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ARTICLE INFO ABSTRACT

Handling editor: Kathleen Aviso Waste-to-energy (WTE) conversion technologies for generating renewable energy and solving the environmental
problems have an important role in the development of sustainable circular economy. This paper presents a novel
high-efficiency WTE power plant using refuse-derived fuel (RDF) as feedstock by integrating torrefaction (T)
pretreatment with plasma gasifier (PG), solid oxide fuel cell (SOFC), and combined heat and power (CHP)
system. The combined impacts of torrefaction conditions (i.e. temperature and residence time) and steam-to-fuel
(S/F) ratio on the energy and environmental performances of the proposed T-PG-SOFC-CHP power plant without
CO,, capture L R i .
Process integration CO; capture (System I) is first evaluated. Results show that torrefaction of RDF prior to plasma gasification
EROI provides better syngas quality and therefore the system electrical efficiency (SEE) and CHP efficiency (CHPE) of
System I can be markedly boosted compared to that of untreated RDF. However, the integration of torrefaction
unit shows a negative effect on the energy return on investment (EROI) due to high energy demands for tor-
refaction and plasma gasification. Overall, the values of CHPE of System I range from 47.25% to 55.39% when
the torrefaction temperatures of 200 and 250 °C are adopted. In contrast, the torrefaction of RDF at 300 °C is not
a recommended condition for operation in the T-PG-SOFC-CHP power plant because of noticeably negative
energy and environmental impacts. Moreover, to prevent the risk of carbon deposition on the SOFC anode, a
recirculation ratio (RR) of the anode off-gas of 30% is required. Finally, the introduction of oxy-fuel combustion
technology into the T-PG-SOFC-CHP system for CO; capture (System II) allows to achieve a zero direct COy
emission WTE power plant. However, this results in an energy penalty of about 5.40-6.77% associated with the
CO4 capture and compression process.

Keywords:

Waste to energy conversion
Energy and environmental analysis
Gasification

sustainability, in the recent years, efficient waste-to-energy (WTE)
conversion technologies have received considerable attention world-

1. Introduction

With the significantly increasing growth of global population,
economy, and urbanization, the amount of waste produced by different
industrial sectors are also increasing at a quick rate. According to the
“World Bank Group’s” report, global annual waste production is esti-
mated to increase from 2.01 billion tons in 2016 to 3.40 billion tons by
2050, accounting for a rise of around 70% (Kaza et al., 2018). In
particular, this will also lead to substantial amount of CO, emissions to
the environment if the waste is ultimately landfilled without energy
recovery (Manfredi et al., 2009). To improve waste management and
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wide (Putna et al., 2020). The WTE conversion technologies render a
great potential for promoting environmental savings as a result of CO5
emissions prevented through energy recovery (Boesch et al., 2014).

In general, thermo-chemical conversion technologies such as incin-
eration, pyrolysis, gasification, and hydrothermal carbonation are
promising to convert solid waste into heat and electricity (Al-asadi et al.,
2020). Among them, waste gasification provides a sustainable,
economical, and environment friendly solution (Ng et al., 2019). The
desired quality of syngas (Hy+CO), depending on the type of gasifying
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agents such as air, steam or steam-air mix, can be generated from this
process. On the other hand, compared with the conventional gasifica-
tion, the utilization of plasma technology in waste gasification has
currently attracted increasing attention since it offers several advan-
tages: (1) owing to the high operating temperature and heating rate,
various kinds of hazardous waste can be effectively converted into useful
form of energy (Rutberg et al., 2013); (2) a high-quality syngas, mainly
consisting of hydrogen and carbon monoxide can be produced, thereby
improving the lower heating value (LHV) of the product gas (Saleem
et al.,, 2020); and (3) negligible tar level in the product gas as the
decomposition of tar is nearly completed under a high temperature
environment (Ma et al., 2020).

The benefits revealed above from the plasma gasification (PG)
technology gave a great opportunity to develop a high-efficiency WTE
process via integrating PG with solid oxide fuel cells (SOFCs). Typically,
the operating temperature of SOFC is between 700 and 1000 °C, which
closely approaches the gasification temperature, meaning that it is
possible to produce a thermal integration of the PG and SOFC systems
(Liu et al., 2014). Besides, by virtue of the high temperature operation of
SOFCs, the exhaust heat can be easily coupled with a gas-turbine (GT)
cycle or a combined heat and power (CHP) system for producing addi-
tional electricity. It has been reported that such hybrid systems can not
only generate clean electricity at high efficiencies (~50-70%), but also
have a high potential for stable, durable, and reliable long-term opera-
tions (Recalde et al., 2018). Therefore, in contrast to the conventional
coal-fired or IGCC power plant, an integrated gasification-SOFC system
provides more environment friendly and energy efficient system.

To explore the technical feasibility and applications of an integrated
PG-SOFC system for the WTE conversion process, Liu et al. (2014)
preliminarily evaluated the combined PG-SOFC-CHP system using faecal
matter as a feedstock. The net electrical and heat efficiencies of such a
system without drying unit were calculated as 11.68% and 44.99%,
respectively, accounting for a CHP efficiency of 56.67%. Perna et al.
(2018) proposed an integrated air plasma gasification fuel cell IAPGFC)
to convert municipal solid waste (MSW) into heat and electricity. They
reported that varying the oxygen content from 40% to 100% in the
plasma gas, the electrical efficiency of the proposed IAPGFC system
increased from 34.6 to 40.1%, which was higher than that of a con-
ventional integrated waste gasification combined cycle plant (33%),
whereas the reference IAPGFC plant using air (21% oxygen) had an
electrical efficiency of 29% only. Recalde et al. (2018) developed a
PG-SOFC power plant to treat faecal sludge for sanitation applications.
Their simulated results pointed out that with waste heat recovery
design, the net electrical and exergy efficiencies of such a system can
reach up to 65.3% and 57.8% respectively.

Recently, considerable attention has also been paid to the torre-
faction of waste for the applications of WTE technologies, which is
helpful for upgrading the inherent drawbacks of the raw solid waste. For
instance, Rago et al. (2020) torrefied three types of MSWs (Mango
branches, waste newspaper, and low-density polyethylene) at 300 °C for
30 min and indicated that the fixed carbon and carbon contents, and
calorific values of the torrefied MSWs increased, while the volatile
matter, oxygen and hydrogen contents decreased after experiencing
torrefaction. Additionally, due to the improved properties of the torre-
fied MSWs, the combustion performance of co-firing of coal with the
torrefied MSWs could also be boosted. Iroba et al. (2017) investigated
the characteristics of torrefied construction demolition waste (CDW)
through microwave-assisted technology and concluded that with
appropriate process conditions, torrefaction can significantly reduce the
energy consumption for grinding of CDW and improve the pellet density
and hydrophobicity. Edo et al. (2017) concluded that torrefaction
technology plays an important role in the reduction of environmental
impact during WTE process. Two types of fuel blends (MSW and RDF)
with demolition and construction (DC) wood were used to study the
effect of torrefaction on the ash-forming elements contained in the char
and toxic emissions of pollutants (polychlorinated dibenzo-p-dioxins

Journal of Cleaner Production 315 (2021) 128156

(PCDD) and dibenzofurans (PCDF)). They found that torrefaction can
significantly reduce the chlorine content in the char and lowers the
emission of PCDD and PCDF during the combustion of torrefied char.
Hence, according to the recent studies regarding the utilization of tor-
refaction in waste treatment, it is clearly revealed that torrefaction is a
prospective and potential approach to make the solid waste more uni-
form, efficient, and viable for downstream applications such as com-
bustion and gasification (Recari et al., 2017).

