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Abstract

COVID-19 greatly challenges the human health sector, and has resulted in a large amount
of medical waste that poses various potential threats to the environment. In this study, we
compiled relevant data released by official agencies and the media, and conducted data
supplementation based on earlier studies to calculate the net value of medical waste pro-
duced in the Hubei Province due to COVID-19 with the help of a neural network model.
Next, we reviewed the data related to the environmental impact of medical waste per unit
and designed four scenarios to estimate the environmental impact of new medical waste
generated during the pandemic. The results showed that a medical waste generation rate of
0.5 kg/bed/day due to COVID-19 resulted in a net increase of medical waste volume by
about 3366.99 tons in the Hubei Province. In the four scenario assumptions, i.e., if the medi-
cal waste resulting from COVID-19 is completely incinerated, it will have a large impact on
the air quality. If it is disposed by distillation sterilization, it will produce a large amount of
wastewater and waste residue. Based on the results of the study, we propose three policy
recommendations: strict control of medical wastewater discharge, reduction and transfor-
mation of the emitted acidic gases, and attention to the emission of metallic nickel in exhaust
gas and chloride in soil. These policy recommendations provide a scientific basis for control-
ling medical waste pollution.

Introduction

COVID-19 pandemic is threatening human health and has resulted in many indirect influ-
ences on the environment [1]. Among them are ecological restoration due to restrictions on
human activities and the increase in domestic solid waste and electricity consumption due to
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non-contact lifestyles [2,3]. In addition to domestic waste, the rapid utilization of masks, pro-
tective clothing, and large amounts of other medical supplies has generated large amounts of
infectious medical waste [4]. The disposal of these medical wastes can cause several environ-
mental hazards, which mainly include pollution of the atmosphere, waters, and soil [5]. Due to
the lack of foresight and preparation for epidemics, excess low-risk medical waste is often dis-
posed of at domestic waste standards [6], which further aggravates the impact of medical waste
on human health and the ecological environment.

Due to the rapid spread of the pandemic, the resulting medical waste known for its long-
term strong infectivity needs to be disposed of as soon as possible [7,8]. Medical waste is of
great concern due to its potential harm to human health and the environment [9]. The inciner-
ation of medical waste produces a variety of harmful gases, and these gas mixtures can cause
varying degrees of pollution to the air, water, and soil [10]. With the rapid increase in the num-
ber of confirmed cases, the risks of medical waste disposal and the subsequent environmental
impacts are rapidly increased [11]. Therefore, it is important to estimate the amount of addi-
tional medical waste that would be generated by the pandemic and the amounts of contami-
nants it could produce. This can provide perspective and data to support environmental
recovery in the post-pandemic era [12].

Research related to medical waste focuses on the evaluation of medical waste disposal tech-
nologies, economic benefits of medical waste disposal, medical waste production and composi-
tion management methods [13]. Earlier works on the environmental impact of COVID-19
focus on environmental recovery from reduced human activities, increased solid waste from
non-contact lifestyles and disposal of plastic waste from the pandemic [14,15]. The above-
mentioned works illustrate that many scholars are concerned about the huge environmental
impact caused by waste generated during the pandemic [16-18], although to our knowledge,
only some studies have reported on the quantification and environmental impact of COVID-
19 medical waste [19,20]. The prerequisite for assessing the environmental impact of incoming
medical waste from an pandemic is to reasonably estimate the medical waste production. The
present means of predicting/ estimating medical waste production are mainly gray prediction
models, field survey methods, simple linear regression methods, and empirical estimation
methods, and each of these survey methods have many advantages and shortcomings. There-
fore, exploring the means to estimate the amount of medical waste generated by COVID-19
and assessing its environmental impact is an urgent issue to be addressed.

In this study, first, the annual production of medical waste in Hubei province, China, was
obtained by empirical calculation method and formula. Second, the actual amount of medical
waste generated in a month was calculated based on the ratio of total hospital visits in that
month to total hospital visits in that year. Then, the experimental results of various existing
time series forecasting models were compared, and the long short-term memory (LSTM)
model was selected to construct a counterfactual forecasting framework for medical waste
under no pandemic conditions. By comparing the prediction results with the actual medical
waste generation, the amount of additional medical waste after the occurrence of COVID-19
pandemic in the Hubei Province was calculated. Finally, the environmental impact assessment
was carried out by estimating the difference of the composition and disposal of the increased
medical waste under different scenarios. Four scenarios were assumed in this study, which are
Business as Usual (BAU), Complete Pyrolysis (CP), More Pyrolysis (MP), and More Steam
Sterilization (MS).

The rest of the paper is organized as follows. Section 2 describes the study objectives, meth-
odology, and data sources. Section 3 reports the findings of the study and the analysis of the
results. Section 4 presents the conclusions and further policy implications of this study. Section
5 discusses the limitations of the study.
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Methods and data
Research subjects and scope

The Hubei province is the epicenter of COVID-19 in China, and consequently the region pro-
ducing the largest amount of medical waste [21]. Therefore, it was chosen as the subject of the
study (Fig 1). According to the pandemic data published by Health Commission of Hubei
Province, the pandemic in the Hubei Province mainly occurred at the end of January 2020 and
lasted till the end of April 2020. Therefore, this paper focuses on the pandemic medical waste
production in the Hubei Province from late January to the end of April 2020 and its impact on
the environment.

Calculation of annual production of medical waste

At present, the calculation methods of medical waste production mainly include field survey
method and empirical estimation method [22,23]. The field survey method includes selecting
several representative medical institutions in a certain area by random sampling, and then
investigating the medical waste production of these medical institutions to obtain the basic sit-
uation of medical waste production [24]. However, this method is time-consuming, more
expensive, and is not universally applicable. The empirical estimation method generally uses
internationally accepted empirical formulas. In this study, the quantity of medical waste is cal-
culated from the values of the variables of number of visits, bed utilization, and number of
beds [25,26]. Therefore, the study implements the empirical estimation method to calculate
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the annual production of medical waste in the Hubei Province from 2014 to 2019, and these
historical data are used as a basis to predict the medical waste production for each month in
2020.

There are various factors that affect the annual production of medical waste. Many
researchers have conducted in-depth studies using regression models, in which the main influ-
encing factors are the level of education, living standards of the population, level of economic
development, number of beds in medical institutions, utilization rate of beds, level of medical
services, number of visits [27-30]. It was found that the number of beds in medical institu-
tions, the bed utilization rate, and the number of visits were the most important factors affect-
ing the annual production of medical waste [31]. Therefore, in this study, the annual medical
waste production in the Hubei Province was calculated based on the above factors for each
year by applying the empirical formula Q, and the calculation formula as follows.

