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Abstract


This study presents an integrated and sustainable approach for the valorization of polystyrene (PS) plastic waste into methanol, contributing to circular carbon utilization and waste-to-fuel strategies. Two simulation models were developed in Aspen plus. In Case 1, PS is converted to syngas through steam gasification, followed by its conversion into methanol. In Case 2, a steam methane reforming (SMR) unit is integrated with the gasification unit, using the heat from the gasifier-derived syngas to boost hydrogen production and overall methanol yield. This integration boosts the hydrogen-to-carbon ratio, doubling methanol production in Case 2 compared to Case 1. In terms of energy performance, Case 2 exhibits a process efficiency of 81% and exergy efficiency of 73%, both significantly higher than 48% and 60%, compared to Case 1. From an economic standpoint, Case 2 requires greater capital investment and annual operational expenditure, yet it proves to be more cost-effective in the long run compared to Case 1 due to the higher methanol production. The methanol production cost is reduced by 50%, from $1.001/kg in Case 1 to $0.505/kg in Case 2. These improvements are driven by increased throughput and process integration that supports sustainable and circular carbon management.
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1. Introduction


The world’s need for energy is increasing because of rapid industrialization, population growth and more energy being used by individuals. At present, coal, oil and natural gas, which are all fossil fuels, make up about 80% of the world’s total energy use [1,2]. Relying so heavily on fossil fuels has caused the build-up of greenhouse gases, which has made the climate problem worse and caused international worry. The Intergovernmental Panel on Climate Change (IPCC) has pointed out that offering sustainable energy is necessary for both protecting the environment and meeting the world’s increased demands for energy. Recently, significant attention has been devoted to the efficient thermo-chemical upcycling of waste plastics into higher-value products like gasoline, aromatic compounds, surfactants, diesel-range olefins, methane, syngas, and hydrogen [3,4,5,6,7]. However, the current interest is specifically focused on hydrogen generation from a variety of different types of plastic wastes, with this being primarily due to their relatively high hydrogen content (8–14 wt%) in many common polymer types [8] and, therefore, their potential as excellent feedstocks for hydrogen energy generation. Additionally, techno-economic analysis provides further insight into the technical and economic feasibility of converting waste plastics into value-added fuels [9,10,11,12,13].



Among various clean energy and sustainable chemical strategies, methanol has emerged as a promising candidate. Methanol is an essential platform chemical and an increasingly important alternative fuel with applications spanning transportation, energy storage, and the chemical industry. It is widely utilized in the production of formaldehyde, acetic acid, and methyl tert-butyl ether (MTBE), and can be further converted into gasoline-equivalent fuels through methanol-to-gasoline (MTG) processes. In addition, methanol is increasingly explored as a hydrogen carrier and a fuel for internal combustion engines. Despite its broad utility, approximately 90% of global methanol production remains fossil-based, relying on syngas derived from natural gas [1]. This underscores the urgency of identifying alternative, renewable, and waste-based feedstocks for methanol production.



In recent years, the concept of waste-to-energy and waste-to-chemicals has gained momentum as a dual-purpose approach to addressing both the energy crisis and mounting waste management issues. In particular, plastic waste has become a focal point of concern and opportunity. Global plastic production reached 368 million tons in 2021 and is expected to grow further [14]. A considerable amount of plastic waste comes from packaging, even though packaging makes up only 36% of all plastic but 47% of the waste [15]. Almost all plastic products, around 90%, end up being discarded after a single use and this causes increasing environmental and policy problems [16]. Among various polymers, polystyrene (PS) is of special interest due to its prevalence, persistence, and potential for chemical upcycling. PS accounts for approximately 8.5 wt% of global plastic waste [17] and is widely used in consumer products such as food packaging, cups, trays, insulation, and toys [18]. It is a thermoplastic polymer derived from styrene; an aromatic hydrocarbon commercially produced via the dehydrogenation of ethylbenzene [19]. The chemical composition of PS—rich in carbon and hydrogen—makes it a compelling candidate for thermochemical conversion into fuels and high-value chemicals. Recent studies have also highlighted the importance of advanced thermal management and heat transfer optimization in improving the performance of integrated energy systems and thermochemical conversion processes [20,21]. Thermal processes such as pyrolysis and gasification have been extensively studied for converting plastic waste into syngas, which serves as a precursor for fuels like methanol. Pyrolysis, typically conducted between 300 and 650 °C in the absence of oxygen, produces liquid fuels and waxes [22]. Gasification, operating at higher temperatures (500–1300 °C) in the presence of air, steam, or oxygen, yields syngas—a mixture primarily composed of CO, H2, and light hydrocarbons—suitable for downstream synthesis. This makes gasification a promising route for both energy recovery and chemical production, particularly in waste management contexts.



