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Abstract: Integrating sustainable processes and innovative waste utilization not only addresses environ-mental
challenges but also aligns with evaluating energy sustainability and creating the circular waste management.
This study presents a comparative analysis of liquid fuel production from waste tires and water hyacinth using
two thermochemical methods: co-pyrolysis (direct method) and co-gasification integrated with the Fischer-
Tropsch (FT) process (indirect method). The Aspen Plus simulation software version 9 is employed to develop
models, determining optimal operating conditions for maximum liquid fuel, and assessing economic viability.
Co-pyrolysis simulations reveal an increase in oil products and a decrease in gas products with higher blending
weight ratios of waste tires/water hyacinth (W/B) and lower pyrolyser temperatures. Operating at 400°C with
a blending weight ratio of 75:25 provided the maximum liquid fuel rate of 6649.22 gal/day. For co-gasification,
optimal conditions (W/B = 50:50, T = 800°C, steam to feed ratio (S/F) = 1) result in the highest syngas yield of
115.92 kmol/h. Fischer-Tropsch simulations demonstrate an increase in gasoline and a decrease in diesel with
rising reactor temperatures. At 230°C, the maximum liquid fuel rate reaches 8817.15 gal/day. The economic
and production yield analysis indicates that the indirect method better than the direct method, providing
higher liquid fuel yields and investment worthiness.

Keywords: Liquid fuel; Co-pyrolysis; Co-gasification; Fischer-Tropsch; Economic analysis

1. Introduction

Current global energy consumption is increasing continuously due to the increasing global
population and technological advances, which encourage the consumption of fossil fuels. While fossil
fuels are declining, finite and contributing to global warming. The BP Statistical Review of World
Energy 2021 provided that up to 83.1% of the world primary energy consumption in 2020 comes from
fossil fuels [1]. Thus, biomass is perceived as a renewable energy source for liquid fuel production
and can replace fossil fuels in the future.

Thermochemical process is one of the standard technologies to convert biomass feedstock into
biofuel. Among various thermochemical techniques, pyrolysis and gasification are the most
remarkable methods for liquid fuel production. Pyrolysis can directly convert biomass into biofuel
in the absence of air or oxygen. This method is referred to as a direct method. This method can
provide a maximum amount of liquid and a minimum amount of gas product. K. Nattawut et al. [2]
reported that the bio-oils from fast pyrolysis of tobacco processing wastes provides good quality due
to high carbon content, hydrogen content and high calorific value. Bio-oil mainly consists of alkanes
and benzene derivatives that are valuable components for upgrading to liquid fuel. However, the
obtained bio-oil should be treated before the intended application. High tar formation, a high cooling
rate for the vapors, and a high amount of ash and char are contained in the liquids [3].

Liquid fuel production from the gasification integrated with the Fischer-Tropsch process is
referred to the indirect method. Biomass is reacted with a gasifying agent to produce a synthesis gas
consisting of hydrogen, carbon monoxide, carbon dioxide and methane). Then, the synthesis gas is

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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further supplied to the Fischer-Tropsch process, which converts carbon monoxide and hydrogen into
liquid fuels. Y.D. Kim et al. [4] reported that the syngas from the gasification process provides a high
caloric value and optimal syngas composition for diesel production. After the syngas is purified, it is
sent to the Fischer-Tropsch process to produce diesel. The obtained diesel has suitable chemical and
physical properties that can be used as an alternative to commercial diesel. Although the indirect
method of biomass can produce clean and environmentally friendly fuels, this method has several
stages and is more complex than the direct method [5].

Feedstock type is one of the main factors affecting the quality and quantity of liquid fuel.
Biomass is a low-value, limited-use and abundant agricultural residue that can be used as a feedstock.
M. Saleem [6] investigated the possibility of utilizing agricultural biomass as a renewable and
sustainable future energy source. This work reported that biomass can be used as a feedstock in
biofuel production and probably replace fossil fuel resources. In addition, liquid fuel from biomass
is more cost-effective and environmentally friendly than fossil fuels. The rapid diffusion of water
hyacinths in various water sources creates ecological and economic problems. Water hyacinths have
a large quantity that could be used as biomass due to the total calorific value is 14.46 M]/kg, which is
comparable to rice straw or rice husk [7]. In addition, water hyacinth is considered a suitable choice
in this work for reducing waste and increasing raw material value. However, this biomass has many
disadvantages such as high moisture and oxygen content, low calorific value and indefinite
availability [8]. ]. Alvarez et al. [9] reported that the bio-oil from co-feeding compared to the bio-oil
from pure biomass provides higher carbon, lower oxygen, low water contents and high calorific
value. Thus, the co-feeding of waste tires and biomass can reduce the disadvantages that come with
pure biomass.

