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Abstract: Municipal solid waste (MSW) management is a significant problem for developing coun-
tries due to lack of sufficient infrastructure, poor management capacity, and low level of waste treat-
ment technology. This study proposes three main groups of criteria, i.e., social, economic, and envi-
ronmental, that can be used as an effective tool to assess the sustainability of MSW treatment tech-
nologies, considering Ho Chi Minh City, Vietnam as a case study. The sustainability assessment
criteria consist of a list of indicators which consider potential waste treatment plants. The indicators
and technologies then undertake a selection process from identifying assessment goals and key as-
pects to data collection and consultation of experts. The findings from the previous phase will be
used to select the most preferred waste technology through AHP and normalization approaches. As
a result, 12 selected indicators are as follows: investment cost, treatment cost, operation and mainte-
nance costs, revenue/benefits, job creation, community consensus, support policy, community
health, air pollution, water pollution, greenhouse gas emissions, and land quota. Among three MSW
facilities selected, i.e., landfill, compost, and waste-to-energy incineration, waste-to-energy is deter-
mined as the best alternative solution for Ho Chi Minh City in a given context of approximate 70%
of landfilling being applied. The selection process and indicators found can guide decision-makers
and policy on selecting MSW treatment technologies in developing countries. Additionally, Ho Chi
Minh City’s governors benefit from finding the most appropriate waste technology. A technology
adoption roadmap and its implementation plan should be thought thoroughly to address chal-
lenges in MSW management in the city.

Keywords: sustainability assessment criteria; municipal solid waste treatment technology; analytic
hierarchy process; expert survey; feature scaling; megacity

1. Introduction

The management of municipal solid waste (MSW) is becoming increasingly signifi-
cant in developing countries due to their rapid economic growth and high consumption
rates [1]. The increase in population, together with the improvement in people’s living
standards, inevitably leads to an increase in the volume of solid waste, placing great pres-
sure on environmental protection as well as environmental remediation activities [2,3].
Every year, the earth will receive two billion tons of MSW, equivalent to a volume of 300
kg/person/year. By 2050, the volume of global solid waste is expected to reach 3.4 billion
tonnes per year [4]. One of the biggest challenges for developing countries to manage the
MSW, especially in megacities in the Asia-Pacific region, is the waste ending up at land-
fills at an increasing alarming rate [5]. The combination of inadequate waste management
capacity and the lack of sorting at source has led to environmental pollution , including
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ocean pollution and the blocking of sewers [6], which in turn has resulted in the spread of
diseases [7] and negative impacts on economic growth, such as limiting the potential for
tourism development [4,8].

Currently, solid waste treatment technology is diverse, such as anaerobic landfill
with or without gas recovery, semi-aerobic landfill [9-11], composting [12], incineration
with and without energy recovery, production of solid fuels, and pyrolysis [13,14]. Energy
recovery from waste incineration for electricity plants is a promising technology, espe-
cially for developing countries, to turn waste into a usable form of energy [13]. Some lit-
erature has listed the advantage and disadvantage of technologies for MSW management,
such as [15-17]. For instance, landfilling is considered as a relatively low-cost method, yet
it requires a large area of land. Composting is likely to produce organic fertilizer but
should be reducing waste size and effectively separating waste material input to attain high-
quality products. Incineration is an advanced method with high capital, operational, and
maintenance costs, and requires experienced operators. However, the method is an optimal
land usage solution and is able to reduce up to 90% of disposal waste volume in landfills.[15].

Moreover, the selection of treatment technology for each locality will depend on the
assessment of pros and cons of each technology, coupled with the site area, operation
techniques, and economic and environmental factors. Typically, the MSW composition
percentage of organic solid waste in a study in Sepang City, Malaysia was 73.2%, with
high moisture content. he authors suggested that a combination of treatment technologies,
including recycling, composting, and incineration is the best and suitable alternative so-
lution.[18]. Additionally, inspired by MSW being considered as one of the renewable
energy sources in Thailand, Sun et al. [19] proposed two integrated solutions for sus-
tainable MSW management in Bangkok: composting and gasification in case of having
market opportunities for compost products, and anaerobic and gaseous decomposi-
tion once biogas production and power generation play a more important role. The
biggest component of MSW composition in the Philippines is organic waste and metal,
hence waste processing with refuse-derived Fuel (RDF) to produce fuel has been practiced
[20]. Meanwhile, the primary MSW management strategy in Malaysia is an integration of
waste-to-energy processing, recycling, composting, and bio gasification[21].

On the other hand, to evaluate the selection of waste treatment systems regarding
sustainability concepts, a number of studies rely on solid waste assessment criteria, par-
ticularly in developing countries [22]. For instance, a study assessed the sustainability of
solid waste management in India through their own developed indicators. A total of 13
indicators were categorized into four areas: economy, society, environment, and govern-
ance [23]. In Thailand, a small city considered the criteria of environmental (with 3 in-
dicators), economic (3), social (2), and technical (4) dimensions when conducting the
assessment of the solid waste management system. The results showed that the envi-
ronmental aspect is considered as the most important [24]. In addition, to develop a set
of criteria for sustainable solid waste management in Central Java Province, Indonesia,
the authors selected 12 criteria and 3 alternative treatment solutions (composting, recy-
cling, and sanitary landfill) [25]. However, the aforementioned studies have some limita-
tions. First, the evaluation of selection criteria is not comprehensive, especially regarding
the lack of in-depth analysis of the participants’ responses. Second, the expert survey ap-
proach is limited by their expertise and organized in the form of separate seminars. Third,
although the selection criteria for MSW treatment technology involves technical domains,
its indicators should be clarified for operational activities (e.g., cost, level of technology)
and continuously updated along with the evolution of innovation and new technology. A
waste treatment system is feasible if it is economically and technically sound, reliable,
easily manageable, and involves community engagement [26].

In addition, several methods have been applied for selecting optimal alternative
treatment solutions. The Analytic Hierarchy Process (AHP) method was used to deter-
mine weights of criteria and find alternative treatment solutions [24,27-30], whereas the
TOPSIS method was adopted to propose a suitable waste treatment in Lahore [31]. The
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AHP method was also incorporated into the Delphi method to identify a proper set of
criteria and technologies to treat MSW that are more economical and environmentally
sound [32]. Additionally, an expert survey associated with linear regression analysis was
conducted to develop a set of criteria for MSW management in the coastal area of North-
ern Vietnam [33]. Similarly, a study in Tabriz, Iran employed the same method to compare
different waste management strategies [34].

Ho Chi Minh City (HCMC) is one of the most dynamic and largest economic centers across
Vietnam and the Southeast Asian region. Similar to other cities in developing countries,
HCMC is facing the problem of solid waste due to population growth, urbanization, and eco-
nomic growth, has one of the highest MSW rates in the country [35], and is the fastest growing
city in Vietnam [36]. The average GDP per capita is expected to reach USD 8430-8822 by 2020
and USD 13,340-14,285 by 2025. Its economy is predicted to continue growing in the coming
years, with a growth rate of 9.5-10.0% per year from 2016-2020 and 8.5-9.0% per year from
2021-2025. The city’s economic structure is shifting towards services (54.8%), industry and
construction (28.76%), and agriculture, forestry, and fisheries (0.84%) [35].

On the other hand, the amount of waste generated in the city is increasing annually,
with an estimated amount of 9800 tons/day in 2020, expected to increase to 13,520 tons/day
in 2050. The current waste treatment technologies are being applied, i.e., sanitary landfill
(68.6%), composting (24.6%), recycling (1.1%), and incineration (5.7%) [37]. According to
the Decision No. 1485/QD-TTg dated November 6, 2018, on approving the solid waste
planning mission of Ho Chi Minh City to 2025 with a vision towards 2050, the proportion
of landfilling technology must be less than 10%, while using waste-to-energy technology
with energy recovery must be increased by 60-80%. The city’s current MSW management
treatment system ends up at two integrated solid waste treatment facilities: the Northwest
Integrated Solid Waste Treatment Facility in Cu Chi District and the Da Phuoc Integrated
Solid Waste Treatment Facility in Binh Chanh District [38]. The two landfill sites, Da
Phuoc and Phuoc Hiep, are no longer able to cope with the current amount of MSW [37].