Numerous studies have explored the gasification of biomass and plastic waste to generate syngas and synthesize methanol. Hamaidi et al. [23] demonstrated high hydrogen yields in date palm waste gasification using steam at 800 °C, producing syngas with 58.38% H2 and 24.21% CO. Afzal et al. [24] conducted a techno-economic and life cycle analysis on plastic-derived methanol, reporting 52–56% reductions in energy consumption compared to fossil-based processes. Similar simulation studies using Aspen Plus® have investigated the effect of operating parameters—such as temperature, catalyst type, and steam-to-feed ratios—on methanol yield, with CaCO3-based systems yielding up to 12.19 mol methanol/kg biomass at around 750 °C [25]. More complex system integrations have also been proposed. For instance, Hosseini et al. [26,27] designed a process coupling a molten carbonate fuel cell with a methanol synthesis unit, achieving high energy (58.4%) and exergy (83.7%) efficiencies. Other researchers have examined reforming, water–gas shift, and co-gasification strategies to improve hydrogen yields and syngas composition [28,29,30]. These approaches highlight the potential for optimizing waste-to-fuel conversion systems using advanced process integration. The feasibility of methanol production from municipal solid waste (MSW) and mixed plastic waste (MPW) has also been extensively modeled. Many studies on MPW gasification have focused on laboratory or pilot scales, with experimental data often limited to gasifier performance [31]. For example, Midilli et al. [32] reviewed experimental investigations involving fluidized bed gasifiers processing plastics at 850 °C and feed rates between 0.04 and 31.4 kg/h. Lopez et al. [31] emphasized how gasifying agent selection (air, steam, oxygen) significantly influences syngas yield and composition. Despite these advances, systematic and stand-alone techno-economic assessment (TEA) studies on single plastic streams, such as PS, remain rare [33]. Bai et al. [34] examined the supercritical water gasification of PS, evaluating the impact of process variables such as temperature, pressure, and reaction time. They found that higher temperatures and extended reaction durations significantly improved hydrogen yields and carbon conversion rates, demonstrating PS’s potential for energy-efficient gasification. Recognizing the unique properties and abundance of PS in waste streams, there is an urgent need to explore dedicated PS-to-methanol conversion pathways. Single-stream PS offers more predictable gasification behavior, which can enhance process modeling, optimization, and system control. Moreover, due to its aromatic structure and high heating value, PS has the potential to generate high-quality syngas suitable for downstream methanol synthesis.



In this study, a process simulation approach using Aspen Plus® is adopted due to the complexity of integrated thermochemical conversion systems and the need for preliminary evaluation prior to experimental scale-up. Such simulation-based frameworks are widely used to analyze process performance, optimize operating conditions, and assess techno-economic feasibility at early stages. Accordingly, this work develops and evaluates a polystyrene-to-methanol conversion pathway via steam gasification, incorporating syngas upgrading and process integration strategies. The novelty of this study lies in the development of a dedicated single-feedstock polystyrene (PS)-based system, combined with the integration of steam methane reforming (SMR) and a comprehensive comparative assessment of energy, exergy, and economic performance. Unlike mixed plastic waste, polystyrene (PS) has a uniform composition. This results in more predictable gasification behavior and syngas composition. The integration of SMR uses the heat available from the gasification process to increase hydrogen production. This improves syngas quality, enhances methanol yield, and increases overall process performance. Despite the growing interest in plastic-to-methanol conversion, only a limited number of studies have specifically investigated stand-alone PS-to-methanol conversion with a comprehensive energy, exergy, and techno-economic assessment. This research aims to address the existing gap instand-alonee PS valorization studies while contributing to circular economy, clean fuel production, and sustainable waste management.




2. Process Simulation Models


2.1. Aspen Plus Modeling Setup


Aspen Plus® V14 software is commonly used to model and improve chemical and thermochemical systems like waste plastic gasification [29,35,36,37]. For this study, two models (designated Case 1 and Case 2) were developed with Aspen Plus V14® to examine methanol production by steam gasification of PS plastic and subsequent methanol synthesis. These models primarily consist of two integrated sections: (i) syngas generation through gasification (and optionally reforming), and (ii) syngas conversion into methanol, including product purification and unreacted gas recycling. To accurately simulate both non-conventional components (e.g., PS, ash) and conventional components (e.g., H2, CO, CH4, methanol), the METSOLID unit set and MIXNCPSD stream class were used. The “MIXED” stream class was employed for conventional fluids, while “NCPSD” handled the non-conventional solids like PS and inert ash residues. Like unconventional components, PS was defined as a non-conventional component, characterized by its ultimate and proximate analyses, as shown in Table 1.