In the production of liquid fuels, the desired component of bio-o0il not only depends on the
operating conditions but also on the global market demand because the demand and supply of liquid
fuels are the main factors in the production process. Thus, an economic analysis should be performed.
This analysis uses the total capital investment, annual operating, and annual revenues cost as an
indicator to investigate the feasibility of liquid fuel production from the two methods. However, this
study aims to find the most efficient and cost-effective method for liquid fuel production. Although
several studies have been published on liquid fuel production from co-feeding through the
thermochemical process (direct and indirect method), studies comparing the two methods are still
scarce. Thus, this research aims to compare liquid fuel production from co-feeding through direct
and indirect methods. Waste tires and water hyacinths are feedstock in different blending weight
ratios. In addition, the optimum operating conditions of each method are determined by the
production yield of liquid fuel. Therefore, the direct method (pyrolysis) and indirect method
(gasification integrated with the Fischer-Tropsch process) are simulated using the Aspen Plus version
9. To investigate the comparative analysis of the two methods, the production rate and economic
analysis to find the best method for liquid fuel production are considered.

2. Materials and Experimental Methods

Waste tires and water hyacinth are prepared for determining the proximate and ultimate
analysis because both feedstocks are nonconventional components and there is no information about
the same in Aspen Plus Simulation software. Waste tires and water hyacinths were air-dried and
crushed to a particle size distribution of 0.2-0.5 mm. After being baked in the oven at 70 °C for 24 h,
the powders were sieved with a 0.5 mm mesh and kept in a container filled with silica gel to prevent
moisture to be further used in the laboratory [10]. Thermogravimetric analyzer (TGA) and elemental
analyzer were used to determine the proximate and ultimate analysis of feedstocks, following the
American Society for Testing Materials (ASTM) Standard. The proximate and ultimate analysis
results of waste tires and water hyacinths are shown in Table 1.
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Table 1. Proximate and ultimate analysis results of feedstocks.

Characteristics Waste tires Water hyacinth

Proximate analysis (%wt, dry basis)

Moisture content 0.66 9.98
Volatile matter 50.06 57.02
Fixed carbon 40.28 33.15
Ash content 9.66 9.83

Ultimate analysis (Y%owt, dry basis)

Carbon 79.16 35.41

Hydrogen 7.34 5.35

Oxygen* 1.11 48.81

Nitrogen 0.60 0.54

Sulphur 2.13 0.06

LHV [M]/kg] 37.25 22.19
* By different.

3. Methodology

3.1. Process Description

Figure 1 presents the model of the co-pyrolysis process designed through Aspen Plus Simulation
software version 9. In this study, the feedstocks consist of waste tires and water hyacinth, which are
fed into the process with different blending weight ratio of waste tires/water hyacinth (0:100, 25:75,
50:50, 75:25, and 100:0). Waste tires (TIRE stream) and water hyacinth (BIOMASS stream) are fed into
the DECOM1 and DECOM?2 with the difference ratio to decompose the chemical composition of
feedstocks as nonconventional components to conventional components by using the information of
the proximate and ultimate analysis, according to Table 1. Next, the chemical compositions of
feedstocks (TIRE-I and BIOM-I streams) are preheated in HEATER1 and HEATER?2 before sending
into the pyrolyser (PYRO). In the pyrolyser, the thermal decomposition process of anaerobic organic
compounds occurs and then, the products of solid and gas are generated. Solid is separated at the
bottom of the pyrolyser while all gases are compressed (COMPRESS) and quenched to be liquid with
a cooler (COOLERT1) before sending those to the hydrotreating unit (HYDRO). Hydrogen (H2 stream)
is added to the reactor to react with the oxygenated compounds. The products are composed of pyro-
oil, water, and other gases. The product stream (HYDRO-O stream) is supplied to the heater
(HEATERS3), turbine (TURBINE), and cooler (COOLER?2) to adjust to the conditions before sending
those to the flash drum (FLASH1). The flash drum is used to separate pyro-oil and gases. OIL stream
is sent into the decanter (DECANTER) to separate pyro-oil and water. Pyro-oil (OIL-PRO stream) is

