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Abstract
The emerging and underdeveloped countries in Africa face numerous difficulties managing infectious waste during the
SARS-CoV-2 disease, known as the COVID-19 pandemic. Hence, the main aim of this paper is to help decision-makers
in African countries to select the best available waste management strategy during the COVID-19 pandemic. The present
research undertakes seamless assessment and prioritization of infectious solid waste (SW) and wastewater (WW)
treatment technologies based on a criteria system involving four dimensions, i.e., environment-safety, technology,
economics, and sociopolitics. A combined approach that integrates the results of life-cycle assessments and life-cycle
costs (LCA–LCC), analytic hierarchy process (AHP), and VIKOR method in an interval-valued fuzzy (IVF)
environment is proposed. The results reveal that combined incineration and chemical disinfection approach, and
combined chlorination and ultraviolet irradiation are the most sustainable technologies for managing infectious SW and
WW treatment in the present context. The proposed approach, alongside the findings of the study, constitutes a reference
to devise urgent planning for contagious waste management in African countries as well as developing countries
worldwide.
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Introduction

The new SARS-CoV-2 disease (commonly known as
COVID-19) has induced a historical impact in most coun-
tries. Since the beginning of the pandemic, the virus has
distressed almost all countries causing infection to several
million and claiming thousands of lives according to WHO
(2020a, b). The governments worldwide have implemented
several measures to mitigate the propagation of the virus,

including personal protective equipment, social distancing,
and lockdown (Klemeš et al. 2020).

The transmission behavior of SARS-CoV-2 is creating
significant challenges for services related to solid waste
(SW) and wastewater (WW) management. Aerosols, plas-
tics, oral/fecal, and inanimate surfaces (fomites) are identi-
fied as the transmission medium for the virus (Nghiem et al.
2020). The multiple modes of transmission emphasize
implementing a safety management system to interrupt the
potential propagation of COVID-19 through SW and WW.
The international organizations such as the World Bank and
WHO (2020a, b) are extensively stressing the use of proper
waste management (WM) mechanisms to prevent the
transmission of COVID-19. The discharge of municipal SW
and WW without appropriate treatment increases the
probability of public exposure to infection WHO (2020a, b).
In the context of the present pandemic, there is a need to
take precautionary measures to avoid the risks associated
with public health and the environment. Therefore, proper
treatment and disposal of the infectious SW and WW are of
great significance.
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The selection of the most efficient infectious waste
treatment technology is a challenging task and depends on
various criteria such as environment, safety, politics, and
economics. The availability of diverse WM technologies
with different levels of performance on selected criteria
makes the decision-making complex. Furthermore, the
ambiguous, incomplete, and inconsistent information to
make these decisions adds uncertainty in decision-making
(Valente and Bueno 2019; Voudrias 2016). A reliable
procedure to prioritize the WM treatment technologies will
be of great utility for the decision-makers (Wang et al.
2018).

The challenges for emerging and underdeveloped nations
in Africa are even more significant (Belhadi et al. 2020).
The budget for WM in most African countries is less
compared to the other nations, constraining the treatment
facilities, and posing severe threats to public health (Idowu
et al. 2019). The waste generation during the COVID-19 at
the sanitary and environmental levels is gaining more
interest in African countries. The municipal WM assumes
significant importance in most emergency response projects
announced by African countries to fight the COVID-19
pandemic. Although the researchers have extensively stu-
died the different alternatives and technologies to manage
general SW and WW disposal (Ayodele et al. 2018), spe-
cific studies concerning the treatment and disinfection of
municipal SW and WW in the African countries in the
context of the COVID-19 pandemic are nonexistent.

The evaluation of the SW and WW treatment is a mul-
tidimensional problem that should consider factors related
to economy, safety, environment, society, technology, and
politics. In recent times, multicriteria decision-making
(MCDM) methods have gained high popularity in the
WM area as a powerful tool to resolve decision problems
involving multiple conflicting criteria. Approaches such as
analytic hierarchy process (AHP), VlseKriterijumska Opti-
mizcija I Kaompromisno Resenje (VIKOR), technique for
order of preference by similarity to ideal solution (TOPSIS),
and preference ranking organization method for enrichment
of evaluations (PROMETHEE) have been used extensively
in solving WM related problems. Several studies have
combined fuzzy and rough sets theory with the MCDM
techniques to overcome the problem of vagueness and
imprecision of human thoughts (Wang et al. 2019; Kharat
et al. 2019).

The context of COVID-19 is posing an enormous chal-
lenge in data collection leading to an increase of uncertainty
and complexity related to WM decisions. This lack of
information in defining the membership function may
involve some hesitation in membership degrees of fuzzy
sets. The decision-maker might not be fully confident about
the preferences, resulting in some amount of uncertainty
associated with their decisions. Therefore, the traditional

fuzzy set theory will not be useful to describe the opinions
of the decision-makers (Wang et al. 2018). Consequently,
we propose to use the interval-valued fuzzy (IVF) sets to
address the complexity of WM models in the context of
COVID-19 and overcome the issues of vagueness (lack of
sharp class of boundaries in human judgment and pre-
ference) and lack of information (Gupta et al. 2018).

With the above background, the present study seeks the
answers for the following research questions (RQs).

RQ 1: How could WM alternatives be precisely prior-
itized under the high vagueness generated by the context of
COVID-19?

RQ 2: What are the best alternatives for underdeveloped
countries to manage infectious SW and WW in the COVID-
19 pandemic context?

In seeking the answers to the above RQs considering the
criticality of the infectious municipal WM generated during
the COVID-19 pandemic, this paper contributes to the
development of a WM strategy during the COVID-19
pandemic by proposing a combined life-cycle assessment
(LCA), life-cycle cost (LCC) analysis, and AHP–VIKOR
method to select a WM treatment technology under the
effect of IVF environment. The proposed MCDM approach
deals with high uncertainty related to WM data and seeks to
develop an integrated management program of infectious
SW and WW by incorporating various factors. The study
makes the following significant contributions:

(1) The use of IVF set theory to cope with the ambiguity
and vagueness generated by the uncertain context of
COVID-19 can alter the decision-making process.

(2) The use of LCA–LCC for evaluating quantitative
criteria based on actual data collected from the
African context.

(3) The combination of qualitative (secondary data) and
quantitative (expert interviews) data to select the best
alternative for SW and WW treatment.

(4) The proposition of an integrated approach for
managing SW and WW during and after the
COVID-19 pandemic.

The study was conducted based on data collected from
selected companies in Morocco, Africa. A fuzzy interval
multiattribute decision-making technique was used to
address uncertainty in decision-making during the ranking
of alternatives. While AHP was used to determine the cri-
tical weighting factors, VIKOR was employed to screen and
rank choices using quantitative insights from LCA and
qualitative judgment of experts.

