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ABSTRACT

The surge of medical waste (MW) generated during the COVID-19 pandemic has exceeded the disposal capacity of
existing facilities. The timely, safe, and efficient emergency disposal of MW is critical to prevent the epidemic spread.
Therefore, this review presents the current status of MW generation and disposal in China and analyzes the character-
istics and applicability of emergency disposal technologies. The results show that movable disposal facilities can dis-
pose of infectious MW on site, even though most of their disposal capacity is at a low level (<5 t/day). Co-disposal
facilities need to be reformed completely for emergency MW disposal, in which separate feeding systems should be
taken seriously. Specifically, municipal solid waste (MSW) incineration facilities have great potential to improve emer-
gency MW disposal capacities. For hazardous waste incineration facilities, compatibility of the wastes must be matched
to the composition and calorific value of the waste. As for cement kiln, MW can only be used as an alternative fuel in-
stead of a raw material for cement. Based on the environmental risk and technical adaptability, the six emergency MW
disposal technologies are recommended to be prioritized as follows: movable microwave sterilization, movable steam
sterilization, movable incineration, co-incineration with hazardous waste, co-incineration with MSW and co-disposal
in cement kilns. Infectious MW, especially COVID-19 MW, should be prioritized for disposal by centralized and mov-
able disposal facilities, while non-infectious MW can be disposed of using co-disposal facilities. All stakeholders should
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strengthen the delicacy management of the end-of-life stage of MW, including collection, classification, packaging
identification, transportation, and disposal. Currently, it is necessary for centralized disposal enterprises to follow
the emergency disposal operation flowchart. From a long-term strategic perspective, making full use of regional
movable and co-disposal facilities in the megacities can effectively enhance the emergency MW disposal capacity.
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1. Introduction

Medical waste (MW) is defined as waste generated in the diagnosis,
treatment, and immunization of human and animals, as well as related re-
search, biological production, and testing (Purnomo et al., 2021a, 2021b;
Windfeld and Brooks, 2015). Only medical solid waste is considered in
this study, excluding liquid waste. MW generally contains massive organic
compounds (e.g. human organs, plastics, cotton swabs, paper and fabrics)
and inorganic compounds (e.g. glass and metal), in which organic com-
pounds are prone to cause the breeding of mosquitoes, flies, rats and cock-
roaches, thereby spreading diseases (Chen and Guo, 2020). The MW piled
up and decomposed in the open air will not only emit malodorous gases,
but also pathogens, heavy metals and organic compounds contained in
them will pollute surface water, groundwater and soil (Zheng et al.,
2020b; Chen and Hao, 2020; Lee and Wen, 2018). Thus, MW is identified
as the HWO1 Hazardous Waste in China (Ministry of Ecology and
Environment, 2021; Cao et al., 2021). In addition, during the COVID-19
pandemic, municipal solid waste (MSW) generated by designated medical
institutions and quarantine locations should also be treated as MW due to
its infectivity (Yang et al., 2021; Chen and Guo, 2020).

COVID-19 is a highly contagious respiratory infectious disease that can
be spread through aerosols, large droplets (e.g. cough and sneeze), and di-
rect contact with secretions or fomites (Yang et al., 2021). The rapid spread
of COVID-19 has attracted global attention, subsequently, the World Health
Organization (WHO) declared a global health emergency on January 30th,
2020 (Fadare and Okoffo, 2020; Yang et al., 2021; You et al., 2020). During
the COVID-19 pandemic, medical workers and patients consumed ex-
tremely large amount of personal protective equipment (PPE) (e.g. gloves,
face shields, goggles and coverall suits) (Zhao et al., 2021a). At present,
most countries have formulated policies to force their citizens to wear
masks in public. It is estimated that there are 129 billion masks and 65 bil-
lion gloves used globally per month (Chen et al., 2021; Prata et al., 2020).

In February, 2020, 116 million disposable masks were produced every
day in China, a 12-fold increase from before the COVID-19 pandemic
(Chen et al., 2021; Ministry of Industry and Information Technology,
2020). Global consumption of PPE has led to a surge in MW generation. Re-
cent studies have revealed that COVID virus can survive on surface mate-
rials for up to 9 days (Kampf et al., 2020), posing a challenge to the
sustainable management of MW and the health management of public
(Adyel, 2020; Borrelle et al., 2020; Chen et al., 2021), even though these
are generally unlikely to serve as significant sources of infection/transmis-
sion (De-la-Torre et al., 2021). In China, MW must be disposal of by central-
ized disposal facilities, but the recent increase in MW has far exceeded the
existing disposal capacity in severely affected areas (Zhao et al., 2021a;
Zhao et al., 2021b). For instance, in Hubei Province, the initial outbreak
of COVID-19 in China, the amount of MW generated during the epidemic
increased significantly by approximate four times, and its peak production
in Wuhan has exceeded the maximum disposal capacity by five times
(Klemes et al., 2020; Purnomo et al., 2021a, 2021b). Therefore, improving
the level of emergency MW disposal is considered a key to prevent the
spread of epidemic (Chang et al., 2020; Peng et al., 2020; Saadat et al.,
2020; Wang et al., 2020).

On January 28th, 2020, Management and Technical Guidelines for
Emergency Disposal of Medical Waste Infected by the Novel Coronavirus
Pneumonia (Trial) was released in China to control the spread of virus and
increase the disposal capacity of emergency MW (Ministry of Ecology and
Environment, 2020a). According to the Guideline, movable disposal and
co-disposal of MW facilities have been included in the facility list of emer-
gency disposal (Zhao et al., 2021a). Wuhan employed these emergency
technologies during the COVID-19 pandemic, and Fig. S1 (a) presents the
MW disposal technologies used from February 21st to April 19th, 2020
(Chen et al., 2021). There were 34 mobile MW disposal facilities used in
designated hospitals, Fangcang shelter hospitals, and temporary storage
sites, from procurement (52.94%), social donation (29. 41%) and allocation
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by the Ministry of Ecology and Environment of China (17.65%) (Yang et al.,
2021). Incineration, microwave disinfection and steam disinfection tech-
nologies were applied in these movable facilities in service, of which micro-
wave disinfection accounts for the highest utilization rate (55.88%),
followed by incineration (32.35%) (Yang et al., 2021). The total disposal
capacity of mobile facilities reached 75.6 t per day (TPD) on March 21st,
2020. MSW incineration facilities have been used to MW disposal in
Wuhan and some other cities during the COVID-19 pandemic (see
Table S1) (Ma et al., 2020; Yang et al., 2021; Zhou et al., 2020a). In most
Chinese cities, MW addition reached the highest value of 5% in co-
disposal with MSW. The MSW incineration facilities in Wuhan incinerated
5806.4 t of MW, accounting for 46.09% of the total MW disposed of during
the COVID-19 pandemic (from January 23rd, 2020 to April 24th, 2020)
(see Fig. S1 (b)) (Yang et al., 2021). A total of 27 permits for co-disposal
of hazardous waste and MW have been issued in China from 2004 to
2019, which improved the emergency disposal capacity (Ministry of
Ecology and Environment, 2020b). Many hazardous waste disposal enter-
prises in China are all equipped with emergency MW disposal capabilities
currently, which eased the pressure on MW management during the
COVID-19 pandemic (Zhang et al., 2020). There are 68 cement enterprises
in China with qualifications for the co-disposal of hazardous waste, with a
total approved disposal capacity of 4.26 million tonnes, involving 85 pro-
duction lines (Jin, 2020). Many cement enterprises have disposed of
COVID-19 medical waste (CMW) in cement kilns. As of March 3rd, 2020,
four cement production enterprises of Huaxin Cement Group have disposed
of 133.4 t of MW, and BBMG Group has disposed of 6.35 t of MW and 1.29 t
of general masks (Jin, 2020).