doi:10.20944/preprints202401.1350.v1
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the desired product, while water (WATER-1 stream) is changed to steam by using a heater
(HEATER4) before sending the steam to the methane reforming process. A part of gases (GASES
stream), carbon dioxide and hydrogen sulfide are separated by the absorption unit (SEPCO2-1). PSA
unit (SEPCH4) is used to separate methane from flue gas, in which flue gas is sent into the PSA unit
(SEPH2-1) to separate hydrogen from flue gas. In this model, the steam methane reforming (SMR)
process, in which the reaction of methane and steam occurs in the REFORMER, is proposed to
produce hydrogen for the hydrotreating unit. The products obtained from the reforming process
(REFORMAT stream) consisting of steam (H20), hydrogen (Hz), carbon dioxide (CO), carbon dioxide
(CO2), methane (CH4), nitrogen (N2) and oil (i.e,, Ci2Hz, CiusHszo and CioHz) are decreased in
temperature through a cooler (COOLER3) before sending them into the flash drum (FLASH?2), which
is used here to separate water. The carbon dioxide is separated from the reformate using the
absorption unit (SEPCO2-2) while CO and CH4 are removed using the PSA unit (SEPH2-2). Finally,
the purified H2 (H2-RECO?2 stream) is used for the hydrotreating unit.
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Figure 1. The model of the co-pyrolysis process (direct method).

Figure 2 presents the model of gasification and the Fischer-Tropsch process designed through
Aspen Plus simulator version 9. Waste tires (TIRE stream) and water hyacinth (BIOMASS stream)
with different blending weight ratio are delivered to the decomposition units (DECOM1 and
DECOM2) and heater (HEATER1 and HEATER?2) before being sent to the gasifier (GASIFIER). Steam
(STEAM stream) as a gasifying agent is fed into GASIFIER, where there are many chemical reactions
that occurred as listed in Table 2. When the chemical reactions are carried out, the products, including
solid and gas, are provided. Solid products (CHAR+ASH stream) are separated by using cyclone
(SEPCHAR) while gas products (DECHAR) are sent to the REACTH2S reactor, where all sulfur in
the DECHAR stream is converted to hydrogen sulfide. The effluent stream (H2S-O stream) consisting
of hydrogen, carbon monoxide, carbon dioxide, methane, steam, nitrogen, and hydrogen sulfide are
sent to two absorption units: SEPH2S that separates hydrogen sulfide and SEPCO2 that removes
carbon dioxide. Clean gas products (SEPCO2-1 stream) are fed into the cooler (COOLER1) and sent
into the REACTNHS3 reactor where all nitrogen in the SEPCO2-2 stream is converted to ammonia.
The effluent stream (NH3-O stream) consisting of hydrogen, carbon monoxide, methane, steam, and
ammonia are sent to the PSA unit (SEPNH3) to separate ammonia before sending them to the cooler
(COOLER?2). Moreover, water contaminated with gas products is removed using a flash drum
(SEPWATER) and is recycled as the gasifying agent. The synthesis gas (FT-I stream) consisting of
hydrogen and carbon monoxides is fed into the Fischer-Tropsch reactor (FT-REACT) to produce the
fuel. The fuel products, composed of off-gas, gasoline, diesel, and wax, are separated by distillation
columns (DISTIL1, DISTIL2, and DISTIL3).


https://doi.org/10.20944/preprints202401.1350.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 January 2024 doi:10.20944/preprints202401.1350.v1

[y COMPRESS STEAV-MA
| ALBIO! :
STEAVT
MIXER
HEATER3
STEAM < WATER-RE @(7
SEPCHAR > ©
X o DECHAR ‘v— T -
— >4 GAsser-0 >< SEPCO21 COOLER1
- -
™
© REACTH2S SEPH2S. SEPCO2 é

$ (e}
o {GPROLREL
-
—— (s —(@ o)
COOLER2 REACTNH3

2
g
S

< DISTIL2
DISTIL3

%
&—{ DIESEL |—— 3 FT-REACT '
n DISTILY g
SEPWATER
a—{Wax] %

IWATER
WATER

Figure 2. The model of gasification integrated with the Fischer-Tropsch process (indirect method).

Table 2. Possible chemical reactions occurred in the gasifier.

Partial oxidation C+1/20.— CO AH =-110 kJ/mol €)]
Combustion Ho +1/20: — H0 AH = -242 KJ/mol )

C+02—>CO2 AH =-393 kJ/mol 3)
Bouduard C+CO24 2CO AH = +172 kJ/mol 4)
Water gas C+H0 - CO+H: AH = +131 kJ/mol (5)
Methanation C+2H2+ CHas AH =-75 k]J/mol (6)
Water gas shift CO + H20 < CO:2+ H2 AH = -41 kJ/mol (7)
Steam methane reforming CHs + H20 — CO + 3H2 AH = +206 kJ/mol (8)