PS was modeled to accurately represent its thermal and physical properties using the data obtained from the HCOALGEN and DCOALGEN models for its enthalpy and density. During the simulation, the PR-BM (Peng–Robinson with Boston–Mathias) equation of state was used to handle liquid and gas properties at all stages. This model is particularly well-suited for processes involving hydrocarbons, hydrogen, CO, CO2, and other gas-phase reactions, including gasification, reforming, and methanol synthesis [38,39]. The gasification process in both models was modeled using the RGibbs reactor in Aspen Plus®, which minimizes the Gibbs free energy to predict the equilibrium composition of the syngas stream [39]. The methanol synthesis reactor was modeled using the Equilibrium (REquil) module, which includes user-defined kinetic expressions based on the Arrhenius equation for methanol-forming reactions, such as CO and CO2 hydrogenation and the water–gas shift reaction [40,41]. Some of the key modeling assumptions adopted in this study are provided in Table 1 [42], adapted from widely accepted thermochemical simulation practices.





 





Table 1. Unit operations and Aspen models used [36,38,39,43,44,45,46].






Table 1. Unit operations and Aspen models used [36,38,39,43,44,45,46].





	Process Unit
	Aspen Model
	Description and Parameters





	Crusher
	Crusher
	Polystyrene size reduction

Energy: 180 kWh/ton



	Boiler
	Heater
	Steam generation from water



	Distributor
	Mixer
	Steam distribution to gasifier



	Gasifier
	RYield, RGibbs
	Entrained Flow Gasification;

Temp = 1500 °C; Pressure = 25 bar



	Syngas Cooler
	HeatX
	Cooling of hot syngas



	Reformer
	RGibbs
	Temp = 900 °C; Pressure = 25 bar; Steam flow rate: 240 kg/h; Natural gas (NG) flow rate: 150 kg/h Steam/NG = 1.6



	Mixer
	Mixer
	Combines syngas from gasifier and reformer



	Compressor
	Compressor
	Natural gas compression



	Methanol Reactor
	RPlug
	Cu/ZnO/Al2O3 catalyst; kinetic model;

Temp = 250 °C; P = 25–50 bar



	Flash Drum
	Flash
	Separation of unreacted gases and crude methanol



	Methanol Purification Column
	RadFrac
	Temp: 50 °C, 1 bar









2.2. Modeling Assumptions:


The Aspen Plus® simulations were conducted under steady-state and isothermal conditions. Gasification and reforming processes were modeled using Gibbs free energy minimization, assuming thermodynamic equilibrium, while methanol synthesis was modeled using kinetic expressions. All gases were treated as ideal, and tar formation was neglected with ash assumed to be inert. PS has been modeled as a non-conventional component on dry basis [47], where the composition is provided in Table 2.



The gasifier was considered adiabatic with no external heat losses, and all sulfur in PS was assumed to convert to H2S. The PR-BM property method was used for all gas and hydrocarbon modeling. The METSOLID unit set and MIXNCPSD stream class were employed to handle the PS and ash streams, while HCOALGEN and DCOALGEN models were used to define the thermal and physical properties of PS. The developed Aspen Plus® model for PS gasification was validated by comparing the hydrogen yield results with the literature data reported by Ahmed and Gupta [48]. As shown in Table 3, the model closely reproduces hydrogen concentrations across different gasification temperatures. At 700 °C, the model prediction of hydrogen content (46 mol%) exactly matches the literature value, while at 800 °C and 900 °C, the deviations are within 3%, confirming strong agreement with experimental trends.



Furthermore, the SMR [49] and methanol synthesis [45] sub-models were also validated independently against data available. The reforming model accurately predicted syngas composition trends with variations in steam-to-carbon ratios and reforming temperature, while the methanol synthesis reactor, modeled using a kinetic-based Requil approach, produced methanol concentrations consistent with experimentally observed values under industrially relevant conditions as shown in Table 4.





3. Process Topology and Model Development


3.1. Main Processes Involved in Modeling


Gasification helps turn solid waste such as PS into syngas, which is a combination of hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2) and methane (CH4). Hydrogen production is encouraged by endothermic reactions involving steam as the gasifying agent. With Aspen Plus®, the RYield reactor is used for breaking PS into its elements, and then the RGibbs reactor predicts the product composition according to Gibbs free energy. This approach enables reactors to operate at the same high temperature as in authentic syngas production. Tar formation is not included here, and it is assumed that ash is inactive. The main gasification reactions [49] are presented below:


H2 + ½ O2 → H2O   ΔH = −242 MJ/kmol



(1)






C(s) + CO2 ← → 2CO  ΔH = +172 MJ/kmol



(2)






