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Highlights
X A comprehensive assessment framework is proposed to evaluate the municipal solid waste management.
X Best-worst method applied in the work requires less comparison compared to other multicriteria decision making

methods.

X A global solution is obtained by the linearization method presented in the work.
X Results of linear model and interval model are consistent.

Abstract. Municipal solid waste (MSW) management is one of the most important issues in urban environments, especially in developing countries. In this work, a comprehensive assessment framework for MSW management is proposed
to evaluate and screen the optimal scenario. The best-worst method (BWM) is utilized to determine the optimal weight
of each criterion for each disposal scenario. However, the original BWM model is difficult to be solved globally. A linear
model is presented to solve the model and an interval model is employed to verify the optimality of the linear model. The
results indicate that the results of the linear model and interval model are consistent. A case study of MSW disposal in
Qingdao City is used to demonstrate the application of the proposed method. The results indicate that a combination of
landfilling, incineration technology with energy recovery facility is preferred for the current MSW management in Qingdao from the chosen criteria. The framework proposed in this work can be assisted to help the decision-makers to identify
the priority sequence of MSW management scenarios.
Keywords: municipal solid waste management, multi-criteria decision analysis, scenario analysis, best-worst method.

Introduction
Municipal solid waste (MSW) is one of the most important by-products of urban life. The amount of MSW generation has increased considerably with rapid population
growth and urbanization development. The increasing
amount of MSW generated in the city has become a challenge for the authority, especially for emerging economies.
The improper disposal of MSW not only occupies the urban land, but also emits pollutants to the environment,

