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ABSTRACT

In this research, a novel process is developed that utilizes low density polyethylene from plastic
waste to produce ethylene. In this process, waste polyethylene is reacted in a microwave reactor
to produce ethylene. A conceptual flowsheet based on this reactor is developed in the ASPEN Plus
environment. Heat integration tools are utilized to reduce the hot and cold utilities used in this
process. This novel design is compared with the conventional process of making ethylene from
ethane via cracking. A technoeconomic analysis is conducted to demonstrate the economic fea-

sibility of this process.
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INTRODUCTION

Plastics are used in a wide variety of products and
have displaced other materials — such as wood, metal,
and glass - that were previously used for applications
that plastics are currently used. The worldwide annual
production of plastics has increased nearly 200-fold to
400.3 million metric tons in 2022 from 2 million metric
tons in 1950 [1]. While plastic products have a service-
life of around 10 years, plastics can take up to 500 years
to decompose, depending on their composition and dis-
posal. Most of the plastic waste generated is either land-
filled or incinerated. It takes a long time for landfilled plas-
tic waste to degrade, and incinerated plastic waste gen-
erates harmful air pollutants. Mismanaged plastic waste
is mainly disposed of at illegal dumpsites or burned in
open pits, while a considerable amount also leaks into riv-
ers and oceans. From 1970 to 2019, an estimated 30 mil-
lion metric tons of plastics have accumulated in the
ocean, while more than 100 million tons have accumu-
lated in rivers and lakes [1]. Such large amounts of plastic
waste pollution in waterways can have a devastating im-
pact on marine life and ecosystems.

In this research, a novel process is developed in
which waste low-density polyethylene (LDPE) is con-
verted into ethylene using a microwave reactor. A con-
ceptual flowsheet for this reactor-based process is
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developed in the ASPEN Plus environment that is at in-
dustrial-scale. Heat integration tools are applied to opti-
mize the use of hot and cold utilities in the process. This
innovative design is compared with the current industrial
production method of ethylene via ethane steam crack-
ing to evaluate the cost constraints of the microwave re-
actor.

PRODUCTION OF ETHYLENE

While ethylene was traditionally produced via steam
cracking of petroleum (naphtha) at 800-900°C (1,470-
1,650°F), followed by separation to isolate ethylene from
the resulting gas mixture, there is an increasing trend to
use ethane, derived from natural gas, to produce eth-
ylene via steam cracking [2]. Ethane forms a major com-
ponent of natural gas liquids (NGL) that is obtained from
shale gas while purifying methane. This NGL feed stream
is pre-heated by a heat exchanger, mixed with steam,
and then further heated to its incipient cracking temper-
ature (500°C to 680°C). At this point, it enters a reactor
(typically, a fired tubular reactor) where it is heated to
cracking temperatures, 750°C to 875°C. After cracking
reaction, cracked gas mixture leave the furnace at 750°C
to 875°C. The gases must be cooled immediately in the
quench tower to preserve the current composition of the
gas and prevent undesirable side reactions. After the
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cracked gas mixture has been cooled in the quench tower
and compressed, it is sent to the fraction section at a
pressure of 464 to 551 psi (32-38 bar) for further sepa-
ration into different products and fractions at specified
qualities. This is done through a series of distillation col-
umns and results in the separation of ethylene from the
unreacted ethane, as well as the side products propyl-
ene, hydrogen and methane. Steam cracking of ethane is
an energy intensive process due to the high reaction
temperature (> 800°C). Furthermore, this process gener-
ates a significant amount of greenhouse gas (GHG) emis-
sions and utilizes a non-renewable hydrocarbon feed re-
source. The process generally results in approximately
1.2 to 1.6 tons of CO,-equivalent (CO,e) per ton of eth-
ylene produced [2,3].

