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Abstract

Landfilling is the main technology for municipal solid waste (MSW) disposal in Thailand. Semi-aerobic landfill and mechani-
cal biological treatment (MBT) are the emerging options for MSW management. Nevertheless, their direct and indirect
impacts on greenhouse gas (GHG) emissions are still unclear. In this study, life cycle analysis was used to analyze GHG
emissions from three MSW management scenarios. For landfill options, three operating phases including transportation,
landfill operation, and biodegradation from landfill were considered. The emissions from landfills operated under anaerobic
and semi-aerobic conditions were evaluated using country-specific emission data. Meanwhile, MBT was considered with
additional phases of refused derived fuel (RDF) production and transportation from landfill to power plant for electricity
production. The results revealed a significant GHG emission reduction of 68% when replacing anaerobic landfills with
semi-aerobic landfills. The use of RDF products in MBT options as power plant fuel could offset all emissions during their
upstream phases yielding a positive impact in terms of GHG emission provided that the RDF was transported to power plants
located within 150 km from the MBT plant. The study could be used to support the MSW management plan to achieve zero
net emissions in the waste sector of the country.

Keywords GHG emission - Life cycle analysis - Semi-aerobic landfill - Mechanical biological treatment - Municipal solid
wastes - Thailand

Introduction

Municipal solid waste (MSW) generation in Thailand
accounted for 25.37 million tons in 2020, with an average
per capita generation rate of 1.05 kg/day [1]. Similar to other
developing countries, a rapid growth rate of population,
urbanization, economic development, and changes in con-
sumption patterns affected the waste generation increase in
Thailand. Within the total amount of MSW generated, 31%
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was recycled and utilized, 36% was properly managed, 22%
was improperly managed, and 11% was unmanaged. The
majority of properly managed MSW was disposed of in sani-
tary landfills (84 sites, 4% of the total number of disposal
sites) or controlled dumpsites (237 sites, 11%) whereas open
dumpsites (1760 sites, 85%) predominated the improperly
managed method. In 2021, the Thai government proposed
an action plan for MSW management during 2022-2027
including closure or rehabilitation of unsanitary disposal
sites as well as improvement of MSW management efficacy
through increasing waste utilization for energy recovery [2].

Landfilling is the main MSW disposal technology in
many countries around the world [3] including Thailand
[4]. The conventional landfill is usually conceptualized as
an anaerobic biochemical degradation process producing
landfill gas (LFG) and leachate as the major product [5].
Landfill gas is generated as a result of physical, chemical,
and biological processes. The biodegradation of MSW in
anaerobic landfills generates LFG mainly composed of two
major greenhouse gases (GHG), i.e., methane (CH,) and
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carbon dioxide (CO,). In Asian developing countries, the
major portion of MSW generated is predominated by food
waste with high moisture content [6]. Moreover, warm tem-
peratures and intensive precipitation during the rainy season
in a tropical climate also help to promote gas production
in landfills [7]. In Thailand, CH, emission from MSW dis-
posal on land accounted for 5,346 GgCO, eq, or about 1.7%
of the national total emission in 2013 [8]. Following the
Paris agreement, Thailand has already submitted its Intended
National Determined Contribution (INDC) in 2015 to reduce
its GHG emission by 20-25% from the project business as
usual level by 2030 [8].

There are varieties of MSW management options to miti-
gate GHG emissions from landfills, e.g., material recovery
for composting, incineration, or waste to energy [9]. Nev-
ertheless, those options should be considered appropriately
under local conditions. In Thailand, there are two emerging
MSW management technologies recently considered as pos-
sible options to help mitigate GHG emissions from the waste
sector. One option is the improvement of MSW disposal
conditions using a semi-aerobic (SM) or the Fukuoka land-
fill method initiated in Japan by Fukuoka City and Fukuoka
University [10]. The other option is the utilization of MSW
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as an alternative fuel at power plants or industrial facilities.
This option is promoted provided that there is still insuf-
ficient development of MSW-specific incineration facilities
in the country. Both technologies have already been imple-
mented in the field or full-scale operation in Thailand.