resulting in air, water, and soil pollution. In 2018, about
228 million tons of MSW were collected and transported
in China. 51.3% of the MSW was disposed in sanitary
landfills and 44.7% through waste incineration, and the
remaining 4% by biological processes (National Bureau of
Statistics, 2019).
The MSW management is related to the standard of
human living and the socioeconomic structure level of
the region where wastes are generated. The selection of
MSW disposal technologies should consider the human’s
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living standard and socioeconomic factors. With the rapid
expansion of MSW generation, the maturity of disposal
technologies and future improvement of these methods
are two key factors when building the MSW treatment
plant. Each MSW disposal technology has its characteristics. It is impossible to use a single technology to treat all
the MSW because of the composition of MSW and uncertainties caused by the improvement of the technology.
Therefore, an effective framework for MSW management
is necessary to ensure the proper disposal of MSW and the
sustainable development of the MSW system.
The selection of an efﬁcient MSW management system
requires the decision maker to implement detailed screening of MSW disposal technologies and desired development directions. Different MSW disposal methods vary
from the cost and social-economic aspects. Sometimes,
the technologies chosen for MSW management often have
conﬂicting objectives if it is considered from a different
viewpoint. For example, landfilling is the most popular
and cheapest method from a cost perspective. Because it
can use the non-developed land for land disposal or landfilling (Assamoi & Lawryshyn, 2012). However, landfilling
could emit pollutants to the water environment because
of the possibility of discharging landfill leachates to the
surface and groundwater (Ghosh et al., 2017). Also, it occupies a lot of land space, and makes less use of the energy
content of waste. The emission of landfill gas in landfills is
another concern. The methane in the landfill gas makes a
significant contribution to global warming (Al-Ghussain,
2019). It has also reported that landfill is a potential source
of microplastics, which could result in a detrimental effect
on the environment (He et al., 2019). Thus, many cities are
trying to avoid landﬁlling as much as possible.
Except for the landfilling, MSW can also be converted
into valuable products through waste-to-energy (WtE)
methods. WtE provides a method of simultaneously promoting renewable energy developments and reducing the
pressure of land usage and greenhouse gas (GHG) emissions (Trindade et al., 2018). Among WtE methods, incineration is a suitable technology for energy recovery.
Also, it is effective in reducing the detrimental effect on
the environment caused by the toxicity and the reactivity
of the waste treatment (He & Lin, 2019). Incineration is,
thus, considered to be a promising clean technology for
MSW management due to the reduction potential of GHG
and other toxic gas emission. To further reduce the GHG
emissions in the incineration process, carbon capture and
storage (CCS) is deployed in energy generation systems
because it can significantly reduce GHG emissions (Wienchol et al., 2020). Even though incineration can achieve
the goal of harmless treatment of MSW to some extent,
local communities have strong opposition to WTE facilities. Because the nearby residents are concerned about the
potential negative impacts on residents’ environments and
health (Ren et al., 2016). In China, there have been several opposition events caused by incineration projects. In
many cities of China, a few WtE incineration projects are
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cancelled or reselect the construction location since 2007
(Song et al., 2017).
Anaerobic digestion (AD) has received increasing attention due to the emerging concern for waste disposal.
It has multiple environmental benefits, such as clean energy production and GHG emission reduction (Fan et al.,
2018). However, the implementation of large-scale AD
systems depends on economic incentives from governments because large-scale digesters require large capital
investment (Vasco-Correa et al., 2018). Furthermore, the
low yield of methane gas and the instability of products
are often encountered in the AD process, which hinders
the AD implementation on large scale (Dhar et al., 2016).
Except for AD, composting is another viable method for
organic waste management because of its low operational
cost and low environmental impact. Organic matters are
treated under aerobic conditions through biological degradation to produce compost products (Jara-Samaniego
et al., 2017). Although composting is recognized as a
promising MSW disposal method, there are environmental risk issues during the composting process, e.g. the toxic
gases emissions (Wei et al., 2017), and volatile organic
compounds (VOC) (Sánchez-Monedero et al., 2018), leading to its potential occupational and public health risks.
As described in the above description, each technology has its characteristics. It is impossible for the city to
use a single technology to treat all the MSW in the long
run. In most cases, a combination of a few MSW disposal
technologies is coexisted. In order to satisfied with the
requirement of environmental standard, a suitable MSW
disposal technology is usually employed for MSW treatment. Maybe A few years later, this technology is not
environmentally friendly because of the improvement of
life standard and the change of composition of MSW. The
disposal technology needs to be updated according to the
environmental requirement. For example, in Qingdao, all
the MSW was disposed of by LF from 2002. However, LF
could emit landfill gas to the environment. In 2012, incineration was employed for the disposal of some of MSW
(Sun & Li, 2017). From 2018, the classification of MSW
was implemented. It provides an opportunity to reuse
some recycled waste, such as wastepaper. Furthermore,
under the pressure of carbon reduction, some facilities
can be employed to recover the waste energy and reduce
the GHG emission. How to choose the suitable MSW
disposal technology is crucial for the sustainable development of MSW management system. MSW management
should be considered in a holistic view, taking into account the economic, environmental, social, and technical
components. It is necessary to develop simple and effective tools to quickly evaluate the combination of MSW
disposal technologies.
Multi-criteria decision-making (MCDM) tools are
effective to evaluate the performance of MSW management scenarios from the economic, environmental, social
aspects. Many MCDM methods have been applied to select the technologies of MSW management. Among these
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MCDM methods, Analytic Hierarchy Process (AHP) and
its family methods are the dominant methods (Soltani
et al., 2015). Khan and Faisal (2008) introduced a hierarchical framework integrating ANP and super-matrix
approach to evaluate the priority of disposal alternatives.
The method can aid decision-makers to prioritize and select appropriate MSW disposal methods. In the work of
Coban et al. (2018), three different multi-criteria decisionmaking methods are chosen to evaluate the priority of the
MSW management scenario. Wang et al. (2018) presented
a fuzzy-based interval method to determine the weights
of the evaluation criteria by considering the independence between different criteria. Phonphoton and Pharino
(2019) analyzed the impacts of floods on MSW management based on the AHP method. In the work of Shahnazari et al. (2020), AHP and TOPSIS methods were employed to select the best solution for MSW management
considering the technical, economic, and environmental
criteria. The results obtained by these two methods are
consistent. Although these methods above are effective to
determine the weights of the criteria, the results obtained
are subjected to the consistency of pairwise comparison.
On the other hand, it requires the comparison data of different criteria to calculate the weights of the criteria. If the
system has too many criteria, the computational process of
the priority will be more complex, resulting in less consistent results.
To overcome these limitations, Rezaei (2015) proposed
the best-worst method (BWM) to deal with the priority
issues in MCDM problems. The BWM requires few comparison data and provides more consistent results. Therefore, BWM has been widely used in the MCDM problems
due to the above advantages. For example, Van de Kaa
et al. (2017) reported the application of the BWM in the
selection of biomass conversion technology in the Netherlands. 23 factors that can be directly influenced by the
biomass firm are considered in the evaluation system.
Kheybari et al. (2019) applied the BWM to identify the
best location of bioethanol facility based on the three dimensions of sustainability, i.e., economic, environmental, and social. 28 sub-criteria are chosen in the work to
evaluate the potential locations. In the work of Malek and
Desai (2019), BWM is utilized to calculate the weights of
39 barriers which could affect the sustainable manufacturing. Luo et al. (2020) proposed a hesitant fuzzy linguistic
BWM-ANP and double parameters TOPSIS approach for
selecting the optimal WTE incineration plant site. Ecer
and Pamucar (2020) presented an integrated method for
sustainable supplier selection by combining fuzzy BWM
with traditional Combined Compromise Solution method.
The proposed method enables the decision makers to evaluate the sustainability of the suppliers despite ambiguities
in the decision-making process and a lack of quantitative
information.
Each MCDM method has its strength and weakness. For example, AHP is easy to use and the hierarchy
structure can be easily adjusted to deal with many sized

