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ARTICLE INFO ABSTRACT

Handling Editor: Dr. A. Olabi The pyrolysis of plastic waste and the electrolysis of saltwater is a promising route to carbon neutrality in ocean
cleanup and plastic waste management. Therefore, a solar and wind assisted Ha-fuelled fast pyrolysis of MPW
(municipal plastic waste) and electrolysis of desalinated saline were developed. The combined system uses an
oxy-hydrogen furnace for thermal decomposition of MPW feed, CO; as an inert reaction medium and both solar
and wind energy systems to operate the electrical units. The deionised H2O feed to the electrolyser cell was
produced from saltwater using the recovered heat from the fast pyrolyser unit. The process CO, was captured and
reused for soil improvement as current waste-to-energy routes of MPW recycling emit 695,850 tonnes of CO,.
2.65 kg/hry, fuel in an O, environment was utilised to meet the decomposer operating temperature and heat
duty which is approximately 29 % of the produced H,. Instability associated with bio-oil was prevented by using
fast pyrolysis which release more volatiles. Compared to the related studies, this investigated work achieved the
highest gas and carbon yields. Thermal NO < 0.1 ppm was recorded. The developed system is expected to reach
>70 % energy efficiency and a sales price of < $3.89/kgy, .

Keywords:

Pyrolysis of municipal plastic waste
Solar PV and wind turbine systems
Saltwater desalination and electrolysis
Oxy-hydrogen furnace

CO, as a reaction medium

Nomenclature

Abbreviations and Symbols

AEC Alkaline electrolysis cell
CCS Carbon capture and storage 1. Introduction
HX Heat exchangers
HDPE High-density polyethylene . . . . X
LDPE Low-density polyethylene Plastics which are considered synthetic polymers, have influenced
MJ Megajoule global economic growth due to their physical properties (low density,
MW Megawatt durability and mouldability) and low cost. Global plastics production
Eg E?:m oxide 4 has increased, reaching 368 million metric tons (Mt) in 2019 and 400 Mt
X itrogen oxides . .

OPW Ocean-bound plastic waste by 2024, with a yearly production of 53 Mt by 2030. As of 2015, 7.82
PEMEC Proton exchange membrane electrolyser cell billion tonnes of plastics were produced [1-3]. Currently, the accumu-
PET Polyethylene terephthalate lated plastic waste in the environment is approximately 2.2 gigatonnes
PP Polypropylene (Gt) and is expected to reach 3.1 Gt by 2050 [4]. Without further pro-
PS Polystyrene . . . L. .

. . duction of plastics from 2022, micro and plastics in the environment are
PSA Pressure swing adsorption .
PV Photovoltaic predicted to reach 2.15 Gt by 2050 because of leakage of the accumu-
PVC Polyvinyl chlorine lated ones [5]. Apart from landfilled plastic waste, most of the plastic

waste also ends up in seas or oceans. For instance, more than 150 million
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tonnes of plastic waste are in the ocean which endangers marine life and
the health of the oceans [6]. At present, about 76 % of plastic waste ends
up in landfills. While between 9 % and 12 % are recycled or incinerated.
In addition, over 3 % of plastic waste forms ocean-bound plastic waste
(OPW) (plastic waste that enters the ocean within 50 km of the seashore)
because of mismanagement [4]. Most of the plastic waste that ends up in
landfills is transported to the ocean. For instance, between 70 % and 80
% of OPW were transported to seas or oceans by rivers or coastlines as
Meijer et al. concluded that approximately 1 million tonnes of plastics in
the ocean came from rivers [7,8]. Furthermore, between 20 % and 30 %
of OPW comes from abandoned ships, fishing nets, lines and ropes [9].
As of 2010, the United States and EU countries including the former
member state (UK) produced the largest amount of plastic waste
entering the oceans [10]. Presently, polyethylene terephthalate (PET),
high-density polyethylene (HDPE), polyvinyl chlorine (PVC),
low-density polyethylene (LDPE), polypropylene (PP) and polystyrene
(PS) are the main sources of plastic waste because of increased pro-
duction globally. For example, in 2015, between 52 and 68 million
tonnes of global plastic production come from HDPE, LDPE and PP
separately. If this misuse of plastic waste practices continues, marine life
will struggle to adapt to the new ecosystem. Thus, 4 major routes for
accumulative plastic waste recycling have been established of which
re-extrusion is the dominant method. Other recycling routes include
mechanical recycling with a single plastic feedstock, chemical recycling
using pyrolysis and energy recovery using thermolysis technologies [1].
In contrast to other forms of plastic waste recycling routes, thermolysis
with synthetic gas recovery costs less to remove accumulated plastic
waste from landfills and oceans. In addition, the recycling of newly
plastic waste that has not reached the landfill and ocean through ther-
molysis routes can reduce landfill space due to China’s ban on scrap
material imports. For instance, the produced syngas and other
by-products like carbon can be sold to recover investment costs and
boost profit. Nowadays, pyrolysis and gasification are the two main
routes of thermolysis of waste plastic to fuel/energy. The pyrolysis
method of producing synthetic gas from plastic waste releases lower
carbon emissions in contrast to gasification and is more suitable and
efficient compared to the mechanical plastic recycling route for
small-scale installations.

Plastic waste pyrolysis which is very similar to biomass pyrolysis, is a
thermal and catalytic recycling method of converting waste plastic or
organic polymers into gas, liquid oil, and solid residues (charcoal and
ash) at reaction temperatures of 500 °C-800 °C [11]. The pyrolysis
process of syngas production is grouped into slow and fast reactions. The
fast pyrolysis reaction requires heating above 300 °C/min to achieve
higher synthesis gas and carbon yields and lower liquid oil production.
On the other hand, more char is produced during slow pyrolysis at a
reaction temperature below 7 °C/min. Both pyrolysis reaction pathways
are operated in a fluidized bed reactor (FBR), entrained flow, batch,
circulating fluidized beds or rotating reactors. The FBR is mostly used
(dominant), while the rotating reactor is emerging because of the use of
optimal temperature (1000 °C/min) leading to a faster heat rate (a few
seconds) [12]. Fast pyrolysis of plastic waste treatment was tested on a
pilot scale with FBR and showed a promising approach to waste treat-
ment. However, the higher reaction temperature of plastic waste py-
rolysis has led to a catalytic process that operates at lower temperatures.
For example, the use of a natural zeolite catalyst in the thermal cracking
of waste plastics has been found to reduce the amount of liquid oil and
impurities such as char, sulphur, nitrogen, and phosphorous formation.
In addition, catalytic pyrolysis uses lower operating temperatures which
reduces the energy input to produce more gases, unlike the
high-temperature pyrolysis process of plastic waste [11,13]. Despite the
advantages of catalytic plastic waste pyrolysis such as higher syngas
production rate, lower energy input and carbon emission footprints, a
mixture of polymers and a catalyst which makes catalyst recovery
difficult was reported as one of the major drawbacks. Faster degradation
and reduced catalyst activities due to catalyst deposition on polymer
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pores and carbon emissions have also been reported as disadvantages of
catalytic plastic waste pyrolysis [14,15].