C(s) + ½ O2 → CO   ΔH = −111 MJ/kmol



(3)






C(s) + H2O ← → CO + H2   ΔH = +131 MJ/kmol



(4)






CO + ½ O2 → CO2  ΔH = −283 MJ/kmol



(5)







In selected process configurations, SMR is integrated as a supplementary route to boost hydrogen generation. This approach leverages the conversion of methane and other light hydrocarbons in the presence of steam into syngas components, primarily hydrogen and carbon monoxide. The reforming setup includes a pre-reforming step for heavier hydrocarbons, modeled using the RStoic reactor, followed by high-temperature methane reforming using an RGibbs reactor. The reformer operates at 900 °C with a steam-to-methane ratio of 1.5. The key reforming reactions are presented below [49]:


CH4 + 2 O2 → CO2 + 2 H2O   ΔH = −802.54 MJ/kmol



(6)






CH4 + H2O → CO + 3 H2   ΔH = +206.12 MJ/kmol



(7)







Methanol production typically involves four main stages: syngas generation, syngas conditioning, catalytic methanol synthesis, and product purification. The syngas used in this process can be derived from various feedstocks through thermal processes such as gasification and reforming. In the present study, syngas is produced via polystyrene gasification and optionally enhanced through SMR to optimize its composition for methanol synthesis. The conversion of syngas to methanol is carried out through a catalytic reaction over a Cu/ZnO/Al2O3 catalyst, where the hydrogen and carbon oxides in the syngas are selectively transformed into methanol and water. The key chemical reactions (Equations (8)–(14)) governing the methanol synthesis process [50,51] are shown as follows:


  C O + 2   H   2   → C   H   3   O H     ∆ H = −    90.55   k J   m o l     



(8)






  C   O   2   + 3   H   2   → C   H   3   O H +   H   2   O     ∆ H = −    49.47   k J   m o l     



(9)






  C   O   2   +   H   2   → C O +   H   2   O     ∆ H = +    41.47   k J   m o l     



(10)







The information about the reaction kinetics and the rate of reaction and equilibrium constants were calculated and used in the RPlug reactor module. The corresponding equations are given below [38] in Equations (11)–(14). Moreover, the Supplementary Files (Tables S1–S4) provide the detailed reaction kinetics and the information required for Aspen Plus modeling.


    r     C H   3   O H   =      k   1     P   C  O 2      P    H 2      1 −     1     K   1   e q             P     H   2   O     P     C H   3   O H       P     H   2     3     P     C O   2                 1 +   K   3         P    H 2  O       P    H 2        +   K   4      P     H   2      +   K   5     P     H   2   O       3       



(11)






    r   R W G S   =      k   2     p   C  O 2      1 −   K   2   e q         P     H   2   O     P   C O       P     H   2     3     P     C O   2                 1 +   K   3         P     H   2   O       P     H   2         +   K   4      P     H   2      +   K   5     P     H   2   O       3       



(12)






    l o g   10     K   1   e q   =    3066   T    − 10.592  



(13)






    l o g   10     1 / K   2   e q   =    − 2073   T    − 2.029  



(14)








3.2. Process Models for Polystyrene Conversion to Methanol


In this study, two process models were developed using Aspen Plus to convert PS plastic waste into methanol. The first model, referred to as Case 1 (Figure 1), involves stand-alone polystyrene gasification followed by methanol synthesis. In this process, polystyrene is initially crushed and ground to a fine feed, which is then fed into a gasifier along with steam generated in a boiler. Inside the gasifier, the polystyrene undergoes thermochemical conversion, producing a syngas mixture primarily composed of CO, H2, and CO2, while slag is removed as a by-product. The hot syngas is then cooled and directed into a methanol synthesis reactor where it reacts to form methanol and water. The reactor effluent is sent to a flash drum, which separates the unreacted syngas gases from the liquid methanol–water mixture. The gaseous stream is partially recycled back to the methanol reactor to improve conversion, while a purge stream removes excess gases. The liquid stream from the flash drum is further purified in a methanol purification column to obtain high-purity methanol as the top product and water as the bottom product.



The second model, Case 2, is an enhanced version of the base configuration, in which the polystyrene gasification process is integrated with a SMR unit as represented in Figure 2. The key improvement lies in the utilization of the thermal energy available in the hot syngas exiting the gasifier to drive the endothermic reforming reactions, thereby eliminating the need for an external heat source. In this configuration, natural gas and steam are introduced into the reformer, where the heat from the gasifier-derived syngas is used to facilitate the reforming reactions and generate additional syngas. The reformer operates without a separate furnace or combustion unit, relying entirely on heat exchange from the gasification stream. The syngas produced from the gasifier and the syngas generated in the reformer are then mixed and sent together to the methanol synthesis reactor. This integration results in an overall increase in syngas availability, thereby enhancing methanol production while maintaining high thermal efficiency. The subsequent process steps—including syngas cooling, methanol synthesis, flash separation, syngas recycling and purging, and methanol purification—remain identical to those in Case 1. This integrated design not only improves resource utilization but also enhances process sustainability by minimizing external energy demand.





