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ABSTRACT

Polystyrene (PS) recycling remains limited despite large waste volumes, largely because many
routes struggle to recover high-value chemicals at scale. This work develops a full process con-
cept that upgrades PS through low-pressure hydrothermal processing (HTP) and directs the re-
sulting aromatic oil to separation and downstream conversion. The superstructure includes HTP
at 30 bar and 350°C, three distillation columns for toluene/ethylbenzene/styrene splits, ethylben-
zene dehydrogenation to boost styrene yield, steam reforming of the heavier Co. fraction to syn-
gas, and an ICl-type (Imperial Chemical Industries) methanol loop with inter-bed quench. The in-
tegrated flowsheet was simulated in Aspen Plus V14 using a consistent NRTL-RK (Non-Random
Two-Liquid-Redlich-Kwong) property framework. Deep-vacuum operation (2100-400 mbar) was
applied where needed to limit styrene polymerization. Sensitivity and optimization focused on
meeting a syngas stoichiometric number near 2; the best case occurred at ~998.8°C and 20.2 bar
with ~37.8 t/h steam. Normalized to the polystyrene feed, the model predicts ~0.13 kg toluene,
0.16 kg styrene, and 1.27 kg methanol per kg PS, with only trace benzene/ethanol, at a water-to-
PS ratio of ~3.77 kg/kg. When heat recovery is excluded, the overall heat demand corresponds to
~84 MJ per kg of PS processed. The flowsheet is technically consistent, but heat integration and
a full TEA/LCA (Techno-economic Assessment/Life-cycle Assessment) will ultimately determine

its viability.
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INTRODUCTION

The amount of generated plastic waste has sur-
passed 400 million tonnes annually and is growing at an
alarming pace. Only 9% of this generated waste is recy-
cled, and 12% is burned, while the rest is landfilled [1]. In
this vein, polystyrene (PS) constitutes 7 wt% of world-
wide plastic trash, equating to about 28 million tonnes
generated each year [1]. However, around 1% of the PS-
generated waste is recycled due to constraints in con-
version techniques [2]. PS is generally used in the food
packaging industry. Among polystyrene waste streams,
expanded polystyrene (EPS; ‘Styrofoam’) is especially
problematic because its intrinsic material properties pro-
mote environmental release. Its very low density and brit-
tle morphology facilitate wind-driven dispersal from
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collection points and landfills, while minor mechanical
stress readily causes fracture and fragmentation. As are-
sult, EPS can rapidly generate microplastics that persist
and spread over wide areas, making improved capture
and controlled recycling or upgrading routes particularly
important for mitigating this pathway [3].

Several studies in the literature showed that hydro-
thermal processing (HTP) is a promising way to convert
PS into a wide range of chemicals in the literature. Gen-
tilcore et al. have developed a low-pressure hydrother-
mal processing method to convert PS into oils, achieving
an impressive yield of 96-99% oil with only 1-2% char at
pressures of 2-3 MPa based on their experiments. They
suggest and implement a reversible kinetic model involv-
ing monomers and poly-aromatics, confirm predictions,
co-process PS with polyolefins, and assess greater

Syst Control Trans 5:950-957 (2026) 950


https://doi.org/10.69997/sct.174934
mailto:thomas.a.adams@ntnu.no

Polystyrene Waste

o

m z@%»

Low-Pressure Hydrothermal Processing

M-101

Plastic Extruder P-101
. &-»@—3»%10 17
H:0 —15 6 _J .
I RTINS PV-10
= HX-1 R-101 - V-101 o L
P-101 i
13— |
17— H,0 Ethylbenzene
Tnhibitor =
{18— Toluene
Styrene
[>

Heavy-Oil

Ethylbenzene Dehydrogenation

I‘w
24
H-201 E::I > 27 ﬁﬁ
25|
H-203

=2l M-201

R-201A

H-202 n

H0 ps—> Cas

35|
M-202 B7

344
32
H-205 V201

B3 36

38; o> Oil

V20241 H.0

P-202

0

47

Steam Reforming ‘

70;

