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� Three waste management scenarios were developed to achieve net-zero GHG emissions from waste sector in Nan and LPB by 2030.
� All developed scenarios in both cities could achieve net-zero emissions by 2030.
� On-site waste sorting is the key for waste management to achieve net-zero emissions.
� The composition of waste is a significant impact on greenhouse gas emissions.
� At average carbon price of 28.42 USD/tCO2e, all scenarios in Nan and LPB were feasible, except for scenario 2 in LPB.
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A B S T R A C T

Waste generation rates have increased with rapid population and economic growth worldwide, especially in
tourism cities. Nan Province and Luang Prabang (LPB) are twin cities that have been popular tourist destinations.
The impact of unmanaged waste threatens the socioeconomic environment in both places. Three waste man-
agement scenarios were developed to achieve net-zero greenhouse gas (GHG) emissions from the municipal solid
waste (MSW) sector in Nan and LPB by 2030. Sensitivity and benefit–cost (B/C) analyses were performed, and
alternative scenarios were proposed. With the use of available waste management technology, all developed
scenarios in both locations could achieve net-zero emissions within the difference contexts of the city such as
waste composition. From this study, on-site waste sorting is the key for waste management to achieve net-zero
emissions. Sensitivity analysis revealed that, with an average carbon price of 28.42 USD/tCO2e, all scenarios
in Nan and LPB were feasible, except for scenario 2 (off-site waste sorting) in LPB. This study found that it would
be challenging but achievable to reach the net-zero emissions target. The challenge includes the increased on-site
waste separation rate and raising public awareness concerning municipal solid waste management as well as its
importance for effective waste management. These developed scenarios show a pathway for the waste sector to
achieve net-zero emissions by 2030 with available waste management technology in Nan and Luang Prabang, and
the possibilities for other locations facing similar situations.
1. Introduction

Following the adoption of the Paris Agreement in December 2015, the
goal of “achieving net-zero emissions” has gained political and economic
momentum in the context of sustainable development. Countries in re-
gions around the world have explored initiatives to raise the awareness
and participation of all stakeholders to reach net-zero emissions by 2050
(World Bank, 2021). The 26th UN climate change conference of the
uenwong).
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parties (COP26) in 2021 was the most important summit since the 2015
Paris Agreement. At the end of COP26, new climate plans were submitted
by countries with ambitious emission reduction goals by 2030 that
aligned with achieving net-zero by the middle of the century (Mountford
et al., 2021). The concept of “net-zero emissions” is the balance between
greenhouse gas (GHG) emissions and removal by sinks or “negative
emissions” (Emele et al., 2019). It affects the direction of development
internationally, particularly concerning policies, technology
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development, and the production process. Carbon neutrality, sometimes
referred to as zero emissions, means that activity releases net-zero carbon
emissions into the atmosphere. Therefore, many countries have explored
cost-effective pathways to achieve net-zero emissions. The pursuit of
long-term targets by achieving net-zero emissions must be implemented
through the substantial transformation of key carbon-emitter sectors
(Rogelj et al., 2015). Establishing the implementation of the Paris
Agreement will require the development of policies andmeasures toward
the “net-zero” goal. Thus, the long-term scenarios explore the options and
determine possible pathways to meet the purpose.

