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ABSTRACT

Along with growing population and economic development, increasing waste generation rates in developing countries have become a major
issue related to the negative impacts of waste management on the environment. Currently, the business-as-usual waste management practices
in Myanmar are largely affecting the environment and public health. Therefore, this study developed an alternative approach to waste management
for reducing the environmental impacts in Myanmar by highlighting the greenhouse gas (GHG) emissions from business-as-usual practices
and three proposed scenarios during 2018-2025. The calculation methods of the Intergovernmental Panel on Climate Change and Institute
for Global Environmental Strategies were used for estimating the GHG emissions from waste management. It was estimated that the current
waste management sector generated approximately 2,000 gigagrams of CO»-eq per year in 2018, trending around 3,350 Gg of CO.-eq per
year in 2025. It was also observed that out of the proposed scenarios, Scenario-2 significantly minimized the environmental impacts, with
the lowest GHG emissions and highest waste resource recovery. Moreover, the GHG emissions from business-as-usual practices could be reduced
by 50% by this scenario during 2018-2025. The target of the similar scenario could be achieved if the local government could efficiently implement
waste management in the future.
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1. Introduction The trends of the population growth and per capita GDP of
Myanmar are presented in Fig. 1. In Myanmar, the rural population
was approximately twice as high as the urban population by
2018. However, since the year of 2010, the annual urban population
of Myanmar has been gradually increased by approximately 2%
due to the regular economic development of the country and
per capita GDP growth. Therefore, the urban population has grown
up from approximately 15 million in 2010 to 23 million in 2025.
As a result, the urban population will be around 40% of the
total population by 2025.

In Myanmar, the provision of waste collection services, manage-
ment activities and initiation of 3Rs (Reduce, Reuse and Recycle)
practices are extensively undertaken by responsible organizations
independently [4]. Municipal waste collection systems in
Myanmar cities can largely be characterized as labor intensive,
relying on the use of both manual workers and non-specialized
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Myanmar is a developing country in South East Asia, bordered
by China, Bangladesh, India, Thailand and Laos PDR. Myanmar
is composed of seven states and seven regions. It covers an area
of around 677,000 square kilometers. According to the
Worldometer 2018 Report [1], Myanmar has the total population
of over 53 million residents in 2018, trending around 57 million
in 2025. The annual population growth rate is approximately
0.91% in 2018. The average population density of the country
is about 82 residents per square kilometer and about 36.8% of
the population resides in urban area. Per capita gross domestic
product (GDP) of Myanmar accounts for around 1,350 US dollars
in 2018 [2]. Naypyidaw is the capital city of the country while
Yangon and Mandalay are the major commercial cities.
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Fig. 1. Trends of population growth and per capita GDP of Myanmar
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Fig. 2. Solid waste generation and per capita waste generation.

vehicles [5]. Waste collection methods in Myanmar account for
door to door waste collection, bell ringing block collection, collec-
tion of waste from the kerb site bins, collection at street dump
yards, collection at temporary storage system and sweeping the
wastes on the road [5-7]. The collection efficiency of the major
cities of Myanmar amounts to approximately 92%. However, the
average collection efficiency of the whole country is comparatively
lower than that of the major cities, with around 45% in average
[8]. The total waste generation rate of Myanmar accounted for
approximately 13,000 tons per day, with 0.63 kilogram per capita
per day in 2018 (Fig. 2). This rate might reach around 21,000
tons per day, with 0.85 kilogram per capita per day by 2025.
The composition of municipal solid waste (MSW) in Myanmar
accounts for organic wastes (54%), plastic (16%), paper/cardboard
(8%), glass (79%), metal (8%) and others (7%) (Fig. 3).The organic
fraction in the major cities, particularly in Yangon and Mandalay
is comparatively higher than that of the whole country.
Currently, open dumping is the major waste disposal method
in Myanmar, with approximately 85% of the total waste disposal
methods of the country. One incineration plant with a capacity
of 60 tons of wastes per day [9] and one anaerobic digestion
plant with 30 tons of organic wastes per day [5] have been built
for energy recovery in the major cities of Myanmar. 3Rs activities
have been widely practiced in the major cities of Myanmar but
the recycling sector of the country is still in the development stage.
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Fig. 3. Comparison of waste composition, collection efficiency and per
capita waste generation in Myanmar and its two major cities [5, 8].

Informal sector for collecting the recyclables is common in
Myanmar and only 86 tons of recyclables per d has been collected
by the municipality of Yangon [5]. However, the recycling rate
represents approximately only 2% of the total generated wastes
of the country. The data about the recyclable rates of other cities
have not been recorded yet.

