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A B S T R A C T

This study is a comparative analysis of thermal conversion technology options through data evaluation and
assessment of reference plants that process municipal solid waste (MSW). A combined extensive literature review
and multicriteria analysis was applied to determine the optimal Waste-to-Energy (WtE). The main focus of the
study is to identify and examine the specific thermal conversion technologies with proven reference plants for
energy generation. The “availability of reference plants” was used as a key criterion for the study, resulting to the
different types and categories of thermal conversion technologies, such as conventional incineration (grate
incineration, fluidized bed combustion), pyrolysis (rotary kiln), gasification (fixed bed, fluidized bed, moving
grate) and plasma gasification. While comparative aspects, such as technological, economic, quality of feed, and
environmental, were formulated to further analyze and investigate the reference plants. Finally, the evaluation of
technologies presented a summary of reference plants showing the comparative analysis of WtE options in terms
of capacity, power production, cost, calorific value, emission and residues, etc. Overall, gasification and pyrolysis
are the better option in terms of emission, capital cost, quality of feed, and power production while still being
competitive in terms of capacity.
1. Introduction

The waste problem of different countries has been troubling for the
past years. It was reported by Worldbank that the annual increase in
waste generation amounted to 1.3 billion tons and could go up as high
as 2.2 billion tons per year by 2025 [Moya et al., 2017]. This has
become a challenge for proper waste management on how to choose
the best alternative to dispose or treat MSW. Common scenario espe-
cially in developing countries is the disposal of waste in open dump-
sites or installation of sanitary landfills. But landfilling on the other
hand also poses risk on the environment due to greenhouse gas (GHG)
emission caused by methane which has 25 times more effect than
carbon dioxide over a hundred-year period [US EPA, 2020]. In addi-
tion, it was reported that landfill gas is the third largest source of
anthropogenic methane which caused 3–4% of the total global
anthropogenic greenhouse gas (GHG) emissions [Kumar et al., 2017;
Annepu 2012; IPCC. 2007]. This is in addition to the leaching of toxic
hazards from the landfills that causes health problems to nearby
communities. The annual growth of waste capacity also increases the
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required land area for the landfills which is directly proportional to
the amount of waste being disposed.

With this alarming situation of MSW, one of the alternatives that
are being considered is waste-to-energy such as the thermal conver-
sion alternatives that process waste and produce energy that is being
utilized for power generation. The main purpose of these WtE tech-
nologies is the minimization and conversion of waste with a secondary
purpose of producing electricity. Initial assessment of the literature
shows the different types of thermal conversion alternatives such as
incineration, gasification, plasma gasification, and pyrolysis. But
different contradiction was observed regarding the best suitable
technology that processes MSW. Different studies have differing views
and positions regarding this complex technology. According to Moya
et al. (2017), there is a lack in technology transfer from different
countries especially from the developed countries to the developing
countries. A study by Murphy and Mckeogh in 2003 suggested that
gasification is more advantageous than incineration due to its higher
efficiency equal to 34% than 20% efficiency for incineration but the
main problem as stated is the commercial availability of the gasifica-
tion technology. Khoshand et al. (2018); Murphy and Mckeogh (200)
further observed that incineration has greater investment cost than
gasification. Dong (2019) also concluded that gasification is more
vember 2021
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Nomenclature

WtE Waste-to-Energy
IR Incineration Residue
DMS Direct Melting System
MSW Municipal Solid Waste
MPW Mixed Plastic Waste
TEQ Toxic Equivalent
RDF Refuse Derived Fuel
WDF Waste Derived Fuel
BA Bottom Ash
SRF Solid Refuse Fuel
TDF Tyre Derived Fuel
ASR Auto Shredder Residue
IW Industrial Waste
HW Hazardous Waste
SS Sewage Sludge
MW Mixed Waste

Fig. 1. Methodology.
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optimal due to reduced emissions and higher energy recovery. On the
other hand, a study by Makarichi et al. (2018) suggested that the
global trend in MSW generation would continue the need for incin-
eration technology that effectively reduce the rising volume of waste
for the landfills.

Different studies had done life-cycle assessments, multi-criteria de-
cision analysis, case studies, and reviews regarding the suitability of
MSW for WtE technology in general, but there is no study that has done a
comparative analysis of the different reference plants that can really
process MSW. There is no comparative analysis of different thermal
conversion that summarizes the concrete difference between each tech-
nology based on proven reference plants.

It is the main objective of this study to present a thermal conversion
technology as a solution forMSWthrough evaluation and assessment of its
reference plants to match the needed compatibility. To determine the
optimum WtE option that truly process MSW based on proven reference
plants by using a method of comparative analysis of actual and specific
data. Thermal conversion technologies with proven reference plants were
identified and examined using key criteria such as the “Availability of
ReferencePlants” and “TypeofWaste” through careful investigationof the
literature, WtE reports, technical papers and other sources available. The
comparative aspects such as technological, economic, environmental and
quality of feed were also formulated to be able to create a comprehensive
data summary of proven reference plants that serves as the main evidence
for the assessment and evaluation. Finally, the data summary was pre-
sented in the supplementary material and the results of the comparative
analysis were highlighted in the results and discussion confirmed by
multicriteria analysis showing conventional gasification and pyrolysis as
better option in terms of emission, capital cost, quality of feed and power
production while still being competitive in terms of capacity.

2. Methods

Simplifying a complex area of research for analysis, comparison and
evaluation is a crucial part in a certain study. Therefore, this study tried
its best to gather specific data, even the smallest of details, of the refer-
ence plants included in the data summary of the supplementary material
since this component can be the strongest evidence to prove something
that can help our community understand this problem of interest.

Some studies were done in the literature using multicriteria analysis,
life cycle assessment, or impact assessment, making use of judgement
from different experts, but this study focuses on available actual and
specific data of the reference plants to determine objective results. In
general, the authors have observed this gap in research that is why this
2

paper has tried its best to do a study that can become a bridge in this gap
using a simple and easy to understand methodology applying an exten-
sive literature review and multicriteria analysis applied in a complex
problem of interest that requires data gathering and understanding of a
web-like topic such as WtE. This study therefore used references which
are the most related in this topic and contain the required specific, reli-
able and confirmed data for the accomplishment of the data summary,
Table S1 of the supplementary material.

The method for the comparative analysis is also a well-established
methodology that is being used in different field of research found in
the literature. The study developed this methodology to simplify a
complex area of interest like putting together small and specific details to
form and analyze the bigger picture of the puzzle. Therefore, it became a
process of comparative analysis through a combined extensive literature
review and multicriteria analysis. The advantage of this methodology is
its simplicity and accuracy without the use of expensive software and
other tools. While on the other hand it is a challenging method with
regards to the time and duration spent to generate the complete summary
showing the main picture of the puzzle. In addition, the actual result may
still have some missing small pieces of specific information that are not
available elsewhere and the researcher is further challenged to interpret
and conduct a comparative analysis based on the actual and available
summary of data. But on the other hand, determining these missing
pieces of information may also lead to another research for future studies
that leads to continuity and progress.