The rest of this article is organized as follows. Back-
ground Literature section presents the background literature
explaining the different challenges related to WM during
the COVID-19 pandemic and the most used technologies
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for infectious WM. Materials and Methods section dis-
cusses the research methodology adopted in this study. The
findings of the African case study are discussed in section
An Empirical Study on Infectious WM in Africa. The
outcome and implications of the study are discussed in
section Discussion and Implications. Conclusion section
presents the conclusions, limitations, and future scope of
the study.

Background Literature

Challenges of WM during COVID-19 Pandemic

The continuous propagation of the COVID-19 pandemic
entails increased impacts and challenges upon human
health, economy, and global environment. In particular, the
current COVID-19 pandemic outbreak raises various
questions on the municipal waste handling and treatment
practices related to the health and safety of workers and
waste treatment facilities (Saadat et al. 2020).

More specifically, two significant challenges are identi-
fied. The first challenge is related to the sharp increase in
SW produced by either healthcare facilities or households.
For instance, in China, the generation of solid and medical
waste in Hubei Province has increased by 370% during the
pandemic, despite the notable decrease of 30% of the total
volume of municipal SW, according to the State Council’s
Joint Prevention and Control Mechanism. Furthermore,
Wuhan has shown an unprecedented increase in plastic
waste generation in households by 500% from early January
to late March 2020 (Tang 2020). The rationale behind this
situation is that plastic-based materials present tremendous
utility in dealing with the various mitigation measures
implemented worldwide. For instance, scientists and cus-
tomers consider single-use plastics a safe solution to man-
age the virus. This results in increased utilization and
release of plastic products even for nonmedical purposes.
Klemeš et al. (2020) argued that the conventional municipal
treatment systems for handling and disposal of regular
waste under normal conditions are not suitable for use in
abnormal situations.

The likelihood of generating biomedical waste at the
residential colonies and the healthcare centers is high during
the COVID-19 outbreak. Household waste includes infected
gloves, masks, and other protective equipment. The self-
isolation and home quarantine of the patients due to the
limited capacity of hospitals increases the possibility of
infectious municipal SW generation at personal locations.
To mitigate this challenge of a widespread generation of
medical waste Klemeš et al. (2020) suggest a structural
change in the existing WM procedures that include sorting,
collection, treatment, and disposal, adhering to the current

safety protocols for the waste collection workers. Despite
the recent announcements on the safety precaution measures
in handling infectious waste (WHO 2020a, b), the extensive
generation of plastic and mixed waste presents logistical
challenges, putting the economic and environmental con-
cerns on a low priority.

The second challenge is related to the pathogenic char-
acteristic and viral transmissibility of WW during the
COVID-19 pandemic. The pathogenicity of WW can be
illustrated through two perspectives. First, studies have
confirmed the transmission potential of SARS-CoV-2
through untreated municipal WW (Mallapaty 2020;
Ahmed et al. 2020). Second, previous studies during the
SARS-CoV-1 epidemic in 2003 had found WW aerosols as
a “high potential” way of virus transmission in con-
taminated cities (Jack 2006). Hence, WW during the
COVID-19 pandemic could present a critical route of
transmissibility of the virus. Besides, the increase in drugs
and pharmaceutical product consumption during the
COVID-19 outbreak would magnify the environmental
impact and pathogenicity of WW. According to Gogoi et al.
(2018), unmetabolized drugs and their metabolites are
commonly considered as problematic trace contaminants as
traditional WW treatment plants are unable to kill them
entirely. The number of contaminants in WW would
undoubtedly augment during the pandemic, and even more,
if the drugs are consumed uncaringly (Yu et al. 2020; Chen
et al. 2018). Therefore, specific stages of the WW treatment
process, particularly in the upstream collection network,
should be subject to disinfection and sterilization treatment
to limit the propagation of COVID-19.

Challenges of African WM during COVID-19
Pandemic

Most African countries are suffering from an increasing
share of the population living in cities that face a shortage of
funds, inadequate WM facilities, and poor urban planning
posing severe challenges to WM strategies. A WHO report
states that only 24% of the rural population and 44% of the
urban population in Africa have access to sanitation facil-
ities. The Organization for Economic Co-operation and
Development (OECD) claims that only 56% of African
cities dwellers have access to piped water, down from 67%
in 2003, and only 11% have a sewer connection OECD/GIZ
(2019). Moreover, people in rural areas are reported to be
twice less vulnerable than people in urban areas for access
to clean and safe water WHO/UNICEF (2017).

Public and private operators such as local non-
governmental organizations (NGOs) working for improve-
ments in the water, sanitation, and WM in Africa face dif-
ficulties because of financial, institutional, and technical
problems (Badi et al. 2019; Friedrich and Trois 2016).
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Thus, most cities and towns across Africa lack the required
resources and infrastructure to address the challenges of
WM. Of particular concern are the issues related to the
current COVID-19, i.e., dealing with the increasing
volumes of wastes and preventing the human-to-human
transmission of the SARS-CoV-2 through proper hygiene,
sanitation, and efficient WM, which seem to be not fully
provided in Africa (World Bank 2020).

The fast propagation of COVID-19 is likely to dis-
proportionately influence the most destitute and vulnerable
regions globally (Street et al. 2020). These countries require
urgent and appropriate COVID-19 responses, including
hygiene and WM within complex circumstances. Infectious
SW and WW management have the potential to be a robust
public health tool in Africa. However, alternatives to
handling and disinfecting SW and WW need to be selected
more reliably and reasonably. The solution should incor-
porate local constraints and sustainability objectives.

Review of SW Management Treatments during the
Pandemic

The present section reviews the leading technologies of SW
disinfection and treatment during the pandemic context.

Incineration (INC)

INC is one of the most efficient waste-to-energy conversion
treatment processes for recycling the inorganic and plastic-
based proportion of waste (Cobo et al. 2018). Klemeš et al.
(2020) argued that INC (90 min, 120 °C) shows exceptional
ability to treat hazardous waste. The relatively high INC
(over 800 °C) results in an adequate decontamination cycle
by killing most microorganisms. Hence, the tailings of this
process can be safely manipulated following nonhazardous
SW regulation (Hong et al. 2018). Besides, INC participates
in air pollution through the generation of toxic air, such as
chlorinated dibenzodioxins and dibenzofurans (Voudrias
2016).

Chemical disinfection (CHD)

CHD is often combined with mechanical crushing treatment
(Hong et al. 2018). During the disinfection process, che-
mical disinfectants (chlorine dioxide, sodium hypochlorite,
calcium hypochlorite, etc.) are mixed with the crushed,
contaminated wastes and kept for sufficient time to inacti-
vate infectious microorganisms. Chemical disinfectants are
characterized by immediate effect, steady yield, and broad
neutering spectrum ranging from microorganisms and
viruses to bacteria spores (Voudrias 2016). Sodium hypo-
chlorite, calcium hypochlorite, and chlorine dioxide are the
widely used disinfectants because of their specific features

such as being noncorrosive, odorless, tasteless, colorless,
high solubility in water, and nonhazardous after treatment
(Wang et al. 2020a, b). However, CHD can be considered
only when the volume of infected wastes is small (Hong
et al. 2018).