MW disposal technology and management have been widely discussed
in the literatures. For MW disposal technologies, Wajs et al. (2019) intro-
duced a mobile MW incinerator in Poland based on the composition analy-
sis of MW. Wang et al. (2020) summarized the commonly applied
incineration, chemical disinfection, and physical disinfection techniques
for MW disinfection. Dharmaraj et al. (2021) studied thermochemical pro-
cess, especially the utilization of pyrolysis process to treat MW. Their results
show that the plastic wastes in MW can be converted into valuable energy
products via pyrolysis process. A prospective review was conducted to ana-
lyze the potential thermochemical treatments for CMW and their possibility
of its conversion into fuels (Purnomo et al., 2021a, 2021b). Su et al. (2021)
critically and comprehensively reviewed the pyrolysis of MW and proved
the feasibility of pyrolysis.

As for MW management, many studies have focused on China, as
Wuhan was the first city to experience a large-scale epidemic during
the outbreak. Chen et al. (2021) analyzed the performance of end-of-
life management process of MW in Wuhan during the COVID-19 pan-
demic based on the MW generation, transportation, and disposal
data collected in hospitals. The segregation, collection, storage, trans-
portation and disposal of MW in Wuhan were investigated and ana-
lyzed to form integrated management measure (Yang et al., 2021).
Kang et al. (2021) grabbed the Chinese government's management in-
formation on COVID-19 from the website of the China Ministry of
Ecology and Environment via text mining method. As the situation in
China improved, India became the new epicenter of the epidemic.
Thus, MW management in India has been concerned by many re-
searchers. The compromise of bio-medical waste (BMW) incineration
capacity in India was studied during the COVID-19 pandemic with
specific reference to the associated emissions and health impacts
(Thind et al., 2021). Goswami et al. (2021) also studied the BMW in
India during this period. They discussed the existing infrastructures,
capacity utilization, policy guidelines, engineering practices and
waste disposal of BMW in India. A comprehensive assessment of
BMW in India was conducted to highlight the gap before and during
the COVID-19 pandemic, and the implementation of BMW rules in
India (Rajak et al., 2021). Besides, many other studies have focused
on MW management strategies in countries around the world. The pol-
icies, potential solutions associated with sustainability and MW man-
agement in Africa were reviewed (Chisholm et al., 2021). El-Ramady
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et al. (2021) analyzed the current challenges of the MW management
in developing countries through their planning for disposal of CMW.
An overview of the consumption of CMW and PPE along with the pro-
duction of hazardous solid waste were presented to propose preven-
tive measures for developing countries (Adelodun et al., 2021). The
potential influences of the COVID-19 pandemic on MW, PPE waste
and MSW were reviewed, and the measures and policies of solid
waste management in typical countries were discussed (Liang et al.,
2021). Tripathi et al. (2020) evaluated the effect of COVID-19 on the
end-of-life management of solid waste (e.g. masks, gloves, sanitizers)
and briefly described the efforts in different countries to limit the
spread of the virus through solid waste. A summary of general issues
specific to CMW with tentative answers based on guidelines, rules
and recommendations from national and international agencies pub-
lished was prepared (Capoor and Parida, 2021). The different MW
management strategies practiced in different countries, the challenges
faced the COVID-19 pandemic, and the possible solutions were dis-
cussed (Das et al., 2021a).

Beyond the management of specific MW, the comprehensive analysis of
MW disposal and management are also considered in previous studies. Liu
et al. (2021) analyzed the MW disposal capacity in Wuhan City, Hubei
Province and China in 2020, as well as the treatment measures taken by
China during the COVID-19 pandemic. Disinfection technologies of CMW
from separate collection to different physical and chemical treatment
have been reviewed in Ilyas et al. (2020). They also discussed the policy
briefly on the global CMW management. Hantoko et al. (2021) then empha-
sized the global challenges of CMW, and they argued the improvement of
emergency disposal facilities and their emergency response process. How-
ever, few studies focused on the characteristics of emergency MW disposal
technologies and facilities, and discussed MW management strategies
based on the these technology characteristics. Thus, this review aims to in-
troduce the generation and disposal of MW in China, and how China coped
with the surge in MW during the COVID-19 pandemic. The technical details
of different emergency MW disposal technologies and facilities are high-
lighted, especially the transformation of co-disposal facilities for MW dis-
posal. We also aim to provide suggestions for global emergency MW
disposal and management during the COVID-19 pandemic.

2. The status of MW generation and disposal in China

MW is mainly divided into infectious waste, pathological waste, sharps
waste, pharmaceutical waste, chemical waste. Infectious MW contains in-
fective pathogens, resulting in the diseases spread (Das et al., 2021a). Path-
ological MW refers to generally a small part or slice of any tissue, organ, or
body part, taken from surgical or microbiological specimens from animal or
human bodies (Das et al., 2021a; Yves Chartier et al., 2014). Sharps MW re-
fers to scrap medical sharps made of metal, glass and other materials that
can hurt human body. Pharmaceutical MW refers to disused drugs which
are expired, obsoleted, deteriorated or contaminated. Chemical MW con-
tains toxic, corrosive, flammable and explosive chemical substances (e.g.
laboratory reagents, film developing reagents, expired/unused disinfec-
tants, solvents, and waste containing heavy metals) (Das et al., 2021a;
Yves Chartier et al., 2014). Fig. 1 presents the flow chart of MW generation.
The stage of generating infectious waste should be given more attention.
Thus, infectious MW and MSW generated by designated medical institu-
tions and isolation locations should undoubtedly deserve attention during
the COVID-19 pandemic. The management and disposal of MW will be dis-
cussed in the Section 4.1. The major stages to overcome are collection, clas-
sification, packaging identification, transportation and disinfection. Fig. S2
presents field pictures of the collection, storage, and disposal facilities.