Q = 365BPM + NS (1)

Medical waste in the Hubei Province for the calendar year consists of two parts. the outpa-
tient department medical waste, and the inpatient department medical waste. In Eq 1, B denotes
the number of beds in all medical institutions in the Hubei Province in a given year, P is the bed
utilization rate of that year, and M indicates the average daily amount of medical waste gener-
ated per unit bed. N is the number of visits to all medical institutions in the Hubei Province in a
given year, and S is the average amount of medical waste generated per unit visit per day.

Estimation of monthly production of medical waste

According to the objective of this study, it is necessary to calculate the monthly medical waste
production in Hubei Province in previous years and then use it as a basis to predict the
monthly medical waste production under normal conditions in 2020. Although the number of
beds, bed occupancy rate, and number of visits to medical institutions in the Hubei Province
per month are not officially published, studies have shown that there is a highly positive linear
relationship between the monthly medical waste production and the total number of visits to
hospitals [32]. Therefore, in this study, the ratio of the total number of hospital visits per
month to the total number of hospital visits in the Hubei Province in that year is used as the
weight, and then the calculated values of the above annual medical waste production are multi-
plied by the weights of the corresponding months to obtain the monthly medical waste pro-
duction as g;. The specific calculation formula is as follows.

q=Q (2)

n;
O =5 3)

n.
Zi:l !

where, w; is the ratio of the total number of hospital visits per month to the total number of
hospital visits in that year, and #; is the total number of hospital visits in month i of a year in
Hubei Province.

Counterfactual predictions for medical waste

Based on the time series data estimated in the previous section, this section constructs counter-
factual forecasts for the year 2020 without the occurrence of the pandemic. There are multiple
prediction models to choose from for the prediction of time series data. Considering the limi-
tation of sample size and the accuracy of prediction, this paper uses several models for
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prediction simulation and validates the set models by using various indicators. Finally, the
LSTM model is selected to predict the amount of medical waste generated from January to
April 2020. A comparison of the various predictive models is provided in Table A in S1 File.

Long short-term memory neural network. LSTM network is a special type of Recurrent
neural network (RNN) that solves the problem of long-range dependencies in data by captur-
ing multiple aspects of past information through multiple network layers. In econometrics,
LSTM provides a new tool for dealing with time series data [33]. Currently, LSTM has been
applied to prediction scenarios stock selection and forecasting [34] and solar activity predic-
tion [35]. As a variant of RNN, LSTM has a neural network repetition chain structure. With a
repetition unit of not just one but four internal network layers, LSTM network is able to cap-
ture long short-term memory.

LSTM solves the very streamlined form of the long dependency problem in RNN networks.
In this network, a brief LSTM memory transfer is given by ¢’, the h’ is completed, and its rela-
tion to the output result y* is expressed by the following equation.

d=Zod' ' +70z (4)

where ¢’ represents the long-time part of the selective memory, the 2/ serves as forget gate to
control the previous state of ¢!, z' represents the memory gate that is retained, and z is the cur-
rent information scaled by the tanh-function.

h' = z° © tanh(c") (5)

h' represents the short-time memory part from the current output of the gate z° and the
long-time memory of Hadamard Product after tanh activation.

y' = a(W'h) (6)

' is the final output result, and similar to RNN, the output result is often ultimately obtained
by the difference between the weight matrix and the obtained variation h‘ after Sigmoid activa-
tion. To ensure the reliability of the prediction model selection in this study, Prophet, a sea-
sonal-Auto Regressive Integrated Moving Average (ARIMA) model is used to compare with the
LSTM time series prediction model, and its results are reported in the S1 File.

Scenario assumptions for environmental impact assessment

We used a scenario-based approach to make assumptions about the composition and disposal
of the estimated increase in medical waste due to COVID-19 outbreak. This will be used to
conduct an environmental impact assessment. Pandemic medical waste differs from normal
medical waste in two ways: 1. The nature of the waste differs: due to the infectious nature of
COVID-19, and 2. The waste disposal method is different. The net value of medical waste esti-
mated by the "Estimation of monthly production of medical waste" section was considered as
infectious waste in this study [36]. Due to the lack of relevant data, our study uses the assess-
ment data of typical medical waste as a substitute. Therefore, we used Jingmin et al. [37] pro-
posed environmental assessment data for potentially infectious waste (Details are shown in the
S1 File). According to government information [38], due to the surge of medical waste, almost
all of the waste will be disposed of using the incineration method. Accordingly, the assump-
tions of following scenarios were made [39].

A. Business as usual (BAU)
In the BAU scenario, we consider the disposal of medical waste as a continuation of the
previous approach. According to relevant reports [40], as of the end of December 2019, the
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centralized medical waste disposal in the Hubei Province has been licensed with a total
capacity of 63,000 tons/year, 61% of which adopts high-temperature incineration treatment
process and the remaining 39% adopts autoclave steam sterilization treatment. In view of
this scenario, our study assumes that the pandemic in the Hubei Province adds medical
waste (M = 0.5), and 61% of the medical waste is disposed of by high-temperature incinera-
tion and 39% by autoclaving.

B. Complete pyrolysis (CP)
In the CP scenario, we refer to the study by 28. To expand the waste disposal volume, it is
assumed that the Hubei Province will adopt complete pyrolysis for waste disposal. Accord-
ing to this, all medical waste will be disposed of by high-temperature pyrolysis.

C. More pyrolysis (MP)
In the scenario where pyrolysis is preferred, we assume that pandemic waste disposal is pri-
oritized by disposal volume [41]. Due to the large amount of medical waste due to the pan-
demic, the pressure of waste disposal is increased, which results in increase of the
proportion of pyrolysis waste. Here, 80% of the waste will be pyrolyzed at high tempera-
tures and the remaining 20% will be sterilized using autoclaving.

D. More steam sterilization (MS)
In the scenario where steam disinfection is preferred, we assume that outbreak waste dis-
posal is prioritized in terms of infection risk reduction and environmental protection.
Steam disinfection method disinfects medical waste in the presence of infectious agents by
degrading proteins and destroying microbial tissues. During this process, no harmful gases
are released [42]. In the MS scenario, we increase the percentage of steam disinfection
method in BAU such that 60% of medical waste is disinfected by steam disinfection and
40% by pyrolysis methods.

Related data sources

Annual production related data sources. In this study, we obtained the statistics of the
number of beds, bed utilization rate, and attendance of medical institutions in the Hubei Prov-
ince from 2008 to 2019 by reviewing relevant information from the National Bureau of Statis-
tics (China) (as shown in Table 1).