The SM landfill technology has already been successfully
implemented in Thailand in some municipalities. Figure 1
shows schematics of anaerobic or conventional (CT) and SM
landfill cells and sizing of leachate collecting pipe applied in
the MSW disposal area of a municipality in Thailand [11].
Meanwhile, mechanical biological treatment (MBT) is used
to improve MSW properties for its utilization as refuse-
derived fuel (RDF). The mechanical process aims at the
segregation of recyclable materials through a combination
of sorting, separation, shredding, and screening processes.
It is also used for the preparation of organic wastes for the
biological process. The biological process, e.g., composting,
and anaerobic digestion has the main objective to stabilize
the organic fraction of MSW. The residuals from mechani-
cal and biological processes are further proceeding to the
final disposal step, e.g., landfill. Recently, there are currently
several full-scale MBT facilities in operation in Thailand.
One of them is the windrow pile typed MBT operating at
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Fig. 1 Schematic and pictorial views of semi-aerobic (SM) landfill implemented in Thailand
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Phitsanulok municipality (Fig. 2) with its detailed perfor-
mance reported elsewhere in the literature [12].

Theoretical consideration

The application of SM landfill could mitigate GHG emis-
sions through the promotion of aerobic conditions in the
landfill. In an SM landfill, the air is introduced from the
leachate collecting pipe, which was partially filled with lea-
chate. Natural air was driven by the temperature difference
between the inside of the waste cell and ambient air. The
air penetration support improves waste stabilization and
leachate qualities due to the enhancement of aerobic bio-
degradation [13]. The Intergovernmental Panel on Climate
Change (IPCC) has proposed a CH, correction factor (MCF)
of 0.5 for SM landfills in the ‘Guideline for National Green-
house Gas Inventories’ [14] suggesting that an SM landfill
would produce one-half of the CH, produced by an equally-
sized anaerobic landfill. Nevertheless, previous research
investigations suggest that the successful development of
SM conditions in the landfill could significantly lower CH,
production than the proposed MCF value [15, 16].

The application of MBT, on the other hand, helps to
divert the majority of MSW from landfill disposal. The use
of mechanical and biological treatment transforms the waste
into RDF which is further utilized in the energy recovery
process. However, there can still be GHG emissions from
the MBT process, especially during biological treatment
depending on the effectiveness of the air supply during
aerobic biological treatment. In the IPCC guideline [14],
there are no default emission factors proposed for the MBT
process, therefore, the emissions could be determined from
the measurements at the operating facilities. For instance,
Clemens and Cuhls [17] reported CH, and N,O emission
rates of 6 x 10°-1.2 x 10* g/t waste and 1.44-378 g/ t waste
during the measurements at four mechanical-oriented MBT
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facilities in Europe. Nevertheless, the emissions can be var-
ied significantly depending on the types of process used. In
developing countries, natural biological treatment process
such as windrow pile was considered due to their low operat-
ing cost. Without mechanical aeration, airflow was naturally
drafted into the waste pile from the temperature difference
between the interior of the MSW layer and outside ambient
air. Moreover, ambient air penetration could also occur at
the pile surface. The introduction of air into the MSW layer
promotes aerobic microbial activities responsible for the
decomposition of organic wastes. Nevertheless, high CH,
emissions from deep windrow piles could occur temporally
when operated in tropical Asian conditions due to high mois-
ture retention within the waste matrix [12].

Despite the technologies being used for the improvement
of MSW management have been identified, their efficacies
in mitigating greenhouse gas are still unclear especially in
the context of their application locally. To evaluate the over-
all impact along the MSW management stream, a life cycle
assessment (LCA) has been proposed for comparing differ-
ent waste management scenarios under appropriate assump-
tions and boundaries [18]. Using LCA to waste management,
it is also possible to qualify and quantify the impact of gas
emissions and various substances derived from the whole
system. There were various studies focused on the impact
of GHG emissions from several technologies to compare the
impact on the environment. Table 1 summarizes GHG emis-
sions from different waste management processes reported
in the literature. Among them, waste disposal in landfill
generally yields higher GHG emissions but other treatment
processes may also contribute significant emissions. High
variations of emissions, up to several orders of magnitude,
were reported even for the same waste treatment category
due to the differences in process design and operation. In
some cases, there were both positive and negative values of
GHG emissions reported such as anaerobic digestion and
MBT due to the presence or absence of product utilization,
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Fig.2 Schematic and flow diagram of a mechanical biological treatment (MBT) plant in Thailand
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Table 1 Reported GHG emission factors (EFs) from different waste management processes

Process Location Waste type Emission factor Unit Refs

Collection & Transportation Thailand MSW 0.023-0.026 kg CO,eq/t MSW [19, 20]
Indonesia MSwW 0.0191-0.0497 kg CO,eq/t MSW/km

Incineration China MSW 15,264 kg CO,eq/t MSW [19, 21, 22]
Thailand MSW 176-414 kg CO,eq/t MSW
Thailand MSW 273 kg CO,eq/t MSW