Briefly, the ultimate objective of the study is to identify the most suitable technology
to appropriately manage the current waste crisis in line with sustainable development in
Ho Chi Minh City. To attain this objective, sustainability assessment criteria are developed
which include indicators aggregated into three main domains, i.e., social, economic, and
environmental indexes, and prospective MSW treatment technologies. The indicators and
technologies undertake a selection process from identifying assessment goals and key as-
pects to data collection and consultation of experts. The results of the previous step will
be used to select the most preferred waste technology through AHP and normalization
approaches. Overall, the current study seeks to answer the following questions:

1. What are the suitable and effective indicators for assessing the sustainability of MSW
treatment technologies in Ho Chi Minh City?

2. What is the most appropriate MSW treatment technology to cope with the current
waste crisis in the city?

The novelty of this study is as follows. It builds a sustainability assessment criteria
framework based on empirical information. In addition, an expert survey method is
adopted across different stages of the study. Finally, we suggest a detailed process of se-
lecting indicators in the evaluation of the sustainability of MSW facilities. The selection
process and indicators found are likely to assist decision-makers and policy planners seek-
ing guidance on selecting MSW treatment technologies in developing countries. Moreo-
ver, Ho Chi Minh City’s governors can benefit from determining the most appropriate
waste technology. A technology adoption roadmap and its implementation plan should
be thoroughly thought through to address challenges in MSW management in the city.
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2. Materials and Methods
2.1. Data Sources

Regarding the database, we rely on public data sources to collect information: the
annual report on the national state of environment of the Ministry of Natural Resources
and Environment (MONRE), the report on the environmental state of Ho Chi Minh City
Department of Natural Resources and Environment (HCMC DONRE) during the period
2010-2020, the environmental report of Ho Chi Minh Urban Environment Company Lim-
ited (CITENCO), provincial statistical yearbooks during 2019-2021 of Ho Chi Minh City,
and relevant publications in literature. Furthermore, after finalizing indicators in the sus-
tainability assessment criteria, the study collects information of the magnitude and the
value of those indicators from waste processing facilities across Vietnam such as Da Phuoc
Waste Treatment Complex, Nam Son Waste Treatment Complex, Can Tho Waste-to-En-
ergy Plant, and Tam Sinh Nghia Investment Development JSC.

2.2. Waste Characteristics in the Study Area

The waste generation of the city is 0.81 kg/person/day, which is relatively consistent
with the statistics from the World Bank’s survey of 120 countries worldwide [35]. The
waste characteristic fluctuates according to its socio-economic factors such as lifestyle, af-
fluence, season, and cultural activities. Urban areas collect 95% of the total solid waste
generated, whereas the remaining 5% arises from households that do not dispose of their
waste directly to the waste collection units. Instead, they abandon it near public waste
containers or dump it in the city’s canals. In suburban areas, the rate of direct waste col-
lection from households is around 70-80%, with 20-30% of the remaining waste being
self-treated by burying waste in their gardens or dumping it in vacant landfills.

The quantity of MSW of the city on a daily basis and annually from 2010 to 2020 is
shown in Table 1. Overall, the waste generation rate is gradually increasing by 3-8% per
year. Between 2017 and 2020, the rapid increase in waste generation can be attributed to
multiple factors. First, the economic growth of the city and the increase in average per
capita income [39] lead to the overconsumption of goods and services, resulting in a cor-
responding increase in municipal solid waste generation [3,39]. Second, urbanization
combined with population growth have created densely populated areas such as residen-
tial buildings, commercial centers, offices, and industrial zones which require more goods
and services, thereby leading to an increase in MSW. Third, the behaviors of waste reduc-
tion, reuse, and recycling have not been thoroughly ingrained in many places, which is
also a significant factor affecting the increase in MSW in HCMC [40].

Table 1. Amount of MSW generation in Ho Chi Minh City between 2010 and 2020.

Year MSW Generation
Daily Amount (Tonne) Annual Amount (Tonne)

2010 6241 2,277,961
2011 6423 2,344,445
2012 6472 2,362,419
2013 6700 2,445,500
2014 6900 2,518,500
2015 7064 2,578,500
2016 7288 2,660,273
2017 8300 3,029,500
2018 8700 3,175,500
2019 9200 3,358,000
2020 9800 3,577,000

(Source: Authors’ elaboration, compiled from HCMC DONRE [37]).
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The MSW composition in the study area is presented in Table 2. Organic waste with
a high potential for biodegradation (61.25%) can be processed through composting and
anaerobic digestion technologies. Waste segregation at the source plays a crucial role in
ensuring the quality of compost meets standards [41]. Recyclable waste (31.6%) includes
paper, plastic, glass, and metal, and the remaining waste (7.15%) can be recycled to create
new products. The remaining waste will be suitable for incineration with or without en-
ergy recovery or refuse-derived fuel technology (RDF), and finally sanitary landfilling.

Table 2. Percentage of each MSW composition in Ho Chi Minh City.

Waste Composition Percentage
Degradable waste

Leftover food, vegetable peels, leaves, straw 61.25
Waste recycling and reuse 31.60
Paperboard 8.45
Plastics, plastics (plastic bottles, plastic bags) 12.35
Glass (bottles, broken cups) 6.55
Metals 4.25

Remaining waste
Fabrics of all kinds, cotton wool, crockery, coal slag, fertilizer pack-
aging
Total 100.00

7.15

(Source: HCMC DONRE [37]).

2.3. Selection Process of Sustainability Assessment Criteria in MSW Management

The criteria selection process begins with assessment goal definition, see Figure 1. In
the research context, criteria are developed to evaluate the sustainability of MSW treat-
ment plants based on three aspects of economy, society, and environment. From the liter-
ature review, the authors propose key aspects which should be considerate for city plan-
ners, including the following: sustainable MSW management; institutions, policies, and
community engagement; MSW treatment technologies; and technology benchmarking.
The issue of sustainable MSW management provides a foundation of concepts, principles,
and aspects to achieve sustainability in the MSW management system. While institutions
and policies reveal the legal dimensions related to MSW processing facilities, community
engagement expresses their opinions on environmental and social matters. In addition,
treatment technology exploration helps to understand its specifications, implementation
requirements, pros and cons, estimation costs, as well as the feasibility of treatment tech-
nologies in reducing the impact on the environment and improving the quality of life for
the community. Finally, a technology benchmarking process is also crucial for decision-
makers when selecting MSW facilities. It enables planning to be evidence-based, particu-
larly in specific areas located in a similar climate zone and equal to technology level of Ho
Chi Minh City. In the next step, data collection from primary and secondary sources will
be conducted in order to propose a draft of indicators and prospective technologies suit-
able for the city. The initial sustainability assessment criteria are presented in Table 3; they
comprise 6 waste treatment technologies and 15 indicators. The draft is then finalized after
expert interviews for the evaluation and modification of the proposed indicators, and uti-
lized for further assessment when selecting appropriate treatment technology.
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Assessment Goal Definition

Literature review

!

Key Aspects Consideration
for Sustainability Assessment of
MSW Treatment Technologies

¢ Sustainable MSW Management

* Institutions, Policies, and Community Engagement
* MSW Treatment Technologies

* Technology Benchmarking

|

Data collection

* Primary data: surveys, interviews, samplings, and
others.

* Secondary data: government reports, statistical
yearbook, literature, web scraping, and others

l

Criteria, Indicators, and Technology
Proposition

Suitable and
effective for the
study?

No

Criteria, Indicators, and
Technology Selection for
Application

Figure 1. Selection process of indicators and criteria in MSW management.
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Table 3. Proposed initial sustainability assessment criteria.

(1) Composing
(2) Anaerobic decomposition
Technology (3) Recycling
(4) Waste-to-energy
(5) RDF —Energy Recovery Combustion
(6) Landfilling
Criteria Indicator Description
(1) Fixed cost Investment costs for infrastructure and waste treatment.
(2) Operating and maintenance costs Maintenance and repair costs for equipment, machinery,
and material costs.
Economic (3) Recruitment and training costs The cost of recruitment and training for employee
This cost item is proposed for training human resources
(4) Labor cost with the knowledge level to operate and control the
treatment system.
(5) Revenue/benefit Selling electricity and compost.
(1) Community culture Community involvement in waste management.
Promoting the local community’s acceptance of alterna-
(2) Community’s cooperation and  tive waste treatment solutions that do not negatively im-
awareness pact quality of life or increase the number of lawsuits in
the year.
Creating employment opportunities for residents in the
Social (3) Job creation area where the waste treatment plant is located. The
number of workers operating the equipment and their
income level.
Number of people who lives nearby the waste treatment
(4) Community’s health and safety site having symptoms relevant to allergies, respiratory,
and skin diseases.
(5) Support policy Price support policies for waste treatment, elec'tricity
sales support, and compost sales support price.
(1) Air pollution (odors and pollutant)  Air pollution from treatment activities causing odors
from treatment activities. and emissions.
From treatment activities that cause odors from
(2) Water pollution wastewater (leaching in landfills, composting, and in-
Environmental cineration plants).