In calculating the annual production of medical waste, the daily production of medical
waste per unit bed M in Eq (1) and medical waste production per unit visit S are not directly
available through official websites. For the S value, we searched the relevant literature in China
and abroad [43]; the daily medical waste generation per unit visit was found to be 0.03-0.05
kg, and the value positively correlated with the economic development level. Therefore, based
on the level of economic development in China, this study considers the average value of 0.04
kg/visit/day. For the M value, there are large differences among different countries and minor
differences among different regions of the same country [44]. According to a study by domes-
tic scholars [23,45,46], the medical waste generation rate in Gansu Province in 2010 was 0.59-
0.79 kg/bed/day, and the medical waste generation rate in 2014 in the Enshi Prefecture, Hubei
Province was about 0.37 kg/bed/day. The average medical waste generation rate in the Hubei
Province in July 2016 was about 0.5 kg/bed/day. Given the development of economic condi-
tions, infrastructure and medical services in the province in recent years, this study sets the
medical waste generation rate at 0.5 kg/bed/day. A sensitivity analysis was also performed on
the M value, which is the daily generation of medical waste from hospital beds, and the results
are presented in the S1 File.
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Table 1. Indicators related to medical institutions in the Hubei Province over the years.

Year Bed numbers/10000 Bed utilization rate % Visits (Billion times)
2008 16.73 87.3 1.44
2009 18.72 92.7 2.18
2010 20.04 96.1 2.39
2011 22.40 98.7 2.68
2012 25.30 99.3 3.06
2013 28.82 96.5 3.21
2014 31.75 96.1 3.45
2015 34.31 92.4 3.48
2016 36.06 92.0 3.55
2017 37.62 92.7 3.56
2018 39.35 92.7 3.51
2019 40.33 92.3 3.54

Data source: National Bureau of Statistics (NBS) (China).

https://doi.org/10.1371/journal.pone.0259207.t001

Monthly production related data sources. By reviewing the relevant data from the

National Health and Wellness Commission of the People’s Republic of China, we obtained all

hospital visits per month in the Hubei Province from 2014-2019 as shown in Fig 2.

The percentage of each month was calculated based on the total number of hospital visits in
each month from 2014-2019 in the Hubei Province, which is the weight of medical waste pro-

duction in each month to the total medical waste production in that year.

Environmental impact-related data sources. According to domestic and international
studies on medical waste disposal, different disposal methods may be suitable for different cat-
egories of medical waste, and the disposal technology for medical waste is mainly divided into
two types, incineration and non-incineration. The most common method of the latter type is

autoclaving [47].

Medical waste disposal produces a mixture of hazardous gases, including carbon monox-

ide, sulfur dioxide, nitrogen oxides, fluoride, various metals and their compounds, dioxins,
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Fig 2. Graph depicting the hospital visits by month in the Hubei Province from 2014-2019 (million visits).

https://doi.org/10.1371/journal.pone.0259207.g002
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and other volatile organic compounds [48]. Among them, mercury in exhaust gases not
only pollutes the atmosphere, but also enters the water and soil with the air flow, and thus
degrades water sources and inhibits plant growth. The toxicity of dioxins is much higher
than that of other toxic gases, and dioxin concentrations in flue gases from medical waste
incineration are significantly higher than those from domestic waste incineration [49]. Sul-
fur dioxide in exhaust gases also contributes to atmospheric acidification, which in turn can
lead to high-risk natural hazards such as acid rain [50]. Medical waste that is randomly dis-
posed into rivers and lakes can easily lead to a decrease in lake size, changes in the acidity
and alkalinity of water bodies, and the death of a large number of aquatic organisms [51].
The infiltration of many harmful substances in the soil may change its pH, reduce its fertil-
ity, and affect the survival of soil microorganisms and plant growth [8,52,53]. The sources
of toxic compounds, their hazards and their emission limits are explained in detail in
Table D in S1 File.

Earlier research by domestic and foreign scholars reported that a variety of hazardous
substances are produced after medical waste disposal, and the amount of production
depends on the employed disposal technology [54]. In this study, the main hazardous sub-
stances produced by two common disposal technologies were obtained by reviewing the rel-
evant literature [37].

Results and discussion
Estimated monthly production of medical waste

The monthly production of medical waste in the Hubei Province was calculated based on the
annual production of medical waste and the weights of each month. We first calculated the
annual production of medical waste from 2014 to 2019 by using Eq (1) and the relevant was
data collected (as shown in Fig 3).

Fig 3 depicts the trend of medical waste, patient visits, bed utilization rate, and number of
beds in the Hubei province from 2008-2019. Plot A represents the change in the number of
hospital beds, where the bars represent the number of beds in tens of thousands, which is seen
to increase over time. Plot B represents the annual bed utilization rate, which is shown to fluc-
tuate in the graph. Plot C depicts the trend of growth in the number of patient visits. Plot D

A: Bed numbers of Hubei Province: 2014-2019 D: Medical waste produced at Hubei Province: 2014-2019

8 5

Bed numbers/10000
g 8
3

2014

615 2006 017 2018 219
B: Bed usage rate of Hubei Province: 2014-2019

Bed usage rate(%)
13

2014 2015 2006 2017 2018 2019
C: Patient amount of Hubei Province: 2014-2019

& 8

Patient amount/100 million
E 0§ 8 %
\\
2

6

2014 2015 2016 2017 2018 2019 ! ;vrechcal waste pl‘odu:edjlﬂ,ooo tons
Fig 3. Graphs exhibiting the annual production of medical waste in the Hubei Province, 2008-2019.
https://doi.org/10.1371/journal.pone.0259207.g003
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represents the estimated annual medical waste generated. It is initially recognized from Fig 3
that the number of consultations and hospital beds in Hubei province show an increasing
trend year after year, which is in line with previous studies [55], and such an increase may be
caused by the increasing resident population and the growing industrialization. [23,56-58]. In
this study, the above annual production data and the weights of each month of the correspond-
ing year were used to calculate the monthly medical waste generation in the Hubei Province
from 2014-2019 (as shown in Fig 4).

From Fig 4, it is seen that the lowest peak of monthly medical waste generation in the
Hubei Province mainly occurs in February each year, and the highest peak in March each year
(sometimes from May—-August). The main reasons for this pattern are as follows: (1) The
spring festival usually falls in February. Generally speaking, most Chinese people tend to avoid
visiting medical institutions and other similar places during the most important traditional fes-
tival; (2) March follows right after the spring festival, a time when more people are willing to
go out, which includes visiting hospitals for diagnosis and treatment; (3) The Hubei Province
has a relatively developed tourism industry, and the May-August period is the first month
after the Chinese New Year. (4) The tourism industry in the Hubei Province is relatively well
developed, and May-August is the peak period for tourism, which increases the flow of people,
and possibly the number of patients.

Medical waste monthly production forecast

The LSTM Model was used to obtain the counterfactual prediction of the scenario where there
was no COVID-19 pandemic in 2020. The medical waste generation rates of 6765, 5838, 6864,
and 6777 tons from January to April 2020 were obtained for the case of medical waste genera-

tion rate of 0.5 kg/bed/day.