Heavy-Oil

Y

R- /L
/-402
paol 2 51 %_{ N
11,0 50 M-301 71 o b1 1o
59 40T
S-401

75

A9 ——56] 57 58!
g
o H-301 K-401A H-401 N s
— iz H.0
Syngas L 2
- N
H:0 H-404 1401

R-401

M-402

H-302

C-401 Qa
7

7]

81}
V-402

P-402

P-401

Figure 1. Superstructure design for polystyrene waste into value-added chemicals through low-pressure
hydrothermal processing, ethylbenzene dehydrogenation, steam reforming, and the methanol production unit

NC-Gas
89> MeOH
8

= ]
86,
N 88—

Hy
P-403 C-402 C-403

90> FtOH

C-402

energy recovery along with reduced environmental im-
pacts compared to pyrolysis/incineration and landfilling
[4]. The composition of the generated oil has become the
basis for our simulation. It mostly contains monomers
(C7-Co), dimers (C10-C17), and heavy aromatics (Cis-C20+).
In the present work, we propose a novel conceptual de-
sign of a process that converts the oil into styrene and
convenient co-products like toluene and methanol,
shown in Figure 1. Toluene and styrene (monomer) are
valuable products of the reactor and can be separated
using distillation columns.

Ethylbenzene, as the other fraction of the generated
oil (15-20 wt%), can be transformed into styrene through
the process of dehydrogenation, resulting in an increased
yield of styrene, the most valuable product in our pro-
cess. The remaining components of the composition can
be converted into syngas via the steam reforming pro-
cess. The produced syngas serves as the precursor for
methanol production in our design concept, noting that
methanol can further be converted to additional plastic
precursors through well-known methanol-to-olefins pro-
cesses.

Compared with mechanical recycling, solvent-
based recovery, pyrolysis, and gasification, this study
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adopts low-pressure hydrothermal processing because it
produces a high oil yield with low char formation and gen-
erates an aromatic-rich stream suitable for downstream
upgrading [4]. In the present design, toluene, styrene,
and methanol were selected as the main target products
due to their high economic value and substantial produc-
tion volumes. In addition, the heavy oil fraction (Ce.) ac-
counted for about 65% of the produced oil, making it the
dominant intermediate stream. Direct purification of this
fraction is less attractive, so it was routed to steam re-
forming for syngas generation and then to methanol syn-
thesis.

This is the first such study to present a complete
design concept, addressing some particular challenges
such as determining designs for difficult separation pro-
cesses, and the relationships of important design param-
eters and operating conditions on key performance indi-
cators like yield, efficiency, energy use, and environmen-
tal impact.

We use Aspen Plus to simulate the process and
compute the mass and energy flows for the complete
process. Optimization techniques are used to help iden-
tify design parameters that achieve maximum yield or
other important objectives. This demonstrates a pathway
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for the recycling of PS waste, which could contribute to
a more sustainable industry environment.

METHODS

Process Description

Figure 1 presents the superstructure process flow
diagram for the conversion of polystyrene (PS) waste into
value-added chemicals across four processing units. As
shown, PS waste is transformed into toluene, ethylben-
zene, styrene monomer, benzene, syngas, methanol, and
ethanol via low-pressure hydrothermal processing,
ethylbenzene dehydrogenation, steam reforming, and a
methanol synthesis section. The integrated process was
simulated in Aspen Plus V14.

Low-pressure Hydrothermal Processing

In the introduced process, PS waste (stream 1) and
water (stream 4) are mixed and enter the low-pressure
(at 30 bar and 350°C) hydrothermal reactor to produce
an aromatic-rich oil that serves as the primary feed to
downstream separation and conversion units. The reac-
tor products contain mostly aromatic hydrocarbons from
C7 to C20+, Which are going to be separated in three dis-
tillation columns from C-101 to C-103.

