOSITESB.2012.09.086 

Lin, J., Pan, D., Davis, S. J., Zhang, Q., He, K., Wang, C., Streets, D. G., Wuebbles, D. J., & Guan, D. (2014). 

China’s international trade and air pollution in the United States. Proceedings of the National 

Academy of Sciences of the United States of America, 111(5), 1736–1741. 

https://doi.org/10.1073/PNAS.1312860111/SUPPL_FILE/2015COZZ-CLASS-6.MP4 

Lisa Allison, A., Ambrose-Dempster, E., Domenech Aparsi, T., Bawn, M., & Casas, M. (n.d.). Article title: The 

environmental dangers of employing single-use face masks as part of a COVID-19 exit strategy. 

https://doi.org/10.14324/111.444/000031.v1 

Liu, J., Daigo, I., Panasiuk, D., Dunuwila, P., Hamada, K., & Hoshino, T. (2022). Impact of recycling effect in 

comparative life cycle assessment for materials selection - A case study of light-weighting vehicles. 

Journal of Cleaner Production, 349, 131317. https://doi.org/10.1016/J.JCLEPRO.2022.131317 

Liu, L., Wang, J., Russell, T., Sankar, J., & Yun, Y. (2017). The Biological Responses to Magnesium-Based 

Biodegradable Medical Devices. Metals 2017, Vol. 7, Page 514, 7(11), 514. 

https://doi.org/10.3390/MET7110514 



176 

 

Ljungberg, L. Y. (2007). Materials selection and design for development of sustainable products. Materials 

and Design, 28(2), 466–479. https://doi.org/10.1016/j.matdes.2005.09.006 

Lloyd, A. C., & Cackette, T. A. (2001). Diesel Engines: Environmental Impact and Control. Journal of the Air 

and Waste Management Association, 51(6), 809–847. 

https://doi.org/10.1080/10473289.2001.10464315 

Löhr, A. J., Bogaard, T. A., Heikens, A., Hendriks, M. R., Sumarti, S., Van Bergen, M. J., Van Gestel, C. A. M., 

Van Straalen, N. M., Vroon, P. Z., & Widianarko, B. (2004). Natural Pollution Caused by the Extremely 

Acid Crater Lake Kawah Ijen, East Java, Indonesia (7 pp). Environmental Science and Pollution 

Research 2005 12:2, 12(2), 89–95. https://doi.org/10.1065/ESPR2004.09.118 

Lopes-Silva, D.A. et al. (2019) ‘Why using different life cycle assessment software tools can generate 

different results for the same product system? A cause–effect analysis of the problem’, Sustainable 

Production and Consumption, 20, pp. 304–315. doi:10.1016/j.spc.2019.07.005. 

Loucks, D.P. et al. (2005) Water Resources Systems Planning and management: An introduction to 

methods, models and applications. Paris: UNESCO. 

Lovald, S. T., Khraishi, T., Wagner, J., & Baack, B. (2009). Mechanical design optimization of bioabsorbable 

fixation devices for bone fractures. Journal of Craniofacial Surgery, 20(2), 389–398. 

https://doi.org/10.1097/SCS.0B013E31819B96FB 

Luo, Y., Yu, M., Wu, X., Ding, X., & Wang, L. (2023). Carbon footprint assessment of face masks in the 

context of the COVID-19 pandemic: Based on different protective performance and applicable 

scenarios. J Clean Prod, 387, 135854–135854. https://doi.org/10.1016/J.JCLEPRO.2023.135854 

Luyt, A. S., & Malik, S. S. (2018). Can biodegradable plastics solve plastic solid waste accumulation? 

Plastics to Energy: Fuel, Chemicals, and Sustainability Implications, 403–423. 

https://doi.org/10.1016/B978-0-12-813140-4.00016-9 

Lynas, M., Houlton, B. Z., & Perry, S. (2021). Greater than 99% consensus on human caused climate 

change in the peer-reviewed scientific literature. Environmental Research Letters, 16(11), 114005. 

https://doi.org/10.1088/1748-9326/AC2966 

Maceno, M. M. C., João, S., Voltolini, D. R., & Zattar, I. C. (2022). Life cycle assessment and circularity 

evaluation of the non-medical masks in the Covid-19 pandemic: a Brazilian case. Environment, 

Development and Sustainability, 1–28. https://doi.org/10.1007/S10668-022-02388-2/TABLES/6 

Macneill, A. J., Hopf, H., Khanuja, A., Alizamir, S., Bilec, M., Eckelman, M. J., Hernandez, L., McGain, F., 

Simonsen, K., Thiel, C., Young, S., Lagasse, R., & Sherman, J. D. (2020). Transforming The Medical 

Device Industry: Road Map To A Circular Economy. Https://Doi.Org/10.1377/Hlthaff.2020.01118, 

39(12), 2088–2097. https://doi.org/10.1377/HLTHAFF.2020.01118 

Madison, L. L., & Huisman, G. W. (1999). Metabolic Engineering of Poly(3-Hydroxyalkanoates): From DNA 

to Plastic. Microbiology and Molecular Biology Reviews, 63(1), 21–53. 

https://doi.org/10.1128/mmbr.63.1.21-53.1999 

Madival, S., Auras, R., Singh, S. P., & Narayan, R. (2009). Assessment of the environmental profile of PLA, 

PET and PS clamshell containers using LCA methodology. Journal of Cleaner Production, 17(13), 

1183–1194. https://doi.org/10.1016/j.jclepro.2009.03.015 



177 

 

Malak, S. A. (2021). Tensile stress strain model of polyvinyl chloride/calcium carbonate (PVC/CaCO3) 

nanocomposite plank. Results in Materials, 10, 100193. 

https://doi.org/10.1016/J.RINMA.2021.100193 

Malak, S. A., Kazma, S., & El Achkar, C. (2022). The mechanical and blast resistance properties of polyvinyl 

chloride/calcium carbonate (PVC/CaCO3) nanocomposites. Materials Today: Proceedings, 65, 895–

900. https://doi.org/10.1016/J.MATPR.2022.03.521 

Manager, S. (2016). Policy For The Safe Handling And Disposal Of Healthcare Waste. 

Manivasagam, G., Reddy, A., Sen, D., Nayak, S., Mathew, M. T., & Rajamanikam, A. (2019). Dentistry: 

Restorative and Regenerative Approaches. Encyclopedia of Biomedical Engineering, 1–3, 332–347. 

https://doi.org/10.1016/B978-0-12-801238-3.11017-7 

Mannheim, V., & Simenfalvi, Z. (2020). Total Life Cycle of Polypropylene Products: Reducing 

Environmental Impacts in the Manufacturing Phase. Polymers 2020, Vol. 12, Page 1901, 12(9), 1901. 

https://doi.org/10.3390/POLYM12091901 

Marciniak, A. (2009). Greenwashing as an Example of Ecological Marketing Misleading Practices. 

Comparative Economic Research. Central and Eastern Europe, 12(1–2), 49–59. 

https://doi.org/10.2478/V10103-009-0003-X 

Markl, E., Grünbichler, H., Lackner, M., Markl, E., Grünbichler, H., & Lackner, M. (2018). Cyanobacteria for 

PHB Bioplastics Production: A Review. Algae. https://doi.org/10.5772/INTECHOPEN.81536 

Marques, A. P., Reis, R. L., & Hunt, J. A. (2002). The biocompatibility of novel starch-based polymers and 

composites: In vitro studies. Biomaterials, 23(6), 1471–1478. https://doi.org/10.1016/S0142-

9612(01)00272-1 

Marshall, J. L., Hinton, M., Wrobel, L., & Troisi, G. (2009). Designing sustainable medical devices. Medical 

Device and Diagnostic Industry, 31(7). http://bura.brunel.ac.uk/handle/2438/10401 

Mata-Portuguez, V.H., Pérez, L.S. and Acosta-Gío, E. (2002) ‘Sterilization of heat-resistant instruments 

with infrared radiation’, Infection Control &amp; Hospital Epidemiology, 23(7), pp. 393–396. 

doi:10.1086/502072. 

Matsusaki, T., & Sakai, T. (2011). The role of certified registered nurse anesthetists in the United States. 

Journal of Anesthesia, 25(5), 734–740. https://doi.org/10.1007/S00540-011-1193-5/TABLES/3 

Mattila, H. P., & Zevenhoven, R. (2014). Production of Precipitated Calcium Carbonate from Steel 

Converter Slag and Other Calcium-Containing Industrial Wastes and Residues. Advances in Inorganic 

Chemistry, 66, 347–384. https://doi.org/10.1016/B978-0-12-420221-4.00010-X 

McGain, F., Hendel, S. A., & Story, D. A. (2009). An audit of potentially recyclable waste from anaesthetic 

practice. Anaesthesia and Intensive Care, 37(5), 820–823. 

https://doi.org/10.1177/0310057X0903700521 

McGain, F., McAlister, S., McGavin, A., & Story, D. (2010). The financial and environmental costs of 

reusable and single-use plastic anaesthetic drug trays. Anaesthesia and Intensive Care, 38(3), 538–

544. https://doi.org/10.1177/0310057X1003800320 

McGain, F., McAlister, S., McGavin, A., & Story, D. (2012a). A life cycle assessment of reusable and single-

use central venous catheter insertion kits. Anesthesia and Analgesia, 114(5), 1073–1080. 

https://doi.org/10.1213/ANE.0B013E31824E9B69 



178 

 

McGain, F., Muret, J., Lawson, C., & Sherman, J. D. (2020). Environmental sustainability in anaesthesia and 

critical care. British Journal of Anaesthesia, 125(5), 680–692. 

https://doi.org/10.1016/j.bja.2020.06.055 

McGain, F., Story, D., Lim, T., & McAlister, S. (2017). Financial and environmental costs of reusable and 

single-use anaesthetic equipment. British Journal of Anaesthesia, 118(6), 862–869. 

https://doi.org/10.1093/BJA/AEX098 

McGain, F., White, S., Mossenson, S., Kayak, E., & Story, D. (2012b). A survey of anesthesiologists’ views of 

operating room recycling. Anesthesia and Analgesia, 114(5), 1049–1054. 

https://doi.org/10.1213/ANE.0B013E31824D273D 

McKeen, L. (2012). Renewable Resource and Biodegradable Polymers. The Effect of Sterilization on 

Plastics and Elastomers, 305–317. https://doi.org/10.1016/b978-1-4557-2598-4.00012-5 

McKenna, L., Copnell, B., & Smith, G. (2021). Getting the methods right: Challenges and appropriateness 

of mixed methods research in health-related doctoral studies. Journal of Clinical Nursing, 30(3–4), 

581–587. https://doi.org/10.1111/JOCN.15534 

McPherson, B., Sharip, M., & Grimmond, T. (2019). The impact on life cycle carbon footprint of converting 

from disposable to reusable sharps containers in a large US hospital geographically distant from 

manufacturing and processing facilities. PeerJ, 2019(2), e6204. 

https://doi.org/10.7717/PEERJ.6204/SUPP-1 

Mearig, T., Coffee, N., Morgan, M. and Alaska. Division Of Education Support Services. Facilities Section 

(2018). Life cycle cost analysis handbook 2nd Edition. Juneau, Alaska: State Of Alaska, Dept. Of 

Education And Early Development, Education Support Services/Facilities. 