2.1. Pre-epidemic status of MW generation and disposal
The evaluation of actual generation and disposal amount of MW is a

critical first step in optimizing disposal and management system. In
China, a total of 980 kilotonnes MW were collected and disposed of in
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Fig. 1. The flow chart of MW generation. Adapted from (Chengdu Workers' Sanatorium of Sichuan Federation of Trade Unions, 2021).

2018 (Cheng et al., 2020). Actual amount of MW disposed of by the dis-
posal plants (with official permit) is shown in Fig. 2 (Ministry of Ecology
and Environment, 2019). The Beijing-Tianjin-Hebei region collected and
disposed of 69 kilotonnes MW, accounting for 7.0% of the total in China.
The Yangtze River Delta region and Guangdong Province in the Greater
Bay Area collected and disposed of 16.3 kilotonnes and 10.9 kilotonnes
MW, accounting for 16.6% and 11.1% of the total in China respectively
(Cheng et al., 2020; Zhang et al., 2020). Disposal technologies for MW
are mainly incineration and non-incineration, and 588 kilotonnes MW
were incinerated in China, accounting for 60.1% of the total (Sun et al.,
2020; Cheng et al., 2020). The steam disinfection is the major non-
incineration disposal technology and disposed of 332 kilotonnes MW, ac-
counting for 33.9% of the total (Cheng et al., 2020). By the end of 2018,
407 business licenses for MW disposal (128 for incineration facilities, 255
for non-incineration facilities and 24 for co-disposal facilities) have been is-
sued in China, with an approved operation scale of 1290 kilotonnes per
year (Cheng et al., 2020). The amount of MW generated and disposed of
in China is 1180 kilotonnes in 2019, 20.4% higher than in 2018 (see
Fig. S3) (Ministry of Ecology and Environment, 2020d). The amount of
MW generated and disposed of in Shandong, Zhejiang, Jiangsu, Hebei
and Liaoning all increased by more than 10 kilotonnes.

MW disposal information of 158 prefecture-level cities (47% of the
total) was collected and analyzed to compare their disposal pressure,
some of which cannot provide information to calculate the load rate
(Guangzhou Green Data Environmental Service Center, 2020). As shown
in Supplementary Information A and Fig. S4, MW disposal information on
74 cities whose load rate exceed 80% is listed, and there is a mismatch be-
tween the disposal capacity and the actual demand in China. According to

Notice of the State Council on Adjusting the Standards for Categorizing City
Sizes, China's urban size is divided as shown in the Table S2. In 2018,
477,000 t of MW generated in 28 supercities, megacities and type I big cit-
ies, accounting for 48.7% of the total MW in China. As shown in Fig. S4,
load rates of 16 supercities, megacities and typelbig cities exceed 80%,
the load rates of Beijing, Tianjin and Xiamen are even more than 130%.
There are 25 cities whose load rates are over or equal to 100%, of which
Zhangjiajie is highest at 205.93%, and the load rates of the other 33 cities
are 80%-100%. In 2018, the average load rate of MW centralized disposal
facilities in China reached 76.0%, with more than one-third of the load rate
above 90%. One-fifth of the MW disposal facilities were in full load or over-
load operation (Zhang et al., 2020). In addition, centralized disposal facili-
ties built in some remote areas are in poor operation due to the lack of
rationality of the layout. Facility load rates in Qinghai, Tibet are extremely
low, 17.2% and 27.7% respectively. Facility load rates in Guoluo, Haixi and
Yushu of Qinghai Province are even lower than 10%, and many facilities in
Tibet have not been in operation for a long time after completion, which
needs attention (Cheng, 2020; Guangzhou Green Data Environmental
Service Center, 2020).

2.2. Emergency status of MW generation and disposal during the COVID-19
pandemic

According to the reported statistics Ministry of Ecology and Environ-
ment, MW information in Wuhan City, Hubei Province and China is
shown in Fig. 3 (Liu et al., 2021). From February 21st to March 2nd,
2020, tremendous amount of MW exceeded the disposal capacity, resulting
in the temporary storage of MW, and the peak amount of stored MW
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Fig. 2. Actual amount of MW disposed of by the disposal plants (with official permit) in each province (autonomous region and municipality) in China in 2018 (Ministry of

Ecology and Environment, 2019).

reached 192 t on February 25th, 2020 (Chen et al., 2021; Yang et al., 2021).
Therefore, local administrative departments built urgently 13 extra emer-
gency storage sites whose total capacity reached 1118.6 t to increase rap-
idly the storage capacity of MW (Yang et al., 2021). Since March 2nd,
2020, Wuhan cancelled MW backlog and stopped using local temporary
storage, and MW was temporarily stored in designated areas of the medical
institutions and disposed of within 24 h after generation (Chen et al., 2021).
In response to a tremendous amount of MW during the COVID-19 pan-
demic, MW disposal capacity of Wuhan increased from the initial 50.0
TPD to 265.6 TPD on March 11th, 2020 (Chen et al., 2021). As shown in
Fig. 3 (a), the collected amount of MW decreased remarkably on April
4th, 2020 and drop to the normal level since May 4th, 2020. Meanwhile,
the load rate of Wuhan dropped from overloaded during the severe epi-
demic to only 14.7% on May 4th, 2020 and has since stabilized at approx-
imately 20.0%, which is of sufficient safe load rate for the timely MW
disposal. As shown in Fig. 3 (b), the amount of MW generated in Hubei
Province reached the peak value of 401 t on March 3rd, 2020, and then
gradually decreased with the initial control of the COVID-19 -19 pandemic.
As of May 23rd, 2020, the capacity of Hubei Province increased from 180.0
TPD before the epidemic to 658.4 TPD, and the operating load rate of the
disposal facilities decreased from 60.4% on March 3rd, 2020 to approxi-
mately 20.0%. The downward trend is roughly the same as in Wuhan. As
shown in Fig. 3 (c), peak daily collection of MW in China reached
3590.9 t on March 28th, 2020, and a total of 447 kilotonnes MW have
been disposed of from January 20th to June 6th, 2020. In China, MW dis-
posal capacity reached 6167.3 TPD, an increase of 25.8% from the
4902.8 TPD before the epidemic. As shown in Fig. 3 (d), the amount of
CMW from designated medical institutions reached 403.7 t on February
24th, 2020, accounting for 21.6% of the collection on that day. Proportion
of the amount of MW from DMI to the collection in China gradually de-
creased to 5.4% on April 25th, 2020.

2.3. The main problems of emergency MW management and disposal

The obvious problems exposed during the COVID-19 epidemic in China
are as following.