The methodology in general has five phases as shown in Fig. 1. Phase I
is the identification and examining of specific thermal conversion tech-
nologies with proven reference plants using an extensive literature re-
view. Phase II is the development of comparative aspects by assessing the
studies found in the literature of more than 460 files and documents.
Phase III is the creation of the data summary (Table S1) of all the data
gathered from these files and documents into a spreadsheet. Phase IV
which is the comparative analysis and interpretation is the evaluation
and comparison of all the data of the reference plants in the spreadsheet
in which same categories and types are grouped accordingly and finally
provided a summary of the concluding WtE option. This is followed by
the analytical hierarchy process to confirm and finalize the results.
2.1. Phase I specific thermal conversion technologies with proven reference
plants

The data gathering for this study was done through an intensive
literature review and comparison. The different types of thermal
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conversion technologies and its categories were identified by examining
the literature, WtE reports, technical papers and other sources. These
WtE technology options were then evaluated primarily for the avail-
ability of reference plants and type of waste that are being processed.
Collected information regarding the reference plants under each type of
thermal conversion alternative were assessed and categorized by syn-
thesis and comparison of different configurations found in technical data
and reports. Available published documents and presentations of tech-
nology providers, manufacturers, and their affiliates were also checked
and investigated for updates and confirmation.

The literature was first scanned through the google scholar, science
direct, j-stage, and others using primary keywords such as Waste-to-
Energy, MSW, incineration, gasification, and pyrolysis without limiting
the date of publication but taking into more consideration the latest
publications. The different studies that were found relevant to thermal
conversion and MSW are further scanned by examining the abstract,
introduction, methods, results, and conclusion. Data from studies with
information regarding specific technologies or reference plants are
further checked using the same process using specific keyword searches
in google scholar and google search as a whole. Careful search was done
for hard-to-find information using different leads from government and
company websites, news & articles, or other journals and useful data
sources.

This initial phase has made the primary data for the development of
the data summary of reference plants. The keyword search dived deeper
from general to specific keywords based on the required data to complete
the data summary. The general types of thermal conversion of WtE were
then specified further into its specific types and categories. Each type and
category with its corresponding reference plants with inputs under each
aspect and criteria.

Using this method of extensive data search and examination, the data
summary has formed the data that focused on different reference plants
by careful examination and evaluation of more than 460 files and doc-
uments that were sourced through the extensive literature review pro-
cess. The different reference plants that were sourced and identified are
categorized under grate incineration and fluidized bed combustion; fixed
bed, fluidized bed and grate gasification; rotary kilns for pyrolysis; and
plasma gasification. These categories of thermal conversion technologies
are mainly the WtE options that has proven reference plants for MSW
shown in Table S1, supplementary material.
2.2. Phase II development of comparative aspects

The development of the comparative aspect was done by assessing the
available studies in the literature with the main question on how to
properly evaluate thermal conversion as WtE option to be able to make a
proper comparative analysis. The different aspects of different WtE Op-
tions were investigated to formulate the following comparative aspects as
shown in Fig. 2 such as technological, economic, quality of feed and
environmental. This is in addition to the two main criteria such as the
Fig. 2. Compara
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“Availability of reference plants” and the “Type of Waste” being pro-
cessed. Each of these comparative aspects as shown in Fig. 2 are also
being explained as follows.

2.2.1. Availability of reference plants
The WtE options such as Incineration, Pyrolysis, Gasification and

plasma Gasification as per the initial investigation of the literature was
further assessed to determine existing reference plants. By aiming to
address the knowledge gap regarding the proven reference plants of
thermal conversion for MSW, the “Availability of reference plants” was
chosen as the main key criterion in assessing the literature. The different
thermal conversion technologies were assessed thoroughly to determine
specific information about each WtE option if it really has a proven
reference plant.

2.2.2. Type of waste
Since the study is focused on processing of MSW as feed, the “Type of

Waste” became the main screening criterion. It is a major condition for
the reference plants to process MSW to be included in the Master list. The
initial two approach of determining the “availability of reference plants”
and the “type of waste being processed” by examining the literature is
followed by further assessment of the literature to determine needed data
using the formulated comparative aspects.

2.2.3. Technological aspect
The technological aspect was chosen mainly to determine the Proven

Capacity of the WtE options through the reference plants. This was fol-
lowed by the Electrical Efficiency to determine the performance of the WtE
options based on electricity generation and also the Power Production to
quantify the amount of energy that is being produced by a WtE tech-
nology. Lastly, the Specification was also considered to determine the
types of technology with its corresponding configuration to understand
its flow of operation.

2.2.4. Economic aspect
The next aspect formulated for the study is the economic aspect to

determine the cost required to put up a WtE technology and also the cost
of its operation. The specific capital and operation costs of the reference
plants are then investigated using the literature.

2.2.5. Quality of feed
Due to the heterogenous nature of MSW which differ from different

locations to another, the quality of feed as an important aspect was also
included. This aspect included the Calorific Value of the MSW being
processed to determine the limits in terms of calorific value of a certain
reference plant. An actual data regarding the calorific value of MSW that
are being process in a certain plant is very useful in the analysis and
investigation. Aside from the calorific value, the Particle Size is also
included together with the Moisture Content that is the most challenging
factor when it comes to processing MSW.
tive aspects.



Table 1
Principal technical, economic, quality and environmental data used to classify the WtE Technology.

WASTE TO
ENERGY
TECHNOLOGY
OPTIONS

CRITERIA

TECHNOLOGICAL ECONOMIC QUALITY OF FEED ENVIRONMENTAL

TYPE OF
WASTE

CAPACITY
(t/d)

NET
ELECTRICAL
EFFICIENCY

POWER
PRODUCTION
(kWh/ton)

SPECIFICATION CAPITAL COST
(USD per ton/day)

OPERATION
COST (USD
per ton/yr)

HEATING
VALUE
(MJ/kg)

PARTICLE
SIZE

MOISTURE
CONTENT

EMISSION (Toxic
Hazard)

RESIDUE

INCINERATION
Conventional
Incineration

MSW-
RDF

185–4400 13.5–30.6% 360–1491 Combustion-Flue
Gas Cleaning-Heat
Gasifier; Fluidized
Bed Technology

70,035–633,213 40–70 5.46–14.8 Any particle
size

<65% Dioxin/Furans (<or
¼ 0.1 ng TEQ/Nm3)

23% ash and
excess waste;
bottom ash

Grate
Incineration

MSW 555–4400 16–30.6% 373–990 Grate fired
incineration þ
dedusting, dry or
wet gas cleaning þ
electricity
generation or CHP.