Based on the research papers reviewed above, it is apparent that both
the PG-SOFC power generation systems and the torrefaction pretreat-
ment are attractive and efficient methods to be applied in the WTE
conversion route. However, an examination of the literature shows that
there are no studies that assessed the impact of torrefaction of solid
waste on the plasma gasification performance, nor any works on the
integration of torrefaction (T) with the PG-SOFC based power plant.
Accordingly, the major aim of this work is to assess a new integrated T-
PG-SOFC-CHP power plant’s performance in terms of energy efficiency
and environmental impact analysis. To achieve the above objectives, a
conceptual process design and thermodynamic simulation model of the
T-PG-SOFC-CHP power plant is first developed in Aspen Plus. The
combined effects of torrefaction process conditions of RDF (i.e. tem-
perature and residence time) and steam-to-fuel ratio (S/F ratio) on the
performance of the plasma gasification and the overall T-PG-SOFC-CHP
system (System I) is then investigated in detail. Next, a sensitivity
analysis of fuel utilization factor (Uy), and recirculation ratio (RR) of the
anode-off gas is performed to find the optimum operating conditions. On
the other hand, an oxy-fuel combustion technology for CO; capture has a
great potential to couple with the SOFC systems to achieve a zero-carbon
emission power generation system (Thattai et al., 2017). Consequently,
the second aim of this study is to design a new oxy-fuel combus-
tion-based T-PG-SOFC-CHP power plant for achieving zero direct CO;
emissions (System II) and then to compare its energy and environmental
performances with System I. The energy penalty associated with the
oxy-fuel combustion CO, capture and storge for System II is also
discussed.

2. Process modeling and description

A novel WTE power plant consisting of four main subsystems
including T, PG, SOFCs, and CHP is developed using Aspen Plus V10. In
the simulation, the Peng-Robinson Boston Mathias equation of state is
chosen as the thermodynamic property (Kuo and Wu, 2016a). Two
configurations of the T-PG-SOFC-CHP power plant with and without
CO9 capture are simulated and compared using refuse-derived fuel
(RDF) as feedstock. The overall process concept to produce heat and
clean electricity from RDF is presented in Fig. 1, where the proposed
integrated system is made of six units consisting of a torrefaction, a
plasma gasification, a gas cleaning unit, SOFCs, an oxy-fuel combustion
for CO; capture (for System II), and a CHP system. The detailed process
model of each subsystem is described below, while the process
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Fig. 1. Process concept of a novel waste-to-energy conversion power plant.
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descriptions of CHP cycle is given elsewhere (Kuo and Wu, 2016b). To
achieve a better understanding, the overall framework of the
T-PG-SOFC-CHP system modeling analysis is depicted in Fig. 2. On the
other hand, the detailed operating conditions of each main subsystem
are summarized in Table 1.

2.1. Plasma gasification model

The schematic of the proposed T-PG-SOFC-CHP power plant without
CO4, capture is illustrated in Fig. 3 (System I). To make a comparison, a
base case using the untreated RDF (without torrefaction) as a feedstock
is first studied. According to Nobre et al. (2019), the raw RDF was ob-
tained from a waste company (CITRI, S.A., Setibal, Portugal) and was
processed in a mechanical treatment plant to reduce its particle size
(average size: 30 mm). Alternatively, various torrefied RDFs (TRs) are
produced under different torrefaction conditions at various torrefaction
temperatures (200 °C, 250 °C, and 300 °C) and residence times (15 min,
30 min, and 60 min). Accordingly, ten scenarios named as untreated
RDF, TR200-15, TR200-30, TR200-60, TR250-15, TR250-30, TR250-60,
TR300-15, TR300-30, and TR300-60 are compared in terms of energy
and environmental performances. The physical and chemical properties
of the raw RDF and different TRs are acquired from the experimental
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work, in which a series of RDF torrefaction experiments were performed,
and they are listed in Table 2 (Nobre et al., 2019). In addition, the model
is established according to the following key assumptions in the devel-
opment of the T-PG-SOFC-CHP power plant: (1) a steady-state modelling
is developed; (2) the feedstock is fed at ambient conditions; (3) the solid
and gaseous phases are in a state of thermodynamic equilibrium; and (4)
the graphitic carbon is used to represent char in the simulation (Kuo
et al., 2014). Based on the proximate and elemental analysis of RDF
(Table 2), the fuels and ash are defined as non-conventional components
in Aspen Plus. Moreover, the HCOALGEN model is chosen to estimate
the heat of combustion, heat of formation, and heat capacity of fuels,
while the DCOALIGT model is selected to calculate the density of
biomass fuels (Kuo et al., 2014).

For the base case, the flowrate of the feedstock stream (S1) is fixed at
50 kg h ™! of untreated RDF and it is fed to a plasma gasifier, as shown in
Fig. 3. In contrast, for the T-PG-SOFC-CHP power plant integrated with
torrefaction pretreatment, the untreated RDF is first torrefied in a tor-
refaction reactor (B1). As shown in Table 3, the torrefaction character-
istics of RDF such as mass yield, energy yield, and energy demand are
obtained from the same experimental study and thus different experi-
mental data sets are taken into account to simulate the torrefaction
behavior (Nobre et al., 2019). After undergoing torrefaction, TR is then

| Torrefaction process conditions

| (temperature and residence time) |

and characteristics (Table 3) g

NCIT

Torrefaction Unit

I Thermodynamic data (T, P)

IRaw RDF/Torrefied RDF properties (Table 2) |

Model verification
(Table 4)

Plasma gasification model

Performance evaluation:

—Pl Syngas yield, LHV, SER, |
PGE |

I Clean syngas (after going through the gas
cleaning system)
l Thermodynamic data (T, P)

= ———

|
| Model verification
| " (Table 5)

SOFC model
(with/without CO: capture)

Performance evaluation:
—Pl Cell voltage, Current density |
Carbon deposition |

I Exhaust gas
Thermodynamic data (T, P)

CHP system

Performance evaluation:
»| SEE, CHPE, EROL Eco |

.

Fig. 2. Flowchart of the T-PG-SOFC-CHP system modeling analysis.
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Table 1
Simulation parameters used in the proposed T-PG-SOFC-CHP power plant.
Units Parameters Value Reference
Torrefaction Inlet fuel flow rate (kg hr'h) 10-100 -
Temperature (°C) 200-300 Nobre et al.
(2019)
Residence time (min) 15, 30, 60 Nobre et al.
(2019)
Plasma gasifier S/F ratio (—) 0.01-0.6 -
Gasifier temperature (°C) 2500 Janajreh et al.
(2013)
Torch temperature (°C) 4000 Janajreh et al.
(2013)
Torch efficiency (%) 85 Mazzoni and
Janajreh
(2017)
Solid oxide fuel Temperature (°C) 900 Thattai et al.
cell (2017)
Pressure (atm) 1 Zhang et al.
(2005)
Fuel utilization factor (—) 0.65-0.90 Zhang et al.
(2005)
Recirculation ratio of the 0-40 Colpan et al.
anode off-gas (%) (2007)
DC/AC conversion efficiency 95 Thattai et al.
(%) (2017)
HRSG and steam Inlet pressure of high/ 125/19/ Xiang et al.
turbine cycle intermediate/low turbines 3.7 (2020)
(bar)
Isentropic efficiency of high/ ~ 92/84/90 Xiang et al.
intermediate/low pressure (2020)
turbines (%)
Mechanical efficiency of 98 Kuo and Wu
turbines (%) (2016a)
Oxy-fuel Oxygen excess (%) 5 Sheng et al.
combustion (2014)
Combustion temperature (°C) 1400 Xiang et al.
(2018)
Specific energy consumption 0.269 Esfilar et al.
for O, production (kWh kg 1) (2018)
CO, compression Temperature (°C) 35 Martinez et al.
(2018)
Pressure (bar) 150 Martinez et al.
(2018)