New medical waste production from the outbreak

According to the pandemic data released by the Hubei Provincial Health and Wellness Com-
mission, the pandemic broke out on January 23, 2020, and ended on April 28, 2020. According
to the Hubei Provincial Department of Ecology and Environment, from January 23 to April
28, the Hubei Province safely disposed of a total of 24,357.99 tons of medical waste, which can

o
g

Medical waste produced/10,000 (tons)

2014 2016 2018 2020
Time

Fig 4. Plot showing the monthly production of medical waste in the Hubei Province, 2014-2019.
https://doi.org/10.1371/journal.pone.0259207.g004
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therefore be inferred as the medical waste generated by the hospitals during the pandemic
period in the Hubei Province.

To calculate the additional medical waste production during the pandemic period com-
pared to that of the normal period, this study needs to first calculate the medical waste produc-
tion under normal conditions in the Hubei Province from January 23 to April 28, 2020.
According to the medical service data published by the National Health and Wellness Com-
mission of the People’s Republic of China, under normal conditions, the number of hospital
beds, bed occupancy rate, and the number of attendances on each date of the same month vary
so little that it could be neglected. Therefore, under the empirical estimation method, this
study assumes that the daily medical waste production in Hubei Province is the same in each
month under normal conditions. Based on the predicted medical waste production in the
Hubei Province from January to April 2020 (M = 0.5), the medical waste production from Jan-
uary 23 to April 28, 2020 under normal conditions can be calculated (as shown in the Table 2).

Based on the actual production value of medical waste from the pandemic in the Hubei
Province and the total normal production from Table 2, we can obtain the net production
value of new medical waste of 3366.99 tons, which is 16.04% higher than that under the normal
conditions in the same period. For reference, this study also predicts the medical waste genera-
tion on normal conditions based on 0.4 kg/bed/day or 0.6 kg/bed/day. The result is presented
in the S1 File.

Scenario analysis

For the environmental impact of pandemic medical waste, this study set four scenarios and
calculated the impact situation of medical waste on environmental factors under various sce-
narios by adjusting the application ratio of two disposal technologies, and the results are
shown in Figs 5 and 6.

From Fig 5, it is seen that the order of the magnitude of wastewater and sludge emissions
under the four scenarios is MS>BAU>MP>CP, which implies that the high-temperature
incineration method can reduce the impact of medical waste disposal on the water and soil
environments. Especially for the discharge of wastewater, which contains many harmful sub-
stances, such as chloride, fluoride, sulfur dioxide, mercury, and other heavy metals. The
amount of discharged wastewater is quite huge in all four scenario assumptions, and hence,
the government should manage wastewater generated during medical waste disposal. It should
strictly control the discharge of such wastewater and the emission standards of the concentra-
tion of various chemical substances contained in it, and simultaneously enhance the supervi-
sion and subsequent punishment of the medical waste disposal industry to ensure that the
harm caused by wastewater to human health and ecological environment is minimized.

Further, it is seen from Fig 5 that chloride emissions are the highest among the waste mate-
rials discharged into the soil, which exceeds the sum of emissions of other harmful substances.
Excessive chloride in the soil is likely to cause soil acidification, salinization, and even soil

Table 2. Predicted production of medical waste under conventional conditions in the Hubei Province.

Time Medical waste(ton)
1/23-1/31 1964
2/1-2/29 5838
3/1-3/31 6864
4/1-4/28 6325

Sum 20991

https://doi.org/10.1371/journal.pone.0259207.t002
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Fig 5. Bar plots showing the wastewater and waste production under four scenarios.

rios

https://doi.org/10.1371/journal.pone.0259207.9005

erosion. Therefore, for countries and regions with serious pandemic, local governments should
strengthen the control of chloride content from medical waste disposal, and devise appropriate
methods to collect and reuse the chloride to avoid environmental pollution caused by large

amount of chloride discharge into the soil.
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Fig 6. Bar plots depicting the exhaust gas production under the four scenarios.
https://doi.org/10.1371/journal.pone.0259207.9006
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Fig 6 depicts that the order of magnitude of most of the exhaust gas emissions in the four
scenario assumptions is CP>MP>BAU>MS. Therefore, steam sterilization method produces
less exhaust gas than high-temperature incineration method, although it produces more sulfur
dioxide, hydrogen chloride, and carbon dioxide gases. Among the harmful exhaust gases emit-
ted, hydrogen chloride gas has the highest emissions. Sulfur dioxide and hydrogen chloride are
easily combined with water vapor when emitted directly into the atmosphere, which can
potentially form acid rain. This can have an extremely negative impact on human health and
the ecological environment. Furthermore, carbon dioxide accumulates in the atmosphere,
which tends to create a greenhouse effect. Therefore, countries with serious pandemic should
monitor the concentration of acid gases generated by medical waste disposal in real time, orga-
nize experts and scholars to discuss and study this issue, and use cost-effective means to con-
vert these acid gases into harmless gases.

Additionally, the emissions contain many heavy metals, among which content of nickel was
the highest and lead content was the lowest (Fig 6). Nickel and its compounds emitted into the
atmosphere can easily form dust and affect the growth of plants when they land in the soil, and
through certain chemical reactions they can also produce various carcinogenic substances.
Therefore, among the many metallic substances contained in exhaust gas, the government
should pay special attention to the emission of nickel metal, improve relevant laws and regula-
tions at the earliest, and improve medical waste disposal technology. Especially for countries
with serious pandemic, such as the United States [59], Brazil [60], and India [61], the govern-
ment should take effective measures to reduce the large amount of nickel particles generated
by medical waste disposal.

Finally, we compare the remaining three scenarios with the BAU scenario to explore the
proportional change in the impact of different scenarios on environmental factors compared
to that of the BAU scenario. The results are shown in Figs 7 and 8.

As shown in Fig 7, the MS scenario is compared to the BAU scenario, where both wastewa-
ter and waste are increased in the MS scenario. During the COVID-19 pandemic, the govern-
ment needs to use more steam sterilization to treat medical waste to reduce the risk of
infection due to the need to prevent and control the pandemic. Compared to the BAU sce-
nario, the MP and CP scenarios result in different degrees of reduction in wastewater and
waste generation. The most significant reduction in emissions is the CP scenario. In terms of

mEMS mMP CP

Fig 7. Bar graph depicting the percentage increase in wastewater and waste production compared to the BAU scenario.

https://doi.org/10.1371/journal.pone.0259207.9007
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Fig 8. Bar plot showing the percentage increase in exhaust gas production compared to the BAU scenario.

https://doi.org/10.1371/journal.pone.0259207.9008

direct soil emissions resulting from medical waste disposal, pyrolysis is environment friendly
and sustainable due to its clean and safe characteristics [62], which allows for efficient treat-
ment of medical waste. However, pyrolysis is preceded by pretreatment of medical waste, a
process that entails significant energy costs [63]. Therefore, during the pandemic, the govern-
ment needs to increase its support to relevant companies to help them improve their equip-
ment and their processes, and if necessary, to subsidize energy.

