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Abstract
Amid COVID-19, there have been rampant increase in the use of Personal Protective Equip-
ment (PPE) kits by frontline health and sanitation communities, to reduce the likelihoods of 
infections. The used PPE kits, potentially being infectious, pose a threat to human health, 
terrestrial, and marine ecosystems, if not scientifically handled and disposed. However, with 
stressed resources on treatment facilities and lack of training to the health and  sanitation 
workers, it becomes vital to vet different options for PPE kits disposal, to promote environ-
mentally sound management of waste. Given the various technology options available for 
treatment and disposal of COVID-19 patients waste, Life Cycle Assessment, i.e., cradle to 
grave analysis of PPE provides essential guidance in identifying the environmentally sound 
alternatives. In the present work, Life Cycle Assessment of PPE kits has been performed 
using GaBi version 8.7 under two disposal scenarios, namely landfill and incineration (both 
centralized and decentralized) for six environmental impact categories covering overall 
impacts on both terrestrial and marine ecosystems, which includes Global Warming Poten-
tial (GWP), Human Toxicity Potential (HTP), Eutrophication Potential (EP), Acidification 
Potential (AP), Freshwater Aquatic Ecotoxicity Potential (FAETP) and Photochemical Ozone 
Depletion Potential (POCP). Considering the inventories of PPE kits, disposal of PPE body-
suit has the maximum impact, followed by gloves and goggles, in terms of GWP. The use 
of metal strips in face-mask has shown the most significant HTP impact. The incineration 
process (centralized−3816 kg CO2 eq. and decentralized−3813 kg CO2 eq.) showed high 
GWP but significantly reduced impact w.r.t. AP, EP, FAETP, POCP and HTP, when com-
pared to disposal in a landfill, resulting in the high overall impact of landfill disposal com-
pared to incineration. The decentralized incineration has emerged as environmentally sound 
management option compared to centralized incinerator among all the impact categories, also 
the environmental impact by transportation is significant (2.76 kg CO2 eq.) and cannot be 
neglected for long-distance transportation. Present findings can help the regulatory authority 
to delineate action steps for safe disposal of PPE kits.
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Abbreviations
AP	� Acidification Potential
ARC​	� Agency of Catalonia
BMW	� Biomedical Waste
CML	� Centrum Voor Milieuwetenschappen
CPCB	� Central Pollution Control Board
DCB	� Di Chloro Benzene
EP	� Eutrophication Potential
EU	� European Union
FAETP	� Freshwater Aquatic Ecotoxicity Potential
GWP	� Global Warming Potential
HTTP	� Human Toxicity Potential
IPCC	� Intergovernmental Panel on Climate Change
LCA	� Life Cycle Assessment
LCI	� Life Cycle Inventory
LCIA	� Life Cycle Impact Assessment
MSW	� Municipal Solid Waste
NBR	� Nitrile Butadiene Rubber
NDMC	� North Delhi Municipal Corporation
PC	� Polycarbonate
POCP	� Photochemical Ozone Depletion Potential
PP	� Polypropylene
PPE	� Personal Protective Equipment
SOP	� Standard Operating Procedure
TRACI	� Tool for the Reduction and Assessment of Chemical and Other Environmental 

Impact
VOCs	� Volatile Organic Compounds
WHO	� World Health Organization

1  Introduction

In December 2019, a pneumonia  type outbreak was reported in Wuhan, China (New York 
Times 2020) which was traced to a novel strain of coronavirus (WHO 2020a). During January 
2020 WHO declared Coronavirus disease (COVID-19) as a pandemic disease (WHO 2020b), 
which spread very rapidly from human to human by personal contact, contact with air–water 
droplets during sneezing, and coughing of coronavirus affected person (Bherwani et al. 2020a; 
Nair et al. 2020; Wathore et al. 2020; Gupta et al. 2020). As of 14 June 2020, there have been 
at least 4, 30,139 confirmed deaths, and more than 77, 87,271 (COVID-19 Dashboard CSSE) 
confirmed cases under COVID-19 pandemic. Since to date, there is no vaccine identified yet 
(WHO 2020a, b, c, d, e; Healthline 2020) for the effective prevention of COVID-19 disease, 
thus other measures recommended by WHO to mitigate the spread of COVID-19 (WHO 
2020c) become very vital for peoples among this pandemic (Kaur et. al. 2020).