In modern styrene plants (ethylbenzene dehydro-
genation process), the crude product is separated by
vacuum distillation to avoid excessive temperatures that
could polymerize styrene [5]. Then, all of the columns in
the first and second units operate under deep vacuum
(on the order of 100-400 mbar top pressure) to keep bot-
tom temperatures low and minimize styrene polymeriza-
tion. Even in a vacuum condition, styrene is prone to
free-radical polymerization, especially at elevated tem-
peratures. Polymerization is exothermic and self-accel-
erating; at ambient temperature, styrene reacts slowly,
but rates increase rapidly with heat. In fact, the rate of
styrene polymerization (uninhibited) roughly doubles for
every 10°C rise [6]. In practice, polymerization inhibitors
are always used when handling styrene (and other vinyl
aromatic fractions). In this process, 4-hydroxy-TEMPO
(2, 2, 6, 6-tetramethylpiperidine 1-oxyl) is used as an in-
hibitor to suppress undesired free-radical polymerization
of styrene. This inhibitor showed a great thermal stability
based on thermogravimetric analysis [7].

Toluene (stream 18) and styrene (stream 22) are
considered the main products in the separation unit.
Ethylbenzene (stream 20) is used as the feedstock for
the downstream process of ethylbenzene dehydrogena-
tion to produce more styrene. This configuration lever-
ages hydrothermal depolymerization to create a flexible
liquid platform, while assigning downstream pathways
according to product value and integration opportunities.

Ethylbenzene Dehydrogenation
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Ethylbenzene is purified (stream 20) as an aromatic
fraction from upgraded HTP oil and can be directed to a
traditional styrene production unit. The feed is vaporized
and diluted with process steam, preheated using hot re-
actor effluent, and subsequently raised to the desired in-
let temperature in a fired heater. Dehydrogenation to sty-
rene and hydrogen is conducted in a series of low-pres-
sure, adiabatic vapor-phase reactors. The endothermic
and equilibrium-limited nature of the reaction favors con-
version at elevated temperatures and lower ethylben-
zene partial pressure; steam primarily serves as a diluent
to shift equilibrium and mitigate the production of by-
products such as benzene, toluene, light gases, and COx,
which become more pronounced under extreme condi-
tions. The temperature decrease between beds is miti-
gated by interstage reheating, followed by cooling of the
effluent for phase separation and recovery of unreacted
ethylbenzene for recycling (stream 47).

Steam Reforming

Heavier oil containing Co. (stream 23) is used in the
process of steam reforming for syngas production. The
oil is vaporized and exposed to steam over a reforming
catalyst at an elevated temperature (around 1000°C) and
regulated pressure to transform hydrocarbons into a syn-
gas mixture. The main products are H, and CO, while CO,
and leftover CH,4 (stream 55) are produced via the water-
gas shift reaction and incomplete reforming. The steam-
to-carbon ratio, temperature, and pressure are estab-
lished to reduce the formation of coke and methane while
optimizing the stoichiometric number ratio (SN) for the
following methanol synthesis.

Methanol Production

Syngas (stream 55) from the upstream reforming
section is provided to a methanol synthesis loop that is
based on the low-pressure process of the Imperial
Chemical Industries (ICl) process. Before entering the
catalytic reactor, the fresh gas is compressed in two
stages to approximately 80 bar, combined with recycled
converter gas to regulate the inlet temperature, and par-
tially preheated. To regulate the exotherm and maintain
equilibrium in each bed, divided fractions of cool syngas
are injected between catalyst beds in a four-bed quench
reactor. The crude methanol (stream 67) is recovered in
a knockout cylinder after the reactor effluent is chilled
and partially condensed at 260°C and 76 bar. The unre-
acted gas (stream 70) is recompressed for recycling,
while a portion (stream 74) is water-scrubbed to recover
residual methanol. A minor purge is implemented to pre-
vent inert build-up.

Modelling and Simulation

The integrated process described in the previous
section was simulated in Aspen Plus V14. NRTL-RK (Non-
Random Two-Liquid-Redlich-Kwong) was used across
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HTP, ethylbenzene dehydrogenation, steam reforming,
and methanol synthesis to keep one consistent thermo-
dynamic framework. NRTL captures non-ideal liquid be-
havior in water-organics and aromatic mixtures, while RK
provides a reasonable vapor-phase model for high-tem-
perature, high-pressure gas streams.