The availability of a large amount of plastic waste
provides the motivation to develop technologies to con-
vert this waste product to ethylene instead of using
ethane from non-renewable sources to produce eth-
ylene. Tertiary recycling uses chemical and thermochem-
ical methods to recover various components of waste
plastic into monomers or fuels. This type of recycling is
called “upcycling” as the waste plastic is converted back
to monomeric forms of molecules that can be further pro-
cessed into useful forms (polymeric or otherwise). The
depolymerization process involved in upcycling of plas-
tics can be enhanced by the use of catalysts, which pro-
mote deep cracking of primary products and accelerate
the breaking of C-C and C-H bonds, resulting in high
yields of liquid products with enhanced combustion per-
formance and high-quality fuel production in a shorter
time and at lower temperatures (280-500°C) compared
to pure pyrolysis [4]. The products from catalyzed depol-
ymerization processes include a mix of gasoline hydro-
carbons (C5-C12), aromatics, light olefins, and other
chemical feedstocks. Suitable catalysts and process
conditions can be chosen for commercial applications to
target the recovery of specific desired products.

The depolymerization process requires energy and
different forms of thermal energy can utilized. The effi-
ciency of this thermal energy utilization can vary signifi-
cantly depending upon the type of energy. There is cur-
rent interest in the use of microwave heating as a source
of energy for depolymerization reactions. Microwave is a
form of electromagnetic wave with perpendicular oscil-
lating electric field and magnetic field that result in heat
generation via (1) dielectric heating, (2) Joule heating,
and (3) inductive heating. Compared with traditional hy-
drocarbon-based jacketed reactors as well as more novel
resistive-heating reactors, microwave heating provides
advantages in utilization efficiency, rapid heating, and
lower bulk temperatures during reaction. For instance, it
has been shown in laboratory-scale experiments that mi-
crowave-enhanced ethane catalytic cracking can pro-
duce the same conversion of ethane as conventional
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thermally heated cracking at an average temperature
that is 150-200°C lower [5,6].

This provides the motivation to develop a process
that utilizes polyethylene as a feed source in a microwave
reactor to produce polymer-grade ethylene.

PROCESS MODELING

Conventional Production of Ethylene via
Ethane Steam Cracking

A process simulation model is developed for the
conversion of ethane to ethylene based on current indus-
try practice [7]. This model is used as a basis of compar-
ison for studying the advantages and disadvantages of
the novel microwave-enhanced process for producing
ethylene from LDPE. Ethylene is produced via thermal
steam cracking of ethane gas. A process flow diagram
based on industrial practice is shown in Figure 1.
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Figure 1: Process Flow Diagram for Ethane Cracking

The feed to the production process is ethane gas
that comes from an ethane gas pipeline. Fresh ethane
gas is fed into the process at a rate of 149 tons/h. The
ethane gas is mixed with 50 tons/h of process steam to
achieve a steam to hydrocarbon ration of 0.33 by mass
and passed through the thermal stream cracking reactor
at inlet conditions of 700 °C and 3.2 bar. The reaction
conditions are 840 °C and 3.2 bar in the reactor. Under
these conditions, the thermal steam cracking reaction
occurs in the absence of a catalyst, converting the
ethane feedstock into a gas mixture containing primarily
ethylene, methane, hydrogen, and residual ethane. The
exit gases from the reactor are cooled and sent through
a flash unit to remove water. The organic vapors are com-
pressed and sent through a series of three distillation col-
umns. The top product of the last column is polymer-
grade ethylene.

A simulation model is developed in ASPEN Plus v11
for this process. The feed specifications are listed in Ta-
ble 1. The reaction kinetics [7] used in this model are
shown in Table 2 and the reactor specifications are
shown in Table 3. The Grayson thermodynamic property
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model is used for this module. The flash unit and the three
distillation columns utilize the Soave-Redlich-Kwong
thermodynamic property model and rigorous modeling
tools are used (e.g. RADFRAC) to model these separation
units.

Table 1: Feed Specifications for Ethane Cracking

Component Ethane Steam Initiator
Pressure (bar) 3.21 3.21 2,010.00
Temperature (°C) 700.00 700,00 0.00
Flow Rate (kmol/hr) 3,259.77 2,517.82 0.84
Flow Rate (tons/hr) 149 50.00 0.20

Table 2: Kinetics of Ethane Cracking

Forward Reaction Reverse Reaction

No Reaction Order

A[s"] or [L (mol s)7] A [L (mol s)]