For these reasons, two-stage cumulative processes involving thermal
decomposition in the initial stage and catalytic cracking in the final
stage to increase syngas formation at a lower operating temperature
were proposed. Other mitigation approaches include a mixture of plastic
waste feedstock, the use of low-carbon fuel and solar thermal such as
CSP (concentrating solar power) systems. These suggested approaches
will enhance catalyst recovery by preventing catalyst diffusion in large
polymer pores and reduce carbon emissions released by burning fossil
fuels in the decomposer furnace. For example, Budsaereechai et al.
investigated a catalytic pyrolysis of plastic waste using a mixture of PS,
PP, LDPE and HDPE as feedstock with a bentonite clay pellets catalyst
and reported an increase in calorific value and a decrease in viscosity
because of the absence of pressure loss [16]. It was concluded that the
use of the reported low-cost pellet catalyst eliminated the pressure drop
associated with the powder catalyst, which increased the processing
time by 10 min/kg. Nevertheless, catalytic pyrolysis of both biomass and
plastic wastes produces higher liquid oil in contrast to fast pyrolysis. The
increase in bio-oil production due to lower operating temperature in-
creases the instability of the produced liquid oil because of the deteri-
oration and degradation of the different feedstock properties. Recently,
Hassibi et al. [17] investigated the pyrolysis of liquid oil using PP waste
as feedstock and kerosene as the benchmark to mitigate instability issues
with liquid oil. The findings of the studied work revealed that pyrolyser
without reflux is more stable and the stability of liquid oil from the
pyrolysis of plastic (PP) waste improved by adding kerosene for
long-term storage. The minimal chemical changes and stable pH value of
the liquid oil, which improved the stability of the stored liquid oil were
promoted by the addition of kerosene [17].

In addition, our previous work investigated the reduction of carbon
emissions using a CSP system to produce thermal energy for the pyrol-
ysis of hydrocarbons and biomass systems. From the researched work, it
was concluded that replacing the fossil fuel cracking furnace with solar
thermal energy and burning H; in an O, environment (oxy-hydrogen) to
meet the activation energy due to losses, and integration of a small-scale
CCS unit can eliminate carbon emission footprints as well as improve the
overall efficiency [18]. However, the previous study was for large-scale
applications due to the involvement of the CSP system and other
downstream units. Furthermore, biomass pyrolysis for biochar produc-
tion has been promoted for soil amendments, capable of mitigating
climate change and increasing crop yields and carbon sequestration
[19]. Nevertheless, biochar properties in soil for nourishment change
over time, causing instability issues. These changes in biochar properties
in soils are influenced by the type of feed, operating conditions and the
reaction medium used during the production. Unlike N5 or argon (Ar),
CO,, as one of the reaction mediums provides better biochar stability by
preventing the increase of dissolved organic matter (DOM). Instead,
further stability analysis of the produced biochar in the CO, environ-
ment using unmixed biomass or other feed in the pyrolysis process is
required. Feeding process CO; to the pyrolyser to recover more biochar
can prevent carbon emissions into the environment [20,21]. As carbon
has the highest share of the pyrolysis of plastic waste by-product, using
process CO, as a reaction medium and mixing with by-product carbon
and ash are worth investigating. Thermal/catalytic pyrolysis of plastic
waste by-products is represented in Eq. (1).

PET+HDPE+ PVC+LDPE+ PP+ PS - liquid oil + gases (Hz,02,C04,N>)
-+ solid residues (char, ash)
(€]

Other possible approaches to eliminate carbon footprints from small-
scale plastic waste pyrolysis are the introduction of an oxy-hydrogen
burner, thermal energy recovery to operate downstream units and
renewable power systems such as solar PV and wind turbine. H, uti-
lisation as a carbon-free fuel in thermal applications has been studied
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extensively. For example, Lazaroiu et al. investigated the injection of H,
fuel into the solid fuel (biomass) furnace for low-carbon emissions and
reported a 10 % increase in flame temperature, a 40 % reduction of SO,
concentration and a 4 % improvement in thermal efficiency. Neverthe-
less, NOx formation also increased by 10 % because of H, involvement in
the combustion process [22]. Steam addition instead of N, and
oxy-hydrogen rather than air-hydrogen combustion have been sug-
gested to minimise NOx formation in high-temperature thermal appli-
cations. For instance, oxy-hydrogen furnace for blast furnace — basic
oxygen furnace (BF-BOF) was investigated in previous studies and the
findings showed lower NOx production, absence of carbon emissions
and higher thermal energy efficiency [23]. Apart from coolant intro-
duction and the combustion of H, fuel in an O, environment to minimise
NOx formation, the use of H, as fuel increases the operating costs and
releases carbon emissions when produced from fossil fuels without CCS
units. Since a H, sales price of < $1.80/kg is required for a sustainable
H, economy, the world is shifting its attention towards low-cost and
low-emission sources of H, production [24]. The electrolysis of water
(H,0) which is considered a sustainable route for H, production requires
integration into other thermal units to reduce the obtained H, sales price
which ranges from $5.10/kgy, to $10.3/kgy, [25]. At a purchase price of
$3.89/kgy,, distilled H,O production for H,O electrolysis costs
$0.084/kgy, [18]. Thus, the integration of solar or wind powered elec-
trolysis of H,O to utilise the recovered waste heat for feedstock (distilled
H,0) production and to produce H, fuel and O, oxidant for the
decomposer furnace can further reduce the operation cost and carbon
emissions.

In the electrolysis of H>O, H and O, are produced in the cathodic
and anodic chambers by the passage of electricity between 2 separated
electrodes. The production of H, was due to the electrochemical disso-
ciation of the H»O molecule. This renewable method of producing both
H, and O, requires DC (direct current) from solar, wind, geothermal and
other renewable power sources to eliminate carbon footprints from the
process. Among the three dominant types of H,O electrolysis cells such
as alkaline electrolysis cell (AEC), solid oxide electrolysis cell (SOEC)
and proton exchange membrane electrolysis cell (PEMEQC), fast response
time, larger surface area, and low operating temperature (100 °C) are
advantages of PEMEC. Considering the benefits of PEMEC, application
into small-scale units can be beneficial [26].

The application of AEC and SOEC electrolysis of H,O into biomass
pyrolysis was also investigated in our earliest studies. The result showed
improved efficiency in the anodic oxidation of SO, in AEC and cost
reduction in SOEC. On the other hand, low-temperature AEC and high-
temperature SOEC were investigated because of the involvement of
sulphuric acid and CSP units [18]. Other related studies investigated
include the use of natural gas-fired pyrolysis of municipal solid waste
and H, produced from electrolysis to operate a fuel cell for methanol
production. Lower CO, emission, a conversion efficiency between 44 %
and 94 % and cheaper methanol sales price were recorded [27]. In
addition, H production from combined biochar and electrolysis of H,O
was also investigated by Ying et al. and reported improved conversion
efficiency compared to hydrothermal carbonisation (HB) of rice husk
[28]. The improved efficiency was attributed to the minimal resistivity
to the charge transfer despite lower current density in contrast to HB.
Lately, electrolysis of H,O powered by solar energy was developed as a
single unit using triple-junction solar cells. The developed unit of H,
production with a lower cost of materials achieved 31 % peak efficiency
during 48hrs testing. Nonetheless, the use of high-grade materials such
as noble metals was recommended by the author to increase the effi-
ciency. Furthermore, 95 % efficiency for a 3hrs test duration with peak
solar irradiance was reported in the hybrid solar electrochemical split-
ting of H,0O to produce Hy. While energy storage route through the
electrolysis of H,O coupled with wind turbine systems during low de-
mand of energy was suggested for locations with higher wind speed
[29-31]. At the moment, syngas recovery from municipal plastic waste
(MPW) to minimise ecological damage and the electrolysis of H,O using
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H, by-product as pyrolysis furnace fuel can save the ocean and promote
proper plastic waste management. Egs. (2)-(4) are chemical reactions of
Hj conducting PEMEC.