1. The emergency capacity reserve of centralized disposal facilities and the
emergency disposal capacity that can be directly allocated are insuffi-
cient. The disposal facilities in many cities are routinely operating at
full capacity or over capacity.

2. MW transportation capacity is in serious shortage. There are not enough
vehicles and personnel for the timely collection. In addition, there is a
big gap in MW collection bags, transfer barrels, protective and disinfec-
tion supplies.

3. There are no management requirements for pollutant discharge in emer-
gency disposal situations in China. Characteristics of MW composition in
emergency situations have also changed from the usual (e.g. more inor-
ganic waste and increased water content), and there are no sampling
and monitoring of pollutant emissions.

4. The reserve of expert team of emergency MW disposal and management
is insufficient, and there is a shortage of relevant talents.

3. Emergency MW disposal technologies

Global MW generation has surged, far exceeding the existing disposal
capacity in areas with serious epidemic (Zhao et al., 2021a; Zhao et al.,
2021b). In China, movable disposal (e.g. movable incineration equipment,
movable steam sterilization cabin, movable microwave sterilization equip-
ment) and co-disposal (i.e. MSW grate incinerator, hazardous waste incin-
erator, and cement kiln) of MW facilities have been approved for
emergency MW disposal (Ministry of Ecology and Environment, 2020a).
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Fig. 3. The collected and disposal amount of MW, disposal capacity and load rate of the facilities in (a) Wuhan City; (b) Hubei Province; (c) China; and (d) the amount of MW
from designated medical institution (DMI) for the COVID-19 epidemic prevention and control and its proportion in the total collected amount. Load rate: the ratio of the

actual disposal amount to the disposal capacity.

3.1. Movable pyrolysis/incineration

In the pyrolysis disposal vehicle, MW is heated and distilled under high
temperature (800-1000 °C), anaerobic or anoxic conditions, and the pyroly-
sis process is shown in Fig 4 (a). Due to limited vehicle space, pyrolysis equip-
ment must be miniaturized, which requires more compact structures and
components (Han et al., 2018). The disposal capacity of the disposal vehicle
is approximately 1 TPD, and the composition of the pyrolysis system and the
pyrolysis furnace structure are shown in Fig 4 (b) and (c) (Han et al., 2018;
Wuetal., 2015). From top to bottom, the pyrolysis furnace is composed of py-
rolysis chamber, combustion chamber and melting chamber. The MW is sent
into the pyrolysis chamber by the feeding mechanism on top of pyrolysis fur-
nace (Han et al., 2015). The organic components in MW are initially pyro-
lyzed in the pyrolysis chamber to produce combustible gas (e.g. carbon
monoxide, hydrogen, methane and other alkanes), which is sent to the com-
bustion chamber for combustion to provide the heat for pyrolysis and coil
pipe heating (Han et al., 2015; Wang et al., 2015). The residue is melted in
the melting chamber and discharged outside the furnace for landfill. The
flue gas from the combustion chamber passes through the lye spray water
tank (deacidification and dust removal), the flue gas coil pipe and the quench
water tank and finally discharged into the atmosphere (Han et al., 2018). The
flue gas stay in the coil pipe for more than 2 s, and the temperature is con-
trolled above 850 °C for the dioxins decomposition, and then enter the
quench water tank for quenching to 250 °C to avoid the de novo reaction
of dioxins (Han et al., 2018). Thermal calculations on the energy require-
ments and supply of pyrolysis equipment show that the 9 x 10° kcal heat en-
ergy produced by per tonne MW is sufficient for self-use (Han et al., 2018).

About 20 L diesel (or other high calorific value fuel) is needed for the first ig-
nition, and then the gas produced by the pyrolysis can supply heat to the sys-
tem for continuous pyrolysis, which can effectively save energy and reduce
operating costs (Han et al., 2018).

Pyrolysis disposal vehicle is mainly composed of chassis, carriage, py-
rolysis furnace system, shaft power generation system and other ancillary
equipment (Han et al., 2018). The chassis of EQ2102 off-road vehicle is se-
lected as the loading platform, and the overall structural arrangement and
appearance of the vehicle is shown in Fig 4 (d) and (e) Han et al., 2018;
Wu et al., 2015). The carriage is a semi open aluminum frame structure car-
riage, and the carriage door is of corrugated aluminum structure (Han et al.,
2018). The power can be supplied by the generator of the automobile chas-
sis, which is not limited by the power supply conditions (Han et al., 2018).

As shown in Fig. S5, another movable incineration equipment is MW
emergency disposal cabins, which is made by Nanjing Zhongship Oasis En-
vironmental Protection Co., Ltd. (Diao, 2020). The equipment is integrated
in three cabins (i.e. pretreatment and control cabins, incineration cabins
and flue gas treatment cabins), with the disposal capacity of 5 TPD. Each
cabin is a 20-foot standard container with a volume of about 30 cubic me-
ters, which is suitable for various transportation methods (Diao, 2020). The
virus can be effectively inactivated in the incinerator by burning at 850 °C
for more than 2 sec. The flue gas treatment unit includes quenching device
(wet deacidification), activated carbon injection device (dry deacidifica-
tion), bag dust removal device, and the flue gas emission meets the require-
ments of the national standard GB18484. The main operation of the
equipment is completed by the computer, and the personnel mainly carry
out the monitoring operation.
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(Han et al., 2018; Wu et al., 2012, 2015).

3.2. Movable steam sterilization

Steam sterilization is the wet heat process, which is suitable for the
treatment of infectious and sharps MW but not for pharmaceutical and
chemical MW. Microorganisms on the transmission medium are killed by
saturated water vapor with temperature higher than 100 °C (Wang et al.,
2020). The latent heat released by the water vapor leads to protein denatur-
ation and coagulation of microorganisms and the death of microorganisms
(Wang et al., 2020). The movable steam sterilization cabin is designed by
Aerospace Shenhe (Beijing) Environmental Protection Co., Ltd., and the
MW treatment capacity of each equipment is 2.8 TPD. The equipment is
mainly composed of several systems, i.e. feeding, steam generation and dis-
infection, crushing, waste gas and wastewater treatment (Aerospace
Shenhe (Beijing) Environmental Protection Co., 2020; Ma, 2020). MW is
disinfected by saturated steam at above 134 °C for 45 min and broken,
packed for landfill or incineration. The equipment is equipped with flue
gas and water vapor purification system to ensure that the emissions meet
the standard. Installation and operation of the equipment only need the
necessary water and high voltage electricity (or diesel), and the voltage
needs 380 V (three-phase power supply). The operation area of the
equipment is only 50 m? (Aerospace Shenhe (Beijing) Environmental
Protection Co., 2020). The equipment is equipped with the safety valve,
pressure controller for overpressure protection, to prevent the boiler from
explosion accidents due to excessive pressure. When the water supply
stops, the boiler can stop working automatically to prevent the electric
heating elements from being damaged or even burnt out.

