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 The world has been grappling with the crisis of the COVID-19 pandemic for more than a year. Various sectors have been
affected by COVID-19 and its consequences. The waste management system is one of the sectors affected by such unpre-
dictable pandemics. The experience of COVID-19 proved that adaptability to such pandemics and the post-pandemic era
had become a necessity in waste management systems and this requires an accurate understanding of the challenges that
have been arising. The accurate information and data frommost countries severely affected by the pandemic are not still
available to identify the key challenges during and post-COVID-19. The documented evidence from literature has been
collected, and the attempt has beenmade to summarize the rising challenges and the lessons learned. This review covers
all raised challenges concerning the various aspects of the waste management system from generation to final disposal
(i.e., generation, storage, collection, transportation, processing, and burial of waste). The necessities and opportunities
are recognized for increasingflexibility and adaptability inwastemanagement systems. The four basic pillars are enumer-
ated to adapt the waste management system to the COVID-19 pandemic and post-COVID-19 conditions. Striving to sup-
port and implement a circular economy is one of its basic strategies.
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1. Introduction

The COVID-19 pandemic emerged in 2019; since then, it has affected a
plethora of countries worldwide and is still spreading in some countries at
the time of writing this paper (WHO, 2021). This untimely period can be
regarded as a warning to organizational and managemental systems in dif-
ferent societies, highlighting the need to consider human relationships and
their interactions with other environments. Considering the lessons we
have learned from this transforming period, it is evident that adaptability
to COVID-19 and post-COVID-19 seems essential, creating a shifting para-
digm.

The COVID-19 outbreak has brought about serious crises in various sec-
tors, including but not limited to the economy (Aktar et al., 2021), health-
care (Suresh et al., 2022), financial markets (Zhou et al., 2021), businesses
(Filimonau, 2020; Neumeyer et al., 2020), supply and demand chains
(Aktar et al., 2021; IEA, 2020a). It has been reportedly shown that people's
consumption patterns have begun to change during this period (Ikiz et al.,
2021; Qian et al., 2020), and more importantly, the trend of waste genera-
tion has experienced different patterns (Benson et al., 2021; Filho et al.,
2021). The sudden changes in waste generation, if not properly tackled so-
phisticated actions, can threaten the ecosphere and further endanger public
health (Das et al., 2021). The following question arises: what are the chal-
lenges the waste management systems face in the COVID-19 era and
Fig. 1. Search for keywords by categorizing published scienti
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beyond? The challenges are different from natural disasters (Brown et al.,
2011; Zhang et al., 2019) and need to be dealt with in a long-term perspec-
tive (Tsukiji et al., 2020). Accurate identification of challenges, towhichwe
are facing now can help revise waste management strategies to be listed on
the future agenda. The proposed strategies should be able to prepare the
system for rapid adaptation to any pandemics such as COVID-19 and espe-
cially in the post-pandemic era. The necessities suggested by World Health
Organization and government health agencies should not be overlooked.

Since the start of the COVID-19 outbreak, a large number of scientific
reports and papers have been published by scientific communities, where
challenges of waste management strategies have been identified from vari-
ous aspects, based on which possible solutions have been discussed. Fig. 1
shows the classification of 299 documents, indexed at the time of drafting
the present paper in Scopus or Clarivate related to “COVID-19” and
“waste”. In total, 62% of the documents were descriptive, reviewed and
case studies. These documents did not provide comprehensive quantitative
information on the flow of waste and its composition in the COVID-19 era.
A considerable fraction of these documents has assessed the status of waste
generation in particular regions in the form of reports. Some have been con-
ducted via implanting online questionnaires to take specific case studies
into account. Some have globally described and reviewed the challenges
of managerial strategies by considering only one particular waste manage-
ment stage or focusing on different aspects of managing a specific waste
fic documents in the databases based on the subject area.
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composition. After medical waste (MW), plastic waste has attracted the
most attention of researchers. Patrício Silva et al. (2021) attempted to pre-
dict the threats of the plastic waste boom caused by changes in consump-
tion patterns and scrutinize the potential challenges during and after the
pandemic era. They have suggested creating direct links between industry,
policy, and research to minimize the effects of plastic waste on the ecosys-
tem. In a similar study, Vanapalli et al. (2021) expressed that investment in
circular technologies such as recycling is key to dealing with a potential
plastic waste crisis, and delays in building social desire and participation
as a hindrance to long-term goals. In another study conducted by
Kulkarni and Anantharama (2020), various aspects of municipal solid
waste (MSW) management were investigated. They presented the chal-
lenges and consequences of prolonged epidemics and proposed alternative
approaches for treating and disposing of MSW. The possibility of unex-
pected fluctuations in the composition and quantity of wastes was also in-
vestigated by some researchers (Sharma et al., 2020). The viewpoints
were important, hence later discussed in another short survey conducted
by Mohammad et al. (2021). In one perspective paper, Neumeyer et al.
(2020) presented the entrepreneurial waste management challenges im-
posed by COVID-19. Generally, about 10% of these documents briefly pre-
sented the perspectives of waste management in the form of notes, short
surveys, or letters. As shown in Figs. 1, 56% of them modelled advanced
processing and disinfection technologies or analysed technology selection
based on sustainability. Fan et al. (2021) updated the indirect impacts on
waste management, while Zhou et al. (2021) addressed the COVID-19 in-
fluences on the waste-to-material and energy conversion industries. The
health-care waste challenges were also among the topics that provoked re-
searchers' interest (Yang et al., 2021). Among the studies conducted to date,
a few had also focused on narrow aspects of the challenges arising within
some particular regions such as Toronto (Ikiz et al., 2021) and Regina
(Richter et al., 2021a) in Canada, Isfahan (Zand and Heir, 2021a) and Teh-
ran (Zand and Heir, 2020) in Iran.