70,035–458,072 5.46–14.8 <65% < or ¼ 0.1 ng TEQ/
Nm3

Fluidized Bed
Combustion

MSW/
RDF

185–917 13.5–24.8% 360–1491 Fluidized bed
combustion
technology

203,910–633,213 5.9–13.4 <65% < or ¼ 0.1 ng TEQ/
Nm3

PYROLYSIS
Conventional
Pyrolysis

MSW,
RDF

5–555 4–24% 104–1294 Pyrolysis; Heat or
Power Gasifier

38, 013–276,000 50–80 6.3–24 75–300 mm 10–50% Negligible
(0.0000072 to
0.025 ng TEQ/nm3)

Fused Slag,
metal
recovery

GASIFICATION
Conventional
Gasification

MSW,
RDF

40–720 13–34.8% 220–1730 Gasification; Heat
Gasifier; Steam
Generation

46,457–673,617 45–85 6.7–18
MJ/kg

100 mm and
above

>20% Minimal to
Negligible
(0.000072 to 0.08
ng TEQ/Nm3)

Granulated
Slag; Treated
Fly Ash

Fixed Bed
Gasification

MSW,
IR, IW,
ASR, SS,
BA, RDF

200–720 17.7–27% 276–1528 Downdraft
Gasification - Direct
Melting System -
Heat Gasifier

46,457 6.7–18.2 Waste
Particle
Diameter up
to 100 mm

20–42 0.00023–0.08 ng/
TEQ/Nm3

Granulated
slag. Ferrous
metal
recovery.
Treated fly
ash
(0.85–2%)

Fluidized Bed
Gasification

MSW,
ASR,
MPW,
IW, MW,
RDF,
Fly-ash

52–690 13–34.8% 220–1730 Fluidized bed
gasification-Gas
Cleaning-Heat
Gasifier

272,398–673,617 6–18 MJ/
kg

Waste
particle
>100 mm.
Bed particle
diameter
between 0.05
and 0.5 mm

53.80% 0.000072–0.0015
ng/Nm3

Slag, Metal
Recovery,
Solidified Fly
Ash

Moving Grate
Gasification

MSW,
RDF

40–215 18.50% 520–625 Atmospheric
Pressure - Air
Gasifier - Moving
Grate - Bottom Ash
- Heat Gasifier

190,465 10–14 MJ/
kg

Waste
particle
>200 mm

No Problem

Plasma
Gasification

MSW,
RDF,
Any
Waste
Type

5–274 18.6–25% 934–1386 Plasma Type -
Power Gasifier

566,400–704,761 42–63 10–15 No problem
in size

No problem Negligible
(0.000013 to 0.009
ng TEQ/Nm3)

Vitrified Slag
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2.2.6. Environmental aspect
Lastly, the study included the environmental aspect to analyze the

different WtE option in terms of emission and residue. The study
considered evidences found in the literature of actual data regarding the
emission and residue of each WtE technology. The emission focused
primarily on the Toxic Hazards that were the main point of the problem in
most WtE technologies while the residue focused on other residual
products after electricity generation. Under this aspect, the standard
dioxin limit was taken into consideration equal to 0.1 ng TEQ/Nm3 from
the European Commission Directive 2000/76/EC, that was also adopted
by different countries in Asia.

2.3. Phase III data summary of WtE technologies with reference plants

The different reference plants of thermal conversion gathered from all
files and documents are the important input into the spreadsheet con-
taining all the available information of the aspects and criteria. The
specific information of each reference plant was properly arranged to
correspond to different aspects which are shown in the supplementary
material. All available information were recorded as input and became
the main basis for the comparative analysis using the proven reference
plants as concrete evidence. Some inputs are readily available through
extensive search while some are based on computation, like determining
capacity, power generation or calorific value based on initially available
data. Finally, the most relevant reference plants according to aspect and
criteria are further reformatted and became the final data summary
which is being presented in the supplementary material shown in Ap-
pendix A.

2.4. Phase IV comparative analysis and interpretation

A decisive comparison and analysis were done, using the data sum-
mary (Table S1) and presented in the results and discussions section
including the different specification and environmental aspect. The WtE
options, after the careful evaluation with respect to its reference plants
and types of waste processed, were simplified to highlight the compari-
son in terms of the technological, economic, environmental and quality
of feed. Under each type and category, the reference plants were further
assessed to determine the best technology for each aspect and were
grouped for the final selection.

The comparative analysis and evaluation of the data summary further
resulted to the Summary of WtE Options as shown in Table 1 of the
Results and Discussion section.

2.5. Phase V determine the best WtE technology option

The data summary was further evaluated and assessed based on the
developed aspects to determine the best technology option. A balanced
approach was done in the comparative analysis giving equal level for
each aspect and criteria to maintain the objective of the study to
Table 2
Results of analytical hierarchy process (AHP).

CRITERIA Technological Economic

Level of
importance

0.25 0.25

Capacity Elec.
Efficiency

Power
Production

Specification Capital
Cost

Ope
Cost

Level of
impact

0.568 0.108 0.055 0.269 0.5 0.5

WtE Option
Incineration 0.604 0.292 0.272 0.053 0.200 0.27
Pyrolysis 0.119 0.057 0.088 0.548 0.592 0.08
Gasification 0.211 0.543 0.482 0.266 0.126 0.15
Plasma 0.066 0.107 0.158 0.133 0.082 0.48

5

determine the best technology without ranking the aspects in terms of the
level of importance or interest that could create subjective judgement in
terms of power production vs emission or residue; or the capacity vs
calorific value of MSW; and or cost of investment vs possible risks.

From the resulting summary of WtE technology option in Table 1, a
final conclusion was done based on the analysis and evaluation of the
data summary of the supplementary material. The resulting conclusion
therefore, was based on the proven reference plants that process MSW
with the help of other key aspects achieving a very objective approach as
one of the main goals of this study. A comparative analysis based purely
on evidence found in the supplementary material. The analytical hier-
archy process was then applied to confirm and finalize the results of the
analysis giving equal level of importance to the main aspects while the
sub-criteria were scored accordingly based on their level of impact. This
paper makes use of the methods of Analytical Hierarchy Process devel-
oped by Thomas L. Saaty [Saaty 1994; Saaty 2008], and with the use of
excel spreadsheet based on the resulting data found in Table S1 of the
supplementary material and Table 1 containing the data comparison of
WtE technology options. These tables clearly show the data in each col-
umn under each WtE option that served as the basis for the scores in the
AHP process. AHP was chosen out of the different types of multi criteria
decision-making analysis (MCDA) due to its applicability for pairwise
comparison and full aggregation approach for a lower input level
[Guarini et al., 2018].

3. Results and discussion

In general, different studies have different claims with regards to
what WtE technology is best suited for MSW. For some, it is the estab-
lished and high-capacity incineration technology, others view gasifica-
tion or pyrolysis due to its cleaner emission, while still others believe that
plasma gasification is the future of WtE energy recovery from MSW.