Composting Sri Lanka OFMSW 218 kg CO,eq/t OFMSW [20, 23, 24]
Taiwan MSW 30.29 kg CO,eq/t MSW
Indonesia MSwW 51 kg CO,eq/t MSW

Anaerobic digestion Indonesia MSW 92 kg CO,eq/t MSW [19, 20, 22]
Thailand MSW -30%* kg CO,eq/t MSW
Thailand MSW -276* kg CO,eq/t MSW

Mechanical Biological Treatment Italy MBT waste —423% kg CO,eq/t MSW [25-27]
Spain MSW 499.8-674.1 kg CO,eq/t MSW
India MSW 0.26 kg CO,eq/t MSW

Conventional (anaerobic) landfill Indonesia MSW 129,000 kg CO,eq/t MSW [19, 23, 28]
Taiwan MSW ash 16.39 kg CO,eq/t MSW
Thailand MSW 1,313 kg CO,eq/t MSW

Semi-aerobic landfill China MSW 15,565 kg CO,eq/t MSW [21]

Remark: OFMSW: Organic fraction of MSW

*Negative emissions from product utilization

e.g., biogas and RDF recovery for electricity generation.
Therefore, the selection of appropriate waste management
processes under local conditions would be important to
achieve real GHG emission reduction.

Kristanto et al. [20] proposed the treatment of 150 t/d of
MSW via composting, 80 t/d via material recovery facilities,
500 t/d via anaerobic digestion, and 390 t/d for controlled
landfill disposal as the best scenario for GHG emission
reduction for an Indonesian city. Devadoss et al. [29] com-
pared GHG emission reduction potential between recycling-
focused and incineration-focused strategies for Pakistan and
proposed 23% for recycling, 10% for anaerobic digestion,
and 67% for the sanitary landfill with energy recovery as
the most effective option. In contrast, Liu et al. [30] found
that incineration led to a substantial decrease in GHG emis-
sions due to its highest energy recovery rate as compared to
composting and anaerobic digestion options for China. Ina-
zumi et al. [31] applied the LCA methodology to the waste
disposal stream of Bangkok (the capital city of Thailand)
and found resource sorting and compost treatment as the
best scenario for reducing GHG emissions. Nevertheless, the
study did not include the consideration of MSW utilization
as RDF. From the literature, there is still a lack of informa-
tion on the impact of applying emerging technologies such
as SM landfill and MBT on GHG emissions in developing
countries, especially in tropical Asian conditions.

Therefore, this study aims to investigate life cycle GHG
emissions from the implementation of specific technologies,

i.e., SM landfill and MBT for preparation of RDF from
MSW and its utilization for electricity production. Their effi-
cacies in mitigating GHG emissions are compared to that of
an anaerobic landfill used as a base-case scenario.

Methodology
Basic information and system boundary

This study employed the LCA technique to evaluate GHG
emission by comparing MSW management in CT (anaero-
bic) landfill, improvement of final disposal facilities in SM
landfill, and application of MBT for preparation of RDF
and utilization in the power plant for electricity production.
Basic information used in the determination of GHG emis-
sions in this study is described as follows.

The GHG potential of the MSW management system at
each step along the life cycle stream of MSW management
was evaluated. MSW considered includes waste generated
and collected from the residential and commercial areas of
the Phitsanulok municipality area (Fig. 3). The functional
unit of this study is 1 ton of dry MSW treated. The CT land-
fill as final disposal is used as the base case scenario and
compared to SM landfill and MBT scenarios. The life cycle
GHG emission helps to demonstrate how the selection of
waste management scenario affects the GHGs emission
across the entire life cycle of the waste management stream

@ Springer
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Fig.3 Location and layout of MSW management facilities at Phitsanulok municipality

and how GHGs emissions can be mitigated by those waste
management options. The LCGHGs result will support the
decision-making of the authorities to consider the selection
of appropriate MSW management strategy to achieve the
GHG emission reduction goal. The optimal MSW manage-
ment option would also contribute to environmental sustain-
ability that supports the national policy.

Two MSW management technologies were considered
to mitigate GHG emissions, i.e., SM landfill and MBT
operations. The SM landfill which has been implemented
in a municipality in Thailand [11] was considered for its
application at Phitsanulok municipality. The SM and CT
landfill cells were constructed to evaluate their performance
in MSW disposal and corresponding GHG emissions. For
the SM landfill cell, the main leachate collection pipe with
a 0.50 m diameter (Fig. 1) was installed and connected with
two vertical gas vents (0.30 m diameter). All the pipeline
was covered by large-sized (0.05 m) gravels. To promote
the convective air into the waste layer. On the other hand,
the CT landfill cell was constructed with a 0.3 m diameter
of leachate collection pipe (Fig. 1) and without a ventilation
pipe. The size of the gravel surrounding the pipe is smaller

@ Springer

than 0.05 m in diameter. Surface emission from both landfill
cells was used to derive EF used in the LCA.