According to the World Bank 2012 Report [8], waste generation
rates might double over the next two decades in developing
countries. Currently, waste management is a serious problem in
low-income and middle-income South East Asian countries due
to the environmental pollution from the landfills [10]. Mostly,
the landfills in the Asian developing countries are open dumping
or unmanaged landfilling types. Along with growing population,
increasing per capita waste generation and economic growth, in-
creasing waste generation rates in the developing countries have
become a major issue related to waste management such as envi-
ronmental pollution and climate change. The consequences of
doing little or even nothing to address waste management can
be very costly to society and to the economy overall [11]. Nowadays,
the improper waste collection and treatment systems in Myanmar
have been accelerating the negative impacts of MSW management
on the environment and public health. Thein’s study [12] high-
lighted the GHG emission potential from final waste disposal
at open dumpsites in Myanmar during the year 2000-2020 in
order to draw attention to the impacts of solid waste on the
environment. Besides, the research study [13] also assessed the
GHG emission potential from the future waste management of
Yangon, the biggest city of Myanmar, for the year 2015-2025.
However, as far as the authors are aware, the research study
related to the MSW management system of Myanmar to tackle
the environmental issues has not been conducted yet. Therefore,
the present study aimed at proposing an alternative approach
to MSW management for reducing the environmental impacts
by highlighting the GHG emissions of MSW management sectors
by business-as-usual practices and three proposed scenarios.

2. Materials and Methods

2.1. Data Sources

The data related to solid waste generation, waste composition
and waste disposal methods were collated from the published
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Fig. 4. Current process and an alternative approach to MSW management in Myanmar.

research papers and policy reports [5, 8, 10, 13, 14]. Since Myanmar
is one of the low-income countries in Asia, the country specific
data about waste management are not sufficiently available.
Therefore, the data about solid waste generation and waste compo-
sition during 2018-2025 were derived from the World Bank 2012
report [8] (Table S1). Waste disposal methods were derived from
the research paper [10] and Institute for Global Environmental
Strategies (IGES) policy report [5]. A comparison of the current
process and alternative approach to MSW management in
Myanmar is described in Fig. 4.

2.2. Considerations and Assumptions for the Proposed
Waste Disposal Methods

To make a comparison of the GHG emissions from the busi-
ness-as-usual waste disposal methods, three hypothetical scenar-
ios were proposed to develop the alternative waste disposal meth-
ods in Myanmar. Composition may change with time and season.
However, waste composition in this study was considered uniform
during 2018-2025 for ease of estimation since waste composition
in most of the developing countries could change slowly due
to the regular economic growth and changes in consumption
patterns. The waste disposal methods from business-as-usual prac-
tices [14] and three scenarios were considered as shown in Fig.
5. Other waste disposal methods (others) account for animal feed-
ing and reuse activities, illegal dumping and open burning.

(a) Business-as-usual

Business-as-usual was considered that the current MSW man-
agement in Myanmar would proceed in a normal practice or in
the same way during the considered timeframe of the future
(2018-2025).

(b) Scenario-1
Scenario-1 was considered that it was totally hard and un-
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realistic for developing countries to transform from open dump-
sites to very costly waste to energy technologies in a short time.
Instead, developing countries could increase the recycling rates
by improving the separation work and more efficient waste collec-
tion system. Sanitary landfilling without gas collection system
could be substituted for open dumping, as mostly practiced by
Asian developing countries. Though landfilling could affect the
environment, it was still considered as a reasonably improved
step towards MSW management in the developing countries. As
one example of the Asian developing countries, the recycling
rates in Thailand amounted to 14% as per the World Bank 2012
report [8]. Therefore, Myanmar could increase the current re-
cycling rates up to 5% if efficiently managed.

(c) Scenario-2

Scenario-2 was considered if the high improvement of waste
separation and collection could be made for composting process
and more recycling rates in addition to the practices of Scenario-1.
Composting was chosen because of three reasons: (a) in Myanmar,
the majority of MSW composition constitutes organic wastes;
(b) most composting methods could be easily processed by locally
accessible technologies; (c) composting process has comparatively
lower cost than the waste-to-energy technologies (anaerobic diges-
tion and waste incineration, etc.). Besides, composting is also
becoming one of the most popular waste management options
in Asia [15].