3.2. Process Simulation

In this study, the investigations on liquid fuel production through co-pyrolysis and co-
gasification integrated with FT process are performed by using Aspen Plus simulator version 9. The
Peng-Robinson equation of state with Boston-Mathias (PR-BM) modifications are chosen to calculate
the thermodynamic properties of the conventional components in this simulation model. To calculate
the enthalpy and density of the nonconventional components, the property methods that include
HCOALGEN and DCOALIGT are chosen. The reactor models in both methods consist of RYield,
RGibbs and REquil. The selection of each rector model depended on the purpose of use and
assumption. The RYield model is chosen to represent decomposition unit where the product yields
for a given feed must be specified [11]. The gasifier is modelled by RGibbs model which can calculate
the phase and chemical equilibrium of the reaction by minimizing the Gibbs free energy. This model
is useful when temperature and pressure are known, and the reaction stoichiometry is unknown [12].
The REquil reactor model which represents hydrotreating unit can determine the product
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composition based on the equilibrium state of the occurred reactions when the temperature, pressure
and reaction stoichiometry are known [13]. Lastly, the RYield reactor is chosen to model FT process
where the reaction extent or conversion must be specified. This model is useful when the temperature
and pressure are known, and the reaction kinetics are unknown.

The following assumptions are made to simulate the models of liquid fuel production.
1. The total flow rate of feedstocks is 1000 kg/h and the gasifying agent (steam) is supplied to the
process at 1 bar and 150 °C
The model is operated at a steady state and isothermal condition.
No heat and pressure losses occur in the reactor.
Tar formation is not considered, and char is assumed to be ash.
The obtained pyro-oil contains Ci2Hz26S, CisH33N, C1sH120z, and Ci0H1204 only.
All gases are real gases, the syngas including H2, CO, CO2, CHs, H20, NHs, and H2S.
H>/CO ratio is approximately 2 and calculated the yield of the FT products (C1 - Cas) by the
Anderson-Schulz-Flory (ASF) distribution.

NS Ok N

FT process which is operated in a temperature range of 150 to 300 °C is used to convert syngas
(CO and Hb) into liquid fuel through various chemical reactions [14]. The production yield of the FT
process can be estimated with the ASF distribution following Equations (9) and (10). The ASF
distribution depends on the FT temperature and syngas composition (H2/CO ratio). The FT products
are liquid fuel up to Css, assuming that the other production yield is water.

wn=n ~(1-a)* a™? 9)
a= (0.2332' Jeo 0.633) [1-0.0039-(T-533)] (10)
Yco'YH,

In this study, the effects of blending weight ratio and pyrolyser temperature on the product
compositions are examined for the co-pyrolysis process. In the co-gasification integrated FT process,
the effects of blending weight ratio (W/B), gasifier temperature (T), steam to feed (S/F) ratio, and the
FT temperature on the product compositions are investigated. The ranges of operating conditions are
listed in Table 3.

Table 3. The operating conditions of the main equipment.

Range of operating conditions

Unit Name Unit model

Temperature ['C] Pressure [bar]
DECOMP1 RYield 25 1
DECOMP2 RYield 25 1
PYRO RGibbs 400-800 1
HYDRO REquil 360 70

REFORMER REquil 700 1
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GASIFIER RGibbs 500-1000 1

FT-REACT RYield 200-250 30

3.3. Economic Analysis

The capital investment, operating cost, and revenue cost were evaluated. All the costs were
adjusted and reported for the 2021 cost year with the Chemical Engineering Plant Cost Index (CEPCI).
The total capital investment cost can be determined according to the method in Table 4.

Table 4. Methodology for capital cost estimation.

Parameter Method
Total purchased equipment cost (TPEC) Aspen Plus Simulation software and
literature

Total installed cost (TIC) TPEC x installation factor (3.02)
Indirect cost (IC)

Engineering and supervision 32% of TPEC

Construction expenses 34% of TPEC

Legal and contractor’s fees 23% of TPEC
Total direct and indirect costs (TDIC) TIC+IC
Contingency 20% of TDIC
Fixed capital investment (FCI) TDIC + Contingency
Working capital (WC) 15% of FCI
Land use 6% of TPEC
Total capital investment FCI+ WC + Land

The financial value is based on the baseline data using the effect of capacity and time. Capacity
affects the purchased equipment cost because of the different capacities of equipment, which follows
Equation (11).
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Costnew = Costo x (Siz,eﬂ)n 1)
Size

where costois an initial cost, sizeo an initial size or capacity of the unit, and n is a scaling factor, these
adjust the new cost (costnew) at the new size or capacity of the unit from literature sources or Aspen
Plus simulation software. Time affects the value of money due to global demand and supply change
at any time. The CEPCI is the main factor used to adjust the costs at different points in time as shown
by the following Equation (12).

where Costvase is the cost in a base year and costslect is the cost in a selected year, CEPClvase denotes

CEPCLggject (12)

Costselect = COStbase %
selec ase ( CEPCIbase

the index value for a base year and CEPClsetect denotes the index value for a selected year [16]. This
study references the purchased equipment cost with capacities close to those determined in the
process model as shown in Table 5.

