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ARTICLE INFO ABSTRACT

Keywords: Achieving climate goals demands novel system designs that enable the conversion of municipal waste, such as
Novel system design plastic and food waste into energy and fuels with minimal environmental impact. This study proposes an

Sustainable waste management
Waste-to-energy

Plasma gasification

Carbon capture and storage
Economic analysis

innovative multi-energy generation system that integrates plasma gasification for plastic waste and anaerobic
digestion for food waste, coupled with carbon capture and storage (CCS) technologies. This novel conceptual
design aims to maximize energy recovery while reducing lifecycle emissions compared to conventional waste-to-
energy (WtE) pathways. Two novel system configurations were assessed: (1) a combined cooling, heating, and

LCA power (CCHP) system, and (2) a CCHP system integrated with liquid biomethane production. Each configuration
was evaluated under three CCS strategies: no CCS, pre-combustion CCS, and post-combustion CCS. The economic
analysis and life cycle assessment (LCA) highlight the economic and environmental trade-offs of each design.
Specifically, in Scenario 1, the levelized cost of electricity (LCOE) increases from 0.171 USD/kWh (no CCS) to
0.311 and 0.354 USD/kWh while in Scenario 2, the levelized cost of biomethane (LCObM) rises from 0.176 USD/
kWh to 0.314 and 0.374 USD/kWh for pre- and post-combustion CCS, respectively. While CCS raises production
costs, they also represent a tangible commitment to reducing emissions and underscore that transitioning to
cleaner energy systems often entails higher near-term expenditures. Across both scenarios, the levelized cost of
waste treatment (LCOWT) spans 0.081-0.236 USD/kg of waste. Global warming potential (GWP) ranges from
—0.191 to 0.662 kgCO4-eq/kg of feedstock for Scenario 1, and 0.123 to 0.746 kgCO,-eq/kg for Scenario 2. This
work provides the first integrated assessment of such a hybrid WtE system, offering new insights for sustainable
waste valorisation. The proposed novel designs support future detailed engineering studies and inform policy-

making for low-carbon waste management.
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1. Introduction

Effective waste management has become a key target for achieving
sustainability of cities and human settlements, as emphasized in Target
11 of the United Nations Sustainable Development Goals (United Na-
tions: Department of Economic and Social Affairs, 2023). Among various
types of waste, plastic and food waste are the most dominant in almost
all countries (Brahme et al., 2023). Mismanagement of plastic and food
waste can have severe negative impacts on the environment. Plastic
waste is particularly problematic due to its resistance to natural
decomposition. Over time, it can break down into tiny particles, entering
waterways and harming aquatic ecosystems (Lebreton and Andrady,
2019). Similarly, untreated food waste can decompose and release
methane as a potent greenhouse gas into the atmosphere, which can
contribute to climate change (Wei et al., 2024). The increasing popu-
lation exacerbates the issue, leading to higher waste generation. Pro-
jections indicate that global waste generation will reach 2.68 billion
metric tonnes by 2030 (United Nations Environment Programme and
International Solid Waste Association, 2024). These pressing issues
necessitate immediate action to minimize waste and develop novel
methods to convert waste into valuable products.

One effective strategy for addressing these challenges is WtE con-
version, which transforms waste into useable energy, depending on the
type of waste and its calorific value. Among the WTE technologies,
incineration is widely used; however, it poses challenges such as
greenhouse gas emissions and air pollution (United Nations Environ-
ment Programme and International Solid Waste Association, 2024). An
alternative thermal treatment technology is plasma gasification, which
offers a cleaner approach to WtE conversion (Mountouris et al., 2006).

Plasma gasification operates at extremely high temperatures, with
the feedstock exposed to plasma generated by an external heating source
reaching approximately 4000 °C (Minutillo et al., 2009),
(Montiel-Bohorquez et al., 2021). This extreme heat enables the com-
plete breakdown of almost any type of feedstock, whether hazardous or
non-hazardous, into simpler components (Akbarian et al., 2022). It de-
composes tar, char, and dioxins, and melts tar and ash into a glassy slag,
a non-leachable by-product with potential applications in construction
(Jones et al., 2013). The high operating temperature greatly reduces
these impurities, resulting in cleaner syngas (Mountouris et al., 2006).
The low tar content in plasma-derived syngas broadens its potential
applications, enabling advanced conversion processes such as hydrogen
purification, Fischer-Tropsch synthesis, and methanol production,
which are often sensitive to tar and other contaminants (Oliveira et al.,
2022). In contrast, conventional gasification operates at much lower
temperatures (400-850 °C), which are insufficient to fully decompose
feedstock. As a result, conventional gasifiers typically produce syngas
with higher tar and impurity levels, necessitating extensive downstream
cleaning (Mountouris et al., 2006). It also delivers higher energy per-
formance, with electricity generation efficiencies reaching 51 %
compared to 20 % for RDF incineration plants (Oliveira et al., 2022).

Despite these advantages, current limitations include high plasma
torch energy demand, substantial capital investment for industrial-scale
facilities, and accelerated electrode wear under extreme conditions
(Janajreh et al., 2013), (Rutberg et al., 2011), (Fridman, 2008), (Zhou
et al.,, 2023). However, ongoing advances in reactor design, plasma
torch efficiency, and high-durability materials are steadily reducing
these challenges, strengthening its economic viability and operational
reliability (Nagar and Kaushal, 2024). In this study, mixed plastic waste
is utilized as feedstock in plasma gasification. Previous research has
extensively explored the use of plastic waste in plasma gasification (Xu
et al., 2025), (Rutberg et al., 2013), (Cho et al., 2015), (Mallick and
Vairakannu, 2023), (Cudjoe and Zhu, 2024), (Galaly and Dawood,
2023), (Rida Galaly et al., 2024), (Gabbar et al., 2020), (Cudjoe and
Wang, 2022), (Zhao et al., 2023), (Mallick and Prabu, 2022), (Chari
et al., 2023), with studies reporting its conversion into various products
such as syngas (Rutberg et al., 2013), (Cho et al., 2015), (Mallick and
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Vairakannu, 2023), (Cudjoe and Zhu, 2024), pyrolysis oil (Galaly and
Dawood, 2023), (Rida Galaly et al., 2024), electricity (Gabbar et al.,
2020), (Cudjoe and Wang, 2022), hydrogen (Zhao et al., 2023),
hydrogen and electricity (Mallick and Prabu, 2022), (Chari et al., 2023),
and methanol and electricity (Xu et al., 2025). While these studies
demonstrate the versatility of plasma gasification, they predominantly
focus on producing a single output. This highlights a research gap in
exploring multi-output systems, which have the potential to offer sig-
nificant benefits. Multi-output systems can improve energy efficiency,
reduce fuel consumption, and lower greenhouse gas emissions, making
them a promising innovation for sustainable WtE conversion (Soltani,
2019), (Zare, 2020), (Jouhara et al., 2018).

This study not only investigates the utilization of plastic waste but
also examines the potential of converting food waste into energy. By
focusing on the plastic and food wastes, the research targets two of the
most significant waste streams in terms of volume and environmental
impact. However, the high moisture content of food waste, ranging from
70 % to 90 %, makes it unsuitable for gasification (Zhang et al., 2007),
which requires feedstock with a moisture content of 30 % or less (Zhang
et al., 2020). Anaerobic digestion presents a suitable solution as mi-
croorganisms can effectively process high-moisture food waste to pro-
duce biogas (Xu et al., 2018), (Antoniou et al., 2019). Combining plasma
gasification of plastic waste with anaerobic digestion of food waste in an
energy system could enhance resource efficiency. Nonetheless, to the
best of the authors’ knowledge, no previous study has proposed a novel
system design that integrates plasma gasification and anaerobic diges-
tion for diverse energy production, such as CCHP and liquid
biomethane.

Decarbonizing WtE power plants are crucial for achieving the
climate targets set by the International Energy Agency (International
Energy Agency, 2023) and the Intergovernmental Panel on Climate
Change (Calvin et al. et al., 2023). Although plastic waste plasma gasi-
fication offers considerable potential for energy recovery, its integration
with carbon capture and storage (CCS) systems has been scarcely
investigated. To date, only two studies have explored this integration:
one employed a monoethanolamine (MEA)-based post-combustion CCS
system with a 90 % carbon capture rate (Mallick and Prabu, 2022),
while the other examined an MEA-based pre-combustion CCS system
with the same capture rate (Chari et al., 2023). This limited research
highlights a significant knowledge gap regarding CCS integration in
plastic waste plasma gasification. Further investigations are required to
assess the feasibility, performance, and environmental implications of
CCS deployment in this context. Moreover, existing studies have only
examined individual CCS configurations (either pre- or post-combustion
CCS) which limits insights into their comparative effectiveness. Conse-
quently, a comprehensive study that evaluates both pre- and
post-combustion CCS integration within a single system is essential for
identifying the most efficient approach. Additionally, both studies
adopted a 90 % carbon capture rate, despite recent advancements
enabling capture efficiencies of up to 95 %. Evaluating CCS performance
at a 95 % capture fraction is important to minimize residual emissions
and provide deep decarbonisation of WtE systems.

The authors have previously examined the technical performance of
a multi-energy output generation system that integrates plastic waste
plasma gasification and food waste anaerobic digestion with CCS
(Arifianti et al., 2025). However, to comprehensively assess the system’s
feasibility, a detailed economic analysis and LCA are essential. These
evaluations are crucial for determining the system’s economic viability,
confirming its potential to reduce carbon emissions, and providing
valuable insights for policymakers.