Microwave/radio-wave disinfection (MCD)

MCD is based on electromagnetic waves with a wavelength
between (2450 ± 50) and (915 ± 25) MHz (Veronesi et al.
2005). The main features of MCD are low energy con-
sumption, fast action, higher heat yield, and little harmful
effect on the environment with no toxic wastes or residues
after disinfection (Veronesi et al. 2005). Moreover, the
sterilization spectrum of bacteria is relatively broad, which
can inactivate a wide range of microorganisms (Veronesi
et al. 2005). Nonetheless, the process requires meticulous
monitoring by advanced microwave instruments (Stolze and
Kühling 2009).

Steam disinfection/autoclave (STD)

STD is a high heat-based technology efficient in disinfect-
ing contaminated waste using saturated water steam, with a
temperature exceeding 100 °C (Veronesi et al. 2005).
Sanitary landfills are used to dispose of the treated waste at
a specified temperature and duration. The water steam
releases latent heat, destroying microorganisms due to
coagulation and protein denaturation. The disinfection of
potentially infectious wastes using steam does not release
toxic gases.

Reverse polymerization (RP)

RP is microwave-assisted pyrolysis recognized with high
lead for infectious metals and plastic waste (Undri et al.
2014). According to Voudrias (2016), RP systems could
reach 80% of volume reduction with 6 log10 pathogen
inactivation. Moreover, sterilized residues from RP are
generally stable and appropriate for sanitary landfilling
after shredding (Undri et al. 2014). The main drawback of
the method is the release of WW by NaOH used in the
scrubber to monitor gaseous emissions. The cost of these
technologies is the highest among the techniques con-
sidered acting as a primary barrier for acceptance Vou-
drias (2016).

Review of WW Disinfection Treatments during the
Pandemic

In the literature, several specific disinfection treatments
have been recommended to be included in the WW man-
agement chains.
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Chlorination (CHL)

CHL is the most commonly used WW disinfection treat-
ment since the late I940s (Lazarova et al. 1999). CHL has a
significant role in limiting waterborne infectious diseases
worldwide; thereby, it is recommended by the WHO
(2020a, b). The generation of toxic residues, inadequate
inactivation of the pores, increased costs because of
dechlorination requirements, and high investments in safety
equipment and scrubbing due to stringent safety regulations
act as the main barriers for the use CHL technique (Hu et al.
2018; Lazarova et al. 1999).

Ultraviolet (UV) irradiation (UVI)

UVI is increasingly used as an alternative to CHL and found
to be a highly efficient disinfectant for microorganisms
(viruses and bacteria) (Lazarova et al. 1999). Currently,
numerous installations around the world use open channels
fitted with low-pressure mercury arc lamps to perform UVI
disinfection (Zhang et al. 2019). The popularity of UV
technology is mainly due to its low costs and the lack of
toxic residues (Zhang et al. 2019). However, disinfection
with UV is, at times, insubstantial due to insufficient
penetration depth and risks on occupational health (Kühn
et al. 2003).

Ozonation (OZO)

OZO is based on ozone, which is a powerful oxidizing
agent and useful in deactivating microorganisms (bacteria
and viruses). Hence, OZO is widely utilized in water pro-
vision engineering and WW treatment (Wang et al.
2020a, b, Lazarova et al. 1999). However, ozone is a cyst-
forming protozoan parasite, resistant to most other disin-
fectants (Lazarova et al. 1999). Although the involved
process is complex, the dissolved molecular ozone is mainly
useful for destroying a wide range of bacteria in drinking
water (Lazarova et al. 1999). Moreover, several authors
such as Im et al. (2018) and Von Gunten (2003) confirmed
that ozone is highly useful to inactivate viruses.

Ultrafiltration (UF)

UF is based on a physical barrier concept to remove colloids
and more abundant molecular weight organics. UF pilot
tests performed with hydrophilic membranes (cut-off
0.01 µm) on different effluents showed complete removal of
coliforms, Streptococci. Salmonella, Clostridium enteric
viruses, and bacteriophages (Lazarova et al. 1999). Given
that the diameter of SARS-CoV viruses is between 0.01 and

0.012 µm (Guy et al. 2001), UF can be an option to treat
infected WW (Ahmed et al. 2020).

Multi-Criteria Decision Making in Waste
Management

Studies on WM are mainly using MCDM techniques (i.e.,
AHP, VIKOR, TOPSIS, PROMETTHEE, etc.) as a solution
method. Table 1 summarizes a critical review of recent
studies on WM, including SW and WW, using MCDM
approaches. Wang et al. (2018) used DEMATEL and grey
relational analysis to investigate waste-to-energy scenarios
in China. Besides, Coban et al. (2018) explored the SW
disposal solutions through TOPSIS and PROMETTHE.
Moreover, other studies have used AHP to evaluate SW,
such as medical waste (Aung et al. 2019), floods' waste
(Phonphoton and Pharino 2019), and municipal SW (Badi
et al. 2019). Most of these studies lack the treatment of
uncertainty due to human judgments. Kharat et al. (2019)
and Wang et al. (2019) used a fuzzy set theory to treat
uncertainty. However, the treatment of uncertainty was
found to be relatively weak as the data used was mainly
qualitative. Sarkkinen et al. (2019) and Ren and Toniolo
(2020) used LCA to evaluate quantitative information but
did not address uncertainty caused by qualitative judgments.

The existing literature on WW management using
MCDM showed that Liu et al. (2020), Yao et al. (2020), and
Narayanamoorthy et al. (2019) handled the issue of uncer-
tainty using triangular, hesitant, and IVF sets while evalu-
ating alternatives for WW treatment and reuse. However,
they too considered qualitative judgment without any
involvement of quantitative criteria. Gherghel et al. (2020)
and Munasinghe-Arachchige et al. (2020) used some
advanced MCDM techniques to rank and evaluate WW
treatment plants such as PROMETTHE and simple additive
weighting–paired comparison technique (SAW-PCT).
Nevertheless, these studies were also based on human
judgment without any treatment of uncertainty.

The review of recent literature on WM reveals several
research gaps in the current literature. The methodologies
used in the literature cannot be adopted in the current
COVID-19 context, which is characterized by great uncer-
tainty needing decision-making accuracy. These gaps can
be summarized as follows:

(1) There are no studies in the recent literature to address
SW and WW management jointly using the MCDM
approach.

(2) The recent studies are suffering from absence or poor
uncertainty treatment, as they do not deal with an
ambiguous and uncertain situation such as COVID-19.
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(3) Few studies rely on quantitative approaches to assess
criteria to solve the problem.