(3) Greenhouse gas emission

(4) Energy recovery from the treatment
system
(5) Land quota

Amount of CO: per tonne of waste emitted into the at-
mosphere.

Recovering energy from the treatment system.

Land use quota for treatment activities.

2.4. Methods

2.4.1. Analytic Hierarchy Process Approach

One of the two approaches to evaluating the sustainability of MSW facilities for
HCMC is the Analytic Hierarchy Process (AHP). The AHP was proposed by Thomas L.
Saaty in the 1970s and is a common technique of the Multi-Criteria Decision-Making
(MCDM) method. Some reasons for choosing the decision-making tool are as follows.
AHP has been extensively applied in many fields, particularly in solid waste management
[42,43] and the public sector [44], which are highly relevant to the study. In addition, the
method is easy to use for decision-makers and urban planners who are likely to select a
method based on their familiarity and accessible possibilities [42,45]. It uses a hierarchical
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structure to break down a decision problem into smaller and more manageable sub-prob-
lems. Moreover, AHP provides a systematic framework for organizing and structuring
decision-making criteria, which can help decision-makers to better understand and com-
municate their decision-making process.

AHP quantifies weights for problems which are broken down into criteria, sub-crite-
ria, and alternatives in a hierarchy of different levels. A quantitative comparison for ele-
ments at a given hierarchy level is calculated in pairs to determine relative preferences
[46]. The intensity of the preference is based on Saaty’s scale from 1 to 9. Before adopting
the achieved weights, it is necessary to check the consistency of the expert’s assessment
through the Consistency Ratio (CR). A CR less than or equal to 10% is acceptable [47].

To determine the highest weight among MSW treatment technologies in terms of
sustainability criteria, the study has considered the following steps:

e  Step 1: Build a matrix to compare the importance of each pair between groups of
economic, social, and environmental criteria to determine the weights of criteria.

e  Step 2: Build a matrix to compare the importance of 12 indicators with economic,
social, and environmental criteria to determine the local weights of indicators.

e  Step 3: Calculate the global weight of criteria by multiplying the weight of the criteria,
which is the result of Step 1, and the local weights of the indicator, which is the result
of Step 2, to obtain the composite weights of criteria in the AHP method.

e  Step 4: Finally, we estimate the composite weight of an individual treatment technol-
ogy, which is representative of the order of priority for the selection of waste treat-
ment technology, i.e., the higher the weights, the higher the priority. The composite
weight is calculated by multiplying the weights of criteria obtained from Step 1 by
the weight of each technology determined in Step 4. All the AHP calculation steps
will be detailed in Appendix 1 of Supplementary Materials.

2.4.2. Normalization Approach

The normalization approach hereby is a combination of expert and community sur-
veys and features the scaling method. First, the experts” opinions determine the magni-
tude and the value of indicators surveyed. Since indicators in the assessment criteria are
measured in different units, we then normalize these indicators in the range of values
from 1-5, with the highest score of 5 being the best choice and, on the contrary, 1 being
the worst choice. After the normalization process, these indicators share a common value
range, which makes it easier and more convenient when comparing them from different
technologies.

The steps are as follows:

e  Step 1: Assess the importance level of indicators for determining scores through a
questionnaire. Each expert assigns a level of importance to a single indicator based
on their expertise and experience.

e  Step 2: Scale the feature range from 1 to 5.

e  Step 3: Evaluate results for the criteria indexes using the following formulas (1)-(3):

4
_ Zi=1 Ii

Economic index: I, = . 1)
1 Iishi
Social index: I, = = ()
12 o
Environmental index: I,,, = Zizoli 3)

4

where Lo, Lsoc, and Lo are indexes of economy, society, and environment, respectively. The
component indexes of economic, social, and environmental domain are estimated using
the arithmetic mean formula, which means each indicator in a component index is equally
important for sustainable development. The arithmetic mean calculation is suitable to cal-
culate component indicators and composite indicators in sustainable development areas
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since it will equalize and offset the differences in the numerical values of the criteria,
thereby giving the most representative value for the research problem [48].

e Step 4: Calculate the average sustainability index for each treatment technology
based on the results obtained from Step 3. The sustainability index (Isus) is a compo-
site indicator including three component indexes, i.e., economic, social, and environ-
mental. The calculation is presented in formular (4).

— Ieco+ ISOC+I€I'IV (4)

|
sus 3

A comparative result from both approaches will be displayed for selecting the most
appropriate MSW treatment technology in Ho Chi Minh City.

2.4.3. Community and Expert Surveys

To grasp the situation and relevant challenges with respect to waste management
and treatment in the study area, we conducted field investigations and interviewed 420
households who suffer from operations of waste treatment facilities. The sample size was
determined using Yamane’s equation with a population of 2,559,817 [49].

In addition, we gathered different opinions of 20 experts, and then cross-checked the
information in their responses. Overall, 20 experts were selected, whose expertise are in
economic, social, environmental fields. The authors also conducted surveys of local agen-
cies with experience in public management to collect information regarding the annual
budget supporting solid waste management activities, and for selling electricity and com-
post generated from waste materials, as well as the number of lawsuits filed in a year. Our
criteria for selecting experts are as follows: (1) For the economic criteria, the authors select
experts with experience in finance, cost management, and economic analysis to provide
assessments and cost estimates for various technologies; (2) For the social criteria, experts
who are experienced in knowledge of social issues such as community health, vulnerable
groups under waste crisis, and the benefits of stakeholders; and (3) For the environmental
criteria, experts working on issues in environmental management and monitoring, risk
management, and environmental impact assessment from waste technologies are chosen.
In addition, participants” opinion should be objective, not be influenced by personal in-
terests, leadership domination, or from any organizations/agencies.

After cross-checking the process, 11 valid responses were adopted for further analy-
sis. The whole process of developing a set of criteria for evaluating the sustainability of
MSW treatment technologies is shown in Figure 2.
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Objective
definition

Study area selection

I

Data collection

Expert survey

I

Draft of Sustainability
Assessment Criteria

* 6 MSW treatment technologies

* 3 Economic, Social and
Environmental indexes

¢ 15 indications

Normalization approach
(Expert and commnunity
surveys, and feature scaling)

Expert
survey

Revision of Sustainability
Assessment Criteria

¢ 3 MSW treatment technologies

* 3 Economic, Social and
Environmental Indexes

* 12 indications

AHP approach
(AHP and expert survey)

Determination of level and
value of indicators surveyed

The highest rating scale

| standardized among MSW

treatment technologies in
terms of sustainability criteria

The highest weight among
MSW treatment technologies
in terms of sustainability
criteria

Figure 2. Overview of the research process.

3. Results and Discussion

3.1. Developing Sustainability Assessment Criteria

Determination of the
most appropriate
MSW treatment

technology for the
study area

Table 4 provides the revision of the draft of sustainability assessment criteria with
the support of a group of experts in various areas. From the 6 potential technologies (com-
posing, anaerobic decomposition, recycling, waste-to-energy, and RDF) and 15 indicators
in the main 3 sustainable domains (social, economic, and environmental), the assessment
framework has been modified to become 3 technologies (landfilling, composting, and
waste-to-energy), with 12 indicators of the 3 sustainable criteria.
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Table 4. Revision of sustainability assessment criteria for MSW treatment technologies in Ho Chi

Minh City.
Technology Criteria Indicator Description Unit
1. Investment cost Invest in infrastructure and equipment. VND million
2. Treatment cost Unit price for waste treatment. VND/tonne
. 3. Qperation and Mai.ntenance costs for e.quipment anq ma- oD million
Economic maintenance costs chine, cost of purchasing raw materials.
. o Revenue from sales of electricity gener- VND million
4. Revenue/Benefit ated.
. Revenue from sales of composting. VND million
¢ Number of employees. person/tonne
5. Job creation VND mil-
e Income. .
lion/month
6.C it - ber of
ommumnity con e Number of lawsuits in a given year. MUMDbET ©
sensus cases/year
Landfilling Social J Support policies for waste treatment. VND/tonne
Composting 7. Support policy e Support policies for selling electricity VND/tonne
Waste-to-energy and compost.
e Number of people who lives nearby
8. Community the waste treatment site having symp-
. . person/year
health toms relevant to allergies, respiratory,
and skin diseases.
NH tration.
9. Air pollution * sconcentranon PP
o H2S concentration. ppm
. o BOD:s concentration. mgOx/1
10. 11
0. Water pollution o COD concentration. mgO/1
Environmental L
11. Greenhouse gas o Amount of greenhouse gas emissions 15 COye/year
emission into the atmosphere.
12. Land quota  Land use quota for treatment activi- | 2onne
ties.