problems. However, it leads to inconsistencies between
judgement and ranking criteria (Kułakowski, 2015). Compared with other MCDM methods, BWM requires fewer
comparisons to derive the weights if the best and worst
criteria are identified. The obtained weights have a high
consistency compared with AHP (Rezaei, 2015). These
advantages make it effective to deal with the MCDM
problems with large criteria. However, BWM has its some
limitations. For example, the formulated min-max formulation is nonlinear problem. It cannot be solved globally
when the number of the criteria is large. When the locally
optimal results are obtained, it results in multiple solutions for the decision-making process. Therefore, in order
to obtain the global solution, how to obtain the global solution of the BWM model is the focus of this work. Also,
the selection of MSW treatment technologies should be
considered based on the three dimensions of sustainability, i.e., economic, environmental, and social. This leads to
a large size of the chosen criteria. Thus, BWM is suitable
for the MCDM problems with too many criteria.
In this work, a comprehensive evaluation framework
based on BWM is presented to determine the priority of
the MSW management scenario under the chosen criteria.
A case study of MSW management in Qingdao City, China is considered. 8 MSW disposal scenarios are defined
for Qingdao City, China according to the composition
of collected MSW. 12 criteria are chosen to evaluate the
performance of each scenario according to the opinions
of the experts from the relevant field. BWM was used to
determine the weights of each criterion. The contribution
of this work is summarized as follows: 1) A MCDA framework is proposed for MSW management. The framework
can be extended to MSW management for other cities.
These scenarios might also be implementable for other
emerging countries; 2) BWM is used to determine the
weights of criteria for MSW management. Compared with
other MCDM methods, BWM requires fewer comparisons
and ensure a high consistency; 3) A solution strategy is
proposed to solve the BWM model. An interval model
is used to verify the results of the linear model. The proposed method ensures the global optimal solution for the
BWM model. Otherwise, the weights for each criterion
are not unique, which could result in uncertainties for the
ranking results.

1. Materials and methods
1.1. The description of the comprehensive
evaluation framework
An effective MSW management system is essential for the
proper disposal of the waste. A suitable tool is necessarily
required to quickly determine the MSW disposal technologies. In this work, a comprehensive assessment framework is proposed to determine the optimal MSW disposal
scenario. It serves as a useful tool for evaluating the MSW
management scenario from the economic, environmental,
and social factors perspective. The methodological steps
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Step 3: The comparison between the best criterion
with all the other criteria are represented by using the integer numbers from 1 to 9. It is shown in Eq. (1):

{

}

AB = aB1 ,..., aBj ,..., aBn ,

(1)

where AB represents the set of comparison vectors by comparing the best criterion with all the other criteria, aBj is
the preference of the best criteria B over criteria j. Note
that aBB = 1 .
Step 4: The similar procedure is repeated for the worst
criterion. However, the difference is that the comparison is
to compare all the other criteria with the worst criterion.
The representation is shown in Eq. (2):

{

AW = a1W ,..., a jW ,..., anW

}

T

,

(2)

where AW is the results of the comparison of other criteria
to the worst criteria. a jW is the preference of the criteria j
over the worst criteria W, and aWW = 1 .

{

Figure 1. procedural ﬂowchart of MSW management

for MSW management are shown in Figure 1. The first
step is to define the problem, such as the current situation
of MSW disposal, relevant policy, and the planning of the
government. Next, the scenarios for MSW management
are set based on the long-term planning of MSW management. Also, criteria for the MSW technologies are chosen
from the economic, environmental, and social aspects. Finally, the weight for each criterion is determined based on
multi-criteria decision-making methods. In this work, the
best-worst method (BWM) is employed to determine the
weights of criteria because it requires less comparison as
compared to other MCDM tools, such as AHP.

 ω
min max  B − aBj
ω
 j

  ω j
− a jW
,
ω
  W

Best-worst method (BWM) proposed by Rezaei (2015)
helps overcome the challenges caused by inconsistency in
judgments and various comparisons in the MCDM problems. In the method, only two vectors of criteria comparison are required to obtain the weights of criteria. A
min-max model is formulated to determine the optimal
weights of different criteria. Compared with other MCDM
methods, BWM requires fewer comparisons and can be
combined with other MCDM tools to assist the decisionmaking process.
The detailed procedures of BWM are described in the
following five steps (Rezaei, 2015).
Step 1: Determination of selection or decision criteria.
A set of n criteria c1 ,..., c j ,..., cn is defined to fully evaluate the performance of the projects.
Step 2: The best and worst criteria are determined
among all the criteria according to the discussion with
the experts.

}


,


(3)

∑ ω j =1 ,
j

ω j ≥ 0, j =1,..., n .
However, the min-max problem is difficult to solve in
a reasonable time. Thus, Eq. (3) is reformulated as a linear
model, as shown in (4) (Rezaei, 2016):
min ξL ,

1.2. Best-worst method

{

}

Step 5: The optimal weights ω1* , ω2* ,..., ωn* are determined by minimizing the maximum absolute differences
 ω
  ω j

− a jW  for all j.
of the set  B − aBj  , 
 ω j
  ωW

The following model can be obtained based on the
above description:

(4)

ωB − aBj ω j ≤ ξL , j =1,..., n ,
ω j − a jW ωW ≤ ξL , j =1,..., n ,

∑ ω j =1 ,
j

ω j ≥ 0, j =1,..., n .