(d) Scenario-3

Scenario-3 was considered if Myanmar could probably afford
more percentages of waste-to-energy technologies (incineration
and anaerobic digestion), but not in a big jump. It was just a
regularly emerging step towards waste-to-energy technologies in
addition to a combination of more recycling rates and composing
process. Nowadays, in the developing Asia, there is a growing
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Fig. 5. Waste disposal methods related to business-as-usual and an alternative approach with three different scenarios during 2018-2025.

interest for energy recovery from waste as a solution for the energy
crisis and it also enables financial benefits via energy recovery [15].

The amount of the treated solid wastes related to busi-
ness-as-usual and three hypothetical scenarios is attached in the
supplementary table section (Table S2, Table S3, Table S4 and
Table S5).

2.3. Methods

The technical methods for GHG emissions and avoidance from
recycling sector, composting, anaerobic digestion, incineration
and transportation have been well developed by IGES [15] to
estimate GHG emissions from waste management in the Asian
developing countries. Therefore, we deem these methods so
useful to estimate GHG emission from waste management of
Myanmar. Besides, the Intergovernmental Panel on Climate
Change (IPCC) calculation method [16, 17] was used for estimat-
ing the GHG emissions from waste disposal at open dumping
and landfills of Myanmar. Other waste disposal method (13%
of the total generated wastes) was not included in the GHG
emission estimation because the study considered that there
was only a little amount of GHG emissions from these disposal
methods (mostly animal feeding and reuse activities, and partly
illegal dumping and open burning).

2.3.1. GHG emissions and avoidance from recycling
The total net GHG emissions or avoidance from the recycling
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sector were estimated by the GHG emissions from recycling process
of recyclable materials minus the GHG avoidance from the equiv-
alent amount of material production from the virgin process of
the recyclable materials and from landfilling of the recyclable
materials. Then, based on the IGES GHG calculation methods
[15], the total net GHG emissions from recycling were estiamated
as described in Eq. (1) [13]:

NGHGr=>"_(E — (A, + L)) R, (1)

Where

NGHGy, is the net GHG emission from the recycling sector
(kgCOs-eq per ton);

E; is GHG emission from recycling of component, i, in the
recyclable materials (kgCO.-eq per ton);

A; is the avoided GHG emission from equivalent amount of
material production from virgin process of component, i, in the
recyclable materials (kgCO.-eq per ton);

L; is the avoided GHG emission from landfilling of component,
i, in the recyclable materials (kgCO.-eq per ton);

R; is the composition of component, i, in the recyclable materials
(%) and n is the number of recyclable materials.

The GHG emissions and avoidance from recycling of the re-
cyclable materials in Asian countries based on the country specific
information in Thailand are attached in Table S6.
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2.3.2. GHG emissions and avoidance from composting

The total net GHG emissions or avoidance from composting sector
were estimated by the GHG emissions from composting process
minus the GHG avoidance from the replacement of the equivalent
amount of chemical fertilizer use and from landfilling of the equiv-
alent amount of organic wastes used for composting. Based on
the IGES GHG calculation methods [15], the total net GHG emis-
sions or avoidance from composting were estimated as described
in the Eq. (2):

NGHG,.
= Comission — Cuvoidance

= (B X GWPqp) + (Eyyy X GWPyy))]
—{(ACx PC,,) x (Epyco)
+(E[ar(7H4 X GWPe) + (E/m\ao X GWPyy)) }
+ (GHG pyvvidance)]

@)

Where

NGHG is the net GHG emission/avoidance from composting
(kg CO, per ton of waste);

Cemission 1s the GHG emissions from composting process (kg
CO; per ton of organic waste);

Cavoidance 1S the GHG avoidance from replacement of the equiv-
alent amount of chemical fertilizer use and due to avoidance
of landfilling of the equivalent amount of organic wastes used
for composting (kg CO, per ton of organic wastes);

Ecny is the emissions of methane (CHs) during organic waste
degradation (kg of CH, per ton of waste) (assumed as 4 kg CH,
per ton of organic waste in wet basis given by IPCC, 2006);

GWPcp, is the global warming potential of CH, (21 kg CO.
per kg of CH,);

Enzo is the emissions of nitrous oxide (N;O) during waste degra-
dation (kg of N;O per ton of waste) (0.3 kg N,O per ton of organic
waste in wet basis given by IPCC, 2006);

GWPn;0 is the global warming potential of N,O (310 kg CO,
per kg of N,O);

AC is the amount of compost produced (ton of compost per
ton of waste) (Approximately 120 kg of compost per ton of wastes);

PCag is the percentage of compost use for agricultural and
gardening purpose (%) (assumedly 100% use);

Efercoz is the emissions of CO, due to chemical fertilizer use
(2,230 kg of CO, per ton of compost);

Efercns is the emissions of CH, due to chemical fertilizer use
(0.00338 kg of CH, per ton of compost);

Efonz0 is the emissions of N,O due to chemical fertilizer use
(0.0685 kg of N,O per ton of compost);

GHGipavvidance 18 the GHG avoidance from landfilling of the equiv-
alent amount of organic wastes used for composting calculated
as per the Eq. (5) below.