sent to the plasma gasifier, which is established by a number of Aspen
Plus blocks. An RYield (B2) is used to convert non-conventional fuel (S3)
into conventional components (S4) (i.e. Hy, O, Ny, S, solid carbon, and
ash) via a calculator block with external FORTRAN subroutines in
accordance with the component characteristics of raw RDF (Table 2). A
separator (B3) accounts for the simulation of the evaporation of the
water content contained in the RDF. The outlet flow of the separator (S6)
is subsequently sent to two gasification reactors including a high tem-
perature (HT) and a low temperature (LT) reactor to model the various
plasma gasification reactions. In this regard, two RGibbs reactors based
on the chemical and phase equilibrium calculations by minimizing the
Gibbs free energy are used (Janajreh et al., 2013). The HT reactor (B4)
and LT reactor (B6) are operated at 2500 and 1250 °C, respectively
(Minutillo et al., 2009). Furthermore, another separator (B5) is installed
between HT reactor and LT reactor in order to remove the slag generated
during the plasma gasification. The plasma gas (steam) is heated from
25 °C (S5) to 4000 °C (S7) by using a DC non-transferred plasma torch
which is simulated by a heater (H3) in Aspen Plus (Janajreh et al., 2013).
An electrical plasma efficiency of 85% is assumed in this study (Mazzoni
and Janajreh, 2017).

Next, the produced hot raw syngas (S14) is passed through a gas
cleaning unit to remove the main impurities such as sulfur compounds
before sending it to the SOFC system. A ZnO-based desulfurization unit
is utilized to remove H,S, as follows:

ZnO + H,S < ZnS + H,0, AH° = —78.89 kJ mol™ (R1)

Based on the experimental work of Spies et al. (2017) for HyS
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removal from simulated coal derived-syngas, the optimal operating
temperature of the ZnO sorbent reactor for the adsorption of HyS was
found to be 450 °C. As a result, the raw syngas (S15) produced from the
plasma gasifier is first cooled down to 450 °C though a cooler (C1) and
then passed through the ZnO bed to remove H,S, which is modeled using
an Requil block (B8) in Aspen Plus.

2.2. Solid oxide fuel cell model

The SOFC model is also developed in the Aspen Plus environment
and the detailed process descriptions and assumptions of the SOFC
model are reported elsewhere in a previous study (Kuo and Wu, 2016a).
In brief, an RGibss block based on Gibbs free energy minimization is
utilized to model the chemical reactions occurring at the anode, while a
separator is used to model oxygen required by the electrochemical re-
actions (Zhang et al., 2005). The clean syngas (S16) is pressurized to 3
atm (Psyngas/Psorc = 3) using a compressor (B9) (Doherty et al., 2010). A
mixer (B10) is used to mix the recycled anode off-gas (S23) with fresh
syngas (S18). The mixed gas (S20) is subsequently fed to the SOFC
anode, while the pretreated air (S21) is sent to the SOFC cathode. To
calculate the required amount of oxygen (nOjrequired) to react with
hydrogen at the SOFC anode, a design specification block is used in the
cathode unit by implementing the following equations in Aspen Plus.

 nHyconumed 1 % 0.018665

U, = = (€8]
! nHZ,equivah'nt nHZ.equivalent
nOZ,requ[red =0.5 ( Uf) (nHZ.ez/u[m[em) (2)
02 consume
U, = 3)

n0yj,

where Uy is the fuel utilization factor, nHy consumed is the molar flow rate
of hydrogen reacted at the anode (kmol h’l), NHy equivalen: is the equiv-
alent hydrogen (kmol h’l), I is the cell current (A), U, is the air utili-
zation factor, nOs consumeq 1S the molar flow rate of oxygen reacted at the
cathode (kmol h’l), and nO, , is the molar flow rate of oxygen fed into
the cathode (kmol h™1).

With regard to the cell voltage and current density calculation, the
detailed equations for the Nernst voltage and cell voltage loss caused by
the ohmic, activation, and concentration polarizations are provided in
the Appendix, while the geometry parameters and material properties
used in this study are based on the study of Doherty et al. (2010). After
the cell voltage (V) is calculated, the SOFC power output is then
calculated as follows:

Wsorcac = Wsorc.oc X Nigy =1 X Veer X 1, C))

where V. is the cell voltage (V), and #;,, is the inverter efficiency (%).

To avoid the carbon deposition at the SOFC anode, the anode off-gas
of SOFC enters into a splitter block (B11), which is used to control the
amount of the anode off-gas in the recycle loop. The recirculation ratio
(RR) of anode off-gas is defined as:

mrcr_vrle

Recirculation ratio (RR) =— x 100(%) (5)

Manode off —gas

where Mrecyce and Manode off—gas are the mass flow rates of the recycled
anode gas (S23) and outlet anode off-gas (S22) (kg hr ) respectively.

The anode off-gas is then sent to a combustor (B12) where oxidation
of the unreacted hydrogen and carbon monoxide take place to release
heat. An RStoic block which is a stoichiometry-based reactor is utilized
to model the combustion reaction. Next, the hot exhaust gas (S26) from
the combustor flows through a heat exchanger (EX-1) in order to preheat
the cathode air, and then sent to a CHP system, including a heat recovery
steam generator (HRSG) and a three-stage steam turbine (ST) cycle to
generate additional electricity.
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Fig. 3. Schematic of a T-PG-SOFC-CHP power plant without CO, capture (System I).
Table 2
Properties of the raw and torrefied RDF (TR) at various torrefaction process conditions used in the simulation (Nobre et al., 2019).
Torrefaction conditions (temperature- Raw TR200- TR200- TR200- TR250- TR250- TR250- TR300- TR300- TR300-
residence time) RDF 15 30 60 15 30 60 15 30 60
Proximate analysis (wt%, dry basis)
Moisture 6.02 2.10 1.40 1.09 1.60 1.80 1.70 1.60 0.60 0.40
Volatile matter 82.6 82.5 82.5 82.2 80.7 79.4 75.8 77.0 68.3 62.4
Fixed carbon 9.2 9.2 8.3 10.0 11.0 12.0 11.6 14.0 22.3 25.8
Ash 8.2 8.3 9.3 7.8 8.3 8.6 12.70 9.0 9.4 11.8
Elemental analysis (wt%, dry-ash-free)
C 36.7 43.4 48.0 47.5 41.1 47.8 53.3 53.5 56.7 59.5
H 4.1 6.1 6.7 6.4 5.5 5.9 6.0 6.0 5.4 5.1
N 1.3 0.7 0.4 0.7 0.9 1.3 0.7 1.0 0.9 1.0
(6] 57.4 49.5 44.7 45.1 52.2 44.6 39.7 39.3 36.7 34.1
S 0.6 0.3 0.3 0.3 0.4 0.3 0.3 0.2 0.3 0.3
LHV (MJ kg’l) 17.8 17.5 18.3 18.5 17.4 18.5 19.3 19.9 20.7 20.9

Table 3
Torrefaction characteristics at various process conditions used in the simulation
(Nobre et al., 2019).