Despite their importance, comprehensive evaluations that combine
economic analysis and LCA remain limited in the existing literature
which highlights a significant knowledge gap. To address this, the cur-
rent study builds on the established technical data to present a detailed
economic analysis and LCA investigation for the production of multiple
energy outputs across various scenarios and process configurations. The
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analysis considers two scenarios: one focusing on CCHP production, and
another involving both CCHP and liquid biomethane production. Each
scenario includes three cases: a baseline case without CCS integration, a
case with a pre-combustion CCS system (referred to as "w/pre-CCS"),
and a case with a post-combustion CCS system (referred to as "w/post-
CCS"). The results from this study contribute to advancing the under-
standing of innovative, low-emission system designs for WtE
applications.

2. Methodology
2.1. System description

Feedstock is sourced from the 37-ha Benowo landfill in Surabaya,
Indonesia’s second-largest city. The system processes mixed waste,
approximately 74 wt % food waste and 26 wt % plastic, at feed rates of
13 kg/s (46 MWy,) for food waste and 5 kg/s (184 MWy,) for plastic,
respectively. The WtE system was designed to generate multiple valu-
able outputs, including electricity, cooling, heating, and liquid fuel,
while also meeting the internal heat and electricity demands for system
operation. Additionally, the system generates useful by-products, such
as slag from plasma gasification, which can be repurposed as construc-
tion material, and digestate from anaerobic digestion, which can be used
as fertilizer.

The entire process was modeled in Aspen Plus (see (Arifianti et al.,
2025) for full technical details). Mixed plastic waste, chosen for its low
moisture content, is first crushed and fed into a plasma gasifier operating
at 2500 °C, with air and steam as gasifying agents. A plasma torch heats
the incoming air to 4000 °C, supplying the thermal energy required; this
torch is powered by electricity generated on-site. The raw syngas leaving
the gasifier has a molar composition of 42.6 % Hs, 24 % CO, 1.4 % CO
while slag is produced at a rate of 0.66 kg/s.

Food waste, by contrast, contains 76 % moisture and is thus routed to
a mesophilic anaerobic digester at 38 °C, producing biogas composed of
47.5 % CHy and 43.4 % CO3 (molar) and generates digestate “fertilizer”
at 15.95 kg/s. In the baseline case, the heating demand required to
maintain the operating temperature of the AD process is met by recov-
ering heat from the raw syngas and the flue gas. In contrast, for the
scenario incorporating CCS, the heating requirement is fulfilled by uti-
lizing heat recovered from the vapor stream exiting the stripper in the
CCS plant, prior to the reflux condenser.

Two scenarios are explored in this study. In Scenario 1, syngas and
biogas are utilized as fuels in the combined cycle gas turbine (CCGT) to
generate electricity, as illustrated in Fig. 1. The heat recovered from the
flue gas of the CCGT is then used in an absorption refrigeration cooler
(ARC) to provide residential cooling, while the remaining waste heat is
applied to fish drying industries. Scenario 1 is referred to as a CCHP
production system. Meanwhile, in Scenario 2, only syngas is used as fuel
in the CCGT, while the biogas is converted into liquid biomethane
through a water scrubber (WS) and methane liquefier (ML), as shown in
Fig. 2. Scenario 2 is referred to as a CCHP and liquid biomethane pro-
duction system. Both Figs. 1 and 2 outline the system boundaries for the
economic analysis and LCA conducted in this study.

Each scenario includes three cases: a baseline case without CCS
integration, a case integrated with pre-combustion CCS (w/pre-CCS),
and a case integrated with post-combustion CCS (w/post-CCS). In the w/
pre-CCS case, a WGSR is installed after the PG, and the CCS plant is
positioned between the WGSR and the CCGT. To facilitate the WGSR
reaction, 10 % of the raw syngas is extracted and burned to generate
steam for the process. The water gas shift (WGS) process is carried out in
two stages to maximize CO conversion: first, at 450 °C in a high-
temperature WGSR (HTWGSR) using a Fe—Cr catalyst, and second, at
200 °C in a low-temperature WGSR (LTWGSR) employing a CuO/ZnO/
Al;O3 catalyst. To lower the temperature of the stream between the
HTWGSR and LTWGSR, as well as the stream exiting the LTWGSR prior
to entering the CCS plant, heat is recovered and used to generate low-
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Fig. 2. System boundaries and configurations for Scenario 2 (products: CCHP, and liquid fuel) with three different cases: (a) baseline, (b) w/pre-CCS, (c) w/post CCS.

pressure (LP) steam, which can subsequently be utilized for heating the
stripper in the CCS system.

The syngas exiting the WGSR, now enriched with COy, is directed to
the pre-CCS plant, where CO; is captured at a rate of 95 %. In Scenario 1,
the syngas is first blended with biogas before entering the CCS plant,
whereas in Scenario 2, only syngas is used as the input stream. The
chemical solvent employed is MEA at a concentration of 35 wt%. The

CCS plant comprises two main components: an absorber and a stripper.
The feed gas enters at the bottom of the absorber column, where it is
contacted counter currently with the MEA solution sprayed from the top.
The column packing is designed to operate below the 80 % flooding limit
to ensure stable and efficient mass transfer. Within the absorber, CO5 is
absorbed into the MEA, forming a CO-rich solvent, while the cleaned
gas exits at the top. The COs-rich solvent is then directed to the stripper,
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where it is heated using LP steam generated within the system to release
the absorbed CO,. Once the CO; is removed, the regenerated lean sol-
vent is recycled back to the absorber. The CO; stream exiting the stripper
is cooled to condense water and separate vapor components. The puri-
fied CO, is then compressed to supercritical conditions and further
cooled to a liquid state for transport and storage in deep geological
formations.

Afterwards, the clean gas, containing minimal COs, is used as fuel in
the CCGT. In the gas turbine (GT) cycle, the required air flow rate for
combustion is determined to ensure the turbine exhaust reaches
1350 °C. This high-temperature exhaust gas drives the gas turbine to
generate electricity. The residual thermal energy in the exhaust is then
recovered in the heat recovery steam generator (HRSG) of the steam
turbine (ST) cycle. To maximize power output, the steam cycle operates
with three pressure levels: high-pressure (HP), intermediate-pressure
(IP), and LP steam. The LP steam is split into two streams: one
directed to the LP turbine, and the other supplied to the CCS plant to
meet the reboiler heat duty in the stripper. After passing through the
HRSG, the exhaust gas flows into the ARC for further heat recovery.

In the ARC, the working fluid is a mixture of lithium bromide and
water (LiBr-H0). Lithium bromide serves as the absorbent, enabling
water to evaporate at low temperatures by maintaining low system
pressure. The primary components of the system include the evaporator,
absorber, generator, condenser, throttling devices, and a solution pump.
Waste heat from the exhaust gas is utilized in the generator, where it
heats the working fluid, causing the separation of water vapor from the
LiBr solution. The water vapor then flows to the condenser, where it is
cooled and condensed into liquid water. This liquid refrigerant is
throttled and directed to the evaporator, where it absorbs heat from the
surroundings, producing the cooling effect. The resulting water vapor is
drawn into the absorber and absorbed by the concentrated LiBr solution,
forming a dilute solution that is pumped back to the generator to com-
plete the cycle. The residual heat in the flue gas exiting the ARC is
subsequently used as a thermal source for fish drying in local industries.

In the w/post-CCS case, the CCS plant is positioned downstream of
the ARC to recover waste heat from the CCGT flue gas. The cooled flue
gas is then directed to the post-CCS plant, where CO> is captured before
the remaining gas is released into the atmosphere. The overall process in
the post-CCS plant closely resembles that of the w/pre-CCS case, but
with a few notable distinctions. First, the absorber column in the post-
CCS configuration features a larger packing diameter to accommodate
the higher volumetric flow rate of flue gas, which helps prevent flooding
and ensures effective mass transfer. Second, the lean and rich solvent
loadings in the post-CCS system are slightly lower than in the pre-CCS
system, reflecting the lower CO2 concentration in the flue gas
compared to the gas streams in Scenario 1 (mixed syngas and biogas)
and Scenario 2 (syngas only). For clarity, components that are unique to
the w/pre-CCS and w/post-CCS configurations are highlighted using
grey blocks in the system diagrams.

In Scenario 2, where biogas is upgraded to liquid biomethane, a
water scrubber and a methane liquefaction system are employed. The
water scrubber operates under high pressure and low temperature
conditions to enhance the solubility of CO, in water, thereby improving
CO5 removal efficiency. The main components of the water scrubbing
system include compressors, absorbers, strippers, pumps, and heat ex-
changers. After treatment in the scrubber, the methane concentration in
the biogas can reach up to 97.7 %. The upgraded biogas is then directed
to a multistage compressor, where its pressure is increased to 200 bar in
preparation for liquefaction. In the liquefaction stage, the HP gas is
cooled and subsequently expanded to achieve the low temperatures
necessary for methane condensation and liquefaction. The flow diagram
and operating conditions of each component used in both scenarios are
provided in reference (Arifianti et al., 2025).
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2.2. Technical details

Table 1 summarizes the process model results, including energy
generation, CO4 capture, and overall system efficiency, based on the
authors’ previous work (Arifianti et al., 2025). Detailed operating con-
ditions for all components are provided in Supplementary Information
Section S.1. The process efficiencies in this study are calculated based
on detailed energy and exergy balances, following the methodology
described in (Arifianti et al., 2025). The total energy input consists of the
chemical energy contained in the feedstock: mixed plastic waste and
food waste. Specifically, the energy content of the plastic waste and food
waste feedstocks is quantified using their lower heating values and mass
flow rates.

The useful energy outputs include electricity generated by the CCGT,
thermal energy in the form of heating and cooling delivered by the ARC
and other heat recovery systems, and, in Scenario 2, liquid biomethane
produced from upgraded biogas. Energy efficiency is calculated as the
ratio of the sum of all useful energy outputs (CCHP, and liquid fuel) to
the total energy input from the feedstocks. Exergy efficiency considers
the quality and work potential of the energy inputs and outputs by
comparing the chemical exergy of the feedstock inputs to the exergy of
the useful energy products.