Consideration for GHG emissions from fossil fuel consumptions
for operation activities during composting process was not in-
cluded for ease of estimation.

2.3.3. GHG emissions and avoidance from incineration
The total net GHG emissions or avoidance from incineration sector
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were estimated by the GHG emissions from combustion of wastes
minus the GHG avoidance from the replacement of equivalent
amount of conventional electricity and from landfilling of the
equivalent amount of incinerated wastes. Then, based on the
IGES GHG calculation methods [15], the total net GHG emission
or avoidance from incineration were estimated as described in
the Eq. (3):

NGHG; = Ljssion — dwvoidance
= [(Z, (SW, X dm, X CF, < FCF, x OF,)
x % + (B X GWPopy) +(Epyg X GWP )]
- [(Geledricity X Eppy) + (GHG fyidnace )] (3)
Where

NGHG; is the net GHG emission/avoidance from incineration
(kg CO, per ton of waste);

Lomission 1s the GHG emissions from combustion of wastes (kg
CO; per ton of waste);

Luvoidance 1S the GHG avoidance from replacement of equivalent
amount of conventional electricity and due to avoidance of land-
filling of the equivalent amount of incinerated wastes (kg CO.
per ton of waste);

SW; is the total amount of solid waste of type i (wet weight)
incinerated (kg per tonne of waste); dmy; is the dry matter content
in the waste (partially wet weight) incinerated;

CF; is the fraction of carbon in the dry matter (total carbon
content), (fraction; 0.0-1.0);

FCF, is the fraction of fossil carbon in the total carbon, (fraction;
0.0-1.0); OF; is the oxidation factor, (fraction; 0.0-100%);

44/12 is a conversion factor from C to COy;

i is the type of fossil based waste incinerated such as textiles,
rubber and leather, plastics;

Ecns is the combustion emissions of CH, (0.188 kg of CH,
per ton of waste);

GWPcpy is the global warming potential of CH, (21 kg CO,
per kg of CH,);

Enzo is the combustion emissions of N,O (.068 kg of N,O per
ton of waste);

GWPxo is the global warming potential of N,O (310 kg CO,
per kg of N,O);

Geiecricity 18 the generated electricity from incineration plant
(kWh per ton of waste) (assumed as 600 kWh per ton of wastes
[18]);

Eco» is the combustion emissions to generate one kWh of the
electricity (kg of CO, per kWh) (Assumedly 0.7 kg of CO, per
kWh [19]);

GHGi ravoidance 1 the GHG avoidance from landfilling of the same
amount of incinerated wastes calculated as per the Eq. (5) below.

Consideration for GHG emissions from fossil fuel consumptions
for operation activities during incineration process was not in-
cluded for ease of estimation. Besides, the type of incineration
was considered as the semi-continuous fluidized-bed incineration
and the generation of the incineration plant was considered as
electricity generation.
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2.3.4. GHG emissions and avoidance from anaerobic digestion
The total net GHG emissions or avoidance from anaerobic digestion
were estimated by the GHG emissions from the treatment of anaero-
bic digestion minus the GHG avoidance from the energy recovery
from anaerobic digestion and from landfilling of the equivalent
amount of organic wastes used for composting. Then, based on
the IGES GHG calculation methods [15], the total net GHG emis-
sions or avoidance from anaerobic digestion were estimated as
described in the Eq. (4).

NGHG,,,= AD, — 4D

emission avoidance
= [(Eyy X DM < 1000 X GWPgy,)]
= Chiogas < Pom X ECep X EF, co)]

+ (GHGLFavoidan(z) (4)

Where

NGHG,p is the net GHG emission/avoidance from anaerobic
digestion (kg CO, per ton of organic waste);

ADepission 15 the GHG emissions from the treatment of anaerobic
digestion (kg CO, per ton of organic waste);

ADayoidance 18 the GHG avoidance due to the energy recovery
from anaerobic digestion and due to avoidance of landfilling of
the equivalent amount of organic wastes used for anaerobic diges-
tion (kg CO, per ton of organic waste);

Ecnq is the emissions of CH, due to leakages (kg of CH, per kg
of dry matter) (assumed as 2 kg of CH, per ton of dry organic wastes);

