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ARTICLE INFO ABSTRACT

Keywords: Waste generation and energy demand are increasing and both require innovative energy symbiosis strategies to
Waste management meet climate targets. Traditional waste-to-energy processes rely on incineration, but more efficient and sus-
Waste-to-energy tainable solutions are needed. The aim of the study is to investigate for the first time the feasibility of generating

Plasma gasifier

cooling, heating, power (CCHP), and liquid biomethane from plastics and food waste integrated with carbon
Carbon capture and storage

capture and storage (CCS). The system, modelled in Aspen Plus, consists of a plasma gasifier (PG), anaerobic
digester (AD), combined cycle gas turbine (CCGT), absorption refrigeration cooler (ARC), and biomethane
liquefier. Two scenarios were analyzed: (1) a standalone CCHP system and (2) its integration with liquid bio-
methane production. Each scenario includes a baseline (without CCS), pre-combustion CCS, and post-combustion
CCS, both with a 95% CO: capture fraction. Utilising 5 kg/s of plastic and 13.97 kg/s of food waste, the system
generates net power (29.76-85.67 MW), cooling (2.72-4.04 MW), heating (13.99-27.87 MW), and 43.26 MW of
liquid biomethane. The highest energy and exergy efficiencies achieved are 49.44% and 41.20%, with carbon
emissions ranging from 0.008 to 0.247 kgCO2/kg waste. The findings of this novel study highlight the potential of
integrating several energy systems for an effective waste management strategy that can contribute to the pro-
vision of several energy vectors while the inclusion of CCS ensures that significant emission reduction can be
attained.

has disposed approximately 33.14 million tonnes of municipal solid
waste (MSW) in 2022 [1]. Plastic and food waste accounted for 28.4%
and 16.0% of the total waste composition, respectively. Food waste
deposited in a landfill can release methane to the atmosphere due to
natural decomposition of organic material. Further, plastic waste tends
to fragment into smaller particles over time. These fragments can
potentially enter water pathways, thereby endangering the habitats and
ecosystems of rivers and oceans. As the population grows, the high
quantity of waste may result in negative impacts, including air and
water pollution, which in turn can pose dangers to human health [2,3].
Therefore, the implementation of effective waste management practices
becomes crucial to mitigate the quantity of waste generated and protect

1. Introduction

In 2015 the United Nations established seventeen sustainable
development goals (SDGs) with the aim of attaining peace and pros-
perity for both humanity and Earth by 2030. Among these, Goal 11 seeks
to ensure the sustainability of cities and human settlements by priori-
tising the improvement of air quality and the management of municipal
and other forms of waste. Developing an efficient and environmentally
friendly waste management system can be seen as a way towards
achieving this goal.

Indonesia, a country with the fourth largest population in the world,
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Nomenclature

E energy flow rate

Ex exergy flow rate

Exq standard molar chemical exergy
Exp exergy destruction

m mass flow rate

Q heat flow rate

R universal gas constant
T temperature

w work rate

Nen energy efficiency

Nex exergy efficiency
Subscripts

comp compressor

en energetic

eva evaporator

ex exergetic

fw food waste

gen generator

hpt high pressure turbine
hpp high pressure pump
ipt intermediate pressure turbine
ipp intermediate pressure pump
lig liquid

Ipt low pressure turbine
Ipp low pressure pump

ml methane liquifier
postcc  post carbon capture
precc pre carbon capture
pw plastic waste

ref refrigeration

sc scenario

Acronyms

AD anaerobic digester

AFR air fuel ratio

ARC absorption refrigeration cooler
CC combustion chamber

CCGT  combined-cycle gas turbine
CCHP combined cooling heating power
CCS carbon capture storage

ER equivalence ratio

GT gas turbine

HRSG heat recovery steam generator
HPWS  high Pressure water scrubber
LHV lower heating value

LSL lean solvent loading

PG plasma gasifier

RSL rich solvent loading

SAMR  steam to air mass ratio

SOFC solid oxide fuel cells

SRD specific reboiler duty

ST steam turbine

SFR steam to feedstock ratio

HTR hot temperature reactor

HTZ hot temperature zone

LCA life cycle assessment

Li-Br lithium bromide

LTR low temperature reactor

LTZ low temperature zone

MCFC  molten-carbonate fuel cell
ML methane liquefier

MSW municipal solid waste

MW megawatt

PSA pressure swing adsorption

WGS water gas shift

WGSR  water gas shift reaction
wt weight

XFHE cross flow heat exchanger

the environment against pollution caused by waste.

Waste can be utilized as a valuable energy source due to its relatively
high energy content. Plastic waste is characterized by a higher heating
value (HHV) ranging from 23.97 to 46.48 MJ/kg [4,5]. Meanwhile, the
lower heating value (LHV) of food waste ranges from 10.54 to 25.32
MJ/kg [6], based on its composition. In the waste management system,
the waste can be converted into electrical and thermal energy using
either thermochemical or biochemical process. Plasma gasification is a
thermochemical process that employs plasma as the primary heating
source, typically produced by direct current (DC) non-transferred arc
plasma torches at ~4000°C [7]. It offers several notable advantages in
waste treatment processes [8]. One such advantage is their ability to
generate syngas with a substantial energy content, primarily consisting
of Hy and CO even when utilising low grade fuels [9]. The syngas pro-
duced through plasma gasification is cleaner than that generated
through conventional gasification [10]. Simultaneously, the inorganic
compounds are melted and transformed into a dense, chemically stable,
and non-leaching vitrified slag, which possesses potential applications,
particularly in the field of construction materials [11].

The application of a plasma gasifier (PG) to convert plastic waste into
syngas can be considered as a more effective option since the extreme
operating temperature can lead to a complete decomposition of plastic
waste into its basic molecular composition. Some previous studies
observed the utilization of plastic waste in the PG. For example, Cudjoe
and Wang [12] compared the energy, economic and environmental
evaluation of plasma gasification and incineration of plastic waste,

concluding that plasma gasification outperforms incineration of plastic
waste in each evaluation. Mazzoni and Janajreh [13] studied the gasi-
fication of mixed plastic waste and municipal solid waste at different
ratios in an integrated plasma gasification combined cycle (IPGCC).
They found that a mixture of 30% plastic waste and 70% MSW yielded
the best plant performance, with an efficiency of 38% when pure oxygen
was used as the plasma gas. Kwon and Im [14] compared the thermo-
dynamic performance of IPGCC with a thermal plasma and non-thermal
plasma, fed with plastic waste. Their study revealed that IPGCC with
thermal plasma and non-thermal plasma, achieving cold gas efficiencies
(CGE) of 60-80%, exhibited higher energy efficiency than traditional
integrated gasification combined cycle (IGCC) systems.

The present study addresses not only the utilization of plastic waste
but also explores the potential of food waste into energy. The focus on
food waste and plastic waste specifically addresses two of the most
problematic waste streams in terms of volume and environmental
impact. This targeted approach ensures the research is highly relevant to
current waste management challenges. However, due to its high mois-
ture content (approximately 70% to 90%), food waste is unsuitable for
gasification [15]. For an effective gasification, the feedstock moisture
content must be 30% or lower [16]. An anaerobic digester (AD) offers a
more suitable method for converting high-moisture content of food
waste into biogas with the help of microorganisms [17,18]. Integrating
the PG (for plastic waste) and AD (for food waste) could lead to
improved resource utilization. However, up to now, to the best of the
author knowledges, no studies have been conducted on the coupling of
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the PG and AD.

There is a growing research interest in combining various processes
to convert a single source of fuel energy into multiple useful energy
outputs, such as cooling, heating, electricity, fuel and fresh water
[19-21]. These integrated energy systems are built to improve energy
efficiency, reduce fuel consumption and cut down the amount of
greenhouse gas emissions [22,23]. A combined cooling, heating, power
(CCHP) system, which is referred to as trigeneration, can simultaneously
provide cooling, heating, and electricity. Although the CCHP system can
bring several notable advantages, from the literature review, it was
revealed that only two publications reported the application of the PG in
a CCHP system. The first study by Zhang et al. [24] proposed a CCHP
system consisting of a PG fuelled by municipal sludge, solid oxide fuel
cell (SOFC), gas turbine (GT), supercritical carbon dioxide (S-CO53) cycle,
and double-effect absorption refrigeration cooler (ARC). The second
study by Zhang et al. [25] reported the performance of the CCHP system
including a PG fed with food waste, SOFC, GT, S-CO cycle, cascade
absorption refrigeration/dehumidification. It is worth mentioning that
the food waste used in [25] was dried to a final moisture content of less
than 2%. From the reviewed literature and other existing studies, it is
evident that research on PG systems has primarily focused on the pro-
duction of syngas [26-29], hydrogen [30-33], electricity [11,34-40],
combined hydrogen and electricity [9,41,42], CCHP [24,25] and
methanol [43,44], with limited exploration of their integration into
CCHP systems.