Torrefaction conditions Mass Energy Energy requirements for
(temperature-residence yield yield (%) torrefaction (MJ)
time) (%)

TR200-15 96.8 94.6 1.81

TR200-30 95.9 97.6 1.77

TR200-60 94.5 97.7 1.63

TR250-15 96.3 93.6 1.82

TR250-30 94.4 98.3 1.85

TR250-60 90.0 96.9 1.77

TR300-15 80.6 90.0 2.49

TR300-30 75.0 86.7 2.68

TR300-60 72.4 84.7 2.65

2.3. SOFC based oxy-fuel combustion design for CO2 capture

Fig. 4 displays the second schematic of T-PG-SOFC-CHP power plant
with COy capture (System II). In this design, an oxy-fuel combustion

technology is introduced to the SOFC system. Similar to System I, the
untreated RDF is first torrefied and gasified to produce clean syngas,
which is then fed to the SOFC for power generation. However, in System
11, the CO capture subsystems including an air separation unit (ASU)
(B13), an oxy-fuel combustor (B12), and CO, compression and seques-
tration units (B20) are added into the T-PG-SOFC-CHP power plant. The
ASU is modeled by using a separator block where 99.99 mol % of oxygen
(S28) is separated from the air. The specific energy consumption of
0.269 kWh kg™! is considered for pure oxygen production in the ASU
(Esfilar et al., 2018). The anode off-gas (S24) is combusted with pure
oxygen with a 5% excess to produce high temperature flue gas (S27),
mainly comprising of CO5 and steam (Sheng et al., 2014). A part of the
flue gas is recycled (S31) by using a splitter block (B14) in order to
control the combustion temperature to 1400 °C (Xiang et al., 2018).
After passing through the HRSG unit to recover heat and produce elec-
tricity, the water contained in the flue gas is further condensed in a
condenser, thereby generating a CO5-rich gas (S32). The high purity CO4
gas is then compressed to a final pressure of 150 bar (S33) through a
multi-stage compressor block (B20) for further sequestration and stor-
age (Martinez et al., 2018).



P.-C. Kuo et al.

PP

Pyrolysis

Untreated
RDF

S1

L B2/

Journal of Cleaner Production 315 (2021) 128156

S20

Plasma
torch H3

Tmpuriries 7 GO0

S17

S16

<_Q§/

Oxygen [S28

Clean
Comp syngas
B9

CO, to
sequestration
s

833

Feed water

B8

Condenser Pump

Fig. 4. Schematic of an oxy-fuel combustion-based T-PG-SOFC-CHP power plant with CO capture (System II).

2.4. Model validation

To verify the accuracy of the developed plasma gasifier model, two
studies of Minutillo et al. (2009) and Janajreh et al. (2013) from the
literature are used for validation. Five various cases chosen to compare
the present results and their feedstock and operating conditions are
listed in Table 4. Fig. 5 shows a comparison of syngas composition and
the plasma torch power between our simulated results and the literature.
It can be seen that the results from our developed plasma gasifier and
from the validated studies are all in good agreement. Hence, the
developed plasma gasifier is suitable and reliable to predict the plasma
gasification performance.

The SOFC model has been validated against the data reported by the
studies of Zhang et al. (2005) and Doherty et al. (2010). In the study of
Zhang et al. (2005), a model of the SOFC fueled by natural gas was
developed in Aspen Plus and its cell voltage was calculated based on the

Table 4
Summary of operating conditions used for the validation of plasma gasifier
(Minutillo et al., 2009; Janajreh et al., 2013).

Case  Feedstock  Gasifying Plasma Outlet syngas Reference
agents gas/fuel temperature
ratio Q)
A RDF" Air 0.782 1250 Minutillo
et al. (2009)
B RDF” 0, (vol. 0.643 1250 Minutillo
40%) et al. (2009)
N (vol.
60%)
C RDF" Air 0.505 1250 Minutillo
(o2} 0.207 et al. (2009)
D MSW” Air 0.36 1267 Janajreh
Steam 0.56 et al. (2013)
E Coal Air 1.31 1264 Janajreh
Steam 0.7 et al. (2013)

@ RDF: refused-derived fuel.
> MSW: municipal solid waste.

semi-empirical correlations. The first comparison is reported elsewhere
in a previous study, where the model validation showed a very good
agreement between our predicted results and reported data (Kuo and
Wu, 2016a). To further examine the reliability and suitablility of the
proposed model, a second comparison of the SOFC model running on
syngas is conducted by considering the cell geometry parameters for the
cell voltage calculation. The molar fractions of Hy, CO, CO3, CH4, H20,
and Ny in the syngas were 34%, 16%, 15.8%, 7.4%, 25.7%, and 1.1%,
respectively, which was produced by the Giissing DFB gasifier with an
operating temperature of 850 °C and a steam/fuel ratio of 0.75 (Doherty
etal., 2010). The operating temperature, pressure, and active area of the
SOFC were 910 °C, 1.09 bar, and 96.1 m?, respectively. The fuel utili-
zation and air utilization factors were fixed at 0.85, and 0.167 respec-
tively, and a targeted DC power of 120 kW was generated (Doherty et al.,
2010). Table 5 summarizes the predictions of the developed SOFC model
in comparison with the results obtained from Doherty et al. (2010). It is
clear that the simulated results from our proposed model are also in line
with the literature. Therefore, it is concluded that the proposed plasma
gasifier and SOFC models are capable of predicting the performance of
an integrated plasma gasifier-SOFC system in this study.

2.5. System parameters and performance indicators

A steam-to-fuel (S/F) ratio, as shown in Eq. (6), is used to investigate
the performance of plasma gasifier.

msreum
S/F B MrpF ©
where Mgeqm and mppr are the mass flow rate of plasma gas (steam) and
the untreated RDF, respectively (kg hr™1).

To evaluate the plasma gasification performance, two indicators,
plasma gasification efficiency (PGE) (%) and specific energy require-
ment (SER) (kWh kg’l), are calculated by using Eq. (7)-Eq. (10).

mpraducr gasLH Vpradurt gas

PGE (%) =—
(%) MgrprLHVrpr + Wiorrefaciion + Wpiasma

x 100% @]
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Table 5

Journal of Cleaner Production 315 (2021) 128156

Comparison of the validation results of SOFC model with the data obtained from literature (Doherty et al., 2010).

Gas composition (mol%) Pre-reformer outlet stream

Anode outlet stream Cathode outlet stream

Present model Reference Present model Reference Present model Reference
Hy 29.42 29.4 6.26 6.2 0 0
co 7.20 7.2 4.15 4.2 0 0
CO, 25.82 25.8 30.0 30.0 0 0
CHy4 3.54 3.6 0 0 0 0
H,0 32.99 33.1 58.64 58.7 0 0
Ny 1.03 1.0 0.95 0.9 81.86 81.9
Oy 0 0 0 0 18.14 18.1
SOFC performance Voltage (mV) Current density (mA/mz) Gross AC efficiency (LHV)
Present model Reference Present model Reference Present model Reference
663.7 662 188.2 188.7 42.65 42.53

Wﬂr(‘

Wotasma =~ (8)
torch

LHYV ppauct gas = X, LHVy, + XcoLHV co + Xcp, LHV oy, )
Wotasma

SER = —rena 10)
Myngas

where Myroduct gas is the mass flow rate of product gas from the plasma
gasifier (kg hr D). Wiorrefactions Wpiasma> Wiorch are the energy requirement
of torrefaction process, plasma energy, and torch power (kW), respec-
tively. 7., is the plasma torch efficiency (%). LHV,oquct gass LHVRDF,
LHVy,, LHV¢o, and LHVcy, are the lower heating value of the product
gas, the untreated RDF, Hjy, CO, and CHy4, respectively (MJ kg’l). XH,
Xco, Xcu, are the mass fractions of Hy, CO, CHy in the product gas,
respectively. Mgynees is the mass flow rate of syngas (Hy and CO) (kg
hr ).