DM is the dry matter percentage in the influent (%) (assumed
as 20%); 1,000 is the conversion factor to calculate dry matter
content per ton of organic waste;

GWPcp, is the global warming potential of CH, (21 kg CO.
per kg of CH,);

Chiogas 1s the collected amount of biogas (m® per ton of organic
waste) (assumed as 592 m® per ton of dry mass);

Pery is the percentage of CH, in biogas (%) (Approximately
60%);

ECchy is the energy content of CH, (MJ per m®) (Approximately
37 MJ per m%);

EFco; is the emission factor of CO, by combustion of liquid
petroleum gas (LPG) (kg of CO, per MJ) (assumed as 0.063 kg
of CO; per MJ) (Despite having two types of substitution from
biogas into thermal energy and electricity; in this study, it was
assumed that LPG consumption was substituted by using biogas
as thermal energy source);

GHGpavvidance 1s the GHG avoidance from landfilling of the equiv-
alent amount of organic wastes calculated as per the Eq. (5) below.

Consideration for GHG emissions from fossil fuel consumptions
for operation actives during anaerobic digestion was not included
for ease of estimation.

2.3.5. GHG emissions from open dumping and landfills

GHG emissions from waste disposal at open dumping and landfills
were estimated based on the IPCC default methods since this
approach is reasonably suitable for the developing countries like
Myanmar where the country-specific information about MSW
is not sufficiently available. By IPCC default method [16], the
methane emissions from open dumpsites and landfills were esti-
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mated as described in Eq. (5):

CH, Emission =

MSW X MSWipX MCF X
16 )
12

Where CH; Emission is methane emission from landfill in giga-
grams per year;

MSWr is the total solid waste generation (Gg per year);

MSWry is the fraction of solid waste disposed in wet weight
basis;

MCEF is the methane correction factor (0.8 and 1 as a recom-
mended value of IPCC for the unmanaged landfills and managed
landfills, respectively);

DOC is degradable organic carbon in MSW (0.1042, derived
from IPCC default DOC values);

DOCp is the fraction of DOC that can decompose (fraction)
(0.5 as a default value of IPCC);

F is fraction of CH, in generated landfill gas (0.5 as a default
value of IPCC);

R is recovered methane (Gg per year) (zero for open dumpsites
with no gas collection system);

16/12 is the molecular weight ratio of methane to carbon;

OX is the oxidation factor, (0.10 and 0.00 for sanitary landfills with
landfill covers and open dumpsites, respectively as a recommended value
of IPCG;

CH, emissions are converted to be 21 times higher than carbon
dioxide equivalents (CO,-eq) on a 100 year time horizon basis [13, 16].

Jx (1—0Xx)| (5)

[DOCX DOCEX Fx( - R

2.3.6. GHG emission from transportation
Fuel consumption for waste transportation towards the open
dumping and landfills in all the cities of Myanmar was approx-
imately derived from the waste transportation data of Yangon
city. In Yangon city, 128,704 liters of diesel and 900 liters of
gasoline were used for transporting 46,500 tons of collected wastes
per month in 2012 [6].

Based on the IGES GHG calculation methods [15], GHG emis-
sions from fossil fuel based-transportation of wastes to final dis-
posal sites were estimated as follows [13]:

F

GHGy= 4

X ECy; X EF (6)

Where

GHGr is GHG emissions from transportation (kg CO, per ton
of transported waste);

F is total amount of fossil fuel consumption per month, (Diesel
in liters and Natural gas in kg);

W is total amount of waste transported per month (tons per
month);

ECy is the energy content of fossil fuel (Diesel: 36.42 MJ per
liter; Natural gas: 37.92 MJ per kg);

EF is CO, emission factor of the fuel (Diesel: 0.074 kg CO,
per MJ; Natural gas: 0.056 kg CO, per MJ) [15].

Waste transportation at the waste disposal sites (waste-to-en-
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ergy plants, composting facilities, landfills, etc.) was considered
to be of equal distance from waste disposal at open dumpsites for
estimation of GHG emissions from the waste transportation sector.