In this discussion however, the authors present below the findings
regarding the different thermal conversion alternatives which are based
on the comparative analysis of the data summary, Table S1 of the supple-
mentary material that contain the gathered and synthesized data of
proven reference plants for MSW. The analysis and comparison of each
type of thermal conversion is being discussed together with the summary
of WtE option. This is seconded by the application of the analytical hi-
erarchy process (AHP) to confirm the result of analysis.
3.1. Conventional incineration

3.1.1. Grate incineration
Grate type or the mass-burn incineration is still the widely used

technology worldwide. Most configurations of grate type incineration
were the same and are popular for its high-capacity processing of MSW in
tons per day. Through the years, technology providers had continued
research and development to improve this technology specially in terms
of reducing environmental impact caused by dioxin and furan. It is an
Quality of Feed Environmental

0.25 0.25

ration Calorific
Value

Particle
Size

Moisture
%

Emissions Residues Overall
Priorities

0.474 0.053 0.474 0.833 0.167

2 0.051 0.602 0.051 0.045 0.063 19.2%
8 0.117 0.050 0.117 0.488 0.390 28.8%
8 0.576 0.105 0.576 0.197 0.187 29.1%
2 0.256 0.243 0.256 0.270 0.359 22.9%
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extreme effort to standardize allowable limits on stack emissions which
are strictly implemented in different parts of the world. The moisture
content and calorific value are the key factors that strongly determine the
performance of such plants. Huge advancement has been made in Europe
in operating the technology due to its low moisture content and high
calorific value of MSW. On the other hand, operating this technology in
parts of Asia is a big challenge due to low calorific value and high
moisture content. In the past, technologies in Europe adapted in Asian
regions had some difficulties of lower efficiency and emission limits due
to this MSW scenario.

The best example is China’s MSW which has an average calorific
value of 5 MJ/kg [Nie 2008] wherein larger cities only reach 6 to 7
MJ/kg and moisture content higher than 50% [Liu et al., 2020]. This
could result to actual reduction in energy output of more than 50% due to
the thermal requirement for heating up the moisture content. The
average calorific value of MSW in China is far from the figures of other
European countries ranging from 8 to 16 MJ/kg. A worst-case scenario
happened in 2019 when Chua et al. reported a failure in operation of an
incineration plant in Malaysia. The high moisture content and lower
calorific value resulted to a stop operation due to a very high cost of
operation.

Table S1 shows data of the different reference plants for the grate
incineration type of conventional incineration. Most reference plants
showed in Table S1 are from Europe, US and Asia with a range of capital
cost from 70,035 USD per ton/day up to 458,072 USD per ton/day. The
capacity of the sourced reference plants ranges from417 tons per dayup to
4400 tons per day. Grate Incineration gained its reputation for its high-
capacity mass burn capabilities. The AEB Plant currently has the highest
net electrical efficiency for an incinerationplant higher than30% forMSW
with a calorific value of 8MJ/kg. Power production of the reference plants
ranges from 373 kWh per ton up to 990 kWh per ton which varies
depending on calorific value and moisture content of MSW in a specific
region. Table S1 shows that the lowest power production is in Chinadue to
its very lowcalorific value estimated at 5.46MJ/kg.WtEPlants processing
lower calorific value and high moisture content should see to it that they
meet the required temperature above 850 ᵒC and stack emission re-
quirements to prevent dioxins and furans. China is known to have less
strict emission regulation due to the characteristics and composition of its
MSW. In thepast, the local standard fordioxin emission is 1.0ngTEQ/Nm3

prior to its amendment by theMinistry of Environmental Protection to 0.1
ng TEQ/Nm3 and in effect since January 2016 [Worldbank.org, 2014]. In
addition, the bottom ash and fly ash ofmost grate incineration technology
are still being dumped into the landfills. Fly ash is considered as a haz-
ardous waste because of its dioxin content and a special landfill for haz-
ardous waste is needed for its disposal [Nie 2008].

3.1.2. Fluidized bed combustion
Fluidized Bed Combustion is a type of conventional incineration that

uses a fluidized bed reactor utilizing sand and preheated air. This enables
a fluid-like movement of the sand and a good heat transfer of the sus-
pended solid-gas mixture inside the reactor. This homogeneous solid-gas
mixture inside the reactor makes it possible to treat high moisture con-
tent and low calorific materials thus, making it more applicable for MSW
with highmoisture content. With this design, the temperature all thru out
the reactor is uniform due to the fluidized sand being blown by air at the
bottom of the reactor. In Table S1, data shows a few technologies of
fluidized bed combustion that can process MSW or RDF. Most of the
fluidized bed combustion technologies make use of coal, biomass and
woodchips rather than raw MSW. Fluidized bed combustion plants that
process biomass such as wood chips are somehow opposite to the
objective of preventing climate change. Some commercial plants even
use cut woods as feed to this extent. Table S1 shows reference plants of
fluidized bed combustion technology that process MSW or RDF. It shows
that this type of technology has a lower range of capacity from 185 tons
per day up to 917 tons per day unlike the higher capacity for grate
incineration. Though some fluidized bed technologies such as Outotec
6

and Sumitomo Foster Wheeler has higher power production of 1491 kWh
per ton and 1452 kWh per ton respectively for a low throughput capacity
[Outotec 2018; SHI-FW 2017; Waste Management World 2012]. In
China, the higher capacity of 800 ton per day CFB technology of Hang-
zhou Qiaosi WtE Plant resulted to lower power production of 360 kWh
per ton [Huang 2013; Jinjiang Environment 2018] due to lower calorific
value of MSW. Capital cost per ton/day for fluidized bed combustion is
higher than grate incineration as shown in the data from 203,910 USD
per ton/day up to 633,213 USD per ton/day. Table S1 also shows a lower
net electrical efficiency ranging from 13.5% to 24.8%. But considering
the high-power production of Outotec and SFW, a higher net electrical
efficiency is possible depending on the calorific value of the feedstock.
The major concern for this type of technology processing MSW and RDF
is still the bottom ash and fly ash that is being dumped into the landfill. It
was reported that fluidized bed combustion technology creates 3 to 5
times more fly ash than grate incineration technology [Nie 2008].