In the proposed design, different reactor models
were selected according to the available mechanistic in-
formation and the objective of each unit. The hydrother-
mal processing step was modeled with an RYIELD reac-
tor because it involves complex reaction pathways and
lacks detailed kinetic data, so the model was based on
experimental product yields. In contrast, RPLUG reactors
were used for ethylbenzene dehydrogenation and meth-
anol synthesis because reliable kinetic expressions are
available. Steam reforming was modeled with an REQUTL
reactor because the heavy Co. fraction was treated as a
lumped feed, and the main aim was to estimate equilib-
rium syngas composition for methanol production.

An RYIELD reactor model (R-101) was chosen for
the hydrothermal processing based on experimental data
from Gentilcore et al. [4]. Three RADFRAC models in equi-
librium mode (from C-101 to C-103) were selected to pu-
rify toluene, ethylbenzene, and styrene, respectively. A
sensitivity analysis was considered for each distillation
column to vary the feed-stage number and calculate the
reboiler heat duty. The feed-stage number of each distil-
lation column was determined based on the minimum re-
boiler heat duty.

Ethylbenzene was mixed with steam in the ratio of
1:11 (EB: ST) to minimize coke formation and higher effi-
ciency based on the available experimental data [8]. The
temperature of both furnaces (H-203 and H-204) was
set to 620°C to balance the conversion and selectivity,
and serve as a catalyst-activity benchmark [9]. Two
RPLUG models were selected to kinetically simulate
ethylbenzene conversion. The kinetic equations and pa-
rameters proposed by Elnashaie et al. were validated
based on the experimental data [10]. These reactions are
presented as follows:

Main reaction:

(C4Hs)CH,CH, < (CsHsCH)CH, + H, )

Side reactions:

(C4Hs)CH,CH; — C¢Hg + C,H, (2)
(CsHs)CH,CH; + H, — (CsHs)CH; + CH, (3)
2H,0 + C,H, — 2CO + 4H, (4)
H,0 + CH, — CO +3H, (5)
H,0 + CO — CO,+H, (6)

The selectivity of styrene is defined as follows:

Selectivity = Fsrour—Fsrin (7)

FEB,in—FEB,out
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Where Fsr, out and Fsr,in are molar flow rates of sty-
rene inside (first bed) and outside (second bed) of the
reactor, respectively. Moreover, the products of this re-
actor cooled down to separate water, light gases, and oily
material in V-201. A RADFRAC model equilibrium-mode(C-
201) was chosen to purify the generated benzene as a
by-product in this process.

To optimize the ethylbenzene dehydrogenation
section for styrene production, two targets were consid-
ered: styrene selectivity and the styrene molar flow rate
at the end of the second bed. Because economics are not
assessed here, neither metric alone is sufficient to define
a practical optimum. In principle, the styrene molar flow
rate would continue to increase with reactor length,
whereas the highest selectivity would occur with a van-
ishing second-bed volume, since byproduct formation
rises as conversion is pushed further. These issues hap-
pen when considering only maximum selectivity or sty-
rene molar flow rate for the optimization. To balance
these competing trends, the objective function was de-
fined as the product of styrene selectivity and styrene
molar flow rate. The optimization was then applied to the
effluent of the second bed, R-201B (stream 31), to iden-
tify operating conditions that improve styrene output
while limiting the loss of selectivity to side reactions.

An R-Equil reactor model was used for energy and
mass balance of the process of steam reforming. The
general formula for the steam reforming of the oil was
defined as follows:

C,H,, + nH,0 < nCO + (n + %)H2 (8)