Municipal solid waste (MSW) is a significant anthropogenic source of
methane (CH4) emissions (Singh et al., 2018). The anaerobic decompo-
sition of MSW in open dumps and landfills generates gas consisting of
approximately 60% methane (CH4) and 40% carbon dioxide (CO2). The
uncontrolled CH4 emissions from landfills and other waste disposal have
been listed as the second-largest anthropogenic CH4 emissions source,
contributing up to 19% of global CH4 emissions (67–90 million tons of
CH4 per year) (IPCC, 2013). According to the World Bank report, about
2.01 billion metric tons of MSW are produced worldwide each year. This
figure is expected to grow to 3.40 billion tons by 2050 (Kaza et al., 2018).
With increased urbanization, changing lifestyles, and intensifying con-
sumption, solid waste management is expected to become more
complicated, particularly in developing countries. Differences in the
amount of MSW generated should reflect each nation’s or municipal
area’s state of socioeconomic growth and the nature of specific lifestyles.
At present, waste management is a serious problem in low-income and
middle-income nations in Southeast Asia because of the environmental
pollution from waste disposal (Tun and Juchelkova, 2019). Rapid eco-
nomic growth has overloaded the capacity of municipal authorities to
provide even basic services in many cities in developing countries.
Tourism is an important industry driving economic and social develop-
ment in many regions, especially in developing countries with unique
cultural, historical, and natural resources (Munoz and Navia, 2015). It
has become an important business sector in recent years, contributing
9.8% of global GDP and representing 7% of the world's total exports
(UNWTO, 2019; Rasool et al., 2021). However, the expansion of tourism
has caused waste problems. Solid waste generation is a relevant envi-
ronmental aspect arising from touristic activities (Munoz and Navia,
2015). The impact of tourism on MSW generation threatens the ecolog-
ical balance because of its waste production in many emerging economic
cities in ASEAN (Chheang, 2013; Vilaysouk and Babel, 2017; Man-
omaivibool and Noithammaraj, 2018; Agarwal et al., 2019; Widyarsana
and Agustina, 2019). Nan Province in Thailand and Luang Prabang (LPB)
city in Lao People's Democratic Republic (Lao PDR) are cities in Associ-
ation of Southeast Asian Nations (ASEAN) that have been popular tourist
destinations for many years (NESDC, 2016; JICA, 2016). The rapid
expansion of tourism has resulted in problems and negative side effects
that threaten cultural and local identities (Chheang, 2013; Agarwal et al.,
2019). The number of tourists has been increasing rapidly in recent years,
and environmental problems have arisen with the increasing amount of
waste produced (Mateu-Sbert et al., 2013). As a result, the trend of MSW
generated annually in Nan city grew at a combined annual growth rate
(CAGR) of approximately 4.69% during 2011–2017. In LPB, the MSW
generated during 2005–2018 increased at a CAGR of approximately
9.77%. The Booklet on Thailand State of Pollution by the Pollution
Control Department (PCD) reported that the total amount of Nan Prov-
ince MSW generated in 2018 was 166,450 tons (PCD, 2019). MSW is
collected by local administrative organizations that have solid waste
management systems, which then deliver it to disposal sites. Approxi-
mately 16% of the total MSW was disposed of in a landfill, while another
35% of the total MSWwas sorted at its source and re-utilized. Most of the
re-utilized waste was used for recycling and natural fertilizer-making
purposes. Approximately 49% of total MSW, including uncollected
waste from uncovered areas of MSW collection services, was still
disposed of improperly. For LPB, JICA reported that the total amount of
MSW generated in 2012 was 24,820 tons (JICA, 2012). A prediction of
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29,419 tons of waste by 2015 was also reported (Vilaysouk and Babel,
2017). The Urban Development Administration Authority of LPB and
local private contractors handle MSW collection and disposal. Approxi-
mately 68 % of the MSW collected was disposed of in an unmanaged
landfill, with only 3% of MSW being recycled. The amount of uncollected
waste, which comes from uncovered areas of MSW collection services, is
29 percent, and the disposal method is unknown (Vilaysouk and Babel,
2017). The cities of Nan and LPB aim to sustain their cultural and
traditional identities by using the tourism sector as their main source of
revenue to stabilize economic growth, preserve natural resources, and
protect the environment. Both cities focus on ecotourism or low-carbon
development to ensure sustainable tourism. The concept of a
low-carbon city, which integrates GHG emission options with resource
management and the needs of the local people, is introduced to Nan and
LPB to achieve net-zero emissions (Pongthanaisawan et al., 2018).
Therefore, appropriate MSW management must be implemented to
reduce GHG emissions and MSW and to protect the environment in the
cities. A clean city offers an attractive environment for investment and
tourism, resulting in it being economically competitive and more able to
create new jobs and business opportunities for local entrepreneurs
(World Bank, 2017).

The present study aimed to develop waste management scenarios to
achieve net-zero GHG emissions from the MSW sector in the twin cities
(Nan and LPB cities) by 2030 in the area context. The GHG emissions and
projection during 2017–2030 from the MSW sector in Nan and LPB were
evaluated to design appropriate waste management scenarios. In addi-
tion, sensitivity and benefit–cost (B/C) analyses of the developed sce-
narios were performed, and alternative scenarios for the MSW waste
management that fit the local context of the selected cities were pro-
posed. The remainder of this paper is organized as follows. Section 1
represents the introduction. Section 2 reviews the related literature.
Section 3 presents the background of study areas and methodology.
Section 4 provides results and discussion. Finally, Section 5 contains
conclusions and possible directions for future research.

2. Literature review

Many countries are implementing mitigation strategies in MSW to
reduce GHG emissions. Various studies focused on waste management
and GHG emission reduction to achieve net-zero emissions. MSW man-
agement, including waste management scenario development and waste
management optimization, is the main action aimed at reducing GHG
emissions.

Various studies have attempted to develop different waste manage-
ment scenarios to reduce GHG emissions from the waste sector. Such
scenarios are essential for policymakers to develop strategies for future
planning, investment, and implementation of improved MSW manage-
ment. For example, Dong et al. (2017) studied waste reduction scenarios
to reduce GHG emissions from the waste sector in Hong Kong. They also
evaluated GHG emissions from the waste sector and developed future
scenarios. The study proposed appropriate scenarios of future carbon
emissions from the waste sector. Hoa and Matsuoka (2015) analyzed
waste management scenarios for reducing GHG in Vietnam and, Tun and
Juchelkova (2019) studied waste management scenarios for reducing
GHG inMyanmar. Pujara et al. (2019) designed three waste management
case scenarios for 2001–2051 based on sustainable development goals
2030 of India. Moreover, Kristanto and Koven (2019) designed the four
waste management scenarios to select the best scenario based on the
greatest potential reduction of GHGs. Several studies showed that
improved waste management could directly reduce GHG emissions from
the waste sector. Obersteiner et al. (2021) examined the potential GHG
emission reduction from three selected waste management options:
prevention of food waste, reductions in single-use plastic, and increase of
separate collection and recycling waste.