3. Results and Discussion

In this study, the annual amount of GHG emissions from open
dumping was estimated at 130 and 155 Gg of CH, per year in
2018 and 2020, respectively. However, Thein’s study [12] reported
that the annual estimated GHG emissions from waste disposal
at open dumpsites in Myanmar amounted to approximately 180
and 190 Gg of CH, per year in 2018 and 2020, respectively.
Therefore, Thein’s study had 25% and 20% higher GHG emission
potential than this study in 2018 and 2020, respectively.
Likewise, the recent study by the scholars [13] estimated that
the annual GHG emissions from open dumping in Yangon, the
major city of Myanmar, amounted to 26 and 31 Gg of CH, per
year in 2018 and 2020, respectively. The study used multilinear
regression model (a correlation of urban population, GDP and
solid waste generation) and IPCC calculation method to estimate
the annual solid waste generation and GHG emissions from waste
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disposal of Yangon for the year 2015-2025. Based on the research
studies [5, 8], the waste generation rate in Yangon accounted for
approximately 25% of the total waste generation rates in Myanmar
in 2015. While Yangon was considered to contribute 25% of the
total waste generation rates of Myanmar, the annual estimated
amount of GHG emissions from open dumping in the present study
amounted to approximately 27 and 33 Gg of CH, per year in 2018
and 2020, respectively. Therefore, it was observed that the recent
study [13] had 4% and 5% lower GHG emissions than the present
study. Overall, the estimated GHG emission values of the present
study related to waste disposal at open dumpsites ranged within
these of two studies, regarding Thein'’s study [12] and the recent study
by the scholars [13].

A comparison of the GHG emissions and avoidance of the
different waste disposal methods in Myanmar is presented in
Fig. 6. Regarding the GHG emissions from the landfills and open
dumpsites, landfilling (by 75% of the total waste disposal methods)
could generate approximately 10% higher GHG emissions than
open dumping (by 83% of the total waste disposal methods) in
2018 as shown in Fig. 6(a) and Fig. 6(b). It was probably due
to the well-managed collecting systems of GHG emissions in land-
fills that can accumulate higher than in open dumpsites. However,
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and (e) Total net GHG emissions.

the landfill considered in this study was a type of landfill without
gas recovery systems. Therefore, landfills with gas recovery sys-
tems might be probably offering more benefits in energy and environ-
ments especially in developing countries that could not currently
afford the costly waste-to-energy technologies such as waste in-
cineration and gasification. However, it is remarked that only 3Rs
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activities are the best waste management practices to reduce waste
disposal at open dumping and landfills and to minimize the GHG
emissions from the waste management sector. In Fig. 6(a) and Fig.
6(c), it could be seen that 10% recycling rates of Scenario-2 could
reduce 35% of the GHG emissions of open dumping from busi-
ness-as-usual practices in 2018.
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Table 1. Comparison of the Waste Disposal Methods

Waste disposal Separation Cost Working skills
methods work and technologies
Business-as-usual As-usual Low Normal
Scenario-1 Needed Low Normal
. Highly . .
Scenario-2 needed High Highly needed
. Highly Comparatively .
Scenario-3 needed higher Highly needed

Fig. 7 shows a comparison of the net GHG emissions and avoid-
ance from the MSW management by business-as-usual and three
scenarios in Myanmar. As business-as-usual, it was estimated
that the waste management sector of Myanmar generated approx-
imately 2,300 Gg of CO,-eq per year and saved around 250 Gg
of CO,-eq per year in 2018 (Fig. 7(a)). Meanwhile, the amount
of annual GHG emissions and avoidance in 2018 were estimated
at around 2,550 and 700 Gg of CO,-eq per year by Scenario-1,
2,300 and 1,350 Gg of CO,-eq per year by Scenario-2, and 2,600
and 1,100 Gg of CO,-eq per year by Scenario-3, respectively (Fig.
7(a), Fig. 7(b), Fig. 7(c) and Fig. 7(d)). Besides, the total amount
of annual net GHG emissions by business-as-usual, Scenario-1,
Scenario-2 and Scenario-3 was estimated at 2,000, 1,850, 900
and 1,500 Gg of CO,-eq per year in 2018, trending around 3,350,
3,050, 1,500 and 2,600 Gg of CO,-eq per year in 2025, respectively.

It was observed that Scenario-2 contributed the lowest GHG
emissions among the waste disposal methods, followed by
Scenario-3 (Fig. 7(e)). With the lowest GHG emissions, Scenario-2
highlighted the least impact on the environment and public health
in Myanmar. The reason for the lowest GHG emissions by this
scenario was due to that, since it constituted 10% recycling rates
and 10% composting process, the recycling sector could save a
large amount of GHG emissions not only from the material production
from the virgin process of recyclables but also from saving the
material resources that are rare to be exploited. Therefore, recycling
is commonly referred as one of the best waste disposal methods
in MSW management after prevention, reduce and reuse activities.
However, to achieve such a proposed recycling rate, Myanmar will
need to improve waste separation and collection services. Since
separation work needs public participation and private sector in-
volvement, local government will not only need to cooperate with
private sectors but also will need to educate the public about waste
management through training centers and schools.