To fill the gaps identified in the current literature, we
propose an integrated approach combining LCA and LCC
with AHP and VIKOR in an IVF environment.

Materials and Methods

The framework for the suggested methodology integrates
LCA–LCC and MCDM to prioritize SW and WW treatment
alternatives during the COVID-19 pandemic. The procedure
is based on four elementary phases, as illustrated in Fig. 1.

(1) Identification of the purpose of the study.
(2) Development of the study background by identifying

the system boundaries and a set of implementable
alternatives derived from the SW and WW treatment
technologies. The evaluation criteria are determined
from the literature review. Finally, the problem
hierarchy, including measures and alternatives, is
established.

(3) Data collection and assessment of criteria using
(qualitative) experts’ judgments and (quantitative)
LCA–LCC approach.

(4) Evaluation of the SW and WW treatment alternatives
through IVF-AHP–VIKOR.

Background of the Study

The central aim of this study is to contribute to the global
fight against the COVID-19 pandemic by helping decision-
makers to select the best choice among the technology
alternatives of the treatment of the hazardous SW and WW
generated during this pandemic period according to their
safety and sustainability performances.

Identification of the evaluation criteria

The significant selection of the most suitable treatment
technologies for the infectious SW and WW during the
COVID-19 pandemic is a complex MCDM problem that
implies consideration of multiple numbers of alternatives
and evaluation criteria (Wang et al. 2020a, b; Cobo et al.
2018; Chen et al. 2006). The three dimensions of sustain-
ability, viz., economic performance, environmental issue,
and social concern, represent the ground of the selection
criteria of the problem under study (Wang et al. 2019; Ren
and Lützen 2015). Furthermore, the specific features of the
COVID-19 pandemic require incorporating safety,

Fig. 1 The systematic procedure of the evaluation methodology
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technology, and political considerations as these aspects
influence the three pillars of sustainability. Table 2 depicts
the descriptions of the subcriteria under the considered
criteria. We assume that all of the evaluation criteria are
independent, suggesting the absence of any interaction and
interdependence among them.

System boundaries and identification of alternatives

The functional units for comparing the disposal of SW and
WW are 1 tone and 1 m3, respectively. The Gate-to-gate
approach was used to define the system boundaries that are
a partial LCA, considering only the disposal process of
municipal waste in the whole process of WM. The five
reviewed SW treatments (i.e., RP, CHD, INC, STD, and
MCD) were involved. The four reviewed WW treatments
(i.e., CHL, OZO, UVI, and UF) were also considered.
Building upon the existing literature and expert opinions,
we have defined a set of infectious SW and WW treatment
alternatives for our problem. Notably, the current studies in
municipal WM proved the technical feasibility of different
types of concrete choices (Istrate et al. 2020; Wang et al.
2018), with some of them already tested in the African
context (Kabera et al. 2019; Ayodele et al. 2018). Besides,
in-depth communication with a panel of experts and
executives in several WM companies in Africa has focused
on the challenges of infectious WM in Africa. The findings
of the communications supported us in establishing the five
scenarios for SW and four for WW treatment for further
analyses. The system boundaries for the different scenarios
are presented in Fig. 2. As the waste collection and storage
practices were common to each scenario, they were exclu-
ded from the study.

Regarding infectious SW treatment, INC is considered a
singular technique in the first alternative (SW1) and RP in the
second alternative (SW2). More combined approaches, including

INC with CHD, STD, and MCD, are considered in (SW3),
(SW4), and (SW5), respectively. As for infectious WW treat-
ment, CHL is integrated with UVI in the first alternative (WW1),
while UVI is considered independently in (WW2). Besides, a
combined approach, including UF with UVI, is considered in
(WW3) whereas only UF is included in (WW4). Finally, the
fifth alternative (WW5) consists of OZO only.

The hierarchal structure for the selection problem

The problem decision hierarchy is conceptualized to integrate the
criteria identified earlier for the assessment of the alternatives. As
shown in Fig. 3, the problem hierarchy consists of four levels.
The goal of the problem is represented by the first level and
involves the selection of the most appropriate treatment tech-
nology for infectious SW and WW during the COVID-19
pandemic. The second level includes the specification of the
predefined criteria, such as environmental-safety, economic,
technical, and social-political, which are involved for further
assessment. The subcriteria for each measure are included in the
third level. The fourth level specifies the treatment alternatives
used to accomplish the purpose, after their evaluation using the
criteria and subcriteria.

Criteria Assessment using LCA–LCC

LCA is a methodology grounded in the Life-cycle thinking
concept for performance assessment of a product or process
throughout its life span involving manufacturing, con-
sumption, and end of life (Heidari et al. 2020; Nabavi-
Pelesaraei et al. 2017). LCA is mainly applied to assess
environmental and indirect social impacts. Further,
Zanghelini et al. (2018) stated that LCA is highly compa-
tible with MCDM techniques by enabling quantitative
assessment of environmental indicators rather than being
limited to qualitative evaluations. Following the ISO 14040

Fig. 2 SW and WW treatment
scenarios—system boundaries.
RP reverse polymerization,
CHD chemical disinfection, INC
incineration, STD steam
disinfection, MCD microwave
disinfection, CHL chlorination,
UVI ultraviolet irradiation, UF
ultrafiltration, OZO ozonation
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and ISO 14044, there are four main steps for LCA (Heidari
et al. 2020; Zanghelini et al. 2018; Nabavi-Pelesaraei et al.
2017): (1) definition of scope and goal; (2) data collection
and analysis; (3) assessment of environmental effects; and
(4) interpretation of results.

LCC estimates the relevant cost throughout the life cycle of
products or processes (Zanghelini et al. 2018). According to
Li et al. (2019) LCC is an engineering economic analysis
technique grounded on the principles of economic analysis to
assess the long-term costs of different alternatives along a
selected analysis period. Contrary to LCA, LCC does not
have independent ISO standards. However, authors such as Li
et al. (2019) mention two different ways to accomplish LCC,
i.e., probabilistic and deterministic. While the deterministic
way uses an accurate estimate for model input variables, the
probabilistic way controls the uncertainty of variables using
probability distributions. Usually, LCC variables are uncer-
tain. The probabilistic way is thus highly appreciable.

Evaluation of Alternatives using IVF-AHP–VIKOR

Interval-valued fuzzy AHP

AHP under IVF environment is a commonly used MCDM
approach to deal with both the intuitive and rational origins
of uncertainty in determining the relative weights of the
problem criteria (Saaty 1980, 1977). Therefore, fuzzy AHP
is utilized to identify the relative importance of the n criteria
for the safety, politics, and sustainability evaluation of SW
and WW treatment denoted as {α1, α2,…, αn} and the
relative suitability of the m alternative technologies
regarding each criterion denoted as {β1, β2,…, βm} using the
opinions of k decision-makers δ= {δ1, δ2,…, δk}. Then, the
output obtained from the fuzzy AHP is used in VIKOR
method to prioritize the alternatives.