Medtech, Market - MedTech Europe - The European Medical Technology in Figures. (2022). Retrieved 

January 26, 2023, from https://www.medtecheurope.org/datahub/market/ 

Mehmood, A., Raina, N., Phakeenuya, V., Wonganu, B., & Cheenkachorn, K. (2023). The current status and 

market trend of polylactic acid as biopolymer: Awareness and needs for sustainable development. 

Materials Today: Proceedings, 72, 3049–3055. https://doi.org/10.1016/J.MATPR.2022.08.387 

Mele, M., Pisaneschi, G., Zucchelli, A., Campana, G., & Fiorini, M. (2023). Effects of short-loop material 

recycling on mechanical properties of parts by Arburg Plastic Freeforming. Progress in Additive 

Manufacturing, 1–9. https://doi.org/10.1007/S40964-023-00447-2/FIGURES/6 

Menon, What is TEU in Shipping - Everything You Wanted to Know. (2022). Retrieved March 2, 2023, from 

https://www.marineinsight.com/maritime-law/teu-in-shipping-everything-you-wanted-to-know/ 

Migneco, F., Huang, Y. C., Birla, R. K., & Hollister, S. J. (2009). Poly(glycerol-dodecanoate), a biodegradable 

polyester for medical devices and tissue engineering scaffolds. Biomaterials, 30(33), 6479–6484. 

https://doi.org/10.1016/J.BIOMATERIALS.2009.08.021 

Mitsuishi, K., Kodama, S., & Kawasaki, H. (1985). Mechanical properties of polypropylene filled with 

calcium carbonate. Polymer Engineering & Science, 25(17), 1069–1073. 

https://doi.org/10.1002/PEN.760251704 

Mittal, I. and Gupta, R.K. (2015) Natural Resources Depletion and economic growth in present era, SSRN. 

Available at: 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=2920080#:~:text=Population%20Explosion%2



179 

 

0is%20acting%20as,environmental%20costs%20and%20decreased%20productivity. (Accessed: 07 

May 2024). 

Mochane, M. J., Magagula, S. I., Sefadi, J. S., & Mokhena, T. C. (2021). A Review on Green Composites 

Based on Natural Fiber-Reinforced Polybutylene Succinate (PBS). Polymers 2021, Vol. 13, Page 1200, 

13(8), 1200. https://doi.org/10.3390/POLYM13081200 

Mohamed, R., Mohamed, M. M. F., Norizan, M. N., & Mohamed, R. R. R. (2018). Physical and 

morphological properties of filled calcium carbonate/kenaf fibre/rice husk polypropylene hybrid 

composite. AIP Conference Proceedings, 1985(1). https://doi.org/10.1063/1.5047197/1021797 

Mohanty, A. K., Vivekanandhan, S., Pin, J. M., & Misra, M. (2018). Composites from renewable and 

sustainable resources: Challenges and innovations. Science, 362(6414), 536–542. 

https://doi.org/10.1126/SCIENCE.AAT9072 

MOL, Let’s see the Routes and Speed of Cargo Ship. (2022). Retrieved March 2, 2023, from 

https://www.mol-service.com/blog/vessel-speed-and-sailing-days 

Momani, B. L. (2009). Digital WPI Interactive Qualifying Projects (All Years) Interactive Qualifying Projects 

Assessment of the Impacts of Bioplastics: Energy Usage, Fossil Fuel Usage, Pollution, Health Effects, 

Effects on the Food Supply, and Economic Effects Compared to Petroleum Based Plastics. 

https://digitalcommons.wpi.edu/iqp-all 

Morão, A., & de Bie, F. (2019). Life Cycle Impact Assessment of Polylactic Acid (PLA) Produced from 

Sugarcane in Thailand. Journal of Polymers and the Environment, 27(11), 2523–2539. 

https://doi.org/10.1007/S10924-019-01525-9/TABLES/7 

Moretti, C., Junginger, M., & Shen, L. (2020). Environmental life cycle assessment of polypropylene made 

from used cooking oil. Resources, Conservation and Recycling, 157, 104750. 

https://doi.org/10.1016/J.RESCONREC.2020.104750 

Morris, J. (2004). Comparative LCAs for Curbside Recycling Versus Either Landfilling or Incineration with 

Energy Recovery (12 pp). The International Journal of Life Cycle Assessment 2005 10:4, 10(4), 273–

284. https://doi.org/10.1065/LCA2004.09.180.10 

Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., & AbdulGhani, A. (2022). 

Sustainability of biodegradable plastics: New problem or solution to solve the global plastic 

pollution? Current Research in Green and Sustainable Chemistry, 5, 100273. 

https://doi.org/10.1016/J.CRGSC.2022.100273 

Mosquera, M., Andrés-Prado, M. J., Rodríguez-Caravaca, G., Latasa, P., & Mosquera, M. E. G. (2014). 

Evaluation of an education and training intervention to reduce health care waste in a tertiary 

hospital in Spain. American Journal of Infection Control, 42(8), 894–897. 

https://doi.org/10.1016/J.AJIC.2014.04.013 

Moultrie, J., Sutcliffe, L., & Maier, A. (2015). Exploratory study of the state of environmentally conscious 

design in the medical device industry. Journal of Cleaner Production, 108, 363–376. 

https://doi.org/10.1016/J.JCLEPRO.2015.06.014 

Mtibe, A., Muniyasamy, S., Mokhena, T. C., Ofosu, O., Ojijo, V., & John, M. (2023). Recent insight into the 

biomedical applications of polybutylene succinate and polybutylene succinate-based materials. 

Express Polymer Letters, 17(1), 2–28. https://doi.org/10.3144/EXPRESSPOLYMLETT.2023.2 



180 

 

MTS, Fuel Costs in Ocean Shipping - More Than Shipping. (2008). Retrieved March 2, 2023, from 

https://www.morethanshipping.com/fuel-costs-ocean-shipping/ 

Mu, D., Xin, C. and Zhou, W. (2020). Life Cycle Assessment and Techno-Economic Analysis of Algal Biofuel 

Production. Microalgae Cultivation for Biofuels Production, pp.281–292. 

doi:https://doi.org/10.1016/b978-0-12-817536-1.00018-7. 

Mugabi, B., Hattingh, S., & Chima, S. C. (2019). Assessing knowledge, attitudes, and practices of healthcare 

workers regarding medical waste management at a tertiary hospital in Botswana: A cross-sectional 

quantitative study. Nigerian Journal of Clinical Practice, 21(12), 1627–1638. 

https://doi.org/10.4314/njcp.v21i12. 

Mukherjee, A., & Koller, M. (2023). Microbial PolyHydroxyAlkanoate (PHA) Biopolymers—Intrinsically 

Natural. Bioengineering, 10(7). https://doi.org/10.3390/BIOENGINEERING10070855 

Muñoz, I., Rodríguez, C., Gillet, D., & Moerschbacher, B. M. (2017). CHALLENGES AND BEST PRACTICE IN 

LCAS OF SEAFOOD AND OTHER AQUATIC PRODUCTS Life cycle assessment of chitosan production in 

India and Europe. https://doi.org/10.1007/s11367-017-1290-2 

Muthukumar, K., & Kasiraman, G. (2023). Downcycling of one-time used plastic waste to DICI engine 

combustion energy through pyrolysis with less NOx emission. Process Safety and Environmental 

Protection, 175, 744–752. https://doi.org/10.1016/J.PSEP.2023.05.097 

Muthusubramanian, B., Neelamegam, P., Ramar, V., & Suresh, V. (2023). Assessing the embodied carbon 

and energy required for manufacturing sustainable concrete blocks using plastic pollution as a fiber. 

Environmental Science and Pollution Research, 30(49), 107533–107548. 

https://doi.org/10.1007/S11356-023-29933-4/METRICS 

Myllytie, P., Misra, M., & Mohanty, A. K. (2016). Carbonized Lignin as Sustainable Filler in Biobased 

Poly(trimethylene terephthalate) Polymer for Injection Molding Applications. ACS Sustainable 

Chemistry and Engineering, 4(1), 102–110. 

https://doi.org/10.1021/ACSSUSCHEMENG.5B00796/ASSET/IMAGES/LARGE/SC-2015-

00796M_0008.JPEG 

Nagarajan, V., Misra, M., & Mohanty, A. K. (2013). New engineered biocomposites from poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/poly(butylene adipate-co-terephthalate) (PBAT) 

blends and switchgrass: Fabrication and performance evaluation. Industrial Crops and Products, 

42(1), 461–468. https://doi.org/10.1016/j.indcrop.2012.05.042 

Nagorka, R., Birmili, W., Schulze, J., & Koschorreck, J. (2022). Diverging trends of plasticizers (phthalates 

and non-phthalates) in indoor and freshwater environments—why? Environmental Sciences Europe, 

34(1), 1–15. https://doi.org/10.1186/S12302-022-00620-4/FIGURES/4 

Narancic, T., Cerrone, F., Beagan, N., & O’Connor, K. E. (2020). Recent Advances in Bioplastics: Application 

and Biodegradation. Polymers 2020, Vol. 12, Page 920, 12(4), 920. 

https://doi.org/10.3390/POLYM12040920 

Narancic, T., & O’Connor, K. E. (2019). Plastic waste as a global challenge: Are biodegradable plastics the 

answer to the plastic waste problem? Microbiology (United Kingdom), 165(2), 129–137. 

https://doi.org/10.1099/MIC.0.000749/CITE/REFWORKS 



181 

 

Narayanan, N., Kuang, L., Del Ponte, M., Chain, C., & Deng, M. (2016). Design and fabrication of 

nanocomposites for musculoskeletal tissue regeneration. Nanocomposites for Musculoskeletal 

Tissue Regeneration, 3–29. https://doi.org/10.1016/B978-1-78242-452-9.00001-7 

Narodoslawsky, M., Shazad, K., Kollmann, R., & Schnitzer, H. (2015). LCA of PHA production - Identifying 

the ecological potential of bio-plastic. Chemical and Biochemical Engineering Quarterly, 29(2), 299–

305. https://doi.org/10.15255/CABEQ.2014.2262 

Neumann, W. P., & Medbo, L. (2010). Ergonomic and technical aspects in the redesign of material supply 

systems: Big boxes vs. narrow bins. International Journal of Industrial Ergonomics, 40(5), 541–548. 

https://doi.org/10.1016/J.ERGON.2010.06.004 

NHS, Delivering a “Net Zero” National Health Service. (2020). 