Anode : 2H,0 - 4H" 4+ 0, + 4e~ (2)
Cathode : 4H' + 4e” —2H, 3
Overall : 2H,0 — 2H, + O, (€]

In summary, a greater amount of plastic waste in landfills ends up in the
ocean and forms ocean-bound plastic waste (OPW). Some of the plastic
waste found in the ocean came from abandoned fishing equipment. If the
continuous flow of plastic waste to the sea persists, marine life will find
it difficult to adapt to the new ecosystem. Fast pyrolysis was considered
the best route for waste plastic management because of catalyst diffu-
sion in the feedstock pores in catalytic pyrolysis and the low efficiency of
the mechanical route. In addition, fast pyrolysis produces less liquid oil,
which reduces bio-oil stability, quality and upgrade issues. The transi-
tion from fossil fuels to oxy-hydrogen combustion in the pyrolysis
furnace and the use of renewable power systems such as wind and solar
can eliminate carbon footprints from the process. Feeding CO, by-
product to the pyrolyser and mixing the process CO, with other solid
residues for soil nourishment can improve crop yields and reduce carbon
emissions. The introduction of the electrolysis of H2O to produce both
H, and O, for furnace fuel and oxidant can reduce operating costs.

Therefore, this study proposed a sustainable means of MPW-to-fuel
(H;) through a fast pyrolysis system and solar or wind aided saltwater
electrolysis to increase Hy production rate and produce O, for the
pyrolyser oxy-hydrogen furnace, which is missing in the literature. The
use of CO;, instead of N as a reaction medium and the absence of process
CO;, by reacting with carbon and ash (solid residues), were investigated
for soil improvement. Thermal cracking of MPW in the pyrolyser unit
was considered over catalytic MPW to recover sufficient heat for saline
(saltwater) desalination to feed the electrolyser system and prevent
catalyst deactivation. Both solar and wind renewable power systems
generate electricity for the electrical units to prevent electricity de-
pendency on the grid. Process CO; capture and oxy-hydrogen combus-
tion in the decomposer furnace to exclude carbon footprints from the
process were covered. Other aspects covered in this study include an
economic analysis and an environmental assessment by estimating the
amount of CO, that will be prevented by replacing natural gas (NG) with
H, as the pyrolysis furnace fuel. This approach will encourage the
removal of plastic waste from landfills and oceans in a way that produces
negative greenhouse gas (GHG) emissions and generates a profit. The
below points were considered during the process development and
simulation of the proposed system using Aspen Plus, Matlab-Simulink
and Ansys Workbench software.

a. Process simulation of fast pyrolysis of MPW to produce gases and
solid residues (carbon) with minimal liquid oil.

b. Investigation of CO, feed to the pyrolyser for better biochar stability
and for carbon sequestration.

c. Application of heat recovery unit to operate downstream units such
as saltwater desalination to feed the electrolyser stack.

d. Electricity generation from renewable solar and wind energy sources
to power the electrical units.

e. PEM electrolysis of H»,O for H, and O production.

f. Oxy-hydrogen furnace for thermal decomposition of MPW feed.

g. Utility analysis to calculate the volume of CO, prevented by
substituting natural gas with H, fuel.

h. By-product CO, capture and reuse for soil nourishment.

Fig. 1 displays a schematic diagram of solar and wind assisted MPW
pyrolysis coupled with PEMEC and CO, capture.
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Fig. 1. Schematic diagram of solar and wind aided MPW pyrolysis coupled with PEMEC and CO, capture.

2. Material and simulation procedure

The feedstock considered in this proposed system was a combination
of polyethylene terephthalate (PET), high-density polyethylene (HDPE),
polyvinyl chlorine (PVC), low-density polyethylene (LDPE), poly-
propylene (PP) and polystyrene (PS). This is necessary because different
types of plastic waste end up in landfills and oceans. The proximate and
ultimate analyses of this simulated model are the average of PET, HDPE,
PVC, LDPE, PP and PS taken from the literature as shown in Table 1. The
simulated model excludes washing and drying before grinding in the
crusher. However, to reduce the moisture content, natural drying or the
use of N, gas for feedstock drying is necessary. Conventional, solid,
pseudo and nonconventional component types were selected. Carbon
and ash are considered solid, by-product gases are regarded as con-
ventional, saltwater (CLH;NaO) as a pseudo component and MPS as
nonconventional. Both HCOALGEN and DCOALIGT were activated to set
the proximate, ultimate and sulphur analyses because of the absence of
chemical or phase equilibrium participation of nonconventional
component. Equations (2)-(4) which describe the electrochemical re-
actions of PEMEC were registered in the property chemistry. Peng-
Robinson and non-random two-liquid (NRTL) equation of states were
activated to accurately simulate the thermolysis and electrochemical
reaction of plastic waste and desalinated H»O. Other considered
methods for the solver were ideal gas property and steam table free

Table 1

water for proper adjustment and accommodation of pressure deviation.
MCINCPSD for stream class and both mixed, CIPSD and NCPSD for
substreams classes in the simulation settings. MCINCPSD stands for
mixed (M), conventional inert (CI), nonconventional (NC) and particle
size distribution (PSD). PSD parameters set up considered logarithmic
grid type with an interval of 10, 0.5 mm lower and 5 mm upper limits.
Thermal and electricity for utility settings utilised natural gas as furnace
fuel to estimate the amount of carbon emissions prevented by burning
H, fuel in an O, environment. The rigorous reactor (RGibbs) replaced a
fixed or fluidized bed pyrolysis reactor to produce sufficient heat for
saltwater desalination.

2.1. Overview of renewable solar and wind power sources for electrical
units of the proposed system

Matlab-Simulink software was used in the development of renewable
solar and wind energy systems. The power output of the developed
electrical energy units was distributed to the electrical equipment of the
Aspen Plus file to have the proposed system functioning as a single unit.
Egs. (5)-(9) and Egs. (10) and (11) written below describe the solar cell
and wind turbine system for converting photon and kinetic energies to
electrical energy.

I=Iyy—1Ip 5)

Proximate and ultimate analyses of plastic waste from the literature and current study.