The IVF-AHP is conducted in three steps (Belhadi et al.
2017; Ren and Lützen 2015).

(1) Step 1: Construction of the fuzzy comparison matrices
(~C). The decision-making panel identifies the pairwise
comparison matrix based on linguistic terms illu-
strated in Appendix I (Table 5). Triangular IVF
numbers (TIVFNs) are employed to improve the nine-
point scale developed by Saaty (A scaling method for
priorities in hierarchical structures 1977). The com-
parison matrix (eCk) can be presented as

eCk ¼ eckijh i
n�n

¼

e1 eck12 ::: eck1neck21 e1 ::: eck2n
..
. ..

. . .
. ..

.

eckn1 eckn2 ::: e1

0
BBBBB@

1
CCCCCA ¼

e1 eck12 ::: eck1n
1=eck12 e1 ::: eck2n
..
. ..

. . .
. ..

.

1=eck1n 1=eck2n ::: e1

0
BBBBB@

1
CCCCCA ;

ð1Þ

where eckij ¼ ck1ij; c
0k
1ij

� �
; ck2ij; c0k3ij; c

k
3ij

� �h i
is a TIVFN repre-

senting the relative importance of the ith criterion
compared with the jth criterion as obtained from
decision-makers. The reciprocal of IVF number eckij is

1eckij ¼ 1
ck3ij

; 1
c0k3ij

� �
; 1
ck2ij

; 1
c0k1ij

; 1
ck1ij

� �� �
.

(2) Step 2: Examining the consistency of the fuzzy

pairwise comparison eC by evaluating the consistency
of the defuzzified matrix C. The defuzzified C is
calculated using the center of area method, resulting
in weights of each criterion.

Defuzzified ecij� 	 ¼ c1ij þ c01ij
� �

þ 2c2ij þ c03ij þ c3ij
� �

6
:

ð2Þ

In order to determine the consistency ratio (CR) of
a matrix, Eq. (3) is first used to calculate the matrix
consistency index CI.

CI ¼ λmax � n
n� 1

; ð3Þ

where λmax is the largest or principal Eigenvalue of the C
decision matrix of pairwise comparison as Aω= λmaxω.
Then, the consistency ratio (CR) is calculated by using the
normalized random index, which depends on n the matrix
size, as

CR ¼ CI
RI

: ð4Þ

If CR ≥ 0.1, then the decision-makers must be consulted
to revise their evaluations.
(3) Step 3: Determining the IVF weights of criteria of

each decision-maker using the extended IVF geo-
metric mean (Eq. (2)) developed by Csutora and
Buckley (2001), as presented in Eqs. (2) and (3)

erj ¼ ecj1 � ecj2::::�ecjn� 	1=n

erj ¼
Qn

k¼1 c1jk
� 	1=n

;
Qn

k¼1 c
0
1jk

� �1=n
� �

;
Qn

k¼1 c2jk
� 	1=n

;

Qn
k¼1 c

0
3jk

� �1=n
;
Qn

k¼1 c3jk
� 	1=n� �

2
6664

3
7775
;

ð5Þ

ewk ¼ erk � er1 �er2 � � � � �ernð Þ�1

ewk ¼ r1kPn

j¼1
r3j
;

r01kPn

j¼1
r03j

� �
; r2kPn

j¼1
r2j
;

r03kPn

j¼1
r01j
; r3kPn

j¼1
r1j

� �� �
;

ð6Þ
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where erj ¼ r1j; r01j
� �

; r2j; r03j; r3j
� �h i

represents the geo-
metric mean regarding the jth decision-maker and stake-
holder and ewk ¼ w1k;w0

1k

� 	
;w2k; w0

3k;w3k
� 	
 �

represents the
relative weight of the kth decision-maker.

Interval-valued VIKOR

VIKOR method is introduced as an MCDM approach
relied on compromise solutions (Opricovic and Tzeng
2007; Opricovic 1998). This method aims at determining
the compromise solution while prioritizing a set of alter-
natives in the existence of controversial criteria. The
VIKOR method introduces the multihierarchical index,
based on the particular measure of “closeness” to the
“ideal” solution. In this study, the IVF-based extension of
VIKOR is applied to carry out the selection of infectious
SW and WW treatment selection during the COVID-19
pandemic. During the evaluation process, we consider a set
of m alternatives represented as {β1, β2,…, βm} and a set of
the n pre-established assessment criteria {α1, α2,…, αn}.
Accordingly, the steps of the IVF-based VIKOR are pre-
sented as

(1) Step 1: Constructing the aggregate fuzzy evaluation

matrix for the ranking eF ¼ ½efij�m�n by using the
linguistic scale illustrated in Appendix I (Table 5b)

and the weighted IVF decision matrix eV ¼ evij
 �
n�m

based on IVF weights from IVF-AHP

eF ¼ efij� �
n�m

¼

β1 β2 � � � βm

α1

α2

..

.

αn

ef11 ef12 � � � ef1mef21 ef22 � � � ef2m
..
. ..

. . .
. ..

.

efn1 efn2 � � � efnm

0
BBBBB@

1
CCCCCA

; ð7Þ

where efij ¼ef 1ijþef 2ijþ���þef kij
k stands for the average rating of the jth

alternative βj with regard to ith criterion αI for the k
decision-makers

evij ¼ ewij �efij ¼ w1ij � f1ij
� 	

; w0
1ij � f 01ij

� �
;w2ij � f2ij;

w0
3ij � f 03ij

� �
; w3ij � f3ij
� 	

0
B@

1
CA:

ð8Þ

Fig. 3 The hierarchy of the
problem
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(2) Step 3: Calculating the positive ideal solution (pf*, pv*),
and negative ideal solution (Nf−) for upper and lower
reference points of the IVFNs. There are two groups
of criteria. The first group with the larger value, the
optimal the alternatives, is called beneficial criteria,
while the second is called cost criteria with the greater
value, the nonoptimal the alternative

pf � ¼ ~f �1j;~f
�
2j; ¼ ;~f �nj

n o
¼ max

i
~f �ij

����i 2 Benefit


 �
: ð9Þ

pv� ¼ ~v�1j;~v
�
2j; ¼ ;~v�nj

n o
¼ max

i
~v�ij

����i 2 Benefit


 �
: ð10Þ

Nf� ¼ ~f �1j;~f
�
2j; ¼ ;~f �nj

n o
¼ max

i
~f �ij

����i 2 Cost


 �
: ð11Þ

(3) Step 4: The computation of the values of the utility
(Si) and the regret (Ri) and the VIKOR index (Qi)
based on the weights of criteria determined by IVF-
AHP using Eqs. (12)–(16), respectively