The integration of carbon capture and storage (CCS) technology is
essential for reducing carbon emissions in energy systems and aligns
with the climate targets set by the International Energy Agency (IEA)
[45] and the Intergovernmental Panel on Climate Change (IPCC) [46].
To achieve low-carbon energy production, CCS must be incorporated
into plasma gasification and anaerobic digestion processes, along with
their downstream energy applications. While previous studies have
explored CCS implementation in plasma gasification-based systems for
various waste feedstocks [9,24,33,47-49],only two studies have spe-
cifically focused on plastic waste as a primary feedstock [9,49]. The first
study utilized a monoethanolamine (MEA)-based post-combustion CCS
system with a 90% carbon capture fraction, restricting its energy output
to hydrogen and electricity [9]. The second study employed an
MEA-based pre-combustion CCS system with the same 90% capture
fraction, also producing only hydrogen and electricity [49]. In contrast,
the current study extends this research by evaluating both
pre-combustion and post-combustion CCS configurations with an
improved 95% carbon capture fraction. By comparing these configura-
tions, this study aims to identify the most efficient integration strategy
for maximizing carbon mitigation in waste-to-energy systems.

In this study, a CCHP system with liquid fuel generation is proposed,
integrating CCS to enhance sustainability. The system utilizes syngas
from plasma gasification of plastic waste and biogas from anaerobic
digestion of food waste, selected for their dominance in landfill waste
composition. This dual-feedstock integration improves resource effi-
ciency and energy recovery in waste-to-energy applications.

The system is scalable and adaptable, and it has the potential to
support centralised grid integration in urban areas as well to serve as a
decentralized energy source for off-grid regions. The system can be
implemented in hot-humid climates as waste heat from gas turbine
exhaust drives an absorption refrigeration cooler (ARC) and this can
reduce electrical cooling demand. At the same time, in colder regions, it
can be used for district heating to provide low-carbon thermal energy.
Additionally, liquid biomethane production offers a sustainable alter-
native to liquefied petroleum gas (LPG). Thus, it can reduce dependence
on fossil fuels and facilitate energy security. Beyond energy recovery,
the system supports circular economy principles by repurposing slag for
construction materials and digestate as agricultural biofertilizers. The
proposed conceptual designs have the potential to set the basis for
subsequent detailed engineering studies and inform policy making about
sustainable waste management routes that can offer deep
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decarbonisation.

While this study is applied in the context of Indonesia, the system
configuration is adaptable and can be applied in other regions facing
similar waste and energy challenge. Recent studies have examined
municipal solid waste management across various national and urban
contexts. For example, Albizzati et al. [50] conducted a multi-country
evaluation of waste treatment strategy in the EU using life cycle
assessment (LCA), and life cycle costing, primarily focusing on con-
ventional methods like composting, recycling, and incineration. How-
ever, their model does not consider mixed feedstocks or advanced
energy recovery configurations and emission mitigation technologies,
such as multi- output energy systems integrated with CCS, as imple-
mented in the current study. Meanwhile, Rafiquee and Shabbiruddin
[51] observed the most suitable smart waste management system in
Patna, India by using multi-dimensional criteria that included economic,
technical, environmental, and public acceptance considerations. How-
ever, their study was limited to evaluating waste handling and collection
infrastructure, without examining waste conversion technologies or
energy recovery processes.

Kua et al. [52] used life cycle assessment to evaluate greenhouse gas
mitigation potential in Singapore by treating plastic, food, and sewage
sludge using anaerobic digestion and pyrolysis. While their study
addressed the climate benefits of managing multiple waste types, it did
not include any form of carbon capture and was limited to heat and
electricity generation, without multi-vector energy outputs, such as
cooling or liquid fuels. In contrast, the current study combines plastic
and food waste in a dual-feedstock configuration, using plasma gasifi-
cation and anaerobic digestion, respectively. The system produces
electricity, heating, cooling, and liquid biomethane, while also incor-
porating both pre-combustion and post-combustion CCS at 95%
efficiency.

A comprehensive thermodynamic assessment is conducted to eval-
uate component- and system-wide performance, which focuses on en-
ergy and exergy efficiency, heat integration, and process optimisation to
enhance overall system effectiveness. The novelty of this study lies in its
dual-feedstock and multi-output approach, which can identify the
optimal configurations for maximum efficiency and emissions reduc-
tion. This work provides a technically rigorous foundation for future
economic and environmental assessments of sustainable waste to energy
systems.

2. Methodology
2.1. System description

An integrated system for generating electricity, cooling, heating, and
liquid fuel has been designed for one of Indonesia’s largest landfills. The
Benowo landfill, located in Surabaya—the country’s second most
populous city with approximately 2.8 million residents as of the 2020
census—covers an area of about 37.4 hectares [53,54]. In 2020, the
landfill received 2,222.62 tonnes of waste daily, predominantly
composed of 54.31% food waste and 19.44% plastic waste, with the
remainder consisting of paper, twigs, rubber, glass, and fibres [1].
Currently, the waste-to-energy system at Benowo is limited to electricity
generation, leaving significant potential for expansion into other energy
outputs [1].

The energy needs of the surrounding community extend beyond
electricity to include cooling, heating, and fuel. In a country with a hot-
humid climate like Indonesia, the demand for cooling energy is expected
to rise significantly [55,56]. Waste heat recovered from the landfill’s
power plant offers a sustainable solution to address these demands, such
as providing energy for space cooling. Additionally, the landfill’s prox-
imity to coastal areas presents an opportunity to support the region’s
salted fish industry, one of Indonesia’s key export products. The tradi-
tional sun-drying process for fish poses hygiene risks, but utilizing
recovered waste heat for fish drying can improve product quality and
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safety.

Moreover, LPG, a widely used fuel in Indonesian households, can be
substituted with liquid biomethane derived from food waste, reducing
dependence on natural gas and offering a sustainable alternative.
Beyond energy recovery, the system’s byproducts present additional
value. Slag produced by the PG can be used as a construction material,
while dried digestate from anaerobic digestion can serve as an organic
fertilizer, supporting circular economy principles.

In response to the growing need for sustainable energy solutions
derived from waste, this research proposes two scenarios for optimizing
energy recovery and reducing environmental impacts through advanced
waste-to-energy technologies. The first scenario involves the application
of a CCHP system. Meanwhile, the second scenario integrates the CCHP
system with liquid biomethane production. Both scenarios assume the
production of syngas and biogas, as shown in Figs. 1 and 2. Specifically,
syngas is generated by feeding shredded plastic waste to the PG, and
biogas is produced from the anaerobic digestion of food waste. To
evaluate the impact of carbon emissions, each scenario examines three
configurations: a baseline without CCS, one with pre-combustion CCS
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(pre-CCS), and one with post-combustion CCS (post-CCS). The CO-
emissions captured from the system are transported to the nearest CO-
storage site, the Bawean Basin, which has a storage capacity of 1.16
gigatonnes and is located approximately 150 kilometres from the
landfill [57].

2.1.1. Scenario 1 (CCHP)

Fig. 1a—1c are the visual representation of the three configurations of
the first scenario. The first configuration as shown in Fig. la is the
simplest one and serves as the basis for further comparisons. In this set
up, a mixture of raw biogas and syngas drives a combined-cycle gas
turbine (CCGT) which utilizes a gas turbine (top cycle) and a steam
turbine (bottom cycle) to generate electricity. The residual heat in the
flue gas exiting the CCGT unit can be recovered in a single-effect ARC to
produce cooling suitable for a housing area. Additionally, the waste heat
generated from the ARC can be used in industrial applications such as
fish drying.

The second configuration, illustrated in Fig. 1b, introduces two
additional subsystems, highlighted within the red dotted box. These
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include a water gas shift (WGS) reactor and a pre-CCS plant. In this
setup, the raw syngas is sent to the WGS reactor before it is mixed with
the raw biogas. Through the WGS reactor, the CO present in the syngas is
transformed into CO2, hence raising the concentration of CO: in the gas
stream. The resulting syngas is then mixed with the raw biogas and fed
to the pre-CCS plant before combustion in the CCGT.