Management of MSW has become a momentous environmental issue
in many countries (Alam and Qiao, 2020). Several studies on MSW
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disposal have focused on optimizing waste management. Optimization
models for MSW management were developed to serve as a solid waste
decision support system for MSW management considering socioeco-
nomic and environmental factors. For instance, Habibi et al. (2017)
proposed an optimization model to establish an MSW management sys-
tem considering social development, economy, and environment and to
minimize the cost and GHG emissions. Hoa and Matsuoka (2015) con-
structed a holistic quantification model that can be used to estimate
waste generation and evaluate the potential reduction of GHG emissions
in the waste sector. Ooi et al. (2021) developed an optimization model to
determine the optimum allocation of different types of MSW manage-
ment in Malaysia from the perspectives of cost and GHG emissions. They
also reviewed several optimization studies in MSWmanagement. Results
revealed that the cost of waste management is the most frequently used
objective of studies. Analysis of waste management costs is helpful to
local policymakers in various aspects, such as designing waste manage-
ment tax/charges or subsidies at the municipal level. Some studies per-
formed the cost analysis of MSW management in many cities.
Papargyropoulou et al. (2015) evaluated the environment and economic
performance of several low-carbon measures in the waste sector at a city
level. They also suggested the most cost-effective and carbon-effective
low-carbon measures for the waste sector at a city level. Bong et al.
(2017) applied the GHG emission and B/C analyses of community
organic waste composting in Iskandar Malaysia. Asefi and Lim (2017)
analyzed the fixed cost, transportation cost, and total suitability of the
MSW management system in Tehran. Ayeleru et al. (2021) conducted a
B/C analysis of setting up a MSW recycling facility in Soweto, South
Figure 1. The location of the study a
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Africa and proved the viability of the project based on five scenarios
tested in the sensitivity analysis.

Review of the literature shows that the reduction of GHG emissions
from MSW management could contribute significantly to the mitigation
of GHG. It can also contribute to achieve net-zero emission in the waste
sector. Existing works related to waste management focused on the
environmental, economic, and social aspects. The waste composition and
waste management technology differ in every city or region; thus,
reaching an optimum waste management for reducing environmental
impacts is necessary for each local context. However, few studies focused
on GHG emission reduction in the MSW sector at a city level within a
developing country. Moreover, the environmental, economic, and social
aspects and local context area of the options to manage waste must be
considered. Therefore, MSW management must be studied to estimate
suitable methods for waste management to achieve net-zero emission in
the waste sector. Nan and LPB were selected as a case study of the small-
size city in a developing country with relevance or similarity to other
developing countries facing similar challenges.

3. Methodology

3.1. Background of study areas

Nan city in Thailand and LPB city in Lao PDR, twin ASEAN cities with
collaboration in their cultural, environmental, and tourism sector as-
pects, were selected as the study areas. Figure 1 shows the location of the
study areas. Both plan to become sustainable cities through a low-carbon
reas (source: Google Map, 2020).
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approach. Tourism has an impact on municipal solid waste generation in
both cities. Recently, Lao PDR and Thailand have improved their con-
nectivity with a new road connecting the Thai border at Nan Province
with LPB Province in Laos (NEDA, 2019). Nan and LPB are important
tourist destinations when traveling between both cities is easier, which
encourages foreign tourists from LPB to travel to Nan Province (ITD,
2019). This connectivity helps cut travel time for visitors and boost
tourism in both cities. The scope of this study is to evaluate the GHG
emission from MSW at the city level (Nan and LPB cities). Table 1 shows
the background information for Nan and LPB. Nan is a province of
Thailand that is located in the east region of northern Thailand. Nan
Province has become a popular destination for many years since the
concept of sustainable tourism. Tourism with environment- or
ecological-friendly activities has been widely recognized. In 2015, rev-
enue from the tourism sector in Nan was estimated to be 1882.03 million
baht, which is 19% greater than that in 2013 (Nan NSO, 2018). The
number of tourists has been increasing rapidly in recent years, which
negative impacts the natural environment. Luang Prabang is located in
the north of Laos. The town of LPB has been a United Nations Educa-
tional, Scientific and Cultural Organization World Heritage site since
1995. LPB is a center of economics, education, and trading in northern
Laos. It is a popular tourist attraction since it was proclaimed as a world
heritage site. Since 2010, international visitor arrivals have grown by
77% (MICT, 2015). The rapid expansion of urbanization and tourism has
increased the amount of MSW in both cities. The trend of MSW generated
annually in Nan city grew at a CAGR of approximately 4.69% during
2011–2017. In LPB, the MSW generated during 2005–2018 grew at a
CAGR of approximately 9.77%.
3.2. Calculation and estimation of GHG emissions from solid waste
disposal to landfill

This study focused on the major GHG generated from MSW man-
agement which was directly generated by waste and the solid waste
disposal sites. Secondary data (i.e., waste composition, amount of waste)
were collected from reports, government organizations, and field sur-
veys. GHG emissions were estimated in accordance with the methods of
the Intergovernmental Panel on Climate Change (IPCC) Guidelines
(IPCC, 2006). The first-order decay model recommended by IPCC
guidelines was used in the calculation for this study. Emissions factors
were based on country-specific values. Default values from the 2006 IPCC
Guidelines were used when country-specific values were unavailable.
Table 1. Background information of Nan and Luang Prabang.