NHS England » NHS clinical waste strategy. (2023). Retrieved August 4, 2023, from 

https://www.england.nhs.uk/long-read/nhs-clinical-waste-strategy/ 

Niaounakis, M. (2019). Recycling of biopolymers – The patent perspective. European Polymer Journal, 114, 

464–475. https://doi.org/10.1016/J.EURPOLYMJ.2019.02.027 

Nielsen, T. D., Hasselbalch, J., Holmberg, K., & Stripple, J. (2020). Politics and the plastic crisis: A review 

throughout the plastic life cycle. Wiley Interdisciplinary Reviews: Energy and Environment, 9(1), 

e360. https://doi.org/10.1002/WENE.360 

Niermann, S., Rattan, S., Brehm, E., & Flaws, J. A. (2015). Prenatal exposure to di-(2-ethylhexyl) phthalate 

(DEHP) affects reproductive outcomes in female mice. Reproductive Toxicology, 53, 23–32. 

https://doi.org/10.1016/j.reprotox.2015.02.013 

No Harm Europe. (2020). Sustainable healthcare waste management in the EU Circular Economy model. 

November, 1–7. www.who.int/news-room/fact- 

OECD. (2020). The face mask global value chain in the COVID-19 outbreak: Evidence and policy lessons. 

Oecd. https://www.oecd.org/coronavirus/policy-responses/the-face-mask-global-value-chain-in-the-

covid-19-outbreak-evidence-and-policy-lessons-a4df866d/ 

Ordway, A., Pitonyak, J. S., & Johnson, K. L. (2020). Durable medical equipment reuse and recycling: 

uncovering hidden opportunities for reducing medical waste. Disability and Rehabilitation. Assistive 

Technology, 15(1), 21–28. https://doi.org/10.1080/17483107.2018.1508516 

Oroei, M., Momeni, M., Palenik, C. J., Danaei, M., & Askarian, M. (2014). A qualitative study of the causes 

of improper segregation of infectious waste at Nemazee Hospital, Shiraz, Iran. Journal of Infection 

and Public Health, 7(3), 192–198. https://doi.org/10.1016/J.JIPH.2014.01.005 

Ortiz, C., Valverde, J. M., Chacartegui, R., Perez-Maqueda, L. A., & Giménez, P. (2019). The Calcium-

Looping (CaCO3/CaO) process for thermochemical energy storage in Concentrating Solar Power 

plants. Renewable and Sustainable Energy Reviews, 113. https://doi.org/10.1016/j.rser.2019.109252 

Ostle, C., Thompson, R. C., Broughton, D., Gregory, L., Wootton, M., & Johns, D. G. (2019). The rise in 

ocean plastics evidenced from a 60-year time series. Nature Communications, 10(1), 1–6. 

https://doi.org/10.1038/s41467-019-09506-1 

Oturu, K., Ijomah, W., Orr, A., Verpeaux, L., Broadfoot, B., Clark, S., & Devine, R. (2022). Remanufacturing 

of single-use medical devices: a case study on cross-border collaboration between the UK and 

Nigeria. Health and Technology, 12(2), 273. https://doi.org/10.1007/S12553-022-00641-2 



182 

 

Overcash, M. (2012). A comparison of reusable and disposable perioperative textiles: Sustainability state-

of-the-art 2012. Anesthesia and Analgesia, 114(5), 1055–1066. 

https://doi.org/10.1213/ANE.0B013E31824D9CC3 

Owen, L. A., Pickering, P. K. T., & Pickering, K. T. (2006). An Introduction to Global Environmental Issues. 

https://doi.org/10.4324/9780203974001 

OWID (2024). Carbon intensity of electricity generation. [online] Our World in Data. Available at: 

https://ourworldindata.org/grapher/carbon-intensity-electricity?time=latest®ion=Asia [Accessed 22 

May 2024]. 

Papavasiliou, T., & Chatzimichail, S. (2021). A customized 3D printed N95 respirator analogue to face crisis 

capacity scenarios in pandemics such as the COVID-19 and to support surgical personnel during PPE 

shortages. Journal of Plastic, Reconstructive & Aesthetic Surgery, 74(4), 890–930. 

https://doi.org/10.1016/J.BJPS.2020.08.111 

Park, J., & Lakes, R. S. (2007). Biomaterials: An Introduction (Google eBook). 576. 

https://books.google.com/books/about/Biomaterials.html?id=bb68wb0R_EAC 

Park, J. Y., Kyung, K. H., Tsukada, K., Kim, S. H., & Shiratori, S. (2017). Biodegradable polycaprolactone 

nanofibres with β-chitosan and calcium carbonate produce a hemostatic effect. Polymer, 123, 194–

202. https://doi.org/10.1016/J.POLYMER.2017.07.013 

Patti, A., Acierno, D., Patti, A., & Acierno, D. (2019). Thermal Conductivity of Polypropylene-Based 

Materials. Polypropylene - Polymerization and Characterization of Mechanical and Thermal 

Properties. https://doi.org/10.5772/INTECHOPEN.84477 

Paxton, N. C., Forrestal, D. P., Desselle, M., Kirrane, M., Bugden, S., Sullivan, C., Powell, S. K., & Woodruff, 

M. A. (2020). N95 Respiratory Masks for COVID-19: A Review of the Literature to Inform Local 

Responses to Global Shortages. 

Payne, M. T., & Rader, C. P. (2020). Thermoplastic Elastomers: A Rising Star. Elastomer Technology 

Handbook, 557–596. https://doi.org/10.1201/9780138758851-14 

Pelegrini, K., Maraschin, T. G., Brandalise, R. N., & Piazza, D. (2019). Study of the degradation and 

recyclability of polyethylene and polypropylene present in the marine environment. Journal of 

Applied Polymer Science, 136(48), 48215. https://doi.org/10.1002/APP.48215 

Pencheon, D. (2015). Making health care more sustainable: the case of the English NHS. Public Health, 

129(10), 1335–1343. https://doi.org/10.1016/J.PUHE.2015.08.010 

Peng, Y., Musah, M., Via, B., & Wang, X. (2021). Calcium Carbonate Particles Filled Homopolymer 

Polypropylene at Different Loading Levels: Mechanical Properties Characterization and Materials 

Failure Analysis. Journal of Composites Science 2021, Vol. 5, Page 302, 5(11), 302. 

https://doi.org/10.3390/JCS5110302 

Perera, F., & Nadeau, K. (2022). Climate Change, Fossil-Fuel Pollution, and Children’s Health. New England 

Journal of Medicine, 386(24), 2303–2314. 

https://doi.org/10.1056/NEJMRA2117706/SUPPL_FILE/NEJMRA2117706_DISCLOSURES.PDF 

Pernetti, R., Garzia, F. and Filippi Oberegger, U. (2021). Sensitivity analysis as support for reliable life cycle 

cost evaluation applied to eleven nearly zero-energy buildings in Europe. Sustainable Cities and 

Society, 74, p.103139. doi:https://doi.org/10.1016/j.scs.2021.103139. 



183 

 

Petersen, N., & Gatenholm, P. (2011). Bacterial cellulose-based materials and medical devices: Current 

state and perspectives. Applied Microbiology and Biotechnology, 91(5), 1277–1286. 

https://doi.org/10.1007/S00253-011-3432-Y/FIGURES/7 

Piemonte, V. (2011). Bioplastic Wastes: The Best Final Disposition for Energy Saving. Journal of Polymers 

and the Environment, 19(4), 988–994. https://doi.org/10.1007/S10924-011-0343-Z/FIGURES/7 

Pinheiro, I. F., Ferreira, F. V., Souza, D. H. S., Gouveia, R. F., Lona, L. M. F., Morales, A. R., & Mei, L. H. I. 

(2017). Mechanical, rheological and degradation properties of PBAT nanocomposites reinforced by 

functionalized cellulose nanocrystals. European Polymer Journal, 97, 356–365. 

https://doi.org/10.1016/J.EURPOLYMJ.2017.10.026 

Pinzone, M., Lettieri, E., & Masella, C. (2015). Proactive Environmental Strategies in Healthcare 

Organisations: Drivers and Barriers in Italy. Journal of Business Ethics, 131(1), 183–197. 

https://doi.org/10.1007/S10551-014-2275-8/TABLES/3 

Plevris, M., Cuy Castellanos, D., Westcott, E., & Catrine, K. (2021). Perceptions Surrounding Composting at 

a Midwestern Children’s Hospital. Https://Doi.Org/10.1080/19320248.2021.2002750, 17(3), 301–

317. https://doi.org/10.1080/19320248.2021.2002750 

Poehnert, D., Abbas, M., Maegel, L., Sambale, F., Lavrentieva, A., Kreipe, H. H., Klempnauer, J., & Winny, 

M. (2015). Evaluation of the biological tolerability of the starch-based medical device 4DryField® PH 

in vitro and in vivo a rat model. Http://Dx.Doi.Org/10.1177/0885328215592257, 30(4), 463–471. 

https://doi.org/10.1177/0885328215592257 

Polymerdatabase. (2018). PEF Suppliers. https://polymerdatabase.com/Polymer Brands/PEF.html 

Poudyal, L., Adhikari, K., & Won, M. (2021). Nano Calcium Carbonate (CaCO3) as a Reliable, Durable, and 

Environment-Friendly Alternative to Diminishing Fly Ash. Materials 2021, Vol. 14, Page 3729, 14(13), 

3729. https://doi.org/10.3390/MA14133729 

Prata, J. C. (2018). Microplastics in wastewater: State of the knowledge on sources, fate and solutions. 

Marine Pollution Bulletin, 129(1), 262–265. https://doi.org/10.1016/J.MARPOLBUL.2018.02.046 

Pre, simapro manual PRe Consultants. (2008). Introduction to LCA with SimaPro 7. PRé Consultants, the 

Netherlands. Version, 1–88. 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Introduction+to+LCA+with+SimaP

ro+7#0 

Premier Data: The State of PPE Supply One Year into COVID-19 | Premier. (2021). Retrieved January 17, 

2023, from https://www.premierinc.com/newsroom/blog/premier-data-the-state-of-ppe-supply-

one-year-in-to-covid-19 

Prior, T., Giurco, D., Mudd, G., Mason, L., & Behrisch, J. (2012). Resource depletion, peak minerals and the 

implications for sustainable resource management. Global Environmental Change, 22(3), 577–587. 

https://doi.org/10.1016/J.GLOENVCHA.2011.08.009 

Rabiee, F. (2004). Focus-group interview and data analysis. Proceedings of the Nutrition Society, 63(4), 

655–660. https://doi.org/10.1079/PNS2004399 

Radebe, L., Wesley-Smith, J., Focke, W. W., & Ramjee, S. (2023). Formulating calcium carbonate 

masterbatches. Journal of Polymer Engineering, 43(1), 80–88. https://doi.org/10.1515/POLYENG-

2022-0133/MACHINEREADABLECITATION/RIS 



184 

 

Rafiqah, S. A., Khalina, A., Harmaen, A. S., Tawakkal, I. A., Zaman, K., Asim, M., Nurrazi, M. N., & Lee, C. H. 

(2021). A review on properties and application of bio-based poly(Butylene succinate). Polymers, 

13(9). https://doi.org/10.3390/polym13091436 

Rajadesingu, S., Deepankara, V., Dowlath, M. J. H., Karuppannan, S. K., & Arunachalam, K. D. (2021). 