Due to the diversity of technical and policy aspects that have been taken
into account so far, there is an urgent need for a critical review of the con-
ducted studies to summarise the current challenges of the waste manage-
ment system during and after the COVID-19 pandemic. There is no
similar review paper to the best of our knowledge, and this study will be
the first attempt in this context. The present study has attempted to look
at the waste management systems from different points of view and high-
lighted the technical and scientific challenges in identifying the research
gaps and future roadmaps for such adaptations. It also recognizes the neces-
sities and compromises with the COVID-19 and post-COVID-19 era inwaste
Basic Health U

W
as

te

Municipal solid waste

Residential

Industrial

Municipal services

Commercial & institutio

Construction & demoliti

Process 
waste

Farm

Supplying chain 
& processing

Medical waste

Clinic

Hospital

Maternity Cen

Agricultural 
waste

Clinical Labor

Fig. 2. Waste classification (based on origin and type) and the global average of their c
et al., 2016; Tsukiji et al., 2020).

3

management strategies and offers approaches to impact management prac-
tices positively. The structure of this review paper is as follows: Section 2
presents the challenges of the waste management system in the COVID-19
era. These challenges cover the whole wastemanagement system from gen-
eration to thefinal disposal. The impacts ofwastemanagement systemswill
also be discussed, considering the environmental, economic, and energy
(3E) aspects during and post-COVID-19 era. Section 3 highlights the neces-
sities of breaking virus transmission lines within waste management sys-
tems, and suggestions will be made for proper adaptation to pandemic
conditions. Section 4 has attempted to provide new insight into waste man-
agement systems during and post-COVID-19.

2. Challenges in the waste management system

Waste management, an integral part of urban management and any
human society, is the regular and systematic control of waste flows from
production to the final disposal, including generation, collection, storage,
transportation, processing, and disposal (Abdoli, 1993).wastemanagement
approaches should be consistent with the nature of communities and urban
management programs. Themanagement systems in use have evolved over
the centuries. The most basic and optimal methods are used in waste man-
agement by observing public health, economic, social, technical, aesthetic,
and environmental considerations (Brunner and Rechberger, 2015). In the
COVID-19 era, environmental health awareness has become more promi-
nent since waste disposal without proper treatment would increase the
widespread outbreak probability of infection (Belhadi et al., 2020). In the
following sub-chapters, those challenges introduced in different scientific
reports are separately discussed in detail.

2.1. Generation and composition of waste

Waste generation functions urbanization, economic development, and
population growth (Rajaeifar et al., 2017). As human communities become
more populous and prosperous, the standard of living increases while deliv-
ering more products and services to citizens (Aghbashlo et al., 2019b). This
is followed by more waste generation (Khoshnevisan et al., 2020) and in-
creased the necessity for developing proper waste management systems
to secure waste disposal (Aghbashlo et al., 2019a). The wastes can be clas-
sified based on the different criteria: physical state, main applications, com-
position, physicochemical properties, biodegradability, origin, and safety
(Edalatpour et al., 2018). Fig. 2 has classified waste streams based on
their type and origin (Schiffer et al., 2016) and represents their global
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average composition (Kaza et al., 2018; Tsukiji et al., 2020). Process wastes
originating from large industries and mines include scrap materials and
tools (i.e., all equipment and machines in large industries and mines),
non-standard products, slag and tailings, topsoil, waste rock, wastewater,
and processing chemicals. Regarding agricultural wastes (AW), the Food
and Agriculture Organization of the United Nations (FAO) hasmade a valu-
able effort to compile a sophisticated database by collecting data from
countries, case studies, assessment models, and literature (FAO, 2021). De-
spite all the effortsmade, it is almost impossible to have precise information
over the exact amount of AW production in farms, supply chains, and pro-
cessing facilities due to their wide range composition and regional diversity
(Naughton, 2020).

As shown in Fig. 2, “Food and GreenWaste” compose the largest pro-
portion of MSW in various countries. The global average of recyclable
materials (i.e., plastic, paper and cardboard, metal, and glass) accounts
for 38% of the total MSW. It would be up to 50% for high-income devel-
oped countries such as North America, with the highest urbanization
rates and average per capita MSW generation (i.e., 2.21 kg/d). The strict
policies over plastic material consumption and consequently plastic
waste generation, implemented in developed countries, could success-
fully decrease plastic waste fraction in the MSW. Paper waste still
constitutes a high proportion of MSW (up to 25%) (Kaza et al., 2018).
Plastic and paper often make up more than half of MW (UNEP, 2021).
It has been reportedly shown that 15% and 85% of MW generated in
different health-care facilities are hazardous and non-hazardous, re-
spectively. The main hazardous waste is infectious waste (about 10%
of the MW generation). Other hazardous waste includes pathological,
pharmaceutical, genotoxic, chemical, radioactive waste and sharps.
Fig. 3 illustrates the global average generation rate of medical and
infectious wastes in various health-care facilities per person accepted
or hospitalized on a semi-logarithmic clustered column chart (Tsukiji
et al., 2020).