Items Nan city

Population 20,595

Area (km2) 7.6

Population density (people/km2) 2,710

Gross Provincial Product (GPP) (USD/Capita) 2,370

MSW generated rate (kg/capita/day) 0.85

MSW Component (%wt) Nan

- Food waste 6

- Garden and Park waste 27

- Paper/Cardboard 16

- Textiles 3

- Plastics 13

- Metal 10

- Glass 11

- Others 14

Total 100

Combined annual growth rate (CAGR) of MSW (%) 4.69%

MSW management method Landfill
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CH4 emissions were converted to 25 times of global warming potential
higher than carbon dioxide equivalents (CO2e) (IPCC, 2006). On the
basis of the availability of the MSW data in the study area, the CH4
generated from open dump and landfill was estimated as described in Eq.
(1):

CH4 Emission¼ ½ðMSWT �MSWF �MCF�DOC�DOCF � F
�ð16 =12Þ�RÞ� ð1�OXÞ� (1)

where CH4 Emission is methane emissions from landfill in gigagrams per
year; MSWT is the total solid waste generation (Gg/year); MSWF is the
fraction of solid waste disposed of in wet weight basis; MCF is the
methane correction factor (0.8 and 1 as recommended values of IPCC for
the unmanaged landfills and managed landfills, respectively); DOC is
degradable organic carbon in MSW (Gg C/Gg MSW); DOCF is the fraction
of DOC that can decompose (fraction) (0.5 as a default value of IPCC); F is
a fraction of CH4 by volume in generated landfill gas (0.5 as a default
value of IPCC); R is recovered CH4 in year T; 16/12 is the molecular
weight ratio of CH4/C; and OX is the oxidation factor (0.10 and 0.00 or
sanitary landfills with landfill covers and open dumpsites, respectively,
as a recommended value of IPCC).
3.3. Scenario development

According to the waste hierarchy model, solid waste management
practices have identified the reduction, recycling, and reuse of waste as
being essential for the sustainable management of resources (Pires and
Martinho, 2019). By following the waste hierarchy concept, the potential
waste treatment technologies were selected to follow the waste compo-
sition of the selected cities, which is appropriate to the local area. The
chosen base year was 2017 because of the data availability in both cities
during that time. This study formulated three waste management sce-
narios to achieve net-zero GHG emissions from the waste sector by 2030.
The on-site waste sorting ratio and off-site waste sorting ratio were also
explored to achieve this goal. On-site and off-site waste sorting are
described below.

On-site waste sorting is the process by which waste is separated into
different elements at the sources of waste generation, such as household,
office, hotel, store, supermarket, and restaurant waste.

Off-site waste sorting is the process by which waste is separated into
different elements at the landfill site where wastes are sorted and dum-
ped. Off-site sorting includes the recycled waste collected by scavengers.
Source Luang Prabang city Source

(Nan NSO, 2018) 90,400 (LSB, 2015)

(Nan NSO, 2018) 857 (LSB, 2015)

(Nan NSO, 2018) 106 (LSB, 2015)

(NESDC, 2020) 1532 (JICA, 2016)

(TGO, 2018) 0.65 (IGES, 2012)

(TGO, 2018) Luang Prabang (IGES, 2012)

51

23

8

1

9

1

6

1

100

9.77%

Landfill (Open dump)



Table 2. Waste management scenario description.

Scenario Description

Business-as-usual (BAU) BAU represents the current situation of MSW
management. MSW is assumed to be unsorted in
this scenario. In this case, waste management
would proceed as normal practice in 2030, in
which all MSW would be disposed of in a landfill.

Scenario1
(On-site waste sorting þ Landfill)<

S1 aims to increase the amount of on-site waste
sorting (x%) in both cities. In this scenario, MSW is
assumed to be sorted at the sources of waste
generation. Where paper, plastic, metal or glass
have been separately collected, they must not be
mixed with other waste or materials, such as food
waste. The combination of composting, recycling
is proposed as an option for on-site sorting.
Finally, the secondary waste amounts from on-site
sorting would be disposed of in a landfill without
off-site sorting (Figure 2).

Scenario2
(Off-site waste sorting þ Landfill)

S2 aims to increase the amount of off-site waste
sorting (Y%) in both cities. MSW is assumed to be
sorted at the landfill site where waste is sorted and
dumped. The waste amounts from off-site sorting
would be disposed of in a landfill without on-site
sorting. In this scenario, the combination of
composting, recycling, and refuse-derived fuel
(RDF) is proposed for off-site sorting (Figure 3).

Scenario3 (On-site waste sorting þ
Off-site waste sorting þ Landfill)

S3 aims to increase the amount of on-site waste
sorting (x%) and off-site waste sorting y(%) in both
cities. In this scenario, the proportion of on-site
waste sorting is assumed equal to that of off-site
waste sorting (x ¼ y). For the process in scenario
3, waste is sorted at the source of waste
generation, and the secondary waste amounts
from on-site sorting are separated at the landfill
site where wastes are sorted and dumped. Then, it
would be disposed of in a landfill (Figure 4).

Figure 3. Waste management scenario 2 (Off-site waste sorting þ Landfill).
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Three waste management scenarios are described in Table 2 and
Figures 2, 3, and 4. The Business-as-usual (BAU) scenario represents the
current situation of MSWmanagement without any sorting in both cities.
These include the generation, collection, and disposal of solid waste from
Figure 2. Waste management scenario 1(On-site waste sorting þ Landfill).
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the source. In the BAU case, all MSWwould be disposed of in a landfill. In
developing countries, the composition of waste changes gradually as a
result of steady economic growth and changes in consumer behavior.
Therefore, waste composition in this study was assumed uniform during
2017–2030 for estimation (Tun and Juchelkova, 2019).