Si ¼
Pn
j¼1

1
2 Sij þ S0ij
� �

; 8i ¼ 1; 2; ¼;m ; ð12Þ

Ri ¼ max
j

1
2 Sij þ S0ij
� �� �

; 8i ¼ 1; 2; ¼;m ; ð13Þ

where

Sij ¼
P
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

P3

k¼1
v�1i � v3ið Þ2 þ 2 v�2i � v2ið Þ2 þ v�3i � v1ið Þ2


 �q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

P3

k¼1
f �1i � f�3ið Þ2 þ 2 f �2i � f�2ið Þ2 þ f �3i � f�1ið Þ2


 �q ; 8i ¼ 1; 2; ¼;m ;

ð14Þ

S0ij ¼
P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

P3

k¼1
v0�1i � v03ið Þ2þ2 v0�2i � v02ið Þ2þ v0�3i � v01ið Þ2


 �q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

P3

k¼1
f 0�1i � f 03ið Þ2þ2 f 0�2i � f 0�2ið Þ2þ f 0�3i � f 0�1ið Þ2


 �q ; 8i ¼ 1; 2; ¼ ;m ;

ð15Þ

Qi ¼ υ Si � S�ð Þ
Sþ � S�ð Þ þ 1� υð Þ Ri �R�ð Þ

Rþ �R�ð Þ ; 8i ¼ 1; 2; ¼ ;m ;

ð16Þ

where S� ¼ min
i

Si, Sþ ¼ max
i

Si, R� ¼ min
i

Ri,

Rþ ¼ max
i

Ri, and factor υ is the weight of the decision-

making strategy of “the maximum utility”, which is
comprised in the interval [0, 1] and is often considered
as 0.5.
(4) Step 5: The ranking of the alternatives by sorting the

values of Si, Ri, and Qi in ascending order. Note that
the higher the values of Qi, Si, or Ri, the less superior
the corresponding alternative will be. The alternative
β1 is suggested as a compromise solution that is ranked

as the optimal by the measure Q (Q1 is the smallest
among Qi values) if the following two conditions can
be fulfilled (Opricovic and Tzeng 2007):

Cond.1: Acceptable advantage: Alternative β1 should
satisfy Q2 � Q1 	 1

m�1 :

Cond.2: Acceptable stability in decision-making: Alter-
native β2 should also be ranked as the optimal by S and R.

If one of the conditions is not fulfilled, then a set of
compromise solutions is proposed, which consists of

(1) Alternatives β1 and β2 if cond.1 is fulfilled and cond.2
is not fulfilled (thus, both scenarios β1and β2 are
suggested as the optimal solutions).

(2) Alternatives, β2,…, βm if cond.1 is not fulfilled (hence,
a set of solutions β1, β2,…, βm is suggested as the
optimal choices); βm is identified by the equation
Qm � Q1 
 1

m�1 for maximum m (the positions of
these alternatives are “in closeness”).

An Empirical Study on Infectious WM in
Africa

Municipal WM is a significant issue in most developing
countries, especially in Africa. Yet, factors such as shortage
of funds and increasing share of the population living in
cities pose severe challenges to municipalities to provide
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Fig. 4 The results of a solid waste treatment and b wastewater treat-
ment alternatives under environmental criteria
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efficient WM (Idowu et al. 2019; Ayodele et al. 2018;
Nahman and Godfrey 2010) during the current COVID-19
pandemic. The World Bank is approving health emergency
funds to assist several African countries in their COVID-19
emergency response projects, including an Infection Con-
trol and WM Plan for the proper management of con-
taminated SW and WW during the current COVID-19
pandemic (UNICEF 2020). Thus, selecting the appropriate
treatment for infectious SW and WW would be of para-
mount usefulness for African countries.

Data Acquisition and Assessment of Criteria

The evaluation of criteria and decision-making perspective for
the problem under study necessitates MCDM estimation
models based on qualitative value judgments alongside
quantitative data. Therefore, a combined LCA–LCC approach
was used at an environmental and techno-economic level to
quantify the quantitative criteria of our model. Furthermore,
experts’ judgment is used to evaluate qualitative criteria.

Primary data were collected through interviews with
organizations and internal sources from institutions in
Morocco, such as the Ministry of Mines, Energy, Water,
and the Environment, the National Agency Of Waste
Management, and Deutsche Gesellschaft für Internationale
Zusammenarbeit (GIZ). Direct contact was established with
27 local and international companies and organizations in
Morocco. Moreover, secondary data were collected from
the Ecoinvent v3.6 database.

Life-cycle environmental assessment

The impact assessment was evaluated using the IMPACT
World+ due to its compatibility with all impact categories
and evaluation prowess. The results of the evaluation of
quantitative environment-safety-related criteria CES1,
CES2, CES3, and CES5 (excluding employees risk expo-
sure (CES4), which is qualitative) are shown in Fig. 4
(details are provided in Appendix II (Table 6)).

Regarding the infectious SW treatment alternatives,
CHD+ INC (SW3) has the best energy consumption ben-
efit, followed by INC (SW1). The most “energivorous”
choices are MCD+ INC (SW5) followed by STD+ INC
(SW4). Moreover, STD+ INC (SW4), MCD+ INC
(SW5), and CHD+ INC (SW3) show the most disinfection
efficiency. In terms of toxic gas release, INC (SW1) and
CHD+ INC (SW3) present the most advantage. However,
RP (SW2) cannot offer the same benefit, and gas washing
and monitoring should be considered. Finally, INC (SW1)
is advantageous in terms of aquatic ecotoxicity. However,
STD+ INC (SW4) generates toxic WW, which needs to be
treated.

Regarding the infectious WW treatment alternatives,
energy consumption is not an issue in all alternatives. UF
(WW4) is the best alternative as it relies on physical fil-
tration. However, UF (WW4) is not advantageous in terms
of disinfection efficiency and aquatic ecotoxicity. Other
options, such as CHL+UVI (WW1) or even UF+UVI
(WW3) are more efficient. Besides, UF (WW4) is more
beneficial in terms of toxic gas release.

LCC assessment

In this study, LCC method was employed to evaluate the
techno-economic criteria of different alternatives. Cost-
related data of the various alternatives were identified based
on the data gathered from organizations, companies, and
treatment facilities consulted in Morocco. Data have been
collected for different years from different organizations
having comparable production capacity. Accordingly, the
LCC of an infectious SW and WW treatment consists of the
operation costs (i.e., initial investment, auxiliary materials,
labor, maintenance) and external costs (including an exter-
nal market cost for eco-remediation, atmospheric and
aerosol releases, and human health protection). The finan-
cial profit was computed using total production units and
the unit price of produced products (raw materials, energy,
etc.). Figure 5 illustrates the quantification of the economic,
technological, and social criteria (CEC1, CEC2, CEC3, and
CSP1), whereas Appendix III (Table 7) detail the techno-
economic parameters. The INC (SW1) and CHD+ INC
(SW3) were ranked the best treatment alternatives on the
economic performance with the minimum costs (external
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and internal), providing maximum profit and job creation.
As for infectious WW treatment alternatives, UF (WW4) is
economically the best alternative, although the low job
creation due to the simplicity of processes compared to the
other methods.