The adverse impacts of COVID-19 on human and planetary health will arise from dif-
ferent sources during the response (UNEP 2020). As per a WHO estimate, 89 million 
medical mask, 76 million examination gloves and 1.6 million goggles are required for 
the COVID-19 response each month (WHO 2020e) for which the manufacturing capacity 
should ramp by 40%, to meet the rising global demand (Park et al. 2020). With reported 
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cases of COVID-19 infected health and sanitation workers (Satheesh 2020; Hindustan 
times 2020; New India Express 2020), waste management of used infectious safety gears 
has become a critical component to restrict the spread of novel coronavirus (Bherwani 
et al. 2020b; Vanapalli et al. 2020). According to WWF report (Italy WWF 2020), “If only 
1% of the masks were disposed of incorrectly and perhaps dispersed in nature, would result 
in 100 million masks per month in the environment”.

Across the globe, an unprecedented rise in the COVID-19 cases, the amount of waste 
of infectious waste generated, far exceeds the available capacity for treatment. Worldwide 
waste management systems have already been unable to deal with existing waste satisfac-
torily, the imminent surge in the volume of waste from COVID-19 pandemic threatens to 
overwhelm existing waste management systems as do healthcare capacity. The directives 
from WHO, which mandate incineration of PPEs and other infectious wastes, especially 
made from plastic, has increased the load on the incineration facilities (WHO 2017a, b). In 
China, with 370% rise in Hubei province and with 600% rise in Wuhan, i.e., from a normal 
level to 40 t/day to about a peak 240 t/day, exceeding the maximum incineration capacity 
available with the country (Jiri et al. 2020; Ivy S. 2020; Klemeš et al. 2020). Similar, the 
Waste Agency of Catalonia (ARC), Spain, has noticed a 350% increase in medical waste 
with added 925 tons/month more than usual (ACR 2020). In the USA, a multi-fold increase 
in from PPEs has been reported (Justine 2020). In India, Gurugram city has seen two times 
increase in the quantity of COVID-19 related BMW with a prediction of over a ton of 
COVID-19 related BMW every day (Prayag 2020). The North Delhi Municipal Corpora-
tion (NDMC), India, has also observed an additional 11.4 tons of hazardous waste from 
households (Abhimanyu C. 2020), and Ahmedabad’s Apollo hospital gave reported a 1.5 
fold increase in BMW in comparison to normal of 100–120 kg per day (Yahoo 2020).

The effective management of coronavirus infectious waste, including PPEs, has been 
identified by as a key area of concern by regulatory agencies in India, with the release of 
waste handling–treatment–disposal guidelines generated during treatment–diagnosis–quar-
antine of COVID-19 patients (CPCB Revision 2020; Aggarwal 2020). Unlike India, other 
countries like EU member countries have made changes in waste management in the con-
text of the coronavirus crisis (Virjinijus S. 2020). Some European municipalities have sus-
pended the plastic recycling industry with the fear that workers getting infected as the virus 
remains on the surface of waste bags and materials when they are collected (Zero Waste 
2020a; Zero Waste 2020b)

The use of Personal Protective Equipment (PPE) has emerged as the most reliable and 
visible preventive control safety gear to keep the COVID-19 transmission at bay (Herron 
et al. 2020). Typical PPEs, also referred as PPE kits, are made of over 50% plastics (which 
takes up to 500 years to degrade) like PP, PC, and PVC, etc., includes surgical face mask 
with metal strip, gloves, goggles, full-body suits containing pant, gown with head cover 
and shoe cover (Park et al. 2020). National Disaster Management & Safety protocols have 
advised the use of PPEs, by attending physicians and all the healthcare– nursing staff, 
funeral workers including visiting families etc., who are directly or indirectly in contact of 
any COVID-19 (confirmed or suspected) patients (Selvakumar et al. 2020; WHO 2020d; 
NMPA 2020). In the wake of necessary preventive control measures, it is evident that the 
used PPEs waste is likely to increase multiple folds and will stress the current waste man-
agement systems, and now pose a grave threat to the environment, if not tackled properly 
(ICT 2008).

