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ABSTRACT

Plastic waste represents an abundant and underutilized resource that can be converted into val-
uable products through microwave-assisted pyrolysis. In this research, a novel microwave-as-
sisted processing plant that converts mixed plastic waste to olefins and aromatics is developed
and simulated on Aspen Plus (v.14) guided by laboratory-scale experimental data. The experi-
mental results show that at a bulk temperature of 400°C and ambient pressure, approximately
95% of a solid waste plastic feed comprised of equal portions of polypropylene and polyethylene
is converted to gases, with nearly two-thirds of the resulting effluent gas composed of olefins.
Simulation results show that 2889.1 kg/h propylene, 2088.0 kg/h ethylene and 96.3 kg/h aromatics
(benzene and toluene) are produced as main products from 8000 kg/h of mixed plastic feed. High-
purity propane and ethane streams were also recovered and sold as byproducts. A technoeco-
nomic analysis is subsequently conducted, revealing that the proposed novel plant achieves a
positive net present value of USD 61.6 million at a processing capacity of 8000 kg/h of mixed
plastic waste feed. The levelized cost of propylene production is also calculated to be USD 481.1
per ton, estimated while keeping the price of the other coproducts fixed at their average market
selling price. Such results confirm the economic feasibility of the microwave-assisted novel plant
at the investigated scale.
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INTRODUCTION

Olefins, such as propylene and ethylene, are im-
portant feedstocks, used primarily in the manufacture of
polymers such as polyethylene and polypropylene. The
global production of propylene is projected to reach 191
million metric ton (Mt) by 2030, while ethylene is ex-
pected to exceed 407 Mt by the same year [1, 2]. Con-
ventional routes used to produce olefins include steam
cracking (SC), which is an energy intensive process that
cracks large hydrocarbon fractions, such as naphtha, into
smaller molecules, at elevated temperatures of around
800°C [3]. The heat required for the process is typically
supplied by the combustion of fossil-based fuels, and in-
dustrial steam crackers with gas-fired furnaces are re-
ported to emit globally about 366 Mt of carbon dioxide
(CO,) annually [3]. Statistics show that around 65% of the
global propylene production is derived from SC, but the
production of propylene from steam crackers is highly
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dependent on several factors, including the composition
of the feedstock [4]. However, with the shifting to
ethane-based feed, the amount of the propylene pro-
duced through this pathway as a byproduct is declining
rapidly, which led to a propylene gap that needs to be
bridged by other technologies, such as propane dehy-
drogenation (PDH) using the OLEFLEX by UOP Honeywell
[5]. However, both naphtha cracking as well as PDH uti-
lize fossil fuels and conventional heating methods, which
are considered inefficient from an energy point of view
and produce significant quantities of greenhouse gases.
For these reasons there is current interest in producing
light olefins from alternative feedstocks that involve
waste plastics and explore alternative heating strategies
that are energy efficient to improve process sustainabil-
ity.

Several researchers have investigated plastic waste
upcycling using microwave-assisted heating to convert
plastic waste into high-value products, such as olefins
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and aromatics, attempting to increase recycling rates and
promoting a circular plastic economy [6, 7]. Microwave-
assisted heating has emerged as a transformative and
advantageous electrified heating method compared to
conventional thermal heating routes. Unlike conventional
heating methods, microwaves heat the material uni-
formly, and this volumetric and selective heating enables
faster processing times, lowers energy losses hence in-
creases efficiency, and allows precise control over tem-
perature gradients [8].

In this research, a novel microwave-assisted pro-
cess to convert mixed plastic waste into olefins and aro-
matics is designed. First, experimental data is obtained in
a laboratory-scale microwave reactor that converts a
mixture of polypropylene and polyethylene to olefins and
aromatics. Then, this data is utilized to develop and sim-
ulate the novel process on Aspen Plus (v.14) that pro-
duces mainly olefins and aromatics at an industry scale.
The objective of this research is to investigate the eco-
nomic feasibility of this proposed novel scheme. Heat in-
tegration tools are implemented in the designed plant to
reduce the required external hot and cold utilities. A de-
tailed technoeconomic analysis (TEA) study is performed
on Aspen Process Economic Analyzer (APEA) to evaluate
important economic indicators, including the net present
value (NPV) and levelized cost of propylene production
(LCoP) to assess the economic feasibility of the micro-
wave-assisted novel process.