3.2. Conventional pyrolysis

Most type of conventional pyrolysis plants that process MSW for
electricity generation fall under the rotary kiln type. This pyrolysis sys-
tem makes use of a rotary kiln reactor wherein the waste is being heated
inside a rotating kiln or drum without the presence of oxygen. The
rotation of the kiln is useful for the proper mixing and heat transfer.
Usually, the MSW inside this type of reactor has a long residence time as
compared to other types of WtE system. The temperature ranges from
500 ᵒC or higher depending on the configuration and design parameters.
A common WtE pyrolysis plant makes use of shredded MSW and or
combined with other types of fuel like industrial waste, tires or dried
sludge. Shredding helps to maintain the rate of heat transfer, mixing and
to minimize openings since the kiln is designed without oxygen. The
common configuration of a WtE pyrolysis makes use of syngas generated
from the pyrolysis reactor that is connected to a gasification or com-
bustion boiler. The high temperature boiler, more than 1000 ᵒC, produces
steam to run a steam turbine for electricity generation. The flue gas
coming out the boiler can be recirculated to the heating system of the
pyrolysis reactor to maintain its heat requirements. Other technology like
the Mitsui R21 process uses hot air system for recirculation to prevent
maintenance issues caused by flue gas to the reactor. Some technologies
make use of a flue gas cooler or shock cooler after the boiler to prevent
the formation of dioxins and furans. This is followed by a series of bag
filters and gas cleaning equipment such as gas scrubber with catalyst
injection to ensure the removal of other toxic hazards such as NOx, Sulfur
and other particulates. Aside from the steam turbine, other technologies
directly use the syngas to fuel a gas engine or turbine. In this configu-
ration the syngas undergoes gas cleaning before being fed into the gas
turbine. Ideally this kind of configuration is more efficient for electricity
generation but the quality of the produced syngas makes it difficult for
most gas engines and turbines to handle.

Table S1 lists the sourced reference plants for conventional pyrolysis.
Some reference plants are old plants which were closed after years of
operation but limited data in the literature were found regarding its cause
such as the Contherm Technology in Hamm ran from 2002 to 2009 and
was shut down due to economic reasons after emergency stack broke in
addition to process disturbances such as small rotary drum design
[Quicker et al., 2015]; The Siemens Schwel-Brenn Technology from 1997
to 1999; And the Compact Power Process which is now Energos. The
PyroPLEQ in Burgau Germany which has been the longest running py-
rolysis reference plant from 1985 to 2016 shutdown due to the high cost
of operation and maintenance. While the process has been optimized
over decades to meet operational stability, still the basic design resulted
to high cost since it is necessary to adopt to modernmethods and updated
treatment technologies to prevent high process cost [Quicker et al.,
2015]; Still, some pyrolysis reference plants of the past do not have
available updates in literature and reports such as, Gipec, Thide Envi-
ronment, Serpac Technology and Takuma. These plants give the industry
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the operation experience that helped in further improving the pyrolysis
technology.

Table S1 also shows the different reference plants that were con-
structed and operated afterwards. JFE Engineering has a number of
reference plants in Japan using the Thermoselect process. The Chiba
Recycling Center operates since 1999 and has a capacity 300 tons per day
processing MSW and ASR. The 80% of the syngas produced is used for
steel works and a 1.5 MW electricity generation for the facility [Yamada
et al., 2004;JT-Kankyo 2019; Vivera 2019]. The Resource Recycling
Waste Treatment Facility in Kurashiki City owned by Mizushima Eco
Works operates since 2005 with a capacity of 555 tons per day [Yamada
et al., 2004; JFE Steel 2020]. The Yorii Plant owned by ORIX Eco Services
processes 450 tons per day of MSW and industrial waste [Yamada et al.,
2004; ORIX 2013]. The Thermoselect Plant in Nagasaki which started
operations since 2005 also process 300 tons per day of MSWwith a power
production of 640 kWh/ton and an investment cost around 276,000
USD/ton [Arena 2012; Foth 2013; IEA Bioenergy 2018]. The Mutsu Plant
by Mitsubishi Materials which started operation in 2003 is also a Ther-
moselect process with a capacity of 140 tons per day and power pro-
duction of around 400 kWh per ton for an estimated net electrical
efficiency of 20.86% [Thermoselect SA 2003; Vivera 2019]. Overall, the
investment cost for a Thermoselect process ranges from 162,612 to 276,
000 USD per ton as of 2002 [W R Livingston 2002]. Detailed information
regarding the process and operation of the JFE Thermoselect process is
presented by Yamada et al., including some operational data of the Chiba
Recycling Center. The Thermoselect process adapted by JFE for its plants
in Japan is a pyrolysis-gasification-melting process that has a flexible
design for power generation which can be configured using a gas engine,
gas boiler, or a combined gas and steam turbine for power generation.
The feed waste is first being compacted and then pyrolyzed in the
degassing chamber using external heat input. The carbonized waste from
pyrolysis was then heated in the gasification and melting reactor at high
temperature around 1200 ֯C and oxygen to form a high-quality syngas
andmelted slag at bottom of the reactor. The syngas undergoes reforming
and quenching which cools up to 70 ֯C without the presence of oxygen to
prevent dioxins from forming. The refined clean gas, compose mainly of
H2 and CO, is then recovered through gas purification and desulfuriza-
tion. Other by-products are also being recovered such as slag, sulfur, salt,
metal hydroxide, and recovered water.

Aside from Thermoselect, the Mitsui R21 Technology was also able to
supply a number of reference plants in Japan with a comparable daily
capacity to Thermoselect ranging from 220 to 400 tons per day and a
power production range of 215–520 kWh per ton. This data shows the
availability of the pyrolysis technology that can be an alternative to waste
incineration. Pyrolysis is less in capacity as compared to incineration but
most pyrolysis technology has negligible level of emission and produces
slag, instead of bottom ash and fly ash that are being landfilled.

3.3. Conventional gasification

3.3.1. Fixed bed gasification
Most reference plants built using the gasification technology of Nip-

pon Steel Engineering and JFE Engineering are categorized as fixed bed
gasifiers. A detailed example of a fixed bed gasification process can be
seen in Steinmuller Babcock (2020). Commonly, the feed inside a fixed
bed gasifier undergoes different phases from top to bottom that result to
different temperatures inside the reactor. The MSW fed from the top into
the reactor undergoes the drying and preheating section around 300–400
ᵒC, where most of the moisture content of the feed is being removed.
Then the waste passes through the lower section where most of the
gasification reaction takes place around 400–1700 ᵒC. The gasification
section has a little amount of air or oxygen to produce syngas. The
remaining solids from the gasification reaction goes deeper down into the
high temperature section of the reactor and are being combusted and
melted around 1700–1800 ᵒC wherein the metals are recovered and the
slag are collected.
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Nippon Steel Engineering has more than 40 reference plants using the
Direct Melting Gasification System [Tanigaki et al., 2014; Tanigaki et al.,
2017]. Some of these reference plants are listed in Table S1. In 2020, the
list of technologies and products by JACE-W reported that Nippon Steel
has the world’s highest number of gasification facilities and long-term
operation of 34 years. Shin-moji plant is considered to be the largest
gasification plant that process MSW that started its operation in 2007
with a capacity of 720 tons per day and a power production of 784 kWh
per ton including the electricity consumption by the plant. The net
electrical efficiency was estimated at 17.7% around 536 kWh per ton
[Panepinto et al., 2014] for a calorific value of 10.9 MJ/kg.

While DMS System by Nippon Steel Engineering usually treats MSW
directly, the gasification system of JFE Engineering uses RDF as feed. The
calorific value of the RDF ranges from 17 to 19 MJ/kg. RDF has a high
calorific value that makes it possible for higher power production effi-
ciency. JFE Engineering has around 10 reference plants using its High
Temperature Gasifying and Direct Melting System since 2003. This
technology is known for high efficiency power generation. One of the
reference plants of JFE engineering is the APP Albano Plant in Italy with
616 ton of RDF per day and a power production of 1285 kWh/ton. The
gasification technology can also treat different kind of waste such as
industrial waste, sewage sludge, and incineration ash [JFE Steel 2011].