The desired syngas must have a stoichiometric
number (SN) close to 2 (on a molar basis). For methanol
synthesis, an SN close to 2 corresponds to a near-stoi-
chiometric hydrogen availability for converting COx to
MeOH, while accounting for the CO2 “hydrogen penalty”
associated with RWGS. In industrial loop design, values
around 2.0-2.1 are commonly reported as optimal: if SN
is higher than this range, excess H2 tends to accumulate
in the recycle and must be removed by a larger purge,
reducing loop efficiency; if SN is lower than 2, the make-
up gas becomes hydrogen-limited, which typically lowers
per-pass MeOH yield and increases water formation and
recycle/purge requirements. Therefore, SN close to 2
was used here as a design target for the make-up gas
composition, reflecting established catalyst-operability
and loop-design practice rather than an economic opti-
mum. Stoichiometric number (SN) is defined as follows:

(9)

H,—CO,
CO+CO,

SN =

Where H2, CO2, and CO are the molar flowrates of each
component in stream 55. Reactor (R-301) temperature,
pressure, and injected steam flow rate (stream 48) were
the variables in the process of steam reforming. These
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variables were used in Aspen Plus to optimize the re-

quired syngas for methanol production to achieve the
SN equal to two and the highest hydrogen to methane
ratio.

Synthesis gas was pressurized in a 2-stage com-
pressor (K-401 A and B) up to 80 bar. The introduced re-
actor in this process is based on the ICl method, which is
described in the previous section. The following equa-
tions belong to the methanol reactor (R-401):

CO, + 3H, < CH,0H + H,0 (10)
CO, + H, «+ CO +H,0 (1)
2CO + 4H, — C,HsOH + H,0 (12)
2CH;0H — CH;0CH; + H,0 (13)

Four PLUG reactors were considered to simulate the
process of methanol production using kinetic equations
in the literature [11]. To evaluate the accuracy of the re-
sults, the model was validated based on experimental
data [12]. In addition, a separate optimization block was
introduced to maximize methanol production by varying
the dimensions of the catalyst beds. The methanol loop
was modelled as four insulated beds (i.e., zero external
heat duty). Because the main synthesis reactions are ex-
othermic, operating at high temperature can shift the
equilibrium away from methanol and may even promote
net methanol consumption at sufficiently high conversion
and temperature. The bed sizes, therefore, cannot be in-
creased arbitrarily; each bed must be long enough to
achieve meaningful conversion, but not so long that the
temperature rise drives the system into an unfavourable
equilibrium region. Since the reactor consists of a single
shell (one diameter) with multiple beds of different
lengths, several geometrical combinations could deliver
similar methanol molar flow rates when economics are
not considered. To obtain a unique and comparable solu-
tion at this stage, the reactor diameter was fixed at 5 m,
and the length of each bed was treated as the decision
variable to identify the configuration that maximizes the
methanol molar flow rate.

Table 1 summarizes the decision variables for each
unit that were adjusted to determine the unit’s optimal
operating conditions for product maximization.

RESULTS AND DISCUSSION

Validation of Kinetic Mechanisms

Table 2 compares the outlet molar flow rates from
the Aspen Plus kinetic model with the corresponding in-
dustrial plant data for ethylbenzene dehydrogenation.
The simulation reproduces the key species reasonably
well: ethylbenzene is predicted within 6.9% and styrene
within 10.4%, indicating that the implemented kinetics
capture the main conversion and selectivity trends.
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Benzene is also close (11.1%), whereas toluene shows the
largest deviation (28.5%), likely reflecting its low concen-
tration and higher sensitivity to side reactions and oper-
ating details not fully represented in the model.

Table 1: Decision variables for optimization

Variable Lower Bound Upper bound

Ethylbenzene Dehydrogenation

R-201A Diameter 0.9m 7m
R-201B Diameter 0.9m 7m
R-201A Length 2m 9m
R-201B Length 2m 6 m
Stream 27 Pressure 0.4 bar 8 bar

Steam Reforming Conditions
R-301 Pressure 20 bar 35 bar
R-301 Temperature  800°C 1000°C
Steam Flowrate 15, 000 kg/hr 80, 000 kg/hr
Methanol Reactor Bed Lengths

R-401 First Bed Tm 2m
R-401 Second Bed 2m 5m
R-401 Third Bed Tm 3m
R-401 Fourth Bed Tm 3m

Table 3 compares the reactor outlet composition
and temperature from the Aspen Plus kinetic model with
industrial plant data. Overall agreement is good: metha-
nol is predicted within 5.3% relative error, while the main
inerts and light gases are captured with small-to-moder-
ate deviations (Na: 0.34%, CH4: 10.5%, CO: 13.2%). The
outlet temperature is reproduced within 2.35%, indicating
that the heat release and reaction rate levels are broadly
consistent. The largest mismatch is observed for CO,
(22.7%), suggesting higher sensitivity to the CO/CO, shift
balance under the selected kinetics and operating condi-
tions.