In developing countries, with lack of complete connectivity and waste handling capacities 
in existing Centralized Bio-medical Waste Treatment Facilities (CBMWTF), the COVID-
19 infectious waste handling has become a grave concern (Henam and Shrivastav 2019; 
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WHO 2017a, b; CPCB 2017). In India, practical implementation of effective COVID-19 
waste management guidelines, with multiple cares at each step, including containers/bins/
trolleys be disinfected daily, use of double-layered bags (using 2 bags) of collection, regular 
sanitization of workers, and vehicle sanitization etc. (CPCB 2020; Aggarwal 2020) becomes 
looming and challenging. In populous countries like India of 138 crore people (Worldometer 
2020) and having fifth-highest number of confirmed cases in the world (The Guardian 2020), 
with overcrowded hospitals, large cities only connected to CBMWTF and lack of training 
of health workers (WHO 2017a, b) and having institutional and residential quarantine cen-
tre’s staff, adds to the challenges. There have been reports of dumping of masks and medical 
waste, leading to unknowing containmination of workers with coronavirus from various cit-
ies of India (Abhimanyu C. 2020; The New York Times 2020). Hence, in consideration with 
the above, it becomes essentially important to explore and encourage decentralized disposal 
techniques, with treatment and disposal at source, of effective waste management, consider-
ing handling, storage and transportation-related risks.

From Table 1, it can be inferred that majority of the previous research works focused 
on the alternatives to use and reuse PPEs and to minimize its requirement as well as waste 
generation through methods like disinfection by ultraviolet rays or treating used PPEs 
with hydrogen peroxide. But these studies lacked in considering other vital environmental 
impact parameters, during manufacturing and disposal of PPEs waste to the environment. 
The current research focused on the cradle to grave analysis of PPEs for environmentally 
sound and sustainable management of these wastes, which has not been reported till date. 
Thus, our present study on Life Cycle Assessment of PPEs for disposal of infectious PPE 
waste becomes very vital for environmentally sound management of PPE waste.

The present work has tried to evaluate different disposal options for PPE kits, i.e., land-
fill, centralized incinerator and decentralized incinerator, with a view to promote environ-
mentally sound management of waste. The study entails an assessment of all the life cycle 
stages including raw material extraction, material processing, production, use, disposal of 
PPE kits, using Life Cycle Assessment (LCA) tools, with an idea to transform the country’s 
waste management sector into a secondary resource recovery sector, coupled with its inte-
gration with the manufacturing sector, to implement and promote a circular economy and 
ecosystem services conservation approach through a life cycle approach (Bherwani et al. 
2020c; Draft NERP 2019).

2 � Methodology

LCA is defined as “a tool to assess the potential environmental impacts and resources used 
throughout a product’s life cycle, i.e., from raw material acquisition, via production and use 
stages, to waste management” (ISO 2006). LCA enables the estimation of the cumulative 
and realistic environmental impacts resulting from all the stages of a product life cycle, while 
also including impacts which are sometimes not included in the conventional analysis. In the 
current research, LCA is conducted according to the ISO 14,040 and ISO 14,044 standards.

2.1 � Goal and scope of the study

The main goal of this study is to evaluate the relative human health and environmental 
impacts caused by raw material extraction, production, use, and disposal of PPE kit. Amid 
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COVID-19 pandemic, there is a surge in demand for PPEs hence it is important to under-
stand the impacts generated by PPEs along its life cycle.

The analysis is done in the form of three case studies namely Case-I, Case-II, and Case-
III as shown in Fig. 1, based on disposal options.

•	 Case-I: centralized incineration waste management system refers to the system in which 
the common facility of waste treatment is considered. The waste is collected from the 
source of waste generation and is transported to the waste disposal site with the help of 
compacted trucks. The distance from Nagpur city to Bhandewadi yard, site for waste 
disposal is 10 km, and therefore, this distance has been taken for centralized system 
analysis (Arcadis 2017).

•	 CASE-II: A decentralized incineration waste management system is about each com-
munity managing and processing their waste in their locality and not sending it to a 
centralized large processing facility or often landfill (Agrawal and Jadon 2018.

•	 Case-III: Comprising of landfill disposal technique for PPE. The three case studies are 
so designed to estimate, compare, and evaluate the environmental and health impacts 
caused by the transportation activity as well as by landfill and incineration process.

2.2 � Functional unit

The functional unit refers to a quantified description of the primary function of the system 
under study. The functional unit adopted for this study is the 1 ton of PPE kit (Babu et al. 
2014). The PPE kit comprised of the goggles, gloves, shoe cover, mask, and overall suit, 
comprising of gown and pant. All the above-mentioned components of the PPE kit were 
precisely measured and weighed with the help of a weighing balance. All the items of the 
disposable PPE kit were one-time use only except goggles, which can be reused for 6 days 
(MoHFW). The reusability of goggles has been taken in this study as well (MoHFW 2020) 
after following proper precaution and disinfection guidelines as stated by the World Health 
Organization (WHO Guidelines 2020). Figure 2 gives details about the PPE kits configura-
tion and composition. The material that comprises of these products were identified pri-
marily based on manufacturer specification and through peer-reviewed literature (Marcin 
2013; Seemal et al. 2020; Halyard; PAHO 2020; The conversation 2020).