These technical data form the foundation for the economic and life
cycle assessments presented in subsequent sections. The results provide
a comprehensive overview of system performance across different sce-
narios and configurations, highlighting key metrics such as energy
output, carbon capture rates, and conversion efficiencies. The following
sections offer a detailed analysis of these technical aspects to support the
ensuing economic and environmental evaluations.

2.3. Economic evaluation

The primary objective of the economic evaluation is to determine the
levelized cost of electricity (LCOE) for each case in Scenario 1, where
electricity is the main product, while cooling and heating are the co-
products and the levelized cost of liquid biomethane (LCObM) for
each case in Scenario 2, where liquid biomethane is the main product.
Additionally, the levelized cost of waste treated (LCOWT) is determined
for each case in both scenarios. A discounted cash flow analysis (DCFA)
is performed to calculate these costs for net present value (NPV) = 0 or
for an internal rate of return (IRR) = discount rate (iz) based on various
financial assumptions detailed in Table 2. The basis of the DCFA model is
defined by the equation:

n=20
CF,
=0 (Eq. 1)
; (1+IRR)
CF,=Py(1—t)+Dyt (Eq. 2)

where CF, represents the after-tax cash flow for each year, n is the
number of years, P, denotes gross profits, t is the tax rate, and D, refers
to the depreciation of plant assets, assumed to occur over 10 years of
operation.

Gross profit is calculated by monetizing the useful energy outputs of
the system, which include electricity, cooling, heating, and liquid bio-
methane. For electricity, cooling, and heating, the exergy content is used
to capture the quality and usefulness of these energy forms, reflecting
their economic value more accurately than raw energy content. How-
ever, for liquid biomethane, the calculation is based on its energy con-
tent rather than exergy. This is because market prices are generally tied
to energy content. Using energy content for liquid biomethane aligns the
economic assessment with market valuation practices and ensures
consistency with fuel pricing.

The gross profit calculation varies by scenario which depends on the
main product. For example, in Scenario 1, where the electricity is the
main product, the selling price of the co-products (cooling and heating)
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First 12 months’ expenditures

Next 12 months’ expenditures

Last 12 months’ expenditures
Depreciation method

Depreciation period

Working capital

Electricity market price (Siahaan, 2025)

Liquid natural gas (LNG) market price (Index Mundi, 2023)

Vitrified slag price (Li et al., 2023)
Indonesia’s tipping fee (Erfinanto, 2024)
Indonesia’s carbon credit price (Revanda, 2025)

10 % of FCI

50 % of FCI

40 % of FCI
Straight line

10 years

5 % of FCI

0.105 USD/kWh
0.049 USD/kWh
53.78 USD/tonne
14.02 USD/tonne
8.9 USD/tonne CO,

follows the electricity market price (refer to Table 2). In Scenario 2,
where the liquid biomethane is the main product, the selling price of the
co-products (electricity, cooling and heating) follows the electricity
market price. The corresponding gross profit equations are presented in
Equations (3) and (4).

Table 1

Summary of process model results for Scenarios 1 and 2 across different CCS configurations (Arifianti et al., 2025).
Parameters SCENARIO 1 SCENARIO 2 Unit

Baseline W/PRE-CCS W/POST-CCS Baseline W/PRE-CCS W/POST-CCS

General operating conditions
Air required in PG 10.10 kg/s
Steam required in PG 4 kg/s
Steam to CO ratio in WGSR N/A 1.66 N/A N/A 1.66 N/A -
Cooling water 49.11 43.19 36.07 41.39 36.07 32.14 kg/s
CO,, captured N/A 12.16 16.33 N/A 10.05 11.92 kg/s
Heat and power demand within the system
Power for grinder and torch in PG 45.39 MW
Heat for AD 4.43 MW
Heat for stripper in CCS plant N/A 40.29 58.18 N/A 34.30 42.90 MW
Power for compressors and pumps in CCS plant N/A 4.40 7.60 N/A 3.70 5.80 MW
Power for compressors and pump in WS N/A 1.49 MW
Power for compressor in ML N/A 5.24 MW
Production
Electricity 85.67 60.77 64.65 53.08 29.76 37.86 MW
Cooling energy 4.04 3.51 4.04 3.27 2.72 3.27 MW
Heating energy 17.29 27.87 26.84 13.99 25.62 17.12 MW
Liquid biomethane energy N/A 43.26 43.26 43.26 MW
Process efficiency
Overall energy efficiency 46.57 40.10 41.58 49.44 4411 44.18 %
Overall exergy efficiency 35.55 25.92 27.70 41.20 32.22 35.70 %

Table 2

Parameters for conducting the DCFA.
Parameter Description where W, is net electricity (in kWh), $cooting and Speqing are equal to
Location Indonesia electricity market price ($¢c;) shown in Table 2, Exmol,—ng and Exheaﬁ,,g are
Plant life 20 years the cooling and heating exergy (in kWh), respectively, COP,o5r Was
Currency UsD assumed to be 3.45 (Ratchawang et al., 2022), COPpeqer Was assumed to
Base year 2023 be 1. $44, and my;, are the price of slag shown in Table 2 and mass flow
Plant capacity 230 MWy, of feedstock + “slag . stag . )
Discount rate 10 % rate of slag (in tonne/h), respectively. mypy and LHV gy are the mass
Tax rate 30 % flow rate (in kg/s) and lower heating value of liquid biomethane (in
Construction period 3 years

kJ/kg), respectively. The tipping fee (Suping) follows the Indonesian
waste tipping fee of 14.02 USD/tonne (Erfinanto, 2024), with myqge
representing the total waste processed. The carbon credit price
($carbon credic) is based on the Indonesian market at 8.9 USD/tonne CO5
(Revanda, 2025). The capacity factor (Cf) and OPEX correspond to a
process plant operating 8000 h per year.

In addition, to calculate the LCOWT, the main product and co-
product was assumed to be same as their market price, thus the gross
profit equation for LCOWT calculation (Pn,wt) for Scenario 1 and 2 can
be seen in Equations (5) and (6), respectively.

. EX i EX}, i . . .
Pn.Scl = (LCOE X Welec + $cooling X — e + $heating X ﬂ"‘ $slag X Myjqg + $tipping X Myyaste + $carbun credit X Meaprured COZ) X Cf x 8000 — OPEXH (Eq 3)
COP, cooler COPheater
o . H Excaoling Exheating . . .
P, nSc2 = LCObM x Mgy X LH VLBM + $elec X Welec + $cuoling X W + $heating X W + $slag X Mgiag + $tipping X Myaste + $carbon credit X Meaptured CO,
cooler eater

x Cr x 8000 — OPEX,

(Eq.- 9
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Table 3
The approach for estimating the CAPEX (Michailos et al., 2020), (Coppitters
et al., 2021).

Expenses Cost factor

A. Installed direct costs (IDC)

(1) Total PEC 1.00 x PEC
(2) Purchased equipment installation 0.39 x PEC
(3) Instrumentation and controls 0.26 x PEC
(4) Piping 0.31 x PEC
(5) Electrical systems 0.10 x PEC
B. Non-installed direct costs (NIDC)
(1) Buildings 0.55 x PEC
(2) Yard improvements 0.12 x PEC
(3) Land 0.06 x PEC
C. Total direct costs (TDC) IDC + NIDC
D. Indirect costs (IC) 0.255 x PEC
E. Fixed capital investment (FCI) TDC + IC
F. Start-up costs 0.05 x FCI
G. Interest during construction Estimated
H. Total capital requirement (TCR)/CAPEX E+F+G
1. Working capital (WC) 0.05 x FCI
J. Annualised CAPEX (ACAPEX) CAPEX x ( ig x (1+ i‘?)n")
-1+ (1+1iq)
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Table 5

Chosen parameters for the sensitivity and uncertainty analysis.
Parameter Low value Nominal High value Unit
Economic assessment
PEC GT 70 100 150 %
PEC CCS 70 100 150 %
Carbon T&S 10.22 24.27 39.60 USD/tonne
Discount rate 8 10 12 %
Tax rate 0 30 40 %
Tipping fee 80 100 120 %
Carbon credit 80 100 120 %

approach, the cost of each component is represented as a fraction of the
total purchased equipment cost (PEC), as detailed in Table 3. The capital
cost contribution of each component is calculated by multiplying the
total PEC by its corresponding factor. These factors are typically derived
from historical cost data of comparable processes to ensure accuracy
(‘Capital Cost Estimating, 2013).

The estimation of PEC was carried out by utilizing the Aspen Plus
economic evaluation software in conjunction with the baseline cost
equation derived from prior research studies. Aspen Plus was used to

. . EX Lis Exh i . . .
P, nwtscl = (LCOWT X Myygste + $e1ec X Wetee + $cooling X - + $heaﬂ'ng X e + $xlag X Mlag + $lipping X Myyqste + $mrbgn credit X Meaptured (;02) X Cf x 8000
COP, cooler COP, heater
— OPEX,
(Eq. 5)
. . H Excouling Exheating . .
Pn,wt,scz = [ LCOWT x Myyaste + $LNG X My X LHVLBM + $elec X Welec + $cooling X+ $heating X ———+ $slag X mslag + $n’pping X Myaste
COP, cooler COP, heater (E q 6)

+ $carbon credit X mcaptured COz) X Cf x 8000 — OPEX,[

Where $.nc is the liquid natural gas market price, as shown in Table 2.