Modern society and zero waste tools. Concepts of Advanced Zero Waste Tools, 181–213. 

https://doi.org/10.1016/B978-0-12-822183-9.00008-8 

Rajendran, N., & Han, J. (2023). Techno-economic analysis and life cycle assessment of poly (butylene 

succinate) production using food waste. Waste Management, 156, 168–176. 

https://doi.org/10.1016/J.WASMAN.2022.11.037 

Ramesh, P., & Vinodh, S. (2020). State of art review on Life Cycle Assessment of polymers. International 

Journal of Sustainable Engineering, 13(6), 411–422. 

https://doi.org/10.1080/19397038.2020.1802623 

Ramos, C. C. R., Roque, J. L. A., Sarmiento, D. B., Suarez, L. E. G., Sunio, J. T. P., Tabungar, K. I. B., Tengco, 

G. S. C., Rio, P. C., & Hilario, A. L. (2020). Use of ultraviolet-C in environmental sterilization in 

hospitals: A systematic review on efficacy and safety. International Journal of Health Sciences, 14(6), 

52. /pmc/articles/PMC7644456/ 

Rani Bepari, M., Afrin, A., Mostafizur Rahman, M., & Mastabur Rahman, M. (2019). Mechanical Properties 

of Jute Fiber Reinforced Polypropylene Composite. Applied Sciences & Technology. 

Rao, M. G., Bharathi, P., & Akila, R. M. (2014). a Comprehensive Review on Biopolymers. Sci. Revs. Chem. 

Commun, 4(2), 61–68. www.sadgurupublications.com 

Râpă, M. et al. (2016) ‘Structural changes of modified polypropylene with thermoplastic elastomers for 

medical devices applications’, Journal of Adhesion Science and Technology, 30(16), pp. 1727–1740. 

doi:10.1080/01694243.2015.1132103. 

Rasheed, F. N., & Walraven, G. (2023). Cleaning up plastics in healthcare waste: the transformative 

potential of leadership Processes and systems. BMJ Innov, 9, 103–108. 

https://doi.org/10.1136/bmjinnov-2022-000986 

Ravi Kumar, M. N. V. (2000). A review of chitin and chitosan applications. Reactive and Functional 

Polymers, 46(1), 1–27. https://doi.org/10.1016/S1381-5148(00)00038-9 

Reale Batista, M. D., Drzal, L. T., Kiziltas, A., & Mielewski, D. (2020). Hybrid cellulose-inorganic 

reinforcement polypropylene composites: Lightweight materials for automotive applications. 

Polymer Composites, 41(3), 1074–1089. https://doi.org/10.1002/PC.25439 

Researchnester, Polymers Market Size & Share, Growth Forecasts 2035. (2023). Retrieved November 14, 

2023, from https://www.researchnester.com/reports/polymers-market/1387 

Reddy, R., Appannagari, R., & Ramamohana, D. R. (2017). Environmental Pollution Causes and 

Consequences: A Study. North Asian International Research Journal of Social Science & Humanities 

North Asian International Research Journal Consortiums Www.Nairjc.Com, 3, 2454–9827. 

https://www.researchgate.net/publication/323944189 

Rejane Rigon, M., Zortea, R., Alberto Mendes Moraes, C., & Célia Espinosa Modolo, R. (2019). Suggestion 

of Life Cycle Impact Assessment Methodology: Selection Criteria for Environmental Impact 

Categories. New Frontiers on Life Cycle Assessment - Theory and Application. 

https://doi.org/10.5772/intechopen.83454 



185 

 

Rezvani Ghomi, E., Khosravi, F., Saedi Ardahaei, A., Dai, Y., Neisiany, R. E., Foroughi, F., Wu, M., Das, O., & 

Ramakrishna, S. (2021). The Life Cycle Assessment for Polylactic Acid (PLA) to Make It a Low-Carbon 

Material. Polymers 2021, Vol. 13, Page 1854, 13(11), 1854. 

https://doi.org/10.3390/POLYM13111854 

Ribba, L., Garcia, N. L., D’Accorso, N., & Goyanes, S. (2017). Disadvantages of Starch-Based Materials, 

Feasible Alternatives in Order to Overcome These Limitations. Starch-Based Materials in Food 

Packaging: Processing, Characterization and Applications, 37–76. https://doi.org/10.1016/B978-0-

12-809439-6.00003-0 

Richardson, J., Grose, J., Doman, M., & Kelsey, J. (2014). The use of evidence-informed sustainability 

scenarios in the nursing curriculum: development and evaluation of teaching methods. Nurse 

Education Today, 34(4), 490–493. https://doi.org/10.1016/J.NEDT.2013.07.007 

Rimos, S., Hoadley, A. F. A., & Brennan, D. J. (2014). Environmental consequence analysis for resource 

depletion. Process Safety and Environmental Protection, 92(6), 849–861. 

https://doi.org/10.1016/J.PSEP.2013.06.001 

Rizan, C., Bhutta, M. F., Reed, M., & Lillywhite, R. (2021). The carbon footprint of waste streams in a UK 

hospital. Journal of Cleaner Production, 286, 125446. 

https://doi.org/10.1016/J.JCLEPRO.2020.125446 

Rizan, C., Reed, M., & Bhutta, M. F. (2021). Environmental impact of personal protective equipment 

distributed for use by health and social care services in England in the first six months of the COVID-

19 pandemic. Https://Doi.Org/10.1177/01410768211001583, 114(5), 250–263. 

https://doi.org/10.1177/01410768211001583 

Rmn, T. S. (2016). A convergent parallel mixed methods investigation into the role of mindfulness in 

moderate to severe, persistent depression. 

Roberts, T. (2013). Understanding ethnography. Https://Doi.Org/10.12968/Bjom.2009.17.5.42220, 17(5), 

291–294. https://doi.org/10.12968/BJOM.2009.17.5.42220 

Rodriguez Morris, M. I., & Hicks, A. (2022). Life cycle assessment of stainless-steel reusable speculums 

versus disposable acrylic speculums in a university clinic setting: a case study. Environmental 

Research Communications, 4(2), 025002. https://doi.org/10.1088/2515-7620/AC4A3D 

Rodríguez, N. B., Formentini, G., Favi, C., & Marconi, M. (2021). Engineering design process of face masks 

based on circularity and life cycle assessment in the constraint of the covid-19 pandemic. 

Sustainability (Switzerland), 13(9), 4948. https://doi.org/10.3390/su13094948 

Rogers, W. J. (2012a). Steam and dry heat sterilization of biomaterials and medical devices. Sterilisation of 

Biomaterials and Medical Devices, 20–55. https://doi.org/10.1533/9780857096265.20 

Rogers, W. J. (2012b). Sterilisation techniques for polymers. Sterilisation of Biomaterials and Medical 

Devices, 151–211. https://doi.org/10.1533/9780857096265.151 

Rosales, C. R., Magazine, M., & Rao, U. (2015). The 2Bin system for controlling medical supplies at point-

of-use. European Journal of Operational Research, 243(1), 271–280. 

https://doi.org/10.1016/J.EJOR.2014.10.041 

Rosli, N. A., & Ahmad, I. (2021). Mechanical Properties of Recycled Plastics. 239–258. 

https://doi.org/10.1007/978-981-16-3627-1_11 



186 

 

Ross, S., Evans, D., & Webber, M. (2002). Commentaries How LCA Studies Deal with Uncertainty How LCA 

Studies Deal with Uncertainty. Retrieved October 26, 2023, from http://dx.doi.or~l 

Rowan, N. J., & Moral, R. A. (2021). Disposable face masks and reusable face coverings as non-

pharmaceutical interventions (NPIs) to prevent transmission of SARS-CoV-2 variants that cause 

coronavirus disease (COVID-19): Role of new sustainable NPI design innovations and predictive 

mathematic. Science of the Total Environment, 772, 145530. 

https://doi.org/10.1016/j.scitotenv.2021.145530 

Rowdhwal, S. S. S., & Chen, J. (2018). Toxic Effects of Di-2-ethylhexyl Phthalate: An Overview. BioMed 

Research International, 2018. https://doi.org/10.1155/2018/1750368 

Rutala, W. A., & Weber, D. J. (2008). Guideline for Disinfection and Sterilization in Healthcare Facilities, 

2008. 

Rutala, W. A., & Weber, D. J. (2019). Infection Control And Hospital Epidemiology Disinfection of 

Endoscopes: Review of New Chemical Sterilants Used for High-Level Disinfection. 20(1). 

Saavedra del Oso, M., Nair, R., Mauricio-Iglesias, M., & Hospido, A. (2023). Comparative life cycle analysis 

of PHA-based consumer items for daily use. Resources, Conservation and Recycling, 199, 107242. 

https://doi.org/10.1016/J.RESCONREC.2023.107242 

Saavedra-Rubio, K. et al. (2022) ‘Stepwise guidance for data collection in the Life Cycle Inventory (LCI) 

phase: Building Technology-related LCI blocks’, Journal of Cleaner Production, 366, p. 132903. 

doi:10.1016/j.jclepro.2022.132903. 

Sahiledengle, B. (2019). Self-reported healthcare waste segregation practice and its correlate among 

healthcare workers in hospitals of Southeast Ethiopia. BMC Health Services Research, 19(1), 1–11. 

https://doi.org/10.1186/S12913-019-4439-9/TABLES/3 

Saini, G., Budhwar, V., & Choudhary, M. (2022). Review on people’s trust on home use medical devices 

during Covid-19 pandemic in India. Health and Technology, 12(2), 527. 

https://doi.org/10.1007/S12553-022-00645-Y 

Sala, S., Benini, L. and Dewulf, J. (2014). Indicators and targets for the reduction of the environmental 

impact of EU consumption: Methodology for 2020 targets based on environmental impact 

indicators. [online] European Commission. Available at: 

https://eplca.jrc.ec.europa.eu/uploads/JRC92586_qms_h08_lcind_deliverable4_final_20141125.pdf 

[Accessed 22 May 2024]. 

SALA, S., CRENNA, E., SECCHI, M., & PANT, R. (2017). Global normalisation factors for the Environmental 

Footprint and Life Cycle Assessment. https://doi.org/10.2760/88930 

Saleh, H., Hassan, A. I., O’loughlin, J., Doherty, D., Herward, B., Mcgleenan, C., Mahmud, M., Bhagabati, P., 

Boland, A. N., Freeland, B., Rochfort, K. D., Kelleher, S. M., Fahy, S., & Gaughran, J. (2023). The 

Potential of Bio-Based Polylactic Acid (PLA) as an Alternative in Reusable Food Containers: A Review. 

Sustainability 2023, Vol. 15, Page 15312, 15(21), 15312. https://doi.org/10.3390/SU152115312 

Sampath, W. D. M., Egodage, S. M., & Edirisinghe, D. G. (2019). Effect of an organotitanate coupling agent 

on properties of calcium carbonate filled low-density polyethylene and natural rubber composites. 