The final configuration, shown in Fig. 1c, differs from the others by
incorporating a post-combustion carbon capture (post-CCS) plant.
Instead of releasing the flue gas directly into the atmosphere, as in the
first configuration, the flue gas passes through the post-CCS plant, which
is located after the ARC. The post-CCS system captures CO2 from the flue
gas before it is released, as indicated by the red dotted box in Fig. 1c.

2.1.2. Scenario 2 (CCHP and fuel production)

The three configurations in the second scenario are depicted in
Fig. 2a—2c. In this scenario, instead of using the raw biogas produced in
the AD unit as a fuel for the CCGT, it is purified in a high-pressure water
scrubber (HPWS) to increase the methane concentration. The resulting
biomethane is then directed to a methane liquefier (ML) to liquify

biomethane, which can be used as cooking gas. In Scenario 2, the CCHP
system is fuelled solely by syngas to generate electricity. Similar to the
Scenario 1, before the flue gas is released from the CCHP, its heat is used
by the ARC to generate cooling, and the heat rejected by the ARC is
utilized for fish drying.

Fig. 2a illustrates the baseline configuration, where the flue gas is
released directly into the atmosphere. The primary distinction from
Scenario 1 is marked by the green dotted box in Fig. 2a, which highlights
the additional process of converting biogas into liquid biomethane.
Fig. 2b shows the configuration integrated with a pre-CCS plant,
including the WGS reactor and pre-CCS system, as indicated by the red
dotted box. In this configuration, the pre-CCS system only removes
carbon from the syngas before it enters the CCHP.

Finally, Fig. 2c¢ depicts the configuration with the post-CCS plant
added to the baseline system, as shown by the red dotted box. The post-
CCS system captures carbon from the flue gas produced by syngas
combustion before it is released into the atmosphere.
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2.2. System modelling

The investigated processes were modelled in Aspen Plus V12.1. In
order to adapt to standard operational parameters, it was essential to
refer to relevant technical literature. Table 1 displays the important
process design parameters utilised in the modelling. The detailed Aspen
model is further explained in the Supplementary Information Section
S.1.

2.3. Thermodynamic evaluation

Table 2 presents the proximate and ultimate analysis of the food
waste and mixed plastic waste used in the current study. The chemical
composition of food waste and mixed plastic waste is inputted into the
anaerobic digestion and plasma gasification models, respectively.

In order to assess the thermodynamic efficiency of each system, it is

Table 1
Process design parameters used in the Aspen Plus modelling.
Process Conditions
Pretreatment Crusher [58]: Model = gyratory crusher, resulting in the particle
size reduction to 1 mm.
Electricity required for grinding [58]:
W B kWh
eleconsumption = 460 of feedstock
PG Model [59]: Air plasma gasifier combined with the steam

injection.
Plasma torch temperature [60]: 4000°C.
ER and SAMR ratio of plasma gasifier = 0.14 and 0.396,
respectively. (ER and SAMR ratio were chosen iteratively until the
temperature of HTZ reaching 2500°C).
SFR = 0.8.
Steam temperature [59] = 4000°C.
HTZ temperature [60]= 2500°C.
LTZ temperature [60]= 1250°C.
AD Digestion temperature = 38°C
The dilution ratio [61]: Food waste:water = 2.64:1, kg/kg.
Heating demand during the digestion process [62]:
Qdigesrian = 10%Ebiugas
HPWS Compressor 1 [63]: Poypye = 5 bar
Compressor 2 [63]: Poypye = 10 bar
Absorber [63]: P =10 bar; T = 20°C
Stripper [63]: P =1 bar; T = 20°C
Flash [63]: P = 3 bar; T = 20°C

GT power Air compressor [64,65]: pressure ratio = 19.5; inropic = 85%;
cycle Nmechanical = 98-65%; Mair comp is determined until temperature of
flue gas prior to gas turbine reach =1350°C.
Combustion chamber [64]: fuel pressure = 26.83 bar.
Gas turbine [64]: Poupue = 1.065 bar; fiengopic = 89.769%;
Nmechanicat = 98-65% .
ST power Steam turbine [66]:

cycle HP: Pinpye = 180.2 bar; Poupur = 28.8 bar; fisenropic = 88.03%.

IP: Pipye = 28.8 bar; Poypy: = 3.907 bar; Nisentropic = 92.37%.
LP: Py = 3.907 bar; Poygpy: = 0.0483 bar; Nisentropic = 93-67%.

ARC Working fluid [67]: LiBr/H20; Myipr 1,0 /Mfuegas = 0.1; LiBr
concentration in a basic solution = 57.4%.
Pump [67,68]: Py = 0.00672 bar; Poygu: = 0.07461 bar;
Nisentropic = 75%; Nariver = 95%.
Valve [67,68]: Pippur = 0.07461 bar; Poypy: = 0.00672 bar.
Designated temperature
Tair.cooling = 21°C (cooling for residence house)
Tairheating = 52°C (heating for fish drying)

ML Methane compressor [69]: Poygpy: = 200 bar

CCS unit Pre-CCS
Absorber: H =25m; D =5m
Stripper: H = 15m; D = 3.5 m; P = 2.4 bar
Post-CCS
Absorber: H =25m; D =85m
Stripper: H = 15m; D = 3.5 m; P = 2.6 bar
Carbon sequestration
Compressor [70]: multistage; Poyger, 1 = 7 bar; Poyger, 2 = 24 bar;
Poutier, 3 = 83 bar
Pump [70]: Pyygee = 153 bar
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Table 2
Proximate and ultimate analysis of the feedstock used in the study.

Characteristics Food Waste [71] Mixed Plastic [5]

Proximate Analysis (wt.%, as received)

Moisture 76.47 0.6
Ash 14.81 13.3
Volatiles 83.1 85.7
Fixed Carbon 2.09 0.4
Ultimate Analysis (wt.%, as dry basis)

Carbon 40.03 79.77
Hydrogen 5.72 15.47
Nitrogen 1.9 2.76
Oxygen 37.08 2
Sulfur 0.46 0
Chlorine 0 -

necessary to determine the energy and exergy content of all process
streams. The energy content of the feedstock can be determined by
employing the subsequent calculation:

Efeedstock = Mpeedstock-LHV eedstock (@)

where Mgedsiock is the mass flow rate of feedstock (kg); LHV feedstock iS the
lower heating value of feedstock which can be obtained from the
equation as follows:

LHV eegstoek = 0.339 x %C +1.029 x %H +0.109 x %S — 0.112
x %0 — 0.025 x %W [MJ/kg]
(2)

where C, H, S, O, and W are the mass fraction of carbon, hydrogen,
sulfur, oxygen, and water in the dry feedstock as received (%), respec-
tively. The properties of each feedstock can be seen from Table 2.

For the exergy content of the feedstock, the empirical correlation
proposed by Szargut [72] is employed to determine the specific chemical
exergy of solid fuels, which is afterwards utilized for the computation of
the chemical exergy of the solid waste. The exergy rate of the feedstocks
can be mathematically represented as follows:

éxfeedxtock =ALH erezistock 3

Exfeedstack = mfeedsmck éxfeed.stock (4)

where €xfeeqsiock is the specific chemical exergy of the feedstock (MJ/kg);
Exfeedsmck is the exergy content of the feedstock (MW). Here, 1 is the
statistical correlation that can be calculated based on the ratio of %:

H
4 =1.0438 +0.0158— + 0‘08139for o <0.5 5)
C C C
1.0414 +0.0177 (g) —0.3328 (g) {1 +0.0537 (%)} 0
A= for 0.5 < °
1-0.4021 <g
<2

©

where H, O, C, are the percentage of hydrogen, oxygen, and carbon in
the ultimate analysis, respectively.

For the output gas generated through gasification and anaerobic
digestion, the energy content of individual gases can be determined by
employing the following equation:

Egas = Mges LHViggg ()

LHVgy = 1.20087 (%H;) + 0.10160(%CO) + 0.49853(%CH,4) [MJ / kg]
®



Q.A.M.O. Arifianti et al.

where Egas is the energy content of the generated gas from either the AD
or PG (MW); my; is the mass flow rate of the gas; H, CO, and CH, are the
mass fraction of hydrogen, carbon monoxide, and methane in the
product gas (%), respectively; LHVy; is the lower heating value of gas
(MJ/kg).