COVID-19 is now a suddenly applied external excitation on the body of
the waste management system, which in this paper is interpreted as im-
pulse; News and reports have shown that this impulse has affected the gen-
eration and composition of waste streams. This effect has not been hidden
from the view of Vu et al. (2021a, 2021b). They modelled the waste gener-
ation and disposal rates during the early months of the COVID-19 outbreak
in Regina. Nguyen et al. (2021) also affirmed the increase in hazardous
waste generation and the predominance of plastic and paper weight per-
centages in MW under the COVID-19 impulse. The intensity of this impulse
depends on the pandemic duration and the system's adaptation. An accu-
rate recognition of the impulse impact is necessary to adapt the system.
These impacts are indicated as new challenges of the COVID-19 era.
Table 1 lists the impacts and challenges associated with waste generation
and composition.
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Access to real-world data collected from case studies during and post-
COVID-19 is still limited, hindering global analysis of waste generation sta-
tus in the COVID-19 era. This problem is also a barrier to using modeling
techniques normally developed based on observed big datasets. The infor-
mation presented in Table 1 can be referred to as a basis for a better under-
standing of changes that may occur in the amount and composition of
various waste streams during this period, e.g., changes in waste generation
behaviours and habits caused by economic and health crisis as well as lock-
down (as a strategy to control pandemic outbreak) (Naughton, 2020;
Ouhsine et al., 2020). Certainly, changes in waste generation habits can
be moderated by training (Cosgrove et al., 2021; Ikiz et al., 2021). Among
the key influencing factors, the lockdown has been introduced as one of
the most important reasons which influenced the generation rate and com-
position of urban wastes (Filho et al., 2021; Haque et al., 2021b). Also,
unlocking has the same effect with a longer response time (Cai et al.,
2021). The terms and conditions of the lockdownare determined by local pol-
icymakers such as mayors, considering the cognition of the coronavirus be-
haviour and the spread rate. The various types of strategies have been set
during lockdown periods such as closuring industries, recreational centers,
restaurants, and various jobs; prohibiting traffic at certain times, prohibiting
entry and exit from/into high-risk cities/regions; controlling the number of
people present indoors; avoiding parties, ceremonies, festivals, or some effec-
tive gatherings; requiring the use of PPE and disinfectants. Although the
waste composition had been demonstrated to be independent of its genera-
tion rate (Edjabou et al., 2015), further research is still needed to inspect
this rule during the pandemic era. The recent studies (reviewed in Table 1)
have shown that new compositions have been observed in different types of
waste generated during the COVID-19 era; The results of statistical analysis
of waste composition and changes caused by COVID-19 in Turkey performed
by Özşeker et al. (2022) as well as the survey conducted by Kasim et al.
(2021) in Guyana and Nigeria are confirmatory. Hence, it is anticipated
that changes in waste generation rate in COVID-19 would be accompanied
by changes in waste composition.

The increasing trend of MW generation corresponds to the outbreak
curve of COVID-19 (Klemeš et al., 2020; Purnomo et al., 2021). There is a
low probability that the reduction of elective medical services (Naughton,
2020) will offset the increase of MW generation from medical services to
patients with COVID-19 in hospitals during the outbreak. The decrease in
the tonnage of industrial/commercial waste and the increase in residential
waste are also different for developed and developing countries during and
after the COVID-19 era (Yousefi et al., 2021). A fixed solution cannot be
suggested for waste management systems in different countries. Fig. 4 rep-
resents the idea that how trend curve ofMSWgeneration can be different in
developed and developing countries.

Reports have indicated shreds of evidence of a reduction inMSW gener-
ation in developed and more industrialized societies, such as North
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Table 1
Challenges associated with waste generation and composition in the COVID-19 era.

Waste type Waste origin/composition Status Affecting factors

MSW Residential and household Increased generation Lockdown, staying at home, (Filho et al., 2021; Qian et al., 2020; Sarkodie and Owusu, 2021)
Remote working (Scharadin et al., 2021)
Changing routine cleaning and cooking habits (Richter et al., 2021b; Vidal-Mones et al., 2021)

Infectious waste is added to
the composition

Performing hygiene and isolation protocols at home (Haque et al., 2021a; Ouhsine et al., 2020)

Industrial Decreased generation Lockdown, economic crises (Fan et al., 2021; Sharma et al., 2020; Tripathi et al., 2020)
Municipal services Decreased generation Closuring recreational areas (Liang et al., 2021; Loizia et al., 2021; Yousefi et al., 2021)

Infectious waste generation in urban public spaces (Amoruso and Baldovin, 2021; Ardiana et al.,
2020; Ryan et al., 2020)

Commercial & institutional Decreased generation Lockdown, remote working (Filimonau, 2020; Sharma et al., 2020; Tripathi et al., 2020)
Construction & demolition Decreased generation Prolonged lockdown (Cai et al., 2021)
Plastic Increased generation Online shopping and product packaging (Parashar and Hait, 2021; Vanapalli et al., 2021)

Supplying disinfectants (Purnomo et al., 2021; Tripathi et al., 2020)
Using personal protective equipment (PPE) (Hicks et al., 2021; Rowan and Laffey, 2021; Torres
and De-la-Torre, 2021)
Increased demand for popular immunity booster medicines and pharmaceutical packaging
(Vanapalli et al., 2021)
Increased tendency to use takeout and single-use plastic containers (Tripathi et al., 2020;
Vanapalli et al., 2021)
Suspending prohibitions and costs of plastic bags usage (Naughton, 2020)

Food & greena Relative probability of
decreased generation

Closuring restaurants (Sharma et al., 2020)
Attempting to cook at home, proper planning of meals, preserving and using leftover food
(Babbitt et al., 2021)
Preparing and buying food more carefully (Jribi et al., 2020; Principato et al., 2020)
Losing jobs for the household heads (Scharadin et al., 2021)

Relative probability of
increased generation

Struggling restaurants to survive under restrictions of the COVID-19 era with the supply of
takeout food (Ikiz et al., 2021)
Lockdown conditions and breaking the food supply chain (Aldaco et al., 2020; Vidal-Mones et al., 2021)
Buying too much food and not consuming a good proportion of stockpiled food (Babbitt et al.,
2021; Brizi and Biraglia, 2021)