MBT operation at Phitsanulok municipality is considered
in the MBT scenario. The site received MSW from Phitsa-
nulok municipality and a nearby area of about 100 tons/day.
The MSW was transferred to the site where MSW was man-
aged in various steps (Fig. 2). In the first step, MSW was de-
bagging and homogenized by using a rotating drum. After
that, homogenized MSW was piled on the palate plates and
left for several months. During that period, passive aeration
was naturally promoted for waste stabilization (biological
process). After the treatment, stabilized MSW was trans-
ferred to a mechanical separation facility which used to pro-
duce RDF. The separation processes consist of the trommel,
disc screen, wind separation, and magnetic separation. The
remaining residuals from these separation processes were
disposed of in the landfill or utilized as soil conditioners.

System boundaries and scenario setup

System boundaries delineate which processes are included
and excluded in the study. There are 3 scenarios in this study.
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Figure 4 shows the system boundaries of all scenarios. The
evaluation of GHG emission in this study aims to compare 3
scenarios, i.e., “CT Landfill” represents conventional (anaer-
obic) landfill as the current practice of MSW management,
and "SM Landfill” represents semi-aerobic landfill following
the proposed national strategy to improve solid waste dis-
posal condition and “MBT” represents a diversion of MSW
from final disposal through MBT operation for utilization
as RDF for electricity production. The GHG emissions are
considered in terms of tons of CO, equivalent per ton dry
weight (t CO,eq/ t dry wt.)

Scenario I: CT landfill

The CT landfill scenario is set up to evaluate the life cycle
of GHG emissions from MSW collection to its final disposal
in a conventional anaerobic landfill. The MSW is collected
from households and transported to the landfill site using
waste trucks. The collection capacity of six-wheeled waste
trucks is 4-6 tons of waste. This type of truck uses diesel and
compressed natural gas (CNG). The gas emission from fuel
consumption is counted. After the waste was delivered to the
site, the excavator and front-end loading trucks are manag-
ing the area of waste tipping. In parallel, electricity is used
for operating the waste-scale building and office use. After
the waste was landfilled, anaerobic biodegradation of MSW
takes place. The CH, emission from anaerobic biodegrada-
tion was calculated by using country-specific EF derived
from an anaerobic landfill cell [11]. The emission of CO,

Fig.4 LCA system boundary of

from biogenic wastes during landfill biodegradation is not
accounted it is considered carbon neutral.

Scenario ll: SM landfill

Scenario II is set up to analyze the life cycle of GHG emis-
sions from MSW collection to its final disposal in the SM
landfill. The management steps of scenario II on waste trans-
portation and landfill operation are the same as those of sce-
nario I. However, GHG emission from the biodegradation
process was determined using country-specific EF derived
from an SM landfill cell [11].

Scenario lll: MBT

Scenario III is set up to evaluate the GHG emission and
fuel consumption from the MBT process. The MSW col-
lection and transportation from sources to the landfill site
are the same as in scenario I. However, the management of
MSW at the site is different. The MSW was de-bagged and
homogenized then piled into a windrow shape. Therefore,
the GHG emission from heavy machines is different from the
landfill operation. Moreover, the processed waste after sev-
eral months of biodegradation will transfer to the mechanical
separation facility to produce RDF. During this stage, GHG
emission was accounted for in the biodegradation process
using CH, and N,0 EFs derived from the MBT windrow
pile treatment determined in our previous study [12]. The
fuel and electricity consumption in the separation facility
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were accounted for. The materials removed at this step were
mostly inorganic components therefore the GHG emission
from their disposal was negligible. From the operation of
the MBT plant, 1 ton of raw MSW can produce 0.28 tons of
RDF (Fig. 2). After MBT processes, the produced RDF was
transported to a power plant using trailer trucks. The power
plants located within 300 km distance from Phitsanulok
municipality which can utilize RDF produced from MSW
were the targeted RDF users. The GHG emission from fuel
consumption during RDF transportation was accounted for.
The RDF was then used as an alternative fuel to produce
electricity instead of fossil fuel. The combustion of RDF to
produce electricity was determined. While the GHG emis-
sion saving from substituted fuel was accounted for using EF
for electricity production for the national grid in Thailand.