MICROWAVE-ASSISTED PLASTIC
PYROLYSIS

In the laboratory, the plastic waste feed to the mi-
crowave reactor consists of equal portions of polypropyl-
ene and polyethylene obtained from real-world post-
consumer plastic waste, each accounting for 50% of the
total feed. Because the process is catalyzed, a 4 wt.%
Ru/a-Fe20s catalyst was synthesized via the wetness im-
pregnation technique as described in a previous related
publication [7]. The plastic particles, after being crushed
and sieved to small particle size, were mixed with the
metal-oxide catalyst at a 1:1 mass ratio before being
charged into a quartz tube reactor. The microwave-as-
sisted pyrolysis of the plastic waste mixture at lab-scale
was conducted in a microwave system which utilizes a
Sairem microwave control system (Sairem Corp.,
Peachtree Corners, GA, USA) having a 2.45 GHz solid-
state generator, which can provide up to 1 kW of maxi-
mum forward power. The system used is also equipped
with a TE10 mono-mode cavity which serves as an appli-
cator [6, 7]. The temperature of the reacting bed was
measured using an infrared pyrometer, which regulated
incident microwave power, and the external surface
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temperatures were independently monitored using an in-
frared thermometer (Micro Epsilon America, IL, USA).
Prior to microwave irradiation, the system, being the
plastic/catalyst mixture, was purged with nitrogen at 50
mL/min for a period of 30 min. The mixed plastic waste
was then converted under microwave-assisted irradia-
tion, and the gaseous effluent of the system was col-
lected in sampling gas bag, with nitrogen as the carrier
gas. The gaseous stream was analyzed in a four-channel
Inficon Fusion micro-gas chromatograph (Inficon, NY,
USA) and the gas phase product yields were quantified
and reported. The system is equipped with the following
analytical columns: Rt-Molsieve 5A (O2, N2, Hz, CO, CHa),
Rt-U-Bond (CO2, C2 hydrocarbons), Alumina-Na2S04 (Cs—
Cashydrocarbons), and Rxi-1ms (aromatic species such as
benzene and toluene) [6, 7].

Table 1 summarizes the gas-phase compositions of
the lab-scale microwave reactor outlet. It was observed
that 94.8% of the solid plastic waste feed was converted
to gas phase at a bulk temperature of 400°C and ambient
pressure. The outlet consists of significant fractions of
propylene and ethylene, which make up almost two-
thirds of the gas products, while aromatics components
(i.e., benzene and toluene) comprise 1.2% of the gaseous
stream. These experimental data are utilized to develop
a novel process flowsheet that produces polymer-grade
(PG) propylene and ethylene which can be used as key
feedstocks to produce polypropylene, polypropylene,
and other high-value polyolefins. The aromatics stream is
recovered as a mixed stream of benzene and toluene.
Since alkanes, namely propane and ethane, make up 9%
of the gaseous stream and are readily obtained as part of
the PG propylene and PG ethylene purification process,
respectively, they are also recovered to be sold as by-
products since they can be used in various industrial ap-
plications.

DEVELOPMENT OF SIMULATION MODEL

Figure 1 presents an illustration of the novel micro-
wave-assisted process for mixed plastic waste conver-
sion. In the process flow diagram (PFD) that is developed
for this study, the feed is specified to be 8000 kg/h of
mixed plastic waste, comprising equal portions of poly-
propylene and polyethylene. Initially, the feed is directed
to two single-screw extruders for feed processing before
it enters the microwave reactor. The extruder configura-
tion is representative of standard industrial units, featur-
ing a 150 mm diameter and a 5 m length. Each extruder is
capable of a processing capacity of 4000 kg/h [9].