To calculate the LCOWT, LCOE, and LCObM, two key metrics,
namely capital expenditure (CAPEX) and operating expenditure (OPEX),
need to be determined. The calculation of CAPEX involves the utilization
of a methodology referred to as the bottom-up approach. In this

calculate PEC for standard process items (e.g., condensers, evaporators,
and pumps; see Table S3 in the Supplementary Information for
detailed values). Nevertheless, for equipment involving complex simu-
lation models, such as PG, AD, WGSR, and the CCS plant, the Aspen Plus
database has certain limitations. To address this, baseline price

Table 4
PEC at base capacity, PEC formulation and year of reference.
Equipment Base cost [MM USD]  Base capacity  Unit Scaling factor =~ Base year  Ref. CEPCI
Crusher 2 2000 ton/day (dry feed mass flow) 0.72 2007 Dimitriou et al. (2018) 525.4
Drier 19.3 2000 ton/day (dry feed mass flow) 0.72 2007 Dimitriou et al. (2018) 525.4
Plasma gasifier 78 39.2 kg/s (feed mass flow) 0.67 2021 Chen et al. (2022) 708.8
Substrate heater 0.693 13,149 m? (heat transfer area) 0.68 2014 Han and Sun (2020) 576.1
Anaerobic digester 0.455 727.21 m? (feed volume flow) 1 2017 Lin et al. (2019) 567.5
Desorber 0.0175 100 m? (heat transfer area) 0.6 2000 Alelyani et al. (2017) 394.1
Absorber 0.0165 100 m? (heat transfer area) 0.6 2000 Alelyani et al. (2017) 394.1
Solution heat exchanger 0.012 100 m? (heat transfer area) 0.6 2000 Alelyani et al. (2017) 394.1
WGSR 3.77 150 kg/s (total gas feed) 0.67 2014 Albrecht et al. (2017) 576.1
Burner” 2.14 20 MW (heat duty) 0.83 2014 Albrecht et al. (2017) 576.1
Cooling tower 3.99 4530.3 kg/s (feed mass flow) 0.78 2014 Onel et al. (2015) 576.1
Heat exchanger 0.8 8372 m? (heat transfer area) 0.68 2014 Han and Sun (2020) 576.1
Air compressor (AC) PECac — 71.1mac (PAC""“)ln (M) 0.7° 1994 Wang et al. (2021) 368.1
0.9 = 11ac \ Paciin Pacin

Here, muc denotes the mass flow rate through the AC, 1, represents its

isentropic efficiency, and Pacin and Pac our are the fluid pressures at the air

compressor’s inlet and outlet, respectively.
CCS plant The PEC of all components (compressors, pumps, heat exchangers, columns) ~ 0.7° 2022 Mullen and Lucquiaud (2024) 816

in the CCS plant is estimated using the financial calculations provided in the
referenced study

@ The burner combusts a 10 % of raw syngas and generates heat to supply steam required for the WGSR process.
b The scale factor value (0.7) is taken from Reference (Albrecht et al., 2017).
¢ The scale factor value (0.7) is taken from Reference (Yang et al., 2021).
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equations from previous studies were used, as shown in Table 4. To
account for the changes in the equipment capacity and the year of the
economic analysis between the current study and the referenced one,
Equation (7) was used.

S f ICLLYTE'[[’
C=Co = ~eurrent
0<50> X( Iy >

where C represents the cost of the unit while it is operating at its actual
capacity (S). Co denotes the base cost of the unit at a given base size or
capacity (Sp). The scaling capacity factor, denoted as f, varies depending
on the type of process equipment. Ioren: and Ip are the indexes taken
from the Chemical Engineering Plant Cost Index (CEPCI) for the year of
the current study and the year of the referenced base cost from the
literature, respectively.

Alongside CAPEX, OPEX comprises any ongoing costs related to
normal operations of a plant. OPEX is defined by the sum of the fixed
operating and maintenance costs (FOM) and variable operating costs
(VC). The detailed methodology and assumptions used to calculate
OPEX are provided in the Supplementary Information (Section S.2).

(Eq. 7)

2.4. Sensitivity and uncertainty analysis for the economic investigation

Sensitivity and uncertainty analyses are conducted to ensure con-
sistency and reliability of the economic evaluation which assists in
identifying the most influential input parameters affecting the estimated
indicators. A local sensitivity analysis is performed by varying one
parameter at a time while keeping all other parameters constant. Table 5
provides a summary of the independent variables along with their
respective lower and upper bounds. These parameters were chosen due
to their significant levels of uncertainty. The low and high ranges for
PEC were derived from the classification guidelines of AACE Interna-
tional, which apply to plants with low maturity levels, such as WtE
process plants (Bates et al., 2005). Specifically, the PEC values were
assumed to vary between —30 % and +50 %.

The low, median, and high estimates for CO5 transportation and
storage costs are based on the 2016 UK Department of Energy and
Climate Change report (DECC, 2016), since Indonesia has not yet
implemented CCS technology, with its first CCS project targeted for
operation in 2030 (Limanseto, 2025). Other parameters are aligned with
typical market-relevant factors, such as tax rates and discount rates
(Michailos et al., 2020). The tax rate ranges from a minimum of 0 %,
accounting for potential tax exemptions, to a maximum of 40 %. The
discount rate reflects project investment risk, with a lower bound of 8 %
and an upper bound of 12 %. Tipping fee and carbon credit prices are
based on Indonesian median values, with +£20 % variation applied
following previous studies on investment incentives for plasma gasifi-
cation combined cycle power plants utilizing municipal solid waste
(MSW) (Montiel-Bohérquez et al., 2022).

To assess the combined impact of variations in uncertain parameters
on the LCOE, LCObM, and LCOWT, a well-known statistical method,
such as Monte Carlo simulation, is employed. The input parameters and
their respective value ranges, which reflect plausible variability based
on literature and current market conditions, are detailed in Table 5.
Using Matlab, 10,000 simulation trials were performed, each randomly
sampling values within these specified ranges according to predefined
distributions.

This extensive sampling allowed for the generation of probability
distribution curves for LCOE, LCObM, and LCOWT, from which 95 %
confidence intervals (CI) were determined. These CI provide a robust
measure of uncertainty around the mean cost estimates. Furthermore,
key statistical metrics, including the mean, median, and standard devi-
ation (STD), were computed from the simulation results to summarize
the central tendency and variability of the cost outcomes.
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2.5. Environmental evaluation

The environmental impacts of the proposed waste treatment sce-
narios are quantified using a cradle-to-gate approach, in accordance
with International Organization for Standardization (ISO) 14040 stan-
dards. The assessment excludes the distribution, usage, and final
disposal stages. The LCA was conducted using the SimaPro V.9 software
and followed a standardized four-step process: goal and scope definition,
inventory analysis, impact assessment, and interpretation. The analysis
was based on the system boundaries defined in Figs. 1 and 2, focusing on
input and output flows while excluding the detailed modelling of in-
ternal processes.

2.5.1. Goal and scope definition, functional unit

The goal of this LCA study is to evaluate and compare the environ-
mental sustainability of converting municipal waste (plastic and food
waste) into CCHP production in Scenario 1 and CCHP combined with
liquid biomethane production in Scenario 2, including their three
respective cases. In an LCA study, selecting the functional unit (FU) is
critical, as it significantly influences the outcomes and must align with
the study’s goal and scope. For this study, the chosen FUs are 1 kg of
waste, comprising 74 % food waste and 26 % plastic waste. The analysis
assumes a plant lifespan of 20 years.

2.5.2. Life cycle inventory (LCI)

Two primary sources were utilized to construct the LCI for this study.
The first source comprises mass and energy balances derived from
process modelling conducted in Aspen Plus. This dataset includes stan-
dardized values for converting primary raw materials into CCHP and
liquid biomethane, measured per kilogram of plastic and food waste. It
also encompasses data on a wide range of pollutants and waste streams
generated during the conversion process.

The second data source is the "Ecoinvent-3" database, which provides
comprehensive inventories accessible through the SimaPro tool. The
system model "allocation, cut-off by classification system" method is
used. The implementation of Scenarios 1 and 2 is planned for Indonesia;
therefore, Indonesia-specific LCI data is prioritized. However, if such
data is unavailable, the "Rest of the World" databases were used as
alternatives.

For the current assessment, the inventory for infrastructure con-
struction relies on existing data from the Ecoinvent database. The esti-
mation of inventory requirements for newly constructed infrastructure is
determined using the six-tenths factor rule, as represented in the
following equation (Cuéllar-Franca et al., 2019), (Fernanda Rojas
Michaga et al., 2022).

k
CPP2> Eq. 8

1P, =1pP, <CPP
1

In this equation, IP; represents the capacity proportion of the orig-
inal Ecoinvent process plant, while IP, denotes the capacity proportion
required for the equivalent process in the observed system. CPP; and
CPP, refer to the capacities of the original Ecoinvent process plant and
the observed system. The parameter k is the scaling factor, typically set
to 0.6 (Cuéllar-Franca et al., 2019), which accounts for the non-linear
relationship between capacity and proportional requirements.

2.5.3. Life cycle impact assessment (LCIA)

In this study, the LCIA was conducted using the ReCiPe 2016
midpoint (H) method. The midpoint approach provides a detailed un-
derstanding of emissions distribution across various stages of energy
production by calculating 18 midpoint impact categories. Since the
system involves two distinct types of carbon waste, fossil origin waste
(plastic waste) and biogenic origin waste (food waste), it is necessary to
differentiate between these sources when calculating carbon emissions.
This is achieved by determining the ratio of biogenic carbon in biogas
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from food waste to fossil carbon in syngas from plastic waste. This ratio
helps identify the contributions of biogenic carbon and fossil carbon to
overall emissions. Thus, in the inventory under the "Emissions to air"
category, carbon emissions are classified as "Carbon dioxide, fossil"
"Carbon dioxide, biogenic" "Carbon monoxide, fossil" and "Carbon
monoxide, biogenic."

For cases involving CCS plants, captured biogenic COj is considered
as 'negative emission," with a characterization factor of minus one under
"Carbon dioxide" in the "Emissions to air" category. However, in the
observed system, the captured CO is not entirely biogenic. In Scenario
1, there is a mixture of captured biogenic and fossil CO9, while Scenario
2 involves fully captured fossil CO,. For the mixed case in Scenario 1, the
previously determined ratio is used to calculate the amount of captured
biogenic carbon. For example, if the captured biogenic carbon ratio is
0.27, the characterization factor becomes minus 0.27. Conversely, for
cases with fully captured fossil CO», the characterization factor is set to
zero.