The changes in direct air emissions from the different scenarios of medical waste disposal
are then compared (Fig 8). The MS scenario reduces most of the emissions compared to the
BAU scenario. For example, the emission reductions for Nitrogen oxides, Carbon monoxide,
Hydrogen fluorid, Hydrogen chloride are in the range of 20 to 40%. But for ammonia, ammo-
nia gas, mercury, phenol, chromium, and chloride, their emissions are significantly increased.
As organic compounds such as phenol are hazardous to humans, they may pose a health risk
to the people involved in handling medical waste [64]. Therefore, governments need to regu-
late medical waste disposal methods during pandemic and pre-treatment of different medical
wastes can effectively reduce harmful emissions. MP and CP scenarios increase the emission
of heavy metals such as copper, tin, mercury and dioxins compared to BAU scenario. The first
is that these heavy metals are emitted into the atmosphere in gaseous or in solid form adsorbed
on fly ash, which has environmental biotoxicity and bioaccumulation, and poses a serious
threat to ecology and human health. Second, the dioxins emitted into the atmosphere are
transferred to the soil and easily adsorbed to the organic matter of the surface soil. Dioxins
from medical waste disposal can have negative effects on vegetation and human body. There-
fore, under the MP and CP scenarios, the government first needs to focus on monitoring the
levels of dioxins and heavy metals in the soil around the emission sources. Third, relevant gov-
ernment authorities need to strengthen the supervision of medical waste disposal enterprises
and update the medical waste disposal facilities and management methods of old enterprises,
to minimize the harm caused by medical waste disposal to the environment.

Limitations

This study tried to restore the environmental impact caused by medical waste disposal during
COVID-19 to the best possible extent. However, due to the difficulty in obtaining primary
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data, the study uses the assessment data of typical medical waste as a substitute. In the assump-
tion scenarios, we tried to quantify the impact of the disposal of COVID-19 medical waste as
close as possible to real-life scenarios, although due to the complexity of the realistic recycling
process, it was difficult to cover all hypothetical situations.

Conclusions

In this study, we found that at a medical waste generation rate of 0.5 kg/bed/day, COVID-
19 resulted in a net increase in medical waste volume of about 3366.99 tons in the Hubei
Province. The possible environmental impacts under different disposal methods were
modeled to provide a reference for medical waste disposal during a pandemic. the MS sce-
nario was able to reduce most of the waste gas emissions compared to the BAU scenario,
with a reduction of between 20% and 40%. The disadvantage is that the MS scenario
increases the amount of wastewater and waste generated. On the contrary, the MP and CP
scenarios compared to the BAU scenario lead to different reductions in wastewater and
waste generation. The disadvantage of these two scenarios for medical waste disposal is
that they increase the emission of heavy metals and dioxins. This provides a policy basis
for how countries or regions with severe pandemic situations can safely and effectively
handle medical waste.

Supporting information

S1 File. Supporting material on scenario analysis, toxic inventory, and comparison of time
series prediction models. All publicly available data are in tabular form in this document.
(DOCX)

S2 File.
(PDF)

Acknowledgments

Many thanks to the Editors and three Reviewers for their very helpful comments. We also
would like to thank Editage (www.editage.com) for English language editing services.

Author Contributions

Conceptualization: Jinquan Ye, Yifan Song.

Data curation: Yifan Song, Yun Zhong.

Formal analysis: Jinquan Ye, Yifan Song.

Funding acquisition: Jinquan Ye, Yun Zhong.

Investigation: Yifan Song.

Methodology: Jinquan Ye.

Validation: Yurong Liu.

Writing - original draft: Jinquan Ye, Yifan Song, Yun Zhong.

Writing - review & editing: Yurong Liu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259207  January 24, 2022 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259207.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259207.s002
http://www.editage.com/
https://doi.org/10.1371/journal.pone.0259207

PLOS ONE

Medical waste management after COVID-19 in Hubei Province, China

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Lenzen M, Li M, Malik A, Pomponi F, Sun YY, Wiedmann T, et al. Global socio-economic losses and
environmental gains from the coronavirus pandemic. PLoS One. 2020; 15: 1—13. https://doi.org/10.
1371/journal.pone.0235654 PMID: 32645023

Obrenovic B, Du J, Godinic D, Tsoy D, Khan MAS, Jakhongirov |. Sustaining enterprise operations and
productivity during the COVID-19 pandemic: “Enterprise effectiveness and sustainability model.” Sus-
tain. 2020; 12: 1-27. https://doi.org/10.3390/su12155981

Vidal-mones B, Barco H, Diaz-ruiz R, Fernandez-Zamudio MA. Citizens’ food habit behavior and food
waste consequences during the first covid-19 lockdown in Spain. Sustain. 2021; 13: 1-20. https://doi.
org/10.3390/su13063381

Bucataru C, Savescu D, Repanovici A, Blaga L, Coman E, Cocuz ME. The implications and effects of
medical waste on development of sustainable society—a brief review of the literature. Sustain. 2021;13.
https://doi.org/10.3390/su13063300

Manzoor J, Sharma M. Impact of Biomedical Waste on Environment and Human Health. Environ
Claims J. 2019; 31: 311-334. hitps://doi.org/10.1080/10406026.2019.1619265

Ma'Y, Lin X, Wu A, Huang Q, Li X, Yan J. Suggested guidelines for emergency treatment of medical
waste during COVID-19: Chinese experience. Waste Dispos Sustain Energy. 2020; 2: 81-84. https:/
doi.org/10.1007/s42768-020-00039-8 PMID: 32838200

Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper Respira-
tory Specimens of Infected Patients. N Engl J Med. 2020; 382: 1177-1179. https://doi.org/10.1056/
NEJMc2001737 PMID: 32074444

Amicarelli V, Tricase C, Spada A, Bux C. Households’ food waste behavior at local scale: A cluster anal-
ysis after the covid-19 lockdown. Sustain. 2021; 13: 1-14. https://doi.org/10.3390/su13063283

Letho Z, Yangdon T, Lhamo C, Limbu CB, Yoezer S, Jamtsho T, et al. Awareness and practice of medi-
cal waste management among healthcare providers in National Referral Hospital. PLoS One. 2021; 16:
1-10. https://doi.org/10.1371/journal.pone.0243817 PMID: 33406119

Rustagi N, Singh R. Mercury and health care. Indian J Occup Environ Med. 2010; 14: 45—48. https://doi.
0rg/10.4103/0019-5278.72240 PMID: 21120080

Muhammad S, Long X, Salman M. COVID-19 pandemic and environmental pollution: A blessing in dis-
guise? Sci Total Environ. 2020; 728: 138820. https://doi.org/10.1016/j.scitotenv.2020.138820 PMID:
32334164