Ref MPW Types Proximate analysis (wt%) Ultimate analysis of elements (wt%)
Moisture Volatile Fixed Ash Carbon Hydrogen Oxygen Nitrogen Sulphur
(%) matter (%) carbon (%) (%) ©) (Hz) (02) N) )

[32] Polyethylene terephthalate (PET). 0.1 88.1 11.8 0 62.1 4.4 33.5 0 0

[33] High-density polyethylene 0 100 0 0 80.58 13.98 5.19 0.60 0.080

(HDPE).

[34] Polyvinyl chlorine (PVC). 1.86 76.4 19.02 2.74 31.7 7.31 55.7 0.31 0.41

[35] Low-density polyethylene (LDPE) 0 99.90 0.05 0.05 85.7 14.14 0.16 0 0

[36] Polypropylene (PP). 0 99.5 0.5 0 85.56 13.85 0.59 0 0

[32] Polystyrene (PS). 0 99.9 0.1 0 92.8 7.2 0 0 0

This MPW (combined PET, HDPE, PVC,  0.326 93.966 5.245 0.465 73.073 10.1466 16.54708 0.15166 0.08166

study LDPE, PP and PS).
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14
T
14
I=Ipy — I {epr—VT—l} @
V+IxR;
I= {exp (Iipvf,O*VT) — 1} (8)

rorfalml) 1)

where: I, Ipy, Ip,Ip & I are PV output current; generated current by the
incident of light; bypass diode current as dependence to junction
voltage; diode reverse bias saturation current; short circuit current. V,
AVr, R, are voltage; ampere voltage climate temperature; series resis-
tance.

P,=0.5Cp*AxV> 10
T, =P,W, an

where: Py, Cy,p,A & V,, are power derived from a wind turbine; coeffi-
cient of performance; air density; covered area by the blade rotor. T,, &
W,, are aerodynamic torque; turbine rotor speed [37,38]. Table 2 lists
the input parameters considered for the development of both solar cells
and wind turbine (WT) systems in Matlab-Simulink.

2.2. Assumptions and overview of pyrolysis of plastic waste for gases,
solid residues and liquid oil production

The assumptions taken into consideration in the process simulation
of MPW pyrolysis and PEM electrolysis of H,O are listed below:

e Steady-state condition for all units.

e The feed operating parameters such are temperature and pressure
are atmospheric and ambient.

The operating parameters used for the process simulation were taken
from the literature and sensitivity analyses.

e Thermal energy is produced in the Rigorous reactor (RGibbs) and fed
to the decomposer.

H, gas for furnace fuel and O, gas as oxidant.

H, flammability is between 4 % and 75 % in air [39-41].

13:1 O, to H, mass ratio which is equivalent to 62:1 air to H, ratio.
1 kg of Hy and 13 kg of O, releases >111 MJ/kg.

The utility settings considered EU-2007/589/EC data source and
natural gas as furnace fuel to calculate the volume of CO, emission.
0.85 for the CO, energy source efficient factor and 42 MJ/kg heating
value for the decomposer furnace.

0.58 for the CO, energy source efficient factor and 42 MJ/kg heating
value for electricity at 0.117$/MJ purchased price.

e CH>02, CgHsO, CyH40, CyH;02, C>2H303, CsHi19Os, CgHioOs,
CGH603, CH40, C2H602, CHzo, C3H60, C9H1002 and C11H1204 for
pyrolysis liquid oil composition [42]

The saltwater is a solution of H,O and NaCl at a mass ratio of 60:40.
CO,, capture by reacting with CaO.

Table 2
Design parameters for wind Turbine (WT) and solar cell (SC).

Wind turbine parameters Solar cell parameters

Parameters Value Parameters Value
Rated power 250 kW Rated power 250 kW
Maximum cp 0.45 Array type Roof mount
Cut-in wind speed 4m/s Tilt 0°

Cut-off wind speed 25 m/s Azimuth 180°

Total system loss 18 % Total system loss 14 %
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e Absence of deactivation during multiple desorption-reduction cycles.

In the MPW feed stream, 50 kg/h of total flowrate, NCPSD sub-
stream, ambient temperature and atmospheric pressure were the input
parameters. The proximate and ultimate analyses parameters listed in
Table 1 were used as the fraction value without sulphur analysis. The
MPW feed standard distribution function settings considered normal
type between 0.001 m and 0.005 m and the activation of PSD loga-
rithmic mesh type. Gyratory crusher type, US bureau of mines selection
and breakage functions, 0.005 m maximum particle diameter and cut-off
side to solid outlet diameter of 1.7 ratio were selected for the MPW feed
crusher. Electricity and thermal ID were activated for the utilities. A
nonstoichiometric reaction (Ryield) based on known yield distribution
was utilised to decompose MPW into carbon, Hs, O,, N5, sulphur and ash
as components and ultimate analysis fraction illustrated in Table 1. A
rigorous reactor (RGibbs) was used to produce gas, char, ash and liquid
oil at 10 bar pressure and 800 °C temperature by activating carbon, H,,
CO,, N,, methane (CH4), sulphur, ash and others (liquid oil) in the
component section. In the solid separator (cyclone), a fraction of 1 for
non-mixed and 0 for mixed substream were adopted. While a PSA unit
consisting of different columns separates syngas from other gases based
on specified fractional values for all elements. A rigorous reactor
(RGibbs) was also used to react CaO with CO, by-product to form CaCOs
for storage at a suitable location and to mix process CO, with other solid
residues for soil nourishment. Distilled H,O production by using heat
exchangers to cool the decomposer by-products. In heat exchangers,
saltwater as a cold stream and pyrolysis decomposer by-product as a hot
stream produced deionised H»O feed to the electrolysis stack.

In addition, the decomposer furnace considered a rigorous reactor
(RGibbs) with H, as fuel and O, as an oxidant to release the thermal
energy necessary to reach the reaction temperature and heat duty. The
numerical model for H, combustion and the decomposition of MPW
were further investigated in Ansys Workbench. Three-dimensional (3-D)
equilibrium Navier-Stokes equations and a feasible (realisable) standard
wall functions k-¢ model for the H, furnace and an Euler-Euler multi-
phase solid and gas phases were utilised. As shown in Egs. (12)-(17), the
conservation of energy, momentum, species transport and thermal nitric
oxide (NO) equations for the combustion of H, and individual solid and
gas phases were solved.

Jd a
5 + . (pu;) = 0 (Continuity). 12)
9 9 9
3 (pu;) + T (pus; — ) = (Momentum). 13)
0 0 9(A0Ty o(hJ;)
3% (pw) + x (phuy) =~ Z}# + Zjthj (Energy) 14
9 d [, 0T
e+ |15 =0 (Energy) as)
apY;)  d(pw;Y;) aJ; _ .

o + ok ox + R; (Species) (16)

1035 s« m'5 —69466K T\

W= {4.5 [ e ] xp{ T }CngNz <ﬁ) (Thermal NO)

a7

where: p = fuel (H,) density; u = velocity; 7; = stress tensor; h =
enthalpy; J; = species i heat capacity; T = temperature; R; = net rate for
species j chemical reaction; Y; = mass fraction of species i; A = thermal
conductivity; f = working fluid; s = solid wall; cy, = nitrogen molar
concentration; p = pressure.