At the same time, since composting process is among the lowest
cost waste disposal methods, an efficient waste separa-
tion-and-collection system is a must to gain the high-quality compost
for agricultural use. By granting the sufficient fund by the local
government of Myanmar, the local research institutions and uni-
versities could do more research on the locally accessible tech-
nologies based on the developed technologies in the other countries.

The comparison of the business-as-usual waste management
and the proposed waste disposal scenarios is presented in Table
1. As a comparison of the waste disposal methods, the require-
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Availability of

. Energy Economic Environmental
raw material .
benefits benefits impact
resources
Low Average Average High
High Average Average Comparatively
lower
Comparatively . . Comparatively
higher High High much lower
Comparatively ~Comparatively Hich Comparatively
higher higher § much lower

ments, benefits and impacts of each waste disposal option are
described. Out of them, separation work represents separation
of wastes that are needed to gain high-quality raw wastes for
the specific waste disposal methods. Cost refers to the capital
cost, maintenance and operation cost. Working skills and tech-
nologies will be required depending on the technologies applied;
in some cases, highly qualified technicians and consultants will
be needed. Availability of raw materials will include agriculture
resource from compost and recyclable materials from recycling
sector and incineration. Energy benefits may include the energy
(thermal, electricity, fuel, etc.) from waste incineration and anaero-
bic digestion. Economic benefits will account for the job oppor-
tunities for local people and waste pickers, and creation of ways
of revenue generation to all the stakeholders in waste management
process chain [7]. Environmental impact will include the impacts
of each waste disposal method on the environment such as air
pollution, water pollution and soil pollution.

As the overall benefits, it was observed that the Scenario-2
and Scenario-3 could offer the lower GHG emissions and the
higher resource recovery among the waste disposal methods.
However, while the costs related to these two waste disposal
scenarios were roughly compared, Scenario-3 might have the com-
paratively higher capital cost and maintenance-and-operation cost
for its waste to energy technologies (incineration and anaerobic
digestion) than Scenario-2. Therefore, Scenario-2 appeared to be
much more beneficial for the MSW management sector of
Myanmar. And it also had the least environmental impacts, being
around 40% less GHG emission than Scenario-3. However, as
described earlier, these scenarios would need the improvement
of the waste collection and treatment systems, private sector in-
volvement, public participation and work of research institutions.
Therefore, if the local governments could efficiently cooperate
with the public, private sectors, research institutions and non-gov-
ernment organizations, the targets of these similar scenarios could
be achieved in the years to come.

Overall, the hypothetical scenarios in the study conveyed an
alternative approach to the waste management of Myanmar for
highlighting the GHG emission potential from the busi-
ness-as-usual practices and the proposed scenarios. Therefore,
the proposed scenarios might become a very important approach
to the waste management system of a developing country, like
Myanmar, that has not fully tackled the environmental and public
health issues related to the waste management sector, yet. As
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a result, the study has supported the technical and environmental
points of view to contribute a good motivation towards the future
waste management systems of Myanmar and the other developing
countries in order to take a more efficient forward step from the
current situations. Besides, the study is also supposed to be a
great help to tackle the local and global issues related to the environ-
mental impacts of waste management in the developing countries.
Nowadays, waste-to-energy has become a favorable option to
gain environmental and economic benefits in the developing
countries. Therefore, the future research related to this study
could be exploring the possibilities of the energy unitizations
of municipal solid wastes as clean energy sources by improving
the solid waste quality improvement in Myanmar. The improve-
ment methods will be considered as solar drying, thermal drying
with waste heat, biodrying and a combined drying system.

4. Conclusions

The major waste disposal methods in Myanmar are recycling,
waste incineration, anaerobic digestion and landfills. Out of them,
open dumping accounts for the most predominant waste disposal
method. The current waste management sector of Myanmar gen-
erates approximately 2,000 Gg of CO,-eq per year in 2018, trending
around 3,350 Gg of CO,-eq per year in 2025. While three hypo-
thetical scenarios were taken into account as an alternative ap-
proach to waste management of Myanmar, a total amount of annual
net GHG emissions by Scenario-1, Scenario-2 and Scenario-3
would generate around 1,850,900 and 1,500 Gg of CO,-eq per
year in 2018, trending around 3,050, 1,500 and 2,600 Gg of CO»-eq
per year in 2025, respectively. Among them, the Scenario-2 (10%
recycling, 10% composting, 65% landfilling and the currently
applied waste-to-energy power plants) could offer the least envi-
ronmental impacts, along with the lowest GHG emissions and
the highest waste resource recovery. The GHG emissions from
the business-as-usual waste management could be reduced by
50% by this scenario during 2018-2025. Therefore, if the local
governments in Myanmar could efficiently cooperate with the
public, private sectors, research institutions and non-government
organizations, these achievable similar scenarios could be im-
plemented for reducing the environmental impacts and increasing
the waste resource recovery in the years to come.
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Nomenclature