Table 3 presents the avoided GHG emissions of waste management
options to estimate avoided emissions from the developed scenario. For
the waste management method, composting and recycling were selected
because the MSW of the study area mostly constitutes organic and
recyclable waste. Composting can constitute a viable alternative for the
management of the organic fraction of MSW in developing countries
Figure 4. Waste management scenario 3 (On-site waste sorting þ Off-site waste
sorting þ Landfill).



Table 3. Avoided GHG emission and mitigation cost of waste management
options.

Waste management
options

Avoided GHG
emission (tCO2e/tons
waste)

GHG Mitigation
Cost (USD/tCO2e)

Sources

RDF (Paper, Plastic,
Textile)

0.48 50.30 (TGO,
2016)

Composting (On-site
sorting)

0.53 32.00 (TGO,
2016)

Composting mixed waste
(Off-site sorting)

0.38 32.00 (TGO,
2016)

Recycling (On-site) 1.15 0 (IGES,
2013)

Recycling (Off-site) 1.08 5.57 (IGES,
2013)

K. Chuenwong et al. Heliyon 8 (2022) e10295
because of its simplicity, easy implementation, and low operation cost
(Jara-Samaniego et al., 2017). In addition, RDF was selected for mixed
waste from off-site sorting waste. This technology can provide significant
benefits not only to reduce GHG emission but also to increase the added
value of waste for both cities (Beradi et al., 2016). The combination of
composting, recycling, and RDF is proposed as an option in each scenario.
Net GHG emissions from developing scenarios were calculated using Eq.
(2):

Net GHG Emission¼GHG Emission from landfill� Avoided GHG Emission
(2)

4. Results and discussion

4.1. Projection of GHG emission from the MSW sector in Nan and LPB
from 2017 to 2030

Given the necessity to develop a projection of GHG emissions from
MSW, the time period was extended from 2017 to 2030. Under the BAU
scenario, the amount of MSW generated and GHG emissions from Nan
and LPB city were forecasted by using the CAGR as a driver. The number
of tourists and the population were assumed to increase linearly in both
cities. The data used to evaluate the GHG emissions of Nan and LPB were
based on 2017, which was the latest and most complete data. Thus, the
Figure 5. Projection of GHG emission from MSW sector i
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base year for projection was 2017. For LPB, CAGR of 9.77% from 2005 to
2018 was selected as a driver for the projection of MSW generated and
GHG emissions in the future. The MSW generated and GHG emission in
Nan during 2017–2030 were projected using a CAGR of 4.69%. The
projections of GHG emissions from MSW in Nan and LPB from 2017 to
2030 are presented in Figure 5. In LPB, MSW generated and GHG emis-
sions in 2017 totaled 28,040 tons/year and 13,890 tCO2e/year, respec-
tively. In 2030, the GHG emissions from MSW under the BAU scenario
would emit GHG approximately 3.9 times (54,257 tCO2e/year) greater
than the emissions in 2017. The projection of Nan municipal MSW
generated and GHG emissions in 2017 was 22,826 tons/year and 11,117
tCO2e/year, respectively. Under the BAU scenario, emissions from MSW
in 2030 would emit GHG at a rate of approximately 2.8 times (31,128
tCO2e/year) greater compared with those in 2017. GHG emissions from
MSW in Nan and LPB have increased continuously with population in-
crease and economic growth until 2030. The results have raised concerns
regarding the climate change impact of MSW.
4.2. Scenario analysis

Figure 6 presents the share of on-site waste sorting ratio versus off-site
waste sorting ratio of scenario development that achieved the 2030 net-
zero emissions in Nan (Fig. 6d–f) and LPB (Figure 6a–c). For each sce-
nario, net GHG emissions from the solid waste sector in 2030 are shown
in Figure 7.

Scenario1 aims to increase the amount of on-site waste sorting in Nan
city and LPB city. In this scenario, MSW is assumed to be sorted at the
sources of waste generation. Where paper, plastic, metal or glass have
been separately collected, they must not be mixed with other waste or
materials, such as food waste. The secondary waste amounts from on-site
sorting would be disposed of in a landfill without off-site sorting. The on-
site waste sorting ratios for Nan and LPB that achieved net-zero emissions
in the solid waste sector were evaluated. The on-site waste sorting ratio
in LPB was estimated at a minimum of 50.65% (Figure 6a) with the
introduction of waste management technologies, such as composting and
recycling, to reach the net-zero emissions in 2030. The percentage of
MSW disposed of in the landfill decreased to 49.35% (Figure 6a). The
avoided GHG emissions account for 27,035 tCO2e. In addition, GHG
emissions from landfilling in this scenario account for only 27,035 tons/
year CO2e. The on-site waste sorting ratio was estimated at a minimum of
n Nan and Luang Prabang from 2017 to 2030 (BAU).



Figure 6. Share of on-site waste sorting ratio versus off-site waste sorting ratio for achieving the 2030 net-zero emissions in Nan and Luang Prabang.

Figure 7. Net GHG emissions from the solid waste sector in 2030.
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60.17% to reach net-zero emissions in Nan (Figure 6d). The percentage of
MSW disposed of in the landfill decreased to 39.83%. The total avoided
GHG emission is 13,349 tCO2e. GHG emissions from landfilling in this
7

scenario account for only 13,349 tons/year CO2e. Nan required greater
effort to sort waste than LPB to reach net-zero emissions because of the
composition of MSW waste. In LPB, most of the waste (74%) is



Table 4. Input parameters of benefits and costs (B/C) analysis.