{

}

The optimal weights ω1* , ω2* ,..., ωn* and optimal value
ξL are obtained by solving the model (4). The value of ξL
can be used as the index for checking the consistency. If
the value of ξL is close to 0, it means the comparison has
high consistency. If the value of ξL is close to 1, it indicates a very poor consistency (Rezaei, 2015).
As for the model (4), the constraints have nonlinear
expressions. On the other hand, in this work, there are 12
criteria for the evaluation process of MSW management.
This results in that the formulation (4) is difficult to obtain
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the global optimal solution. A linearization method is
used in this work to solve the model. Two additional slack
variables are added to the model, as shown in Eq. (5):
ωB − aBj ω j =a +j + a −j ,

(5)

ωB − aBj ω j =a +j − a −j ,
ω j − a jW ωW = b +j + b −j ,

ω j − a jW ωW = b +j − b −j ,
a +j , a −j , b +j , b −j ≥ 0 .

To check the consistency of results of the linearization
of the BWM model, an interval weight method (Rezaei
et al., 2015) is also presented to calculate the lower and
upper bounds of the weight of criterion j. The two models
of determining the lower and upper bounds of the weight
are shown in Eq. (6) and (7), respectively. Before solving
the models (6) and (7), the optimal value ξ* is obtained
by solving the optimization model (4). Next, ξ* is the constant as a constraint in models (6) and (7). The minimum
and maximum value of ω j is thus the lower and upper
bound of the weight of criterion j. The final weight for
criterion j is calculated by the center of the interval, as
shown in Eq. (8):
min ω j ,

ωW

2.2. Definition of scenarios

∑ ω j =1 ,
j

ω j ≥ 0, j =1,..., n ;
(7)

ωB
− aBj ≤ ξ* ,, j =1,..., n ,
ωj
ωj
ωW

− a jW ≤ ξ* ,, j =1,..., n ,

∑ ω j =1 ,
j

ω j ≥ 0, j =1,..., n ;
* (min ω + max ω ) / 2 .
ω=
j
j
j

A case study of MSW management in Qingdao is used to
evaluate the alternative scenarios based on the proposed
framework. Qingdao is located in the east of China’s Shandong province and has seven districts and three countylevel cities, as shown in Figure 2. In 2018, Qingdao had a
population of 9.39 million, with an urban population of
6.35 million (Qingdao Municipal Statistics Bureau, 2019).
In 2018, the total MSW generation in Qingdao was 2.68
Mt (Qingdao Municipal Statistics Bureau, 2019). In this
work, eight scenarios for MSW management are considered in Qingdao City. 12 criteria have been chosen to
analyze MSW disposal from the technical, social, environmental, and economic points of view.

Figure 2. The location of Qingdao City

− a jW ≤ ξ* ,, j =1,..., n ,

max ω j ,

2.1. The location of Qingdao City

(6)

ωB
− aBj ≤ ξ* ,, j =1,..., n ,
ωj
ωj

2. Case study

(8)

The definition of MSW management scenarios not only
considers the feasibility of MSW disposal technologies,
but also involves the incentives and MSW planning of
Qingdao Municipal Government. Furthermore, different MSW disposal technologies have their advantages. It
is impossible to choose a single technique to deal with
all the MSW. The combinations of disposal technologies
should take into account the current situation of MSW
management and the availability of the technologies that
are already being used in China.
The techniques in each MSW scenario are determined
based on the composition of MSW generation in Qingdao.
The details are shown in Figure 3. Organic MSW contributes to nearly 70% of the MSW. About 20% of the MSW
in Qingdao is recyclable waste, including glass, plastic, and
metal composition.
Waste composition is the most important factor in the
design of the scenarios of waste management. The results
of the scenarios are shown in Table 1. Scenario 1 represents the current situation where most of the collected
MSW goes to landﬁll (LF) and the remaining is sent to the
incineration plant. As shown in Table 1, about 60% of the
collected MSW is treated by LF, and the remaining (40%)
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Table 1. MSW disposal scenarios