3.3. Movable microwave sterilization

Movable microwave sterilization equipment can dispose of infectious,
damaging, pathological MW (except for human limbs and organs), and
dead poultry during an epidemic. Under the action of microwave field
with certain intensity, the bacteria heat up due to the absorption of micro-
wave energy, the protein is deformed and loses biological activity.

Microwave sterilization is the result of the combined effect of microwave
heating and biological effects, which can make microwave energy directly
interact with microorganisms and kill them quickly (Wang et al., 2020).
The microwave disinfection technology is characterized with short time,
rapid action, energy saving, strong penetration, slow heat loss and low en-
vironmental pollution with no dioxins and malodorous gas, and wastewater
(Ohtsu et al., 2011).

Movable microwave sterilization equipment adopts an automatic dis-
posal system of hydraulic lifting, material crushing, microwave disinfec-
tion, and spiral discharge (Henan Liying Environmental Protection
Technology Co. Ltd, 2020). MW treatment capacity is 3-10 TPD, and the
sterilization rate is above 99.99%. The automatic feeding device lifts the
MW to the feeding bin and enters the crushing system, where MW is
crushed (Henan Liying Environmental Protection Technology Co. Ltd,
2020). Microwave irradiation and steam-assisted heating are conducted
via the microwave disinfection system, and the flue gas is automatically col-
lected and processed. After disinfection, MW is sent out for disposal (land-
fill or incineration). The whole set of equipment only needs electric drive,
and only one person is required for operation due to the high degree of au-
tomation, which saves labor costs (Henan Liying Environmental Protection
Technology Co. Ltd, 2020). The MW treatment is flexible and can be treated
at any time, and the equipment can be shut down after treatment, minimiz-
ing energy loss and treatment costs.

3.4. Co-disposal of MW and MSW

According to the technical standards, the main technical requirements
of MSW incinerator and MW incinerator are the similar, and the operating
conditions are close (Ma et al., 2020). The new coronavirus is heat sensi-
tive, and the virus can be effectively inactivated at a temperature of 56 °C
for 30 min (Ministry of Ecology and Environment, 2020c). The temperature
in the MSW incinerator should be above 850 °C, and the residence time of
MSW in the furnace is generally 1 to 1.5 h (grate furnace) for complete in-
activation of the novel coronavirus (Zhou et al., 2020a). It is feasible to
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dispose of MW via MSW incineration facilities with an appropriate mixing
ratio.

MSW incineration facilities have been successfully applied in MW emer-
gency disposal in China and abroad. However, the content of hydrogen
chloride and dioxins in the flue gas increase due to high plastic content in
MW (Wang, 2013). Hence, Shanghai stipulated that MW (except chemical
waste) must be less than 5 wt% (total mass of the mixed waste) when co-
incinerated with MSW (Ministry of Ecology and Environment, 2020c).
The incineration capacity of MSW incineration plants in China is generally
600-2000 TPD, so the capacity for co-disposal of MW is 30-100 TPD (Yang,
2017). From 2014 to 2019, the MSW incineration facilities in Shanghai
have disposed of 3.877 x 10* t of MW, and the incineration flue gas met
the requirements of the standards. In foreign countries, infectious waste
can be disposed of as MSW after disinfection. In Klemetsrud, Oslo,
Norway, mechanical grate incinerator was applied to infectious MW dis-
posal, and MW cannot exceed 5 wt% of disposal capacities of MSW inciner-
ation facility (Ministry of Ecology and Environment, 2020c). During the
2009 H1N1 influenza virus outbreak in Japan, the “Guidelines for New In-
fluenza Waste Management Measures” stated that the possibility of MW
disposal by MSW facilities could be considered if there was concern that
the amount of infectious waste exceeded the disposal capacity (Ministry
of Ecology and Environment, 2020c). In America, MW is generally
disinfected in medical institutions and disposed of via hazardous waste in-
cineration facilities or MSW incineration facilities (Ministry of Ecology and
Environment, 2020c).

MSW grate incinerators should be used for emergency MW disposal,
and fluidized bed incinerators are not applicable (Ministry of Ecology and
Environment, 2020c). Infectious waste, pathological waste, sharps waste
can be disposed of with MSW, but chemical waste should not be disposed
in MSW incinerators (Ministry of Ecology and Environment, 2020c). Feed-
ing system is the key to co-incineration. The co-incineration process is
shown in the Fig 5. Two sets of storage and feeding systems are required
for MW and MSW respectively. Emergency MW disposal can be divided
into two situations according to whether the MW is pretreated by disinfec-
tion. If infectious MW is not pre-disinfected treatment, disinfection should
be strengthened in the packaging, transport and disposal to reduce the in-
fection risk. The damage probability of MW during the material grabbing
can be reduced by strengthening packaging (e.g. double plastic bag packag-
ing followed by disposable carton packaging, tape wrapping), improving
the feeding technology (e.g. switching to hooks and net pockets instead of
grab) and reducing the residence time in the waste pit (Ministry of
Ecology and Environment, 2020c). The “micro negative pressure” environ-
ment is strictly implemented for the waste pit, and the gas is collected and
directly put into the incinerator for disposal to ensure that infectious sub-
stances will not be released into the environment even if the package is

o

Grab
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damaged (Ministry of Ecology and Environment, 2020c). MW does not re-
quire fermentation but minimizes the pit residence time (Zheng et al.,
2020a; Ma et al., 2020). The risk of infection during co-disposal of MW
and MSW can be effectively prevented by six barriers (i.e. diversion, disin-
fection, reinforced packaging, improved feeding process, negative pressure,
sanitation protection) (Ma et al., 2020). In addition, the chlorine content in
fly ash may increase and the fly ash needs to be disposed of harmlessly
(Zhao et al., 2020). The flue gas treatment unit is lack of quenching facili-
ties, which cannot avoid de novo synthesis of dioxin at 180-550 °C. It is rec-
ommended to appropriately reduced the proportion of CMW to prevent
excessive dioxins emissions, and the monitoring value of dioxins should
be less than 0.1 ngTEQ/Nm>.

Except for the system modifications, the upgrade of vulnerable equip-
ment is another key. According to co-incineration operation data from
Shanghai's Yuqiao MSW incineration power plant, the calorific value of
waste increased by 15% due to the addition of MW, which lead to boiler
overload operation (Wang, 2013). When low molten salt coking occurs in
the furnace, the incineration temperature can be reduced appropriately.
The incineration temperature can be adjusted to the normal operating tem-
perature after burning low molten salt into the slag system (Ma, 2013). For
refractory, it is suggested that SiC or better refractory should be used in the
lower, middle and upper side walls of the grate, while clay or high alumina
refractory should be used in other parts (Ma, 2013). Co-incineration affects
the material of the equipment, easily causing a large area of refractory brick
in the furnace shedding, the front arch of the refractory material large area
damage, serious damage of superheater guard tile and grate. In addition,
compared with MSW, acid contents (e.g. Chlorine and Sulfur) in flue gas
is higher than MW, so wet process is suitable for flue gas purification of
co-incineration (Ma, 2013).