PEMEC for H, and O, production. In the electrochemical reaction of
deionised H>O feed, a Gibbs reactor block with PEMEC chemical re-
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actions described in equations (2)-(4) was implemented to produce both
Hj and O in a ratio of 2:1. Electricity instead of heat input was also
considered during the PEMEC stack settings. Aspen Plus blocks and
material streams with descriptions are listed in Table 3.

2.3 Development of solar and wind power systems for electrical units
of the proposed system.

As shown in Fig. 2 (combined solar and wind renewable energy
system), a solar energy system converts photon energy to electrical en-
ergy when the irradiance of the sun reflects on the photovoltaic (PV)
arrays. PV cells usually have p-type and n-type semiconductor materials
that release and accept electrons due to temperature differences. This
movement of electrons from p-type to n-type generates electricity. The
voltage and current of the developed solar system were measured by
both voltage and current measurement blocks. Whereas the multiplier
(product block) estimates the total power output of the solar system
which is 25 kW. Similar to the solar energy system, the wind turbine
system generated 25 kW power output by converting mechanical to
electrical energy. The capacity of individual electrical systems was
increased to 250 kW.

Table 3
List of Aspen Plus unit operation model blocks and material streams
descriptions.

Aspen Plus
Block Name

Aspen Plus Block ID Description

Mixer H, MIXER Mixed H, from PSA and PEMEC. Merge 2
streams.

Container for directories. Act as a
subsystem having a set of blocks that are
grouped into a single hierarchy block.
House RGibbs for the decomposition of
crushed plastic waste feed and the
electrochemical dissociation of saltwater
into Hy and O,.

Set the composition of product/syngas by
chemical equilibrium restriction. Gibbs
free energy reactor. To produce liquid
oil, gases and solid residues. For CO,
capture. For heat production by
combusting H; in an O, environment.
Thermal and phase state changer. For
cooling desalinated H, O feed to the
electrolysis stack

Transfers heat from one medium to
another. For waste heat recovery. To
produce deionised H5O from saline.

Hierarchy DECOM/PEMEC

COMB/CO,-CAPT/
H,-COMB/C-CO2-R

Rigorous
reactor
(RGibbs)

Heater COOLER

Heat exchanger ~ HX/COM

Splitter H,- FLO-C/0O,- FLO- Divide feed based on splits specification
C for the outlet streams. For H, and O, flow
control to the H, furnaces.
Separator PSA/STEAM-GE Split/separate products based on

specified flows/fractions. Separate Hy
gas from others. Separate distilled H,O
from brine.

For separating solids from gases or
liquids based on specified fractions. For
separating carbon (char) from ash.

Solid separator CYCLONE/S-SEP

Pump STEAM-PU Increase feed pressure to the desired
level. More effective in the liquid phase.

Crusher CRUSHER To reduce the size of solid particles.

Aspen Plus stream ID Description

MPW-FE Municipal plastic waste feed.

DECO-MPW Decomposed municipal plastic waste
feed.

HEAT-MPW Heated municipal plastic waste feed to
the pyrolysis reactor.

S-H,0 Saltwater or saline.

DIS-H,0 Distilled H,O.

SYN Synthetic gas or syngas.

CO2C-ASH Mixture of solid residues (carbon, ash
and COy).

BY-H, /H,-BY/any stream with H,
BY-0,/0,-BY/any stream with O

H, by-product.
O3 by-product.
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2.3. Process development of an integrated pyrolysis of MPW and PEMEC
in Aspen Plus

In the simulated model displayed in Fig. 3a, MPW is fed to the
crusher to reduce the particle size to < 5 mm prior to the first decom-
poser. In the upstream devolatilisation zone, the yield fraction of the exit
product was specified based on the ultimate analysis before entering the
final decomposer. Devolatilised feed was heated to a temperature of
800 °C to produce gases, liquid oil and solid residues such as carbon (C),
Hj, CO,, N5, CHy4, sulphur (S), ash and others. The cyclone allowed the
solid to settle at the bed leaving the gases at the top before cooling in the
heat exchanger with pressurised saltwater. Carbon was separated from
the ash and stored, while H, was recovered from other gases in the PSA
column. Recovered thermal energy from both solid and gas cooling was
used to produce distilled H,O feed to the PEMEC stack. Cooled deionised
H,0 from the cooler was dissociated into H, and O, with the applied
voltage < 1 V. H, from the electrolyser stack and PSA unit mixes prior to
the splitter where 1.55 kg/hry, combusted with 20.15 kg/hro, in the
decomposer furnace. Further 1.155 kg/hry, and 14.3 55 kg/hro, from
both splitters were combusted in the second H, furnace to make up
losses in the heat exchangers. The flow volume of both H; and O to the
combustors were controlled in H, and O, splitters. To remove carbon
emission footprints from the process, CaO was utilised to absorb CO, for
transportation to a storage location. The absorption method of CO»
capture at ambient temperature and atmospheric pressure conditions
was exothermic, unlike other thermal units. Since the production of
thermal energy was performed in different combustors (furnaces), the
heat stream was connected to the MPW decomposer. The heat stream
from the second H, furnace (H,-COMB2) can be linked to other thermal
units to meet the reaction temperatures and heat duties. For the simu-
lated integrated pyrolysis and electrolysis of H>O system shown in
Fig. 3b, the CO, capture unit was excluded to allow the feeding of
process CO; to the pyrolyser and mixing with other solid residues such
as char and ash for soil nourishment. Contaminated soils’ improvement
and increase in crop yields by adding char mixed with CO, have been
promoted to reduce the impact of climate change caused by the
continuous GHG emissions.

2.4. Numerical study of oxy-hydrogen combustion in the fluidized bed
reactor (FBR) furnace for MPW decomposition

Mesh independency was checked using face, sizing and refinement
meshing types. For the numerical study of an integrated H, furnace and
FBR, an element number of 952,799 cells was adopted as nearly the
same result was seen by increasing the cell numbers. For instance, >
107% energy equation and other convergence criterion equations were
reached at an element number of 952,799 cells. Fuel and air mass
flowrate, and feedstock velocity magnitude inlets, exhaust gas and
syngas pressure outlets and reflective non-slip walls were the boundary
conditions for the hybrid H, furnace and FBR unit. Lean-burn H; in a
furnace at ambient temperature and atmospheric pressure and a MPW
(combination of PET, HDPE, PVC, LDPE, PP and PS) density of
1093.6633 kg/m?> were utilised. In this sub-section of this work, the mass
flowrate of MPW to the FBR and by-product syngas and solid were not
considered because the pyrolysis decomposition of MPW is already
studied in Fig. 3a. However, an inlet velocity magnitude of 0.31 m/s was
used. The solid secondary phase for the MPW considered a granular type
with a 0.00028 mm diameter and syamlal-obrien viscosity in the Euler
multiphase solid and gas phases. Although, the syamlal-obrien param-
eter was utilised as a drag coefficient in the force Euler multiphase
settings. The second-order implicit transient formulation for the solution
method and 0.4 vol fraction for the solid phase patch were set for the
syngas exit to the cyclone solid separator as described in Fig. 3a. The
combined H, furnace and FBR are displayed in Fig. 4.
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Fig. 2. Matlab-Simulink of hybrid solar and wind power systems.
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2.5. Solar or wind assisted pyrolysis MPW and electrolysis of saltwater as
an integrated system

To connect the generated electricity by the developed solar PV or
wind turbine systems to the simulated Aspen Plus model such as the
electrolyser stack, the model was transformed into flow-driven and
exported to the Simulink. This is necessary because Aspen Plus is limited
to the development of both renewable solar and wind power systems. In
the hybrid system as shown in Fig. 5, a power switch was introduced for
energy management. The electricity generated from either wind or solar
system was connected to the electrolyser stack and some other electrical
units to have the proposed system operate as a single unit. The flexibility
of power distribution to other electrical units is possible to achieve net-
zero Hs, O, and carbon production in ocean and landfill plastic waste
recycling and management.