Kalina M, Tilley E. “This is our next problem”: Cleaning up from the COVID-19 response. Waste Manag.
2020; 108: 202-205. https://doi.org/10.1016/j.wasman.2020.05.006 PMID: 32414623

He Z, Li Q, Fang J. The Solutions and Recommendations for Logistics Problems in the Collection of
Medical Waste in China. Procedia Environ Sci. 2016; 31: 447-456. https://doi.org/10.1016/j.proenv.
2016.02.099

Klemes$ JJ, Fan Y Van, Tan RR, Jiang P. Minimising the present and future plastic waste, energy and
environmental footprints related to COVID-19. Renew Sustain Energy Rev. 2020;127. https://doi.org/
10.1016/j.rser.2020.109883 PMID: 34234614

Richter A, Ng KTW, Vu HL, Kabir G. Waste disposal characteristics and data variability in a mid-sized
Canadian city during COVID-19. Waste Manag. 2021; 122: 49-54. https://doi.org/10.1016/j.wasman.
2021.01.004 PMID: 33485254

FanY Van, Jiang P, Hemzal M, Klemes JJ. An update of COVID-19 influence on waste management.
Sci Total Environ. 2021;754. https://doi.org/10.1016/j.scitotenv.2020.142014 PMID: 32920389

Urban RC, Nakada LYK. COVID-19 pandemic: Solid waste and environmental impacts in Brazil. Sci
Total Environ. 2021; 755: 142471. https://doi.org/10.1016/j.scitotenv.2020.142471 PMID: 33010498

Dente SMR, Hashimoto S. COVID-19: A pandemic with positive and negative outcomes on resource
and waste flows and stocks. Resour Conserv Recycl. 2020; 161: 104979. https://doi.org/10.1016/j.
resconrec.2020.104979 PMID: 32536747

Tirkolaee EB, Abbasian P, Weber GW. Sustainable fuzzy multi-trip location-routing problem for medical
waste management during the COVID-19 outbreak. Sci Total Environ. 2021; 756: 143607. https://doi.
org/10.1016/j.scitotenv.2020.143607 PMID: 33220997

YangL, Yu X, Wu X, Wang J, Yan X, Jiang S, et al. Emergency response to the explosive growth of
health care wastes during COVID-19 pandemic in Wuhan, China. Resour Conserv Recycl. 2021; 164:
105074. https://doi.org/10.1016/j.resconrec.2020.105074 PMID: 32834492

Wang Q, Su M. A preliminary assessment of the impact of COVID-19 on environment—A case study of
China. Sci Total Environ. 2020; 728: 138915. https://doi.org/10.1016/j.scitotenv.2020.138915 PMID:
32348946

PLOS ONE | https://doi.org/10.1371/journal.pone.0259207  January 24, 2022 15/17


https://doi.org/10.1371/journal.pone.0235654
https://doi.org/10.1371/journal.pone.0235654
http://www.ncbi.nlm.nih.gov/pubmed/32645023
https://doi.org/10.3390/su12155981
https://doi.org/10.3390/su13063381
https://doi.org/10.3390/su13063381
https://doi.org/10.3390/su13063300
https://doi.org/10.1080/10406026.2019.1619265
https://doi.org/10.1007/s42768-020-00039-8
https://doi.org/10.1007/s42768-020-00039-8
http://www.ncbi.nlm.nih.gov/pubmed/32838200
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
http://www.ncbi.nlm.nih.gov/pubmed/32074444
https://doi.org/10.3390/su13063283
https://doi.org/10.1371/journal.pone.0243817
http://www.ncbi.nlm.nih.gov/pubmed/33406119
https://doi.org/10.4103/0019-5278.72240
https://doi.org/10.4103/0019-5278.72240
http://www.ncbi.nlm.nih.gov/pubmed/21120080
https://doi.org/10.1016/j.scitotenv.2020.138820
http://www.ncbi.nlm.nih.gov/pubmed/32334164
https://doi.org/10.1016/j.wasman.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32414623
https://doi.org/10.1016/j.proenv.2016.02.099
https://doi.org/10.1016/j.proenv.2016.02.099
https://doi.org/10.1016/j.rser.2020.109883
https://doi.org/10.1016/j.rser.2020.109883
http://www.ncbi.nlm.nih.gov/pubmed/34234614
https://doi.org/10.1016/j.wasman.2021.01.004
https://doi.org/10.1016/j.wasman.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33485254
https://doi.org/10.1016/j.scitotenv.2020.142014
http://www.ncbi.nlm.nih.gov/pubmed/32920389
https://doi.org/10.1016/j.scitotenv.2020.142471
http://www.ncbi.nlm.nih.gov/pubmed/33010498
https://doi.org/10.1016/j.resconrec.2020.104979
https://doi.org/10.1016/j.resconrec.2020.104979
http://www.ncbi.nlm.nih.gov/pubmed/32536747
https://doi.org/10.1016/j.scitotenv.2020.143607
https://doi.org/10.1016/j.scitotenv.2020.143607
http://www.ncbi.nlm.nih.gov/pubmed/33220997
https://doi.org/10.1016/j.resconrec.2020.105074
http://www.ncbi.nlm.nih.gov/pubmed/32834492
https://doi.org/10.1016/j.scitotenv.2020.138915
http://www.ncbi.nlm.nih.gov/pubmed/32348946
https://doi.org/10.1371/journal.pone.0259207

PLOS ONE

Medical waste management after COVID-19 in Hubei Province, China

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ceylan Z, Bulkan S, Elevli S. Prediction of medical waste generation using SVR, GM (1,1) and ARIMA
models: a case study for megacity Istanbul. J Environ Heal Sci Eng. 2020; 18: 687-697. https://doi.org/
10.1007/s40201-020-00495-8 PMID: 33312594

Thomas B. McKee NJD and JK. Investigation and analysis of medical waste generation in Enshi area of
Hubei Province, China. Water (Switzerland). 2017; 26: 1-72. https://doi.org/10.1088/1755-1315/5

Dehghani MH, Ahrami HD, Nabizadeh R, Heidarinejad Z, Zarei A. Medical waste generation and man-
agement in medical clinics in South of Iran. MethodsX. 2019; 6: 727—733. https://doi.org/10.1016/j.mex.
2019.03.029 PMID: 31011544

Adu RO, Gyasi SF, Essumang DK, Otabil KB. Medical Waste-Sorting and Management Practices in
Five Hospitals in Ghana. J Environ Public Health. 2020;2020. https://doi.org/10.1155/2020/2934296
PMID: 32190061

Zambrano-Monserrate MA, Ruano MA, Yoong-Parraga C. Households from developing countries do
not sort their solid waste: truth or myth? J Environ Plan Manag. 2020; 63: 2577-2592. https://doi.org/10.
1080/09640568.2020.1741341