Thus, co-incineration of MW may be detrimental to the operational cost
and equipment life management due to system modifications, upgrades of
fragile equipment and the increased activated carbon consumption for
flue gas purification (Wang, 2013). MSW incinerators are recommended
for emergency disposal rather than long-term disposal, and future co-
incineration of MW requires further research on improved MSW incinera-
tion technologies.

3.5. Co-disposal of MW and hazardous waste

The operation and management requirements of hazardous waste incin-
eration facilities are similar to those of MW incineration facilities, and these
facilities can be a preferred alternative facility for MW disposal. The general
disposal capacity of hazardous waste incineration facilities is 2-60 TPD
(Ministry of Ecology and Environment, 2020e). Co-incineration of MW in
hazardous waste incineration facilities has been practiced in China and
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abroad for many years. As shown in Fig. S6, hazardous waste incineration
system includes pretreatment, feed, incineration, waste heat utilization,
flue gas purification and other auxiliary systems (Leng, 2021). The design
and transformation of the feeding system are critical for co-disposal of
MW. The MW can be loaded by a hoist, and a MW container fixing mecha-
nism is arranged on the elevator bucket. Bulk hazardous wastes are stored
in the storage pit, which is grabbed into the bulk hopper by the crane,
and the wastes are finally sent to the rotary kiln by the push rod feeder.
The entry of barreled MW into the incinerator may release all the heat in
a short time to destroy the container and generate strong flue gas flow.
Hence, barreled MW and bulk hazardous waste should be put into the
kiln in turn to restrain the fluctuation of incineration conditions. There
are various harmful components in hazardous waste, so the compatibility
of waste is the key link. It needs to be matched according to the composition
and calorific value of the waste to ensure the stable operation of the kiln.
The composition of the waste should be balanced to avoid concentrated in-
cineration of harmful components and control the content of acidic pollut-
ants. In addition, alkali metals (e.g. sodium and potassium) and halogens
(e.g. chlorine) should be avoided to be incinerated simultaneously, because
alkaline metals and halogen elements can form low melting salts, and exces-
sive low melting salts can cause slag coking to affect the operation of the
kiln and the service life of the refractory material.

3.6. Co-disposal of MW in cement kiln

Cement is the largest industry in the field of building materials in China,
with unique industry characteristics (e.g. 1500 °C high temperature and
strong alkaline atmosphere) that can instantly kill germs and viruses. Ce-
ment kiln co-incineration technology is to put solid waste met the require-
ments into the cement kiln for disposal, and cement clinker is produced
simultaneously. Practice in the cement industry has proved that co-
disposal of MW in cement kilns is safe, free of secondary pollution, and
the risk of MW infection can be eliminated (Jin, 2020). On March 16,
2020, Code of practice for emergency co-disposal of COVID-19 MW in cement
kiln was issued to standardize and guide co-disposal of MW in cement
kilns (China Building Materials Federation, 2020). In principle, storage fa-
cilities should not be available for the cement kiln co-incineration, and
MW should be disposed of immediately. The transfer vehicle body should
be disinfected and the MW packaging integrity should be checked before
unloading. The MW should not be crushed before entering the kiln and
should be directly fed into the kiln together with the primary packaging
(e.g. packaging bag and sharps box). MW can only be used as an alternative
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fuel since hazardous waste cannot be used as cement raw material, and the
capacity for co-disposal of MW is approximately 1-12 TPD, 1%o of the clin-
ker production capacity (China Building Materials Federation, 2020;
Ministry of Environmental Protection, 2017). The co-incineration technol-
ogy is shown in the Fig 6, the high temperature section of the kiln tail is pre-
ferred for the dosing point of MW, including the decomposition furnace, the
kiln tail smoke chamber, and the rising flue between the kiln tail smoke
chamber and the decomposition furnace (Chen and Guo, 2020; Ministry
of Environmental Protection, 2013). The dosing port should be equipped
with an air-tight device to protect the operators from the hot air and hot ma-
terials when the kiln system is abnormal. The feeding rate and feeding in-
terval should be limited, and the feeding rate should be less than 1 t/h
and the feeding interval should be more than 5 min (Chen and Guo,
2020). Since the chlorine content of MW is generally 3-5%, which is
much higher than that of general hazardous wastes and raw materials, it
is necessary to match well when adding (Chen and Guo, 2020). Chlorine
may have a corrosive effect on the kiln, so the kiln condition, emissions
and clinker quality fluctuations should be monitored to ensure the normal
operation of the cement kiln and the clinker quality during the addition
(Chen and Guo, 2020).

3.7. Summative analysis of emergency MW disposal technologies

CMW contains more PPE than normal MW, and plastic polymers are the
main component of PPE as shown in Fig. 7 (Guo et al., 2021; Purnomo et al.,
2021a, 2021b; Wen et al., 2021; Klemes et al., 2020). Due to the high plastic
content, the calorific value of CMW is higher than normal MW. Thus, CMW
is suitable for incineration to recover heat energy. However, the dioxins
content in flue gas and fly ash will increase due to the plastics with higher
chlorine content in CMW, requiring strengthened dioxins emission moni-
toring (Wang, 2013). The comparison of emergency MW disposal technol-
ogies are shown in Table 1. The main strengths of movable disposal
technologies are the flexibility and convenience of installation, and the
weakness is small disposal capacity. The main strength of co-disposal tech-
nologies is relatively large disposal capacity, and main weaknesses are high
infection risk from MW transportation and MW disposal facility upgrading.

In addition, MW and MSW disposal and management are extremely
hazardous to the health of workers exposed to waste during the life cycle
stages, and the workers are at risk of contracting COVID-19 virus (Das
et al., 2021b). In China, related workers have been instructed and trained
to use respiratory, torso, hands, eyes and face, feet and other PPE, and the
selected PPE must meet the relevant national standards (China Building
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Materials Federation, 2020). There are clear instructions for the wearing
and use of PPE and detailed personnel health monitoring and management
requirements. These workers were also instructed to wash their hands fre-
quently with sanitizers and to disinfect security equipment and vehicles
(Zhao et al., 2021b). The health protection of relevant workers is crucial,
and the usage of appropriate PPE and safety measures for related workers
is a vital priority for every country (Das et al., 2021b).