Experts interviews

The LCA–LCC inputs cannot be enough due to the scarcity
of evidential data in infectious WM in Africa, especially
when dealing with qualitative criteria. Therefore, we have
used expert judgment to strengthen and complement our
analysis. A total of 12 experts have been chosen from
healthcare institutions, WM companies, NGOs, and gov-
ernmental institutions in many African countries to reflect
the assessment of different sides. The profiles of the
expert’s panel are provided in Appendix IV (Table 7).

Evaluation of the Alternatives

Calculation of criteria weights using IVP-AHP

Using a comparison survey, the experts were requested to
employ the linguistic scale (Appendix I (Table 5a)) to
evaluate the criteria. The IVF pairwise comparison matrix
between all criteria has been constructed by using Eq. (1).
The consistency ratio for each evaluation matrix for the
criteria has been systematically computed based on Eqs.
(2)–(4). After obtaining a CR < 0.1 for all main criteria, the
aggregated IVF evaluation matrix for the criteria weights is
calculated. The IVF geometric means of the criteria have
been calculated using Eq. (5). Hence, the IVF weights are
obtained using Eq. (6). Moreover, the weights of 17 sub-
criteria are ranked based on the defuzzified global weights.
The weights of the top three factors are identified according
to experts’ evaluation: disinfection efficiency (CES2),
employees risk exposure (CES4), treatment capacity
(CEC1). Table 3 depicts the overall findings.

Prioritizations of infectious SW and WW treatment
alternatives using IVP-VIKOR

After calculating the global IV weights of the criteria, the
evaluation of the infectious SW and WW treatment alter-
natives with respect to each criterion can be obtained. The
experts have been consulted again to evaluate the impor-
tance of the alternatives with respect to the criteria using the
linguistic scale (Appendix I (Table 5b)). Similarly, the IVF
evaluation matrix and IVF decision matrix were determined
using Eqs. (7) and (8), respectively. Thereafter, the positive
(Pf*), negative (Nf−), and weighted (Pv*) of IVF ideal
solutions for upper and lower reference points are deter-
mined by using formulations in Step 3. The final rankings

are based on averages, and the worst group scores are
determined using Eq. (16). The maximum group utility (υ)
is set as 0.5. Final rankings of infectious SW and WW
treatment alternatives alongside related regret and average
scores are illustrated in Table 4.

Regarding infectious SW treatment alternatives, accep-
table advantage, the cond.1 in Step 5 is satisfied among line
SW3 (Q3= 0.102) and SW1 (Q1= 0.498). Hence, SW3 is
selected as the best appropriate alternative. The infectious
SW treatments can be sorted as SW3, SW1, SW4, SW5,
and SW2 from the best to the worst alternative, based on the
experts’ decision.

Sensitivity Analysis

Sensitivity analysis was performed to analyze the impact of
factors using VIKOR under the IVF environment on
selecting SW and WW treatment alternatives during the
COVID-19 pandemic. The maximum group utility (υ)
was used to investigate the ranking of alternatives.
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The maximum group utility value (υ) was set between 0.00
and 1.00 with an increment of 0.1. The results of the sen-
sitivity analysis are presented in Fig. 6.

The sensitivity analysis shows that the ranking of alter-
natives remains unaffected under other cases confirming
that the results of the ranking order are consistent. The
sensitivity analysis establishes that the proposed approach
yields good results and presents suitable outcomes for
decision-makers.

Discussion and Implications

During the COVID-19 pandemic, infectious municipal SW
and WW treatment is a critical issue worldwide to tackle the
exponential increase of infectious waste generation during
this period. This is even true for African developing and
underdeveloped countries where the municipal WM is
generally more economic-oriented and practiced in an
unsustainable way (Idowu et al. 2019; Kabera et al. 2019).
Recently, many government task forces have been formed
in African countries to develop guidelines and operating
procedures for managing infectious waste from COVID-19
in risk zones. In our study, we considered Morocco as a
case study for developing an integrated MCDM metho-
dology to select the most effective SW and WW treatment
technology. Accordingly, Fig. 7 presents the integrated
infectious municipal WM system suggested in this research.

Based on the ultimate prioritization of the infectious SW
treatment alternatives, it could be noted that a combined
approach, including CHD and INC, is the most suitable to
the African context. Notably, INC of waste in most African
countries is not widely considered before COVID-19 due to
the technical and economic constraints and short-term vision

(Scarlat et al. 2015). However, coupled with CHD, infectious
waste INC was explored as providing the maximum tradeoff
at environment-safety, economics, technology, and social-
politics levels on the medium to long term. Practitioners and
policymakers adopting this alternative should start with an
experienced, separated, and specialized waste collection for
CHD. Moreover, a shredding step is highly required before
CHD to enhance disinfection efficacity. Finally, rigorous
monitoring of the collection phase is a prerequisite to limit the
propagation of the SARS-CoV-2. Many organizations such as
European Centre for Disease Prevention and Control (ECDC)
(2020) and WHO (2020a, b) recognize the necessity of spe-
cific measures regarding the collection of household waste
from infected areas to enhance the efficiency of the whole
municipal WM in containing the SARS-CoV-2 spread.

Furthermore, an integrated CHL-UV irradiation
approach was found to be the most suitable alternative for
disinfecting and enhancing the reuse of WW. This finding is
consistent with prior studies on SARS-CoV-1, which is
similar to SARS-CoV-2. For instance, Chen et al. (2006)
and Wang et al. (2005) reported that UV irradiation and
CHL were the most effective in SARS-CoV-1 inactivation
despite the inefficiency of ozone disinfection. Hence, we
propose that chlorine disinfection (50 mg/l during more than
1.5 h) is adopted in this scheme (Lazarova et al. 1999). UV
irradiation and heating should be incorporated due to lesser
residues and perfect disinfection (Wang et al. 2020a, b;
Lazarova et al. 1999).