The following equations could be used to calculate the exergy con-
tent of the generated gas.

Xgas = Zyiexw +RT, Zyilnyi ©)

EXges = Tlgqs€Xgas (10)

Where éx,, is the exergy content of the generated gas (kJ/kg); y is the
molar fraction of each substance; and ex, is the standard molar chemical
exergy (kJ/kmol) at 298 K and 1 atm in which the value of each gas
composition can be seen in Table 3.

After the quantification of the energy and exergy flows, it is possible
to calculate relevant efficiencies.

e Plasma gasification

The equivalence ratio, a critical parameter in gasifier design, is
defined as the ratio of the actual air-fuel ratio to the stoichiometric air-
fuel ratio [74].

— (mﬂir )uctual (1 1 )

gasification —

ER(< 1.0)

(mair )xtoichiometri:

where mg;; /mpy is the actual ratio of mass flow rate air to plastic waste
and (Mg /Mpw) ;e is the stoichiometric ratio of mass flow rate air to
plastic waste. The steam to air mass ratio (SAMR) is a dimensionless
parameter that is frequently employed to quantify the rate at which
steam is supplied in the air and steam gasification process [59].

SAMR = Tstean a2)
Mgir
In the plasma gasification, the energy conversion efficiency (7,,,,) is
calculated as the ratio of the energy content of the syngas to the energy
content of solid waste and the electricity consumed for plasma torch
during the process and it can be written as follows [60]:

E
Nenpg = - Y Prorch as)
Epw + Qpreheat.air + Qpreheat.water +

Mtorch

where Epw and Emm are the energy content of plastic waste and syngas
which can be calculated using Eqs. (1) and (7), respectively, Py is the
torch power (MW), 7,,., represents the thermal efficiency of torch,
which is set to 90%, Qp,eheat‘air and Qp,eheat,wmr represent the heat utilized
to preheat the air (prior to entering the torch) and the water,
respectively.

For the exergy performance, the exergy conversion efficiency (7, pg)
can be obtained from the following expression:

Table 3
Standard chemical exergy of selected gases [73].

Substance Standard Chemical Exergy (kJ/kmol)
Carbon dioxide (CO;) 19,870

Carbon monoxide (CO) 275,100

Hydrogen (H;) 236,100

Methane (CHy4) 831,650

Nitrogen (N3) 720

Oxygen (0;) 3,970

Water vapor (H20) 9,500
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EXyngas a4
. . . Piorch
EXPW + EXQprehem.air + EXQprehear.waler +

MNtorch

n expg —

where Exsyngm is the exergy content of syngas (MW) and Expw is the
exergy content of plastic waste (MW), EXq, ... ad EXq, 40 denote
the exergy associated with heat transfer for preheating air and water,
respectively. It should be noted that the energy and exergy associated
with air and water preheating are assumed to be zero when the air and
water are internally heated using sensible heat recovered from the raw
syngas, such as through integrated heat exchangers.

e Anaerobic digestion

In the first scenario, the energy conversion efficiency (7,, ) and
exergy conversion efficiency (#,.,4) of anaerobic digestion can be
mathematically represented as follows:

E biogas
Menad = 27— = )
ena E foodwaste + Qap
EX p,
Moo = . ~bloga.s (16)
Ex foodwaste 1 Qap <1 - T,:.;(;ng>

where E p;oq45 is energy content of biogas which can be defined using Eq.
(7) (MW); Ex biogas 1S the exergy content of biogas which can be deter-
mined using Eq. (10) (MW); E foodwaste 1S energy content of food waste
which can be calculated using Eq. (1) (MW), Ex foodwaste 1S €Xergy content
of food waste which can be calculated using Eq. (4) (MW), and Q »p is
the heating requirement to maintain the digester temperature (38°C).

In the context of Scenario 2, it is important to note that the instal-
lation of a water scrubber after the AD requires the involvement of two
compressors for biogas purification. As a result, the above energy con-
version efficiency of the AD (7,,,4) and exergy conversion efficiency
(Mex.aq) €quation are modified as follows:

E biogas
Nenad = = . . - a7
e Wcomp,ws + Wpump.ws +E fw + QAD
EX p
Nex.ad = | . ‘blogﬂ-? R (18)
Wcomp,ws + Wpump.ws + Ex fw + QAD (1 - ThZZing)

where Wmmp‘m, is compressor work (MW) in the water scrubber and
Woumpws is pump work (MW) in the water scrubber.

e Gas-turbine power generation
The thermal energy efficiency of the gas-turbine power plant (77, &)

and thermal exergy efficiency (,,4) can be expressed as follows:
For Scenario 1,

n _ Wgt - Wflir comp.gt _ quel comp.gt (19)
et Esynga.s + Ebiogas
”ex.g[ _ Wgt - Wair comp.gt — quel comp.gt (20)

EXxyngas + Exbiogas

For Scenario 2,

We — Wair compgr — Whiel compige
Nengs = S E—— @
syngas



Q.A.M.O. Arifianti et al.

Wgt - Wuir comp,gt — quel comp.gt

Nexgt = (22)

EXgyngas

where Wgt is the gas turbine work (MW), Wi comp.gt is the air compressor
work (MW), quel compgt 18 the fuel compressor work (MW).

e Steam-turbine power generation

The thermal energy efficiency of the steam-turbine power plant
(ense) and thermal exergy efficiency (7., ) can be formulated as follows:

Whpt + Wipt + Wlpt - (Whpp + Wipp + Wlpp)
Qﬂuegas

(23)

Nenst =

Whpr + Wipt + Wlpt — (Whpp + Wipp + Wlpp)
Qﬂuegas <1 - Tﬂtfgas)

where Wiy, Wip:, Wiy, are the high-pressure, intermediate-pressure, low-

(24)

Nexst =

pressure turbine work (MW), respectively, and Wy, Wiy, Wiy, are the
high-pressure, intermediate-pressure, low-pressure pump work (MW),
respectively.

o Absorption refrigeration cooling

The energetic coefficient of performance of the ARC (COPqp qrc) and
exergetic coefficient of performance (COPey q) can be determined by
the following mathematical expression:

Qeva

COPpgre = ———2¢ (25)
e Wpump.arc + Qgen
Qun (1)
Copex,arc = _ . (26)
Wpump‘arc + Qgen <1 - %)

where Wpump_m is the pump work (MW), Qgen and Ty, are the heat
absorbed by the generator (heat released from flue gas) (MW) and its
associated temperature (K), respectively, and Q.yq and Tey are the heat
absorbed by the evaporator (heat released from residence house) (MW)
and its associated temperature (K), respectively.

e Methane liquefaction
The calculation of the energetic coefficient of performance of the ML

(COP¢p ) and exergetic coefficient of performance (COPy ) can be
derived using the subsequent equation:

COPyt = 2% @7
Wcump.ml
. T,
Qrefg (Tefg - 1)
COPoypy = ———— - (28)
comp,ml

where mepml is the compressor work (MW), Q,Efg and T, are the heat
required to liquify CH4 and its associated temperature (K), respectively.

e Overall system

In the first scenario, the system output comprises of electricity,
cooling, and heating. Therefore, in order to assess the performance of
the overall system in Scenario 1, the energy and exergy efficiency of the
system as a whole is defined as follows:
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o Wnet.x + QcoolMg + Qheadng

Nen,overall.sc1.x = E E (29)
pw + Efw
_ Wnet.x + Excooling + Exheating 30
nex.ovemll,scl.x - E E ( )
Xpw + EXgy
where:
x = baseline, pre — ccs, post — ccs @31
H H H P torch H
Wnet.baseline = W gross,ccgt,baseline — (Wwas[e treatment + - Wpu.mp.arc,baseline
torch/ pg

(32)

P, torch

Wnet.pre—ccs = Wgross.ccgtpre—ccs - <Wwa_ste treatment + ) - prnp.arc,pre—ccs
pg

torch

= (Wounp + Weamp)

ccs.pre—ccs

(33)

P torch

Z ump arc.post—ccs
P P
torch / pg

Wner.post—ccs = Wgross,ccgt,post—ccs - <Wwa.ste treatment

- (Wpump + Wcomp)

ccs,post—ces

(34)

where Wnet,baseline: Wit pre—ccs» Whet post—ccs are the net work (MW) in
baseline, case with pre CCS, case with post CCS, respectively; Qcoolmg and
Exmlmg are the cooling energy and exergy generated from the ARC
(MW), respectively; Qheadng and Ethng are the heating energy and
exergy released from the system (MW), respectively; ngss,ugt is the
gross power generated from the CCGT (MW); Wiaste treatment 1S the power
required for crushing the plastic waste (MW); Wiorch is the plasma torch
power (MW); Wpump,m and Wpumpm are the pump power in the ARC and
in the CCS plant (MW), respectively; mep_ccs is the compressor power in
the CCS plant (MW).