When the investigated system generates a variety of products, the
allocation technique must be implemented to distribute LCI data and
environmental impact (Chen et al., 2019), (Ekvall and Finnveden,
2001). The allocation approach involves the assignment of emissions to
products in accordance with their flow characteristics, which may
include the mass, energy, or carbon content, or the economic value of
those products (Von Der Assen et al., 2013). While all the products in
both scenarios are associated with some type of energy, the quality of
energy varies, resulting in unequal work potential for various outputs
(Jana and De, 2016). Thus, this study employs an allocation method
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Fig. 3. Contribution of each component to the total PEC for (a) Scenario 1 and
(b) Scenario 2.
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Table 6
CAPEX and annualised CAPEX (ACAPEX) for scenario 1 and scenario 2.
Parameters Scenario 1 Scenario 2
Baseline ~ W/pre- w/ Baseline ~ W/pre- W/
CCS post- CCS post-
CCS CCs
CAPEX 635.52 767.00 935.32 575.67 685.76 827.40
(MMUSD)
ACAPEX 74.65 90.09 109.86 67.62 80.55 97.19
(MMUSD)

based on the exergy value of the product. Similar allocation can be found
in prior studies, such as (Diaz-Ramirez et al., 2023), (Bhering Trindade
et al., 2021), (Choi et al., 2022).

2.6. Limitation of the study

It is important to acknowledge that the uncertainty analysis in this
study was focused on the economic evaluation, specifically on the LCOE,
LCObM, and LCOWT. This focus reflects the practical and immediate
importance of economic variability for decision-making in WtE projects.
Uncertainties related to the Aspen Plus process model, including feed-
stock composition, operating conditions, and reaction kinetics, require
detailed data and extensive computational resources to analyze thor-
oughly. Such process-level uncertainty analyses are complex and often
conducted in subsequent research stages.

By addressing economic uncertainties initially, this study provides
valuable insights into the financial robustness of the proposed system.
Future work will integrate process model uncertainties alongside eco-
nomic uncertainties to offer a more comprehensive evaluation of system
performance and sustainability.

3. Result and discussion
3.1. Economic performance

3.1.1. LCOE, LCObM, and LCOWT

Fig. 3a and b illustrate the PEC breakdown for Scenarios 1 and 2,
respectively. The total PEC for Scenario 1 ranges from 194 to 287
MMUSD, while for Scenario 2, it ranges from 176 to 254 MMUSD
depending on the adopted case. From the figures, the GT power plant
represents the most significant cost component across all cases, pri-
marily due to the high price of the gas turbine. This is followed by the PG
in the baseline cases of both scenarios. These findings align with pre-
vious studies by Aich et al. (2024) and Tang et al. (2023), which re-
ported that the investment cost of a PG is lower than that of the power
generation unit.

Meanwhile, in the cases involving CCS plants, the CCS plant emerges
as the second most significant cost component after the GT power plant.
This observation is consistent with prior studies on the integrated gasi-
fication combined cycles with CO, capture (Ghiat et al., 2020), (Zang
et al., 2018). Furthermore, the cost of the CCS plant in the pre-CCS case
is lower than in the post-CCS case, due to the smaller amount of feed gas
processed. The PEC directly influences CAPEX, which is calculated based
on the methodology outlined in Table 3. As observed in Table 6, Sce-
nario 1 incurs a higher CAPEX than Scenario 2. Across all cases, the
baseline configuration has the lowest CAPEX, followed by the pre-CCS
case, while the post-CCS case exhibits the highest CAPEX.

Fig. 4a and b present the OPEX breakdown for Scenarios 1 and 2,
respectively, along with their estimated total OPEX. For Scenario 1, the
total OPEX ranges from 27 to 54 MMUSD/year, whereas for Scenario 2,
it ranges from 25 to 46 MMUSD/year depending on the adopted case. In
both scenarios, the post-CCS case has the highest OPEX, while the
baseline case has the lowest. The higher OPEX in CCS cases compared to
the baseline case is primarily due to significant variable costs associated
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Fig. 4. OPEX breakdown for (a) Scenario 1 and (b) Scenario 2.
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Fig. 6. LCObM comparison for Scenario 2: baseline, pre-CCS, and post-CCS

cases, with the literature value (Index Mundi, 2023), (Capra et al., 2019).
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with carbon transport and storage (carbon T&S).

In terms of the OPEX distribution, "maintenance labour and mate-
rials" account for the largest percentage in both scenarios. In the baseline
cases, the second-largest component is "insurance, tax, and financing
WC", while in the CCS cases, the second-largest cost is attributed to
Carbon T&S. It is worth mentioning that OPEX excludes both feedstock
costs, which are free, and feedstock transportation costs since the pro-
posed system is located at the landfill site. Comparing the ACAPEX
values from Table 6 with the OPEX indicates that annual CAPEX exceeds
OPEX, which signifies that the financial structure of the current system is
more CAPEX-driven.

Fig. 5 presents a comparison of the LCOE in Scenario 1 with values
reported in the literature (Montiel-Bohorquez et al., 2022). The refer-
ence study describes an integrated plasma gasification combined cycle
power plant comprising a PG, fabric filter, wet scrubber, COS-hydrolysis
unit, HpS removal, sour water treatment systems, and a CCGT. The LCOE
values used for comparison are from the baseline case in the reference
study, where no incentives, such as waste treatment fees, are applied.
This approach ensures a consistent basis for evaluation.

Despite the absence of incentives, the LCOE reported in the literature
remains significantly lower than those in all cases of Scenario 1,
particularly in configurations involving CCS. The specific capital cost in
the reference study is approximately 298,543 USD per tonne of MSW
processed per day (Montiel-Bohorquez et al., 2022), whereas in the
current study it ranges from 387,705 to 570,625 USD per tonne of MSW.
This substantial difference can be attributed to several factors. Firstly,
the size of the CCGT differs: the reference case reports a gross electricity
output of 99.1 MW, while the current study’s baseline, pre-CCS, and
post-CCS cases produce 131.06 MW, 110.54 MW, and 117.64 MW,
respectively. Fig. 3a indicates that the CCGT is the largest contributor to
PEC, thus its size significantly influences the specific capital cost.

Secondly, the reference study employs a simpler process configura-
tion, excluding components such as the ARC, AD, and WGSR. Addi-
tionally, the smaller feedstock throughput in the reference case (900
tonnes MSW/day versus 1639 tonnes MSW/day in this study) likely
results in a smaller CCS plant and consequently lower PEC for CCS. As
illustrated in Fig. 3a, the CCS plant represents the second-largest PEC
contributor after the CCGT.

Fig. 6 presents the LCObM results for Scenario 2, comparing the
current study’s outcomes with the reference case from Capra et al.,
(2019) and the LNG price in Indonesia (Index Mundi, 2023). The LCObM
values for all cases in Scenario 2 are more than four times higher than
both reference benchmarks. This difference is primarily because Capra
et al., (2019) focus solely on converting biogas into liquid biomethane
using a simpler process that includes AD, raw biogas pre-treatment,
upgrading and polishing units, and liquefaction. In contrast, the cur-
rent study integrates multiple complex technologies, such as PG, AD,
CCGT, ARC, WS, ML, and CCS resulting in significantly higher CAPEX.

The CAPEX is heavily influenced by the PEC. As shown in Fig. 3b, the
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Fig. 7. Comparison of the LCOWT for Scenarios 1 and 2 under different con-
figurations: baseline, pre-CCS, and post-CCS, along with the literature value
from (Hadidi and Omer, 2017).
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Comparison of the current multi-output generation system’s performance
against single-output generation systems reported in the literature.

Feedstock Plant Capacity =~ Economic Main Reference
performance component
within the
system
Mixed 5 60.77-85.67 CAPEX: PG, AD, Current
kg/s of MW of 635.52-935.32 CCGT, ARC, study
plastic & electricity, MMUSD and CCS
13.97 cooling, and LCOE:
kg/s of heating 0.172-0.3542
food biomethane USD/kWh
waste Electricity, CAPEX: PG, AD, Current
(total cooling, 575.67-827.40 CCGT, ARC, study
waste = heating, and MMUSD WS, ML, and
2222.62 43.26 MW of LCObM: CCs
tonnes/ biomethane 0.1762-0.3737
day) USD/kWh
200 30.41 Nm® CAPEX: ~44.9 AD and Anaya-Reza
tonnes/ Biomethane/ MM USD absorption et al. (2022)
day of MT OFMSW Biomethane column
OFMSW price: 0.554
USD/Nm?®
126,400 kWh CAPEX: ~49.5 AD, HyS Anaya-Reza
of electricity/ MMUSD removal, et al. (2022)
day Standard steam
electricity price: generator,
0.071 USD/kWh  and steam
turbine
30 tonnes 744 GJ of CAPEX: 522,799 AD and Li et al.
of corn biomethane USD HPWS (2020)
stover, Biomethane
149 price: 0.54
tonnes of USD/m®
tomato 61,995 kWh CAPEX: 602,981 AD and CHP Li et al.
residues, of electricity, USD engines (2020)
250 and 314.1 GJ Electricity
tonnes of  of heat selling price:
dairy 0.16 USD/kWh
manure Heat energy
selling price:
0.04 USD/kWh
50 tonnes/ 1850 kWh of Equipment cost: Gasifier, Javed et al.
day of electricity/ton 1.5 MMUSD WGSR, gas (2025)
plastic of plastic Electricity purifier, CHP
waste waste selling price: system
0.142 USD/kWh
0.95 4 MWe Total plant cost: ~ Fluidized bed  Arena et al.
tonnes/h 4.79 k€/kWe gasifier, (2011)
of end- cyclone,
belt syngas
refuse combustor,

heat recovery
steam
generator,
steam
turbine

largest PEC contribution comes from the CCGT, with costs of 140.91,
124.65, and 139.14 MMUSD for the baseline, pre-CCS, and post-CCS
cases, respectively. This is followed by the CCS plant, with PECs of
47.48 and 79.11 MMUSD for the pre-CCS and post-CCS cases, respec-
tively. The PG also represents a substantial cost, with a PEC around 22
MMUSD. These significant equipment costs contribute to the higher
LCObM observed in the current study.