4. Results and Discussion


4.1. Process Analysis in Terms of Composition and Flow Rates


A detailed comparative analysis between Case 1 and Case 2 highlights the significant advantages of integrating SMR with polystyrene gasification, where the stream composition results are presented in Table 5. In Case 1, the process begins with polystyrene and steam entering the gasifier at 100 kg/h and 150 kg/h, respectively. This results in a syngas stream from the gasification unit with a total mass flow of 250 kg/h and mole flow of 22.34 kmol/h, comprising mainly hydrogen (63.3 mol%), carbon monoxide (31.3 mol%), and minor fractions of CO2 (0.6 mol%) and H2O (4.7 mol%). This syngas is cooled and processed in the methanol reactor, generating methanol of almost 85% (mole basis), and the stream is directed to a purification unit where the methanol purity further increases above 99%. In contrast, Case 2 employs the same gasifier but introduces a reforming section that utilizes the thermal energy from the hot syngas to reform methane, significantly boosting syngas output. Here, the combined gasification-reforming section outputs a stream with mass flow of 639.29 kg/h and a mole flow of 62.65 kmol/h. This stream contains slightly enriched hydrogen (66.0 mol%) and reduced CO (24.8 mol%), with higher steam content (7.8 mol%), indicating more complete hydrocarbon conversion. This higher-volume, reformer-enriched syngas enters the methanol synthesis unit, producing a stream of around 75% methanol and 25% of water. After purification, the methanol product reaches 0.996 mole fraction purity with a total output of 16.03 kmol/h, more than double the yield in Case 1. This comparison underscores the impact of process intensification in Case 2, where integrating SMR not only improves syngas volume and composition but also significantly increases methanol throughput. The system maintains high product purity while optimizing internal heat utilization, eliminating the need for external energy inputs in the reformer. As such, Case 2 proves to be a more efficient and productive route for converting polystyrene waste into methanol, offering considerable advantages in terms of process efficiency and material conversion.




4.2. Impact of Gasification Temperature on Syngas Composition for Case 1 and Case 2


Figure 3a,b reveal how changes in gasification temperature influence the syngas fed into the methanol synthesis stage for both cases. In Case 1, which involves stand-alone steam gasification of polystyrene, the composition trends reflect the thermal decomposition behavior of the feedstock and subsequent gas-phase reactions. As gasifier temperature increases from 600 °C to around 1000 °C, there is a sharp increase in H2 mole fraction, reaching a plateau of approximately 0.65, indicating enhanced steam–carbon and water–gas shift reactions. Simultaneously, CH4 content initially increases but declines significantly beyond 800–900 °C due to thermal cracking and reforming reactions. CO concentration shows a steady rise before plateauing, while CO2 and H2O mole fractions drop as they are consumed in endothermic reactions favoring H2 and CO production. In Case 2, the overall trends remain similar, but the mole fractions of key components at the methanol reactor inlet are notably affected by the integration of the SMR unit. Due to additional syngas generated from methane and higher hydrocarbon reforming, hydrogen content is slightly higher across all temperatures, and stabilizes around 0.67 at higher temperatures. The CO mole fraction, although slightly lower than in Case 1, remains relatively steady due to its consumption in reforming and water–gas shift reactions, while the higher H2O content reflects increased steam input for reforming. CH4 levels in Case 2 drop more gradually with temperature, due to its direct consumption in the SMR unit.



The enhanced performance of Case 2 is directly attributed to the SMR unit’s ability to utilize excess thermal energy from gasification to drive additional endothermic reforming reactions, thereby increasing the overall syngas volume and H2:CO ratio. This not only improves the reactant availability for methanol synthesis but also leads to a more thermodynamically favorable feed composition, particularly at higher gasifier temperatures. Overall, the graphs confirm that higher gasification temperatures benefit both process configurations, but Case 2 consistently yields a richer and more voluminous syngas stream, leading to superior methanol production performance.