Paper Decreased generation Closuring education sector
Decreased demand for printing, writing, and advertising (Staub, 2020a)

Relative probability of
increased generation

High demand for wipes & toilet paper that incorporates less recycled fiber (Karidis, 2020)

Cardboard Increased generation Online shopping and product packaging (Ikiz et al., 2021; Sharma et al., 2020; Yousefi et al., 2021)
Other compositions No available information –

AW Supply chain Relative probability of
increased generation

Lockdown, closuring food process industries and breaking the chain (Aldaco et al., 2020;
Frankowski et al., 2020)

MW All origins and total compositions,
especially infectious

Increased generation Diagnostic and confirmatory tests, One thousand PCR tests for COVID-19 generate 37 kg of plastic
waste (Celis et al., 2021)
Admission and hospitalization of COVID-19 patients
27% increase in weight of clinical waste generation (Agamuthu and Barasarathi, 2021)
3.4 kg/person.day increase in health-care facilities waste associated with COVID-19 (Purnomo
et al., 2021; Tsukiji et al., 2020)
3.2, 1.8 and 0.1 kg/patient daily production rates of infectious MW by confirmed, suspected and
out-patients, respectively (Wang et al., 2021)
Added hospital beds (Patrício Silva et al., 2021)
Construction of temporary health facilities (Sharma et al., 2020)
High demand for glass vials in producing and distributing COVID-19 vaccines (Bothwell, 2021)

a Various societies have significantly different behaviours related to food waste (Ouhsine et al., 2020; Qian et al., 2020). The status of food and green waste generation is
not exactly predictable.

K.F. Mahyari et al. Science of the Total Environment 837 (2022) 155829

5



K.F. Mahyari et al. Science of the Total Environment 837 (2022) 155829
American countries and China, which have reportedly experienced a
5–30% waste generation reduction (Sharma et al., 2020; Staub, 2020b). It
is predicted that theywill be able to control the tonnage ofMSWgeneration
at the pre-outbreak rate through proper training. The less industrialized so-
cieties experienced a 3–20% increase in MSW generation during the
COVID-19 era (Cai et al., 2021; Fan et al., 2021). The reasons can be men-
tioned as the higher share of residential and household waste compared to
commercial and industrial waste and waste mismanagement (Kasim et al.,
2021; Oyedotun et al., 2020). Some developing countries, such as Iran,
started implementing source separation programs before COVID-19, but
they failed (IMO, 2020; Zand and Heir, 2021b). Such failure has been at-
tributed to difficulties in controlling pandemics, which later affected
waste management programs by facing them with increased waste genera-
tion (Chen et al., 2021; Zand and Heir, 2021b). It cannot be expected that
they are strong to damp the COVID-19 impulse on post-COVID-19. Further
research is still needed to study the necessary interventions to return the
waste management status in developing countries back into their stable
conditions before the COVID-19 outbreak within a medium or long-term
perspective (Ikiz et al., 2021).

2.2. Management technique

2.2.1. Waste management hierarchy: policies and legislations
The waste management hierarchy prioritises preferred programs based

on sustainability by an integrated approach. The European Commission in-
troduced the waste management hierarchy in the Waste Framework Direc-
tive (75/442/EEC), which has since been applied as a priority order to
formulate waste management system policies and regulations (Hansen
et al., 2002). The most common hierarchy is 4Rs, arranged in several levels
of a pyramid chart and includes reduction, reuse, recycling, and recovery of
energy (EUR-Lex, 2018). As depicted in Fig. 5, the prevalence of the COVID-
19 pandemic has threatened this hierarchy prioritization.

Waste reduction has stood at the top of the waste management hierar-
chy as the most efficient and sustainable approach to protect the ecosphere
against waste issues. Many countries had targeted waste reduction, but the
occurrence of COVID-19 has halted achieving such a valuable goal (Ikiz
et al., 2021). COVID-19 can be taken as a golden opportunity, at least in
terms of waste reduction, due to the big changes it could create in the struc-
ture of traditional social activities. As an example, online meetings/confer-
ences are now widely used as alternatives to in-person counterparts.
However, low participation hindered achieving such an important goal at
the beginning of the new trend.