In Scenario 2, the output consists of power, cooling, heating, and
liquid fuel. Hence, in order to evaluate the performance of the entire
system in Scenario 2, the energy and exergy efficiency of the total system
can be determined in the following formula:

Wnet.x + ECH4 lig + Qcooling + Qheaﬁng

”en.ovemll.scz‘x = Epw + Efw (35)
Wietx + EXcn, tig + EXcooling + EXneai
’/Iax.ovemll,scz.x = s CH? o - ooling heating (36)
Expy + Expy
where:
x = baseline, pre — ccs, post — ccs 37)

H H H P torch
Wnet.baseline = Wgromccgt,baseline - <qus£e treatment

) - Wpump.arc.buseline
torch/ pg

- (WPUWP + WCU'"P)WS - Wcomp.ml
(38)

P, torch H
- Wpump,arc pre—ccs
pg

Wcompml - (Wpump + Wcomp)

Wnet.pre—ccx = VWgross.ccgtpre—ccs — <mete treatment + n
torch

- (Wpump + Wcomp)ws -

ccs.pre—ccs

(39
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H P torch

Wnet.post—ccs = Wgross,ccgtpost—ccs — (Wwaste treatment + ) - Wpump,arc.past—ccs
pg

Neorch

- (Wpump + Wcamp)ws - Wcomp.ml - (Wpump + Wcamp)

ccs.post—ces

(40)

where ECH4 lig and EXCH4 lig are the energy and exergy content of liquid
biomethane (MW), respectively; Wpump,m and mep,m are the pump and
compressor power in the WS (MW), respectively; Wcomp‘ml is the
compressor power in the ML (MW).

2.4. Limitation of the study

The waste utilization process presented in this study offers a prom-
ising pathway for waste management, particularly in waste reduction
and valuable energy generation. However, as with any emerging tech-
nology, certain limitations remain. A key challenge lies in translating
numerical results into real-world implementation. One major factor is
the integration of these processes into existing industrial infrastructure
to ensure operational feasibility and efficiency. Additionally, it is crucial
to establish a reliable transport and storage system for captured carbon
dioxide to support the practical deployment of carbon capture
technologies.

While this study applies energy and exergy analysis to evaluate the
thermodynamic performance of a novel waste-to-energy system, it is
important to recognise that exergy analysis can also serve a broader
theoretical framework, which encompasses economic, environmental,
and social dimensions. The literature shows the application of this
extended exergy accounting (EEA) approach to evaluate sustainability
criteria. For instance, Liu et al. [75] applied EEA to evaluate food waste
treatment strategies in Singapore, and identified anaerobic digestion as
the most sustainable option in terms of urban ecosystem costs and rev-
enues in addition to energy efficiency. Similarly, Liu et al. [76] devel-
oped an EEA based multi criteria decision making framework to
optimize the waste to energy facility locations under uncertainty by
integrating material, energy, labour, capital, and environmental factors
into a single exergy-based model. Hendo and Sanaye [77] further
demonstrated the value of integrating economic and exergy analysis
through simultaneous multi objective optimization, which showed that
such an approach can significantly reduce payback periods and improve
system efficiency when applied to incineration plants.

Although the current study is limited to thermodynamic analysis,
future work will include techno-economic and LCA. Specifically, the
economic analysis will quantify capital and operational expenditures
and estimate the levelized cost of energy and products. The LCA will
evaluate the system’s environmental impacts across its lifecycle.
Together, these methods will support a more comprehensive under-
standing of the system’s practicality, cost-effectiveness, and long-term
sustainability.

3. Results and discussion
3.1. Model validation

Table 4 presents a comparison between the modelling results of PG,
AD, GT power cycle, ST power cycle and ML and their related experi-
mental data. Based on these findings, it can be concluded that there is a
good agreement between the results derived from the current model and
relevant experimental data.

3.2. Energy and exergy performance

3.2.1. Syngas and biogas generation
In order to generate syngas using a PG, an ER of 0.14, a SAMR of
0.396, and a SFR of 0.8 are employed to attain a temperature of 2500°C
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Table 4
Comparison between the simulation outcomes of the present study with results
of previous studies.

Process Parameter Present Experimental References
work
PG H; (mol %) 62.03 57 [78]
CO (mol %) 18.44 18.8
CO,, (mol %) 19.28 15.7
Plasma torch power 34.34 27.2
Mw)
AD CH4 (mol %) 38.7 37.4 [61]
CO3 (mol %) 60.5 62.6
Specific biogas yield 605.27 642
(m®/tonnes VS)
Specific methane yield 366.19 402
(ms/tormes VS)
Digestate (kg/s) 1080.89 1113.42
GT power Compressor Power 214.35 215.79 [66]
cycle (MW)
Turbine Power (MW) 430.89 430.28
Turbine Outlet 603.28 604
Temperature (°C)
ST power Total steam turbine 242.4 232.97 [66]
cycle power (MW)
Pump power (MW) 3.66 3.37
Turbine Outlet 34.94 32.25
Temperature (°C)
ML Liquefaction -152.698 -161.5 [69]
temperature (°C)
COPoctual 0.26 0.23

in the HTZ. The amount of plasma torch power used in the current PG is
around 40.04 MW. Steam is generated at a high temperature of
approximately 1157°C by harnessing the heat from the raw syngas. The
process flow diagram of the PG for baseline case, the case with pre-CCS
and the case with post CCS can be seen in Figs. S.1-S.3 in the Supple-
mentary Information, respectively.

Table 5 presents the mass flow rates of the feedstock and the
generated gas, along with their energy and exergy content, fuel gas
composition, and the performance parameters of the PG and AD. The
mass flow rates of plastic waste (PW) and food waste (FW) are derived
from the amounts received at the Benowo landfill [1]. As shown in the
Table 5, the primary components of the raw syngas are predominantly
H, at 43%, followed by nitrogen N3 at 25%, and CO at 24%. In

Table 5
Material and energy balances for the PG and AD systems.
Characteristic Feed stock Generated gas Unit
Plastic Food Raw Raw Syngas
waste waste syngas biogas after pre-
CcC
Mass flow 5.00 13.97 18.45 3.31 10.04 kg/s
rate
Energy 184.11 45.67 191.85 44.26 163.09 MW
content
Exergy 193.11 53.37 184.08 48.21 157.67 MW
content
Composition of fuel (molar fraction)
H, N/A N/A 42.56 0.00 67.24 %
Cco N/A N/A 24.01 0.00 1.73 %
CH,4 N/A N/A 0.00 47.50 0.00 %
Ny N/A N/A 25.09 0.00 25.98 %
H,0 N/A N/A 6.93 5.20 3.92 %
CO, N/A N/A 1.40 43.40 1.14 %
(023 N/A N/A 0.00 0.00 0.00 %
NH3 N/A N/A 0.00 3.60 0.00 %
HJS N/A N/A 0.00 0.40 0.00 %
Performance parameter Plasma gasifier Anaerobic digester Unit
Energy conversion 75.28 88.34 %
efficiency
Exergy conversion 70.75 86.28 %
efficiency
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comparison with the results obtained by Zhang et al. [79] who used the
same type of gasifier and gasification agents (air and steam), the results
of the current study demonstrate higher energy and exergy efficiency.
Specifically, the energy and exergy efficiency of the PG in the reference
study are 50.8% and 44.9%, while the current study achieved 75.28%
and 70.75%, respectively. This is a result of the higher carbon and
hydrogen content of the feedstock utilized, i.e. waste plastic compared
to the solid waste utilized in [79], 79.77% vs 50.5% and 15.47% vs
5.6%, respectively which results in higher LHV for the plastic waste.