Syst Control Trans 5:11-17 (2026) 12



Table 1: Gas Composition of Microwave Reactor Outlet.

plastic
waste

microwave
extruders reactor

. L) —> olefins
Component Gas CompOS|t|On (Wt%) ( g l) separation system
R— —> aromatics
Hydrogen 1.4
Methane 10.2 oftgas
Ethylene 25.9 Figure 1. lllustration of microwave-assisted conversion of
Ethane 6.2 mixed plastic waste to olefins and aromatics.
Acetylene 0.3 o ) ) )
Propane 28 The feed plast!c .mlxture is p)'/roly.zed in the micro-
wave reactor, and it is assumed in this study that the
Propylene 36.4 .
large-scale reactor will produce the same product stream
Butane and butene(s) 15.6 as that observed in the lab-scale reactor. The separation
Benzene 1.0 train is modeled in Aspen Plus for the purification and re-
Toluene 0.2 covery of the product streams as summarized in Figure
Total 100 2. The hot reactor effluent, exiting at 400°C and ambient
ressure, is first routed to a heat exchanger, where it is
Gas Percent 94.8% P . ; 9 .
cooled down and its temperature is reduced before it en-
ters the train of separation. The resulting cooled stream
undergoes multi-stage compression, increasing the pres-
sure from near-atmospheric conditions to 15 bar, before
being introduced to the first distillation column. This col-
umn separates the heavy hydrocarbon fractions (S1)
train of separation and product recovery
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Figure 2. Train of seperation and recovered streams of the simulated novel microwave-assisted process. The main
product streams are labeled PG Propylene, PG Ethylene, and Aromatics. The two byproduct streams are labeled
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from the lighter components (S2). The heavy compo-
nents stream (S1) is directed to another distillation col-
umn that effectively separates the aromatics mixture of
benzene and toluene as a bottom product, which is com-
posed of 14.4 mol% toluene and 84.9 mol% benzene at a
rate of 96.3 kg/h. The top product stream of the distilla-
tion column consists primarily of a mixture of C4 hydro-
carbons and is utilized as an on-site fuel source. The
stream which contains the propylene, propane, and
lighter components (S2) is sent to another compressor to
increase its pressure to 30 bar and then enters a cryo-
genic column which separates the propylene/propane
mixture (S3) from the lighter fractions (S4). The propyl-
ene/propane mixture (S3) undergoes heat exchange and
is expanded to 14 bar, which is a typical operating pres-
sure of the propylene/propane splitter, before being re-
directed to the column for separating the two compo-
nents. Because this separation is energy-intensive, the
column operating pressure is selected to avoid the need
for cryogenic cooling, thereby reducing the overall cost
of the column. The column efficiently separates PG pro-
pylene, with a high purity of 99.85 mol% as the top prod-
uct stream, and 96.7 mol% propane as a bottom product
stream. The flowrates of the PG propylene and propane
streams are 2889.1 and 222.7 kg/h, respectively.

In parallel, the pressure of the light ends stream (S4)
is reduced to 25 bar before it is fed into a second cryo-
genic column to remove the C2-rich mixture (S5) from the
mixture of hydrogen and methane. Similar to the C4-rich
stream, the stream composed of predominantly hydrogen
and methane is also used as on-site fuel. Because the
C2-rich stream (S5) contains 1.01 mol% acetylene, it must
be removed before ethylene purification, and a tail-end
selective acetylene hydrogenation process is imple-
mented for this purpose. The C2-rich stream (S5) has a
pressure of 25 bar, which lies in the range of the reported
operating pressures for acetylene hydrogenation [10].
The stream (S5) subsequently mixes with hydrogen to
enable acetylene conversion via selective hydrogenation.
The heated mixture enters the selective hydrogenation
system, where the acetylene is converted across two
beds: a lead bed and a guard bed, with interstitial heat
exchangers installed to limit temperature rise which re-
sult due to the highly exothermic nature of the process
[10]. The effluent stream of the hydrogenation system
(S6) is cooled down before entering the ethylene/ethane
splitter. The final column separates PG ethylene with
99.91 mol% purity containing < 1 ppm of acetylene, satis-
fying the recommended threshold for PG ethylene. The
bottom product of this column is 97.9 mol% ethane,
which is sold as a byproduct alongside the propane re-
covered as the bottom stream of the propylene/propane
splitter. These byproducts can be used downstream,
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where they are further cracked into high-value olefins.
The flowrates of the PG ethylene and ethane streams
amount to 2088.0 and 509.5 kg/h, respectively. Figure 2
shows the schematic of the entire plant, including the de-
tailed train of separation, which enables product recov-
ery and purification.