Waste recycling and reuse follow the waste reduction strategy in the
waste management hierarchy. The COVID-19 pandemic has also caused big
changes in recycling and reuse strategies. The collection services of old furni-
ture, clothes, and electronic wastes are good examples in this context show-
ing suspended plans caused by the pandemic (Ikiz et al., 2021). The use of
reusable containers has been prohibited in restaurants and cafes during the
Fig. 5.Waste management hier
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COVID-19 outbreak; disposable containers are encouraged instead to avoid
virus transmission (Tripathi et al., 2020). The health protocols have also
stressed employing single-use plastic bags in shopping malls and stores
(Naughton, 2020). This is because fomites have been regarded as important
disease transmitters, especially at the beginning of the COVID-19 outbreak.
Chin et al. (2020) and Harbourt et al. (2020) measured coronavirus survival
time on various surfaces. The researchers tested various temperature and hu-
midity conditions. Most survival time was determined for non-porous and
impermeable surfaces (more than 7 d at 65% relative humidity and 22 °C
temperature) such as steel, plastic, and surgical masks (Aboubakr et al.,
2020; Choi et al., 2021). The over-increasing concern about virus survival
on the surfaces of different objects and the subsequent fear of probable trans-
mission have changed the position of reduction, reuse, and recycling in the
waste management hierarchy pyramid. The protocol codification, such as
suspending reuse and recycling processes, has undermined the economy of
the waste-to-material industry (Zhou et al., 2021). Scientific understanding
of the virus has changed by gathered evidence since the COVID-19 outbreak.
Studies have shown that coronavirus is transmitted primarily through respi-
ratory droplets and person-to-person contacts (Choi et al., 2021; Lewis, 2021;
WHO, 2020). Although it is definitely difficult to deny virus transmission
through surface-to-person (Lewis, 2021), the transmission efficiency of this
route is so low that the risk can be reduced by precautions such as
disinfecting hands (Choi et al., 2021). It is possible to revitalise the activities
of sorting, segregation, and recycling in the COVID-19 era by daily hygiene
tests of employees, including temperature checks, forcing the use of PPE,
installing plexiglass separators between sorting stations, hand washing sta-
tions, and portable toilets (Tripathi et al., 2020; Yousefi et al., 2021). These
actions just can temporarily revive the waste-to-material industry. At the
same time, the circular economy approach needs to be followed to maintain
recycling, reuse, and reduction in the post-Covoid-19 era and even during
other pandemics (Carenbauer, 2021; Neumeyer et al., 2020; Pikoń et al.,
2021; Rada et al., 2020) and becomes a “business as usual”. Sharma et al.
(2021) suggested using the COVID-19 response fund to facilitate the transi-
tion to full acceptance of the circular economy approach. However, it cannot
be saidwith certainty that the circular economywill benefit from the COVID-
19 impulse because it faces obstacles. These obstacles fall into three catego-
ries: (1) public participation, (2) technology, and (3) policy. The policy has
amore pronounced effect by regulating and controlling the behaviour of pro-
duction, technology, and consumption (Neves and Marques, 2022). Over-
coming obstacles requires recognizing the mutual linkages and actions at
different levels of the waste management system (Salmenperä et al., 2021).
This issue is a research need today.

2.2.2. From collection to treatment
According to the information shown in Table 1, the COVID-19 impulse

has consequences such as changes in the amount and source of waste gen-
eration (i.e., from commercial and industrial centers to residential areas),
encountering new compositions (e.g., infectious waste in residential
archy on the COVID-19 era.
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origin), and variation in waste fractions (e.g., recyclable materials). As dis-
cussed earlier, the trend of changes inwaste generation and its composition
and all the subsequent observations during and post-COVID-19 have re-
gional origins and vary from region to region. Accordingly, in countries
struggling with severe epidemic challenges, waste management practices
(including all stages from collection to treatment) are affected; But the ef-
fect intensity would be different (Fan et al., 2021). One of the challenges
that waste policymakers face, especially in less developed and emerging
countries is the capacity constraint (Kaza et al., 2018; Nzediegwu and
Chang, 2020; Tsukiji et al., 2020). The other challenges are also summarised
in Table 2.

It has been reportedly shown that less than half of the generated waste
(i.e., on average 48%) in low-income countries is collected by waste collec-
tion systems in their urban areas, which is much lower than that in high-
income countries (Kaza et al., 2018). Collection services, if managed prop-
erly, can, to a great extent, reduce the negative impacts on public health
and the ecosystem by safely transferring waste streams from sources to pro-
cessing and treatment facilities (Eren and Rıfat Tuzkaya, 2021; Liu et al.,
2021; Yu et al., 2020). The deep changes observed in the waste genera-
tion driven by the COVID-19 outbreak necessitate reviewing waste
transportation systems regarding service schedules, frequency of waste
collection, and safety training for contractors and operators. Contrac-
tors who are responsible for waste collection in municipalities play a
key role during and post-COVID-19 era. This prompted some re-
searchers to focus on optimizing contractors' operational decisions
using linear programming models (Tirkolaee et al., 2021; Tirkolaee
and Aydın, 2021) and metaheuristic algorithms (Liu et al., 2020). The
results can help contractors to a better plan. Valizadeh and Mozafari
(2021) presented a mathematical model that helps motivate contractors
to form large coalitions in the COVID-19 pandemic. In another study,
Valizadeh et al. (2021) also considered policymakers in adopting com-
plex and supportive policies.
Table 2
Challenges related to stages of a management system from collection to final disposal o

Stages Type of challenges Description

Ec En H O S T
Origin-segregation * * Needs to retrain citizens and manufacturer
Collection &
transportation

* * * Suspension of special, reusable, and recycla
* * Informal section collectors (Moonsammy e

* * * Needs to change service schedule and wast
* * * * Control of transport system including route
* * * Allocation of human resources and vehicle

Sorting * Low capacity of mechanical waste segregat
* Exposing employees to infection via manua

* * Increasing the sorting load caused by impro
Storage * * Limited capacity of temporary storage facil

* * * Location and other environmental conditions (
* * Identify the origin and characteristics of w

Disinfection * * Knowing virus behaviour and its survival c
* * * The limited capacity of hospital sterilizatio
* * * Structure inflexibility of integrated manage

Processing (WtM) * * * * Suspension of recycling (Ikiz et al., 2021; T
* * Reducing demand for recycled materials, r

* * * Staff shortages due to concerns about expo
* * * * Requiring disinfection stage
* * Transferring more recyclable waste to the l

* * * Half-eaten packaged food in sealed polyme
Processing (WtE) * * The limited capacity of fixed facilities

* High investment and operating costs
* * Severe ecological hazard without specialized

* * Needing more research and commercial de
* * Lack of technical knowledge and other scie

et al., 2020)
* Knowing the fate of the virus in the bioche

* * Polymeric materials and face masks in the o
et al., 2021)

Dumping * * * Requiring disinfection stage
* Soil and groundwater pollution (Sharma et
* * Increasing the practice of self-disposal in d