Furthermore, the LCObM reported in this study exceeds the current
Indonesian LNG market price (Index Mundi, 2023) for domestic LNG
production plants. This discrepancy arises from the comparatively
smaller scale of the system analyzed in this study. Since LNG plants are
typically large-scale facilities, they benefit from economies of scale
which significantly reduces their production costs.

The LCOWT is calculated by assuming the main product, co-
products, and by-products sold using market price, as detailed in
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Equations (5) and (6). Fig. 7 compares LCOWT values across both sce-
narios with those from the literature (Hadidi and Omer, 2017), where
the reference system utilized a bubble fluidized bed gasifier, syngas
cleaner, and combustion engines. LCOWT values in all baseline cases are
comparable to the reference. However, CCS cases show LCOWT values
approximately double those of the baseline and reference cases, pri-
marily due to the additional costs of integrating a CCS plant.

The LCOWT in Scenario 1 is slightly higher than in Scenario 2, and
this is primarily due to the significantly higher CAPEX in Scenario 1. The
higher CAPEX observed in Scenario 1 is primarily attributed to the CCGT
system’s increased size and associated equipment costs. Scenario 1
employs a CCGT fueled by a mixture of syngas from plastic waste plasma
gasification and biogas from food waste anaerobic digestion, necessi-
tating a larger gas turbine to handle the greater fuel volume. Conversely,
Scenario 2’s gas turbine is fueled solely by syngas from plasma gasifi-
cation, as biogas is converted into liquid biomethane separately,
allowing for a smaller, less expensive CCGT system. This difference in
fuel strategy directly impacts the size and cost of the CCGT, leading to
the higher CAPEX in Scenario 1.

Additionally, Scenario 1 incurs to be slightly higher OPEX compared
to Scenario 2. Revenue differences also contribute to the LCOWT vari-
ation between the two scenarios. In Scenario 1, the primary product is
electricity, with an annual production ranging between 486 GWh and
686 GWh. In contrast, Scenario 2 primarily produces liquid biomethane,
with an annual output of 346 GWh. Since the market price of electricity
is approximately twice that of liquid biomethane, this pricing disparity
further influences the difference in LCOWT between the two scenarios.

3.1.2. Comparison with single-output WtE systems
To contextualize the techno-economic performance of the proposed
multi-output WtE system, a comparison with single-output systems
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documented in the literature is presented in Table 7. The present study
investigates two scenarios processing mixed plastic and food waste,
producing multiple outputs including CCHP, and biomethane, with
CAPEX ranging from approximately 576 to 935 MMUSD, LCOE between
0.172 and 0.354 USD/kWh, and LCObM between 0.176 and 0.374 USD/
kWh.

Anaya-Reza et al. (2022) report lower CAPEX per tonne of waste for
their baseline biomethane production system compared to the baseline
biomethane scenario in this study, supporting that multi-output con-
figurations typically incur higher capital costs relative to single-output
systems. Their work further highlights that combined heat and power
(CHP) systems, as non-single-output configurations, exhibit increased
CAPEX, a trend also observed by Li et al. (2020), where biomethane-only
systems present lower CAPEX than CHP systems.

Similarly, single-output electricity generation from plastic waste, as
investigated by Javed et al. (2025) and Arena et al. (2011), demonstrates
lower CAPEX than the integrated multi-output system examined herein.
This comparative analysis underscores that the greater process
complexity in multi-output systems contributes to elevated capital re-
quirements, reflecting the trade-off between enhanced functionality and
increased investment. Further, multi-output systems have the potential
to diversify revenue streams and enhance system adaptability.

3.1.3. LCOE, LCObM, and LCOWT sensitivity analysis

Fig. 8 presents the results of the sensitivity analysis on the LCOE and
LCObM, while Fig. 9 illustrates the sensitivity analysis on the LCOWT. In
all cases, the PEC of the GT emerges as the next most influential
parameter. This significant impact is attributed to the fact that the GT is
the most expensive component in each case across both scenarios.

Since most plastics are derived from fossil fuels, capturing fossil-
based carbon emissions during the utilization of syngas from the

Case Scenario 1 Scenario 2
Tipping fee 0.169 10.173 Tipping fee
Discount rate 0.150 10.194 Discount rate
Tax rate 0.151 10.182 Tax rate
PEC turbi 0.130 — 1 0.240
LU 1 PEC gas turbine 0.291
0.100 0.150 0.200 0.250 0.300
LCOE (USD/kWh) 0.100 0.150 0.200 0.250 0.3(
LCOLBM (USD/kWh)
Carbon credit 0.310} 0.312 Carbon credit 0.31310.316
Tipping fee 0.30890.314 Tipping fee 0.310%0.319
Discount rate 0.274 we—(—— (.348 Discount rate 0.267 - ——— .36 1
Tax rate 0.276  m—( 0,329 Tax rate 0.309 50.314
2 Carbon T&S cost 0.298 mmm= 0,323 Carbon T&S cost 0.299  mmmmm (.328
PEC CCS 0.287 EEE— 0348 PEC CCS 0.286 —— ) 357
PEC gas turbine 0.257 10.397 PEC gas turbine 0.251 0.416
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LCOE (USD/kwh) 0.200 0.250 0.300 0.350 0.400 0.45
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Note: case 1: baseline case; case 2: with pre-CCS case; case 3: with post-CCS case

Fig. 8. Sensitivity of the LCOE and LCObM to various economic variables.
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Case Scenario 1 Scenario 2
Tipping fee 0.0801ID.086 Tipping fee
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Tax rate 0.198 - E— (255 Jaxrate | 0172 ‘ 223
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3 Carbon T&S cost 0.224 wemm 0.246 PEC CCS 0,176 e— 0.251
PEC CCS 0.20] - — 0.290 PEC gas turbine [0.16 0.277
PEC gas turbine 0.182 10.321
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Note: case 1: baseline case; case 2: with pre-CCS case; case 3: with post-CCS case

Fig. 9. Sensitivity of the LCOWT to various economic variables.

Table 8

The output of the system under different proportion.
Output (MW) Baseline W/PRE-CCS W/POST-CCS

24:76 50:50 90:10 24:76 50:50 90:10 24:76 50:50 90:10

Scenario 1
Electricity 85.67 133.79 213.94 60.77 93.76 150.1 64.65 100.47 162.17
Cooling 0.34 0.56 0.95 0.29 0.48 0.81 0.34 0.56 0.95
Heating 1.62 2.69 4.51 2.83 4.65 7.82 3.28 2.72 9.11
Scenario 2
Electricity 53.08 111.7 209.55 29.76 73.9 145.72 37.86 81.54 154.33
Cooling 0.27 0.52 0.94 0.23 0.44 0.8 0.27 0.52 0.94
Heating 1.49 2.61 4.5 2.7 4.57 7.81 3.13 2.61 9.06
Liquid methane 43.26 29.26 5.81 43.26 29.26 5.81 43.26 29.26 5.81

plasma gasification of plastic waste is essential. To achieve net-zero
emissions, biogenic carbon from the biogas also needs to be captured.
Consequently, the costs of implementing CCS technology have a sig-
nificant impact on the LCOE, LCObM, and LCOWT. As shown in Figs. 8
and 9, the PEC of CCS gives impact on the LCOE, LCObM and LCOWT.
The future cost of CCS equipment could decrease due to technological
advancements and economies of scale, as highlighted in (Lan and Yao,
2022). Both Figs. 8 and 9 also demonstrate that the effect of carbon T&S
costs is relatively small. The adoption of T&S facilities depends more on
the social factors and public acceptance rather than economic consid-
erations (Michailos et al., 2019).

Among common financial factors, the discount rate shows a broader
fluctuation range compared to the tax rate. Small changes in the dis-
count rate can lead to substantial variations in the LCOE, LCObM, and
LCOWT. While tax allowances can improve the project viability, their
impact is limited since even under an optimistic tax-free scenario, the
LCOE, LCObM, and LCOWT would only decrease by less than 17 %.
Policy-driven incentives, namely the waste tipping fee and carbon credit
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price, have only a minimal effect on project unit costs.

3.1.4. Feedstock composition sensitivity analysis

In municipal refuse, the proportion of plastics and food waste can
vary widely; to quantify its impact on system economics, three PW:FW
blends (24:76, 50:50 and 90:10) were simulated in Aspen Plus. For each
case, all unit operations were resized and mass-/energy-balance outputs
compiled (Table 8), then subjected to DCFA to yield the LCOE in Sce-
nario 1, the LCObM in Scenario 2, and the LCOWT in both scenarios.

As shown in Table 8, increasing the plastic-to-food waste ratio from
24:76 to 90:10 results in a marked shift in the main outputs. Electricity
production in both Scenario 1 and Scenario 2 rises with higher plastic
content, owing to the greater calorific density of plastics, which yields a
more energetic fuel gas stream. Conversely, liquid biomethane output in
Scenario 2 declines substantially as the proportion of biodegradable
food waste is reduced, diminishing the biogas volume available for
upgrading. As a result, the gap between electricity and biomethane
outputs widens with more plastic content, highlighting how feedstock
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Fig. 10. Sensitivity of levelized costs to feedstock composition. (a) LCOE in
Scenario 1 (CCHP), (b) LCObM in Scenario 2 (CCHP + biomethane), and (c)
LCOWT as the plastic-to-food waste ratio varies (24:76, 50:50, 90:10) under
baseline, pre CCS, and post CCS configurations.
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composition determines whether the system favours power generation
or biomethane production.