3. Results and discussions

The developed model achieved high gas production because of high
heating temperature and the use of MPW feedstock of < 5 mm particle
size. This is necessary to reduce the yield of solid residues and liquid oil
as Luo et al. reported low syngas yield because of incomplete decom-
position of larger feedstock particle size [43]. Smaller feed particle sizes
are unfavourable to char and liquid oil production because of a faster
heating rate. O, was present in the ultimate analysis but was missing in
the final product. The absence of O, in the final gas composition was
attributed to the formation of CO, by-product. The application of fast
thermal pyrolysis instead of slow catalytic pyrolysis paved the way to
produce distilled H,O from seawater, reducing the operation cost of
ocean cleanup. Using H; as fuel without catalysts in the decomposer, the
proposed system can accommodate a mixture of MPW and biomass
without considering the effect on catalyst recovery. CO, emission was



L. Onwuemezie and H. Gohari Darabkhani

Energy 301 (2024) 131601

@

H2-BY

H2-MXER

-
.

PW

DECO-M

Q Temperature (C)

COOLER

s00)  CYCLOKE

K K2
X X
K] K
B4 b4

*

D
I’.‘l
%
‘s

¢4
R K K3

CO2-FEED
@ STEAU-PU
o

H, Furnace Fluid

E’
o
0

Gas Outlet H,

Fig. 4. H, furnace and fluidized bed reactor (FBR).

removed from the process by burning H» fuel and reacting CaO with the
by-product CO,. H; yield of fast pyrolysis was relatively small compared
to carbon (C) which accounts for 56 % of the total by-product. The
introduction of a PEM electrolysis cell with an input power of 241.2 kW
increased the Hy by-product of the integrated system. 2.65 kg/h of Hy
fuel, which is 29 % of the total production, was enough to reach the
operating decomposer temperature and heat duty. Similar to Hy fuel,
34.45 kg/h of O, oxidant was also utilised in the decomposer furnace.
34.45 kg/h of O, oxidant accounts for 71.8 % of the total production.
This result shows that an increase in MPW feed >17 % requires an in-
crease in saltwater feed to produce more O, oxidant to the decomposer
furnace. The capture of CO, (11.3 kg/h) by-product released 45.895
MJ/h of heat which can be recovered to produce more distilled H>O feed
to the electrolyser stack. While 25.68 kg/h CaCO3; was formed during
the exothermic capture of the CO; by-product. A small fraction of pro-
duced H, fuel can be burnt to release CO; from CaO during underground
storage.

In the hybrid pyrolysis and electrolysis system with CO, feed to the
pyrolyser to enhance the stability of both liquid oil and biochar, an in-
crease in energy input by 11 % was observed, while the formation of CO
(0.5 kg/h) was also noticed. Table 4 reports the simulated result of the
proposed system. Heat and electricity inputs to thermal and electrical
units and CO, avoided by substituting natural gas with H; as the furnace
fuel are reported in Table 5. The electricity input to the PSA and other

separation columns was excluded from Table 5 because of the relatively
small values of brake power/heat duty. However, Kohlheb et al.
mentioned that between 0.2 and 0.34 kWh/Nm® biogas electrical power
is needed to operate the PSA column [44]. In addition, PSA for Hj re-
covery requires 2.4 kW/kg for operation. PSA of a fast pyrolysis unit
requires 7.7 kW electricity and releases 2.6 kg of CO, when the elec-
tricity is generated from the natural gas powerplant.

For the solar power and wind turbine systems, an increase in power
outputs as the irradiance and wind speed increased were observed.
These show that higher irradiance (<1000 W/m?) at ambient temper-
ature conditions and wind speed of <17 m/s influences the power
output of solar PV and wind turbine energy systems. A factor of 8 in-
crements of wind energy power output was seen by doubling the wind
speed without increasing the size of the blades. Furthermore, the power
of the wind turbine can also be enhanced by increasing the length of the
blades to extract more kinetic energy from the wind. By using Eq. (18)
which is an equation for estimating the efficiency of the system, >70 %
efficiency was recorded. The estimated efficiency is the average effi-
ciency of both pyrolysis and electrolyser units.



L. Onwuemezie and H. Gohari Darabkhani

(Hy LHV * mass flowrate of produced H,) +

Energy 301 (2024) 131601

(CH4 LHV x mass flowrate of produced CHy)

Efficiency (n) = - 18)
Energy input
900000000 solar_annual_energy
) ilt
- azimuth InputAl
SOLAR INPUT

[En round_cover_ralio

[E}" total_sys_loss

. 900000000) wind_annual_energy W0
Switch i

e cutin_wind_speed

cutoff_wind_speed

co InpuB e o weur
[F Total_elect_loss
038 Total_turb,_loss
€02
W28
S\M 3
DECD MPW
RUSHER
(€ ..mm Ay
—
STEAM-PU i
2> |
- V ____________
| E
02-0X%-1 Lozox2 j
5 Y- — —L22.887MUbr
H2-FUEL1 Produced heat to make up losses in HXs

Aspen MPW-Electrolysis of Saltwater/water
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Table 4
Feed and product results of integrated pyrolysis of MPW coupled with PEMEC processes for H, production.
Unit Feed (kg/hr) Product (kg/hr)
MPW Saltwater H>0 Ca0 C H, [0} CO, CHy H,0 N, S Ash 0il NaCl
Pyrolysis 50 3.7 27.7 3.2 11.3 7.4 0.1 0.1 0.24 <0.1
Desalination 206.97 54 153
PEMEC 54 6.04 47.9
Total 9.24
Table 5

Required input energies for individual units, carbon dioxide emission, biofuel and oxidant for the proposed system.

Units Thermal energy (MJ/ Electrical energy Watts CO, emission (kg/hr) with Required H, fuel (kg/ Required O, oxidant (kg/
hr) (kW) NG hr) hr)
Decomposer 155.19 10.24 1.55 20.15
Others and Heat exchanges 122.9 8.2 1.1 14.3
(HE)
PEMEC stack 241.2 84
Pressure changer 1.8 0.6
Gas separator/PSA Not applicable Not applicable
Total 278.09 243 103.04 2.65 34.45
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3.1. Effect of feedstock particle size and decomposer operating
temperature and pressure on by-product yields

Feedstock particle size is considered as another means of pretreat-
ment because lower feed size favours syngas production. In this study,
feed particle size with a lower limit of 0.5 mm and an upper limit of 5
mm was used to maximise the thermal efficiency of the pyrolysis unit.
Syngas yield was found to increase with a feed particle size of 0.5 mm,
while char production decreased. Particle size reduction is favourable
for synthetic gas and liquid oil yields. Nearly the same result was re-
ported by Hasan et al. [45]. In biological methods of syngas production
such as anaerobic digestion (AD) or anaerobic fermentation (AF),
smaller substrate size favours biogas yield because of higher feed
degradation by microorganisms [46].