E [kJ mol" | E [kJ mol' |

1 CoHg+» CoHy + Hy 1 A=46x10% E=2728 A=849x10° E=1365
2 G+ Colla + CHy 1 A=72x102 E=2742 A=381x10° E=1472
3 GHy+CHy— CiHg 2 A=10x10"% E=1726
4 CHy+CyHs — CeHg +2H, 2 A=83x10° E= 1446
5 CiHs+» CiHg+ Hy 1 A=58x10" E=2146 A=903x10° E=935
6 CsHg+ CoHy — CoHs + G3Hg 2 A=25x10" E=247.1
7 2CsHg — 3CHy 1 A=T73x10" E=2685
8  2C:Hs — GiHs + CH, 1 A=38x 10" E=273.0
9 Catlo > Calls + Hy 1 A=16x 107 E=2609 A=178x10" E=1351
10 CaHy+ Collg — CiHg + CHy 2 A=70x10" E=2528
11 GsHs + Colls — Calls + CH,y 2 A=10x10" E=2518

Table 3: Ethane Cracking Reactor Specifications

Reactor Specifications

Pressure (bar) 32
Temperature (°C) 840
Length (m) 10.5
Diameter (m) 0.085
No. of Tubes 240
Heat Duty MW 132.81

The product gas from the reactor unitis 40.35 mol%
ethylene, 41.75mol% hydrogen, 3.97 mol% methane,
11.67 mol% unreacted ethane and with slight impurities of
other products. The results closely align with the indus-
trial data available in literature [8] as shown in Table 4.
The outlet gas of the cracking reactor is cooled down to
10 °C with the help of a quench tower. The condensed
water vapor is separated from the bottom in a flash sep-
arator. Vapor products from the flash separator are com-
pressed to 8 bars and then cooled down to -100 °C. This
stream is sent to the demethanizer column where me-
thane and hydrogen are separated as top products.
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Table 4: Comparison of Simulation with Industrial Data

Product Yield [mol %]

Main
p .

roducts Simulation Industrial % Diff.

Data

H- 37.47 36.49 2.69
CHa4 4.75 8.42 43.59
CaHa 34.41 33.07 4.05
C2He 19.89 18.86 5.46

The bottom products are sent to the deethanizer
column, where ethane and ethylene flow out of the top of
the column while the remaining (undesired) products are
separated from the bottom of the column. Finally, the top
product stream is sent to the final column where ethylene
is separated as the top product from ethane. The purified
ethylene (99.97mol%) is recovered at 8 bar and -58.4 °C.
The unreacted ethane is recovered from the bottom of
the column and recycled back to the feed stream. The
columns specification for ethylene separation are listed
in Table 5.

Table 5: Column Specifications

Columns
DEMETHAN DEETHAN C2SPLIT

Purpose Distillation Distillation Distillation
No. of Stages 10 24 50
Feed Stage 5 10 27
Feed Temperature (°C) -100 -50.8 -42.68
Pressure (bar) 8 8 8
Reflux Ratio 14 0.38 4.05
Condenser Duty (MW) -18.17 -5.85 -28.73
Condenser Temperature (°C) -156.89 -42.68 -584
Distillate Rate (kmol/h) 3068.65 4126.49 2492.85
Reboiler Duty (MW) 19.70 20.51 22.57
Reboiler Temperature (°C) -50.80 82.87 -39.02
Bottom Rate (kmol/h) 4194.48 67.99 1631.33
Tray Spacing (m) 0.8 (2-4) 0.6 (2-9) 0.85 (2-26)

1 (5-10) 0.8 (10-23) 0.85 (27-49)
Tray Type Sieve Sieve Sieve
Column Diameter (m) 33 (2-4) 31 (29 45  (2-26)

35 (5100 35 (10-23) 36 (27-49)

Figure 2 shows the temperature and composition
profiles of ethane and ethylene in the final distillation col-
umn. Since the reactor outlet matches industrial data
closely and the final product results in polymer-grade
ethylene, this simulation model is of high-fidelity and can
be used in a technoeconomic analysis to compare with
the economics of producing ethylene via a novel micro-
wave process that utilizes LDPE.