Fig. 1   Illustration of three case studies based on disposal of PPEs
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2.3 � System boundaries

The system boundary is the set of criteria specifying which activities are part of the 
studied system and which resource use and emissions associated with them are included 
in the study. The system boundary of the LCA study includes all direct and indirect 
resources use and emissions, like manufacturing, suppliers, along with the use and end-
of-life phase. In this study, materials like polypropylene (PP), nitrile butadiene rubber 
(NBR), polycarbonate (PC), and metal strip used in the manufacturing of PPE kit were 
included in the system boundary. Also, the use of PPE by frontline workers, vehicles 
used in transportation, and PPE disposal are also incorporated under the system bound-
ary as shown in Fig. 3 Environmental impacts are calculated in terms of GWP (kg CO2 
equivalent), AP (kg SO2 equivalent), EP (kg PO4 equivalent), HTTP (kg DCB equiva-
lent), FAETP (kg DCB equivalent) and POCP (kg ethane equivalent).

2.4 � Life cycle inventory

The life cycle inventory (LCI) model aims to link all unit processes that are required 
to deliver the product studies in an LCA. In the current study, all flows of the materi-
als, energy, and all the waste streams related to the functional unit were identified and 
quantified.

2.5 � Environmental impact categories

The study focused on the total impact caused by the PPE kit from their process of “cra-
dle to grave”. The impact categories are selected in a way that laid more emphasis on the 
environment and human health. Since there were only a few inventories contributing to 
other impacts, they are not considered in this study. The six impact categories chosen for 
this study are mainly Global Warming Potential (GWP), Human Toxicity Potential (HTP), 
Acidification Potential (AP) Eutrophication Potential (EP), Freshwater Aquatic Ecotox-
icity Potential (FAETP), and Photochemical Ozone Creation Potential (POCP) (Rejane 
et al. 2019). The emission from the incineration process may give negative values due to 

Fig. 2   PPE kits classification and composition
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application of heat recovery systems (Jeswani et al. 2016; Parkes et al. 2015). While con-
ducting LCA, material wise.

3 � Results and discussion

3.1 � Inventory results

After running LCA in GaBi, the inventory results were analyzed for the PPE kit. The 
inventory analysis for this study was based on Centrum voor Milieuwetenschappen 
(CML 2001—Jan. 2016) methods. The CML method is one of the strongly preferred 
methods followed by EDIP and Ecoindicator99 (Hand Book of Life Cycle Assessment 
2018). It focuses on a series of environmental impact categories expressed in terms of 
emissions to the environment or resource use. The CML method groups the result into 
midpoint categories (Klemeš et al. 2020), the CML impact category used in this study 
were: GWP, HTP, EP, A.P, FAETP, and POCP.

The impact assessment of the Case-I revealed that the highest GWP impact was caused 
by PPE suit among all the inventories, with a total of 3,816.06 kg CO2 eq. emission. The 
PPE suit is made of PP fabric resulting in emission during the manufacturing with a total 
of 1850 kg CO2 eq, and additional emissions of CO2 eq were observed through masks. The 
details of the impact profiles are shown in Fig. 4. 1487.37 kg CO2 eq. emission occurred dur-
ing the incineration process of PPEs which contributed as the second-highest GWP related 
emissions. The GWP impact was from gloves with a total of 169.29 kg CO2 eq. emission. 
The details reveal that manufacturing of gloves resulted in more GWP, due to a large amount 

Fig. 3   An illustration of the LCA of PPE kit
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of energy being consumed during its steam cracking process (Design Life Cycle 2018). The 
transportation by trucks for a payload of 1 ton PPE waste and 10 km travel to a disposal 
site, resulted in total GWP impact of 2.76 kg CO2 eq, which is inclusive of diesel mix at the 
refinery. The HTP, FAETP, and AP values are also reported to be very high for PPE Suit and 
Mask, while negative values for incineration were observed probably due to heat recovery.

Case II results are similar to case I result, except for transportation. While most of 
the values are same, it is to be noted that impact categories values have reduced due to 
reduced transportation. The benefit may seem to be minuscule for the considered case; 
however, the large-scale operations lead to evident differences and reduced environmen-
tal and health footprint. The results are showcased in Fig.  5. The reduced transporta-
tion is also better due to multiple reasons other than reduced LCA-related impacts. The 
number of direct and indirect people handling also reduces significantly, which reduces 
fatalities and morbidities.