The rate at which MPW decomposed into gas, solid residues, and
liquid oil is influenced by the operating temperature, residence time and
pressure. In the thermolysis of biomass or plastic waste pyrolysis, the
higher operating temperature of the decomposer favours gas yield
because of the endothermicity of the devolatilisation. In this study, the
sensitivity analyses considered reaction temperature from 50 °C to
800 °C and pressure between 1 and 10 bar. At a lower residence time and
operating temperature of the decomposer, the conversion of the feed-
stock shifted to liquid oil. The yield of gas and solid increased as the
decomposer temperature rose above 225 °C, which reduced the forma-
tion of liquid oil. The increase in gas production with increasing tem-
perature and residence time was due to p-scission of polymer chains and
homolytic dissociation of the feed (MPW). A similar result was reported
by Park et al. during the study of waste polyethylene using a 2-stage
pyrolyser system [47]. However, at a reaction temperature of 642 °C,
the formation of CO, dropped for a few seconds before reaching a stable
peak as the temperature increased. Unlike the increase in gas and solid
yields as the reaction temperature rises, the yield of both by-products
(gas and carbon) reduces as the pyrolyser pressure increases. An in-
crease in pressure was found to promote liquid oil production, including
tar formation. Nonetheless, an increase in decomposer temperature
which increases the furnace fuel mass flowrate, also favours CH4s and
CO,, productions. The effect of temperature and pressure on syngas yield
in waste plastic and biomass pyrolysis follows the same trend with hy-
drocarbon reforming processes. For example, Shehzad et al. reported a
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similar result on the effect of both temperature and pressure on syngas
production [48]. For this reason, both the operating temperature and
pressure were kept at 800 °C and 10 bar to improve the conversion ef-
ficiency and syngas purity of the developed system. The effect of tem-
perature and pressure on carbon and syngas production is displayed in
Fig. 6a. While the profile of MPW feed devolatilisation in the FBR
operating with the oxy-hydrogen furnace and thermal nitric oxide (NO)
formation is shown in Fig. 6b. Thermal NOx formation is unlikely to
occur due to lower operating temperature of the fast pyrolysis unit. For
instance, thermal NOx formation occurs at a reaction temperature
>1500 °C [49]. However, the maximum thermal NO produced from the
oxy-hydrogen furnace of the FBR was 0.000036kg/mol/m3s which is <
0.1 ppm.

3.2. Effect of the reaction medium on biochar and liquid oil production

Carbon and liquid oil production were investigated to determine the
effects of both CO, and N, as reaction mediums in the fast pyrolysis of
plastic waste operating without a carbon capture unit. The yield of carbon
and liquid oil decreases as the pyrolysis temperature increases, releasing
more volatiles. The yield of both char and liquid oil was unaffected by the
reaction medium (CO; and N3). Nonetheless, char production and weight
loss under CO- as an inert reaction medium was higher in contrast to No.
The effect of weight loss as pyrolyser temperature rises was not investi-
gated, as this study used an average of different plastic wastes to inves-
tigate the environmental and economic benefits of renewable-power-
assisted hybrid pyrolysis of MPW and electrolysis of saltwater. Never-
theless, Hasan et al. confirmed that PET, HDPE, PVC, LDPE, PP and PS
exhibit almost the same weight loss with increasing pyrolyser tempera-
ture [45]. Other advantages of using CO; as a reaction medium include
the reaction with carbon to produce carbon monoxide (CO) and the
reduction of fast volatilisation. The results of this investigation confirm
that the surface property of the char can be affected by the reaction me-
dium. Similar findings were reported in the literature [20,21,50]. In
reference to the above literature, mixing liquid oil from biomass or
municipal waste pyrolysis with low viscosity and combustible (flam-
mable) oil such as kerosene can improve its stability. However, this study
avoids the use of kerosene to store the produced liquid oil, as its (liquid
oil) concentration in the end-product was very low.

Pressure Analysis on MPW Decomposer
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Fig. 6a. Temperature and pressure effect on carbon and syngas yield.
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Fig. 6b. MPW feed devolatilisation in the FBR operating with the oxy-hydrogen furnace and thermal NOx formation.

3.3. Model validation and comparison

The syngas and carbon yield of this simulated model were validated
with the previous and related studies to understand the effectiveness of
the result at a pilot-scale development. The comparison is channelled to
by-products syngas and char since low liquid oil is produced and the
efficiency of each unit of the hybrid system. The low yield of liquid oil
including tar was attributed to the higher operating temperature and the
use of Hy as furnace fuel. During the process simulation, an increase in
the conversion of liquid oil to gases and solid (carbon) was observed as
reported in the sensitivity analyses above. For instance, the absence of
liquid oil was reported from the investigated pyrolysis of camel manure
at a reaction temperature of 900 °C [51]. In addition, liquid oil below 11
% was also reported from the pyrolysis of LDPE and HDPE at 600 °C

decomposer temperature [52]. Comparing the thermal efficiency of the
pyrolysis unit of this study with that of biomass efficiency, both are in
agreement. For example, pyrolysis efficiency between 45.46 % and
75.41 % and H; sales price of $1.77 - $2.4/kgn, were reported in the
literature [53-55]. Contrasting the efficiency of the pyrolysis system and
the Hj sales price of this study with the literature-reported data for solid
fuel gasification, marginal differences were reached. For instance, effi-
ciency between 43 % and 60 % and H, purchase price from $0.9 -
$2.11/kgy, for coal gasification were reported [56,57]. Although, an
efficiency of >58 % and H, sales price <2/kgy, were also reported for
CH, pyrolysis operating with CCS unit [18,55].