Journal of the National Science Foundation of Sri Lanka, 47(1), 17–27. 

https://doi.org/10.4038/JNSFSR.V47I1.8923 



187 

 

Sampson, J., & De Korte, D. (2011). DEHP-plasticised PVC: relevance to blood services*. Transfusion 

Medicine, 21(2), 73–83. https://doi.org/10.1111/J.1365-3148.2010.01056.X 

Sanchez, S. A., Eckelman, M. J., & Sherman, J. D. (2020). Environmental and economic comparison of 

reusable and disposable blood pressure cuffs in multiple clinical settings. Resources, Conservation 

and Recycling, 155, 104643. https://doi.org/10.1016/J.RESCONREC.2019.104643 

Schlickmann, K. P., Leite Howarth, J. L., Kasper Silva, D. A., & Testa Pezzin, A. P. (2019). Effect of The 

Incorporation of Micro and Nanoparticles of Calcium Carbonate in Poly (Vinyl Chloride) Matrix for 

Industrial Application. Materials Research, 22, e20180870. https://doi.org/10.1590/1980-5373-MR-

2018-0870 

Schmaltz, E., Melvin, E. C., Diana, Z., Gunady, E. F., Rittschof, D., Somarelli, J. A., Virdin, J., & Dunphy-Daly, 

M. M. (2020). Plastic pollution solutions: emerging technologies to prevent and collect marine plastic 

pollution. Environment International, 144, 106067. https://doi.org/10.1016/J.ENVINT.2020.106067 

Schmutz, M., Hischier, R., Batt, T., Wick, P., Nowack, B., Wäger, P., & Som, C. (2020). Cotton and Surgical 

Masks—What Ecological Factors Are Relevant for Their Sustainability? Sustainability 2020, Vol. 12, 

Page 10245, 12(24), 10245. https://doi.org/10.3390/SU122410245 

Schroeder, Knut. (2013). Sustainable healthcare. https://www.perlego.com/book/1014065/sustainable-

healthcare-pdf 

Scott, D. F., Grayson, R. L., & Metz, E. A. (2004). Disease and illness in U.S. mining, 1983-2001. Journal of 

Occupational and Environmental Medicine, 46(12), 1272–1277. 

https://doi.org/10.1097/01.JOM.0000147209.92261.5B 

Sepetcioglu, H., & Aydemir, B. (2022). Short-term creep experiments and modeling on the effect of nano-

sized calcium carbonate particles and applied stress on nonlinear viscoelastic behavior of high-

density polyethylene. Journal of Polymer Research, 29(4), 1–13. https://doi.org/10.1007/S10965-

022-02985-9/FIGURES/14 

Serranti, S., & Bonifazi, G. (2019). 分离塑料废物的技术. In Use of Recycled Plastics in Eco-efficient 

Concrete (Issue January 2018). Elsevier Ltd. http://dx.doi.org/10.1016/B978-0-08-102676-2.00002-5 

Shafi, S. M. (2005). Environmental pollution. 445. 

Sharma, R., Sharma, M., Sharma, R., & Sharma, V. (2013). The impact of incinerators on human health and 

environment. Reviews on Environmental Health, 28(1), 67–72. https://doi.org/10.1515/reveh-2012-

0035 

Shen, L., & Worrell, E. (2014). Plastic Recycling. Handbook of Recycling: State-of-the-Art for Practitioners, 

Analysts, and Scientists, 179–190. https://doi.org/10.1016/B978-0-12-396459-5.00013-1 

Sherman, J. D., MacNeill, A., & Thiel, C. (2019). Reducing Pollution From the Health Care Industry. JAMA, 

322(11), 1043–1044. https://doi.org/10.1001/JAMA.2019.10823 

Sherman, J. D., Raibley, L. A., & Eckelman, M. J. (2018). Life cycle assessment and costing methods for 

device procurement: Comparing reusable and single-use disposable laryngoscopes. Anesthesia and 

Analgesia, 127(2), 434–443. https://doi.org/10.1213/ANE.0000000000002683 

Sherman, J. D., Thiel, C., MacNeill, A., Eckelman, M. J., Dubrow, R., Hopf, H., Lagasse, R., Bialowitz, J., 

Costello, A., Forbes, M., Stancliffe, R., Anastas, P., Anderko, L., Baratz, M., Barna, S., Bhatnagar, U., 

Burnham, J., Cai, Y., Cassels-Brown, A., … Bilec, M. M. (2020). The Green Print: Advancement of 



188 

 

Environmental Sustainability in Healthcare. Resources, Conservation and Recycling, 161, 104882. 

https://doi.org/10.1016/J.RESCONREC.2020.104882 

Shi, X., Rosa, R., & Lazzeri, A. (2010). On the coating of precipitated calcium carbonate with stearic acid in 

aqueous medium. Langmuir, 26(11), 8474–8482. 

https://doi.org/10.1021/LA904914H/SUPPL_FILE/LA904914H_SI_001.PDF 

Shine, K.P. et al. (2005) ‘Alternatives to the global warming potential for comparing climate impacts of 

emissions of greenhouse gases’, Climatic Change, 68(3), pp. 281–302. doi:10.1007/s10584-005-1146-

9. 

Shivalli, S., & Sanklapur, V. (2014). Healthcare waste management: qualitative and quantitative appraisal 

of nurses in a tertiary care hospital of India. TheScientificWorldJournal, 2014. 

https://doi.org/10.1155/2014/935101 

Siracusa, V., & Blanco, I. (2020). Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP) and Bio-

Poly(ethylene terephthalate) (Bio-PET): Recent Developments in Bio-Based Polymers Analogous to 

Petroleum-Derived Ones for Packaging and Engineering Applications. Polymers 2020, Vol. 12, Page 

1641, 12(8), 1641. https://doi.org/10.3390/POLYM12081641 

Sisson, A. L., Ekinci, D., & Lendlein, A. (2013). The contemporary role of ε-caprolactone chemistry to 

create advanced polymer architectures. Polymer, 54(17), 4333–4350. 

https://doi.org/10.1016/J.POLYMER.2013.04.045 

Song, J. H., Murphy, R. J., Narayan, R., & Davies, G. B. H. (2009). Biodegradable and compostable 

alternatives to conventional plastics. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 364(1526), 2127. https://doi.org/10.1098/RSTB.2008.0289 

Soo, X. Y. D., Wang, S., Yeo, C. C. J., Li, J., Ni, X. P., Jiang, L., Xue, K., Li, Z., Fei, X., Zhu, Q., & Loh, X. J. 

(2022). Polylactic acid face masks: Are these the sustainable solutions in times of COVID-19 

pandemic? The Science of the Total Environment, 807, 151084. 

https://doi.org/10.1016/J.SCITOTENV.2021.151084 

Sousa, A. C., Veiga, A., Maurício, A. C., Lopes, M. A., Santos, J. D., & Neto, B. (2020). Assessment of the 

environmental impacts of medical devices: a review. Environment, Development and Sustainability 

2020 23:7, 23(7), 9641–9666. https://doi.org/10.1007/S10668-020-01086-1 

Sousa, A. C., Veiga, A., Maurício, A. C., Lopes, M. A., Santos, J. D., & Neto, B. (2021). Assessment of the 

environmental impacts of medical devices: a review. Environment, Development and Sustainability, 

23(7), 9641–9666. https://doi.org/10.1007/S10668-020-01086-1/TABLES/4 

Spencer, P., Zakaib, G., & Winter, E. (2001). The risks of reuse: legal implications for hospitals of reusing 

single-use medical devices. Hospital Quarterly, 5(2), 68–70. https://doi.org/10.12927/HCQ..16687 

Statista, Plastic production worldwide 2021 | Statista. (2021). Retrieved January 22, 2023, from 

https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/ 

Statista, Medical Technology - UK | Statista Market Forecast. (2022). Retrieved January 17, 2023, from 

https://www.statista.com/outlook/hmo/medical-technology/united-kingdom 

Steer, A. (2014) ‘Resource depletion, climate change, and economic growth’, Towards a Better Global 

Economy, pp. 381–426. doi:10.1093/acprof:oso/9780198723455.003.0006. 



189 

 

Supaphol, P., Harnsiri, W., & Junkasem, J. (2004). Effects of calcium carbonate and its purity on 

crystallization and melting behavior, mechanical properties, and processability of syndiotactic 

polypropylene. Journal of Applied Polymer Science, 92(1), 201–212. 

https://doi.org/10.1002/APP.13432 

Sürme, Y., & Maraş, G. (2022). Recycling, responsible consumption and nursing: A qualitative study of 

surgical nurses’ recycling and medical waste management. Journal of Nursing Management. 

https://doi.org/10.1111/JONM.13891 

Sury, M. R. J., Palmer, J. H. M. G., Cook, T. M., & Pandit, J. J. (2014). The State of UK anaesthesia: a survey 

of National Health Service activity in 2013. BJA: British Journal of Anaesthesia, 113(4), 575–584. 

https://doi.org/10.1093/BJA/AEU292 

Suwanprateeb, J. (2000). Calcium carbonate filled polyethylene: correlation of hardness and yield stress. 

Composites Part A: Applied Science and Manufacturing, 31(4), 353–359. 

https://doi.org/10.1016/S1359-835X(99)00076-7 

Svensson, S. (2017). Feasibility of Life Cycle Assessment for Complex Medical Devices. 

http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-210220 

Swarr, T. E., Hunkeler, D., Klöpffer, W., Pesonen, H. L., Ciroth, A., Brent, A. C., & Pagan, R. (2011). 

Environmental life-cycle costing: A code of practice. International Journal of Life Cycle Assessment, 

16(5), 389–391. https://doi.org/10.1007/S11367-011-0287-5/TABLES/1 

Swearengen, J. C., & Woodhouse, E. J. (2003). Overconsumption as an Ethical Challenge for Engineering 

Education. Http://Dx.Doi.Org/10.7227/IJMEE.31.1.2, 31(1), 15–31. 

https://doi.org/10.7227/IJMEE.31.1.2 

Swetha, T.A., Ananthi, V., Bora, A., Sengottuvelan, N., Ponnuchamy, K., Muthusamy, G. and Arun, A. 

(2023). A review on biodegradable polylactic acid (PLA) production from fermentative food waste - 

Its applications and degradation. International Journal of Biological Macromolecules, [online] 234, 

p.123703. doi:https://doi.org/10.1016/j.ijbiomac.2023.123703. 