Ec: Economical; En: Environmental; H: Health; O: Operational; S: Social; T: Technical.
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Several models of MSW collection services are in use in different coun-
tries; among them, the door-to-door collection is the most prevalent one
(Kaza et al., 2018). It is recommended to minimize close contact when col-
lecting waste during the COVID-19 era. This issue has led to the stop of the
collection of recyclable or reusable materials (Tripathi et al., 2020) while
reducing the selective collection (Ragazzi et al., 2020). Some collection ser-
vices, specialized for special waste, have also been suspended in some coun-
tries during the pandemic outbreak. The special waste, recyclable and
reusable materials have been mixed with other waste streams, keeping us
away from the targets set by the waste management hierarchy (Ikiz et al.,
2021). The method of waste disposal highly depends on the available infra-
structure and technologies and the economic situation. The high-income
and developed countries have developed various waste disposal and treat-
ment technologies, and they select the propermethod based on their social,
environmental, and economic targets. On the contrary, waste disposal in
developing and low-income countries mostly rely on open-dumping
(i.e., on average 76.7%) (Kaza et al., 2018). It can be concluded that a sig-
nificant fraction of recyclable MSW appears in the mixed MSW stream by
changing the origin of generation, which can be returned to the recycling
stream if the sorting load increases; otherwise, would be buried with
mixed MSW. Although the latter is more likely, a disinfection stage is re-
quired in both cases. The financial and environmental consequences on
adding disinfection are still a research gap in the COVID era.

In the pandemic era, sterilization/disinfection is an essential step in all
waste management systems (Vanapalli et al., 2021) which can be per-
formed through thermal (e.g., incineration, carbonization, gasification, py-
rolysis), physical (e.g., microwave, autoclave), or chemical treatments
(e.g., chlorine-based, non‑chlorine based) (Ilyas et al., 2020; Wang et al.,
2020). In an ideal waste management model, the infectious wastes gener-
ated in the hospital and medical centers are segregated/sorted, sterilized,
and then transferred to the temporary storage places within the hospitals.
The capacity of temporary storage places is designed to fit the hospitals'
f waste during the COVID-19 era.

s to segregate infectious waste in labelled or coloured sealed bags (Tsukiji et al., 2020)
ble waste collection systems (Ikiz et al., 2021)
t al., 2021; Tsukiji et al., 2020)
e collection times (Sharma et al., 2020)
, time, origin, and destination of movement (Yang et al., 2021)
s (Kulkarni and Anantharama, 2020)
ion facilities
l waste sorting
per/lack of origin-segregation program (Sharma et al., 2020)
ities
temperature, humidity, etc.) of the facility (Kulkarni and Anantharama, 2020; Yang et al., 2021)
aste that is transferred to temporary storage facilities (Kulkarni and Anantharama, 2020)
onditions (Kulkarni and Anantharama, 2020)
n facilities
ment facilities to add a disinfection stage (Purnomo et al., 2021)
ripathi et al., 2020) and composting processes (Zand and Heir, 2020)
evenue and international trade in secondary materials (Zhou et al., 2021)
sure to infection (Sharma et al., 2020)

andfill and reducing landfill life (Urban and Nakada, 2021)
r bags and prolonged biochemical decomposition (Mohammad et al., 2021)

flue gas filtration and fly ash purification, especially in mobile facilities (Yang et al., 2021)
velopment of advanced technologies (Purnomo et al., 2021)
ntific and economic resources for waste management in the developing country (Sharma

mical decomposition processes (Bardi and Oliaee, 2021)
rganic fraction of MSW, used for biological/chemical treatment (Pereira de Albuquerque

al., 2020)
eveloping and less developed countries (Moonsammy et al., 2021)
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requirements (Yang et al., 2021). The most common infectious waste ster-
ilization equipment used in hospitals is autoclave, microwave, and inciner-
ator (Tsukiji et al., 2020). The chlorine-based disinfectants are also used if
the waste volume is small (Ganguly and Chakraborty, 2021). After a short
storage time, the disinfected MW or ashes are transported to the landfills.
At the peak of the COVID-19 outbreak, the biggest challenge was hospitals'
limited sterilization capacity, which was insufficient compared to the total
volume of daily generated infectious wastes (Yang et al., 2021). To deal
with this limitation during such tragic pandemic, policymakers adopted
some new policies such as co-processing of MSW andMW, the use of indus-
trial furnaces, cement kilns, non-local and/or mobile treatment plants to
compensate for the shortages in sterilization capacity (Tsukiji et al., 2020;
Yang et al., 2021). Such a strategy could not be realistic and possible in
low-income and less industrialized countries, so the only viable solution
was the direct landfilling of infectious wastes. Sharma et al. (2020) pre-
sented a plan to build small pits for sanitary landfills, which was later mod-
ified by other researchers (Mohammad et al., 2021).

On the other hand, the increasing probability of marine and river pollu-
tion caused by the released plastic wastes has brought about double concerns
wordlwide in the same period (Chowdhury et al., 2021; Dharmaraj et al.,
2021; Patrício Silva et al., 2020). The use of disposable plastics and PPE
(masks, gloves, goggles, gowns, and disinfectant bottles) has increased dur-
ing the COVID-19 pandemic, while at the same time, waste recycling has de-
creased (Ardusso et al., 2021; Benson et al., 2021). Although few researches
showed that some policies such as restricting population mobility and shut-
ting down some social activities could reduce the generation of some types
ofwastes such as plastics in coastal settlements and seafront promenades dur-
ing lockdown (Loizia et al., 2021; Tassakka et al., 2020), the widespread use
of antiviral polymer textiles containing Ag and Cu nanoparticles increased
the possibility of some long-term negative effects on marine ecosystem
(Ardusso et al., 2021). To understand the magnitude of the problem, Roy
et al. (2021) attempted to design and model configurations for trapping/
stopping buoyant plastic and non-woven textile materials used in PPE and
tested them in an artificial river. Tabatabaei et al. (2021) assessed the envi-
ronmental consequences of the production and consumption of different
types of PPE during the epidemic using life cycle assessment.