Case III is analyzed with respect to cradle to grave boundaries, with grave being the 
landfilling of the PPE. It can be seen from Fig. 6, the impact categories have shown a 
drastic increase except for GWP, which is lower due to the reduced amount of heat input 
in the disposal process.

In case III, transportation is also included till the landfill site. The values of EP, FAETP, 
HTP and POCP are higher than cases I and II, while AP values seem to remain constant across 
all the cases. It is worthwhile to note that there is no negative value for Landfill cases except 
for transportation POCP, which is negligible.

4 � Conclusion

At present, the whole worlds are fighting a war against COVID-19 with countries imple-
menting various measures to ensure reduced fatalities and morbidity from this novel 
coronavirus SARS-CoV-2. While this battle is being fought against a micro-sized 

Fig. 4   LCA results for Case-I, Cradle to Grave with Centralized Incineration
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enemy, the world itself is changing. Behavioural aspects of human beings have changed 
drastically including, but not limited to, working cycle, working time, personal hygiene, 
sleep cycle, consumption patterns of goods and services and so on.

With these changing habits, the use of PPEs have increased drastically, especially by 
medical practitioners, in order to safeguard themselves and humanity from this novel 
coronavirus. While the use is absolutely essential and justified, it is to be noted that 
disposal of these PPEs might become a problem in the near future, for which we should 
finding solutions today. In the current analysis, we have explored various options of 
disposing of these PPEs through LCA approach. Three cases with different disposal 
options are considered. Two of them include centralized and decentralized incineration, 

Fig. 5   LCA results for Case-II, Cradle to Grave with Decentralized Incineration

Fig. 6   LCA results for Case-III, Cradle to Grave with Landfill
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and one is landfill. The complete environmental footprint is considered through the cra-
dle to grave in order to understand the detailed impact magnitude from each of the steps 
during the life cycle of PPEs. The results are collated and presented in Table 2.

From Table 2, it is evident that decentralized incineration seems to be a viable option 
for disposal of PPEs both in terms of environment and health. The least viable option 
is Landfill based disposal with all impact categories on a higher side except for GWP. 
The decentralized incinerator has a lower footprint in terms of EP, HTP, POCP, and 
GWP when compared to centralized incinerators. At the same time, it produces almost 
similar impact in terms of AP and FAETP. Decentralized incinerator is a viable option 
because of additional reasons as well which are not considered in the scope of these 
impacts. The centralized incinerator adds number of people handling the PPEs which 
might be infected by SARS-CoV-2. Right from local disposal to centralized collection 
facility, there are additional number of people handling the waste and hence have higher 
chances of contracting the disease which can be avoided if decentralized systems are put 
in place. Considering the above, it is important to note that LCA impact categories have 
produced high footprint values for decentralized system as well, hence there is always a 
need to improve the systems at hand to reduce the overall impacts.

Given the above results, it is important to create strategies of handling such type of 
wastes in advance given that times are changing fast and policy decisions are to be taken 
with speed and scientific accuracy to reduce the impact on human lives. The LCA approach 
in the present work has demonstrated that it can be used as an important tool in such deci-
sion making and that environmentally sound and sustainable strategies can be devised 
using it. Furthermore, in addition to preparing for the future with respect to increase in 
generation of biomedical waste, there is a need to educate people who are handling it. 
The pandemic has altered the waste generation dynamics, creating distress among work-
ers involved in sanitation and policymakers. COVID-19 times have shown that microbes 
can be very deadly if proper hygiene is not followed, and one of the important components 
of hygiene is the proper handling of waste. While efforts are being made to make people 
understand the severity of this virus, there is a need to educate and inform these front line 
workers who are handling this waste as well. The results from the research can be used 
for decision making to plan future strategies for environmentally sound management of 
COVID-19 infected PPE waste.

Table 2   Consolidated results for impact assessments of three cases

Impact 
categories

Case I: Centralized 
incineration

Case-II: Decentralized 
incineration

Case III: 
Landfill 

GWP (kg 
CO2 eqv.) 

3816.1 3813.3 3510.8 

AP (kg SO2

eqv.) 
4.8 4.8 4.8 

EP (kg PO4

eqv.) 
0.7 0.7 2.1 

FAETP (kg 
DCB eqv.) 

23.1 23.1 23.5 

HTP (kg 
DCB eqv.) 

250.3 250.2 266.3 

POCP (kg 
Ethene eqv.) 0.8 0.8 1.0 

edutingaMtcapmIgnitacidniegnaRruoloC
High Medium Low 
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