Table 2: Validation of the methanol synthesis reactor
model against industrial data

Outlet Com- Industrial Aspen Plus Error
ponent Data [10] (This (%)
(kmol/h) Model)

Benzene 1.5 1.35 11.11
Toluene 2.03 1.58 28.48
Ethylbenzene 19.45 18.20 6.86
Styrene 15.57 17.37 10.36

Sensitivity and Optimization

Figure 2 illustrates a three-dimensional sensitivity
map of the syngas stoichiometric number (SN) for the
steam reforming of hydrothermal-processed heavy oil,
characterized by a lumped Co—Ca20+ proportion. The hori-
zontal axes represent reactor pressure and reactor tem-
perature, while the vertical axis indicates the resultant
SN. Each point represents a steady-state scenario
achieved by altering the controllable variables: reactor
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temperature, reactor pressure, and the syngas to oil ratio
introduced into the reactor. The point color denotes the
steam flow rate to oil ratio, as specified by the color scale.
It is worth mentioning that heavier fractions (e.g., Ci9 and
C20) cannot fully convert into syngas in the steam re-
former at pressures lower than 20 bar. Therefore, we put
20 bars for the lower bound in the optimization block, as
shown in Table 1.

Table 3: Comparison of industrial and simulated outlet
flowrates for ethylbenzene dehydrogenation

Outlet Com- Industrial Aspen Plus Error
ponent Data [12] (This (%)
Model)
MeOH (mol%) 4.74 4.99 5.3
CO2 (mol%) 2.83 2.19 22.7
CO (mol%) 1.88 1.63 13.2
CHa (mol%) 12.86 11.50 10.6
N2 (mol%) 2.35 2.34 0.3
Outlet T (K) 544.7 531.89 2.4

The results reveal significant sensitivity of SN to
both pressure and temperature, highlighting a distinct in-
teraction between the two variables. The highest stoichi-
ometric number occurs at 520°C, 50 bar, and 10 steam to
oil ratio. For any given temperature and pressure, the ver-
tical dispersion of points suggests that syngas injection
presents a viable method to adjust SN without changing
the main operational parameters. Elevated steam flow is
often associated with increased SN, which corresponds
with the effects of steam on reforming and water-gas
shift processes.

10

Stoicheometric Number (SN)
Steam to Oil Ratio (kg/kg)

Figure 2. Sensitivity analysis of syngas stoichiometric
number (SN) in steam reforming of hydrothermal-
processed heavy oil (Co—C20:) as a function of reactor
temperature, pressure, and syngas injection (steam flow
rate as colour scale).

Figure 3 shows the sensitivity of the H2/CH4 molar
ratio to the total required heat duty (Q:) to oil flow rate

HajiHashemi et al. / LAPSE:2026.0321

ratio, across the evaluated operating cases. Points are
colour-coded by reactor pressure (20-50 bar), highlight-
ing how pressurisation shifts the H2/CH4—Q: relationship.
All of the points indicate a stoichiometric number be-
tween 2 and 2.01. The dataset follows a strongly non-lin-
ear trend: H2/CHa remains low and changes gradually at
lower heat duties, then increases sharply beyond roughly
7.5-8 of Qt to oil flow rate ratio. To minimize the accumu-
lation of methane in the methanol reactor, it is important
to find the optimum point with the lowest methane in the
syngas.

Table 4 summarizes the optimized operating and
design variables that maximize the production of the two
main value-added products, styrene and methanol, for
the specified feedstock flow rate. The reported values
represent the best-performing configuration under the
present model assumptions and constraints, and they
provide a consistent basis for comparing the two synthe-
sis sections within the overall process.