For the pre-CCS cases, the syngas produced by the PG reacts with
steam in the WGS reactor. This reaction results in the generation of CO5
and hence its composition is further increased in the syngas, which is
then captured in the CCS plant. A 10% portion of the raw syngas has to
be combusted to raise heat for steam generation. By optimizing the AFR
to a value of 15.69, it is possible to attain the highest temperature of the
combustion gas, which is around 633°C. The highest possible conversion
of CO into CO, and Hjy that can be attained is ~93% by employing a
steam to carbon monoxide molar ratio (S/C ratio) of 1.66. Due to the
conversion in the WGS reactor, the mass flow rate of CO reduces
dramatically from 7.53 to 0.47 kg/s, while there is an increase in the
mass flow rate of hydrogen Hy from 0.961 to 1.318 kg/s. After the syngas
passes through the WGS reactor and pre-CCS plant, there is a reduction
in the energy and exergy content of the syngas, as shown in the Table 5.
The process flow diagram of WGS reactor is shown in Fig. S.4 in the
Supplementary Information.

For biogas generation, in order to maintain the temperature of the
AD at 38°C, approximately 10% of the energy content of the biogas,
equivalent to 4.42 MW, is required. The heating requirement can be
satisfied by extracting 0.83 MW of energy from the flue gas after passing
through the ARC, and an additional 3.59 MW from the sensible heat of
the raw syngas (for the baseline scenario) or from extracting heat from
the top stream of the desorber prior to the condenser (for the case with
pre- and post-CCS). The energy conversion efficiency of the AD process
can be observed in Table 5, with values of around 88.34%. According to
[80], the conversion of food waste into biogas has an energy efficiency of
approximately 85%, which is in good agreement with the energy effi-
ciency of 88.34% calculated herein.

3.2.2. Electricity generation

Table 6 contains detailed information about the performance of the
CCGT under different scenarios and configurations. Key parameters
analyzed include fuel energy input, compressor power consumption,
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turbine power output, and performance efficiency. It can be seen from
this table that the energy input to the GT power cycle remains the same
in the baseline case and the case with post-CCS in both scenarios.
Nevertheless, the energy content of fuel in the case with pre-CCS is al-
ways lower than in the other cases. There are two primary factors
contributing to this phenomenon. Firstly, the mass flow rate of CO de-
creases significantly and the rise of the mass flow rate of Hy is not
enough to offset this. Secondly, 10% of the raw syngas is extracted to
supply heat in the WGSR. The higher energy of fuel on scenario 1
compared to scenario 2 is attributed to the mixture of syngas and biogas
used in the combustor of scenario 1, whereas only syngas is utilized in
the combustor of scenario 2.

According to Table 6, the baseline case and the case with post-CCS in
Scenario 1 and 2 generate higher amounts of CCGT fuel, resulting in a
bigger amount of air being drawn into the compressor and consequently
a higher air compressor power compared to the case with pre-CCS is
required. Given that all the cases have the same turbine inlet tempera-
ture, the only variable that impacts the turbine work is the combined
mass flow rate of air and fuel. Therefore, the baseline case and the post-
CCS case can generate more electricity in the GT compared to the pre-
CCS case.

The flue gas from the GT power cycle is utilized to drive a typical
steam turbine (ST) cycle. The amount of heat that can be recovered by
the boiler feed water (BFW) depends on the temperature at which it
enters the heat recovery steam generator (HRSG). In the baseline case,
the BFW is condensate water that comes out from the LP pump (stream
8, as shown in Fig. S.6, Supplementary Information) and absorbs most
of the available heat. The BFW temperature in the baseline case for
Scenarios 1 and 2 is 35°C.

While the baseline case benefits from the lower temperature of the
BFW, allowing for greater heat absorption, the situation changes in the
pre- and post-CCS cases. The energy absorbed from the flue gas by the
BFW (stream 8, as shown in Fig. S.7, Supplementary Information) is
reduced because the BFW has been preheated using sensible heat from
the desuperheater. Specifically, the temperature of BFW before entering
the HRSG in the case with pre-CCS for Scenarios 1 and 2 is 82°C and
80°C, respectively. In the post-CCS case, the BFW temperature rises to
143°C and 119°C for Scenarios 1 and 2, respectively. Additionally, it is
noteworthy that the lowest amount of energy delivered to the HRSG
through the flue gas in the pre-CCS case is due to the lowest fuel energy.

Finally, the net power output of the combined cycle is maximum in
the baseline case because it has a higher flow rate of fuel, and the

Table 6

Thermodynamic results for the CCGT island.
Parameter SCENARIO 1 SCENARIO 2 UNIT

BASELINE W/PRE-CCS W/POST-CCS BASELINE W/PRE-CCS W/POST-CCS

Gas turbine performance
Energy of fuel (to the gas turbine cycle) 236.11 207.32 236.11 191.85 163.09 191.85 MW
Exergy of fuel (to the gas turbine cycle) 231.48 195.30 231.48 184.08 157.67 184.08 MW
Air compressor power in the gas turbine cycle 89.51 81.06 89.51 72.03 62.15 72.03 MW
Fuel compressor power in the gas turbine cycle 15.72 13.33 15.72 14.29 12.55 14.29 MW
Gross gas turbine power 186.03 166.53 186.03 150.61 129.97 150.61 MW
Net power output from GT cycle 80.79 72.14 80.79 64.29 55.27 64.29 MW
Thermal energy efficiency 34.22 34.80 34.22 33.51 33.89 33.51 %
Thermal exergy efficiency 34.90 36.94 34.90 34.92 35.05 34.92 %
Steam turbine performance
Energy of flue gas (to the steam turbine cycle) 123.48 107.70 115.88 99.42 83.72 96.77 MW
Exergy of flue gas (to the steam turbine cycle) 63.02 54.68 61.20 50.68 42.49 50.06 MW
Pump power in the steam turbine cycle 0.84 0.78 0.89 0.70 0.63 0.74 MW
Steam turbine power 51.11 39.18 37.74 41.61 30.94 32.23 MW
Net power output from ST cycle 50.27 38.40 36.85 40.91 30.31 31.50 MW
Thermal energy efficiency 40.71 35.66 31.80 41.15 36.21 32.55 %
Thermal exergy efficiency 79.77 70.23 60.21 80.72 71.33 62.91 %
Overall combined cycle performance
Net power output from CCGT 131.06 110.54 117.64 105.20 85.58 95.78 MW
CCGT energy efficiency 55.51 53.32 49.83 54.83 52.47 49.93 %
CCGT exergy efficiency 56.62 56.60 50.82 57.15 54.28 52.03 %
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absence of LP steam necessary for the CCS to meet the reboiler heat duty.
This extraction reduces the net power generated by the steam turbine in
both CCS cases. Specifically, as shown in Table 6, the net power output
in the baseline case for Scenarios 1 and 2 is 131.06 MW and 105.20 MW,
respectively. In contrast, the post-CCS case, which maintains the same
fuel flow rate as the baseline but includes LP steam extraction, shows the
second-highest net power output. The net power output for post-CCS in
Scenarios 1 and 2 is 117.46 MW and 95.78 MW, respectively, with heat
supplies of 58.33 MW and 41.81 MW of thermal energy to the CCS plant.
The lowest net power output is observed in the pre-CCS case, with
outputs of 110.54 MW and 85.58 MW for Scenarios 1 and 2, respec-
tively, and corresponding heat supplies of 43.63 MW and 35.58 MW for
the CCS plant.

3.2.3. Cooling and heating generation

The process flow diagram of the ARC is provided in Section S.1.5 of
Supplementary Information. Table 7 compares various system oper-
ating conditions and presents the corresponding energy and exergy an-
alyses for ARC. As shown, the post-CCS case in both scenarios exhibits
the highest flue gas temperature due to the limitation in the HRSG
(temperature crossover between the flue gas and the incoming BFW).

Additionally, Table 7 indicates that the cooling capacity is identical
in both the baseline and post-CCS cases under both scenarios, but these
are higher than in the pre-CCS case. Since the temperature difference is
fixed during the operation of the evaporator, the only remaining factor
determining the cooling effect produced by the ARC is the mass flow rate
of the ARC working fluid. While the ratio of the mass flow rates of ARC
working fluid and flue gas is 1:10 (as listed in Table 1), the flow rate of
flue gas in each case is the determining factor of the cooling capacity.
This explains the difference between the baseline and the post-CCS cases
vs the pre-CCS case (4.04 vs 3.51 MW in Scenario 1 and 3.27 vs 2.72 MW
in Scenario 2).
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under both scenarios is consistently lower compared to the baseline and
pre-CCS cases due to higher heat loss during the heat transfer from the
flue gas to the ARC working fluid in the desorber. The higher heat loss is
due to the ratio established between the ARC working fluid and flue gas
flow rates through the desorber.