Da Silva CE, Hoppe AE, Ravanello MM, Mello N. Medical wastes management in the south of Brazil.
Waste Manag. 2005; 25: 600—605. hitps://doi.org/10.1016/j.wasman.2004.03.002 PMID: 15993344

Tesfahun E, Kumie A, Beyene A. Developing models for the prediction of hospital healthcare waste
generation rate. Waste Manag Res. 2016; 34: 75-80. https://doi.org/10.1177/0734242X15607422
PMID: 26437681

Minoglou M, Gerassimidou S, Komilis D. Healthcare waste generation worldwide and its dependence
on socio-economic and environmental factors. Sustain. 2017;9. https://doi.org/10.3390/su9020220

Cheng YW, Sung FC, Yang Y, Lo YH, Chung YT, Li KC. Medical waste production at hospitals and
associated factors. Waste Manag. 2009; 29: 440—444. https://doi.org/10.1016/j.wasman.2008.01.014
PMID: 18359619

Yu C, Tan X. Investigation and analysis of medical waste disposal in Wuhan. Chinese Hosp Manag.
2002.

Sanida G, Karagiannidis A, Mavidou F, Vartzopoulos D, Moussiopoulos N, Chatzopoulos S. Assessing
generated quantities of infectious medical wastes: A case study for a health region administration in
Central Macedonia, Greece. Waste Manag. 2010; 30: 532-538. https://doi.org/10.1016/j.wasman.
2008.11.019 PMID: 19944583

Siami-Namini S, Tavakoli N, Siami Namin A. A Comparison of ARIMA and LSTM in Forecasting Time
Series. Proc - 17th IEEE Int Conf Mach Learn Appl ICMLA 2018. 2019; 1394—1401. https://doi.org/10.
1109/ICMLA.2018.00227

Nelson DMQ, Pereira ACM, Oliveira RA De. Stock market’s price movement prediction with LSTM neu-
ral networks. 2011 Int Jt Conf Neural Networks. 2017; 21: 1378-1378. https://doi.org/10.1109/tnn.2010.
2063350

Qing X, Niu Y. Hourly day-ahead solar irradiance prediction using weather forecasts by LSTM. Energy.
2018; 148: 461-468. https://doi.org/10.1016/j.energy.2018.01.177

Kalina M, Ali F, Tilley E. “Everything continued as normal”: What happened to Africa’s wave of Covid-19
waste? Waste Manag. 2021; 120: 277-279. https://doi.org/10.1016/j.wasman.2020.11.051 PMID:
33316547

Hong J, Zhan S, Yu Z, Hong J, Qi C. Life-cycle environmental and economic assessment of medical
waste treatment. J Clean Prod. 2018; 174: 65—73. https://doi.org/10.1016/j.jclepro.2017.10.206

Dong B. How to “Battle” with medical waste. Economic Daily. 2020: 58392840.

llyas S, Srivastava RR, Kim H. Disinfection technology and strategies for COVID-19 hospital and bio-
medical waste management. Sci Total Environ. 2020; 749: 141652. https://doi.org/10.1016/j.scitotenv.
2020.141652 PMID: 32822917

Zhang X. Analysis of the current situation of China’s medical waste treatment line market under the new
crown epidemic in 2020, the industry encounters a new opportunity for development again. 2020.

Filimonau V. The prospects of waste management in the hospitality sector post COVID-19. Resour
Conserv Recycl. 2021; 168: 105272. https://doi.org/10.1016/j.resconrec.2020.105272

Belhadi A, Kamble SS, Khan SAR, Touriki FE, Kumar M D. Infectious Waste Management Strategy dur-
ing COVID-19 Pandemic in Africa: an Integrated Decision-Making Framework for Selecting Sustainable
Technologies. Environ Manage. 2020; 66: 1085—1104. https://doi.org/10.1007/s00267-020-01375-5
PMID: 33095317

Abdulla F, Abu Qdais H, Rabi A. Site investigation on medical waste management practices in northern
Jordan. Waste Manag. 2008; 28: 450—458. https://doi.org/10.1016/j.wasman.2007.02.035 PMID:
17507209

PLOS ONE | https://doi.org/10.1371/journal.pone.0259207  January 24, 2022 16/17


https://doi.org/10.1007/s40201-020-00495-8
https://doi.org/10.1007/s40201-020-00495-8
http://www.ncbi.nlm.nih.gov/pubmed/33312594
https://doi.org/10.1088/1755-1315/5
https://doi.org/10.1016/j.mex.2019.03.029
https://doi.org/10.1016/j.mex.2019.03.029
http://www.ncbi.nlm.nih.gov/pubmed/31011544
https://doi.org/10.1155/2020/2934296
http://www.ncbi.nlm.nih.gov/pubmed/32190061
https://doi.org/10.1080/09640568.2020.1741341
https://doi.org/10.1080/09640568.2020.1741341
https://doi.org/10.1016/j.wasman.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15993344
https://doi.org/10.1177/0734242X15607422
http://www.ncbi.nlm.nih.gov/pubmed/26437681
https://doi.org/10.3390/su9020220
https://doi.org/10.1016/j.wasman.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18359619
https://doi.org/10.1016/j.wasman.2008.11.019
https://doi.org/10.1016/j.wasman.2008.11.019
http://www.ncbi.nlm.nih.gov/pubmed/19944583
https://doi.org/10.1109/ICMLA.2018.00227
https://doi.org/10.1109/ICMLA.2018.00227
https://doi.org/10.1109/tnn.2010.2063350
https://doi.org/10.1109/tnn.2010.2063350
https://doi.org/10.1016/j.energy.2018.01.177
https://doi.org/10.1016/j.wasman.2020.11.051
http://www.ncbi.nlm.nih.gov/pubmed/33316547
https://doi.org/10.1016/j.jclepro.2017.10.206
https://doi.org/10.1016/j.scitotenv.2020.141652
https://doi.org/10.1016/j.scitotenv.2020.141652
http://www.ncbi.nlm.nih.gov/pubmed/32822917
https://doi.org/10.1016/j.resconrec.2020.105272
https://doi.org/10.1007/s00267-020-01375-5
http://www.ncbi.nlm.nih.gov/pubmed/33095317
https://doi.org/10.1016/j.wasman.2007.02.035
http://www.ncbi.nlm.nih.gov/pubmed/17507209
https://doi.org/10.1371/journal.pone.0259207

PLOS ONE

Medical waste management after COVID-19 in Hubei Province, China

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

Ansari M, Ehrampoush MH, Farzadkia M, Ahmadi E. Dynamic assessment of economic and environ-
mental performance index and generation, composition, environmental and human health risks of hos-
pital solid waste in developing countries; A state of the art of review. Environ Int. 2019; 132: 105073.
https://doi.org/10.1016/j.envint.2019.105073 PMID: 31421384

Zhang HJ, Zhang YH, Wang Y, Yang YH, Zhang J, Wang YL, et al. Investigation of medical waste man-
agement in Gansu province, China. Waste Manag Res. 2013; 31: 655—659. https://doi.org/10.1177/
0734242X13482161 PMID: 23567844

Xie H, Lai X, Tan L. A study on the current situation of medical waste management in 121 hospitals in
Hubei Province. Mod Prev Med. 2017; 44: 5-8.