Table 5 shows the summary of the input and output
of the proposed process flow diagram. It also suggests
that the proposed design has the possibility of further in-
vestigation through economic analysis, energy evalua-
tion, and life cycle assessment.
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Figure 3. Sensitivity of H2/CHaratio to the total required
heat duty, considering the reactor pressure at SN=2

Following preliminary heat integration, the process
required 85.01 MW of hot utility and 70.93 MW of cold
utility. These values remained high mainly because the
final distillation column (C-403), used to separate only 49
kg/h of ethanol, imposed substantial energy demands,
with condenser and reboiler duties of 23.06 MW and 23
MW, respectively. After removing the final methanol dis-
tillation column and carrying out a new heat integration,
the external utility demand decreased to 59.76 MW for
heating and 47.4 MW for cooling. This reduction is signif-
icant because purchased heat represents the main vari-
able operating cost of the process. Based on 12 tonne/h
of polystyrene feed, 59.76 MW is equivalent to 4.98
MWhw per tonne of PS. Assuming steam is generated
from natural gas at an efficiency of about 80%, the
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corresponding fuel demand is 6.23 MWhge per tonne of
PS [13]. Using an EU non-household natural gas price of
6.24 €/100 kWh, excluding VAT, the estimated fuel cost
is about 389 €/tonne PS [14]. In addition, direct combus-
tion emissions, estimated using the IPCC emission factor
for natural gas, reach about 1.26 tonne COz/tonne PS. At
a carbon price of 67.89 €/tonne CO3, this adds roughly
85 €/tonne PS, giving a combined heat and carbon cost
of about 474 €/tonne PS. Although this improves the eco-
nomic position of the process, profitability still depends
strongly on product value, particularly the netbacks of
styrene and toluene, as well as capital control in the heat
exchanger network and separation section.

Table 4: Decision variables for optimization

Variable Optimal Value

Ethylbenzene Dehydrogenation

R-201A Diameter 1.31m
R-201B Diameter 0.98 m
R-201A Length 2.60m
R-201B Length 3.55m
Stream 27 Pressure 3.03 bar

Steam Reforming Conditions
R-301 Pressure 20.2 bar
R-301 Temperature 989°C
Steam Flowrate 37,780 kg/hr
Methanol Reactor Bed Lengths

R-401 First Bed 1.23m
R-401 Second Bed 2.45m
R-401 Third Bed 1.86m
R-401 Fourth Bed 1.71m

Table 5: Main Process Inputs, Utility Requirements (be-
fore heat integration), and Product Outputs

Variable Final Value

Inputs to Process
Polystyrene Waste
Total Water

12, 000 kg/hr
45, 300 kg/hr

Required Heat 148 MW
Required Cooling 134. MW
Outputs from Process
Toluene 1, 600 kg/hr
Benzene 10.2 kg/hr
Styrene 1910 kg/hr
Methanol 15, 200 kg/hr
Ethanol 49 kg/hr

CONCLUSIONS

An integrated route for upgrading polystyrene
waste via low-pressure hydrothermal processing was
modelled in Aspen Plus and connected to separation,
ethylbenzene dehydrogenation, steam reforming, and an
ICI-type methanol loop. In the reforming section, the
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syngas stoichiometric number (SN) was highly sensitive
to the temperature-pressure, and steam flow rate com-
bination. The optimized case (x1000°C, 20.2 bar, 37, 800
kg/h steam) hit SN~2 while limiting methane carry-over;
it provides an ideal syngas for methanol production. At
steady state, 12, 000 kg/hr PS could yield about 1, 603
kg/hr toluene, 1, 909 kg/h styrene, and 15, 193 kg/hr
methanol, with minor benzene and ethanol, but the gross
energy demand is still 279.7 MW when heat recovery is
excluded. The concept looks technically sound; the next
step is heat integration and a full techno-economic and
LCA check.

SUPPORTING INFORMATION

The Aspen Plus simulation file is available at:
https://psecommunity.org/LAPSE:2026.0025
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