Each scenario assumed the same MSW characteristics as
those of the reference sites so the pre-determined CH, EF
reported in the literature [11, 12] is directly applied. The
average distance to collect the MSW from its sources to the
landfill site was set at 50 km which covered the collection
and transportation of collected MSW to the Phitsanulok
municipality MSW management site. In the MBT scenarios,
the transportation of RDF to power plants located within
100, 200, and 300 km distance from the MBT plant was
considered (Fig. 5).

Life cycle GHG emission of different MSW
management options

To quantify the total GHG emissions of each scenario, the
following equations are used.

Om

Scenario I: CT landfill
TECT = Etranl +ELF operate+Edegrade CT (1)

where TE.r=Total GHG emission from all stages
operated under CT landfill scenario (t CO,eq/ t dry wt.),
E ., =GHG emission from the transportation of MSW
from its sources to landfill site (t CO,eq/t dry wt.),
EF operaes = GHG emission from landfill operation (t
CO,eq/t dry wt.), Egegrage cr = CH, emission from biodegra-
dation process under anaerobic condition (t CO,eq/t dry wt.)

Etranl =<FCtranl, diesel * Dist, : NCVdiesel : EFdiesel)
+(FCyan1, onG * Distyant - 3.63 - EFeng)

tranl

2

where FC,,1 giesel = Diesel consumption of MSW trans-
portation from sources to landfill site (L/km/t dry wt.),
Dist,,,,; = Distance between MSW sources to the land-
fill site (km), NCV 4., =Net calorific value for diesel
(GJ/L), EF 4.y = Emission factor for diesel (tCO,eq/GJ),
FC\an1. cng = CNG consumption of MSW transportation
from sources to landfill site (kg/km/t dry wt.), 3.63 =Con-
version factor (1 scf=3.63 kg of CNG), EF -y =Emission
factor for CNG (tCO,eq/scf)

E g operate — (FCLF operate * NCV gieger * EFdiesel) + (EC LF operate 'EFEL)
3

where FC\p peqe = Fuel consumption used for landfill
operation, use only diesel (L/t dry wt.), EC; g ;e =Elec-
tricity consumption for landfill operation (MWh),

EFg; =Emission factor for grid electricity generation (t
CO,eq/MWh)

LEGEND

= Distance 100 km

—— Distance 200 km
Distance 300 km

Power plant for RDF utilization

llm 2& Capacity 14.08 MW (total)

3lea Capacity 0.2 MW
4h Capacity 9.0 MW
SB 6!‘1 Capacity 0.55 MW (total)
7& Capacity 2.0 MW

Sh 9& Capacity 171.0 MW (total)
10 kea Capacity 2.80 MW

100 m 200 m

Fig.5 Locations and capacities of power plants for RDF utilization surrounding MBT plant
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Efgegrade cT = (EFcyy, cr - GWPeyy) “4)

where EFy, o7=CH, emission factor from biodegrada-
tion process derived from CT landfill cell (t CH,/t dry wt.),
GWP¢y,=CH, Global Warming Potential (—).

Scenario Il: SM-landfill
TESM = Elranl + ELF operate + Edegrade SM (5)

where TEgy =Total GHG emission from all stages
operated under SM landfill scenario (t CO,eq/ t dry wt.),
Egegrade sm = CH4 emission from biodegradation under SM
condition (t CO,eq/t dry wt.)

Efegrade sM = (EFcuy, sm - GWPepy) (6)

where EFqyy g =CH, emission factor from biodegrada-
tion process derived from SM landfill cell (t CH,/t dry wt.)

Scenario lll: MBT

TEMBT =Etranl +EMBT operate +Edegrade WD +ERDF prod (7)

+ERDF comb +Etran2 - Eelec sub

where TE 1 =Total GHG emissions from all stages
under MBT scenario (t CO,eq/ t dry wt.), E,.,,; =GHG
emission from the transportation of MSW from its sources
to MBT plant (t CO,eq/t dry wt.), Eypr operae = GHG
emission from the operation of MBT (t CO,eq/ t dry wt.),
Ejegrade wp=GHG emission from the biodegradable process
from windrow pile (t CO,eq/ t dry wt.), Expg proq = GHG
emission from RDF production at separation facility (t
CO,eq/ tdry wt.), E, ., =GHG emission from the transpor-
tation of RDF from MBT plant to power plants (t CO,eq/
t dry wt.), Expr comp = GHG emission from RDF utiliza-
tion (combustion) at power plants (t CO,eq/ t dry wt.),
E =GHG emission from electricity which substitutes

elec sub

by RDF utilization (t CO,eq/ t dry wt).