Tadele, D., Roy, P., Defersha, F., Misra, M., & Mohanty, A. K. (2020). A comparative life-cycle assessment 

of talc- and biochar-reinforced composites for lightweight automotive parts. Clean Technologies and 

Environmental Policy, 22(3), 639–649. https://doi.org/10.1007/S10098-019-01807-9/FIGURES/6 

Tähkämö, L., Ojanperä, A., Kemppi, J., & Deviatkin, I. (2022). Life cycle assessment of renewable liquid 

hydrocarbons, propylene, and polypropylene derived from bio-based waste and residues: Evaluation 

of climate change impacts and abiotic resource depletion potential. Journal of Cleaner Production, 

379, 134645. https://doi.org/10.1016/J.JCLEPRO.2022.134645 

Taib, N. A. A. B., Rahman, M. R., Huda, D., Kuok, K. K., Hamdan, S., Bakri, M. K. Bin, Julaihi, M. R. M. Bin, & 

Khan, A. (2023). A review on poly lactic acid (PLA) as a biodegradable polymer. Polymer Bulletin, 

80(2), 1179–1213. https://doi.org/10.1007/S00289-022-04160-Y/TABLES/14 

TechnoFunc - Sectors of Healthcare Industry. (2013). Retrieved May 19, 2022, from 

https://www.technofunc.com/index.php/domain-knowledge/healthcare-industry/item/sectors-of-

healthcare-industry 

Teixeira, R., Gustavus, L., Himeno, A., & Pax, S. (2011). A review of tools used for PCF and LCA in the agri-

food sector. http://www.surveymonkey.com 



190 

 

Tennison, I., Roschnik, S., Ashby, B., Boyd, R., Hamilton, I., Oreszczyn, T., Owen, A., Romanello, M., 

Ruyssevelt, P., Sherman, J. D., Smith, A. Z. P., Steele, K., Watts, N., & Eckelman, M. J. (2021a). Health 

care’s response to climate change: a carbon footprint assessment of the NHS in England. The Lancet 

Planetary Health, 5(2), e84–e92. https://doi.org/10.1016/S2542-5196(20)30271-0 

Thenepalli, T., Jun, A. Y., Han, C., Ramakrishna, C., & Ahn, J. W. (2015). A strategy of precipitated calcium 

carbonate (CaCO3) fillers for enhancing the mechanical properties of polypropylene polymers. 

Korean Journal of Chemical Engineering, 32(6), 1009–1022. https://doi.org/10.1007/S11814-015-

0057-3/METRICS 

Thiel, C. L., Park, S. W., Musicus, A. A., Agins, J., Gan, J., Held, J., Horrocks, A., & Bragg, M. A. (2021). Waste 

generation and carbon emissions of a hospital kitchen in the US: Potential for waste diversion and 

carbon reductions. PLOS ONE, 16(3), e0247616. https://doi.org/10.1371/JOURNAL.PONE.0247616 

Thio, Y. S., Argon, A. S., Cohen, R. E., & Weinberg, M. (2002). Toughening of isotactic polypropylene with 

CaCO3 particles. Polymer, 43(13), 3661–3674. https://doi.org/10.1016/S0032-3861(02)00193-3 

Thornton, J. (2002). Environmental Impacts of Polyvinyl Chloride (PVC) Building Materials A briefing paper 

for the Healthy Building Network. 

Tolls.eu., Fuel prices in Europe - (2023). Retrieved March 2, 2023, from https://www.tolls.eu/fuel-prices 

Total Corbion, PLA bioplastics for a brighter future Biobased Compostable Innovative. (2019). Retrieved 

June 14, 2023, from www.lca.plasticseurope.org 

Trimedika, How Hospitals Can Reduce Plastic Waste | 2023. (2023). Retrieved August 4, 2023, from 

https://trimedika.com/how-we-work-together-to-reduce-plastic-waste/#_ftn2 

Tsai, S.-R. and Hamblin, M.R. (2017) ‘Biological effects and medical applications of infrared radiation’, 

Journal of Photochemistry and Photobiology B: Biology, 170, pp. 197–207. 

doi:10.1016/j.jphotobiol.2017.04.014. 

Tvinnereim, E. and Mehling, M. (2018). Carbon pricing and deep decarbonisation. Energy Policy, [online] 

121, pp.185–189. doi:https://doi.org/10.1016/j.enpol.2018.06.020. 

Tyler, N. (2018). Sustainable healthcare. New Electronics, 51(12), 12–14. 

https://doi.org/10.1108/ijhcqa.06226daa.017 

UK, Plastic food and drink packaging - Environment, Food and Rural Affairs Committee - House of 

Commons. (2019). Retrieved November 10, 2023, from 

https://publications.parliament.uk/pa/cm201719/cmselect/cmenvfru/2080/208006.htm 

UNCC. (2019). General Assembly High-Level Meeting Urges Climate Ambition. Online Article. 

https://unfccc.int/news/general-assembly-high-level-meeting-urges-climate-

ambition#targetText=“We are the last generation,that remain to avert catastrophe. 

Undas, A. K., Groenen, M., Peters, R. J. B., & van Leeuwen, S. P. J. (2023). Safety of recycled plastics and 

textiles: Review on the detection, identification and safety assessment of contaminants. 

Chemosphere, 312, 137175. https://doi.org/10.1016/J.CHEMOSPHERE.2022.137175 

Unger, S. (2015). Sustainable Solutions for Medical Devices and Services. ProQuest Dissertations and 

Theses, 143. 

https://core.ac.uk/download/pdf/79582411.pdf%0Ahttps://manchester.idm.oclc.org/login?url=http

s://search.proquest.com/docview/1746964721?accountid=12253%0Ahttp://man-



191 

 

fe.hosted.exlibrisgroup.com/openurl/44MAN/44MAN_services_page?genre=dissertations+%26+the

s 

Unger, S., & Landis, A. (2016). Assessing the environmental, human health, and economic impacts of 

reprocessed medical devices in a Phoenix hospital’s supply chain. Journal of Cleaner Production, 112, 

1995–2003. https://doi.org/10.1016/J.JCLEPRO.2015.07.144 

Unger, S. R., Hottle, T. A., Hobbs, S. R., Thiel, C. L., Campion, N., Bilec, M. M., & Landis, A. E. (2017). Do 

single-use medical devices containing biopolymers reduce the environmental impacts of surgical 

procedures compared with their plastic equivalents? Journal of Health Services Research and Policy, 

22(4), 218–225. 

https://doi.org/10.1177/1355819617705683/ASSET/IMAGES/LARGE/10.1177_1355819617705683-

FIG3.JPEG 

Unger, S. R., & Landis, A. E. (2014). Comparative life cycle assessment of reused versus disposable dental 

burs. The International Journal of Life Cycle Assessment, 19(9), 1623–1631. 

https://doi.org/10.1007/S11367-014-0769-3 

UN press, Climate Change ‘Biggest Threat Modern Humans Have Ever Faced’, World-Renowned Naturalist 

Tells Security Council, Calls for Greater Global Cooperation | UN Press. (2021). Retrieved June 2, 

2023, from https://press.un.org/en/2021/sc14445.doc.htm 

Van Norman, G. A., & Jackson, S. (2020). The anesthesiologist and global climate change: an ethical 

obligation to act. Current Opinion in Anaesthesiology, 33(4), 577–583. 

https://doi.org/10.1097/ACO.0000000000000887 

Varkey, P. S., Walker, T. R., & Saunders, S. J. (2021). Identifying barriers to reducing single-use plastic use 

in a coastal metropolitan city in Canada. Ocean & Coastal Management, 210, 105663. 

https://doi.org/10.1016/J.OCECOAMAN.2021.105663 

Venghaus, S., Henseleit, M., & Belka, M. (2022). The impact of climate change awareness on behavioral 

changes in Germany: changing minds or changing behavior? Energy, Sustainability and Society, 12(1), 

1–11. https://doi.org/10.1186/S13705-022-00334-8/TABLES/3 

Vergara, S. E., & Tchobanoglous, G. (2012). Municipal Solid Waste and the Environment: A Global 

Perspective. Http://Dx.Doi.Org/10.1146/Annurev-Environ-050511-122532, 37, 277–309. 

https://doi.org/10.1146/ANNUREV-ENVIRON-050511-122532 

Vink, E. T. H., Rábago, K. R., Glassner, D. A., & Gruber, P. R. (2003). Applications of life cycle assessment to 

NatureWorksTM polylactide (PLA) production. Polymer Degradation and Stability, 80(3), 403–419. 

https://doi.org/10.1016/S0141-3910(02)00372-5 

Vink, E. T. H., Rábago, K. R., Glassner, D. A., Springs, B., O’Connor, R. P., Kolstad, J., & Gruber, P. R. (2004). 

The sustainability of NatureWorks polylactide polymers and Ingeo polylactide fibers: an update of 

the future. Macromolecular Bioscience, 4(6), 551–564. https://doi.org/10.1002/MABI.200400023 

Visvanathan, C. (1996). Hazardous waste disposal. Resources, Conservation and Recycling, 16(1–4), 201–

212. https://doi.org/10.1016/0921-3449(95)00057-7 

Vogt, J., & Nunes, K. R. A. (2014). Recycling behaviour in healthcare: waste handling at work. 

Https://Doi.Org/10.1080/00140139.2014.887786, 57(4), 525–535. 

https://doi.org/10.1080/00140139.2014.887786 



192 

 

Voigt, J., Seigerman, D., Lutsky, K., Beredjiklian, P., & Leinberry, C. (2021). Comparison of the Costs of 

Reusable Versus Disposable Equipment for Endoscopic Carpal Tunnel Release Procedures Using 

Activity-Based Costing Analysis. The Journal of Hand Surgery, 46(4), 339.e1-339.e15. 

https://doi.org/10.1016/J.JHSA.2020.08.019 

Wang, Y., & Wang, J. J. (1999). Shear yield behavior of calcium carbonate–filled polypropylene. Polymer 

Engineering & Science, 39(1), 190–198. https://doi.org/10.1002/PEN.11407 

Wang, Y., Yin, J., & Chen, G. Q. (2014). Polyhydroxyalkanoates, challenges and opportunities. Current 

Opinion in Biotechnology, 30, 59–65. https://doi.org/10.1016/j.copbio.2014.06.001 

Wang, Z., Guy, C., Ng, K. T. W., & An, C. (2021). A New Challenge for the Management and Disposal of 

Personal Protective Equipment Waste during the COVID-19 Pandemic. Sustainability 2021, Vol. 13, 

Page 7034, 13(13), 7034. https://doi.org/10.3390/SU13137034 

Warith, M. A. (2003). Solid Waste Management: New Trends In Landfill Design. Emirates Journal for 

Engineering Research, 8(1), 61–70. 

Wassenaar, J. (2016). Polypropylene Materials for Sewerage & Drainage Pipes with Reduced Energy and 

Carbon Footprints. Journal of Materials Science and Engineering B, 6, 283–290. 

https://doi.org/10.17265/2161-6221/2016.11-12.003 

Wassie, S. B. (2020). Natural resource degradation tendencies in Ethiopia: a review. Environmental 

Systems Research 2020 9:1, 9(1), 1–29. https://doi.org/10.1186/S40068-020-00194-1 

Wasti, S. P., Simkhada, P., Teijlingen, E. R. van, Sathian, B., & Banerjee, I. (2022). The Growing Importance 

of Mixed-Methods Research in Health. Nepal Journal of Epidemiology, 12(1), 1175. 

https://doi.org/10.3126/NJE.V12I1.43633 

Webb, C., Qi, K., Anguilano, L. and Ximena Schmidt Rivera (2024). Mechanical and environmental 

evaluation of ground calcium carbonate (CaCO3) filled polypropylene composites as a sustainable 

alternative to virgin polypropylene. Results in materials, 22, pp.100562–100562. 

doi:https://doi.org/10.1016/j.rinma.2024.100562. 