4.3. Heating Value of Syngas and Its Impact on Overall Methanol Production


The graphs in Figure 4a,b for Case 1 and Case 2 illustrate how gasification temperature affects the higher heating value (HHV) of syngas and the synthesis rate for methanol. The hydrogen-to-carbon ratio (HCR) is used as an indicator of syngas quality and hydrogen availability for methanol production. In Case 1, which involves only polystyrene gasification, all three parameters increase with gasification temperature up to around 1000 °C, beyond which they become nearly constant. The HHV increases with gasification temperature and reaches a nearly constant value at higher temperatures. This trend is attributed to the increased production of hydrogen and carbon monoxide, which enhances the quality of the produced syngas. Similarly, the HCR ratio rises steadily, reaching a maximum HCR of about 2.6, indicating better suitability of the syngas for methanol synthesis. Methanol production follows a parallel trend, reaching a maximum of around 9.5 kmol/h, as the syngas composition becomes more reactive at elevated temperatures.



In Case 2, where SMR is integrated with the gasification process, the enhancements are even more pronounced. The integrated SMR process produces a slightly higher syngas HHV than Case 1, together with a higher hydrogen-to-carbon ratio and methanol production. The HCR ratio increases more significantly than in Case 1, reaching an HCR of approximately 3.5, due to the substantial addition of hydrogen via SMR. The higher HCR indicates improved syngas quality and contributes to enhanced methanol production. Consequently, methanol production in Case 2 surpasses 16 kmol/h, far exceeding that of Case 1, confirming the benefits of process intensification.



Overall, while both cases benefit from higher gasification temperatures, Case 2 clearly outperforms Case 1 across all metrics due to the thermal integration with SMR. The combined process not only boosts the heating value of the syngas but also significantly improves its hydrogen richness and reactivity, resulting in superior methanol yield. These trends validate the effectiveness of incorporating reforming as a strategy to enhance syngas quality and process efficiency in waste-to-chemical systems.




4.4. Impact of Thermodynamic Parameters on Methanol Synthesis


The effects of temperature and pressure on methanol production were evaluated for Case 1 and Case 2 as shown in Figure 5a and Figure 5b, respectively. It has been found that the methanol synthesis rates decline with increasing temperature from 200 °C to 300 °C in both systems because the methanol synthesis reaction is exothermic and thus favors lower temperatures. In contrast, increasing the pressure in the reactor from 20 bar to 30 bar results in increased methanol synthesis by forcing the reaction equilibrium towards the products. Overall, methanol synthesis rates are higher in Case 2 than in Case 1 over all of the investigated operating ranges; this confirms that the presence of an integrated reforming stage has resulted in a greater concentration of hydrogen in the syngas and improved overall conversion efficiencies.



Figure 5c shows the influence of the steam-to-polystyrene (H2O/PS) ratio on methanol production for both of the two studied processes. For each of these processes, increasing the H2O/PS ratio is expected to increase methanol production because it will encourage the steam gasification reaction; this will lead to increased hydrogen availability and better syngas for methanol synthesis. The increase in methanol production with respect to the H2O/PS ratio from 0.5 to 1.5 is significant. Further increases in steam supply beyond an H2O/PS ratio of 1.5 are found to be negligible; therefore, the gasification reaction has reached equilibrium and excess steam is not expected to improve syngas quality. Consequently, throughout the entire examined range of ratios, Case 2 produces more methanol than Case 1 due to the additional hydrogen generated via the SMR unit.





5. Technical and Economic Assessment


5.1. Technical Analysis (Energy and Exergy)


The technical comparison between Case 1 (base case) and Case 2 (integrated reforming case) reveals substantial improvements in overall performance with process integration. Both cases utilize the same amount of polystyrene feedstock (100 kg/h), but Case 2 incorporates an additional 150 kg/h of natural gas into the reformer, enabling a significant increase in product output. As a result, methanol production in Case 2 reaches 512.96 kg/h, more than double that of Case 1 (222.53 kg/h). The major thermal duties associated with the gasification, reforming, and methanol synthesis sections are summarized in Table 6. These duties were evaluated using Aspen Energy Analyzer during the utility analysis, where the thermal energy available within the process streams was accounted for in the estimation of heating and cooling requirements. Consequently, the reported utility demands reflect the process-level heat integration considered in the present study.



The following Equations (15)–(18) present the energy characteristics of the gasification and methanol synthesis processes [39]. Cold gas efficiency (Equation (15)) describes how much of the feedstock’s chemical energy is converted into product gas; it is an indication of the gasifier’s conversion efficiency.


  C o l d   G a s   E f f i c i e n c y   ( % ) =    H e a t i n g   V a l u e   o f   P r o d u c e d   G a s   ( M J / k g )   H e a t i n g   V a l u e   o f   F e e d s t o c k s   ( M J / k g )      ( % )  



(15)







Gas thermal energy (Equation (16)) defines the amount of thermal energy in the produced syngas as the LHV (lower heating value) times the mass flow rate of the syngas.