Fig. 10a—c presents the corresponding levelized costs. Total CAPEX
rises with plastic content due to a larger plasma gasifier plus upsized
CCGT and CCS units; nevertheless, LCOE in Scenario 1 remains rela-
tively insensitive. This stability occurs because the higher plastic content
produces a more energy-dense syngas stream, boosting electricity output
and offsetting the added capital costs. In Scenario 2, by contrast, LCObM
climbs sharply between the 50:50 and 90:10 blends. Although CAPEX
for biomethane-specific equipment (AD, WS, and liquefaction) falls with
reduced biogas flow, the higher CAPEX for processing the plastic-rich
feed must still be recovered over a shrinking methane volume. Note
that electricity revenue in Scenario 2 is assumed at prevailing market
prices rather than the levelized cost derived from DCFA, as in Scenario 1.

Fig. 10c shows how LCOWT varies with feedstock composition. Here,
LCOWT is calculated by assuming that all outputs (CCHP, and bio-
methane) are sold at market prices. As the plastic fraction increases,
LCOWT rises because plastic-rich feeds require more capital and energy
for gasification (larger plasma gasifier, CCGT, and CCS units), and these
extra costs outweigh the modest savings from treating less food waste.

3.1.5. LCOE, LCObM, and LCOWT uncertainty analysis

An uncertainty analysis was conducted to evaluate the effect of
simultaneous variations in all the uncertainty parameters and to quan-
titatively determine the range of variability in the economic criteria. A
Monte Carlo simulation, developed in the MATLAB environment, ap-
plies the economic model to assess the impact of the variables listed in
Table 9 on the LCOE, LCObM and LCOWT. Each of these three costs was
recalculated across 10,000 trials, which produces a probability distri-
bution curve. From these curves, essential statistical metrics such as the
mean, median, and standard deviation are determined. Furthermore, the
probability range of the LCOE, LCObM and LCOWT is defined using the
95 % CI statistical metric.

Table 9 presents the results of the Monte Carlo simulation used to
estimate the LCOE, LCObM and LCOWT. The mean values are higher
than those estimated in the deterministic economic assessment,
reflecting the impact of CAPEX uncertainty. As shown in Table 9, the
LCOE has less variance than the LCObM. This means that the bio-
methane price may be more sensitive to economic uncertainties. In
addition, Scenario 1 consistently has a higher LCOWT than Scenario 2
across all cases, suggesting that electricity-focused production incurs
higher waste treatment costs than biomethane-focused production. This
isreasonable, as the PEC of CCGT is the largest cost component, meaning
the higher electricity production capacity in Scenario 1 results in greater
CAPEX which ultimately raises waste treatment costs compared to
Scenario 2.

3.1.6. Economies of scale
The economies of scale for the proposed plant were assessed by
varying the plant size between 100 MWy, to 750 MWy, of feedstock on

Table 9
Monte Carlo simulation results for estimating the LCOE, LCObM, and LCOWT.
Scenario Case Metric Mean Median STD 95 % CI Units
1 1 LCOE 0.1761 0.1749 0.0249 0.127 to 0.225 USD/kWh of electricity
2 LCOE 0.3195 0.3184 0.0366 0.248 to 0.391
3 LCOE 0.3647 0.3635 0.0417 0.283 to 0.446
2 1 LCObM 0.1839 0.1819 0.0419 0.102 to 0.266 USD/kWh of liquid biomethane
2 LCObM 0.3323 0.3306 0.0416 0.251 to 0.414
3 LCObM 0.3864 0.3850 0.0530 0.285 to 0.490
1 1 LCOWT 0.0893 0.0878 0.0312 0.028 to 0.150 USD/kg of waste
2 LCOWT 0.1910 0.1900 0.0325 0.127 to 0.255
3 LCOWT 0.2459 0.2448 0.0395 0.168 to 0.323
2 1 LCOWT 0.0854 0.0841 0.0265 0.033 to 0.137
2 LCOWT 0.1797 0.1786 0.0263 0.128 to 0.231
3 LCOWT 0.2151 0.2143 0.0333 0.150 to 0.280

Note: case 1: baseline case; case 2: with pre-CCS case; case 3: with post-CCS case.
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Fig. 12. The breakdown of the GWP under (a) Scenario 1 and (b) Scenario 2 (Note: case 1: baseline case; case 2: with pre-CCS case; case 3: with post-CCS case).

the LCOE and LCObM. CAPEX was adjusted using component-specific
scaling factors (f), as outlined in Table 4. Fixed OPEX components
were scaled proportionally to CAPEX. Although labor costs were
calculated based on the number of system components rather than plant
capacity (Equation (1), Supplementary Information (Alkhayat and
Gerrard, 1984)), they were assumed to scale with plant capacity to the
power of 0.242 to account for economies of scale, following the labor
cost correlation proposed by Peters et al. (Peters and Timmerhaus,
1991).
Fig. 11a-b illustrate the relationship between feedstock consumption
and the corresponding LCOE and LCObM, respectively. Both figures
demonstrate that as the feedstock consumption increases, the associated
LCOE and LCObM decrease. In Scenario 1, for feedstock input levels
between 100 MWy, and 200 MWy,, the LCOE declines significantly.
Specifically, the LCOE decreases from 0.24 to 0.18 USD/kWh for Case 1,
from 0.42 to 0.33 USD/kWh for Case 2, and from 0.48 to 0.37 USD/kWh
for Case 3. Beyond 250 MWy,, the rate of decline slows considerably,
with values reaching 0.11 USD/kWh for Case 1, 0.21 USD/kWh for Case
2, and 0.24 USD/kWh for Case 3 at a feedstock consumption level of 750
MW,

In Scenario 2, a similar trend is observed. For feedstock input levels
between 100 MWy, and 200 MWy, the LCObM decreases sharply, from
0.30 to 0.19 USD/kWh for Case 1, from 0.45 to 0.33 USD/kWh for Case
2, and from 0.53 to 0.40 USD/kWh for Case 3. Beyond 250 MWy, the
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reduction rate slows significantly, with values stabilizing at 0.07 USD/
kWh for Case 1, 0.20 USD/kWh for Case 2, and 0.23 USD/kWh for Case
3 at 750 MW,

While economies of scale provide initial cost reductions, further
scaling beyond 600 MWy, of feedstock consumption yields diminishing
economic benefits, as indicated by the flattening of the curves.

3.2. Environmental performance

The LCI data were processed using the SimaPro software to quantify
the contributions to various midpoint impact categories. The developed
inventory based on the mass and energy balance which has been
normalized on a basis of 1 kg of waste can be seen in the Supplementary
Information Section S.4. The LCA is performed by evaluating the input
and output flows within the system boundary illustrated in Fig. 1,
without modelling the internal processes.

In this section, GWP and water footprint (WF) are discussed as the
key midpoint indicators. Additional impact indicators are available in
the Supplementary Information Section S.5. All impact category re-
sults are normalized to 1 kg of waste processed within the system.

3.2.1. GWP

Fig. 12a-b presents the GWP impact breakdown for the different
process stages in Scenario 1 and Scenario 2, respectively. As shown in
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the figures, the baseline case in both scenarios exhibits the highest GWP,
with Scenario 1 reaching approximately 0.662 kgCO2-eq/kg waste and
Scenario 2 reaching 0.746 kgCO»-eq/kg waste. The slightly lower GWP
in the baseline case of Scenario 1 compared to Scenario 2 results from
the off-gas emitted from the water scrubber, which is used for upgrading
biogas by removing CO» and HS (Cozma et al., 2015). The stripper of
the water scrubber releases off-gas composed of COy (17.9 %), CHy
(0.43 %), NHs (1 %), HS (0.16 %), O3 (14.8 %), and N3 (64 %), with all
carbon emissions being biogenic. While biogenic CO5 emissions are
excluded from the GWP calculation as carbon-neutral, biogenic methane
emissions contribute significantly to the GWP. According to the ReCiPe
2016 method (Huijbregts et al., 2017) and supported by the SimaPro
database, biogenic methane is assigned a GWP of approximately 33.25
kg CO2-eq/kg CH4. Consequently, the baseline case in Scenario 2 ex-
hibits a slightly higher GWP compared to Scenario 1 due to the biogenic
methane released from the water scrubber.

Compared to the literature, the GWP in the baseline case is higher
than the GWP reported in a waste-to-heat-and-power system utilizing an
incinerator without CCS, where the GWP was approximately 0.425 kg
CO9-eq/kg waste (Materazzi et al., 2024). The difference is primarily
attributed to the higher proportion of biogenic carbon in the feedstock
used in the reference study compared to the present study. The feedstock
in the reference study contained approximately 64 % biogenic carbon,
whereas in the current study, the proportion of biogenic carbon is
significantly lower, at only 28 %.

For cases incorporating CCS, the pre-CCS configuration resulted in a
higher GWP than the post-CCS configuration in both scenarios. Specif-
ically, the GWP values for the pre-CCS case are 0.004 kgCOs-eq/kg
waste and 0.222 kgCO2-eq/kg waste in Scenarios 1 and 2, respectively.
In contrast, the post-CCS case achieved lower GWP values of —0.191
kgCOq-eq/kg waste for Scenario 1 and 0.123 kgCO-eq/kg waste for
Scenario 2. The higher GWP in the pre-CCS case compared to the post-
CCS case is primarily due to the direct release of flue gas emissions
from the combustion process in the CCGT, as these emissions are not
treated or captured. Conversely, in the post-CCS case, a significant
amount of CO; emissions is captured, reducing the overall GWP.