VND 1 million~USD 42.22.

Based on the sustainability assessment criteria determined in Table 4, the study ap-
plies AHP and normalization approaches to determine the highest scores among the three
MSW treatment technologies.

3.2. Applying AHP Approach for Evaluating the Sustainability of MSW Treatment Technology

The criteria composite results are shown in Table 5. It is found that the environmental
indicator (wenv = 0.370) plays the most important role in managing sustainable waste con-
trary to the social indicator (wsoc = 0.275), which has the least importance.
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Table 5. Composite weight for the component criteria.

Weights of Criteria

Local Weights of =~ Composite Weights of

Criteria (wi) Indicator Indicator Criteria
(wj) (W =wix wj)
Investment cost 0.500 0.178
Treatment cost 0.098 0.035
Economic 0.355 Operation and mainte- 0.306 0109
nance costs
Revenue/benefit 0.096 0.034
Job creation 0.253 0.070
Social 0275 Community Con.sensus 0.257 0.071
Support policy 0.162 0.045
Community health 0.328 0.090
Air pollution 0.513 0.190
. Water pollution 0.128 0.047
Environmental 0370 Greenhouse gas emission 0.252 0.093
Land quota 0.108 0.040

Among indicators of economic criteria, the two factors of investment cost (wj = 0.500)
and operation and maintenance costs (wj = 0.306) have the most significant impact on the
sustainability of MSW treatment technology. The findings also reveal that revenue in the
economic domain in MSW treatment facilities is of less concern compared to a traditional
business model that always prioritizes revenue or profit first. Given the rising waste in
the city, the government and citizens desire sustainable technologies to treat the waste
with reasonable cost at initiation and operational phases. Regarding the social aspect,
there is not much difference among indicators. Community health (wj = 0.328) is the big-
gest concern when operating the waste facility, followed by community consensus, job
creation, and policy indicators. Clearly, health and participation of the community are
factors that directly affect or are being affected during the establishment phase and oper-
ation of an MSW treatment project near their living environment. Finally, air pollution (wj
=0.513) and greenhouse gas emission (wj = 0.252) play the most important roles in MSW
treatment technology with respect to environmental criteria. This means that the quality
of exhaust gas from waste treatment systems should be managed well before being emit-
ted into the environment.

Figure 3 describes composite weight of 12 indicators of the 3 criteria in descending
order of the extent to which the indicators impact the sustainability of waste treatment
technology in Ho Chi Minh City. The indicators of economic, social, environmental crite-
ria are in red, yellow, and blue, respectively. Air pollution, investment cost, and opera-
tional and maintenance costs are the top three ranking of indicators with, their weight
being 0.190, 0.178, and 0.109, respectively. These are also representative for top concerns
of the local governor and community when deciding on MSW treatment technology. All
weight calculations have CR < 10%, showing the consistency of experts’ assessments. The
results of all calculation process are presented in Tables S4-57 of Supplementary Materi-
als.
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Figure 3. The impact of indicators on the sustainability of Ho Chi Minh City’s waste treatment tech-
nology (environmental, economic, and social criteria are in blue, red, and yellow, respectively).

The finding results of composite weights of the three waste treatment facilities are
shown in Table 6. Waste-to-energy technology (W =0.514) has the largest weight, followed
by composting (0.314), and landfilling (0.172). This indicates that waste-to-energy is the
most preferred MSW treatment technology for the current state in the city. Composting is
also an alternative of interest compared to landfilling technologies that are not an effective
solution for the current MSW system in Ho Chi Minh City. The calculation of composite
weight of three waste technologies will be detailed in Table S8 and 59 of Supplementary
Materials.

Table 6. Composite weights of three treatment technologies.

Criteria Landfilling Composting Waste-to-Energy
Economic 0.105 0.058 0.191
Social 0.026 0.142 0.107
Environmental 0.041 0.114 0.215
Weight 0.172 0.314 0.514

3.3. Applying Normalization Approach for Evaluating the Sustainability of MSW Treatment
Technology

Table 7 summarizes the empirical value of each indicator obtained through surveys
regarding experts’ opinions, local governors, and enterprises, together with correspond-
ing evaluation points between 1 and 5 for the feature scaling process. Regarding indicators
of economic criteria, generally, the higher the cost, the lower the evaluation point, and
vice versa. Among the three technologies, waste-to-energy and composting have the
larger amount of investment cost at the cost of less than 400 and more than VND 500
millions/tonne.day compared to less than 140 and more than VND 300 millions/tonne.day,
respectively. These empirical values are greater than the regulation of Decision No.
1354/QD-BXD dated 29 December 2017 of the Ministry of Construction (hereafter Decision
No. 1354) for MSW treatment technology by sanitary landfill, for example, with the capac-
ity more than 800 tonnes/day at VND 140 millions/tonne.day, whereas according to the
information collected from the Da Phuoc Integrated Solid Waste Treatment Facility
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(hereafter Da Phuoc Landfill), the investment cost for landfill is USD 107 millions, equal
to VND 2538.6 billions, with a treatment capacity of 5000 tonnes/day, meaning the invest-
ment cost is greater than VND 300 millions/tonne.day. The situation is similar for treat-
ment cost and operation and maintenance costs of the three MSW treatment technologies.
For instance, Tran (2020) [50] claimed the treatment cost of Cau Dien Composting Plant is
VND 500,000 per tonne with the treatment capacity of 137 tonnes/day. This cost is less
than that regulated in Decision No. 1354 at VND 300,000-340,000 per tonne for a treatment
capacity between 100 and 300 tonnes/day using foreign technology and equipment. In the
case of the Vietstar Municipal Solid Waste Treatment Plant (hereafter Vietstar), which em-
ploys composting and recycling technology in Phase 1, with waste-to-energy technology
in Phase 2 for MSW treatment, the company completed its first phase in 2021 with the
treatment capacity of 1200 tonnes/day and the total treatment cost was VND 546,166 per
tonne for whole waste processing. In terms of the operation and maintenance cost, the
information collected regarding the cost is diverse based on the technology, management
system, and the extent to which there are details regarding the cost component; hence, we
use the same range in the three technologies. For instance, the maintenance cost for equip-
ment at Nam Son landfill is VND 154.9 millions, and the raw materials cost (e.g., additives,
probiotics) is VND 254 millions, as reported by Tran [50]. With regard to revenue/benefits
from the sale of electricity and compost, we use a 5-point Likert scale for measuring be-
cause there is no waste-to-energy plant operating in Ho Chi Minh City and the compost
produced is much smaller than the processing capacity due to inefficient waste segrega-
tion. Generally, the higher the revenue, the higher the rating point.