3.2.4. Liquid biomethane production

Biogas at a flowrate of 3.31 kg/s with CO, and CH4 molar fractions of
43.3% and 47.4%, respectively, is upgraded to 97.7% CH4 using a
HPWS process operating at 10 bar and 25°C. The integration of HPWS
with the anaerobic digester results in a slight reduction in both energy
and exergy efficiency, from 88.34% to 85.79% and from 86.28% to
84.04%, respectively. This decrease is primarily attributed to the energy
consumption required for biogas compression and water pumping
within the HPWS.

In the subsequent methane liquefaction (ML) process, 5.24 MW of
power is required to compress the upgraded biomethane to 200 bar. The
energy COP for the ML process is 0.29, which is consistent with previous
studies, such as the research cited in [69], where a COP of approximately
0.234 was reported.

3.2.5. CCS plant

Table 8 compares several critical parameters between pre-CCS and
post-CCS across two scenarios. Parameters such as liquid-to-gas (L/G)
ratio, specific reboiler duty (SRD), and reboiler heat duty are examined
to evaluate the performance of the carbon capture processes. Modelling
approach and other important parameters such as the dimension of
absorber and stripper, lean solvent loading (LSL), rich solvent loading

Table 8
Main input and results for the pre- and post-CCS plant.

The amount of heat energy recovered from the ARC is presented in Parameter Pre-CCS Post-CCS Unit
Table 7. As shown, Fhe pre—CCf?“ caS(? recovers the hlghest. amqunt of heat Scemario  Scenario  Scemario  Scenario
energy due to the highest heating air flow rate. The heating air flow rate 1 2 1 2
is 1terat1ve.ly adjusted until the heating air temperature reaches 5? .C. Gas input flow rate _ 23.83 20,61 205.12 165.89 [
However, in terms of heat exergy recovery, the post-CCS case exhibits Absorber height o5 o5 o5 o5 m
the highest value, as the temperature of the recovered heat from the flue Absorber diameter 5 4 8.5 7.5 m
gas is higher. CO, concentration 53.52 51.10 8.37 7.54 %
As presented in the Table 7, the energy COP of the ARC is consistent in gas input (mass)
. . . . . CO,, captured flow 12.16 10.05 16.33 11.94 kg/s
across all scenarios, with a value of around 0.74. This result aligns with rate
previous research findings, where the COP was reported as 0.75 in [81] L/G ratio 5.45 5.98 0.88 0.80 kg/kg
and 0.74 in [82]. The exergy COP in both Scenario 1 and Scenario 2 Reboiler heat duty ~ 40.29 34.30 58.18 43.05 MW
ranges between 0.22 and 0.28, which is comparable to the COP range of SRD 3.31 3.41 3.56 3.60 GCJ(;
. S . . t
0.2 to 0.25 identified in [83]. The exergy COP in the case with post-CCS 2
Table 7
Results for the absorption refrigeration cooler (ARC).
Parameter SCENARIO 1 SCENARIO 2 UNIT
Baseline W/PRE-CCS W/POST-CCS Baseline W/PRE-CCS W/POST-CCS
Operating condition
Flue gas temperature 110.00 110.00 144.24 110.00 110.00 124.78 °C
Pump power 0.12 0.11 0.12 0.10 0.08 0.10 kw
Working fluid flow rate 20.79 18.04 20.79 16.81 13.96 16.81 kg/s
Energy analysis
Energy of flue gas absorbed by ARC 5.50 4.77 5.50 4.45 3.69 4.45 MW
Cooling energy for residence house 4.04 3.51 4.04 3.27 2.72 3.27 MW
Energy COP 0.74 0.74 0.74 0.74 0.74 0.74
Exergy analysis
Exergy of flue gas absorbed by ARC 1.22 1.06 1.57 0.99 0.82 1.11 MW
Cooling exergy for residence house 0.34 0.29 0.34 0.27 0.23 0.27 MW
Exergy COP 0.28 0.28 0.22 0.28 0.28 0.25
Waste heat from ARC*
Energy of the waste heat 17.29 27.87 26.84 13.99 25.62 17.12 MW
Exergy of the waste heat 1.62 2.83 3.28 1.49 2.70 3.13 MW
Heating air flow rate 631.10 1016.98 948.52 510.48 934.91 624.86 kg/s

“ The heat recovered comes from the absorber, condenser, and the waste heat recovery HX
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(RSL) as well as the process flow diagram of the CCS plant, are provided
in section S.1.6 of Supplementary Information.

Based on the Table 8, L/G ratio in the case with pre-CCS is higher
than that in the case with post-CCS as more CO; per cross sectional area
has to be captured. The reboiler heat duty in Scenario 1 is consistently
higher than in Scenario 2 due to the greater amount of carbon captured
in the first scenario. Specifically, in the pre-CCS case, the CCS plant in
Scenario 1 captures 18.90 kg/s of carbon, compared to 14.59 kg/s in
Scenario 2. Similarly, in the post-CCS case, the CCS plant in Scenario 1
captures 24.69 kg/s, while Scenario 2 captures 17.89 kg/s. Further, the
pre-CCS cases exhibit lowers SRDs compared to the post-CCS, i.e. 3.31
and 3.41 GJ/tCO, (for Scenario 1 and 2) vs 3.56 and 3.6 GJ/tCO,
(Scenario 1 and 2), respectively, due to the higher concentrations of CO»
in the treated gas. Interestingly, despite the differences in captured
carbon, the SRD shows minimal variation across the cases, ranging from
3.31 GJ/tCO:2 to 3.6 GJ/tCO-. These results align with findings from [84,
85], which indicate that with a LSL of 0.11-0.12 mol COz/mol MEA and
an absorption packing height of 24 m, the SRD is approximately 3.5
GJ/tCO2.

3.3. Exergy destruction

Fig. 3 illustrates the distribution of exergy destruction across various
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subsystems of the scenarios and configurations explained above. The
graphs highlight the differences in inefficiencies among the subsystems,
offering insights into where exergy losses occur and where improve-
ments could be made to enhance overall system efficiency. The detail
exergy destruction of each component can be seen in the Supplemen-
tary Information Section S.2.

As seen in Fig. 3, the PG and the GT power cycle have the highest
exergy destruction across all plant scenarios. The PG has an exergy
destruction rate of 63.37 MW, primarily due to the irreversibility asso-
ciated with the high gasification temperature caused by the plasma torch
and the chemical reactions taking place for converting the plastic waste
into high temperature of syngas and slag [25,86,87]. In the GT power
cycle, the exergy destruction spans from 58 MW to 83 MW, with the
combustion chamber (CC) being the largest contributor. This loss is
caused by the irreversibility of the oxidation reactions of the fuel gas to
produce thermal energy [88].

In addition to the PG and GT power cycle, the exergy destruction
within the ST power cycle ranges from 20 to 35 MW. The HRSG, steam
turbine, and condenser accounted for the majority of exergy destruction
in this subsystem. The exergy destruction in the HRSG is mostly affected
by heat transfer irreversibility between the exhaust gases and the steam.
Meanwhile, the exergy destruction of the steam turbine is caused by
expansions at high pressure and temperature across multiple stages.
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Fig. 3. Exergy destruction of each energy subsystem in (a) Scenario 1 (b) Scenario 2.
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Finally, the exergy destroyed in the condenser results from heat loss as
the expanded LP steam exiting the LP turbine is cooled down by the
cooling water, which is at a low temperature of 25°C [89].

Moreover, the carbon capture facility exhibits significant exergy
destruction, varying from 20 MW to 31 MW, with the stripper being the
primary source. The exergy loss is caused due to the heating of the
solvent to release the absorbed CO; using LP steam, the chemical reac-
tion that occurs during the desorption process, and the pressure drops
experienced by the solutions as they flow through the stripper [90-92].

Finally, the WGS reactor demonstrates an exergy destruction of
approximately 11 MW. The disparity in temperature between the re-
actants and products leads to significant exergy degradation. The WGS
reactor in this study operates at two distinct temperatures: a high-
temperature shift of 450°C and a low-temperature shift of 200°C.
Other components, such as AD, ARC, ML, and WS, have an exergy
destruction below 10 MW. The processes on these sub systems operate
under low-temperature conditions, leading to lower exergy destruction
compared to high-temperature chemical reactions.