A The avoided GHG emission from equivalent

amount of material production from virgin process
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AC

ADavoidance

4 memissio:1

Cavoidance

Cemissiou
CF;
CBiogas
dIIli

DM
DOC

DOCr
Ecna
ECOZ

EferCH4
Efercoz
EferNZO
E;

ENZO
ECcrs

EFcoz
ECq

EF

FCF;

Gcleclricity

GHGLFaVoidancc

GHGr

of component, i, in the recyclable materials,
kgCO,-eq per ton

The amount of compost produced, ton of compost
per ton of waste

The GHG avoidance due to the energy recovery
from anaerobic digestion and due to avoidance
of landfilling of the equivalent amount of organic
wastes used for anaerobic digestion, kg CO, per
ton of organic

The GHG emissions from the treatment of anaero-
bic digestion, kg CO, per ton of organic waste
The GHG avoidance from replacement of the equiv-
alent amount of chemical fertilizer use and due
to avoidance of landfilling of the equivalent amount
of organic wastes used for composting, kg CO,
per ton of organic wastes

The GHG emissions from composting process, kg
CO; per ton of organic waste

The fraction of carbon in the dry matter (total
carbon content)

The collected amount of biogas, m® per ton of
organic waste

The dry matter content in the waste (partially wet
weight) incinerated waste

The dry matter percentage in the influent, %
Degradable organic carbon in municipal solid
waste

The fraction of degradable organic carbon

The emissions of CHs, kg of CH, per ton of waste
The combustion emissions to generate one kWh
of the electricity, kg of CO; per kWh

The emissions of CH, due to chemical fertilizer
use, 0.00338 kg of CH, per ton of compost
The emissions of CO, due to chemical fertilizer
use, kg of CO, per ton of compost

The emissions of N,O due to chemical fertilizer
use, 0.0685 kg of N,O per ton of compost
GHG emission from recycling of component; i, in
the recyclable materials, kgCO,-eq per ton
The emissions of N,O, kg of N,O per ton of waste
The energy content of CH, , MJ per m®

The emission factor of CO, by combustion of liquid
petroleum gas (LPG), kg of CO, per MJ

The energy content of fossil fuel, MJ per liter/ MJ per
kg

CO, emission factor of the fuel, kgCO, per MJ/
kg CO, per MJ

Fraction of CH, in generated landfill gas/total
amount of fossil fuel consumption per month, lit-
ers/kg

The fraction of fossil carbon in the total carbon
The generated electricity from incineration plant,
kWh per ton of waste GDP gross domestic product
The GHG avoidance of landfilling, kg CO, per ton
of waste

GHG emissions from transportation, kg CO, per
ton of transported waste
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GWPcha The global warming potential of CH,, kg CO, per
kg of CH,

GWPx20 The global warming potential of N,O, kg CO, per
kg of N,O

i The type of fossil based waste incinerated such
as textiles, rubber and leather, plastics/component
in the recyclable materials

Tavoidance The GHG avoidance from replacement of equiv-
alent amount of conventional electricity

Temission The GHG emissions from combustion of wastes,
kg CO, per ton of waste

Li The avoided GHG emission from landfilling of com-
ponent, i, in the recyclable materials, kgCO,-eq
per ton

MSWr The total solid waste generation, Gg per year

MSWp The fraction of solid waste disposed in wet weight
basis

n The number of recyclable materials

NGHGap The net GHG emission/avoidance from anaerobic
digestion, kg CO, per ton of organic

NGHG¢ The net GHG emission/avoidance from compost-
ing, kg CO, per ton of waste

NGHG; The net GHG emission/avoidance from in-
cineration, kg CO, per ton of waste

NGHGr The net GHG emission rom the recycling sector,
kgCO,-eq per ton

OF; The oxidation factor

(0):¢ The oxidation factor

Pcra The percentage of CH, in biogas, %

PCag: The percentage of compost use for agricultural
and gardening purpose, %

R Recovered methane, Gg per year

R The composition of component, i, in the recyclable
materials (%) and n is the number of recyclable
materials

SW; The total amount of solid waste of type i (wet
weight) incinerated, kg per ton of waste

w Total amount of waste transported per month, tons
per month
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