The study also uses a 5-point Likert scale from “extremely inadequate” to “substan-
tial” for the number of employees indicator and “completely dissatisfied” to “completely
satisfied” for the income indicator of social criteria in the three technologies when as-
sessing the attitude of waste pickers. According to Da Phuoc, the average income of a
worker is VND 5.7 million and they can earn an extra of VND 100,000-200,000 from selling
recyclables. For the community consensus indicator, the authors survey 50 households
living in the Nam Sai Gon urban area, Nhon Duc, Phuoc Kien, and Phuoc Loc Towns who
are affected by activities of the Da Phuoc landfill, and 60% of which have a tick of lawsuits.
To support MSW management, Ho Chi Minh City has policies to support waste treatment,
e.g., payment of 369,706 per tonne for CITENCO VND, and payment of USD 21.1 per
tonne for the Vietnam Waste Solution company (at Da Phuoc) in 2016, and approximately
VND 550,000 per tonne in 2022. For power generation projects using MSW, the Prime
Minister issued Decision No. 31/2014/QD-TTg dated May 05, 2014, with the support mech-
anism being VND 2114 per kWh (USD 10.05 cent per kWh) and VND 1532 per kWh (USD
7.28 cent per kWh) for directly incinerated and combusted gas collected from solid waste
landfill, respectively. There is no specific policy supporting the selling of composting so
far, hence we adopt a qualitative scale. To determine the rating scale of community health
indicator, the study carried out a survey of 150 households in Phuoc Kien and Da Phuoc
Towns. As a result, there were 590 cases in total with a pollution-related illness such as
cough, sore throat, asthma, allergic rhinitis, skin diseases, and sore eyes; their level of im-
pacts were based on the study [51].

With respect to environmental criteria, the range in H2S and NHs concentrations in
the air pollution indicator was based on the extent of human health impact, while the
range in BODs and COD concentrations in the water pollution indicator highly depended
on the National Technical Regulation on wastewater of landfill QCVN 25:2009/BTNMT.
Visvanathan et al. [52] characterized the leachate component of Pathumthani Landfill Site
at Bangkok, Thailand showing 418 mg O2/L of BOD and 4300 mgO:/L of COD. The amount
of greenhouse gas emission varies, depending on composition, MSW quantity, and the
number of years of accumulation. Hoang (2013) [53] estimated the greenhouse gas emis-
sion of Nam Son landfill in 2011 was 2.23 million tonnes CO:ze, while Tran [50] claimed
such a emission in 2020 was 1.15 million tonnes CO2e; hence, we categorize the greenhouse
gas emission in the range between 500 and 2000 thousand tonnes of COze per year. Finally,
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the land use quota indicator is inspired by the land area of existing projects. The area of
Nam Son landfill is 83 ha with an actual capacity of 4000 tonnes/day, while Da Phuoc
landfill has 30.6 ha for landfill site and 5000 tonnes/day capacity. The composing site at
Da Phuoc is 5.1 ha with actual capacity of 100 tonnes/day, and at Cau Dien is 3.9 ha with
capacity of 134 tonnes/day. At Da Nang City solid waste treatment complex, the landfill
site and composting site have the corresponding area of 500-900 m?/tonne and 110-150
m?/tonne. As for waste-to-energy technology, Can Tho's waste incineration plant with the
capacity of 400 tonnes/day requires 1.44 ha, while Da Nang proposes the area of a waste-
to-energy plant of 60-100 m?/tonne.
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Table 7. The level and empirical value of indicators by MSW treatment technology proposed.

Criteria Indicator Landfilling Composting Waste-to-Energy Evi)lrii:on
>300 >550 >550 1
1 Investment cost >250-300 >500-550 >500-550 2
(VND million/tonne.day) >200-250 >450-500 >450-500 3
>140-200 >400-450 >400-450 4
<140 <400 <400 5
>400,000 >500,000 >550,000 1
5 Treatment cost >300,000-400,000 >400,000-500,000 >450,000-550,000 2
(VND/tonne) >200,000-300,000 >300,000-400,000 >350,000-450,000 3
>90,000-200,000 >250,000-300,000 >230,000-350,000 4
<90,000 <250,000 <230,000 5
>550,000 >550,000 >550,000 1
3. Operation and mainte- >450,000-550,000 >450,000-550,000 >450,000-550,000 2
Economic nance costs >350,000-450,000 >350,000-450,000 >350,000—450,000 3
(VND million) >230,000-350,000 >230,000-350,000 >230,000-350,000 4
<230,000 <230,000 <230,000 5
Extremely low Extremely low Extremely low 1
4. Revenue/benefits — Low Low Low 2
Electricity sales revenue Moderate Moderate Moderate 3
(VND million) High High High 4
Extremely high Extremely high Extremely high 5
Extremely low Extremely low Extremely low 1
4. Revenue/benefits — Low Low Low 2
Compost sales revenue Moderate Moderate Moderate 3
(VND million) High High High 4
Extremely high Extremely high Extremely high 5
1. Job creation— Extremely inadequate Extremely inadequate Extremely inadequate 1
Social Number of employees Inadequate Inadequate Inadequate 2
(persons/tonne) Moderate Moderate Moderate 3
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Adequate Adequate Adequate 4
Substantial Substantial Substantial 5
Completely dissatisfied Completely dissatisfied Completely dissatisfied 1
1. Job creation— Dissatisfied Dissatisfied Dissatisfied 2
Income Neutral Neutral Neutral 3
(VND million/month) Satisfied Satisfied Satisfied 4
Completely satisfied Completely satisfied Completely satisfied 5
2. Community consensus— >50 >50 >50 !
Number of lawsuits in a >50-40 >50-40 >50-40 2
. >20-30 >20-30 >20-30 3
(numbfzg?ciziz Jyean) >10-20 >10-20 >10-20 4
<10 <10 <10 5
3. Support policy — <230,000 ) ) 1
Support for waste treat- >230,000-350,000 2
o enox z

> 7 — 7
(VND/tonne) £550,000 5
- Extremely low - 1
3. Support policy — Low 2
Support for selling compost Moderate 3
(VND/tonne) High 4
Extremely high 5
- 1000 1
3. Support policy — ) 1500 2
Support for ielhng electric- 2000 3

i

(VN D/i,onne) 2500 4
3000 5
>2000 >2000 >2000 1
4. Community health — >1500-2000 >1500-2000 >1500-2000 2
Number of people affected >1000-1500 >1000-1500 >1000-1500 3
(persons/year) >500-1000 >500-1000 >500-1000 4
<10-500 <10-500 <10-500 5
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80-120 80-120 80-120 1

1. Air pollution— 5-8 5-8 5-8 2
H:S concentration 3 3 3 3
(ppm) 2-4 2-4 2-4 4

1-2 1-2 1-2 5

5000-10,000 5000-10,000 5000-10,000 1

1. Air pollution— 1720 1720 1720 2
NHs concentration 700 700 700 3
(ppm) 400 400 400 4

37 37 37 5

>300 >300 >300 1

2. Water pollution— >200-300 >200-300 >200-300 2
BOD:s concentration >100-200 >100-200 >100-200 3
(mgO2/1) >50-100 >50-100 >50-100 4
Environmental =0 =50 =50 >
>3000 >3000 >3000 1

2. Water pollution— >2000-3000 >2000-3000 >2000-3000 2
COD concentration >1000-2000 >1000-2000 >1000-2000 3
(mgO2/1) >300-1000 >300-1000 >300-1000 4

<300 <300 <300 5

3. Greenhouse gas emis- >2000 >2000 >2000 !
sions <1500-2000 <1500-2000 <1500-2000 2
(thousand tonnes of <1000-1500 <1000-1500 <1000-1500 3
COne/year) <500-1000 <500-1000 <500-1000 4
<500 <500 <500 5

>3000 >170 >120 1

4 Land quota <2000-3000 <150-170 <100-120 2
(m?/tonne) <1000-2000 <130-150 <80-100 3
<500-1000 <110-130 <60-80 4

<500 <110 <60 5

VND 1 million ~ USD 42.22.
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Table 8 displays a list of evaluation points of each MSW treatment technology according
to the scaling proposed. Regarding economic criteria, composting appears to be the lowest
cost with the highest score in total (30.60), while both landfill and waste-to-energy obtain a
24.80 score. The highest evaluation point of composting results from the highest one in its
component indicators including investment, treatment, and operation and maintenance costs.
Comparing to landfilling technology’s costs, waste-to-energy has a lower score, showing that
waste-to-energy is the most capital-intensive. The findings of this study are in line with the
report [54], which estimated the capital cost of incineration to be in the range of USD 190-1000
per annual tonne, and a study by Manaf [55] which argued that people were not in favor of
incineration in part due to the high capital and installation and maintenance costs, and that
this lead to public disagreement against waste incineration solutions. Tran [50] also claimed
the high cost of Nam Son’s waste-to-energy processing (VND 13,530.9 billion), compared to
landfill (VND 6913.5 billion) and composting (VND 71.9 billion). On the contrary, the revenue
from selling electricity is agreed upon by experts as obtaining a high score (39), whereas the
revenue from selling composting products is not appreciated by experts. The possible expla-
nation is a result of the aforementioned support mechanism policy of the Vietnamese govern-
ment for energy-from-waste technology, and there has not been a policy for products from
composting solutions. Overall, from an economic point of view, the preferred treatment
method is composting. However, the method has limitations in practice such as the product
consumption market, level of technology, capacity, and that leading to the current implemen-
tation is limited. For instance, Da Phuoc has the capacity of producing 100 tonnes/day of com-
post fertilizer, but in reality, it only achieves 10 tonnes/day. One of the main reasons for this is
the low quality of the product due to the ineffective source separation from the commingled
nature of MSW in Ho Chi Minh City [56].