The system electrical efficiency (SEE) and combined heat and power
efficiency (CHPE) are calculated to evaluate the overall performance of
the T-PG-SOFC-CHP system. They are defined as follows:

SEE (%):.Lx 100% 11
mgprLHVRrpr

Wm’f = Wgros: - Z Waux (12)
Wnet + Q

CHPE (%) =—————— x 100% 13

( 0) mrprLHVRpr ’ 13)

where W, is the net power output of the overall system (kW) and Weross
is the gross power output of SOFC and steam turbines (kW). > Wy,
denotes the sum of auxiliary power (kW) which includes energy con-
sumption related to torrefaction, plasma gasification, air separation
unit, gas compressors, and water pumps. Q stands for the useful thermal
energy from the T-PG-SOFC-CHP power plant (kW).

In addition to the energy efficiency analysis two environmental
performance indicators are also addressed, namely, energy return on
investment (EROI) and specific CO, emissions (Eco,) of the WTE power
plant. The EROI is defined as the ratio of useful energy delivered
(output) to the life cycle primary energy demand (input) from the non-
renewable source to produce that energy, as expressed in Eq. (14)
(Zhang and Colosi, 2013). Hence, higher the EROI, the more the po-
tential benefits to the society. The life-cycle system boundary of the
proposed T-PG-SOFC-CHP power plant is shown in Fig. 1. It is to be
noted that the energy required for fuel processing and transportation,
and infrastructure construction is not considered in the EROI and the
specific CO5 emissions calculation.

Energy delivered (kW)
Energy required (kW)

EROI = (14)

The specific COy emissions of the T-PG-SOFC-CHP power plant can
be determined as per the following equation:

Net CO, emissions (kg hr™") = CO, direct emissions

+ CO, indirect emissions (15)
_Net CO, emissions

Eco, (kg kWh™") W
net

1e)

where the direct CO, emissions represent the total CO, produced from
the T-PG-SOFC-CHP power plant, while the indirect CO3 emissions are
caused by the auxiliary power consumption (from the non-renewable
source).

In this work, a CO2 emission factor of 0.655 kg CO» kWh1is adopted
for calculating the indirect CO5 emissions (Ramirez et al., 2019).

3. Results and discussion

In this section, the combined influences of torrefaction process
conditions (i.e. temperature and residence time) and S/F ratio on the
performance of an integrated T-PG system is first investigated to find the
optimum operating conditions with respect to the S/F ratio. The un-
treated RDF (without torrefaction) is also studied to make a comparison.
Subsequently, the energy and environmental performances of the
overall T-PG-SOFC-CHP power plant without CO5 capture (System I) is
evaluated to understand the most appropriate torrefaction process
conditions for the proposed WTE process. The results are further used to
carry out a series of sensitivity analyses in terms of Ur and RR of anode
off-gas. Finally, the oxy-fuel combustion-based T-PG-SOFC-CHP system
with COy capture (System II) is analyzed to compare the energy and
environmental performances with System I.

3.1. Plasma gasification performance

Fig. 6 shows the effect of S/F ratio on the variations of the mole flow
rate of Hy (Fig. 6a), CO (Fig. 6b), CO5 (Fig. 6¢) and CHy4 (Fig. 6d) from
the plasma gasification of RDF with respect to different torrefaction
conditions. Overall, the amount of Hy and CO2 production increases with
the increasing S/F ratio, whereas that of CO and CH4 production dis-
plays a maximum distribution with an exception to the untreated RDF. It
is well documented that both water gas reaction (C+ H,0—CO + H3)
and water gas shift reaction (CO+ H,0 < CO2 + Hy) mainly contribute
to Hy production during steam gasification (Kuo and Wu, 2016b). The
trend of CO concentration with increasing S/F ratio is attributed to the
following reactions. It is first produced due to the water gas reaction and
then consumed to produce CO, due to the water gas shift reaction as
shown in Fig. 6b and c. The trend of CH,4 formation exhibited a peak
value and then declined similar to that of CO formation (Fig. 6d). The
increasing trend of CH4 is mainly attributed to methanation reaction
(C+ 2 Hy < CH,), but with a further rise in the S/F ratio, the steam



P.-C. Kuo et al.
(a)
25
2 —
=15
3 -
S /
X 74 7
2 swssseefegueeee  Untreated RDF
n el TR200-15
B i TR200-30
B et TR200-60
05 e TR260-15
L i: TR250-30
TR250-60
i i TR300-16
B oo TR300-30
0’....|....|..‘.1..‘.|.‘TR‘3°?'°....
0 0.1 0.2 0.3 0.4 0.5 0.6
S/F ratio
(a)
0.5
: et Untreated RDF
| el TR200-15
i TR200-30
| ——5—— TR200-60
04 G TR250-15
B i TR250-30
- TR250-60
| == TR300-15
o | =<&.= TR300-30
= o3l TR300-60
S |
£
= |
~, |
O 02
o =
0.1
0e
0 0.6

S/F ratio

Journal of Cleaner Production 315 (2021) 128156

(b)
2 -
175
15F :
1.25 @
= % ] &
£ e i
= :
= - M
(&) 7 swssmnfepesens - Untreated RDF
[ ¢ el TR200-15
0.75 i TR200-30
Bl 7 e TR200-60
- e TR250-15
- TR250-30
05k :8: TR250-60
~ i TR300-15
B =odhe== TR300-30
I TR300-60
NIRRT NTRTRRTANTIN MU NN NN NN A NS
0'250 0.1 0.2 0.3 0.4 0.5 0.6
S/F ratio
(b)
0.002 |- s Untreated RDF
B el TR200-15
| i TR200-30
| e TR200-60
e TR260-15
TR250-30
0.0015 $ TR250-60
i TR300-15
— =cdoe TR300-30
T . TR300-60
<
g
& 0.001
hd
I
(&)
0.0005
0 = = : 3 - 5
e o
0 0.1 0.2 0.3 0.4 0.5 0.6
S/F ratio

Fig. 6. Effect of S/F ratio on the product gas distribution from the plasma gasifier: (a) Hp, (b) CO, (c) CO,, and (d) CHy.

methane reforming reaction (CH4 + H20 < CO + 3H>) is favored. On the
other hand, from a comparison of gas production from the plasma
gasifier between the untreated and torrefied RDF, it can be seen that the
former displayed the lowest amount of Hy production and the highest
amount of COy production. Additionally, unlike the case of torrefied
RDF, the trend of CO production decreases linearly with increasing S/F
ratio. These observations can be ascribed to low carbon content and high
oxygen content in the untreated RDF (Table 2).