The expansion of wastemanagement systems has long been at the top of
the agenda of urban policymakers in developing countries because of the
ever-increasing waste generation trends even before the COVID-19 era.
The challenges of the COVID-19 and other possible unknown pandemics
in the future have also increased the importance of improvements in
waste management systems especially choosing the best disposal and treat-
ment method. In this era, some researchers have evaluated different disin-
fection, treatment, and disposal technologies by combining fuzzy theory
andmulti-criteria decision-makingmethods by combining different criteria
(Ali Shah et al., 2021; Belhadi et al., 2020; Manupati et al., 2021). Purnomo
et al. (2021) and Ganguly and Chakraborty (2021) studied the pros and
cons of different technologies such as Torrefaction, hydrothermal carboni-
zation, pyrolysis, gasification, plasma gasification, incineration. They
made some recommendations for choosing the best possible technology
(ies). However, some emergency management decision-makers believe
that “disaster is the wrong time to exchange business cards”, meaning
that the epidemic peak is the wrong time to start installing new waste man-
agement systems (Tsukiji et al., 2020). An in-depth engineering analysis
can ensure that the proposed options can be able to counter the dynamic
and changeable nature of the coronavirus or any other future pandemic.

2.3. Impacts on 3E fields (economy, energy, environment)

Implementation of full or partial lockdown has led to an economic re-
cession at around 20–40% by reducing commercial and industrial opera-
tions (IEA, 2021, 2020b). Oil demand, more than 60% of which is used in
the transportation and aviation sectors, has declined, and electricity de-
mand has significantly shrunk like a prolonged Sunday (IEA, 2020a).

The declined fuel demand in the transportation sector has affected the
use of renewable biofuels, so some ethanol and biodiesel plants in Brazil,
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European Union, and the United States have responded to such changes
by reducing their production. The high demands for disinfectants during
this period havemotivated somebiofuel production plants to target the pro-
duction of disinfectants (Weber et al., 2020). Electricity generation from
bio-feedstock has also declined due to interruptions in the solid biofuel sup-
ply chain for large power plants (IEA, 2020a). Bioenergy in the electricity
sector has been affected less by the COVID-19 impulse, as its capacity has
increased in 2019 and 2020 (IRENA, 2021). Zhou et al. (2021) examined
the quarterly financial statements of 30 solid waste industry companies
on the China Stock Market and reported a 21% increase in WtE industry
turnover. They explained that MSW incinerators were used to treat non-
hazardous MW (e.g., masks and gowns) to ensure the safe disposal of
MW. These types of wastes have a high calorific value which explains
why subsidies from electricity sales could increase during the COVID-19
pandemic. In addition, the gate fee has shrunk for MSW disposal at WtE fa-
cilities by reducing MSW generation in China.

The solidwaste industry has another dimension: themarket of recycling
and WtM, which has not escaped the impulse of COVID-19. This is the sec-
ond impulse to WtM after China's solid waste import ban in January 2018
(Ren et al., 2020; Ryter et al., 2021). The consequences of lockdown, the
enforced health protocols, and decreased demand for raw materials have
caused the recession in its market. Zhou et al. (2021) concluded that part
of the recession would be attributed to lower secondary material prices. It
is a weak probability that the Chinese government will be encouraged to re-
open imports high-quality recycled materials (Huang et al., 2020). If the
negative impact of the COVID-19 continues, the scale and capacity of the
WtM industry will shrink (Zhou et al., 2021). Despite the massive diversion
of waste flows from WtM to WtE can potentially reduce the threat of
COVID-19 and any other pandemics to the waste management system, it
may raise new environmental concerns that can undermine sustainable de-
velopment (Manupati et al., 2021). Certainly, governments can reduce such
challenges by paying more attention to research and development centers,
providingmore funding sources, and establishing appropriate policies (IEA,
2020b). Yao (2021) developed a fuzzy AHPmodel to determine the magni-
tude of impacts imposed by socio-economic development policies as the
most critical criterion for starting green economic development and achiev-
ing sustainable development in the post-COVID-19 scenario.

Other challenges will also appear if a waste management system is con-
sidered at the micro-level. Tripathi et al. (2020) suggested using paper bags
to collect recyclable wastes because the survival time of coronavirus on the
surface of the paper is much shorter than that on plastic bags. Klemeš et al.
(2020) prioritised the use of plastic bags in this context as they showed
that the energy and water footprints of plastic bags per bag weight are
lower than those of paper bags. The reduction of oil prices at the beginning
of the COVID-19 outbreak could decrease the production cost of virgin plas-
tics, causing that plastics recycling not to be cost-effective during that period.
As a high fraction ofMWandPPE are plasticwastes, thermal treatment is rec-
ommended to stop spreading viral infection (Tripathi et al., 2020). Although
incinerators produce a lot of carbon emissions and require flue gas treatment
technologies and CO2 capture and storage, there are also advanced technol-
ogies, some of which have not yet reached maturity and commercialization
(Purnomo et al., 2021). Zhao and You (2021) simulated the respirator pro-
cessing of pyrolysis and incinerators and compared them using techno-
economic and life cycle assessment approaches. They found that pyrolysis
has 60% less emissions than incinerators. The recovery of energy from ther-
mal treatment of infectious wastes can further decrease their environmental
impacts and economic performance (Hong et al., 2018).