COLUMNS COMPOSITION PROFILES

In Aspen Plus, the specifications of the distillation
columns, such as the reflux ratio, feed stage location, and
required number of equilibrium stages are first estimated
using the DSTWU shortcut columns. The parameters ob-
tained from the DSTWU columns are then used as inputs
for the more rigorous RadFrac distillation column [9]. The
propylene and ethylene recovered in the process need to
meet specific purity requirements to qualify as PG olefins.
Therefore, the propylene/propane and ethylene/ethane
columns are optimized carefully, by selecting the optimal
stage number and reflux ratio to achieve the required
minimum purity. Figure 3 shows the composition profile
of the propylene/propane splitter plotted as a function of
stage number in the simulated plant. From the plot, it can
be observed that the vapor mole fraction of propylene at
the topmost stage, stage 1, is 0.9985 and the liquid mole
fraction of propane at stage 130 is 0.9671.

0.8

Mole Fraction
o
[}

o
IS

0.2

0.0 T T T T T T T T
1 17 33 49 65 81 97 113 129
Stage Number
== Vapor Mol Frac - Propane
= Liquid Mol Frac - Propane

== Vapor Mol Frac - Propylene
= Liquid Mol Frac - Propylene

Figure 3. Composition profile in the propylene/propane
splitter.

Figure 4 presents the molar composition profile in
the ethylene/ethane splitter as a function of stage num-
ber. Polymer-grade ethylene is separated as the top
product stream, and the vapor mole fraction of ethylene
in stage 1is 0.9991. Conversely, the liquid mole fraction
of ethane in the bottommost stage, namely stage 82, is
0.9787. Moreover, in both distillation columns, partial-va-
por condensers are employed since recovery of the
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distillate in the liquid phase is not required. This configu-
ration results in energy savings and a more cost-effective
separation process.
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Figure 4. Composition profile in the ethylene/ethane
splitter.

TECHNOECONOMIC ANALYSIS

The designed distillation train successfully achieved
the required separations, yielding three main product
streams and two byproduct streams. The economic eval-
uation of the simulated novel scheme is then conducted
on APEA to assess the economic feasibility of the micro-
wave-assisted novel plant. Since microwave-assisted
processes are still in the developmental stage, a contin-
gency factor of 26% is used for the economic study and
the economic life of the project is taken to be 15 years
[9]. In addition, a tax rate of 21% is assumed, and the raw
material, products, and utility escalations are taken to be
1% per year. The cost of the microwave reactor is esti-
mated using the numbering up approach and entered into
APEA as a quoted item. Similarly, the costs of the single-
screw extruders are also entered as quoted items in the
software based on industry prices [9]. However, the
costs of the remaining equipment are obtained by map-
ping the units from the developed PFD in Aspen Plus to
APEA, where the software automatically performs equip-
ment sizing and cost estimation. The cost of electricity in
the economic evaluation is taken to be USD 0.06 per kWh
as per the recommendation of the U.S. Department of En-
ergy (DOE), while the cost of the other utilities is obtained
from previous published TEA studies [9]. Using these
economic assumptions, the TEA is carried out, and the
total capital investment of the simulated novel plant is
determined to be USD 48.1 million. Meanwhile, the total
operating expenditure (OPEX) amounted to USD 18.8
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million per year, with the raw material cost calculated to
be USD 8.8 million per year. Since three main product
streams are recovered and sold alongside two byprod-
ucts, the total product sales amount to USD 38.0 million
per year.

Because microwave-assisted heating relies heavily
on electricity, the total utility cost for the plant is high and
is calculated to be USD 5.6 million per year. To investi-
gate the contribution of each utility to the overall utility
cost, Figure 5 presents a pie chart illustrating the distri-
bution of costs among the five utilities used. As observed
from the plot, electricity ranks first, representing just over
half of the total utility cost, demonstrating the high elec-
tricity demand of the microwave-assisted novel process.
The high contribution of electricity to the total utility cost
highlights its role as the dominant factor among all utili-
ties. The electricity cost is then followed by approxi-
mately 31% for refrigeration, which is primarily required
for the cryogenic columns used in the separation of the
light fractions and the purification and recovery of the PG
ethylene stream. Low pressure steam (LP steam) com-
prises approximately 16% of the utility cost and is primar-
ily used in the reboilers of the distillation columns as well
as providing the necessary heat in the heat exchangers
throughout the plant. Cooling water contributes minimally
to the total utility cost, accounting for roughly 1% of the
cost, while high pressure steam (HP steam) represents
merely < 1% of the utility cost. It is rather crucial to inves-
tigate the utility cost distribution to identify the major
cost drivers and prioritize opportunities for efficiency im-
provements.