  G a s   T h e r m a l   E n e r g y = G a s   L H V      k J   k g      × P r o d u e d   S y n g a s      k g   s       



(16)







The total energy input (Equation (17)) indicates the total amount of energy required for the entire process (hot and cold) to operate.


  T o t a l   C o n s u m e d   E n e r g y   k W t h   = H o t   U t i l i t y   k W t h   + C o l d   U t i l i t y   ( k W t h )  



(17)







Process efficiency (Equation (18)) is the ratio of the thermal energy in the methanol to the sum of the energy in the feedstocks plus the utility energy input; this equation provides a comprehensive measure of the entire system’s ability to convert energy. The reported process efficiencies represent the overall process performance. The total energy input includes the energy from all feedstocks, including natural gas in Case 2, together with the utility requirements.


  P r o c e s s   E f f i c i e n c y     M e O H   n e t     =    M e O H   T h e r m a l   E n e r g y   k W t h     F e e d   T h e r m a l   E n e r g y   k W t h   + E n e r g y   C o n s u m e d   ( k W t h )    × 100 %  



(18)







This is directly linked to the enhanced syngas yield and composition resulting from the integration of steam methane reforming. The HHV of the syngas also improves from 24.33 MJ/kg in Case 1 to 25.92 MJ/kg in Case 2, indicating a higher energy content available for downstream chemical conversion. However, this improvement is accompanied by a higher purge stream (22.00 kg/h in Case 2 vs. 4.00 kg/h in Case 1), due to increased inert and unconverted gases from the reformer. Utility consumption also increases, with net utilities rising from 1.40 MWth to 2.88 MWth, and both hot and cold utility demands nearly doubling. Despite this, overall process efficiency improves significantly, from 48% in Case 1 to 81% in Case 2, highlighting the energy integration benefits and improved conversion efficiency in the reforming-assisted design. Table 7 provides the detailed technical analysis for both cases in terms of process efficiency and exergy efficiency. Although steam methane reforming improves methanol yield and process efficiency, it also introduces additional carbon through natural gas consumption. Therefore, this study focuses on process performance and waste valorization. A detailed life cycle and carbon footprint assessment is beyond the scope of this work and will be considered in future studies.



The exergy analysis offers critical insight into the thermodynamic performance of both configurations. Equations (19)–(25) provide a definition of the exergy analysis methodology, which evaluates the quality and potential usefulness of energy within the system. Physical exergy (Equation (19)) represents the portion of energy that deviates from the environment in terms of temperature and pressure.


  P h y s i c a l   E x e r g y =   E X   p h   =   h −   h   0     −   T   0     s −   s   0      



(19)







Chemical exergy (Equation (20)) quantifies the inherent chemical potential of each species; this can be calculated based on the mole fractions and the standard state exergies.


  C h e m i c a l   E x e r g y =   E X   c h   =   ∑  i      x   i     E X   c h , i     + R   T   0     ∑  i      x   i   l n   x   i      



(20)







Kinetic and potential exergies (Equations (12)–(21)), are typically negligible; however, they are included for completeness.


  K i n e t i c   E x e r g y =   E X   k   =      v   2     2     



(21)






  P o t e n t i a l   E x e r g y =   E X   p   = g z  



(22)







Total exergy (Equation (23)) is the sum of all the individual exergy components. Exergy destruction (Equation (24)) is a representation of the irreversibility in the process. Lastly, the exergy efficiency (Equation (25)) is the ratio of the useful exergy output to the total exergy input; this provides a primary measure of the overall thermodynamic performance and the effectiveness of resource use.


  T o t a l   e x e r g y =   E X   p h   +   E X   c h   +   E X   k   +   E X   p   ≅   E X   p h   +   E X   c h    



(23)






    E X   d   =   ∑  i      E X   i , i n     −   ∑  i      E X   i , o u t     +   ∑  i      1 −      T   0       T   i          Q   i     −   ∑  i      W   i      



(24)






  E x e r g y   E f f e c i e n c y =      ∑  i      E X   i , o u t         ∑  i      E X   i , i n     +   ∑  i      1 −     T   0       T   i         Q   i     −   ∑  i      W   i        × 100 %  



(25)







In Case 2, the total exergy input increases to 4438.13 kW due to the addition of natural gas and higher thermal loads, compared to 2350.16 kW in Case 1. However, the exergy output in Case 2 also rises to 3250.93 kW, from 1409.36 kW in Case 1, leading to a marked improvement in overall exergy efficiency from 60% (Case 1) to 73% (Case 2). This clearly indicates more effective utilization of input exergy in the integrated system, despite higher energy demands. As illustrated in Figure 6, the reformer in Case 2 exhibits higher exergy efficiency than the gasifier, reflecting its better thermodynamic performance and cleaner reaction pathway. While the methanol synthesis unit in Case 2 shows a slight drop in exergy efficiency compared to Case 1, due to larger gas volumes and associated irreversibility, the overall processing efficiency is highest in Case 2, confirming the benefit of thermal integration and reforming. These findings validate that the inclusion of a reformer not only enhances chemical conversion but also improves the second-law (exergy) efficiency of the entire system.