Table 5. Overview of the main equipment based on the reference year.

Base cost Scale Reference
Equipment Base capacity
(million US$) factor year
Compressor 3500 kW 0.17 1.00 2010 [17]
Cyclone 200000 m3/h 1.97 0.65 2021 [18]
Decanter 98389 L/h 1.34 0.70 2013 [19]
Distillation column# - - - 1998 [20]
Flash druma - - - 1998 [20]
FT reactor 2.7 kmol/sy 14.91 0.72 2015 [21]
Gasifier 200 MW 19.80 0.70 2010 [17]
Hydrotreating unit 2000 tons/day 14.80 0.80 2010 [22]
PSA 9600 kmol feed/h 23.00 0.70 1993 [23]

Pyrolyser 2000 tons/day 45.90 0.80 2010 [22]

doi:10.20944/preprints202401.1350.v1
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Scrubber 1000 CFM 0.004
Steam methane 101885 1b/hH>

98.80
reformer produced
Turbine 25 MW 11.97

0.70

0.80

1.00

2021 [24]

2005 [25]

2015 [21]

aEstimated from calculation.

The selling price of the annual costs can be estimated from the literature sources. Although the
global demand and supply affect the selling price, this study uses the information in Table 6 to

estimate the annual costs in the reference year.

Table 6. Materials and disposal costs based on the reference year.

Item Price (USS$) Reference year
Feedstocks
Waste tires (size 1-3 mm) 0.258/kg 2021 [26]
Water hyacinth 0.056/kg 2021 [27]
Chemicals
Activated Carbon 2.190/kg 2010 [28]
Co catalyst 33.070/kg 2007 [16]
Pyrolysis catalyst 11.023/kg 2016 [29]
Utilities
Cooling water 0.0003/kg 2007 [16]
Hydrogen 1.330/kg 2010 [30]
Process steam 0.009/kg 2007 [16]
Water 0.003/gal 2016 [31]
Products
Ammonia 0.678/kg 2021 [32]
Biodiesel (B99-B100) 3.473/gal 2021 [33]
Carbon monoxide 0.600/kg 2012 [34]
Ethane 0.209/kg 2021 [35]
Gasoline 3.094/gal 2021 [36]
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LPG 2.098/gal 2021 [37]
Natural gas 0.001/gal 2021 [38]
Wax 2.73/kg 2018 [15]
Other
Ash/Char disposal 0.024/kg 2007 [16]
Hydrogen sulfide removal 4.674/kg 2021 [39]
MEA 0.028/kg CO: 2004[40]

4. Results and Discussion

4.1. Model Validation

To ensure that the proposed model can predict realistic results, gases, oils, and other products
obtained from both models are compared with the experimental data extracted from the literature.
In case of co-pyrolysis model, the simulated results are compared with the experimental data of D.
Pradhan et al. [41]. Their experiment used mahua seed and waste thermocol as a feedstock in which
the proximate and ultimate analysis results are listed in Table 7. In their work, the co-pyrolysis
process operated at 550 °C and 1 bar with the blending weight ratio 1:1. The experimental results
showed that the products are composed of gases, oil, char and aqueous liquid. Under the same feed-
stock and operating conditions, the model validation, as shown in Table 8, indicates that the
simulated results agree with the experimental data. The root means square error (RMS) is 11.90,
which is an acceptable value for this study. The gas products obtained from the model have more
proportion than the experimental data while the oil, char and aqueous liquid products obtained from
the model have less proportion than one. The deviation between simulation and experiment can be
explained by two reasons: (1) The model uses simplified assumptions about the reaction mechanism
which may not reflect the complex reality of the reaction. The product obtained from the simulation
is calculated by minimizing the Gibbs free energy. These gas products have lower Gibbs free energy
compared to oil, char, and aqueous liquid products. This means that they are more stable and
energetically favorable to form during the reaction and (2) this model does not consider the effect of
the catalyst to specify the desired products. Although the validation results deviate, this model is
acceptable.

Table 7. Proximate and ultimate analysis of mahua seed, waste thermocol and wood chip.

Characteristics Mahua seed Waste thermocol Wood chip

Proximate analysis (%wt, dry basis)

Moisture content 8.60 0.20 20.00
Volatile matter 92.12 99.10 80.00
Fixed carbon 5.58 0.50 18.84

Ash content 2.30 0.40 1.16

doi:10.20944/preprints202401.1350.v1
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Ultimate analysis (%owt, dry basis)

Carbon 61.20 89.10 51.19
Hydrogen 8.40 9.30 6.08
Oxygen* 23.30 0.00 41.35
Nitrogen 4.10 1.20 0.20
Sulphur 0.70 0.00 0.02
*By different.