Wei, X.-F., Linde, E., & Hedenqvist, M. S. (2019). Plasticiser loss from plastic or rubber products through 

diffusion and evaporation. Npj Materials Degradation, 3(1), 1–8. https://doi.org/10.1038/s41529-

019-0080-7 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & Weidema, B. (2016). The ecoinvent 

database version 3 (part I): overview and methodology. International Journal of Life Cycle 

Assessment, 21(9), 1218–1230. https://doi.org/10.1007/S11367-016-1087-8 

Werpy, T., Petersen, G., Aden A., Bozell J., Holladay J., White J., & Manheim Amy. (2001). Top Value Added 

Chemicals from Biomass Volume I-Results of Screening for Potential Candidates from Sugars and 

Synthesis Gas Produced by the Staff at Pacific Northwest National Laboratory (PNNL) National 

Renewable Energy Laboratory (NREL) Office of Biomass. 10–70. http://www.osti.gov/bridge 

Whitehead, D., Ferguson, C., LoBiondo-Wood, G., & Haber, J. (2018). Nursing and midwifery research : 

methods and appraisal for evidence-based practice. 426. 

WHO, Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With Vaccination 

Data. (2024). Retrieved February 2024, from https://covid19.who.int/ 

WHO, Safe management of wastes from health-care activities. (2017). http://apps.who.int/bookorders. 



193 

 

Wilkinson, E. (2021). How to achieve a net zero carbon NHS during a pandemic. BMJ, 375. 

https://doi.org/10.1136/BMJ.N2337 

Williamson, C. E., Neale, P. J., Hylander, S., Rose, K. C., Figueroa, F. L., Robinson, S. A., Häder, D. P., 

Wängberg, S., & Worrest, R. C. (2019). The interactive effects of stratospheric ozone depletion, UV 

radiation, and climate change on aquatic ecosystems. Photochemical & Photobiological Sciences, 

18(3), 717–746. https://doi.org/10.1039/C8PP90062K 

Windfeld, E. S., & Brooks, M. S. L. (2015). Medical waste management – A review. Journal of 

Environmental Management, 163, 98–108. https://doi.org/10.1016/J.JENVMAN.2015.08.013 

WIPH, Waste Incineration and Public Health. (2000). Waste Incineration and Public Health. 

https://doi.org/10.17226/5803 

Wise, J. (2022). Covid-19: Pandemic waste threatens human and environmental health, says WHO. BMJ, 

376, o266. https://doi.org/10.1136/BMJ.O266 

Woolridge, A. C., Ward, G. D., Phillips, P. S., Collins, M., & Gandy, S. (2006). Life cycle assessment for 

reuse/recycling of donated waste textiles compared to use of virgin material: An UK energy saving 

perspective. Resources, Conservation and Recycling, 46(1), 94–103. 

https://doi.org/10.1016/J.RESCONREC.2005.06.006 

World Health Organisation. (2020). Shortage of personal protective equipment endangering health 

workers worldwide. https://www.who.int/news/item/03-03-2020-shortage-of-personal-protective-

equipment-endangering-health-workers-worldwide 

Wrap. (2020). PA P E R MARKET SITUATION REPORT 2020. 

Wu, S., & Cerceo, E. (2021). Sustainability Initiatives in the Operating Room. Joint Commission Journal on 

Quality and Patient Safety, 47(10), 663–672. https://doi.org/10.1016/j.jcjq.2021.06.010 

Wyssusek, K. H., Foong, W. M., Steel, C., & Gillespie, B. M. (2016). The Gold in Garbage: Implementing a 

Waste Segregation and Recycling Initiative. AORN Journal, 103(3), 316.e1-316.e8. 

https://doi.org/10.1016/J.AORN.2016.01.014 

Xia, Q., Xia, Y., Xi, J., Liu, X., & Wang, Y. (2015). Energy-efficient production of 1-octanol from biomass-

derived furfural-acetone in water. Green Chemistry, 17(8), 4411–4417. 

https://doi.org/10.1039/C5GC01119A 

Xiao, M. Z. X., Abbass, S. A. A., Bahrey, L., Rubinstein, E., & Chan, V. W. S. (2021). A Roadmap for 

Environmental Sustainability of Plastic Use in Anesthesia and the Perioperative Arena. 

Anesthesiology, 135(4), 729–737. https://doi.org/10.1097/ALN.0000000000003845 

Xie, F., Yu, L., Su, B., Liu, P., Wang, J., Liu, H., & Chen, L. (2009). Rheological properties of starches with 

different amylose/amylopectin ratios. Journal of Cereal Science, 49(3), 371–377. 

https://doi.org/10.1016/j.jcs.2009.01.002 

Yadav, P., Singh, J., Srivastava, D. K., & Mishra, V. (2021). Environmental pollution and sustainability. 

Environmental Sustainability and Economy, 111–120. https://doi.org/10.1016/B978-0-12-822188-

4.00015-4 

Yam, R. C. M., & Mak, D. M. T. (2014). A cleaner production of rice husk-blended polypropylene eco-

composite by gas-assisted injection moulding. Journal of Cleaner Production, 67, 277–284. 

https://doi.org/10.1016/J.JCLEPRO.2013.12.038 



194 

 

Yang, H., Che, Y., & Leng, F. (2018). High volume fly ash mortar containing nano-calcium carbonate as a 

sustainable cementitious material: microstructure and strength development. Scientific Reports 

2018 8:1, 8(1), 1–11. https://doi.org/10.1038/s41598-018-34851-4 

Yang, K., Yang, Q., Li, G., Sun, Y., & Feng, D. (2006a). Mechanical Properties and Morphologies of 

Polypropylene With Different Sizes of Calcium Carbonate Particles. https://doi.org/10.1002/pc.20211 

Yang, K., Yang, Q., Li, G., Sun, Y., & Feng, D. (2006b). Morphology and mechanical properties of 

polypropylene/calcium carbonate nanocomposites. Materials Letters, 60(6), 805–809. 

https://doi.org/10.1016/J.MATLET.2005.10.020 

Yang, K., Yang, Q., Li, G., Zhang, Y., & Zhang, P. (2007). Mechanical properties and morphologies of 

polypropylene/single-filler or hybrid-filler calcium carbonate composites. Polymer Engineering & 

Science, 47(2), 95–102. https://doi.org/10.1002/PEN.20677 

Yaradoddi, J. S., Hugar, S., Banapurmath, N. R., Hunashyal, A. M., Sulochana, M. B., Shettar, A. S., & 

Ganachari, S. V. (2019). Alternative and renewable bio-based and biodegradable plastics. Handbook 

of Ecomaterials, 4, 2935–2954. https://doi.org/10.1007/978-3-319-68255-6_150 

Yi, S., Kurisu, K.H. and Hanaki, K. (2014). Application of LCA by Using Midpoint and Endpoint 

Interpretations for Urban Solid Waste Management. Journal of Environmental Protection, 05(12), 

pp.1091–1103. doi:https://doi.org/10.4236/jep.2014.512107. 

Yin, R. et al. (2013) ‘Light based anti-infectives: Ultraviolet C irradiation, photodynamic therapy, Blue 

Light, and beyond’, Current Opinion in Pharmacology, 13(5), pp. 731–762. 

doi:10.1016/j.coph.2013.08.009. 

Yuan, H. Y., Hou, L., Liang, Q. Bin, Li, J. C., & Ren, J. (2021). [Correlation Between Microplastics Pollution 

and Eutrophication in the Near Shore Waters of Dianchi Lake]. Huan Jing Ke Xue= Huanjing Kexue, 

42(7), 3166–3175. https://doi.org/10.13227/J.HJKX.202012100 

Zebarjad, S. M., Tahani, M., & Sajjadi, S. A. (2004). Influence of filler particles on deformation and fracture 

mechanism of isotactic polypropylene. Journal of Materials Processing Technology, 155–156(1–3), 

1459–1464. https://doi.org/10.1016/J.JMATPROTEC.2004.04.187 

Zhang, Z., Ortiz, O., Goyal, R., & Kohn, J. (2014). Biodegradable Polymers. Handbook of Polymer 

Applications in Medicine and Medical Devices, 303–335. https://doi.org/10.1016/B978-0-323-22805-

3.00013-X 

Zhao, Y., Zhu, B., Wang, Y., Liu, C., & Shen, C. (2019). Effect of different sterilization methods on the 

properties of commercial biodegradable polyesters for single-use, disposable medical devices. 

Materials Science and Engineering: C, 105, 110041. https://doi.org/10.1016/J.MSEC.2019.110041 

Zhu, Y. D., Allen, G. C., Jones, P. G., Adams, J. M., Gittins, D. I., Heard, P. J., & Skuse, D. R. (2014). 

Dispersion characterisation of CaCO3 particles in PP/CaCO3 composites. Composites Part A: Applied 

Science and Manufacturing, 60, 38–43. https://doi.org/10.1016/J.COMPOSITESA.2014.01.012 

Zorpas, A. A., & Lasaridi, K. (2013). Measuring waste prevention. Waste Management, 33(5), 1047–1056. 

https://doi.org/10.1016/J.WASMAN.2012.12.017 

Zuiderduin, W. C. J., Westzaan, C., Huétink, J., & Gaymans, R. J. (2003). Toughening of polypropylene with 

calcium carbonate particles. Polymer, 44(1), 261–275. https://doi.org/10.1016/S0032-

3861(02)00769-3 



195 

 

  
 



196 

 

Appendix 
 

Chapter 4 
 

Table A1: Inventory source for materials used within manufacturing of masks 

Material Source 

 PVC Polyvinyl Chloride suspension polymerised (GLO) Market for Alloc Def U* 

 DEHP (Yang, 2002)  

 NonPht (CN104072365A - Preparation method of dioctyl terephthalate - Google Patents, 2013) 

TPE-S SEBS GaBi Data on Demand process data set: Styrene ethene butene styrene copolymer (SEBS, TPE-S) 

Polypropylene Polypropylene Granulate (GLO), Market for Alloc Def U 

White mineral oil White mineral oil, at plant/RNA 

 Polypropylene Polypropylene Granulate (GLO), Market for Alloc Def U 

 LDPE colourant Polyethylene Low Density Granulate (GLO), Market for Alloc Def U 

 Aluminium Aluminium, wrought alloy (GLO) market for Alloc Def U* 

 Textile Textile woven cotton GLO Market for Alloc Def U 

 Synthetic Rubber Synthetic rubber GLO Market for Alloc Def U 

  *Taken from the Ecoinvent3.2 LCI database 

 

Table A2: Material impacts for 1 kg plasticiser 
  

1 kg DEHP 1 kg NonPht 

Impact 
category 

Unit Liquid 
H2 

PP Phthalic 
anhydrid
e 

CO Energy Fatty 
alcohol 

Purified 
Terephthali
c Acid 

TiO2 Water Energ
y 

ADPe mg Sb eq 0.06 0.04 1.78 0.00 1.40 5.71 2.14 0.11 1.1e-4 0.12 

ADPf MJ 1.51 31.7
2 

27.35 15.05 59.17 27.01 21.87 0.13 3e-4 15.02 

GWP kg CO2 eq 0.04 0.70 0.97 0.38 5.20 2.43 0.73 0.01 3e-5 0.88 

ODP ug CFC-11 
eq 

7.82 15.2
6 

26.83 0.00 264.57 69.08 35.33 1.43 2.8e-3 73.90 

HTP kg 1,4-DB eq 0.01 0.09 0.35 0.11 1.48 0.65 0.32 0.006 1e-5 0.08 

FAETP g 1,4-DB eq 0.01 0.02 0.14 0.02 1.49 1.20 0.15 0.008 4e-5 0.03 

MAETP kg 1,4-DB eq 22.06 90.5
3 

505.19 106.87 6615.6 1811.72 440.45 27.30 0.046 122.0
3 

TETP g 1,4-DB eq 0.14 0.44 1.17 0.03 5.29 321.71 1.06 0.02 3e-4 0.17 

POCP g C2H4 eq 0.01 0.16 0.31 0.15 1.11 0.96 0.17 0.008 1e-5 0.16 

AP g SO2 eq 0.12 1.79 4.80 1.45 27.23 8.00 2.77 0.13 1e-4 2.61 

EP g PO4
3- eq 0.03 0.51 0.84 0.15 10.21 3.54 0.72 0.023 6e-5 0.18 

 

Table A3: Scenario analysis, results for Masks A, B, and C from new manufacturing site locations: 
Baseline, UK, and USA. Functional unit per one mask.  