Table 8. The total of evaluation points of component indicators by MSW treatment technology.

Indicator Landfilling Composting Waste-to-Energy
1. Economic 24.80 30.60 24.80
1.1 Investment cost 26 38 23
1.2 Treatment cost 31 32 22
1.3 Operation and maintenance costs 31 35 19
1.4 Revenue/benefits
+ Electricity 19 19 39
+ Compost 17 29 21
2. Social 25.86 31.33 38.33
2.1 Job creation
+ Number of employees 40 28 41
+ Income 32 32 43
2.2 Community consensus 18 37 45
2.3 Support policy
+ Support for waste treatment 31 31 26
+ Support selling compost, electricity 36 28 36
2.4 Community health 24 32 39
3. Environmental 21.67 29.33 42.33
3.1 Air pollution
+ NHs concentration 24 37 46
+ H2S concentration 17 28 43
3.2 Water pollution
+ BODs concentration 21 22 42
+ COD concentration 19 25 40
3.3 Greenhouse gas emissions 25 34 36

3.4 Land quota 24 30 47
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As for social aspects, it can be seen that waste treatment using landfilling and waste-
to-energy methods create more job opportunities for community. Additionally, workers
working in waste-to-energy plants have a more competitive income. This may be due to
the quality of service from the technology that has less impact on the environment and
stable salaries for employees, compared to the remaining two technologies. Indeed, the
waste-to-energy technology has also received the greatest score of community consensus
and community health indicators, contrasting with the judgement in the study by Manaf
[55]. On the other hand, working at landfills is also attractive to workers, particularly local
workers. According to the survey of laborers working at Da Phuoc, although their income
is not competitive, their jobs and incomes are quite stable for unqualified workers. The
finding is consistent with Sun et al. [19] and Abba et al. [57], who reported that landfills
create jobs for numerous local inhabitants, but that their life is very difficult. Policies that
support waste treatment are not very different among the three methods, but polices sup-
porting the selling of compost and electricity are dominated by landfilling and waste-to-
energy; this is due to the potential of generating energy and electricity from these two
technologies. Kling et al. [58] stated that, in developing countries, when converting treat-
ment technologies from conventional landfill to incineration for power generation, there
is support for generated electricity prices from the government (USD 25 per tonne of
waste). In brief, incineration for electricity generation is currently considered to be the
preferred alternative method in terms of social criteria. It benefits from the perception that
energy can be used, and from saving land quota [5]. The trend is also consistent with De-
cision No. 491/QD-TTg on integrated solid waste management to 2025, with a vision to
2050 in the direction of considering solid waste as a resource, treating waste in combina-
tion with energy recovery, and reducing land use area in the context of its scarcity and
rising cost in the city.

Akin to the social aspect, the results of environmental indicator criteria show the
dominated evaluation points for waste-to-energy technology compared to the other two
technologies, with a score greater than or equal to 40, except for the greenhouse gas emis-
sions issue. It means waste-to-energy is considered as a method to create the least envi-
ronmental impacts, whereas MSW landfill sites raise environmental concerns, particular
in air and water pollution. Abba et al. [57] agreed with the statement for the case of MBT
plants in Malaysia. When the incineration technology manages exhaust gas thoroughly,
the possibility of odors and greenhouse gas emissions are much lower than that in landfill
and composting. However, Zhao [59] supposed that if the incineration technology is not
guaranteed, many different toxic wastes will be generated, such as CHs, COz, and espe-
cially dioxins. This is one of the reasons why there is not much variation in scores for the
three technologies regarding greenhouse gas emission in Table 8, and why the landfilling
method obtains the lowest score, meaning the highest potential of greenhouse gas emis-
sion. This is consistent with the study [50] of the Nam Son landfill, and [57] of two landfills
Seelong and Tanjung Langsat in Johor Bahru City, Malaysia. In brief, incineration is selected
to be the optimal solution for generating electricity while protecting the environment.

From the results of the economic, social, and environmental components indicator
shown in Table 8, the composite sustainability index is then calculated from Equation
(2.4), presented in Table 9. Clearly, waste-to-energy ranks first due to the highest score
obtained from the component indicators, followed by composting and landfilling.

Table 9. Sustainability composite indexes.

Criteria Landfilling Composting Waste-to-Energy
Economic 24.80 30.60 24.80
Social 25.86 31.33 38.33
Environmental 21.67 29.33 42.33

Sustainability indexes 24.11 30.42 35.16
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3.4. Selection of MSW Treatment Technology for Ho Chi Minh City

Table 10 summarizes the results from both approaches and their ranking accordingly.
The higher the weight (for AHP method) or sustainability index score (for normalization
method), the higher the ranking.

Table 10. Summary of MSW treatment technology selection by AHP and normalization approaches.

AHP Approach Normalization Approach
Technology Weight Ranking Sustainability Index Ranking
Score
Landfilling 0.172 3 2411 3
Composting 0.314 2 30.42 2
Waste-to-energy 0.514 1 35.16 1

It can be seen that both AHP and normalization approaches achieve a similar rank-
ing, in which waste-to-energy is the optimal selection, followed by composting and land-
filling. The results are also consistent with previous studies that have chosen waste incin-
eration with power generation as the solution in the context of lack of space for landfill
and related environmental disadvantages [27,46,57]. This result is completely consistent
with the research on urban solid waste management in ASEAN countries that has pro-
posed the treatment technology of waste incineration to generate electricity for big cities.
Moreover, this waste treatment method is also appropriate with the Solid Waste Manage-
ment Plan of Ho Chi Minh City until 2025, with a vision towards 2050, which aims to limit
landfill sites to less than 10%, and prioritize waste-to-energy incineration technology [37].
Recently, Decision No. 09/2021/QD-UBND of the People’s Committee of Ho Chi Minh
City dated 4th May 2021 regulated the waste segregation at source into two groups: waste
that is reusable or recyclable, and other waste. This is one of the preparation steps for
implementing incineration across the city in the near future. However, a combination of
these technologies is recommended for the case of Ho Chi Minh, in which the waste in-
crement rate is approximately 10% annually. This solution is also applied in some cities
in countries including Malaysia [18], Thailand [19], and the Philippines [20], with tech-
nologies and climatic conditions similar to Ho Chi Minh City. Finally, each solid waste
treatment technology has its own advantages and disadvantages appropriate for each
type of waste composition, hence, the success of waste segregation at source programs in
the city plays a key role for driving the success of waste treatment technologies.

4. Conclusions

The study builds a set of assessment criteria regarding sustainable development to
determine the most appropriate technology for the current state of MSW management
systems in Ho Chi Minh City. As a result, 12 indicators under the umbrella of economic,
social, and environmental indexes are proposed for evaluating the sustainability of land-
filling, composting, and waste-to-energy incineration technologies. These are investment
cost, treatment cost, operation and maintenance costs, revenue/benefits, job creation, com-
munity consensus, support policy, community health, air pollution, water pollution,
greenhouse gas emissions, and land quota. After finalizing the sustainability assessment
criteria, AHP and normalization approaches are employed to identify the ranking of the
three technologies to handle the MSW based on the defined framework. While compost-
ing is the most favorable technology in terms of economic aspect, incineration to generate
electricity is the preferred method under social and environmental aspects. Both ap-
proaches achieve the same result, where waste-to-energy incineration ranks first, followed
by composting and landfilling.