Table 8. Comparison of the product compositions between the simulation result and the experimental

data.
Product Composition (%wt)
Experimental result Simulation result
Gas 9.50 29.82
Oil 73.00 68.93
Char 11.00 1.25
Aqueous liquid 6.50 0.00
RSM 11.90

Next, the simulated results obtained from the gasification model are compared with the
experimental data of W. Doherty et al. [42]. Feedstock used in their experiment was wood chips in
which proximate and ultimate analysis are listed in Table 7. In their work, the gasification process
operated at 850 °C and 1 bar with the mass flow rate of biomass and a S/F ratio as 1508.64 kg/h and
0.75, respectively. The conditions of steam were at 450°C and 1 bar. The experimental results showed
that the products are composed of gases (Hz, CH4, CO, and COz), char, and others (H2S, NHs, and
H:0). The comparison of product gas composition between simulation results and experimental data
under the same feedstock and operating conditions are shown in Table 9. It is found that the
simulation results show similar trends with the experimental data. RMS is 9.26, which is an acceptable
value for this study. However, it can be observed that higher hydrogen, lower carbon dioxide, and
methane concentrations can be provided compared with the experimental data. The deviation
between simulation and experiment can be explained by two reasons: (1) the calculation of the
product gas composition based on the equilibrium which neglects the effect of a catalyst and (2) tar
formation is not considered in this study.
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Table 9. Comparison of the product compositions between the simulation model and the
experimental data.

Composition (%vol, dry)

Product
Experimental result Simulation result
H: 46.45 59.02
CO 2191 27.00
CO: 21.50 13.97
CHs 10.14 0.02
RSM 9.26

4.2. Liquid Fuel Production from the Co-Pyrolysis Process

Figure 3a represents the effect of the blending weight ratio on the product compositions when
the pyrolyser temperature is fixed at 600°C. In this study, the blending weight ratio of feedstocks
(W/B) varied as 0:100, 25:75, 50:50, and 75:25, respectively. The simulation results show that gas
product is lower while oil product is higher with increasing blending weight ratio (waste tires
increases while water hyacinth decreases). According to the ultimate analysis, the waste tires have
carbon as the main component whereas water hyacinth has oxygen as a main component and both
feedstocks have similar amounts of hydrogen. It should be noted that the oil product consists of
mainly hydrocarbon (hydrogen and carbon) content whereas the gas product is mainly composed of
carbon dioxide which is referred to the oxygenated compound. Therefore, when the ratio of waste
tires increases, carbon and hydrogen can easily combine to form hydrocarbon compounds in the oil
products. On the other hand, when the ratio of water hyacinth increases, oxygen can easily combine
with other components to form the oxygenated compound in the gas products. However, there is no
result reported in Figure 3a at the blending weight ratio of 100:0. It can be implied that the use of
feedstock as pure waste tires (no water hyacinth) cannot generate oil products consisting of C10H120s.
This is because the small amount of oxygen in waste tires is not sufficient to form the oxygenated
compound in oil products.

1200
Gas --0il

1000
=
2 800
=
£ 600
>
=
g 400
-9

200

0 -
0/100 25/75 50/50 7525

Blending Ratio
(a)


https://doi.org/10.20944/preprints202401.1350.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 January 2024 doi:10.20944/preprints202401.1350.v1

13

800
700
600
500
400
300
200
100

Product yield (kg/h)

‘ —=-Gas oil

400 500 600 700 800
Temperature (°C)
(b)

Figure 3. Effect of (a) blending weight ratio (T = 600 °C) and (b) pyrolyser temperature (W/B = 75:25)
on the product.

Figure 3b presents the effect of pyrolyser temperature varying between 400°C and 800°C on the
product at the blending weight ratio of 75:25. The simulation results show that increasing pyrolyser
temperature can slightly increase the gas products whereas the oil products may slightly decrease.
When the pyrolyser temperature is higher, the larger hydrocarbon chains will be cracked into the
smaller ones, according to the study conducted by H.Y. Ismail et al [43]. At the pyrolyser temperature
of 400 °C, the desired product (oil yield) has the largest quantity and the undesired product (gas
yield) has the smallest amount. Therefore, the pyrolyser temperature of 400 °C is the most suitable
for the pyrolysis process.