2%
7%
Food
8%

60% LF + 40% INC

S2

100% INC

S3

100% INC with CCS

S4

70% INC + 30% AD

S5

70% (INC + CCS) + 30% AD

Plastic

S6

60% INC + 10% RD + 30% AD

Glass

S7

60% (LF + WtE) + 40% INC

S8

60% (LF + WtE) + 40% INC with CCS

3%
Paper
Fabric
69%
1%

Technologies

S1

Metal

10%

Scenarios

Others

2.3. Selection of the criteria
Figure 3. Waste composition in Qingdao City
(Jia et al., 2018)

is disposed of by incineration (INC). Since LF not only occupies the land but also emits greenhouse gas into the atmosphere. In the long run, the authority plans to treat all
the MSW by incineration. Therefore, Scenario 2 involves
treating the MSW at the incineration plant. Although INC
technology has better performance compared with LF, it
also has disadvantages, such as GHG emission, the dust.
China has pledged that China will reach the peak of
carbon oxide emission in 2030 and achieve the goal of
carbon neutrality before 2060 (Normile, 2020). One of the
feasible solutions in the incineration plant is to utilize carbon capture and storage (CCS) technology to reduce the
GHG emission. In scenario 3, all the incineration plants
are deployed with CCS technology to reduce the GHG
emission. However, in Scenario 4, AD is considered to
digest the organic fraction of the MSW. Organic MSW is
converted to high caloriﬁc value gases, such as methane.
Energy can be produced by recovering the methane generation in AD, which results in GHG emissions. In this
scenario, it is assumed that about 50% of the organic waste
is treated by AD technology. In other words, about 30%
of the collected waste goes to AD technology and 70%
of the waste is disposed of by INC technology. Scenario
5 is similar to Scenario 4. The difference is that all the
incineration plants are equipped with CCS. As shown in
Figure 3, paper and metal composition contribute to 10%
of the waste in Qingdao. In Scenario 6, about 30% of the
collected waste goes to AD technology and 60% of the
waste is disposed of by INC technology. The remaining
waste (10%) is recycled at material recovery facility. Since
the incineration technology is the preferred technology in
the long run, it is difficult to change the current disposal
method in the short term. In Scenario 7, 40% of the waste
goes to the incineration plan and 60% of the waste is still
treated by LF technology. The difference between Scenario 7 and 1 is that Scenario recovered the energy through
waste-to-energy (WtE) technology. Finally, in scenario 8,
CCS is deployed to reduce the GHG emission during energy recovery processes.

MSW management is a dynamic process which should be
considered from a comprehensive perspective, i.e., technical, economic, environmental, and social aspects. The
evaluation criteria chosen for the evaluation of MSW system should provide measures for all relevant impacts of
the proposed alternatives. Table 2 summarizes the criteria
for MSW management in literature. It can be classified
into four categories, i.e., environmental, economic, social,
and technological factors. As shown in Table 2, the environmental aspect mainly includes land usage, greenhouse
gas emission, human health risk, and water and soil pollution. Economic factors consider capital cost, operation
cost, transportation cost, and revenue of products. Employment and social acceptance are the two main criteria
in the social aspect. In the technological aspect, the maturity of technologies, operating experience, technological
feasibility, and reliability are the main concerns.
Table 2. Summary of criteria for MSW management in
literature
Type of
criteria

Criteria

Publications (authors)

Recovery of raw
material

(Vučijak et al., 2016)

Rules and
regulations

(Khan & Faisal, 2008)

Acidification

(Pires et al., 2011)

Surface water and
soil contamination

(Ali et al., 2018)

Resource
consumption

(Hung et al., 2007)

Environ Volume reduction
of landfilled
mental
biodegradable
MSW
Environmental risk

(Vučijak et al., 2016; Yap &
Nixon, 2015)
(Arıkan et al., 2017; Coban
et al., 2018)

Total environmental
(Wang et al., 2018)
impacts
Land usage

(Hokkanen & Salminen,
1997; Hung et al., 2007;
Pires et al., 2011; Yap &
Nixon, 2015)
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Continued Table 2

Type of
criteria

Criteria

Publications (authors)

Greenhouse gas
(GHG) emissions

(Arıkan et al., 2017;
Hokkanen & Salminen,
1997; Pires et al., 2011;
Vučijak et al., 2016; Yap &
Nixon, 2015)

Energy recovery

(Arıkan et al., 2017)

Waste recovery

(Arıkan et al., 2017)

Distance related

(Vego et al., 2008)

End of Table 2
Type of
criteria

(Herva & Roca, 2013; Hung
Ecological footprint
et al., 2007)
Noise and dust

(Ali et al., 2018)

Geographical
location

(Khan & Faisal, 2008)

Leachate

(Ali et al., 2018)

(Hokkanen & Salminen,
Hygienic conditions 1997; Hung et al., 2007;
that have an impact Khan & Faisal, 2008; Pires
on human health
et al., 2011; Vučijak et al.,
2016; Yap & Nixon, 2015)

Operation cost

Eco
nomic

Social

(Ali et al., 2018; Arıkan
et al., 2017; Coban et al.,
2018; Hokkanen &
Salminen, 1997; Pires et al.,
2011; Vego et al., 2008;
Vučijak et al., 2016; Yap &
Nixon, 2015)

Pre-treatment cost

(Yap & Nixon, 2015)

Net cost per ton

(Hokkanen & Salminen,
1997)

Budget control

(Khan & Faisal, 2008)

Opportunity cost

(Ali et al., 2018)

(Ali et al., 2018; Arıkan
Transportation cost et al., 2017; Coban et al.,
2018)
Capital cost

(Ali et al., 2018; Arıkan
et al., 2017; Coban et al.,
2018; Pires et al., 2011; Vego
et al., 2008; Yap & Nixon,
2015)

Comprehensive
economic
performance

(Hung et al., 2007; Wang
et al., 2018)

Revenue for
recovered products

(Pires et al., 2011; Vego
et al., 2008; Vučijak et al.,
2016)

Employment

(Ali et al., 2018; Arıkan
et al., 2017; Hokkanen &
Salminen, 1997; Vučijak
et al., 2016)

Government
support/funding

(Khan & Faisal, 2008; Wang
et al., 2018; Yap & Nixon,
2015)

Legal attributes

(Ali et al., 2018)

Vulnerability of the
(Ali et al., 2018)
area
Location-related

(Vego et al., 2008)

Technical

Criteria

Publications (authors)

Social welfare

(Hung et al., 2007)