Additionally, the lower GWP in both the pre-CCS and post-CCS cases
of Scenario 1 is attributed to the presence of biogenic carbon in the
captured CO,, whereas in Scenario 2, the captured CO- is entirely of
fossil origin. A previous study (Materazzi et al., 2024) reported a lower
GWP of —0.416 kgCO2-eq/kg waste in the incinerator integrated with
the CCS, which is lower than the values obtained in this study. This
discrepancy is primarily due to a higher proportion of biogenic carbon
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Fig. 13. The breakdown of the WF under (a) Scenario 1 and (b) Scenario 2 (Note: case 1:
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sequestration in the reference study.

As shown in Fig. 12, the CCGT operation is the primary contributor to
GWP in all cases due to the release of fossil and biogenic carbon emis-
sions in Scenario 1 and fossil carbon emissions in Scenario 2. The fossil
carbon emissions originate from plastic waste, while biogenic carbon
emissions stem from food waste. In Fig. 12a, the implementation of pre-
CCS reduces CCGT emissions from 0.661 kgCO2-eq/kg waste to 0.141
kgCO2-eq/kg waste, while post-CCS integration further decreases
emissions to —0.0392 kgCO,-eq/kg waste. Similarly, Fig. 12b, which
illustrates the GWP breakdown for Scenario 2, confirms that the oper-
ation of CCGT plant remains the dominant emission source. With pre-
CCS, CCGT emissions decline from 0.661 kgCO,-eq/kg waste to 0.066
kgCO,-eq/kg waste, and with post-CCS, emissions are further reduced to
0.0369 kgCO2-eq/kg waste. For a more detailed illustration of carbon
emissions and their distribution throughout the process in all cases,
Supplementary Information Section S.6 includes the diagram of the
carbon molar flow.

3.2.2. WF

Fig. 13a-b illustrate the WF in Scenario 1 and Scenario 2, respec-
tively. Among all cases, the pre-CCS case exhibits the highest WF,
reaching approximately 0.0014 m>/kg waste in Scenario 1 and 0.0013
m°®/kg waste in Scenario 2. This is primarily due to the substantial
amount of water required for steam generation to support the operation
of WGSR. Meanwhile, the post-CCS case exhibits the lowest WF, with
values of 0.0010 m®/kg waste for both scenarios.

Compared with literature reports on incineration-CCS integration for
CHP (Materazzi et al., 2024), where WF values of up to 0.0234 m3/kg
waste have been observed, our results are markedly lower, likely
because on-site wastewater treatment has been incorporated into the
present study. Biogas production from energy crops (e.g., maize, sor-
ghum, wheat) typically entails even higher WFs, ranging from 0.025 to
0.217 m3/kg of crop (Pacetti et al., 2015). This disparity is attributed
primarily to differences in feedstock moisture content: low-moisture
energy crops demand substantially more water for anaerobic digestion
than high-moisture food waste.

In both the baseline and post-CCS configurations, the CCGT consti-
tutes the predominant contributor to the overall WF, accounting for over
50 % of the total in each case. The baseline WF is lower than that of the
post-CCS configuration owing to the absence of LP steam diversion for
stripper heating; consequently, all LP steam must be condensed, thereby
requiring greater cooling-water consumption.

By contrast, in the pre-CCS configuration, the WF is dominated by
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Fig. 14. Impact of carbon credit price and energy incentive on LCOE for different CCS configurations (a) pre-CCS and (b) post-CCS.
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Fig. 15. Impact of carbon credit price and energy incentive on LCObM for different CCS configurations (a) pre-CCS and (b) post-CCS.

the water required for steam generation in the WGSR and pre-CCS units
(denoted “WGSR + Pre-CCS” in the diagram), which together represent
approximately 36 % of total WF in both scenarios. The CCGT contributes
the next largest share, approximately 33 % in Scenario 1 and 28 % in
Scenario 2. This reduced share reflects lower cooling-water demand for
LP steam condensation, since 10 % of syngas is diverted to produce
steam for the WGSR rather than for power generation, resulting in
reduced fuel use and cooler condenser loads compared to the baseline
and post-CCS cases.

3.2.3. Policy incentives analysis

This section examines the impact of waste utilization incentives and
carbon credit pricing on the economic feasibility of the proposed WtE
system. Figs. 14 and 15 illustrate the effect of employing potential policy
schemes on the LCOE and LCObM, respectively. As shown, increasing
energy incentives and carbon credit prices leads to a reduction in LCOE
and LCObM, though the impact varies between the two configurations.
The post-CCS case exhibits a higher LCOE and LCObM range than the
pre-CCS due to the higher CAPEX and OPEX associated with the larger
size of the CCGT and the additional costs of post-combustion CO; cap-
ture and processing.

Indonesia has established a carbon credit price of 8.9 USD/tonne COy
(Revanda, 2025) and provides financial incentives for waste utilization
through tipping fees, which vary by municipality. In the city where the
proposed system is located, the tipping fee reaches 14.02 USD/tonne of
waste (Erfinanto, 2024). Despite the application of both carbon credits
and tipping fees, the reduction in LCOE is only 7.95 % for the pre-CCS
case and 6.81 % for the post-CCS case. Similarly, the LCObM reduction is
limited to 8.60 % and 7.65 % for pre-CCS and post-CCS configurations,
respectively. Under Presidential Regulation No. 112 of 2022 on the
Acceleration of Renewable Energy Development for Electricity Supply,
the Indonesian government set the maximum electricity purchase price
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for WtE plants with a capacity above 10 MW at USD 92.9/MWh for the
first 10 years, decreasing to USD 59.44/MWh for years 11-25. Given
that the LCOE of the current system far exceeds these limits, the project
is not financially viable under existing policies.

To assess the potential impact of higher financial incentives, the
carbon credit price and tipping fee values from the United States (U.S.)
were applied as a benchmark. It is recognized that economic conditions
in Indonesia differ markedly from those in the U.S., however, U.S.
market data were selected as conservative, high-integrity proxies for two
reasons. First, the U.S. carbon-credit market, both compliance and
voluntary, is among the most developed globally. Robust regulatory
frameworks for greenhouse-gas reductions have been established by
state and regional cap-and-trade programs (e.g., California Air Re-
sources Board, Oregon Clean Fuels Program, and the Regional Green-
house Gas Initiative), and rigorous certification and registry systems for
offset projects worldwide are maintained by leading voluntary standards
bodies (Verra, Gold Standard, and the American Carbon Registry)
(Sapkota and White, 2020). These combined mechanisms ensure trans-
parent pricing, third-party verification, and publicly accessible trans-
action data, justifying the adoption of the U.S. carbon credit price of USD
85.00/tonne CO; as an upper-bound benchmark (U.S. Department of
Energy, 2025).

Second, the Environmental Research & Education Foundation’s May
2024 survey of U.S. municipal landfills has been adopted, reporting an
unweighted national average tipping fee of USD 56.80 per tonne
(Environmental Research & Education Foundation (EREF), 2024). This
fee is understood to fully internalize capital, operating, and long-term
environmental compliance costs, and is therefore presented as a
“best-practice” benchmark for cost-recovery assumptions. Under these
U.S. benchmark conditions, the reductions in LCOE and LCObM due to
the application of both carbon credits and tipping fees are substantial,
ranging from 39 % to 47 %, demonstrating the potential for enhanced
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financial viability with stronger policy support.
4. Conclusion

This study presents a novel WtE system integrating plastic waste
plasma gasification and food waste anaerobic digestion for the produc-
tion of CCHP, and liquid biomethane. While plasma gasification has
primarily been applied for hydrogen production, its integration with
CCS remains underexplored, particularly for plastic waste feedstocks
and hybrid waste conversion processes such as anaerobic digestion. This
study provides a cradle-to-gate assessment of multiple energy outputs,
incorporating heat integration strategies to holistically evaluate eco-
nomic and environmental performance. Several configurations were
evaluated, and the key findings are summarized as follows:

1. In Scenario 1, the LCOE spans from 0.171 to 0.354 USD/kWh, while
in Scenario 2, the LCObM ranges between 0.176 and 0.374 USD/
kWh. In both scenarios, the baseline case achieves the lowest lev-
elized cost, whereas the case with post-CCS exhibits the highest
levelized cost. This outcome reflects that the integration of a CCS
plant increases both LCOE and LCObM.

2. In both scenarios, LCOWT falls between 0.081 and 0.236 USD/kg
waste. The LCOWT in Scenario 1 is slightly higher than in Scenario 2,
primarily due to the significantly higher CAPEX in Scenario 1.

3. Based on the sensitivity analysis, PEC of gas turbine power plant has
the greatest impact on LCOE, LCObM, and LCOWT. Lowering this
cost yields the largest reductions across all three metrics, high-
lighting its critical role in the system’s economic feasibility.

4. Monte Carlo simulations reveal greater variability in LCObM
compared to LCOE, with wider 95 % CI for LCObM which indicates
that biomethane prices are more sensitive to economic uncertainties.

5. Scenario 1 exhibits GWP values between —0.191 and 0.662 kgCOo-
eq/kg waste, while Scenario 2 ranges from 0.123 to 0.746 kgCO-eq/
kg waste, with post-CCS configurations yielding the lowest GWP, and
the operation of CCGT being the largest GWP contributor across all
cases due to the carbon emission.

6. Both scenarios exhibit WF values ranging from 0.0010 to 0.0014 m%/
kg waste, with the CCGT as the primary contributor due to its high
cooling water demand for LP steam condensation.

7. By applying Indonesia’s policy incentives (both tipping fee and
carbon credit), the LCOE and LCObM for the system with a CCS plant
are reduced by less than 9 % which reflects a limited financial impact
on improving the system’s economic feasibility.

This research offers new insights into the design and performance of
hybrid, low-emission WtE systems which illustrates the technical feasi-
bility and trade-offs involved in coupling plasma gasification, anaerobic
digestion, and CCS. The novel system design contributes to advancing
the state-of-the-art in sustainable waste management and supports
decision-making for both technology developers and policymakers.
Future research can focus on developing a pilot-scale demonstration to
validate the system’s technical performance, economic feasibility, and
environmental impact under real-world conditions.
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