The sustainability assessment criteria are expected to be adopted in Vietnam and
other cities of emerging economies that are struggling to manage the rising waste amount
annually with a low level of waste treatment technology and a lack of sufficient
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infrastructure. The empirical values of the criteria framework from our surveys also con-
tribute value information for academia and decision-makers to evaluate the MSW man-
agement in Vietnam in general and Ho Chi Minh City in particular. Although waste-to-
energy incineration is the most appropriate technology for MSW treatment in Ho Chi
Minh, the integration of the three treatment methods is recommended.

Nevertheless, some of information in the study is still limited, and values inspired
from previous studies might not be suitable for Ho Chi Minh City. A further study should
be conducted to clarify values of the indicators using methods of environmental impact
assessment and environmental health impact assessment. Moreover, in order to effec-
tively implement waste-to-energy incineration technology in Ho Chi Minh City, it is rec-
ommended to conduct studies on the mechanism for selling the generated electricity and
connecting it to the national grid. This procedure is crucial in promoting investment and
facilitating the application of advanced waste treatment technologies to address the waste
crisis in the city center in the future.
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https://www.mdpi.com/article/10.3390/su15107917/s1, Table S1: Score comparison of indicators; Ta-
ble S2: Priority matrix of criteria; Table S3: Average random consistency index value; table S4: Matrix
calculation for comparing the level of importance among criteria groups; Table S5: Matrix
calculation for comparing the importance level of economic criteria; Table S6: Matrix calculation for
comparing the importance level of social criteria; Table S7: Matrix calculation for comparing the
importance level of environmental criteria; Table S8: Matrix calculation for comparing MSW
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comparison of MSW treatment technologies based on sustainability criteria.

Author Contributions: Conceptualization, H.A.L. and X.T.D.; Methodology, P.G.L.,, HA.L,, X.T.D.
and K.L.P.N,; Investigation, P.G.L.; Resources, H.A.L.; Writing — original draft, P.G.L.; Writing —
review & editing, K.L.P.N.; Visualization, K.L.P.N.; Supervision, H.A.L. and X.T.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Zerbock, O. Urban Solid Waste Management: Waste Reduction in Developing Nation. 2003. Available online:
https://www.scirp.org/(S(1z5mqp453edsnp55rrgjct55.))/reference/referencespapers.aspx?referenceid=2987652 (accessed 5 Feb-
ruary 2022)

Allesch, A.; Brunner, P.H. Assessment methods for solid waste management: A literature review. Waste Manag. Res. 2014, 32,
461-473. https://doi.org/10.1177/0734242X14535653.

Nguyen, K.L.P; Chuang, Y.H.; Chen, HW.; Chang, C.C. Impacts of socioeconomic changes on municipal solid waste
characteristics in Taiwan. Resour. Conserv. Recycl. 2020, 161, 104931.

Kaza, S.; Yao, L.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; World
Bank Publications: Washington, DC, USA, 2018.

Tsydenova, N.; Vazquez Morillas, A.; Cruz Salas, A. Sustainability Assessment of Waste Management System for Mexico City
(Mexico)—Based on Analytic Hierarchy Process. Recycling 2018, 3, 45. https://doi.org/10.3390/recycling3030045.

Contreras, F.; Hanaki, K.; Aramaki, T.; Connors, S. Application of analytical hierarchy process to analyze stakeholders
preferences for municipal solid waste management plans, Boston, USA. Resour. Conserv. Recycl. 2008, 52, 979-991.

Ejaz, N.; Akhtar, N.; Nisar, H.; Naeem, U.A. Environmental impacts of improper solid waste management in developing
countries: A case study of Rawalpindi City. Sustain. World 2010, 142, 379-387.

Tong, Y.D.; Huynh, T.D.X,; Khong, T.D. Understanding the role of informal sector for sustainable development of municipal
solid waste management system: A case study in Vietnam. Waste Manag. 2021, 124, 118-127.

Koda, E.; Miszkowska, A.; Sieczka, A. Levels of Organic Pollution Indicators in Groundwater at the Old Landfill and Waste
Management Site. Appl. Sci. 2017, 7. https://doi.org/10.3390/app7060638.



Sustainability 2023, 15, 7917 23 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Jovanov, D.; Vuji¢, B.; Vuji¢, G. Optimization of the monitoring of landfill gas and leachate in closed methanogenic landfills. |
Env. Manag. 2018, 216, 32—40. https://doi.org/10.1016/j.jenvman.2017.08.039.

Kamdar, I; Ali, S.; Bennui, A.; Techato, K.; Jutidamrongphan, W. Municipal solid waste landfill siting using an integrated GIS-
AHP approach: A case study from Songkhla, Thailand. Resour. Conserv. Recycl. 2019, 149, 220-235.

Wei, Y.; Li, ].; Shi, D.; Liu, G.; Zhao, Y.; Shimaoka, T. Environmental challenges impeding the composting of biodegradable
municipal solid waste: A critical review. Resour. Conserv. Recycl. 2017, 122, 51-65.

Hinchliffe, D.; Frommann, J.; Gunsilius, E. Waste to Energy Options in Municipal Solid Waste Management; Deutsche Gesellschaft
fur Internationale Zusammenarbeit (GIZ) GmbH: Bonn and Eschborn, Germany, 2017.

Moya, D.; Aldas, C.; Léopez, G.; Kaparaju, P. Municipal solid waste as a valuable renewable energy resource: A worldwide
opportunity of energy recovery by using Waste-To-Energy Technologies. Energy Procedia 2017, 134, 286-295.

Fodor, Z.; Klemes, ].J. Waste as alternative fuel-Minimising emissions and effluents by advanced design. Process Saf. Environ.
Prot. 2012, 90, 263-284.

Khan, S.; Anjum, R.; Raza, S.T.; Bazai, N.A.; Ihtisham, M. Technologies for municipal solid waste management: Current status,
challenges, and future perspectives. Chemosphere 2022, 288, 132403.

Hoang, A.T.; Varbanov, P.S.; NiZeti¢, S.; Sirohi, R.; Pandey, A.; Luque, R.; Ng, K.H. Perspective review on Municipal Solid
Waste-to-energy route: Characteristics, management strategy, and role in circular economy. ]. Clean. Prod. 2022, 131897.
MSamah, M.A.A.; Abd Manaf, L.; Aris, A.Z; Nor, W. Solid Waste Management: Analytical Hierarchy Process (AHP)
Ppplication of Selecting Treatment Technology in Sepang Municipal Council, Malaysia. Curr. World Environ. 2011, 6, 1-16.
Sun, N.; Chungpaibulpatana, S.; Limmeechokchai, B. Implementation of Analytic Hierarchy Process for Sustainable Municipal
Solid Waste Management: A Case Study of Bangkok. Int. Energy J. 2020, 20, 325-336.

Gonzales.  Turning trash into  valuable assets: Garbage pickers in Payatas. Available online:
https://peri.umass.edu/fileadmin/pdf/conference_papers/CDP7.pdf (accessed on 1 March 2022).

Aja, O.C,; Al-Kayiem, H.H. Review of municipal solid waste management options in Malaysia, with an emphasis on sustainable
waste-to-energy options. Artic. . Mater. Cycles Waste Manag. 2014, 16, 693-710. https://doi.org/10.1007/s10163-013-0220-z.
Wilson, D.C.; Velis, C.A.; Rodic, L. Integrated sustainable waste management in developing countries. Proc. Inst. Civ. Eng.-Waste
Resour. Manag. 2013, 166, 52-68. https://doi.org/10.1680/warm.12.00005.

Batagarawa, R.L. Sustainability Appraisal of Waste Management in Nigeria: Development and Evaluation of an Index Based
Tool. Ph.D. Thesis, University of Portsmouth, Portsmouth, UK, 2011.

Intharathirat, R.; Abdul Salam, P. Analytical Hierarchy Process-Based Decision Making for Sustainable MSW Management
Systems in Small and Medium Cities. In Sustainable Waste Management: Policies and Case Studies; Springer: Singapore, 2020; pp.
609-624. https://doi.org/10.1007/978-981-13-7071-7_55.

Atmanti, H.D.; Handoyo, R.D. Strategy for Sustainable Solid Waste Management in Central Java Province, Indonesia. Int. .
Adv. Sci. Res. Eng. 2018, 4, 215-223.

Alaerts, G.J.; Veenstra, S.; Bentvelsen, M.; Van Duijl, L.A. Feasibility of anaerobic sewage treatment in sanitation strategies in
developing countries. Water Sci. Technol. 1993, 27, 179-186.