4. Emergency MW management
4.1. Emergency disposal technology selection

The selection of MW disposal technology should take into account envi-
ronmental risk and technical adaptability. Among movable disposal tech-
nologies, the overall environmental impact of movable incineration is
2.17 times greater that of movable steam sterilization and 2.40 times
greater that of movable microwave sterilization (Zhao et al., 2021a). Mov-
able incineration facilities may pose greater environmental risks because it
is more difficult to monitor online and control emissions. We recommend
that government and industry associations introduce technical standards
and guidelines for movable disposal facilities, and preference should be
given to facilities with complete flue gas treatment units. Diesel consumed
by the boiler in the steam sterilization may result in a slightly higher

Table 1

environmental impact than microwave sterilization, so movable micro-
wave sterilization is preferable to steam sterilization (Zhao et al., 2021a).
Movable disposal facilities are a vital component of the MW emergency dis-
posal system and can be further applied to small and remote medical insti-
tutions even after the COVID-19 pandemic.

Since the chlorine content of MW is much higher than that of MSW, MW
incineration is more prone to dioxins generation. For three co-disposal tech-
nologies, hazardous waste incineration facilities are most suitable for emer-
gency MW disposal, because their secondary combustion chambers and
quenching devices can effectively decompose dioxins and avoid dioxin syn-
thesis. Compared with hazardous incineration facilities, neither MSW incin-
eration nor cement kiln has secondary combustion chambers and
quenching devices, which are not conducive to controlling dioxin emis-
sions. For cement kiln, there is few flue gas purification equipment for di-
oxins and heavy metals, and these pollutants are simply diluted by the
large amount of flue gas and discharged to the atmosphere. MSW incinera-
tion is better than cement kiln for MW disposal due to its combination of ac-
tivated carbon jet and bag filter to purify dioxins and heavy metals in the
flue gas. Overall, movable disposal facilities are much better than co-
disposal facilities because they can dispose of MW on site, eliminating the
infection risk and environmental impact of transportation. Therefore, mov-
able disposal facilities should be prioritized for the CMW and infectious
MW disposal, while co-disposal facilities are suitable for the non-

Comparison of emergency MW disposal technologies (Aerospace Shenhe (Beijing) Environmental Protection Co., 2020; Chen and Guo, 2020; China Building Materials Fed-
eration, 2020; Henan Liying Environmental Protection Technology Co. Ltd, 2020; Ministry of Ecology and Environment, 2020c; Zhou et al., 2020a; Han et al., 2018; Ministry

of Environmental Protection, 2017; Yang, 2017; Wu et al., 2015).

Disposal facilities Disposal Treatment Strengths Weaknesses
capability  temperature
(TPD)
Movable incineration 1-5 800-1100 °C + Can dispose of MW on site - Small disposal capacity
equipment - Easy to install and operate + Risk of emissions easily exceed the standard due to immature technol-
+ Small operation area ogy
« Can dispose of almost all kinds of MW
Movable steam sterilization 2-5 >134 °C « Can dispose of MW on site + Small disposal capacity
cabin « Easy to install and operate + Not suitable for pharmaceutical MW and chemical MW
+ Small operation area
« High automation degree
Movable microwave 3-10 >95 °C + Can dispose of MW on site + Small disposal capacity
sterilization equipment « Easy to install and operate + Not suitable for pharmaceutical MW, chemical MW and partial patho-
+ Small operation area logical MW (human limbs and organs)
« High automation degree
MSW incineration facility 30-100 >850 °C « Large disposal capacity + High infection risk due to MW transportation
- Great potential in improving emergency + Need equipment upgrade and transformation to adapt to MW
disposal MW capability + Higher content of hydrogen chloride and dioxins in the flue gas
« Energy recovery by generating electricity =+ Higher operating costs
+ Shorter equipment life
Hazardous waste incineration = 2-60 >850 °C « Mature technology + High infection risk due to MW transportation
facility + Can dispose of almost all kinds of MW + Need equipment upgrade and transformation to adapt to MW
+ Small potential in improving emergency disposal MW capability due to
the small amount of facilities
+ Higher content of dioxins in the flue gas
Cement kiln 1-12 >1000 °C + Can be utilized as an alternative fuel + High infection risk due to MW transportation

disposal MW capability

Large potential in improving emergency

Need equipment upgrade and transformation to adapt to MW
Higher content of dioxins in the flue gas
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infectious MW disposal. It is recommended that the priority of the six emer-
gency MW disposal technologies is as follows: movable microwave sterili-
zation, movable steam sterilization, movable incineration, co-incineration
with hazardous waste, co-incineration with MSW and co-disposal in cement
kilns. However, most of the movable disposal facilities are small in scale
with a disposal capacity of less than 5 TPD, and co-disposal facilities have
alarger disposal capacity. For areas with serious domestic and overseas out-
breaks, in the absence of movable disposal facilities or insufficient disposal
capacity, priority should be given to the preparation and application of haz-
ardous waste incineration facilities for MW disposal, followed by MSW in-
cineration facilities and cement kilns.

4.2. Emergency disposal processes

During the COVID-19 pandemic, meticulous management of MW at all
stages of life cycle should be strengthened, including on-site collection,
classification, packaging identification, transportation and disposal (Zhao
etal., 2021a; Chen and Guo, 2020). According to Management and Technical
Guidelines for Emergency Disposal of Medical Waste Infected by the Novel
Coronavirus Pneumonia (Trial), the CMW operation flowchart is proposed
in Code of practice for emergency co-disposal of COVID-19 MW in cement
kiln, which can provide the practice for centralized disposal enterprises
(Ministry of Ecology and Environment, 2020; China Building Materials
Federation, 2020). Fig. 8 clarifies the relationship among stakeholders
(e.g. centralized disposal enterprises, customers, and logistics) and their
priorities in the operation process, the operation boundaries and proce-
dures for the emergency CMW disposal. MW generated by medical institu-
tions should be collected and classified in time to provide prerequisites for
the selection of different disposal technologies. For CMW, labels such as
“COVID-19” or “NCP” should appear in the notes to indicate its type. The
temporary storage time in medical institutions should be within 24 h, and
disposal enterprises should be notified to transport the MW during this
period.

In the next handover stage, transportation personnel and administrators
of disposal enterprises need to confirm and record the type and quantity of
the CMW and the transport vehicle information in detail (e.g. the license
plate number, driver and escort information, and the time of entering the
factory). Transport vehicles should drive to the unloading and conveying
area along the prescribed route and signs. It should be noted that the vehi-
cle body must be fully disinfected before unloading, and two inspections

Science of the Total Environment 810 (2022) 152302

should be carried out to ensure the integrity of the MW packaging and
avoid the spillage. The distance between unloading and feeding point of
CMW should not be set too long. After the mechanized transportation and
unloading of CMW is carried out, the inside and outside of the cargo box
must be fully disinfected. The dosing port is equipped with an air-tight de-
vice, which can be controlled by a double-layer air-lock valve plate. When
feeding, at least one valve plate should be closed to protect the feeding op-
erators from the influence of hot air and hot materials. It is proposed that a
buffer zone should be set up during the CMW feeding process, and the con-
figuration requirements of disinfection supplies and emergency equipment
in the buffer zone are specified.