Fig. 7a displays that the syngas yield of the untreated RDF can be
improved significantly after torrefaction under suitable S/F ratios. The
highest syngas yield is 1.03 kg kg-fuel ! for the cases of TR200-30 and
TR250-60, which is found at S/F = 0.19 and S/F = 0.27, respectively.
Furthermore, it is worth noting that although the carbon content in the
RDF obviously increases at a torrefaction temperature of 300 °C, the
syngas yield of TR300-15, TR300-30, and TR300-60 are even lower than
that of TR200-30 and TR250-60. This fact can be attributed to a sig-
nificant mass loss of RDF materials in the course of torrefaction, which is
up to 19.4% for TR300-15, 25% for TR300-30, and 27.6% for TR300-60
(Table 3). Fig. 7b shows the lower heating value (LHV) of the product
gas (Eq. (9)). It can be observed that the values of LHV of the untreated
and torrefied RDF are in the range of 6.65-11.20 MJ kg™! and
9.54-18.28 MJ kg~! respectively, suggesting that the torrefaction

pretreatment leads to a significant improvement in the LHV of the
product gas. The profile of specific energy requirement (SER) of the
untreated and torrefied RDF (Eq. (10)) is demonstrated in Fig. 8a, where
untreated RDF displays the highest value of SER, implying that much
higher plasma energy consumption is needed for generating syngas from
the plasma gasification as compared to that of the torrefied RDF. Fig. 8b
shows the overall plasma gasification efficiency (PGE) of the untreated
and torrefied RDF as a function of S/F ratio, which is calculated by Eq.
(7). It is clear that there exists an optimal value of PGE after undergoing
torrefaction pretreatment. The optimal values of PGE of TR200-15,
TR200-30, TR200-60, TR250-15, TR250-30, TR250-60, TR300-15,
TR300-30, TR300-60 are 78.14%, 84.38%, 83.45%, 72.02%, 79.83%,
79.11%, 72.72%, 68.66%, and 66.68%, which occur at S/F = 0.08, 0.18,
0.18, 0.02, 0.18, 0.27, 0.26, 0.30, and 0.32, respectively. Notably, the
maximum value of PGE for the untreated RDF is only 57.62%; therefore,
the torrefaction pretreatment of RDF prior to the plasma gasification can
considerably enhance the PGE. However, it should be noted that severe
torrefaction conditions (i.e. 300 °C) lead to a lower value of PGE due to
much higher energy demand from the torrefaction process (Table 3).
The detailed performance of plasma gasification of various torrefaction
conditions under their optimal S/F ratio is summarized in Table 6. To
sum up, according to the obtained results shown above, it can be
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Fig. 7. Effect of S/F ratio on (a) syngas yield and (b) lower heating value of the
product gas from the plasma gasifier.

concluded that when a torrefaction pretreatment is employed prior to
plasma gasification of RDF, it is able to improve the gasification per-
formances in terms of syngas yield, SER, and PGE. Likewise, Recari et al.
(2017) also reported that the gasification performance such as syngas
quality, carbon conversion, tar levels, HCl concentration was enhanced
when the solid recovered fuel (SRF) was torrefied.

3.2. Overadll T-PG-SOFC-CHP system’s performance

The effect of various torrefaction operating conditions on the energy
and environmental performances of the T-PG-SOFC-CHP system
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Fig. 8. Effect of S/F ratio on the performance of plasma gasifier: (a) specific
energy requirement (SER) and (b) plasma gasification efficiency (PGE).

including system electrical efficiency (SEE), combined heat and power
efficiency (CHPE), energy return on investment (EROI) and specific CO2
emissions (Ego,) are shown in Figs. 9 and 10. In order to compare the
performance of T-PG-SOFC-CHP system at different torrefaction process
conditions, the mass flowrate of RDF material is fixed at 50 kg h~!, while
a Ug of 0.85 and a RR of the anode off-gas of 0% are taken into account
for the operation of SOFC. A comparison of SEE (Eq. (11)) and CHPE (Eq.
(13)) between various cases is presented in Fig. 9a and b, where the
values of SEE and CHPE are in the range of 21.56-45.24% and
31.14-55.39% respectively. Apparently, the values of SEE and CHPE
decrease significantly when RDF is torrefied at 300 °C. The main reasons
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Table 6
Performance of the plasma gasification at various torrefaction process
conditions.

Torrefaction conditions Syngas LHV SER for syngas PGE
(Temperature- yield (kg- (mJ production (kWh (%)
Residence time) fuel ™) kg™ kg™H

TR200-15 (S/F = 0.08) 0.94 16.84 0.38 78.14
TR200-30 (S/F = 0.18) 1.03 18.06 0.78 84.38
TR200-60 (S/F = 0.18) 1.03 17.69 0.78 83.45
TR250-15 (S/F = 0.02) 0.88 15.91 0.10 72.02
TR250-30 (S/F = 0.18) 1.01 17.22 0.79 79.83
TR250-60 (S/F = 0.27) 1.03 17.86 1.16 79.11
TR300-15 (S/F = 0.26) 0.97 17.87 1.19 72.72
TR300-30 (S/F = 0.30) 0.96 17.71 1.39 68.66
TR300-60 (S/F = 0.32) 0.94 17.81 1.50 66.68

can be attributed to: (1) the higher S/F ratio needed in the plasma
gasifier in order to maximize the SEE and CHPE (Table 6), leading to
higher requirement of plasma energy; and (2) higher energy consump-
tion required for the torrefaction process at 300 °C (Table 3). As a result,
the values of SEE and CHPE obtained from RDF torrefaction at 300 °C
are even much lower than that of the untreated RDF (without torre-
faction), irrespective of the residence time. Fig. 10 shows a comparison
of EROI (Eq. (14)) and Eco, (Eq. (16)) with respect to various torre-
faction process conditions. It can be seen that the value of EROI for
untreated RDF is around 4.22, which is the highest among all the cases.
Despite the efficiency improvement in SEE and CHPE achieved via tor-
refaction, greater input energy associated with plasma gasification and
torrefaction causes a lower value of EROI. TR250-15 has the highest
value of EROI, which is about 3.79, among all torrefied RDF materials. In
general, a minimum EROI of 3 is required in order to achieve a sus-
tainable energy-producing system (Zhang and Colosi, 2013). Here, it has
been shown that only untreated RDF (EROI = 4.22), TR200-15 (EROI =
3.10), and TR250-15 (EROI = 3.79) reach this criterion. Nevertheless, it
should be noted that, in this work, the gaseous and liquid products
released from the torrefaction process are not taken into account
because of the insufficient information from the literature. In other
words, if the energy recovery of gaseous and liquid products from tor-
refaction is further considered, the values of EROI could be enhanced. As
far as the Eco, is concerned, Fig. 10b illustrates that it varies from
around 0.83 to 2.75 kg kWh™!. Among all the cases, TR250-15 has the
lowest value (0.83 kg kWh'l), followed by untreated RDF (0.89 kg
kWh™1) and TR200-15 (0.93 kg kWh™!). The detailed results of the
amount of total CO, emissions and total power output from the
T-PG-SOFC-CHP system are given in Table 7, where it can be seen that
although both direct and indirect CO, emissions of TR250-15 are
slightly higher than those of untreated RDF, the net power output of
TR250-15 is much higher than that of untreated RDF. This, in turn, re-
sults in relatively lower Ego, for TR250-15. In addition, the case of
torrefaction at 300 °C exhibits relatively higher Eqo,, especially for
longer residence time. Again, this is because of a significant amount of
indirect CO3 emission related to energy consumption of torrefaction and
plasma gasification.