Social justice

(Hung et al., 2007)

Social acceptance

(Ali et al., 2018; Hokkanen
& Salminen, 1997; Hung
et al., 2007; Khan & Faisal,
2008; Vučijak et al., 2016;
Wang et al., 2018)

Prevalence of use

(Arıkan et al., 2017)

Maturity of
technology

(Hung et al., 2007; Wang
et al., 2018; Yap & Nixon,
2015)

Operating
experience

(Ali et al., 2018; Arıkan
et al., 2017; Hokkanen &
Salminen, 1997; Khan &
Faisal, 2008; Vučijak et al.,
2016; Yap & Nixon, 2015)

General feasibility

(Arıkan et al., 2017;
Hokkanen & Salminen,
1997; Vego et al., 2008;
Vučijak et al., 2016)

Adaptability to local (Hokkanen & Salminen,
conditions
1997)
Infrastructure
requirements

(Arıkan et al., 2017; Coban
et al., 2018)

Reliability

(Ali et al., 2018; Arıkan
et al., 2017; Hokkanen &
Salminen, 1997; Khan &
Faisal, 2008)

Potential for future
development

(Hokkanen & Salminen,
1997; Vučijak et al., 2016)

To fully evaluate the MSW disposal system, the MSW
disposal technologies should be analyzed from the technical, social, environmental, and economic point of view.
The criteria chosen for the selection of MSW disposal
technologies not only provide a full picture of the impacts
caused by the MSW disposal, but they should also be independent from each other. In this work, impact on human health, GHG emission, and land usage are chosen as
the environmental criteria. In China, the public pay more
attention to the impact on human health caused by the
MSW treatment. It has been reported that incineration fly
ash is an important source of heavy metal pollution in
China (Wang et al., 2019). The incineration is the technology favored by the local government. On the other hand,
China has announced that China will reach the peak of
carbon oxide emission before 2030 and achieve the goal
of carbon neutrality before 2060 (Normile, 2020). MSW
treatment industry is an important industry to meet the
goal of the reduction of GHG emission. In addition, the
urbanization process in China produces many mega-cities.
It is not allowed to have more land occupation for the
MSW treatment plant as before. Also, the MSW treatment
plant should not be too far away because of the transportation cost. The land usage should be considered in the
selection of MSW disposal technologies.
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For the economic criteria, operation costs, capital cost
and revenue of products are considered to evaluate the
economic feasibility of MSW technologies. Although the
MSW treatment infrastructure may be subsidized to some
extent by the local government, the plant should try to
make more profits in order to ensure its operation. As for
the technical criteria, maturity of the technology should
be considered when choosing the MSW technologies.
This is because MSW treatment plant is the infrastructure which supports the operation of the cities. Although
the advanced technologies have the advantages of low environmental risks, the decision-makers prefer to choosing the commonly used technologies to ensure the stable
operation with no risks of the plant downtime. On the
other hand, the workers are deficient in the experience of
these advanced technologies that will sometimes lead to
the failure of the MSW treatment plant. It also requires
that the chosen technologies should have a high reliability.
Furthermore, the period of technology upgrading is shortened because of the public’s incentive to pursue cleaner
production. The potential for future development is another important factor for the selection of MSW disposal
technologies.
Except for the technical, environmental, and economic criteria, social criteria are also considered in the evaluation system. It includes employment, government support,
and public acceptance. In the past, the projects usually
ignore the acceptance of the nearby residents when the
projects are imitated. Finally, the projects are postponed
or canceled because of the opposition of the local community. The criteria chosen for this work are summarized
in Table 3.
Table 3. Summary of selected criteria in this work
Type of criteria
Environmental

Economic

Social

Technical

Criteria

Abbreviation

GHG emission

K1

Land usage

K2

Impact on human health

K3
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scale of 0–100. If the method has a high impact on or
high relation with the criterion, 100 is set as the score. If
the method has no impact on or no relation to the criteria,
the score is zero. A scale of 0–100 is thus used to quantify
the relationship between the criteria and MSW disposal
technologies. Finally, an average of the scores of all the
experts was obtained in the end, as shown in Table 4.
Table 4. The score of each method according to each criterion
Criteria

LF INC AD 3R CCS

WtE

GHG
emission
(K1)

92

90

63

10

30

63

Land usage
(K2)

100

57

37

15

27

53

Impact on
human
health (K3)

83

80

40

32

27

43

Operation
costs (K4)

38

77

63

50

72

48

Capital cost
Economic (K5)

38

85

67

23

78

78

Revenue of
products
(K6)

3

30

40

77

13

88

Employment
(K7)

33

42

52

75

57

67

Government
support (K8)

17

57

57

83

82

83

Social
acceptance
(K9)

47

33

65

75

65

80

Maturity of
technology
(K10)

95

83

82

53

57

72

85

70

78

77

78

78

22

47

72

85

80

85

Environ
mental

Social

Reliability
Technical (K11)
Potential
for future
development
(K12)

Operation costs

K4

Capital cost

K5

Revenue of products

K6

3. Results and discussion

Employment

K7

Government support

K8

The formulated models for the BWM were solved using
GAMS 24.3.3/BARON on a computer with 8 GB of RAM
and a dual Intel Core i5-2520 processor at 2.5 GHz running on Windows 10. The solutions obtained are globally
optimal. The results of the weights for the criteria are
listed in Table 5. For the results of each expert, the value
of ξL is less than 0.1, implying that the comparison matrix has a high consistency. In order to check the results
of the linear formulation, interval analysis is considered
in this work. By solving the two models for all the criteria (Eqs (6)–(8)), the optimal weights of the criteria
are treated as intervals. The center of intervals is used to
rank the alternatives. The results of the interval analysis
are listed in Table 6.