  
A B C 

  
Base UK USA  Base UK USA  Base UK USA 

ADPe 

(mg Sb 
eq) 

  

RMEP 0.15 0.15 0.15  0.045 0.045 0.045  0.1 0.1 0.1 

Transport 
0.012 0.010 0.013  0.007 0.013 0.008  0.012 0.010 0.013 

Manufacture 
0.043 0.069 0.050  0.024 0.036 0.027  0.043 0.069 0.050 
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Packaging 
0.045 0.046 0.046  0.045 0.046 0.046  0.045 0.046 0.046 

End-of-life 
0.166 0.166 0.166  0.002 0.002 0.002  0.164 0.164 0.164 

ADPf 
(MJ) 

RMEP 
2.06 2.06 2.06  1.19 1.19 1.19  2.79 2.79 2.79 

Transport 
0.28 0.05 0.26  0.14 0.06 0.13  0.28 0.05 0.26 

Manufacture 
0.99 0.87 0.89  0.62 0.57 0.58  0.99 0.87 0.89 

Packaging  
0.23 0.23 0.23  0.23 0.23 0.23  0.23 0.23 0.23 

End-of-life 
0.14 0.14 0.14  0.00 0.00 0.00  0.14 0.14 0.14 

GWP 
Units  

(g CO2 
eq) 
  
  
  
  

RMEP 
114.28 114.28 114.28  35.45 35.45 35.45  148.0 148.0 148.0 

Transport 
19.13 3.31 18.01  9.39 3.87 8.74  19.13 3.31 18.01 

Packaging  
10.84 10.04 10.11  10.84 10.04 10.11  10.84 10.04 10.11 

Manufacture 
68.58 44.43 46.47  35.57 24.13 25.13  68.54 44.43 46.47 

End-of-life 
57.40 57.40 57.40  31.18 31.18 31.18  66.13 66.13 66.13 

ODP (μg 
CFC-11 
eq) 

RMEP 
3.34 3.34 3.34  0.50 0.50 0.50  4.74 4.74 4.74 

Transport 
3.15 0.59 2.98  1.55 0.70 1.45  3.15 0.59 2.98 

Packaging  
0.41 0.46 0.49  0.41 0.46 0.49  0.41 0.46 0.49 

Manufacture 
2.48 4.00 4.73  1.25 1.97 2.32  2.48 4.00 4.73 

End-of-life 
6.43 6.43 6.43  0.05 0.05 0.05  6.43 6.43 6.43 

HTP (g 
1, 4-DB 
eq) 
  
  
  
  

RMEP 
43.20 43.20 43.20  8.79 8.79 8.79  53.30 53.30 53.30 

Transport 
6.16 0.74 5.73  2.99 0.89 2.74  6.16 0.74 5.73 

Packaging  
7.97 7.86 8.09  7.97 7.86 8.09  7.97 7.86 8.09 

Manufacture 
25.77 22.20 29.45  17.96 16.27 19.70  25.80 22.20 29.45 

End-of-life 
103.0 103.0 103.0  43.05 43.05 43.05  76.59 76.59 76.59 

FAETP (g 
1, 4-DB 
eq) 

RMEP 
34.30 34.30 34.30  3.69 3.69 3.69  37.30 37.30 37.30 

Transport 
1.90 0.38 1.81  0.94 0.47 0.89  1.90 0.38 1.81 

Packaging  
16.20 16.22 16.59  16.20 16.22 16.59  16.20 16.22 16.59 

Manufacture 
10.07 10.73 21.92  5.50 5.81 11.11  10.06 10.73 21.92 

End-of-life 
530.0 530.0 530.0  215.2 215.2 215.2  338.0 338.0 338.0 

MAETP 
(kg 1, 4-
DB eq) 
  
  
  

RMEP 
309.0 309.0 309.0  17.50 17.50 17.50  360.0 360.0 360.0 

Transport 
7.30 1.01 6.83  3.57 1.26 3.30  7.30 1.01 6.83 

Packaging  
26.48 25.61 26.30  26.48 25.61 26.30  26.48 25.61 26.30 
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  Manufacture 
76.38 49.97 71.02  37.61 25.12 35.08  76.39 49.97 71.02 

End-of-life 2930 2930 2930  1106.5 1106.5 1106.5  1758.5 1758.5 1758.5 

TETP 
(mg 1, 
4-DB eq) 

RMEP 3530 3530 3530  12.26 12.26 12.26  253 253 253 

Transport 27.33 3.519 25.48  13.30 4.358 12.279  27.38 3.519 25.48 

Packaging  15.06 14.99 14.96  15.06 14.99 14.96  15.06 14.99 14.96 

Manufacture 87.24 84.89 84.29  42.46 41.39 41.09  87.23 84.89 84.29 

End-of-life 69.8 69.8 69.8  3.58 3.58 3.58  66.9 66.9 66.9 

POCP 
(mg 
C2H4 eq) 
  
  
  
  

RMEP 32 32 32  10.5 10.5 10.5  36.6 36.6 36.6 

Transport 11.938 0.532 10.88  5.707 0.614 5.098  11.938 0.532 10.88 

Packaging  2.471 2.332 2.296  2.471 2.332 2.296  2.471 2.332 2.296 

Manufacture 16.95 12.7 11.63  8.735 6.73 6.22  16.966 12.7 11.63 

End-of-life 3.08 3.08 3.08  0.154 0.154 0.154  3.1 3.1 3.1 

AP  

(g SO2 
eq)  

RMEP 0.444 0.444 0.444  0.152 0.152 0.152  0.671 0.671 0.671 

Transport 0.363 0.009 0.329  0.173 0.010 0.153  0.363 0.009 0.329 

Packaging  0.046 0.042 0.041  0.046 0.042 0.041  0.046 0.042 0.041 

Manufacture 0.328 0.208 0.178  0.163 0.106 0.092  0.328 0.208 0.178 

End-of-life 0.069 0.069 0.069  0.0041 0.004 0.0041  0.069 0.069 0.069 

EP  

(mg 
PO4

3- 
eq) 
  
  
  
  

RMEP 108 108 108  16.65 16.65 16.65  184 184 184 

Transport 38.38 1.991 35.02  18.40 2.195 16.45  38.38 1.991 35.02 

Packaging  23.77 23.61 25.98  23.77 23.61 25.98  23.77 23.61 25.98 

Manufacture 51.226 46.3 118.21  25.33 23.01 57.01  51.22 46.3 118.21 

End-of-life 35.2 35.2 35.2  6.512 6.512 6.512  35.6 35.6 35.6 

 

Table A4: Sources for data validation 

Study Source Relevance 

Environmental impact of personal protective 
equipment distributed for use by health and 
social care services in England in the first six 
months of the COVID-19 pandemic.  

(Rizan, Reed, 
et al., 2021) 

LCAs of nitrile gloves, LDPE aprons, 
plastic face shields, PP fluid-repellent 
gowns, PP (FFP) respirator masks, Type 
II PP surgical masks and Type IIR PP 
fluid-resistant surgical masks. 

Comparative Life Cycle Assessment of Disposable 
and Reusable Laryngeal Mask Airways  

(M. Eckelman 
et al., 2012) 

LCA of a PVC based Laryngeal Mask 
Airway medical device 

Life cycle assessment of single-use surgical and 
embedded filtration layer (EFL) reusable face 
mask  

(A. W. L. Lee 
et al., 2021) 

LCA of single-use surgical masks 
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Life cycle assessment and circularity evaluation 
of the non‑medical masks in the Covid‑19 
pandemic: a Brazilian case  

(Maceno et 
al., 2022) 

LCA of single-use non-medical masks 

The energy and environmental footprints of 
COVID-19 fighting measures - PPE, disinfection, 
supply chains 

(Klemeš et al., 
2020) 

LCA of single-use N95 mask 

Life cycle environmental impacts of disposable 
medical masks  

(Atılgan-
Türkmen, 
2022) 

LCA of single-use medical masks 
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Chapter 5 
 

Table A5: Inventory source data for materials used within manufacturing of calcium carbonate – 
polypropylene composites 

Material Source 

Unprocessed limestone Limestone, unprocessed {GLO} market for Alloc Def U*  

Polypropylene Polypropylene, granulate {GLO} market for Alloc Def U* 

  *Taken from the Ecoinvent3.2 LCI database 

 

Table A6: Inventory source data for transport and injection moulding process. 

Input Input value Source 

Transport vehicle 0.2887 tkm Transport, freight train {GLO} market for Alloc Def U* 

 0.4504 tkm Transport, freight lorry unspecified {GLO} market for Alloc Def U* 

 0.5248 tkm Transport, freight sea transoceanic ship {GLO} market for Alloc Def U* 

Injection moulding 1 kg Injection moulding {GLO} market for Alloc Def U* 

   *Taken from the Ecoinvent3.2 LCI database 
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Chapter 7 
 

Table A7: Inventory source for materials used within manufacturing of masks 

Material Source 

 Plasticised PVC Polyvinyl Chloride suspension polymerised (GLO) Market for Alloc Def U 

  PlasticsEurope, (2015) ‘Eco-profiles and Environmental Product Declarations of the European 
Plastics Manufacturers’ 

TPE-S SEBS GaBi Data on Demand process data set: Styrene ethene butene styrene copolymer (SEBS, TPE-S) 

Polypropylene Polypropylene Granulate (GLO), Market for Alloc Def U 

White mineral oil White mineral oil, at plant/RNA 

 Polypropylene Polypropylene Granulate (GLO), Market for Alloc Def U 

 HDPE  Polyethylene High Density Granulate (GLO), Market for Alloc Def U 

 LDPE Polyethylene Low Density Granulate (GLO), Market for Alloc Def U 

 Polychloroprene Synthetic rubber (GLO) market for Alloc Def U 

 Polyisoprene Latex (GLO) Market for Alloc Def U 

  All taken from the Ecoinvent3.2 LCI database 
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Chapter 8 
 

Figure A8: PowerPoint slides used for the four questions asked during the focus group. 

  

  

 

Figure A9: Image used during the ice-breaker questions asked during the focus group. 

 