To summarize, according to the observations in Figs. 9 and 10, severe
torrefaction conditions (i.e. TR300-15, TR300-30, and TR300-60) give
the worst energy and environmental performances and consequently
they are not suitable to be utilized in the proposed T-PG-SOFC-CHP
power plant. On the contrary, light and mild torrefaction conditions
with a short residence time (i.e. TR200-15, TR200-30, and TR250-15)
can not only effectively facilitate the energy efficiency of the T-PG-
SOFC-CHP power plant, but also lessen the environmental impacts,
especially when the energy recovery of gaseous and liquid products is
further taken into account.

11

Journal of Cleaner Production 315 (2021) 128156

50

40}
_ 30}
°\° -
w i
w i
D 561

10

0
Untreated 200 200 200 250 250 250 300 300 300
RDF  (15) (30) (60) (15) (30) (60) (15) (30) (60)

(b)

60

50

40

30

CHPE (%)

20

Tt 1t 1tJ 11 1T1TfJ 1T 1TrTrfrrrrfjrrrrfrrr1
I I | I I

0
Untreated 200 200 200 250 250 250 300 300 300
RDF  (15) (30) (60) (15) (30) (60) (15) (30) (60)

Fig. 9. Comparison of (a) system electrical efficiency (SEE) and (b) combined
heat and power efficiency (CHPE) of the T-PG-SOFC-CHP power plant at
various torrefaction conditions.

3.3. Sensitivity analysis

To determine the optimum operating conditions of the T-PG-SOFC-
CHP system, the influences of Ur and RR of the anode-off gas on the
energy and environmental performances are sequentially investigated.
Based on the foregoing results from Figs. 9 and 10, the three torrefaction
process conditions of TR200-15, TR200-30, and TR250-15 are appro-
priate to be used to in the proposed T-PG-SOFC-CHP system and hence
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Fig. 10. Comparison of (a) energy return on investment (EROI) and (b) specific
CO;, emissions (Eco,) of the T-PG-SOFC-CHP power plant under various torre-
faction process conditions.

these cases are considered to carry out various sensitivity analyses in this
section.

3.3.1. Effect of fuel utilization factor

Fig. 11 shows the effect of Us on the performance of SOFC and overall
T-PG-SOFC-CHP system. Here, the S/F ratios of TR200-15, TR200-30,
and TR250-15 are fixed at their optimal values (Table 6), while the inlet
fuel flow rate and RR of the anode-off gas are kept constant at 50 kg h™!
and 0% respectively. It can be seen from Fig. 11a that when the Ug is
raised from 0.65 to 0.90, the cell voltage decreases from 0.806 to 0.725
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V, from 0.783 to 0.692 V, and from 0.822 to 0.749 V, whereas the
current density increases from 1126.51 to 1559.78 A m 2
1314.94-1820.68 A m 2, and 985.31-1364.27 A m~2, corresponding to
TR200-15, TR200-30, and TR250-15, respectively. According to Eq. (1),
the increase of Us leads to more hydrogen consumption by the SOFC,
simultaneously resulting in an increase in current density (Eq. (1)).
Therefore, a reduction of the cell voltage occurs as a result of increased
polarization losses, especially at higher current density. Fig. 11b illus-
trates the impact of Ut on the overall T-PG-SOFC-CHP system efficiency
in terms of SEE and CHPE. It is revealed that when Us varies from 0.65 to
0.90, the values of SEE range from 40.64 to 46.30%, from 40.61 to
45.33%, and 39.62-44.75%, while those of CHPE change from 50.26 to
55.92%, from 51.53 to 56.25%, and from 48.05 to 53.18%, corre-
sponding to TR200-15, TR200-30, and TR250-15, respectively. Due to
the increase of electrical efficiency with Ug (Fig. 11b), Fig.. 11c and
d indicate an increasing trend in EROI ranging from 2.87 to 3.14, 2.30 to
2.47, and 3.50 to 3.86 and a decreasing trend in the Eqo, from 1.04 to
0.91 kg kWh™!, 1.25 to 1.11 kg kWh?!, and 0.91 to 0.81 kg kWh ™},
corresponding to TR200-15, TR200-30, and TR250-15 respectively.

3.3.2. Effect of recirculation ratio of the anode off-gas

It is well recognized from the literature that the carbon formation at
the anode of SOFC is possible to occur when it is fed with the gasification
syngas (Yi et al., 2005). One possible strategy to reduce the risk of
carbon deposition in SOFCs is to increase the steam concentration in the
inlet stream at the anode by recycling the anode-off gas (Colpan et al.,
2007). The influence of RR of the anode off-gas, which is defined by Eq.
(5), on the risk of carbon deposition is analyzed by using a C-H-O
ternary diagram. As shown in Fig. 12, based on the thermodynamic
equilibrium calculations obtained from Factsage software, the carbon
boundary lines are plotted under three temperatures of 700 °C, 800 °C
and 900 °C at 1 atm. The points shown in the C-H-O ternary diagram
represents the inlet gas composition of the anode for the three cases
obtained by varying the RRs from 0 to 40%. It is demonstrated that when
the SOFCs is operated without recirculation of the anode-off gas (i.e. RR
= 0%), the points for each case (i.e. TR200-15, TR200-30, and
TR250-15) are nearly located at the carbon boundary line at the oper-
ating temperature of SOFC (i.e. 900 °C), indicating that the carbon
deposition on the anode is likely to take place. However, with an in-
crease in the RR, the points can be moved away from the carbon
boundary line of 900 °C, no matter what cases are examined. This is
mainly because a higher RR results in an increase in the steam con-
centration in the anode feed stream, which in turn promotes the mole
fraction of oxygen. Accordingly, to ensure a safe operation for the SOFC
and reformer in the operating temperature range between 700 and
900 °C, the RR of at least 30% for each case is recommended to be
operated, since all the points lie in the carbon deposition-free region.

The influence of the RR on the performances of SOFC and overall T-
PG-SOFC-CHP system with respect to each case is displayed in Fig. 13,
where the inlet fuel flow rate and Uy are fixed at 50 kg h™* and 0.85
respectively. Increasing the RR has a negative impact on the cell voltage
(Fig. 13a), SEE and CHPE (Fig. 13b), as a result of the decreased SOFC
power output caused by the increased steam partial pressure in the
anode inlet gas. The observed results are in line with the simulated re-
sults from the works of Doherty et al. (2010) and Colpan et al. (2007),
where they investigated the interaction between the anode recycle loop
and the performance of SOFC fueled by gasification syngas. By virtue of
the dropped SOFC power output, as shown in Fig. 13c and d, the values
of EROI decrease while those of the Eco, increase with increasing RR.