Scenario Mitigation options Mitigation cost (USD/tonneCO2e)

Scenario 1 On-site Recycling 0.00

Composting 32.00

Scenario 2 Composting (off-site) 32.00

Off-site recycling 5.57

RDF 50.30

Scenario 3 On-site Recycling 0.00

Composting (on-site) 32.00

Off-site recycling 5.57

Composting (off-site) 32.00

RDF 50.30

Table 5. Total waste management cost of scenario development in Nan and
Luang Prabang 2030

Total waste
management cost
(USD

Waste management Cost
per Capita* (USD/year)

GHG
Avoided
(tCO2e)

LPB Baseline 549,686 2.37 0

S1 1,132,117 4.87 27,035

S3 1,188,280 5.11 24,781

S2 1,285,920 5.53 22,032

Nan Baseline 248,409 8.94 0

S1 353,658 12.72 13,349

S3 379,739 13.66 15,697

S2 514,259 18.50 10,623

* Tipping fee.
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composted while 53% of waste in Nan is recyclable of which plastic,
glass, and metal that do not generate GHGs (methane).

Scenario 2 aims to increase the amount of off-site waste sorting in
Nan and LPB cities. The off-site waste sorting ratio of Nan and LPB
achieved net-zero emissions in the solid waste sector. MSW is assumed to
be sorted at the landfill site where waste is sorted and dumped. The waste
amounts from off-site sorting would be disposed of in a landfill without
on-site sorting. In this scenario, the combination of composting, recy-
cling, and RDF is proposed for off-site sorting. The off-site sorting ratio in
LPB was estimated at a minimum of 58.89%, where the percentage of
MSW disposed of in the landfill decreased to 41.11%, to reach net-zero
emissions by 2030 (Figure 6b). The avoided GHG emission is 22,032
tCO2e. In addition, GHG emissions from landfilling in this scenario ac-
count for only 22,032 tons/year CO2e. The off-site waste sorting ratio
was estimated at a minimum of 65.87% to reach net-zero emissions in
Nan (Figure 6e). The percentage of MSW disposed of in the landfill
decreased to 34.13%. The avoided GHG emission is 10,623 tCO2e. GHG
emissions from landfilling in this scenario account for only 10,623 tons/
year CO2e. Similarly, in the previous scenario, Nan required greater effort
to sort waste than LPB to reach net-zero emissions because of the
composition of MSW waste.

Scenario 3 aims to increase the amount of on-site and off-site waste
sorting in Nan and LPB cities. In this scenario, the proportion of on-site
waste sorting is assumed equal to that of off-site waste sorting. For the
process in scenario 3, waste is sorted at the source of waste generation,
and the secondary waste amounts from on-site sorting are separated at
the landfill site where wastes are sorted and dumped. Afterward, it would
be disposed of in a landfill. To reach net-zero emissions by 2030, the on-
site sorting ratio and off-sorting ratio in LPB were estimated minimally at
32.50% and 22.10%, respectively (Figure 6c). The percentage of MSW
disposed of in the landfill decreased to 45.40%. The avoided GHG
emission is 24,781 tCO2e. The on-site sorting ratio and off-sorting ratio
were estimated minimally at 36.10% and 23.10%, respectively, to ach-
ieve net-zero emissions by 2030 in Nan (Figure 6f). The percentage of
MSW disposed of in the landfill decreased to 40.80%. The avoided GHG
emission is 15,697 tCO2e. GHG emissions from landfilling in this scenario
account for only 15,697 tons/year CO2e.

Results show that Nan requires greater effort to sort waste than LPB to
reach net-zero emissions by 2030. Organic waste, being the primary and
most biodegradable component of MSW, is the main source of GHGs
(CH4) at a landfill site. The composting of organic waste can significantly
reduce GHG emissions. The methane reduction is mainly reached due to
avoiding methane emissions from landfilling or dumping organic waste.
Taking into consideration the comparison of MSW in Nan and LPB, the
MSW composition in LPB is composed of approximately 74% biode-
gradable waste. Composting could reduce the waste disposed of in the
landfill. Hence, introducing composting for biodegradable waste is
effective as an intermediate treatment to reduce the waste and GHG
emission at the landfill site in LPB. The waste in NAN is composed of
approximately 33% biodegradable waste and approximately 50% recy-
clable waste, such as plastic, paper, and metal. Introducing recycling is
effective as an intermediate treatment to reduce GHG emissions from
MSW in NAN. Therefore, comparison of on-site and off-site waste sorting
ratios shows that Nan requires greater effort to sort waste than LPB to
reach net-zero emissions by 2030 because of the proportion of waste
composition. In summary, on-site waste sorting has potential for
reducing GHG emissions. Starting from waste management at the source
is one of the most practical and cost-effective waste management ap-
proaches. Waste recycling has potential for reducing GHG emissions by
converting rawmaterials, while composting of organic waste enables it to
be recovered and transformed into fertilizer.