Both Technologies produce steam from syngas in a combustion boiler
and electricity is generated by running the steam turbine. Coke and
limestone are fed into the reactor to control the viscosity of slag being
produced. In case of DMS by Nippon steel the syngas goes to a cyclone
prior to the combustion chamber for de-dusting where the solid particles
are returned to the reactor [Steinmüller Babcock, 2020]. The boiler is
connected to the gas cooler for the prevention of dioxin and furans from
building up and the acidic pollutants are captured prior to the bag filter
and other gas cleaning equipment. The bag filter and other gas cleaning
equipment ensures air pollution control by injecting catalysts such as
Ca(OH)2 and ammonia. The fly ash treatment produces a solidified fly
ash amounting to 0.85% [Lopez 2018] that is collected for landfill
disposal.

3.3.2. Fluidized bed gasification
In addition to the fixed bed gasification, the fluidized bed gasification

is also a proven technology with operational reference plants. Unlike the
fluidized bed combustion, the fluidized bed gasification has almost the
same principle and configurations, as per the reactor, except that in
fluidized bed gasification the reactor utilizes a little amount of air or
oxygen. Fluidized bed combustion processes flue gas as a product of
combustion while a fluidized bed gasification processes syngas which
composed mainly of H2 and CO. As for the residue, the technologies
presented in the supplementary material shows that the fluidized bed
gasification produces slag and a small percentage of fly ash while fluid-
ized bed combustion produces higher percentage of bottom ash and fly
ash from flue gas. The temperature is uniform all throughout the fluid-
ized bed gasification reactor and has a good rate of heat transfer. The
solid and gas are well mixed and the syngas is produced in the reactor.
The bubbling and circulating bed are the common configuration of
different reference plants of fluidized bed gasification technology that
process MSW and RDF. Technology offered by Kobelco Eco Solutions,
Ebara, Mitsubishi Heavy Industries, Hatachi Zosen and Valmet are listed
in Table S1 under fluidized bed gasifier.

Kobelco has a number of commercial plants in Japan that commonly
utilize a bubbling fluidized bed gasification reactor coupled with a high
temperature melting system. Its reference plants have a range of 98–525
tons per day capacity and a power production of 220–457 kWh per ton of
MSW. The one with the large capacity is the Sagamihara Plant which
started operation in 2010. Sagamihara Plant has a capacity of 525 tons
per day with a power production of 457 kWh per ton. Quicker et al. in
2015 reported that for 100,000 tons per year capacity an electrical effi-
ciency of around 27% can be achieved. Also, the fly ash after the flue gas
treatment is solidified for disposal.
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Ebara’s reference plants are mostly in Japan also. In the past Ebara
and Ube Industries introduced a 2-staged pressurized gasification that
can process 166 tons per day of mixed plastic waste. Ebara has also
introduced the Ebara TwinRec Gasification and Ash Melting which has a
number of installations. The technology is based on a revolving fluidized
bed gasification reactor connected with a combustion chamber. The
largest reference plant of the Ebara TwinRec Technology that process
MSW is the Asahi Clean Center in Kawaguchi City Japan since 2003. The
plant has a capacity of 450 tons per day with a power production of 644
kWh per ton of MSWwhich gives an estimated net electrical efficiency of
25.8%. TwE 2014 reported that the Ebara TwinRec Technology has a
capital cost of around 350,000–670,000 USD per ton of waste.

The Kushiro Wide-Federation Plant in Japan is the first commercial
gasification and ash melting plant supplied by Mitsubishi Heavy In-
dustries Environmental & Chemical Engineering (MHIEC) which started
its operation in 2006. Its flue gas treatment is almost the same as the
other gasification configuration consisting of a gas cooler, bag filter and a
catalyst reactor. The electricity is being generated by the steam produced
in the boiler amounting to a maximum of 4400 kW [Terasawa et al.,
2007]. Moreover, it was reported that the fly ash which accompanies the
gas produced from the gasification reactor is being melted in the vertical
swirl flow of the melting chamber making only 3% remaining residual in
the form of fly ash [MHIEC 2020]. Overall, the plant has a capacity of 240
tons per day and power production of 460 kWh per ton and the estimated
net electrical efficiency is around 27.6%.

Other reference plants of fluidized bed gasification process RDF
instead of MSW. RDF is derived fromMSW by preprocessing steps such as
sorting, shredding, mixing and removal of moisture to become a more
homogenous or pelletized material with higher calorific value than un-
sorted MSW. Reference plants listed in Table S1 that process RDF is the
Kagawa Plant supplied by Hitachi Zosen and the Lahti energy Plant by
Valmet. The Kagawa plant started operation in 2004 with a capacity of
300 tons per day while the Lahti Energy Plant started operation in 2012
with a capacity of 690 tons per day of RDF and a power production of
1730 kWh per ton for an investment cost of around 272,398 USD per ton/
day [Bolh�ar-Nordenkampf et al., 2014].

In 2010, Hitachi Zosen had already installed 9 fluidized bed gasifi-
cation plants in Japan. Its first delivery outside Japan was in 2014 when
the company supplied a 52 ton per day fluidized bed gasification plant in
Namyangju South Korea which has a power production of around 346
kWh per ton of MSW [HitachiZosen 2014]. Valmet on the other hand has
other reference plants which process either biomass or solid refuse fuel
(SRF) derived from wood waste and wood chips [Valmet 2020].

3.3.3. Moving grate gasification
Table S1 further list some reference plants configured as grate gasi-

fication. Most grate gasification plants that are installed are modular type
or small-scale application. Energos has installed 8 plants in Europe since
1997. The Sarpsborg 2 Plant in Norway is currently the highest capacity
reference plant commissioned by Energos in 2010 with a capacity of 215
tons per day of MSW with an investment cost of 190,465 USD per ton/
day [Energos 2020; Ellyin 2012]. Entech Renewable Energy Sources has
small-scale reference installation in different location. The plant in
Chung Gung Municipality, Taiwan installed in 1993 processes waste
derived fuels [Entech-RES 2020].

3.4. Plasma gasification

Plasma Gasification is a latest technology with reference plants in
different locations. Though most plants are in pilot status and small scale,
this technology illustrates its potential and has proven itself as a clean
and efficient alternative for the treatment of MSW and RDF. The most
common configuration of this type of technology is the direct use of
cleaned syngas to run a gas turbine making it more efficient in terms of
power production which has a very low environmental impact. The
plasma reactor produces syngas from the reaction of the feedstock and
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little amount of oxygen with temperature around 1300 �C or above. Like
some conventional gasification a vitrified slag is being collected as
byproduct instead of bottom ash from the reactor. The syngas is further
treated by plasma with temperature greater than 3000 �C which
completely destroys any toxic emission and tars are completely decom-
posed. The syngas is further treated and cooled before being used as a
direct fuel for the gas turbine to ensure negligible amount of emission
levels.