3.4. Carbon balance

Figs. 4 and 5 illustrate the carbon mole flow in both Scenario 1 and

Food waste

Anaerobic
digester

Energy Nexus 18 (2025) 100460

Scenario 2, showing how carbon distribution changes depending on
whether the system operates under baseline, pre-CCS, or post-CCS
configurations. As shown, CO: emissions are higher in all three config-
urations of Scenario 1 compared to Scenario 2. This is because Scenario
1 releases more flue gas due to the combustion of both syngas and biogas
in the gas turbine power plant, whereas in Scenario 2, only syngas is
combusted, and the biogas is converted into liquid biomethane. In
Scenario 1, the flue gas contains both biogenic and fossil carbon, while
in Scenario 2, the flue gas consists only of fossil carbon.

The baseline case in each scenario emits the highest amount of car-
bon due to the absence of CCS integration. In Scenario 1, the baseline
case emits 0.247 kgCO, released per kg of waste processed, and in
Scenario 2, the emission factor is 0.213 kgCO, per kg of waste processed.

In the pre-CCS configuration, CO2 emissions are higher than in the
post-CCS case. This occurs because, prior to entering the pre-CCS plant,
not all CO in the syngas can be fully converted into CO: inside the WGS
reactor. As a result, the combustion of CO still releases amounts of CO-
into the atmosphere. As shown in Figs. 4b & 5b, the CO2 emissions in the
pre-CCS case are 0.072 kgCO; per kg of waste processed in Scenario 1
and 0.068 kgCOs released per kg of waste processed in Scenario 2.

In contrast, in the post-CCS case, the capture process occurs after the
conversion of all carbon in the fuel to COz, resulting in a more direct and
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Fig. 5. Carbon mole flow (kmol/s) in Scenario 2: (a) baseline, (b) pre-CCS, (c) post-CCS.

efficient capture of the generated carbon. The case with post-CCS plant each scenario. Scenario 1, which produces electricity, cooling, and
emits the least CO2, around 0.011 kgCO5 released per kg of waste pro- heating, has a lower electricity demand compared to Scenario 2, which
cessed and 0.008 kgCO, released per kg of waste processed for Scenario generates electricity, cooling, heating, and liquid biomethane. In Sce-
1 and 2, respectively. nario 1, the mixture of syngas and biogas is used as fuel for the gas
turbine (GT) power plant, while Scenario 2 converts biogas into liquid
biomethane rather than burning it. The additional steps in Scenario 2,

3.5. Electricity distribution including upgrading biogas into biomethane and the biomethane
liquefaction process, lead to higher electricity consumption.

The electricity generated by the CCGT is used to power the various Additionally, the type of carbon capture technology influences
components within the system. Fig. 6 illustrates the distribution of electricity consumption within the system. Pre-CCS requires less elec-
electricity consumption across the system for both Scenario 1 and Sce- tricity than post-CCS due to the lower amount of CO: captured and
nario 2 under three different configurations. The data highlights how sequestered. The highest electricity consumption in both CCS systems is
electricity demand varies depending on the type of the components, attributed to the operation of compressors, which are needed to increase
energy production method and carbon capture technologies. the input gas pressure to 1.18 bar and raise the pressure of the captured

By comparing the components’ operations in each configuration, it is CO: to 83 bar. The type of fuel used in the GT power plant also impacts
evident that the plasma gasification unit consistently consumes the most electricity demand in the CCS systems. In Scenario 1, which uses a
electricity, reaching up to 45.39 MW. This high consumption is pri- mixture of biogas and syngas as fuel, the CCS systems consume more
marily due to the need for generating and maintaining plasma at  glectricity compared to Scenario 2, where only syngas is used. This is
extremely high temperatures, which is essential for efficiently breaking because more electricity is required to remove the higher CO2 concen-
down plastic waste. tration in the fuel mixture.

The energy vectors generated also affect electricity consumption in
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Fig. 6. Electricity generation and consumption breakdown for Scenario 1 and Scenario 2 across the three configurations.

Finally, as shown in Fig. 6, the baseline cases in both scenarios yield
the highest net power output due to the combination of maximum
electricity generation and minimal electricity consumption. Specifically,
in Scenario 1, the net power output reaches 85.67 MW, while in Scenario
2, it is 53.08 MW.

3.6. Overadll system performance

Table 9 compares the overall performance of the system in Scenario 1
(electricity, heating, and cooling) and Scenario 2 (electricity, heating,
cooling, and liquid biomethane) across three configurations: baseline,
pre-CCS, and post-CCS. The key parameters examine include total en-
ergy generation, total exergy generation, system energy efficiency, and
system exergy efficiency.

As shown in Table 9, Scenario 2 achieves higher system energy and
exergy efficiency compared to Scenario 1, despite generating lower
levels of power, cooling, and heating. This increased efficiency is mainly
attributed to the high efficiency of biomethane production, which has
energy and exergy conversion efficiencies of 85.79% and 84.04%,

Table 9
Thermodynamic results for the overall system performance for Scenario 1 and
Scenario 2.

Overall system performance Case UNIT

Baseline W/PRE-CCS W/POST-CCS
Scenario 1 (electricity, heating, and cooling)
Total energy generation 107.01 92.14 95.54 MwW
Total exergy generation 87.63 63.89 68.27 MW
System energy efficiency 46.57 40.10 41.58 %
System exergy efficiency 35.55 25.92 27.70 %
Scenario 2 (electricity, heating, cooling, and liquid biomethane)
Total energy generation 113.59 101.36 101.52 MW
Total exergy generation 101.56 79.41 87.99 MW
System energy efficiency 49.44 44.11 44.18 %
System exergy efficiency 41.20 32.22 35.70 %
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respectively, as mentioned in Section 3.2.4. In contrast, the combined-
cycle gas turbine (CCGT) has thermal energy efficiency ranging from
49% to 56% and exergy efficiency between 50% and 58%, as shown in
Table 6.

The baseline case consistently achieves the highest energy and
exergy efficiency in both scenarios, followed by the post-CCS case, with
the pre-CCS case showing the lowest efficiencies. The reason is that the
baseline case does not provide heat for the stripper in the carbon capture
plant and does not allocate 10% of syngas for WGSR. Although the heat
demand in the post-CCS case is higher than in the pre-CCS case, the pre-
CCS case has less total energy and exergy generation due to the 10%
syngas allocation to the WGSR.

Considering both energy production and carbon emissions, the post-
CCS case in Scenario 2 emerges as the most favourable option for waste-
to-energy utilization. This configuration balances efficient energy pro-
duction with significant carbon reduction, making it a key solution to
adopt low-carbon technologies and mitigate climate change.

4. Conclusion

This study demonstrates the significant potential of integrating
waste-to-energy systems with carbon capture and storage (CCS) tech-
nologies to address both energy demands and environmental concerns.
By utilizing 5 kg/s of plastic waste and 13.97 kg/s of food waste as
feedstocks, the research evaluates for the first time the thermodynamic
performance of an integrated energy system consisting of a plasma
gasifier (PG), anaerobic digester (AD), combined-cycle gas turbine
(CCGT), absorption refrigeration cooler (ARC), and biomethane lique-
fier. Two scenarios, each with three configurations (baseline, pre-CCS,
and post-CCS), were explored to assess the system’s energy and exergy
efficiency, as well as carbon emissions.

The findings of the study indicate that Scenario 1, which is a CCHP
system, generated higher amount of electricity, heating and cooling
output, but had lower overall efficiency compared to Scenario 2, which
includes liquid biomethane production. The baseline case of Scenario 2
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achieves the highest overall energy and exergy efficiency, with
maximum efficiencies of 49.44% and 41.20%, respectively. On the other
hand, the post-CCS configuration of Scenario 2 emits the lowest amount
of COy, i.e. 0.008 kgCO, per kg of waste processed.

These results highlight the effectiveness of integrating advanced
waste conversion technologies with CCS in enhancing energy recovery
and significantly reducing greenhouse gas emissions. The findings pro-
vide a promising pathway for sustainable waste management and energy
production, offering valuable insights for detailed engineering studies,
policy development, and academic research. Future research will focus
on conducting economic and life cycle assessments for both Scenarios 1
and 2 to further evaluate their feasibility and sustainability.
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