Conclusion

During the COVID-19 pandemic, municipal WM is one of
the vital utility services supporting industrial activity and

Fig. 7 Proposed infectious
municipal waste management
during COVID-19 pandemic
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society. The implementation of a suitable WM system for
infectious SW and WW treatment in developing and
underdeveloped countries, especially in Africa, is a chal-
lenging task requiring reliable and reasonable decision-
making. The complexity of the problem lies in its depen-
dency on numerous critical factors such as the environ-
mental requirements, strategies in ecological management,
statutes of the country, energy policy, technological and
economic capabilities and feasibility, and education of
citizens (Wang et al. 2020a, b; Idowu et al. 2019). To help
decision-makers in the African context ascertain the current
challenges of municipal WM and devise a suitable infec-
tious waste treatment plan, a combined AHP and VIKOR
method under the IVF environment is proposed to evaluate
and prioritize the infectious SW and WW alternatives from
an LCC-LCA perspective. Five alternatives (i.e., RP, CHD,
INC, STD, and MCD) for infectious SW treatment were
considered in this study. Similarly, five alternatives (i.e.,
CHL, UV irradiation, UF, and OZO) for infectious WW
treatment were evaluated for WW disinfection technologies.
An evaluation criteria system for the alternatives is con-
structed, including 17 criteria in four dimensions (environ-
ment-safety, economics, technology, and social politics).

Furthermore, data collected from professional contacts
with 27 companies and institutions in Morocco and the
consultation of national and international databases were
used to conduct an LCA–LCC analysis. The results of the
LCA–LCC are supplemented by judgments from a panel of
12 experts that supported to prioritize the alternatives for
both infectious SW and WW treatment during the COVID-
19 pandemic. Accordingly, the proposed system for the
management of contagious municipal waste in this study
considers integrated strategies, including INC with CHD for
infectious SW treatment and CHL with UV irradiation for
infectious WW treatment.

The findings of the current study could provide useful and
valuable insights for practitioners and policymakers in draft-
ing a municipal WM system during the specific context of the
COVID-19 pandemic. The suggested approach in this study
can effectively integrate the environmental, safety-related,
political, and social outcomes in selecting the most optimal
solution for infectious WM among multiple alternatives rather
than considering only techno-economic parameters.

This study can be considered as a starting point for
approaching a significant and weakly addressed issue in the
context of COVID-19. Therefore, the greatest need is to
conduct empirical research on WM issues of developing
and underdeveloped countries. One limitation of the pro-
posed integrated MCDM model is that it continues to

depend partially on expert opinion as the weights attributed
to each criterion play a vital role in the final result. To tackle
this problem, future studies must use mathematical opti-
mization procedures such as linear programming, nonlinear
programming, integer programming, etc., and perform a
sensitivity analysis to assess the robustness of the results.
Another limitation is the behavior of SARS-CoV-2. There is
a lack of clarity on the products and processes required to
manage the pandemic and the effect these products generate
on coming in contact with the persons. Therefore, further
studies are encouraged to compare findings in different
countries’ contexts, including changes in government gui-
dance, technological development, and other factors.
Moreover, more in-depth engineering analysis is needed to
ensure that the proposed alternatives can deal with the
dynamic and changing nature of the SARS-CoV-2.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Appendix I

Table 5 Linguistic variables for (a) criterion importance used for IVF-
AHP comparison, and (b) performance of alternatives used for IVF-
VIKOR comparison

(a)

Level of importance Triangular IVF number

Equal importance (1,1); 1; (1,1)

Moderate importance (1,2); 3; (4,5)

Strong importance (3,4); 5; (6,7)

Very strong importance (5,6); 7; (8,9)

Extreme importance (7,8); 9; (9,9)

(b)

Level of performance Triangular IVF number

Very poor (0.0); 0; (1,1.5)

Poor (0.0.5); 1; (2.5,3.5)

Moderately poor (0.1.5); 3; (4.5,5.5)

Fair (2.5,3.5); 5; (6.5,7.5)

Moderately good (4.5,5.5); 7; (8,9.5)

Good (5.5,7.5); 9; (9.5,10)

Very good (8.5,9.5); 10; (10.10)
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Appendix II

Table 6 Data and calculation of the quantitative environment-safety-
related criteria for (a) solid waste treatment and (b) wastewater
treatment

(a) SW1 SW2 SW3 SW4 SW5

Energy
consumption
(CES1) in Kj

3.24E+ 03 5.12E+ 03 1.13E+ 03 5.32E+ 03 5.82E+ 03

Disinfection
efficiency
(CES2) in %

85.48% 81.12% 91.11% 92.42% 92.15%

Toxic gas
mitigation (CES3)
in kg CO2 Eq

1.33E+ 03 3.12E+ 03 1.54E+ 03 2.42E+ 03 1.99E+ 03

Aquatic ecotoxicity
(CES5) in CTUe

1.01E+ 04 2.21E+ 04 1.74E+ 04 3.85E+ 04 1.59E+ 04

(b) WW1 WW2 WW3 WW4 WW5

Energy
consumption
(CES1) in Kj

6.18E+ 02 6.22E+ 02 6.35E+ 02 1.13E+ 02 8.58E+ 02

Disinfection
efficiency
(CES2) in %

95.33% 90.19% 92.69% 75.13% 90.48%

Toxic gas
mitigation (CES3)
in kg CO2 Eq

8.82E+ 03 8.74E+ 03 8.91E+ 03 1.10E+ 02 3.18E+ 03

Aquatic ecotoxicity
(CES5) in CTUe

6.15E+ 03 6.94E+ 05 6.33E+ 05 3.54E+ 04 5.11E+ 03

Appendix III

Table 7 Data and calculation of quantitative techno-economic criteria
for (a) solid waste treatment and (b) wastewater treatment

(a) SW1 SW2 SW3 SW4 SW5

External cost (CEC1) in
$/kg

0.018 0.173 0.061 0.079 0.102

Operation cost (CEC2) in
$/kg

0.542 0.959 0.998 1.201 1.041

Financial profit (CEC3) in
$/kg

0.356 0.037 0.295 0.119 0.097

Job creation (CSP1) in
106MH/year

59.42 61.83 60.51 66.48 76.18

(b) WW1 WW2 WW3 WW4 WW5

External cost (CEC1) in
$/kg

1.71 1.52 1.74 2.11 1.69

Operation cost (CEC2) in
$/kg

31.76 28.92 45.18 6.96 72.07

Financial profit (CEC3) in
$/kg

15.61 6.11 7.81 9.42 3.29

Job creation (CSP1) in
106MH/year

1.15 0.96 1.42 0.11 1.01

Appendix IV

Table 7 Profile of experts

Expert Affiliation Title Years of
experience

Country

1 Healthcare
institution

Medical
specialist on
virology

12 Tunisia

2 Waste
management
company

Operations
manager

9 Rwanda

3 Healthcare
institution

Labor doctor 10 Morocco

4 Public institution Regional
director

21 Morocco

5 Public institution Waste
management
portfolio

15 South Africa

6 Consulting office Senior
consultant

8 Morocco

7 Waste
management
company

Design engineer 5 South Africa

8 Consulting office Project manager 11 Morocco

9 Regional
association

President 10 South Africa

10 Waste
management
company

Executive
manager

25 Tunisia

11 Local association Vice-president 16 Morocco

12 Waste
management
company

Project manager 15 Cameroun
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