4.3. Benefits and costs (B/C)

This section calculates the benefits and mitigation costs (B/C) of each
scenario. The benefits of avoided GHG emissions and mitigation costs
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were estimated. The result is called the B/C ratio. If the B/C ratio of a
developed scenario is greater than one, then this scenario possesses high
potential in terms of avoided GHG and mitigation cost. In addition, the
sensitivity analysis of the costs of GHG emission reductions from devel-
oped scenarios was evaluated by using the carbon price as a driver.
Table 4 presents the input parameters used in this analysis. The GDP per
capita in Nan municipal was 2370 USD/year in 2017, whereas the GDP
per Capita in LPB was 1532 USD/year in 2015 and was used in this
section. The average cost of collection and disposal in a landfill (Open
dump) was 6.50 USD/ton waste (Claire and Silpa, 2016).

Table 5 shows the waste management cost for scenario development
in Nan and LPB. The population growth of Nan and LPB is assumed at
constant rates of 0.35% and 1.57%, respectively, between 2017 and 2030
(World Bank, 2018). The total cost for mitigation of LPB was higher than
the total cost for mitigation of Nan in all scenarios. The volume of MSW in
LPB was higher than that in Nan; as a result, the mitigation cost in the
former was also higher than that in the latter. Furthermore, the total cost
for mitigation of LPB was higher than that of Nan because of its high
organic waste proportion. As shown in Table 5, the mitigation cost for
composting was 32 USD/tonneCO2e, which was higher than that for
recycling (on-site recycling and off-site recycling). In the case of Nan, the
composition of waste consists of approximately 33% biodegradable
waste and approximately 50% recyclable waste, which made lower
mitigation cost. However, the mitigation cost per capita in Nan was
higher than that in LPB because of the population size. When considering
the mitigation cost per capita, the results revealed that scenario 1 could
be considered to have the lowest mitigation cost per capita for MSW
management in both cities. On-site waste sorting at the source is a
practical and cost-effective waste management approach. The success of
waste separation at the source is dependent on public awareness and
participation. Therefore, scenario 1 could be considered the best for MSW
management in Nan and LPB for the reduction of GHG emissions and the
appropriate integration of MSW management options.



Table 6. B/C ratio analysis of scenario development in Nan and Luang Prabang.

Carbon price (USD/tCO2e) Nan (B/C ratio) LPB (B/C ratio)

S1 S3 S2 S1 S3 S2

39.79 (þ40%) 5.05 4.76 1.59 1.85 1.53 1.21

34.10 (þ20%) 4.32 4.08 1.36 1.58 1.31 1.03

28.42 (Avg. price 2017) 3.60 3.40 1.14 1.32 1.09 0.86

22.74 (�20%) 2.88 2.72 0.91 1.06 0.87 0.69

17.10 (�40%) 2.17 2.04 0.68 0.79 0.66 0.52
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The benefits of avoiding GHG emissions and mitigation cost (bene-
fit–cost ratio) were investigated in this section by using carbon price as
an economic driver. The average CO2 European emission allowance price
in 2017 was 25.15 Euros or 28.42 USD/tCO2e (2017 average exchange
rate 1.13) (ECB, 2017). The assumed carbon price changes are as follows:
(1) carbon price increase 20% and 40% from the present value and (2)
carbon price decrease 20% and 40% from the present value. The results
of the sensitivity analysis in Table 6 provide the impact of carbon pricing
sensitivity analyses relating to the B/C ratios for each scenario. At an
average carbon price of 28.42 USD/tCO2e, the analysis revealed that the
benefit–cost ratios for all scenarios in Nan and LPBwere greater than one,
except for scenario 2 in LPB at present. While carbon price increase from
current price accounted for 20% and 40%, the result revealed that the
B/C ratios for all scenarios in Nan and LPB were greater than one, indi-
cating that all scenarios are efficient (benefits exceed costs). At a carbon
price decrease from the current price account for 20%, the result indi-
cated that the three scenarios were efficient. Scenarios 1 and 3 in Nan
were efficient for all changes in the carbon price rate. In summary, the
B/C ratio is sensitive to changes in the carbon price rate. Thus, carbon
price highly impacted the plausibility of GHG mitigation options in the
waste sector. This might be an important tool to reach net-zero emissions
for the waste sector in Nan and LPB. This analysis allows policymakers to
prioritize the alternative scenarios based on cost effectiveness.

Waste generation will increase continuously in Nan and LPB with
population growth and economic growth because these locations are
famous tourist destinations in ASEAN. Consumption by tourists will
produce more waste, andMSW is a major city with a carbon footprint. On
the basis of current practices, projection results show that total GHG
emissions from the waste sector in LPB in 2030 are estimated at 54,257
tCO2e/y (approximately 3.9 times greater than the emissions in 2017),
whereas the GHG emissions from the waste sector in Nan were estimated
at 31,128 tCO2e/y (approximately 2.8 times greater than the emissions in
2017). This result brings about concern regarding the climate change
impact of MSW. According to the scenario development, Nan requires
greater effort to sort waste than LPB to reach net-zero emissions. The
MSW composition in LPB is composed of biodegradable waste, suggest-
ing that organic waste is the main source of GHG (CH4) at the landfill site.