4.3. Liquid Fuel Production through the Co-Gasification Integrated with Fischer-Tropsch Process

Figure 4a presents the effect of blending weight ratio on the product gas compositions at the
gasifier temperature of 800 °C and S/F ratio of 1. It is found that the concentrations of H: little change
at the beginning and decrease after that when the blending weight ratio increases. The concentrations
of CO2 decrease while the concentrations of CO and CHs increase when the blending weight ratio
increases. At higher blending weight ratios of solid waste, adding solid waste to the feedstock can
increase the production of Hz2 and CO in the syngas due to the high volatile matter content of solid
waste. In addition, it also increases the reactivity of the feedstock, leading to a higher conversion of
carbon to syngas. As a result, the CH4 concentration in the syngas may increase. However, at high
blending weight ratios of biomass, the higher oxygen content of biomass promotes the oxidation of
syngas due to the presence of oxygen-containing functional groups in the biomass. As a result, Hz
and CO: concentrations may decrease due to loss of oxidation whereas the CO: content in the syngas
may increase. In this study, the target of H2/CO ratio is around 2 to further use in the FT process
according to Y.D. Kim et al. [4]. The results reveal that the H2/CO ratio as 3.32, 2.44, 1.93, 1.60, and
1.28 can be provided when the blending weight ratio is 0:100, 25:75, 50:50, 75:25, and 100:0,
respectively. Although the blending weight ratio at 75:25 provides a higher CO content than the
blending weight ratio at 50:50, the Ha/CO ratio close to 2 can be provided when the blending ratio is
50:50. Therefore, the blending weight ratio of 50:50 is suitable for liquid fuel production through co-
gasification integrated with the FT process.
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Figure 4. Effect of (a) blending weight ratio (T = 800 °C and S/F = 1), (b) gasifier temperature (W/B =
50:50 and S/F =1) and steam to feed ratio (T =800 °C and W/B =50:50) on the product gas compositions.

Figure 4b presents the effect of gasifier temperature, varying between 500 and 1000 °C, on the
product gas compositions at the blending weight ratio of 50:50 and S/F ratio of 1. It can be observed
that the concentrations of CO2 and CHs decrease whereas the concentrations of H2 and CO increase
with increasing temperature. This is because the Bouduard and water gas reactions as endothermic
reactions favor high gasifier temperature operation and thus, the forward reaction can occur. On the
other hand, the methanation reaction as the exothermic reaction is shifted to the reactant side when
the gasifier temperature increases. In addition, increasing gasifier temperature causes the reverse
water gas shift (WGS) reaction, leading to a decrease in the concentration of CO2. The drop in CHa
concentration is caused by the consumption in the steam methane reforming (SMR) reaction. From
the simulation results, the gasifier temperature of 800°C is suitable for the gasification process
because the H2/CO ratio is mostly close to 2 and provides the high concentration of H2 and CO for
the following FT process.

Figure 4c shows the influence of S/F ratio, varying between 0.8 and 1.2, on the product gas
compositions at the blending weight ratio of 50:50 and the gasifier temperature of 800 °C. It can be
observed that increasing S/F ratio leads to an increase in the H2 and CO:z concentrations and a decrease
in CO and CHas concentrations. Adding steam into the process will support the water gas and SMR
reactions and this results in the increase of H2 and CO concentrations while the CH4 concentration
decreases due to the SMR reaction. However, the CO concentration decreases with an increase in the
S/F ratio because the WGS reaction will occur continuously and leads to Hz2 and CO2 concentrations
being increased. The simulation results indicate that S/F ratio of 1 is suitable for the gasification
because it can provide the suitable H2/CO ratio and product yield for the FT process.

Figure 5 represents the impact of FT reactor temperature, varying between 200 and 250 °C, on
the production rate of FT products at the reactor pressure of 1 bar and H2/CO ratio of 2. From the
simulation results, it is found that the production rate of off-gas and gasoline increases with
increasing temperature, whereas the production rate of diesel and wax decreases. Increasing FT
temperature causes the decomposition of larger hydrocarbon chains into smaller ones but increases
the lower hydrocarbon chains. In addition, the product rate of the FT process was estimated with the
ASF distribution that depends on the FT temperature and syngas composition (H2/CO ratio). The
simulation results show that the production rate of liquid fuel (gasoline and diesel) as 549.15, 704.17,
789.90, 819.04, 807.62, and 769.67 kg/h can be obtained when FT is operated at 200, 210, 220, 230, 240
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and 250°C, respectively. Therefore, the FT reactor temperature at 230 °C is suitable for the FT process
as it provides the highest production rate of liquid fuel.
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Figure 5. Effect of Fischer-Tropsch reactor temperature on the production rate of liquid fuel at the
reactor pressure of 1 bar and H2/CO ratio of 2.