Hoang, N.H.; Fogarassy, C. Sustainability evaluation of municipal solid waste management system for Hanoi (Vietnam)—Why
to choose the ‘Waste-to-Energy’concept. Sustainability 2020, 12, 1085.

Abushammala, M.F.; Qazi, W.A. Efficient approach for improving municipal solid waste management in Oman: Towards
sustainable development. Int. . Environ. Waste Manag. 2021, 27, 345-362. https://doi.org/10.1504/]JEWM.2021.114427.

Azahari, S.N.S.S.; Abas, M.A; Hussin, H.; Nor, AN.M.; Wee, S.T.; Fitriani, N.; Yusoof, M.R.M. Developing a Sustainable Solid
Waste Management System Using Analytical Hierarchy Process (AHP) Method at Pondok Institutions in Kelantan. IOP Conf.
Ser. Earth Environ. Sci. 2021, 842, 012060. https://doi.org/10.1088/1755-1315/842/1/012060.

Ali, Y.; Aslam, Z.; Dar, H.S.; Mumtaz, U. A multi-criteria decision analysis of solid waste treatment options in Pakistan: Lahore
City — A case in point. Environ. Syst. Decis. 2018, 38, 528-543. https://doi.org/10.1007/s10669-018-9672-y.

Kharat, M.G.; Raut, R.D.; Kamble, S.S.; Kamble, S.J. The application of Delphi and AHP method in environmentally conscious
solid waste treatment and disposal technology selection. Manag. Environ. Qual. Int. ]. 2016, 27, 427-440.
https://doi.org/10.1108/meq-09-2014-0133.

Tuyen, L.M. Domestic Solid Waste Management and Factors Affecting Domestic Solid Waste Management in the Northern
Coastal Region of Vietnam. Ph.D. Thesis, National Economics University, Hanoi, Vietnam, 2019.

Madadian, E.; Amiri, L.; Abdoli, M.A. Application of analytic hierarchy process and multicriteria decision analysis on waste
management: A case study in iran. Environ. Prog. Sustain. Energy 2013, 32, 810-817. https://doi.org/10.1002/ep.11695.

Ministry of Natural Resources and Environment. Report on the State of the National Environment 2019: Management of Domestic
Solid Waste; Dan Tri Publishing House: Hanoi, Vietnam, 2020

General Statistics Office. Statistical Yearbook of Vietnam. Available online: https://www.gso.gov.vn/wp-content/up-
loads/2021/07/Sach-NGTK-2020Ban-quyen.pdf (accessed on 22 May 2021).

Ho Chi Minh City Department of Natural Resources and Environment. Report on Solid Waste Management in Ho Chi Minh
City 2021. Available online: https://geoportal-stnmt.tphcm.gov.vn/geonetwork/srv/api/records/7080ab51-25a4-4335-8c45-
9b97157431ca/attachments/bchientrangmt2021.pdf (accessed on 5 September 2022).

Vietnam Institute For Urban And Rural Planning (VIUP). VIUP reports the solid waste treatment planning project of Ho Chi
Minh City to 2025, with a vision to 2050. Available online: https://www .viup.vn/vn/Tin-VIUP-n2-VIUP-bao-cao-do-an-quy-



Sustainability 2023, 15, 7917 24 of 24

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

hoach-xu-ly-chat-thai-ran-thanh-pho-Ho-Chi-Minh-den-nam-2025-tam-nhin-2050-d10645.html (accessed on 5 September
2022).

Schneider, P.; Anh, L.; Wagner, J.; Reichenbach, J.; Hebner, A. Solid Waste Management in Ho Chi Minh City, Vietnam: Moving
towards a Circular Economy? Sustainability 2017, 9, 286. https://doi.org/10.3390/su9020286.

Verma, R.L.; Borongan, G.; Memon, M. Municipal Solid Waste Management in Ho Chi Minh City, Viet Nam, Current Practices
and Future Recommendation. Procedia Environ. Sci. 2016, 35, 127-139. https://doi.org/10.1016/j.proenv.2016.07.059.

Nguyen, T.P.L; Babel, S.; Sharp, A. Technology Selection in Sustainable Solid Waste Management: Case Study in Ho Chi Minh City;
Vietnam Research Center for Technology Application and Environmental Management, Van Lang University: Ho Chi Minh
City, Vietnam, 2016; p. 25.

Garcia-Garcia, G. Using Multi-Criteria Decision Making to optimise solid waste management. Curr. Opin. Green Sustain. Chem.
2022, 37, 100650.

Khoshand, A.; Kamalan, H.; Rezaei, H. Application of analytical hierarchy process (AHP) to assess options of energy recovery
from municipal solid waste: A case study in Tehran, Iran. J. Mater. Cycles Waste Manag. 2018, 20, 1689-1700.

Fountzoula, C.; Aravossis, K. Decision-making methods in the public sector during 2010-2020: A systematic review. Adv. Oper.
Res. 2022, 2022, 1750672.

Taherdoost, H.; Madanchian, M. Multi-Criteria Decision Making (MCDM) Methods and Concepts. Encyclopedia 2023, 3, 77-87.
Herva, M.; Roca, E.J.E.I. Ranking municipal solid waste treatment alternatives based on ecological footprint and multi-criteria
analysis. Ecol. Indic. 2013, 25, 77-84.

Saaty, T.L. The Analytic Hierarchy Process; McGraw-Hill: New York, NY, USA, 1980.

Thu, N.M. Statistical Research to Evaluate Sustainable Development in Vietnam. Ph.D. Thesis, National Economics University,
Hanoi, Vietnam, 2013.

Taro, Y. Statistics, An Introductory Analysis; Harper and Row: New York, NY, USA, 1967.

Tran, P. Research on Economic Efficiency of Technological Solutions to Reduce Greenhouse Gas Emissions in Domestic Solid Waste
Treatment in Hanoi City; Vietnam Institute of Meteorology, Hydrology and Climate Change, MONRE: Hanoi, Vietnam, 2020.
Luong, V.V. Estimating the Emission Rate of Odorous Gas from Landfills in Ho Chi Minh City. VNU ]. Sci. Earth Environ. Sci.
2017, 33.

Visvanathan, C.; Choudhary, M.; Montalbo, M.; Jegatheesan, V. Landfill leachate treatment using thermophilic membrane
bioreactor. Desalination 2007, 204, 8-16.

Hoang, M.G. Study on the Possibility of Greenhouse Gas Reduction from Municipal Solid Waste in Vietnam; Hanoi University of Civil
Engineering: Hanoi, Vietnam, 2013.

Kaza, S.; Bhada-Tata, P. Decision Maker’s Guides for Solid Waste Management Technologies. Available online:
https://openknowledge.worldbank.org/entities/publication/4b35dbd9-06fa-541d-ac27-291200ac357b (accessed on 15 July 2020).
Abd Manaf, L.; Samah, M.A.A.; Zukki, N.LM. Municipal solid waste management in Malaysia: Practices and challenges. Waste
Manag. 2009, 29, 2902-2906.

Le, TM.D.; Le, T.K.O. Possibilities and Challengies to Approach Zero-Disposal of Biodegradable Organic Domestic Solid Waste
in Ho Chi Minh City, Vietnam. Int. ]. Innov. Sci. Eng. Technol 2015, 2, 668-675.

Abba, A.H.; Noor, Z.Z.; Yusuf, R.O.; Din, M.F.M.; Hassan, M.A.A. Assessing environmental impacts of municipal solid waste
of Johor by analytical hierarchy process. Resour. Conserv. Recycl. 2013, 73, 188-196.

Kling, M.; Seyring, N.; Tzanova, P. Assessment of economic instruments for countries with low municipal waste management
performance: An approach based on the analytic hierarchy process. Waste Manag. Res. 2016, 34, 912-922.

Zhao, J. Integrating Analytical Hierarchy process (AHP) and Grey Relativity Analysis (GRA) in suitable landfill site selection.
Geoinformatics Geostat. Overv. 2021, 9, 307.

Makan, A.; Malamis, D.; Assobhei, O.; Loizidou, M.; Mountadar, M. Multi-criteria decision aid approach for the selection of the
best compromise management scheme for the treatment of municipal solid waste in Morocco. Int. . Environ. Waste Manag. 2013,
12, 300-317.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