Social acceptance

K9

Maturity of technology

K10

Reliability

K11

Potential for future
development

K12

The performance of each scenario is determined based
on the chosen criteria and represented in a decision matrix for the multi-criteria decision-making process. First,
the score of each technology is determined based on the
results of an interview with relevant experts in MSW management. Each method is measured by the experts on a
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Table 5. The weights for the 12 criteria
Criteria

Weights
Expert 3

Average
weights

Expert 1

Expert 2

K1

0.212

0.143

0.220

0.192

K2

0.104

0.086

0.023

0.071

K3

0.046

0.199

0.117

0.121

K4

0.114

0.061

0.106

0.094

K5

0.076

0.071

0.078

0.075

K6

0.104

0.107

0.078

0.096
0.053

K7

0.076

0.043

0.039

K8

0.114

0.054

0.117

0.095

K9

0.022

0.023

0.078

0.041

K10

0.057

0.107

0.047

0.070

K11

0.046

0.071

0.058

0.058

K12

0.029

0.036

0.039

0.035

ξL

0.016

0.015

0.014

Table 6. The weights for the 12 criteria of the interval model
Criteria

Weights
Expert 1

Expert 2

Expert 3

Average
weights

K1

0.216

0.143

0.225

0.193

K2

0.096

0.107

0.024

0.076

K3

0.043

0.203

0.12

0.122

K4

0.131

0.057

0.1

0.096

K5

0.071

0.065

0.074

0.07

K6

0.096

0.09

0.074

0.087

K7

0.071

0.041

0.053

0.055

K8

0.131

0.058

0.12

0.103

K9

0.023

0.024

0.086

0.044

K10

0.052

0.11

0.04

0.067

K11

0.043

0.071

0.05

0.055

K12

0.027

0.034

0.039

0.033

ξ*

0.347

0.536

0.394

Finally, based on the weights of each criterion (Tables 5 and 6) and the score of the scenarios, as shown
in Table 4, the scores for the scenarios are thus obtained.
Table 7 gives the comparison of the ranking obtained by
the linear model and interval model. As shown in Table 7,
these two models have the same ranking results for the
scenarios of MSW management in Qingdao City. Scenario
8 is the first place in the ranking list, while Scenario 1
has the least score for the criteria selected. In China, LF
are the primary means of municipal solid waste disposal
in the past. Less than 2% of MSW may have been landfilled before 1990 (Chai et al., 2016). In 2018, 51.3% of the
MSW was disposed in sanitary landfills (National Bureau
of Statistics, 2019). However, almost 50% of landﬁlls in
China did not install effective LFG collection and utilization systems (Chai et al., 2016). In Scenario 8, 60% of the

waste is still treated by LF technology. However, Energy
recovery facilities, i.e., WtE methods, are deployed to capture the LFG emission in the landfill place. 40% of the
waste goes to the incineration plant with CCS equipment.
The application of CCS in waste incineration is considered
the feasible technologies that can significantly reduce CO2
emissions, which includes pre-combustion, post-combustion, and oxy-fuel combustion (Wienchol et al., 2020). At
present, about 60% of the MSW collected are disposal of
by LF in Xiaojianxi Landfill Site (Kan, 2017). According
to the Qingdao Urban Environmental Master Plan (2016–
2030), the government is to promote the transformation
of MSW disposal methods in domestic waste treatment
plants, such as Xiaojianxi Landfill Site, and improve the
utilization of landfill gas (Qingdao Ecological Environment Bureau, 2018).
In the ranking list, scenario (S3) follows scenario (S8).
In the scenario S3, all the MSW are treated by the incineration plant with CCS. Although in the past few years, a
few incineration projects are opposed by the nearby residents (Song et al., 2017). However, the advanced incineration plant can not only effectively reduce the weight and
volume of MSW by 80% and 90%, respectively, but also
provide heat and power for the local community (Song
et al., 2017). On the other hand, more and more efforts
are making on the education and transparency of the incineration project. The public will increase the acceptance
of incineration project in the future. The scenario 8 has a
high priority over the Scenario 3. However, Scenario 8 is
the transitional stage of the current MSW disposal to the
future MSW disposal. It is to implement the facilities in
the current plant to reduce the CO2 based on the current
situation of MSW disposal in Qingdao. However, the LF
will be phased out because of its limitations in the environmental performance.
For the scenario (S7), it has the same disposal methods as the scenario (S8). The difference is that in S7 CCS
is not employed to further reduce GHG emission. S8 has
the priority over S7 due to the following facts. First, for the
overall GHG emission share of MSW disposal in China,
MSW landfills contributed most to GHG emissions, with
a peak value of 93.5% in 2002 (Zhao et al., 2020). Second, the carbon emission peak for the specific city might
reach the GHG emission peak later than the national goal
due to the clean energy supply limitations and continued
rapid growth (Lin et al., 2018). To control the GHG goal
of MSW, the decision-maker are willing to employ CCS in
the MSW management.
Although AD only successfully addresses the environmental issues caused by MSW, but also generates renewable energy and achieves the reuse &recycling of waste.
However, AD is still dependent on economic incentives
from governments because AD implementation requires
large capital investment (Vasco-Correa et al., 2018). In the
past few years, Qingdao City has made significant progress in the gross domestic product (GDP). The government does not tend to spend more funds on MSW management. Therefore, the scenarios with AD do not have
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higher scores. In the future, AD might be favored if the
government spends more funds on MSW disposal.
From the above description, the scenario 3 is the second place in the ranking list. It implies that Scenario has
good performance in the environmental, technical, economic, and social aspects. Although Scenario 3 has a lower score than the Scenario 8, Scenario 8 is retrofitted from
the current MSW disposal. LF will not be favored by the
local government because of the LFG emission and land
usage. Therefore, incineration with CCS is the preferred
technology for MSW disposal in Qingdao.
Table 7. Ranking of alternatives
Scenarios