Syst Control Trans 4:450-455 (2025) 452



1 -30

F -35

——— Ethane

c Ethylene

Temperature
I a5

Temperature(°C})

F -50

I -55

- -60
1 6 11 16 21 26 31 36 41 a6
Number of Stage

Figure 2: Temperature and Composition Profiles for
Ethylene and Ethane in column C2SPLIT

Microwave Enhanced Catalytic Conversion of
LDPE to Ethylene

The focus of this section is the development of an
ASPEN Plus simulation for the microwave-enhanced pro-
cess to convert LDPE to ethylene. The objective is to
match the same ethylene production as the conventional
ethane cracking process in terms of quantity as well as
product purity. A process flow diagram of the microwave
process under consideration is shown in Figure 3. The re-
actor in the conventional process is replaced by a micro-
wave reactor and a suitable distillation train is designed
to recover the ethylene.
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Figure 3: Flow Diagram of Microwave Enhanced Process
for Converting LDPE to Ethylene

Preliminary data from laboratory-scale microwave
reactor experiments [9] indicates that the product com-
position of the reactor under microwave heating with
LDPE as feed is not the same as the product composition
of conventional heating with ethane as feed as shown in
Table 6. In particular, the microwave reactor produces a
significant amount of propylene, which is also a valuable
product, in addition to ethylene. This implies that the
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separation train specifications for the microwave process
will be different from that of the conventional ethane-to-
ethylene process. If propylene is included as a target
product, additional costs for distillation to recover pro-
pylene, as well as the associated profits, will need to be
considered. If the cost of recovering propylene is not
competitive, it is necessary to redesign the microwave
reactor to produce more ethylene and less propylene.

Table 6: Reactor Outlet Composition

Gas components LDPE/N: Ethane
(ton/h) MW Conventional
400°C 840°C
Hydrogen 2.06 6.05
Methane 16.58 6.10
Ethylene 77.29 77.29
Ethane 16.21 47.90
Acetylene 0.09 0.00
Propane 8.42 0.99
Propylene 54.37 7.87
C4 and higher 39.15 2.81

In the novel microwave process, it is necessary to
determine the feed rate of LDPE as well as the separation
train design that results in the same amount of polymer-
grade ethylene as the conventional process (77 tons/h).
This allows for a comparison of capital cost, operating
cost and life-cycle cost for the two processes. It was de-
termined that a feed of 214 tons/hour of LDPE was re-
quired to produce the required amount of ethylene (77
tons/h) in the microwave reactor. The reactor is modeled
as a yield reactor that has the same outlet composition
as shown in Table 6. The reactor is assumed to operate
at a temperature of 400 °C and a pressure of 1 bar. The
outlet of the reactor is cooled and sent to a demethanizer
column, followed by a deethanizer column, and finally to
an ethylene column, similar to the separation process
used in conventional ethane steam reforming product
separation. In addition, an extra column is designed to re-
cover propylene. The columns specifications for this pro-
cess are listed in Table 7. Figure 4 shows the temperature
and composition profile of ethylene from the C2 splitter.

ECONOMIC EVALUATION

Aspen Energy Analyzer (AEA) V11 is used to develop
and optimize a HEN for both the conventional as well as
the novel process. The software employs a pinch analysis
technique in the optimization algorithm to compute over-
all matches with heat load, surface area and cost target.
The objective function of the HEN is to minimize utility
cost, which is formulated as a mixed integer linear pro-
gramming (MILP) problem. The solution consists of the
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best set of matches rather than a single match.

Table 7: Column Specifications for Microwave Enhanced
Process

electricity, cooling water, steam, and flow rates of raw
materials were obtained from the Aspen Plus process
model.

A comparison of capital cost, operating cost, and
utility cost between conventional steam reforming and

Figure 4: Temperature and Composition Profiles for
Ethylene, Ethane in C2 splitter

Capital costs for standard equipment items were es-
timated by mapping the equipment items from the Aspen
Plus plant-wide model to Aspen Process Economic Ana-
lyzer (APEA) V11. Costs for the microwave-assisted reac-
tor (MW-reactor) was estimated separately as quoted
equipment in APEA, broken down into the magnetron (in-
cluding other electrical ancillaries) and pressure vessel.
The magnetron cost, including electrical ancillaries, ac-
counts for components such as the cavity, generator,
controls, transformers, switches, installation, and setup,
obtained from a vendor based on the power (kW) rating
[10]. The pressure vessel cost was estimated using cor-
relations from Turton et al [11]., considering the material
of construction and operating pressure. Additional costs,
such as assembly, commissioning, and markup, were ac-
counted for with escalations, given the novel state of
MW-assisted reactor technology. Utilities such as
Wang et al. / LAPSE:2025.0223