Table S1 shows some technology providers that have demonstrated
different reference plants in pilot and commercial scale that was able to
process MSW as a power gasifier. The largest capacity installed so far
according to the data is in the range of 270 tons per day since most scale
up projects in the past have faced challenges and technical difficulties
such as the WtE Plant in Teesside, England [Waste Management World
2016].

AlterNRGhas a number of reference plants ranging from24 to274 tons
per day inwhich the largest is the Eco Valley Plant in Utashinai Japan that
was able to operate from 2004 to 2013 processing pre-sorted MSW
[Globalsyngas 2018]. The plant had a power production capacity of 934
kWh per ton with a net electrical efficiency of 18.6% [Panepinto 2014].
Other projects under construction are also reported such as the UTPE
Facility in Thailand with a design capacity of 678 tons per day of
pre-sortedMSW. Plasco Energy has installed a 110 ton per day capacity of
RDF in Ottawa Canada with a power production of 916 kWh per ton
[Arena 2012; Quicker et al., 2015]. The plant was installed in 2008 and
was demolished in 2015 after completing the performance test in
November of 2014 [Plasco Technologies 2017]. Pyrogenesis is also a
promising technology that utilizes a 2-stage plasma configuration up to
100 tons per day capacity. The company has demonstrated a 10.5 metric
ton per day capacity of a mobile and modular PRRS technology for the US
Air Force Special Operations Command in Florida USA in 2010 [Pyro-
genesis 2020; Rao et al., 2010]. The installation has a power production
capacity of around 960 kWh per ton and a capital cost of 704,761USD per
ton/day [Biomassmagazine 2011]. Bellwether Gasification Technologies
has reference plants in China, Bulgaria and Romania processing almost all
calorific waste from a capacity of 83 to 277 tons per day [BWRGas 2017;
Bellwether 2017]. Romania plant has a power production up to 1386 kWh
per ton [Quicker et al., 2015]. Also included in the list is Advance Plasma
Power that had a reference demonstration plant in SwindonUK from2008
to 2017 which claims a net electrical efficiency of 23 to 25% for a power
production of 1000 kWh per ton of RDF [Arena 2012; Efremov et al.,
2019]. Process data fromQuicker et al. shows a 2.5 tonper day throughput
capacity. The company has also started the construction project of a Pilot
BioSNGPlant in 2015with a design capacity of 22 tons per day of RDF and
was reported to resume in November of 2019 [CNGServices 2016; Lets-
recycle 2019]. Other small reference plants by PEAT International, Sca-
nArc, and InEnTec have capacities from 5 to 25 tons per day.

3.5. Summary of waste-to-energy technology options

From the data summary of the supplementary material, the recorded
reference plants have a total capacity of more than 54,580 tons per day of
MSW, from the different thermal conversion technologies. Table 1 below
presents the summary from Table S1 of the supplementary data of proven
reference plants. In terms of capacity under the technological aspect,
grate incineration is still the most mature technology with a range of
capacity from 555 to 4400 tons per day followed by fixed-bed gasifica-
tion of up to 720 tons per day and conventional pyrolysis at 555 tons per
day.

In general, the power production of all types of WtE technologies
raises if RDF is being used instead of unsorted or shredded MSW. Results
show that the rate of power production per ton of feed is highest for the
conventional gasification up to 1730 kWh/ton followed by fluidized bed
combustion and plasma gasification.

In terms of capital cost, pyrolysis has the least cost of up to 276,000
USD per ton/day followed by grate incineration of up to 458,072 USD per
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ton/day. While the cost of investment for fluidized bed combustion is
comparable to conventional gasification with its highest cost more than
600,000 USD per ton/day but as per the record, the lowest range for a
fixed bed gasification can also be as low as 46,457 USD per ton/day.
Plasma gasification is the most expensive hitting over 700,000 USD per
ton/day. Actual data regarding the operational cost of the different
reference plants is limited in the literature but general data regarding
operation cost were found and included. Conventional incineration and
plasma gasification have the lowest range of operation cost from 40 to 70
USD per ton/year and 42–63 USD per ton/year respectively. Conven-
tional gasification and conventional pyrolysis on the other hand cost just
a little higher at 45–85 USD per ton/year and 50–80 per ton/year
respectively [Kumar et al., 2017].

The quality of feed is still a major factor that affects the power pro-
duction and electrical efficiency. Pyrolysis and gasification can process
feedstock from 6 MJ/kg. Incineration on the other hand has reference
plants that handles feedstock below 6 MJ/kg but with a tremendous loss
in power production with some reported failure in operation. Incinera-
tion can handle almost any size of feed while other technologies such
gasification and pyrolysis basically undergo shredding to improve
combustibility. As for the moisture content, incineration technology
should be below 65% as per guidelines while other reference plants in
Table S1 reflects specific data based on their specific locations.

Finally, in terms of environmental impact the conventional inciner-
ation is known for toxic emissions such as dioxin and furans which are
being regulated below standard limits. The additional concern in this
type of technology is the bottom ash and fly ash amounting to 23% of its
total capacity [CCET UNEP 2020]. In contrast, actual certified emissions
data for other types of WtE technology from Arena (2012), UCR 2009 and
updated emission data from Tanigaki et al. (2017) shows that pyrolysis,
gasification and plasma technologies have almost negligible figures in
terms of emission. These technologies also produce slag which can have
useful benefits. But still, some conventional gasification produces treated
fly ash of around 0.85–3%. Moreover, pyrolysis and plasma gasification
technologies can process MSW as power gasifier wherein the cleaned
syngas can be used directly to run a gas turbine or engine having lower
emission levels, higher power production and higher efficiency.

3.6. Multicriteria analysis

The use of the Analytical Hierarchy Process (AHP) was then employed
using this data for incineration, pyrolysis, conventional gasification, and
plasma gasification to determine the ranking of the technologies based on
the presented data in Table S1 and Table 1. Table 2 below shows the
results of the Analytical Hierarchy Process for the following WtE.

The results of AHP based on the presented data in Table 2 shows that
conventional gasification has the highest priority equal to 29.1% followed
by conventional pyrolysis at 28.8% while the 3rd and 4th priorities are
Plasma gasification at 22.9% and Incineration at 19.2% respectively. The
AHP results shown were based on equal level of importance of the main
criteria. The sub criteria on the other handwere ranked accordingly based
on each level of impact under each criterion with an acceptable Consis-
tencyRatio (CR) from0 to5%usingRI equal to the correspondingRandom
Consistency Index (RI) table as per Saaty (1994) and scoring based on the
fundamental scale as per Saaty (2008). Themain criterium in defining the
equal level of importance for the major criteria is that each and every one
of these aspects are equally important based on logical reasoning and
analysis. To be able to assess the specific objective of determining the best
WtE Option, we need these main comparative aspects as key components
needed in which one cannot be more important than the other in terms of
assessing the best WtE as the final product.