4.3. Recommendations for emergency MW management

In 2019, the generation of MW and MSW in 196 Chinese large and
medium-sized cities were 843 kilotonnes and 235.6 million tonnes respec-
tively (Ministry of Ecology and Environment., 2020). In China, MSW incin-
eration facilities have huge emergency MW disposal potential, with a
disposal capacity of over 1.18 million tonnes of MW at a minimum 1% ad-
dition of MW. However, the co-incineration of MW may increase operating
costs and equipment life management overhead of MSW incineration facil-
ities, making them unavailable for long-term MW disposal. Thus, further
improvement of MSW incineration technology for emergency MW disposal
may be the research direction in the near future. A total of 27 hazardous
waste disposal permits have been issued in China for the simultaneous dis-
posal of hazardous waste and MW, with relatively small MW disposal ca-
pacity (Cheng et al., 2020). The compatibility of wastes is an important
factor that needs to be considered for the co-incineration of MW and haz-
ardous waste. While ensuring the stable operation, the MW feed ratio can
be adjusted and improved to increase emergency disposal capacity. There
are 68 enterprises in China are qualified for co-disposal of hazardous wastes
in cement kilns, with an approved disposal capacity of 4.26 million tonnes
(Jin, 2020). In theory, there is enormous potential to enhance the emer-
gency MW disposal capacity for cement kilns. In Chinese megacities, the
emergency MW disposal capacity is insufficient, but the disposal capacity
can be improved if the movable facilities, MSW incineration facilities, haz-
ardous waste incineration facilities and cement kiln are fully utilized in the
future (Zhou et al., 2020b). An emergency deployment mechanism can be
established between cities with insufficient MW disposal capacity and re-
gions with excess MW disposal capacity. For remote towns in large cities,
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Fig. 8. Operation flowchart for CMW disposal. Adapted from (China Building Materials Federation, 2020).
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MW should be transported to the disposal facilities in neighboring cities to
avoid the economic costs and infection risk caused by long-distance trans-
portation. MW disposal enterprises should design emergency response
strategies to ensure the disposal efficiency, for instance, stipulating the re-
ceiving plan, the financial settlement methods, and the vehicle routes.
The government should formulate a set of MW emergency management
procedures to upgrade the emergency response system at both the national
and local levels. Besides, the establishment of the emergency operation and
expert teams should be established, and the enterprise suppliers should be
determined in advance.

Based on the generation of MW and the number of beds in medical insti-
tutions over the years, it is estimated that the generation of MW will reach
1.5 million tonnes in 2025 (Cheng et al., 2020). According to the load rate
target of the facilities constructed of less than 75%, the cities with the load
rate of more than 50% of the centralized disposal facilities in 2018 need to
increase their disposal capacity, which should reach twice the MW genera-
tion in 2018 to meet the demand during the 14th Five-Year Plan period.
Specifically, the Work Plan for Comprehensive Waste Management in Medical
Institutions issued in China on Feb. 24, 2020, mandates that (1) at least one
centralized MW disposal facility should be built in each prefecture-level city
by the end of 2020; (2) By the end of June 2022, establish regional collec-
tion, transfer or disposal of MW facilities based on the geographical location
and population of the administrative region, and form an independent MW
collection, transfer and disposal system for each county (city). Moreover,
most of China's existing MW disposal facilities were built before 2010,
and most cities have only one MW disposal plant, which covers a large num-
ber of low-capacity and old incineration facilities that need to be evaluated
for their operation situation. Incineration facilities that are difficult to meet
the emission standards should be technically reformed or replaced by alter-
native non-incineration technologies. Moreover, the cost assessment of the
MW disposal industry should be conducted to speed up the rationalization
of MW disposal charges. Emergency disposal capacity in megacities should
theoretically be at least twice MW generated during non-epidemic period,
correspondingly, Chinese cities need to increase their current disposal ca-
pacity. In detail, it is recommended to establish MW disposal system with
a disposal capacity of 10 TPD per million population area. The hazardous
waste incineration facilities, MSW incineration facilities, cement kiln co-
disposal facilities in the region should be made full use of and included in
the resource list of emergency MW disposal facilities.

5. Conclusions and recommendations

Global MW has increased dramatically during the COVID-19 pandemic.
As the generation of MW far exceeds the disposal capacity of existing facil-
ities, emergency disposal and management of MW has recently become a
common challenge for countries around the world. This study reviews the
emergency MW disposal technologies and analyzes the processes, superior-
ities, weaknesses, applicability, and limitations of different technologies.
Pyrolysis, incineration, microwave disinfection and steam disinfection
technologies applied to movable disposal facilities, which can dispose of
CMW and other infectious waste on-site to reduce the infection spread of
MW. The co-disposal facilities need to be reformed completely to reduce
the infection risk, especially for their feeding system. Based on the environ-
mental risk and technical adaptability, the six emergency MW disposal
technologies are recommended in order of priority: movable microwave
sterilization, movable steam sterilization, movable incineration, co-
incineration with hazardous waste, co-incineration with MSW and co-
disposal in cement kilns. CMW and infectious MW should be prioritized
for disposal using central and movable disposal facilities, while non-
infectious MW can be disposed of using co-disposal facilities.

In addition, delicacy management of the MW end-of-life stage, includ-
ing collection, classification, packaging identification, transportation and
disposal, should be strengthened. The operation flowchart for emergency
disposal can provide the practice for the stakeholders. As for the long-
term strategy, emergency MW disposal capacity is seriously insufficient in
megacities. In the future, the regional mobile and co-disposal facilities
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should be fully utilized to solve the shortage of disposal capacity. In addi-
tion, cities with insufficient MW disposal capacity can establish an interre-
gional emergency response coordination mechanism with neighboring
cities with excess MW disposal capacity. The suggestions provided in this
study are not only applicable to China, but also to countries with serious ep-
idemics and huge MW disposal pressure.

In the future, technical guidelines and technical selection principles for
emergency disposal facilities with different disposal capacities based on the
technical applicability and cost-effectiveness should be further studied and
discussed. The technology of co-incineration of MW and MSW also needs to
be further improved to reduce the negative impact of long-term disposal of
MW on the operating costs and equipment life of MSW incineration facili-
ties. Besides, economic analysis of the MW disposal industry should be car-
ried out to help rationalize the national MW disposal charges.
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