3.4. Oxy-fuel combustion-based T-PG-SOFC-CHP power plant

From the aforementioned results, the proposed T-PG-SOFC-CHP
power plant (System I) is able to offer high energy conversion efficiency,
but CO; produced from the system is still directly emitted to the envi-
ronment. To achieve a zero direct COy emission power generation
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Table 7
Performance of the T-PG-SOFC-CHP system at various torrefaction process conditions.
Torrefaction conditions (Temperature-Residence time) =~ TR200-15  TR200-30  TR200-60  TR250-15  TR250-30 TR250-60 TR300-15 TR300-30  TR300-60
Energy input breakdown (kW)
Feedstock® 247.22 247.22 247.22 247.22 247.22 247.22 247.22 247.22 247.22
Torrefaction 25.14 24.58 22.64 25.28 25.69 24.58 34.58 37.22 36.81
Plasma gasification 17.74 39.90 39.90 4.43 39.90 59.86 57.64 66.51 70.94
Auxiliary powerb 10.51 12.02 11.87 9.16 11.42 12.01 11.32 11.05 10.84
Energy output breakdown (kW)
SOFC (AC) 99.64 111.46 109.95 89.81 107.11 111.19 106.54 104.58 103.22
HRSG 65.59 75.00 74.00 57.66 71.24 75.09 70.75 69.52 68.67
CO; emissions breakdown (kg h™
CO,, direct emissions 69.10 74.89 75.00 65.02 74.27 75.41 70.74 70.16 68.95
CO, indirect emissions® 34.97 50.12 48.74 25.46 50.45 63.18 67.82 75.18 77.68
Note.
2 It is calculated based on LHV.
b Energy consumption from compressors and pumps.
¢ The CO, emission factor of 0.655 kg CO» kWh™! is used (Ramirez et al., 2019).
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Fig. 11. Effect of fuel utilization factor (Ug) on (a) cell volage and current density, (b) SEE and CHPE, (c) EROI, and (d) specific CO, emissions.

system, an oxy-fuel combustion-based T-PG-SOFC-CHP power plant
(System 1II) is designed (Fig. 4) and evaluated. The designed parameters
of the oxy-fuel combustion system are listed in Table 1. A comparison of
the performance indicators between System I and System II under the
same process parameters (i.e. inlet fuel flow rate: 50 kg h™!, Ug 0.85,
and RR: 30%) is given in Table 8. Furthermore, the main stream data of
System I and System II for the case of TR200-15 is listed in Appendix
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(Table Al and Table A2). It can be seen that the energy penalty related to
the oxy-fuel based CO; capture technology is 5.40% for TR200-15,
6.77% for TR200-30, and 6.40% for TR250-15. Since System II con-
tains an air separation unit and a COy compression unit (Fig. 4), the
additional energy requirement from these units in total is accounted for
21.05%, 16.15%, 27.19% of the auxiliary power, corresponding to
TR200-15, TR200-30, and TR250-15 respectively. Additionally,
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considering the environmental performance of the System II, when the
oxy-fuel combustion technology is employed for the T-PG-SOFC-CHP
power plant, although the values of EROI are reduced by 17.91%,
15.47%, and 23.06%, those of the Eco, are significantly decreased by
54.16%, 45.39%, and 58.91%, corresponding to TR200-15, TR200-30,
and TR250-15, respectively. Obviously, the direct CO, emissions from
the T-PG-SOFC-CHP power plant can be completely captured by using
System II. However, to further reduce the indirect CO5 emissions due to
the major auxiliary power from torrefaction and plasma gasification,
various renewable energy systems such as solar and wind energies
(carbon-free electricity generation) could be integrated with the T-PG-
SOFC-CHP power plant for intensifying WTE conversion technologies in
the future.

4. Conclusions and future work

Aspen Plus modeling of an integrated torrefaction (T)-plasma gasi-
fication (PG)-solid oxide fuel cell (SOFC)-combined heat and power
(CHP) power plant with and without CO5 capture for the applications of
WTE conversion process is successfully developed and analyzed in this
work. The effect of untreated RDF (without torrefaction) and nine
various torrefaction process conditions (i.e. TR200-15, TR200-30,
TR200-60, TR250-15, TR250-30, TR250-60, TR300-15, TR300-30, and
TR300-60) on the energy and environmental performances of the T-PG-
SOFC-CHP power plant is evaluated and compared with each other.
Based on the simulation results, the following major findings and
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Table 8
Performance of the oxy-fuel combustion-based T-PG-SOFC-CHP system with
CO, capture (System II) (inlet fuel flow rate = 50 kg h™!, Ur= 0.85, RR = 30%).

Configuration System I System II

Torrefaction TR200- TR200- TR250- TR200- TR200- TR250-

conditions 15 30 15 15 30 15

(Temperature-

Residence time)

Energy input breakdown (kW)

Feedstock” 247.22 247.22 247.22 247.22 247.22 247.22

Torrefaction 25.14 24.58 25.28 25.14 24.58 25.28

Plasma 17.74 39.90 4.43 17.74 39.90 4.43
gasification

Auxiliary 10.51 12.02 9.16 18.92 20.89 16.73
power”

ASU* - - - 2.11 2.46 1.84

Energy output breakdown (kW)

SOFC (AC) 96.56 107.96 87.22 96.56 107.96 87.22

HRSG 65.58 75.00 57.66 62.75 69.59 51.25

CO,, direct 69.10 74.89 65.02 0 0 0
emissions

CO; indirect 34.97 50.12 25.46 41.86 57.53 31.63
emissions’

System performance indicators

SEE (%) 43.99 43.06 42.88 38.59 36.29 36.48

CHPE (%) 53.62 53.97 51.31 48.22 47.20 44.91

EROI (-) 3.04 2.39 3.73 2.49 2.02 2.87

Eco, (kg 0.96 1.17 0.85 0.44 0.64 0.35
kwh™)

Note.

2 It is calculated based on LHV.

b Energy consumption for compressors and pumps.

¢ The specific energy consumption of 0.269 kWh kg’1 is used (Esfilar et al.,
2018).

4 The CO, emission factor of 0.655 kg CO, kWh™! is used (Ramirez et al.,
2019).

contributions from this study can be drawn:

(1) Integrating torrefaction of RDF with plasma gasification is a

promising approach to significantly enhance the syngas yield and

PGE. To achieve the maximum values of PGE, the optimal S/F

ratios of TR200-15, TR200-30, and TR250-15 are 0.08, 0.18, and

0.02, respectively, at which those values are 78.14%, 84.38%,

and 72.02%, respectively.

Under the optimal S/F ratios, the torrefaction temperatures of

200 and 250 °C provide better energy performance in terms of

SEE and CHPE, whereas they show negative impacts on envi-

ronmental performances in terms of EROI and Eco,, with the

exception of TR250-15, which even gives lower E¢o, as compared
to the untreated RDF. Basically, TR200-15, TR200-30, and

TR250-15 are suggested to be used in the T-PG-SOFC-CHP power

plant, whereas torrefaction of RDF at 300 °C is not feasible to the

proposed system.

To avoid the risk of carbon deposition on the SOFC anode, the

recommend RR of the anode-off gas is 30%, at which the values of

CHPE are 53.62%, 53.97%, and 51.31%, the values of EROI are

3.04, 2.39, and 3.73, and the values of E¢o, are 0.96, 1.17, and

0.85 kg kWh™!, corresponding to TR200-15, TR200-30, and

TR250-15, respectively.

(4) A T-PG-SOFC-CHP power plant with zero direct CO5 emissions is
achievable by introducing the oxy-fuel combustion technology to
the SOFC system. However, additional energy penalty of
5.40-6.77% is accompanied with such a new system. To reduce
the indirect CO, emissions and increase the EROI, the various
renewable energy technologies such as solar and wind should be
integrated with the proposed WTE power plant.

(2)

@3

~

The above optimal operating conditions of the T-PG-SOFC-CHP
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system are obtained based on a preliminarily thermodynamic assess-
ment. Further numerical and dynamic simulation models are still
required to be developed by considering both geometry and kinetic
parameters. Therefore, more experimental works are needed to be car-
ried out to find the detailed kinetic data for raw and torrefied RDF as
feedstock for the plasma gasification. Also, the techno-economic anal-
ysis (TEA) of such a new WTE power plant should be explored for future
research.
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