3. Necessities and recommendations for adapting waste
management system

The COVID-19 outbreak has created several unpredicted challenges for
waste management systems that this paper tried to compile a comprehensive
summary of them. Some countries have experienced several waves of
COVID-19 and passed several COVID-19 pandemic peaks at different time in-
tervals. The lessons learned from each pandemic peak were used by



K.F. Mahyari et al. Science of the Total Environment 837 (2022) 155829
policymakers to deal with the potential challenges of the forthcomingwaves.
Moreover, as time passed, some new but limited knowledge of coronavirus
behaviour (e.g., their survival time on the surface of objects) has been ex-
plored. In addition to all the challenges, the COVID-19 pandemic has become
an opportunity to improve and increase flexibility in the affected systems,
interpreted as adaptability. In this opportunity, strategies that maintain the
system on the path of sustainable development should be presented as neces-
sary to adapt the management approach to the epidemic conditions in the
waste system. Supporting the circular economy is one strategy that is not pos-
sible without recycling. Waste recycling at pandemic conditions can be per-
formed in the form of mid-and long-term plans at three steps (Harrison and
Thomas, 2020): (I) Supporting local recycling programs by policies and reg-
ulations (tax reduction, financial security, creativity, and innovation in the
collection, sorting, recyclability of materials and the resilience of the system
in adding newmaterials to it, as well as new recycling technologies); (II) sig-
nificant and targeted investment in domestic infrastructure and final mar-
kets; and (III) extensive stakeholder participation.

In addition to the use of PPE and observance of social distance, it seems
appropriate to suggest the following items: providing new training on seg-
regation strategies to help reduce waste generation (Tsukiji et al., 2020);
keeping recyclable waste in plastic bags for a longer time (more than 72
h, depending on how long the virus survives on different surfaces) by gen-
erators and citizens (Tripathi et al., 2020); Investing on safety equipment
and physical infrastructure of collection, disinfection and mechanical
sorting to reduce the burden of manual systems that help revived WtM
and recycling (Sharma et al., 2020).

In the post-COVID-19 era, the extension of information and communica-
tion technology can protect waste management systems from the challenges
of other pandemics and will provide a platform for expanding the use of on-
line applicationswith artificial intelligence, especially inwaste collection and
segregation (Mohammad et al., 2021; Sharma et al., 2020). The expansion of
temporary storage facilities can be beneficial even in a natural disaster. Tem-
porary storage facilities can be equipped with pre-treatment, waste volume
reduction, and screening technologies.Whilewaste is awaitingfinal disposal,
its processingmanagement becomes easier bymonitoring changes in compo-
sition and generation rate of waste (Kulkarni and Anantharama, 2020). For
Fig. 6. The set of solutions to increase the adaptability and flexibility of th
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example, the composting process is suspended during the early COVID-19
pandemic (Zand and Heir, 2021a, 2021b). The storage of food waste in stor-
age facilities located in safe places away from the cities can help revitalized
composting process during the suspension. The presence of partially eaten
packaged food in sealed bags and prolonged biochemical decomposition is
another challenge in this process (Mohammad et al., 2021). Another view-
point proposes a decentralized waste management approach (waste treat-
ment in the vicinity of its generation source), similar to infectious MW in
hospitals (Kulkarni and Anantharama, 2020). The use of portable incinera-
tors is included in this program. Although it has a lower priority than fixed
facilities due to the need for ancillary facilities (thermal energy utilization
system and flue gas purification system), social partnerships can be used to
invest in them (Yang et al., 2021).

Amajor concern for the post-COVID-19 is the incentives decline in imple-
menting the circular economy that could challenge recycling as one of the
steps to sustainable development. One solution is the guidance of laws and
policies fromnow. Although there is a limitation of information for highlight-
ing some challenges over others, this can lead to reasonable initial judg-
ments. Gathering more accurate information can pave the way for adapting
to each pandemic's dynamic and changeable nature through dynamicmodel-
ing and situation analysis, such as mapping of waste generation sources,
which can provide the background for identifying waste flow changes to in-
novate and increase efficiency in the waste management system. Fig. 6 sum-
marises all the proposed solutions to create and increase adaptability in the
waste management system to the COVID-19 era and beyond.

4. Conclusions

COVID-19 has been an impulse on various systems, includingwaste man-
agement. The intensity of the imposed impulse depends on the epidemic du-
ration and the adaptation of systems to it. Therefore, adapting to the
pandemic era has become a necessity in systems, and detailed knowledge
of the challenges that appeared in this era can help choose the appropriate
adaptation strategies. This study reviews various sources to answer the chal-
lenges of the waste management system from generation to final disposal of
waste; Such a complete set has not been provided so far. In addition, it
e waste management system in the COVID-19 and post-COVID-19 era.
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considers the micro and macro levels of the waste management system and
enumerates the four basic pillars for flexibility and adaptability of the
waste management system. There will be many research opportunities to an-
alyse waste generation and composition and evaluate the interventions
needed to control their dynamic nature as data limitations are broken. This
can be useful for gaining an in-depth knowledge of the interactions of the
waste management system with other systems and mapping the various di-
mensions of waste generation sources and its processing product market
and will be a step towards developing information and communication tech-
nology. Due to the diversity and differences in waste generation and compo-
sition in different geographical and economic regions, it is impossible to
prescribe the same management decisions for all types of wastes. Therefore,
assessing the sustainability of any decision for the implementation region can
help the waste management system adapt to the region's environmental con-
ditions. The prevalence of COVID-19 pandemics and the possibility of other
unknown pandemics in the future are also recognized as a serious threat to
prioritization in the waste management hierarchy, which degrades the status
of reduction, reuse, and recycling. The short- and long-term confronting strat-
egies proposed in various sources are reviewed in this study. Striving to sup-
port and implement the circular economy is one of the basic strategies that
can create relative stability in the industry and market of WtM, and identify-
ing its drivers and obstacles remains a research gap.
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