Linear model

Interval model

Scores

Ranking

Scores

Ranking

S1

59

8

60

8

S2

68

6

68

6

S3

117

2

117

2

S4

69

5

69

5

S5

96

4

96

4

S6

63

7

63

7

S7

100

3

100

3

S8

120

1

120

1

4. General implications
China is the biggest developing country in the world.
Many problems arise with the process of urbanization,
such as MSW disposal. More and more efforts are made to
achieve the circular economy in China. The results above
indicate that the scenario S8 (LF, WtE, and INC) has the
highest priority. It is to retrofit the current LF with energy
recovery facility. The remaining MSW is sent to incineration plant with CCS facility. From the environmental,
social and technical aspects, S8 is a good choice for the
MSW disposal in Qingdao. However, the CCS facility is
not favored by the managers because of the high cost if
there is no subsidy. The second highest priority for the
scenario is S7 (INC with CCS). More and more cities in
China are trying to build the incineration plant for MSW
disposal. In the future, it is possible to treat all the MSW
through incineration technology.
Although LF is not favored because of the high occupation of land usage and its emissions, it is still an
attractive technology because of its low cost. For the region with deficient budget, LF is a feasible technology
for MSW disposal. WtE incineration is gaining attention
as a means of simultaneously treating waste and producing electricity. However, the MSW in China has a low
heating value because of the high-water content. In the
past few years, a few cities, such as Shanghai, Qingdao
have implemented the MSW classification. It is helpful
to reuse the useful waste and enhance the heating value
of MSW. It is expected that more cities are favored WtE
incineration with the application of MSW classification
all over the country.
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The incineration plants are not only obligated to comply with environmental regulations but also have to face
the challenge of arising public confidence and acceptance.
The incineration plants need to ensure the normal operation and control the emission during the MSW transportation. Otherwise, the nearby residents will oppose the incineration project. Therefore, the local government need
to provide the subsidy to support the incineration plant.
Although the results in this work provide some scientific basis for the managers, the decision-making processes
is complex. When choosing the suitable disposal method,
the managers should consider the tradeoff between different criteria.

Conclusions
MSW management has become a challenge for the authority of the cities with increasing population. The selection of MSW disposal not only considers the technological
feasibility, but also takes into account the environmental
and social factors. In this work, a comprehensive evaluation framework for MSW management is proposed to
identify the sustainable scenario for MSW management
in Qingdao City. First, various criteria for the disposal
techniques of MSW management are investigated. 8 MSW
disposal scenarios are determined based on the composition of the MSW and the planning of MSW management
of Qingdao Government. Thus, 12 criteria are chosen to
fully assess the performance of MSW disposal scenarios.
Next, BWM is used to identify the weights of criteria and
evaluate the performance of these scenarios. A solution
strategy is proposed to solve the formulated BWM model
globally. The weights of the criteria are determined. Finally, the preferred scenario is identified according to the
criteria chosen for the problem.
Results show that the scenario with the combination
of landfilling, incineration with energy recovery facility
has the highest priority. The findings are consistent with
the trends of MSW disposal in Qingdao. Now, the first
phase project of Xiaojianxi Landfill Site is almost filled
with MSW in the past ten years. The second phase project with the combination of landfilling and incineration
is launched. Most of MSW in Qingdao is still disposed of
by landfilling. The remaining is sent to incineration plant.
The proposed framework can identify the optimal solution from the selected criteria. If this solution is used
to provide the basis for the decision-makers, it requires
evaluating the performance using the techno-economic
method in detail. Besides, the fuzzy theory can be employed in the process of weights calculation. The supply
chain of MSW management can also be combined with
the proposed framework in this work to ensure the results
to be feasible in reality.
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