Jiang C, Ren Z, Tian Y, Wang K. Application of Best Available Technologies on Medical Wastes Dis-
posal/Treatment in China (with case study). Procedia Environ Sci. 2012; 16: 257-265. https://doi.org/
10.1016/j.proenv.2012.10.036 PMID: 32288927

Zakaria AM, Labib OA, Mohamed MG, EI-Shall WI, Hussein AH. Assessment of combustion products
of medical waste incinerators in Alexandria. J Egypt Public Health Assoc. 2005; 80: 405—431. PMID:
16900616

Thornton J, McCally M, Orris P, Weinberg J. Dioxin prevention and medical waste incinerators. Occup
Heal Ind Med. 1997; 1: 11.

Zakaria A, Labib O. Evaluation of emissions from medical waste incinerators in Alexandria. J Egypt
Public Health Assoc. 2003; 78: 225-244. PMID: 17265615

Jain M, Goshwami CS, Jain P. Hospital solid waste and its management in a Hospital of Bhopal, India. |
Control Pollut. 2021; 23: 223-226.

Adama M, Esena R, Fosu-Mensah B, Yirenya-Tawiah D. Heavy metal contamination of soils around a
hospital waste incinerator bottom ash dumps site. J Environ Public Health. 2016;2016. https://doi.org/
10.1155/2016/8926453 PMID: 27034685

Inyang EP, Ita A, Obiajunwa El. Investigation of soils affected by burnt hospital wastes in Nigeria using
PIXE. Springerplus. 2013; 2: 1—4. https://doi.org/10.1186/2193-1801-2-1 PMID: 23419944

LiW, Huang Q, Lu S, Wu H, Li X, Yan J. Life cycle assessment of the environmental impacts of typical
industrial hazardous waste incineration in eastern China. Aerosol Air Qual Res. 2015; 15: 242-251.
https://doi.org/10.4209/aaqr.2013.10.0318

Moreira AMM, Giinther WMR. Assessment of medical waste management at a primary health-care cen-
terin Sdo Paulo, Brazil. Waste Manag. 2013; 33: 162—167. https://doi.org/10.1016/j.wasman.2012.09.
018 PMID: 23122204

Blenkharn JI. Medical wastes management in the south of Brazil. Waste Manag. 2006; 26: 315-317.
https://doi.org/10.1016/j.wasman.2005.09.002 PMID: 16257196

Qasemi M, Afsharnia M, Zarei A, Najafpoor AA, Salari S, Shams M. Phenol removal from aqueous solu-
tion using Citrullus colocynthis waste ash. Data Br. 2018; 18: 620—-628. https://doi.org/10.1016/j.dib.
2018.03.049 PMID: 29900216

Qasemi M, Zarei A, Afsharnia M, Salehi R, Allahdadi M, Farhang M. Data on cadmium removal from
synthetic aqueous solution using garbage ash. Data Br. 2018; 20: 1115—-1123. https://doi.org/10.1016/j.
dib.2018.08.163 PMID: 30229127

Commendatore C. Coronavirus Impacts Hit Solid Waste Managers,Generators. 2020.

Penteado CSG, Castro MAS de. Covid-19 effects on municipal solid waste management: What can
effectively be done in the Brazilian scenario? Resour Conserv Recycl. 2021; 164: 105152. https://doi.
org/10.1016/j.resconrec.2020.105152 PMID: 32921916

Ramteke S, Sahu BL. Novel coronavirus disease 2019 (COVID-19) pandemic: Considerations for the
biomedical waste sector in India. Case Stud Chem Environ Eng. 2020; 2: 100029. https://doi.org/10.
1016/j.cscee.2020.100029

Su G, Ong HC, Ibrahim S, Fattah IMR, Mofijur M, Chong CT. Valorisation of medical waste through
pyrolysis for a cleaner environment: Progress and challenges. Environ Pollut. 2021;279. https://doi.org/
10.1016/j.envpol.2021.116934

Zhu X, Luo Z, Diao R, Zhu X. Combining torrefaction pretreatment and co-pyrolysis to upgrade biochar
derived from bio-oil distillation residue and walnut shell. Energy Convers Manag. 2019; 199: 111970.
https://doi.org/10.1016/j.enconman.2019.111970

Zafar S. Medical Waste Management in Developing Countries.: 351-359.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259207  January 24, 2022 17/17


https://doi.org/10.1016/j.envint.2019.105073
http://www.ncbi.nlm.nih.gov/pubmed/31421384
https://doi.org/10.1177/0734242X13482161
https://doi.org/10.1177/0734242X13482161
http://www.ncbi.nlm.nih.gov/pubmed/23567844
https://doi.org/10.1016/j.proenv.2012.10.036
https://doi.org/10.1016/j.proenv.2012.10.036
http://www.ncbi.nlm.nih.gov/pubmed/32288927
http://www.ncbi.nlm.nih.gov/pubmed/16900616
http://www.ncbi.nlm.nih.gov/pubmed/17265615
https://doi.org/10.1155/2016/8926453
https://doi.org/10.1155/2016/8926453
http://www.ncbi.nlm.nih.gov/pubmed/27034685
https://doi.org/10.1186/2193-1801-2-1
http://www.ncbi.nlm.nih.gov/pubmed/23419944
https://doi.org/10.4209/aaqr.2013.10.0318
https://doi.org/10.1016/j.wasman.2012.09.018
https://doi.org/10.1016/j.wasman.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23122204
https://doi.org/10.1016/j.wasman.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16257196
https://doi.org/10.1016/j.dib.2018.03.049
https://doi.org/10.1016/j.dib.2018.03.049
http://www.ncbi.nlm.nih.gov/pubmed/29900216
https://doi.org/10.1016/j.dib.2018.08.163
https://doi.org/10.1016/j.dib.2018.08.163
http://www.ncbi.nlm.nih.gov/pubmed/30229127
https://doi.org/10.1016/j.resconrec.2020.105152
https://doi.org/10.1016/j.resconrec.2020.105152
http://www.ncbi.nlm.nih.gov/pubmed/32921916
https://doi.org/10.1016/j.cscee.2020.100029
https://doi.org/10.1016/j.cscee.2020.100029
https://doi.org/10.1016/j.envpol.2021.116934
https://doi.org/10.1016/j.envpol.2021.116934
https://doi.org/10.1016/j.enconman.2019.111970
https://doi.org/10.1371/journal.pone.0259207