Evipr operate =(FCMBT operate NCVdiese] : EFdiesel)

)]
+ (ECMBT operate EFEL)

where FC yipr perae = Fuel consumption used for MBT
operation, only diesel used (L/t dry wt.), ECyigr operare = Elec-
tricity consumption used for MBT operation (MWh)

Edegrade WD = (EFCH4, windrow ° GWPCH4)
+ (EFx20, windrow - GWPx20) 9)

where EFcyy windrow EFN20, windrow = CHys NyO emission
factors from the biodegradation process of windrow MBT
(t CHy/t dry wt. or t N,O/t dry wt.), GWPy,o=N,0 Global
Warming Potential (-)

ERDF prod = (FCRDF - NCV gieger - EFdiesel>+(EC RDF * EFEL)
(10)

where FCyp=Fuel consumption of RDF production pro-
cess, use only diesel (L), EC ypr=Electricity consumption
of RDF production process (MWh)

Et (FC 1° DiSttranZ : NCVdiesel : EFdiesel) an

ran2 — tran2, diese

where FC .15 gieses = Diesel Consumption of RDF trans-
portation by trailer truck from separation facility to power
plants (L/km/t dry wt.), Distance r,,,, = Distance from sepa-
ration facility to power plants (km).

ExpE comb = SWpw © RDFgacion © EFRDE comb 12)

where MSWpw = Amount of MSW in dry wt. (t dry
wt.), Fraction of RDF produced by 1 t of dry MSW (0.28),
EFgRpE comp = Emission factor of RDF combustion (CO,eq/
tdry wt.)

E

€

ee sub = MSWpw - RDF;ion - LHVgpe - 10° - 0.000278 - EFg;.
13)
where LHVpr=Low heating value of RDF (MJ/kg),
EFg; =Emission factor of electricity generation (t CO,eq/
MWh).
Table 2 shows the values of parameters used for the deter-
mination of GHG emissions at different stages of the com-
pared scenarios.

Results and discussion
GHG emission from CT landfill scenario

The GHG emissions from the CT landfill scenario consist of
emissions from transportation, landfill operation, and bio-
degradation. The collection trucks delivered MSW from its
sources to the Phitsanulok MSW management site which
is used as a landfill site in this scenario with an average
traveling distance of 50 km by consuming diesel and CNG
at 0.206 L/km/t dry wt. and 0.108 kg CNG/km/t dry wt.,
respectively. Thus, the GHG emission in the transportation
stage was determined as 0.029 t CO,eq/t dry wt.

At the landfill site, MSW arrived and the waste truck pro-
ceeded to the weighing station. Then, it dumped the waste at
the disposal area using landfill machines such as an excava-
tor and front-end loading to process the waste. GHG emis-
sion was determined by using the consumption of fossil fuel
(diesel) and electricity consumption in those processes. Die-
sel was used for heavy machines and electricity was used for
scale and office buildings, respectively. The GHG emission
from landfill operation was determined as 0.007 t CO,eq/t
dry wt.
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Table 2 Parameters used for determination of GHG emissions in

LCA
Factor Unit Value Refer-
ences

FC \ant, diesel L/km/t dry wt 0.206 [32]
FC (1. onG kg/km/t dry wt 0.108 [32]
FC a0, diesel L/km/t dry wt 0.065625 [33]
FC | F operate L/t dry wt 1.338 [34]
FC MBT operate L/t dry wt 7.176 [32]
FC rpr L/t dry wt 15.50 [35]
EC Lk operate MWh/t dry wt 0.00531 [34]
EC MBT operate MWh/t dry wt 0.00042 [32]
EC gpr MWh/t dry wt 0.06 [35]
NCVgg GJ/L 0.03642 [36]
EF icer t CO,/GJ 0.0741 [37]
EFcng t CO,/scf 5.44x107 [37]
EF g t CO,/MWh 0.5664 [38]
EF RbF comb t CO,/t RDF 0.904 [38]
EF cyq. o1 t CH,/t dry wt 0.0147 [11]
EF cpa. sm t CH,/t dry wt 0.0036 [11]
EF cha. windrow t CH,/t dry wt 0.007 [12]
EF 120, windrow t N,O/t dry wt 0.0003 [12]
GWP(q, - 1 [36]
GWPyy - 25 [36]
GWPy»0 - 310 [36]

GHG emissions from biodegradation consist of CH,
emissions which took place under anaerobic conditions. The
CH, EF derived from the CT landfill cell was determined
as 0.0147 t CH,/ t dry wt. or 0.366 t CO,eq/t dry wt. As a
result, total GHG emission from the CT landfill scenario was
0.402 t CO,eq/t dry wt. in which GHG from biodegradation
contributed over 90% of total emissions.