Therefore, on-site waste sorting is the key for waste management to
achieve net-zero emissions. The composition of waste is an important
factor that affects greenhouse gas emissions. The sorting of organic waste
can significantly reduce GHG emissions through the reduction of
methane emissions from landfilling or dumping organic waste. Com-
parison for the total waste management cost of scenario development in
Nan and LPB showed that the total cost for mitigation of LPB was higher
than the total waste management cost of Nan in all scenarios. The MSW
volume and organic waste proportion in LPB were higher than those in
Nan, which caused the mitigation cost of the former to be higher than
that of the latter. The mitigation cost for the composting method was 32
USD/tonneCO2e, whereas the mitigation cost for recycling (on-site
recycling and off-site recycling) was less than that for composting. In the
case of Nan, the composition of waste consists of less biodegradable
waste than LPB, approximately 50% of recyclable waste, which means
less mitigation cost than LPB. When considering the mitigation cost per
capita, scenario 1 could be considered to have the lowest mitigation cost
per capita for MSW management in both cities. Thus, on-site waste
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sorting at the source is a practical and cost-effective waste management
approach. Sensitivity analysis of the waste management cost of avoided
GHG emissions from developed scenarios indicated the average carbon
price in 2017 (28.42 USD/tCO2e). The benefits from prevented GHG
emissions and mitigation cost (benefit–cost ratio) for all scenarios in Nan
and LPB were greater than others, except for scenario 2 in LPB. In
addition, scenarios 1 and 3 in Nan were efficient at all changes in the
carbon price rate. Thus, carbon price had a high impact for setting GHG
mitigation options to reach the goal of net-zero emissions in Nan and
LPB. Reducing organic waste from landfilling not only benefits the
environment but also provides an opportunity to implement sustainable
management solutions that better fit the circular economy. This study
also concludes that the implementation of the proposed scenarios pro-
vides can reduce the volume of waste entering the landfill site, enable
recycling of waste materials, and minimize GHGs.

5. Conclusion

This research highlighted specific waste management scenarios to
achieve net-zero GHG emissions from the MSW sector in Nan and LPB by
2030. Three scenarios were considered as alternative approaches to
waste management in the selected cities. The findings and recommen-
dations are summarized as follows:

- With available waste management, all developed scenarios in both
cities could achieve net-zero GHG by 2030. From this study, on-site
waste sorting is the key for waste management to achieve net-zero
emissions. Scenario 1 (on-site waste sorting) in Nan and LPB repre-
sents the best waste management approach to achieve net-zero
emissions with the highest benefits from prevented GHG emissions
and mitigation cost ratio.

- To achieve net-zero emissions, Nan requires greater effort to sort
waste than LPB to reach net-zero emissions by 2030 because of the
proportion of waste composition. The composition of waste is a sig-
nificant impact on greenhouse gas emissions.

- Municipal waste in LPB is composed of a higher proportion of organic
waste than that in Nan, which is the main source of GHG (CH4) at the
landfill site. Therefore, the sorting of organic waste can significantly
reduce GHG emissions by avoiding methane emissions from land-
filling organic waste. However, when considering the waste man-
agement cost of scenario development in Nan and LPB, the total cost
for mitigation of LPB was higher than of Nan in all scenarios. The
volume of MSW and population in LPB were higher than those in Nan;
thus, the mitigation cost of the former was higher than that of the
latter.

- Considering the plausibility of the scenario with only one benefit in
this study, with an average carbon price in 2017 (28.42 USD/tCO2e),
the benefits from prevented GHG emissions and mitigation cost ratio
for all scenarios in Nan and LPB were greater than one, except for
scenario 2 in LPB. In addition, scenarios 1 and 3 of Nan were feasible
for all changes in the carbon price rate between decrease to 20%–40%
and increase to 20%–40%.

This study proposed alternative solutions of MSWwaste management
to achieve net-zero emissions for policymakers and local authorities on
planning for municipal solid waste management. From the global effort
to reach net-zero emissions, the novelty in this study showcases how to
achieve such a goal by 2030 in the waste sector through available waste
management technology. The different scenarios help decision-makers
select the optimal solution considering the combination of waste man-
agement to decide the scenario to be implemented. This study found that
it is challenging but achievable to reach the net-zero emission targets.
Under different limitations and contexts, different scenarios may be
chosen based on the constraints of each location if Nan and Luang Pra-
bang want to achieve the net-zero emissions goals. For example, the
scenario of disposing at the destination will be selected if a city has
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restrictions on separating waste from the source, etc. In the case of sce-
nario 1 that focuses on waste management at the source, the challenge is
the increased on-site waste separation rate to achieve the net-zero
emissions goals. Additionally, raising public awareness about munic-
ipal solid waste management is critical to effective waste management. In
scenario 2 that focuses on waste management at the destination, there
will be challenges concerning investment in waste management
technology.

The selected integrated mitigation option for waste management
should deliver economic and environmental sustainability. In addition,
the benefits of carbon prices are significant in receiving incentives to
reduce emissions. Furthermore, promoting on-site waste sorting and
providing incentives for stakeholders is necessary to increase the effec-
tiveness of waste management to achieve net-zero emissions in the waste
sector. Furthermore, city could potentially help national government to
achieve their GHG emission reduction target. This study may serve as a
reference for other places that face the same MSW management issues.

The current study investigated the plausible waste management sce-
narios to achieve net-zero GHG emissions. Future research should
consider the life cycle of waste management system and evaluate the
GHG emission of different activities involved in waste management
systems, considering the entire waste management stream. Indirect GHG
emission from waste management activities, including waste sorting,
collection, transportation of waste and recycle cost, can be included to
provide comprehensive insights into the MSW system.
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