Each of the sub criteria under major component or criterion where
then assessed based on the level of impact. Under the technological
aspect, the “capacity” should have the highest impact since we consider
the most mature and widely available technology. Capacity is then fol-
lowed by “Specification” because cleaner, efficient, and well-designed
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technology is reflected by its specification. This is then followed with
“Electrical Efficiency” as the 3rd sub criteria based on impact as a result of
a good specification. And lastly, we have “Power Production” which has
the least impact based on the best WtE Option since it is secondary to the
concept of effective processing of MSW. Under economic aspect, the
impact of the capital cost is equal the operating cost since we cannot
ignore one or say that the other is more important in terms of assessing
economic cost and investment. Under “Quality of Feed” criterion, it is
now self-explanatory that the calorific value is equally important to the
moisture content since they complement each other while the particle
size has the least impact as compared to the other two. Finally, the
environmental aspect reflects “emission” that has more impact than
“residues”.

The results of pairwise comparison for each WtE options under each
sub criteria are shown in Table 3 (Appendix B). Incineration technology
resulted to have the highest priority under capacity criterion which re-
flects its maturity as a technology having huge capacity installations but
gasification on the other hand has the highest priority in terms of the
electrical efficiency, power production, and the calorific value that can be
handled. Pyrolysis on the other hand has the highest importance in terms
of specification due to its efficient configuration, capital cost, emission,
and also residue that reflects it as a cleaner technology.

These priorities in Table 3 are made possible using the data in Table 1
which are used as the governing criterium in scoring the different WtE
technologies under each sub criteria using the methods of AHP as per
Saaty (1994) & Saaty 2008. Each score that led to the overall priorities
under each WtE option such as incineration, pyrolysis, gasification and
plasma gasification reflects the data which can be observed from Table 1.

Table 4 (Appendix B) also shows the pairwise comparison of the sub
criteria for each of the criteria. For the technological aspect, capacity
resulted to have the highest priority followed by specification, electrical
efficiency and power production respectively. Under this criterion, the
results reflect the importance of proven capacity and the plants config-
uration that are the factors that affects efficiency and power generation.
It can also be observed that there is an equal priority for the capital and
operation cost under the economic criterion. The interrelated effects of
moisture content and calorific value also resulted to equal importance
while lower priority for the particle size. Finally, for the environmental
criterion, the emission resulted to have higher importance due to dioxin
and furans. The overall priorities were then computed by getting the
average value of each row to determine the total priority score.

4. Conclusion and recommendation

Based on the discussion, this study summarizes the difference of each
thermal conversion alternative and expects to advance the knowledge
regarding the concrete comparison of each WtE option for proper selec-
tion of suitable technology for MSW. It is the goal of this study to clearly
address the difference of each technology which has become a huge gap
in the literature. From the data and analysis presented in the results and
discussions section we can come up with the conclusion that the “eval-
uation of proven reference plants” is one of the best ways of assessing the
different types of thermal conversion technologies, and therefore a basis
for a good comparative analysis. This is being reflected by the data
summary of the supplementary material done through an extensive re-
view combined with the comparative analysis using multicriteria
assessment and evaluation.

This approach can be a first step in the proper selection of an optimal
waste to energy technology that is applicable to a certain country or
region, in addition to the actual composition and characteristic of MSW.

The following conclusion and recommendation therefore are helpful
guide in the selection regarding the type of thermal conversion
technology.

1. Capacity of WtE in terms of tons per day is one of the major aspects in
the pairwise comparison under the technological aspect followed by
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the right specification, that can produce useful products, and elec-
trical efficiency. The higher capacity of a WtE technology also de-
termines its maturity and readiness level of commercialization. But
the highest capacity technology is not always the most efficient in
terms of other aspects, therefore proper information and selection
should be undertaken to determineWtE options with proven capacity,
higher efficiency, and cleaner production.

2. The economic aspect is also important wherein the capital and
operation cost must be given equal importance. Though the difference
in range for capital cost of WtE option is higher than the difference in
operation cost, which has almost same range for all type of WtE.

3. The actual composition and characteristic of MSW is still the key
factor of a successful operation of waste to energy plants. The data
from the supplementary material shows information regarding the
actual quality of feed of the different reference plants under each type
of thermal conversion technology. This data is a helpful guide to
determine the compatible technology that may be used according to
the composition and characteristic of MSW in a certain location. It is
advisable to handle 6 MJ/kg and above as per the specific data from
Table S1. Standardization of RDF fromMSW as feed can also be useful
to improve the quality which can increase the calorific value; there-
fore, the power production and electrical efficiency will increase.

4. Choosing the best technology for waste management also depends on
the applicability in a certain country or region in addition to its
preparedness in the proper handling of emission and residue. Almost
all of the WtE technology has the acceptable emission limits in terms
of PM, HCl, NOx, Sox, ang Hg, the toxic emissions such as dioxin and
furans formation has the worst impact and therefore carefully moni-
tored and prevented. In terms of emission and residue, pyrolysis so far
has the least emission with negligible dioxin/furans formation and
useful residue such as metal chlorides, slag, sulfur, water, etc. This is
being followed by plasma gasification, both technologies can be
configured as a power gasifier.

5. Incineration is still the most mature technology in terms of capacity
but choosing this technology should have strict requirements of the
quality of feedstock aside from the preparedness for the management
of bottom ash and toxic fly ash for proper landfill disposal aside from
the dioxin and furans formation.

6. Focusing on the purpose of waste minimization and climate change,
pyrolysis and gasification is the better option with a capacity up to
555 and 720 tons per day respectively with comparable (or even
higher) rates of power production than incineration and negligible
amounts of emission. Plasma gasification on the other hand also has
good performance in terms of emission but lacks higher capacity of
reference plants, most reference plants of good capacity run for a long
time but are now non existing as per Table S1. So far, the electricity
required for startup is also challenging making this technology ach-
ieve a lower net electrical efficiency.

7. In case of the selection of waste to energy technology for developing
countries, primary focus on the purpose of waste minimization is
recommended. Therefore, gasification and pyrolysis are better option
instead of incineration given the fact of some of the developing
country’s waste management and landfill disposal problems.
Improvement in waste management and strict implementation is
needed in handling bottom ash and fly ash for landfill disposal. The
present waste management scenario therefore, could cause misman-
agement and more problems for the environment and the citizens.

The best example is the approach done by Japan which was reported
by Ciuta et al. in 2018 that considered small-scale and modular tech-
nology since it is more reliable and proven technology while focusing on
waste minimization as a priority. Furthermore, this approach is reported
to be more economical in terms of capital and operation cost. Considering
that their land area is not enough for landfilling, the waste generated in
their prefecture is being treated within the prefecture.
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