4.4. Economic Analysis

To evaluate the worthiness of the liquid fuels production from the co-pyrolysis and co-
gasification integrated with the Fischer-Tropsch process, an economics analysis is performed to
estimate the total capital investment, annual operating cost, and the annual revenues of both
methods. Figure 6a presents the financial value of the liquid fuel production obtained from the co-
pyrolysis and co-gasification integrated with the Fischer-Tropsch process in the present year. The
results reveal that the total capital investment of the co-pyrolysis and co-gasification integrated with
the FT process are 25.01 and 20.49 million U.S. dollars, respectively. Annual operating costs are 2.98
and 1.98 million U.S. dollars/year, respectively. Annual revenues are 8.04 and 13.86 million U.S.
dollars/year for co-pyrolysis and co-gasification, respectively. From the results, it can be concluded
that the annual operating cost and total capital investment of the co-pyrolysis process has higher than
that of co-gasification integrated with the FT process. This is because the co-pyrolysis process requires
a hydrotreating process where hydrogen reacts with the oxygenated compounds to produce liquid
fuel and thus, the use of hydrogen as expensive reactant in the process causes higher cost. To reduce
the cost of the co-pyrolysis process in the long term, the steam methane reforming process should be
installed to produce hydrogen for usage in the plant.
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Figure 6. Economic analysis of (a) Financial value of the liquid fuels production at the present year
and (b) Production rate of the liquid fuel production obtained from both processes.

Figure 6b presents the production rate of the liquid fuel production obtained from the co-
pyrolysis and co-gasification integrated with the FT process. The results indicate that gasoline is
produced at around 5063.62 gal/day from the co-gasification integrated with the FT process and as it
operates at high-temperature conditions, the larger hydrocarbon chain (diesel) is decomposed into
the smaller ones (gasoline). The biodiesel occurs in both methods, the co-pyrolysis process provides
a higher production rate of biodiesel (6649.22 gal/day) than the co-gasification integrated with the FT
process (3753.54 gal/day). Because the co-gasification integrated with the FT process operates at
higher temperature conditions than the co-pyrolysis process, the larger hydrocarbon chains are
possibly decomposed into the smaller ones more than in the co-pyrolysis process. However, the co-
gasification integrated with the FT process has a higher production rate of liquid fuel than the co-
pyrolysis process.
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5. Conclusions

This study conducts a comparative analysis of liquid fuel production from waste tires and water
hyacinth, employing two methods: co-pyrolysis and co-gasification integrated with the Fischer-
Tropsch process. Utilizing Aspen Plus simulation software version 9, the model is developed to
determine optimal operating conditions for liquid fuel production, considering production yield and
economics. The syngas compositions and pyrolysis products are calculated by minimizing Gibbs free
energy, and Fischer-Tropsch products are determined using the ASF distribution.

Co-pyrolysis simulations indicate that oil products increase while gas products decrease with
higher blending weight ratios and lower pyrolyser temperatures. Operating at 400 °C with a 75:25
blending weight ratio yields the maximum liquid fuel rate of 6649.22 gal/day. For co-gasification, the
simulation results reveal that, in the co-gasification process, a decrease in blending weight ratio
correlates with an increase in hydrogen concentration, accompanied by elevated gasifier temperature
and S/F ratio. Conversely, an increase in both blending weight ratio and gasifier temperature
corresponds to higher carbon monoxide concentration, while the S/F ratio decreases. Optimal
conditions (blending weight ratio 50:50, 800°C, S/F ratio 1) result in the maximum syngas yield of
115.92 kmol/h and the H2/CO ratio of approximately 2 is considered for the subsequent Fischer-
Tropsch process. In the Fischer-Tropsch process, gasoline increases while diesel decreases with rising
reactor temperatures, reaching the maximum liquid fuel rate of 8817.15 gal/day at 230 °C.

The comparative analysis of economics and production yield reveals that the indirect method
outperforms the direct method in terms of higher liquid fuel yield and investment worthiness.
However, the choice between the methods is contingent on external factors, which are not explored
in this study.
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Nomenclature

ASF Anderson-Schulz-Flory Distribution

ASTM American Society for Testing Materials

CEPCI Chemical Engineering Plant Cost Index

FT Fischer-Tropsch Process

H»/CO Hydrogen to Carbon Dioxide Ratio

MEA Monoethanolamine Absorption

PR-BM Peng-Robinson Equation of State with Boston-Mathias
PSA Pressure Swing Adsorption

RMS Root Means Square Error
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SMR Steam Methane Reforming

S/F Steam to Feed Ratio

T Gasifier Temperature

TGA Thermogravimetric Analysis

WGS Water Gas Shift Reaction

W/B Waste Tires to Water Hyacinth Ratio
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