Columns microwave-enhanced LDPE upcycling (excluding the re-
DF“_‘ET_HA‘V DFE_TH_AN C_IS_PL[,T actor component) is conducted as shown in Table 8. The
Purpose Distillation Distillation Distillation . . . . . .
No. oS T n = objgctlve of this gomparlson is to estimate the cost con-
Feed Staze 5 m n straints of the microwave reactor necessary to ensure
Feed Temperature (°C) 100 2055 5452 that the microwave-enhanced LDPE upcycling process is
Pressure (bar) 8 3 8 economically comparable to the conventional ethylene
Reflux Ratio 0.74 047 2.39 production process.
Condenser Duty (MW) -3.14 -4.67 -19.09
Condenser Temperature (°C) -l42.54 5452 584 Table 8: Comparison of Capital and Operating Costs
Distillate Rate (kmol/h) 1864.76 2991.49 2501.02
Reboiler Duty (MW) 93 1735 17.38
Reboiler Temperature (°C) 2085 285 3929 Scenario e | POt nEat| Tiaron | s
Bottom Rate (kmol/h) 4960.87 1969.38 490.47 g g?&.ﬂ:;;ﬂmE”""m Steam | 36,557,700 48,770,700 42,463,100 | Ethylene
Tray Spacing (m) 0.6 (2-5) 0.6 (2-9) 1 (2-30) Ic.iiim(:onv?rsion MW/ 18.313.500 3,063,400 2921440 | Ethylene
i 1 (6-14) |05 (10-23) |1 (31-59) £ reactor)
Tray Type Sieve Sicve Sieve
Column Diameter (m) ;Z E‘S]) j; i;’;) j-gs(g‘ij;) Cur.rently a microwave reactor at indgstrial scale is
not available for the proposed LDPE microwave en-
hanced conversion process and hence it is difficult to es-
R . timate its cost accurately. A rough estimate the micro-
09 wave reactor cost based on magnetron price and reactor
08 L 10 materials can be used as a first step. The LDPE feed rate
07 } —— Fthane _ of 214 ton/h is required to meet the ethylene production
Sos | Ethylene L s ; rate of 77 ton/h to match the ethylene production in the
Eos Temperature Z conventional ethane-to-ethylene process. The overall
é 04 L -50 % cost of the microwave reactor systems depends on the
03 = number of magnetron units needed to generate the nec-
02 F 55 essary power requirement. As the batch time lowered
01 down, the magnetron cost declines proportionally. When
° - 60 the batch time is 10 minutes, the magnetron cost is ap-
1 6 11 16 21 26 31 36 41 46 51 56 . " . L.
Number of Stage proximately $11 million as shown in Table 9. As this time

is lowered, the cost of the microwave reactor systems
falls further. Table 9 shows that if the batch time for the
microwave-enhanced LDPE conversion process is re-
duced to less than 10 minutes, it has the potential to be
competitive with conventional ethylene production.

Table 9: Cost Estimation of Microwave Reactor

(Magnetron Power: 100kW/module, Magnetron Price: 113872.828/module, Power Needed: 66921420.69W)

Batoh time(min) 0.5 1 2 5 10

Batch volume(m’) 8.45 16.89 3379 84.47 168.94
Microwave reactor power 557678.51 | 111535701 | 2230714.02 | 5576785.06 | 11158570.11
Magnetron nesded(unit) 558 1115 22.31 55.77 111.54

Total cost of Magnetron ($) 663,236.92 | 1,366,473.84 | 2,732,947.68 | 6,376,877.92 | 12,753,755.84

CONCLUSION

Simulation of industrial-scale production of ethylene
via two distinct routes, ethane steam cracking and poly-
ethylene upcycling, were considered. While the product
compositions at the reactor outlet differ between the two
processes, the feed rate of the reactants has been
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adjusted to achieve the same ethylene production ca-
pacity. The novel microwave-enhanced process demon-
strates the potential to produce both ethylene and pro-
pylene. The economic viability of using microwave reac-
tors for LDPE conversion depends on the balance be-
tween the high efficiency and selectivity of the process
against capital and operating costs. Technoeconomic
analysis indicates that this integrated plant has the po-
tential to be profitable.
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