GHG emission from semi-aerobic landfill scenario

The GHG emission from transportation and landfill opera-
tion in this SM landfill scenario is similar to that of the CT
landfill. Therefore, the GHG emission from transportation
and landfill operation of the SM landfill was 0.029 t CO,eq/t
dry wt. and 0.007 t CO,eq/t dry wt., respectively. However,
the CH, EF from the biodegradation process from the SM
landfill was 0.00364 t CH,/t dry wt. Therefore, GHG emis-
sion from biodegradation of the SM landfill scenario was
0.091 t CO,eq/t dry wt. Total GHG emission from the SM
landfill scenario was determined as 0.127 t CO,eq/t dry wt.

@ Springer

GHG emission from MBT scenarios

MSW transportation from sources to the Phitsanulok MSW
management site which was used as the treatment loca-
tion in the MBT scenarios was similar to other scenarios
so GHG emission in the transportation stage was the same
(0.029 t CO,e/t dry wt). During the MBT operation, MSW
was debagged, homogenized, transferred to the biological
treatment, and formed into windrow piles. From the study
conducted at this representative site, fuel (diesel) and elec-
tricity consumption during MBT operation were reported as
7.76 L/t dry wt. and 0.425 kWh/ t dry wt., respectively [32].
The fuel consumption in the MBT process is comparatively
higher than that in landfills mainly due to de-bagged and
homogenizing processes. As a result, the GHG emission
from the operation phase for MBT was 0.020 t CO,eq/t dry
wt. or 2.86 times that in the landfill scenarios.

The windrow pile is served for biological treatment in
the MBT scenario. From our previous study [12], the CH,
EF derived from the windrow piles operated at the Phitsa-
nulok municipality was 0.007 t CH,/t dry wt. or 0.175 t
CO,eq/t dry wt. This EF for the MBT process lies between
those reported for CT and SM landfills [11] as the naturally
ventilated windrow pile turns into an anaerobic condition
periodically with higher CH, emissions observed during wet
months along the biodegradation period [12].

The additional phase to produce RDF and send it to the
power plants is only considered in the MBT scenarios.
After MSW biodegradation, biologically treated wastes
were moved to the separation facility to produce the RDF.
The separation process consists of mechanical separation
steps which consumed fossil fuel and electricity. For the
RDF production, diesel was consumed at 15.50 L/t dry wt.
of input waste. Together with that, electricity was used at
0.06 MWh/t dry wt. The RDF production process, therefore,
emitted 0.079 t CO,eq/t dry wt. In the last step, RDF was
transported to targeted power plants by using trailer trucks
which consumed 0.021 L/km/t of RDF which equals 0.066
L/km/t dry wt. of input MSW. Provided that the transport
distances between the MBT plant and the power plant were
varied at 100, 200, and 300 km, the GHG emissions from
the transportation of RDF were determined as 0.135, 0.271,
and 0.406 t CO,eq/t dry wt.

At the power plants, the RDF was used to substitute fos-
sil fuel (coal) to generate electricity. The CO, EF of RDF
combustion is 902 kgCO,/t RDF. So, 1 t dry MSW could
emit CO, of 0.253 t CO,eq/t dry wt. However, the GHG
emission avoidance from the RDF substitution of fossil fuels
should also be considered. The RDF which contained a low
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heating value of about 17.21 MJ/kg could generate electric-
ity at 1.34 MWh that equal to GHG emission of about 0.759
t CO,eq/t dry wt. As a result, net GHG emissions for the
MBT scenarios with transportation distance of 100, 200,
and 300 km of —0.068, +0.068, and +0.203 t CO,eq/t dry
wt. was determined.

Based on the above calculation, the comparison of GHG
emissions from different MSW disposal scenarios is shown
in Fig. 6.

Comparison of GHG emissions from different MSW
management scenarios

In the previous session, GHG emissions from the whole pro-
cess were determined for all scenarios. The results indicate
that the major source of GHG emissions was biodegradation
for landfill scenarios and biodegradation of MSW, transpor-
tation, and combustion of RDF in the MBT scenarios. When
the SM landfill was applied instead of the CT landfill, the
life cycle GHG emission of MSW management could be
reduced by 68% mainly due to the presence of the aerobic
condition in the SM landfill. These results suggested the
potential of applying this technology to mitigate GHG emis-
sions in MSW management. Comparing them, the operation
procedures of the CT and SM landfills are similar and any
additional operation is not required for the SM landfill, but
the SM landfill only requires larger drainage pipes and vent
pipes installation during its construction phase. It means
only higher initial investment costs would be required.
This additional cost could be subsidized by the mitigation
of emission (carbon credit) scheme. The SM landfill also