1.1%

51.1%

0.5%

Il HP steam
1 LP steam

HE Cooling water
[ Electricity

[ Refrigerant

Figure 5. Total utility cost breakdown.
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The NPV of the designed plant totals to USD 61.6
million, confirming the economic potential of the pro-
posed novel plant for mixed plastic waste conversion at
the investigated scale. Since propylene exhibits the high-
est yield among all product streams, the levelized cost of
production is attributed to and calculated for propylene
alone. In this case, revenues from the remaining four
product streams are treated as credits that offset the to-
tal production cost. The LCoP is calculated using a dis-
counted cash flow (DCF) analysis, assuming a 10% inter-
nal rate of return (IRR) over the 15-year plant lifespan,
with the condition that the NPV at the estimated LCoP
value amounts to zero. Thus, the LCoP is estimated to be
USD 481.1 per ton, and the detailed TEA results of the
proposed novel microwave-assisted simulated plant are
summarised in Table 2.

Table 2: Economic Summary for the Simulated Novel Pro-
cess.

Parameter and unit Value
Total capital investment (million USD) 48.1
Operating cost (million USD/year) 18.8
Raw material cost (million USD/year) 8.8
Utility cost (million USD/year) 5.6
Product sales (million USD/year) 38.0
NPV (million USD) 61.6
LCoP (USD/ton) 481.1

Since the OPEX has a substantial impact on the
plant’'s economics, a sensitivity analysis is performed on
the raw material and electricity costs, as they are the
main cost drivers, to demonstrate the effect of changing
these costs on the OPEX. Figure 6 presents the effect of
changing the cost of the electricity and raw material on
the OPEX. From this figure, the following can be ob-
served: when the electricity cost is increased by 50%, the
OPEXincreases by 8.2% and conversely, a 50% reduction
in the electricity cost leads to a consequent reduction of
8.2% in the OPEX. In comparison, changes in the raw ma-
terial cost appears to have a more pronounced effect,
where a 50% increase in the raw material cost results in
a 25.3% rise in the OPEX, while a 50% decrease leads to
a corresponding 25.3% reduction in the OPEX.
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Figure 6. Effect of changing the cost of electricity and
raw material on the OPEX.

CONCLUSIONS

The novel process presented in this work utilizes mi-
crowave-assisted heating to convert mixed plastic waste
of polyethylene and polypropylene into olefins and aro-
matics at a bulk temperature of 400°C and atmospheric
pressure. Experimental results from the conversion of
mixed plastic waste to valuable products in a lab-scale
microwave reactor are used to develop the flowsheet in
Aspen Plus. The simulated separation train enabled the
recovery of three main streams of high-value products,
namely PG propylene, PG ethylene, as well as a mixed ar-
omatics stream of benzene and toluene. In addition, pro-
pane and ethane are also recovered as high-purity by-
product streams and can be sold to downstream cracking
plants for further conversion into higher-value products.
Economic evaluation confirmed the potential of the sim-
ulated novel plant at the investigated scale, with a posi-
tive NPV of USD 61.6 million in the economic lifetime and
a LCoP of USD 481.1 per ton. Such results demonstrate
the technoeconomic feasibility of producing valuable
products from mixed plastic waste through microwave-
assisted heating, highlighting the potential for efficient
plastic waste recycling and the opportunity to contribute
to a circular plastics economy.

PE and PP are the two most common plastics in use
today. An initial 50/50 mixture of PP and PE was consid-
ered in this research to account for these two common
plastics and a technoeconomic analysis was conducted
to see if this process is economically feasible. However,
mixed plastic waste could have other components, or the
ratio of PE and PP could be different. Ideally, one would
like a flexible plant that could take many different ratios
and types of plastics and convert them to higher-value
olefins profitably. Alternatively, one would have to take a
mixed plastic waste and add either PE or PP to it so that
the ratio of PE and PP is in a range that makes the pro-
duction of olefins from the feed profitable, despite the
extra cost of adjusting the feed composition. The
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methods developed here provide the framework for this
profitability analysis and is the subject of our current re-
search.
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