Table 6 reports the validation of this study against related studies in
the literature. In reference to the validation result data, carbon and gas
yield in this study is slightly higher than that reported in the earlier

Table 6

Model validation on pyrolysis of plastic waste by-products and efficiency of individual units.
Ref Feedstock Operating temperature (°C) Pyrolysis by-products

Carbon (%) Liquid oil (%) Gas (%)

[52] LDPE 300-600 45-61 12-9 43-30
[61] HDPE 500 Not reported 54.5 20.7
[52] LDPE and HDPE 300-600 46-62.3 11-6 42-32
[51] Camel manure 300-900 22.5
This study PET + HDPE + PVC + LDPE + PP + PS 800 55.9-56 <0.1 44-44.4
Ref Units Efficiency (%) H, sales price
[53-55] Biomass pyrolysis 45.46-75.41 $1.77-$/2.4/kgu,
[56,57] Coal gasification 43-60 $0.9-$2.11/kgx,
[18,55] CH, pyrolysis operating with CCS unit >58 <2/kgu,
This study Pyrolysis of MPW and PEM electrolysis >70 <3.89/kgu,
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studies. Other reasons why liquid oil achieved the lowest yield (per-
formance) can be related to the use of process simulation software,
which is limited to the physical properties of plastic waste and the lack
of literature data on the pyrolysis of PET, HDPE, PVC, LDPE, PP and PS
mixture. Nevertheless, this study achieved a higher MPW conversion
rate and energy efficiency compared to the reported data in the below
Table. In contrast to SOEC, which has almost 100 % efficiency at higher
reaction temperatures, and AEC, with 59 %-70 % efficiency, Sapountzi
et al. [58] noted that a PEMEC efficiency ranges from 65 % to 82 %.
Comparing the efficiency of PEMEC reported in the literature with the
PEMEC unit in this study, a minimal difference was observed. For
example, this study achieved a PEMEC efficiency of >82 %. For both
wind and solar energy power systems, efficiencies of <45 % and <20 %
were recorded. Similar efficiencies for both solar and wind energy sys-
tems were recorded by Ozgener and Maghami et al. during performance
optimisation and investigation of power loss due to soiling [59,60].

3.4. Environmental assessment

The volume of unrecycled plastic waste that ends up in landfills and
oceans due to inefficient mechanical methods has increased. In 2016,
only 7 % of plastic waste was recycled in Singapore. Thus, a thermo-
dynamic route to recover liquid oil, syngas and solid residues like carbon
from plastic waste can offer cost and environmental benefits [62].
However, the pyrolysis and gasification of plastic waste to energy or fuel
emits more CO, than the mechanical route. For instance, Khoo. reported
24,600 tonnesco, from mechanical, 20,200 tonnesco, from pyrolysis and
675,650 tonnesco, from other waste-to-energy routes [62]. Over the
years, the growth of pyrolysis, gasification and mechanical methods of
plastic waste recycling rather than other waste-to-energy routes has
reduced CO; emission by 8 % annually. Nonetheless, further reduction
of GHG emissions from waste-to-energy plants is possible by replacing
fossil fuel pyrolyser and gasification furnaces with oxy-hydrogen
burners. In addition, the developed system showed the feasibility of
reusing and capturing by-product CO, to improve agricultural products.
Instead of using grid electricity which can be generated from fossil fuel
power stations to operate the electrical units of the developed system,
green electricity from either solar or wind systems was utilised which is
harmless to the environment. Thus, this proposed study provides a
sustainable route to recycle and manage plastic waste without endan-
gering the ecosystem and the environment.

3.5. Economic analysis

The proposed system is expected to achieve >70 % energy efficiency
and a H; sales price of < $3.89/kg because of higher syngas and carbon
yields. Since carbon has the largest share of the pyrolysis by-product, the
purchase price of the produced H is expected to reduce further if char is
unused for soil improvement. For example, between $5.10/kg and
$10.3/kg is the sales price of H, obtained from the electrolysis of H,O.
While $1.50/kg is the purchase price of H, from fast pyrolysis of biomass
without oxy-hydrogen furnaces or CCS unit. In addition, biomass carbon
costs < $10/kg, while saltwater desalination costs more than $0.084/
kgu, at a sales price of $3.89/kgy, [18,63,64]. In the short term, a return
on investment and profit boom is expected because wind or sun, plastic
waste from landfills and oceans and seawater are major sources of en-
ergy and feedstocks for the developed system. For instance, with a plant
capacity of 10,000 tonnes of MPW feed per year, Hasan et al. reported a
capital cost of $2.25 million, an annual operating cost of $775,000 and a
payback period of <2 years depending on plant location [45]. A sum-
mary of both the capital and operating costs of this developed system is
given in Table 7. The estimation considered a plant size of 60 tonnes per
year with an average feed rate of 50 kg/h. The evaluated costs in the
table below can be further reduced by increasing the capacity of the
plant to accommodate more feed. By expanding the developed plant to
accommodate 10,000 tonnes of MPW feed per year, the cost of pyrolysis
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Table 7
Estimated capital and operation costs for the developed hybrid system.

Capital cost Operating cost per annual

Item Cost ($) Item Cost ($)

Pyrolysis equipment 25,000 Feedstock sorting 18,150

Pyrolysis materials 8333.3 Labour (Depending on 2500-25,000
location)

Pyrolysis installation 4166.67  Maintenance 3083-5000

PEMEC ($1100/kW) 275,000

Solar PV ($628/kW) 157,000

Wind turbine ($1325/ 331,250

kw)

equipment, materials and installation will be reduced by 200 %-300 %
using the same labour force.

As a fewer resource is required to sort the MPW feedstock, the
biomass feedstock can be blended to improve the gas quality as MPW
cannot be efficiently processed. The proposed innovative system rec-
ommends the use of a wind turbine system to operate the electrical units
when installed in European countries like the UK, and solar power sys-
tems in countries with more sunshine. For example, an increase in wind
turbine units to generate more electricity in the UK remains the best way
to meet the 2050 carbon emission target [65]. Below points are some of
the advantages of this developed system.

1) Carbon negative and production of distilled H>O electrolyser feed
from saltwater at the site of operation.

2) Process CO, and solid residues for soil improvement.

3) Electrical units powered by renewable power sources and oxy-
hydrogen burners for thermal units.

4) High energy conversion efficiency and lower cost of Hy.

5) A small-scale application and an opportunity for a profitable in-
vestment that benefits the environment and the ecosystem.

4. Conclusion

Fast pyrolysis of plastic waste coupled with PEMEC and CO; capture
and reuse for soil improvement were developed to substitute the current
waste-to-energy and mechanical routes. With an O, — H, mass ratio of
13:1, higher gas and carbon yields without carbon emissions were
achieved in the pyrolyser furnace. 29 % of produced H, from both fast
pyrolysis and PEM electrolysis of H,O units was consumed in oxy-
hydrogen furnaces. PEMEC was used to produce more H, and O, for
oxy-hydrogen pyrolyser furnaces. Carbon content of the fast pyrolysis
by-product was 56 % and a reduction in H; sales price is expected when
carbon and other valuable by-products are sold. The use of process CO2
as a reaction medium and soil nourishment excludes the need for a CO,
capture unit, which increases the operating costs. By using by-product
CO, in addition to carbon and ash for soil nourishment, a minimal
reduction in H; sales price is expected. The developed system achieved
< 0.136kg/mol/m>s thermal NO, >70 % energy efficiency of the pyrol-
ysis and electrolysis units and < $3.89/kgy, sales price. Solar and wind
power systems reached 20 % and 45 % efficiencies. Approximately 111
MJ/kg of thermal energy was released by burning 1 kgy, in an O,
environment. Syngas production was favoured by higher reaction tem-
perature and residence time and lower feedstock particle size. The use of
recovery heat in saltwater desalination instead of solar systems makes
the developed system applicable for regions with high wind speeds and
low sunlight, as well as areas with low wind speeds and long sunny days.
The developed system recommends a pilot-scale development, as cur-
rent methods of managing and processing plastic waste harm the envi-
ronment and marine organisms.
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