GHG emission (t CO,eq/ t dry wt.)
o
(]

CT Landfill SM Landfill

Electricity substitute

Transport (RDF)

RDF Combustion
ERDF Production

Biodegradation 0.366 (91.2%) 0.091 (71.9%)
¥ Operation 0.007 (1.6%) 0.007 (5.2%)
u Transport (MSW) 0.029 (7.2%) 0.029 (22.9%)

emitted lower organic pollution through leachate and odor-
ous gas compared to the CT landfill. Therefore, the leachate
treatment cost of the SM landfill should be lower than that
of the CT landfill. As a result, additional co-benefit would
be expected from the implementation of the SM landfill.

In the case of MBT scenarios, higher GHG emissions
than that of the SM landfill but lower than that of the CT
landfill would be expected from its operation if only MSW
transport, MBT operation, and biodegradation are consid-
ered and RDF utilization is not practiced. This would be
the case when MBT technology is utilized as landfill pre-
treatment of MSW. However, it would come with additional
space required for the installation of MBT windrow piles.
So, MBT for landfill pre-treatment should be considered
only when the land area of the MSW management site is
sufficiently available. When MBT was applied for RDF pro-
duction and utilization for energy recovery, its total GHG
emissions are higher than that of the CT landfill but negative
emissions can be expected from the utilization of RDF to
replace fossil fuels used for electricity production (Fig. 6).
Nevertheless, it would happen when the transportation of
RDF to the power plants is limited within a certain distance,
e.g., 150 km in this study. At a shorter transportation dis-
tance of 100 km, it will result in net emission of—0.068
t CO,eq/t dry wt. or a 117% reduction from the baseline
scenario. As transportation distance from the MBT plant to
targeted power plants was increased to 200 and 300 km, pos-
itive emissions were determined but emission reductions of
87% and 50% from the baseline scenario were still achieved.
Therefore, utilization of RDF produced from Phitsanulok
municipality at power plants located in the surrounding area

| — |

— — —

Scenarios

MBT (100 km) MBT (200 km) MBT (300 km)

-0.759 (-110.0%) -0.759 (-91.9%) -0.759 (-79.0%)
0.135 (19.6%) 0.271 (32.8%) 0.406 (42.3%)
0.253 (36.6%) 0.253 (30.6%) 0.253 (26.3%)
0.079 (11.4%) 0.079 (9.5%) 0.079 (8.2%)
0.175 (25.4%) 0.175 (21.2%) 0.175 (18.8%)
0.020 (2.8%) 0.020 (2.4%) 0.020 (2.0%)
0.029 (4.2%) 0.029 (3.5%) 0.029 (3.0%)

Fig. 6 GHG emission from activities along the life cycle of different MSW management scenarios
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within 300 km from the MBT plant would result in a positive
impact in terms of GHG emission compared to the disposal
of untreated MSW in the conventional landfill. However,
the selection of power plants with shorter transportation
distances within 150 km from the MBT plant would help to
achieve net zero or negative emissions from MSW manage-
ment in this case study. In addition to the GHG emission
reduction benefit, the use of RDF for electricity production
reduces the consumption of fossil fuel, a non-renewable
resource, at those power plants. Moreover, the diversion of
the majority of MSW from the landfill through the MBT
process with only < 10% of residual waste to be deposited
helped extend the landfill lifetime of the studied site from
16 years to more than 40 years [39].

Conclusion

LCA methodology was used to evaluate GHG emissions by
implementing different MSW management options includ-
ing CT landfill, SM landfill, and MBT for recovery of RDF
and its utilization in power plants located within 300 km
distance from the MBT plant. Total GHG emissions of CT
and SM landfill scenarios were 0.402 and 0.127 t CO,eq/ t
dry wt. whereas they were ranging from—0.068 to 0.203 t
CO,eq/t dry wt. of MSW input for MBT scenarios with 100
to 300 km transportation distance, respectively. Improve-
ment of landfill disposal from anaerobic to SM conditions
would reduce GHG emissions by 68% while conversion of
MSW to RDF through the MBT process would reduce GHG
emission by only 43% but its further utilization in the power
plant located at 100, 200, and 300 km from the MBT plant
would yield a total reduction of 117%, 87% and 50% from
the same baseline. In addition to GHG mitigation, SM land-
fill also provides co-benefit in reducing leachate and odor
pollution whereas the MBT option helps to reduce the use
of fossil fuel for electricity production and extend landfill
lifetime.
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