5.2. Carbon Conversion and CO2 Emissions


The Carbon Conversion Efficiency (CCE), the efficiency at which carbon from waste is converted into methanol for each configuration, was also used to compare the two configurations. The CCE is defined as the amount of carbon recovered in methanol divided by the total amount of carbon supplied via the feedstock as represented in Equation (26).


  C C E =    C a r b o n   i n   M e t h a n o l   P r o d u c t   C a r b o n   i n   C a r b o n a c e o u s   F e e d     × 100   



(26)







Table 8 presents a summary of the results for the conversion of carbon as well as the amount of CO2 emitted. The increase in carbon conversion rate, from 90.4% (Case 1) to 94.0% (Case 2), shows that the combined system is more efficient with regard to carbon utilization. The hydrogen generated through the SMR, in addition to being utilized for methanol synthesis, therefore enables an improvement in carbon conversion. Nevertheless, due to the consumption of natural gas in Case 2, there will be a greater amount of specific CO2 emissions. Overall, Case 2 has both a better carbon utilization and improved overall efficiency of the process; however, this comes at the price of an increase in CO2 emissions.




5.3. Process Economic Analysis


The overall investment needed to set up a chemical process plant is categorized into two main segments: capital expenditure (CAPEX) and operating expenditure (OPEX). CAPEX refers to the initial financial outlay required to construct the plant, covering the cost of acquiring and installing equipment along with the development of necessary infrastructure such as material handling systems, utility networks, control instrumentation, and safety mechanisms. These costs are influenced by several factors, including the plant size and capacity, feedstock type, process complexity, and target efficiency. Some of the economic assumptions considered in this study are listed in Table 9.



In this study, individual equipment costs were estimated using the power law of capacity, as described in Equation (27), where the capacity factor is assumed to be 0.9. The updated equipment costs were further adjusted using the Chemical Engineering Plant Cost Index (CEPCI), with a base year index of 850 (2025).


    C o s t   N e w   =   C o s t   O l d   ×          C a p a c i t y   N e w       C a p a c i t y   O l d          x   ×      C E P C I   N e w       C E P C I   O l d       



(27)







Equation (28) empirically relates the estimated number of operating laborers (NOL) to the total number of major process units (Nnp) in the plant. This correlation helps to estimate the number of people required to perform work, considering both the size of the plant and its operational complexity.


    N   O L   =     6.29 + 0.23   N   n p       0.5    



(28)







Equation (29) calculates the methanol production cost ($/kg) by dividing the total annualized costs, consisting of CAPEX and OPEX, by the hydrogen output. By providing a normalized unit-cost metric, it enables comparisons of the relative economic merits of different process configurations or technologies.


  M e t h a n o l   P r o d u c t i o n   C o s t      $   k g      =    D i s t r i b u t e d   C A P E X   a n d   O P E X   $ / y e a r     M e t h a n o l   P r o d u c t i o n   k g / y e a r       



(29)







This method allows cost scaling based on changes in equipment size and inflation-adjusted indices: on the other hand, OPEX refers to the annual recurring costs required to operate the plant. This includes raw material consumption (e.g., natural gas, water, catalyst), utilities (hot and cold energy services), labor, maintenance, waste disposal, and logistics such as feedstock handling or transport. These operational costs are typically estimated on an annual basis and directly impact the economic feasibility and payback period of the project. In this study, OPEX accounts for variations in resource demands and process scale between Case 1 and Case 2, providing a realistic assessment of long-term plant performance. The economic analysis highlights the trade-offs between investment cost and production efficiency for both cases. The results of the economic analysis for both cases are provided in Table 10. Case 1, which utilizes only polystyrene gasification, has a lower CAPEX of 1.836 million USD, while Case 2, incorporating a reforming unit, has a higher CAPEX of 2.534 million USD. This increase is primarily attributed to the additional reforming unit cost (0.503 million USD) and expanded methanol synthesis capacity (0.408 vs. 0.213 million USD). After accounting for contingency (15%) and permitting (5%), the total CAPEX rises to 2.534 million USD for Case 2, compared to 1.836 million USD for Case 1.



In terms of OPEX, Case 2 incurs higher annual costs of 2.055 million USD, versus 1.780 million USD in Case 1. This increase is driven by the consumption of natural gas (0.189 million USD/year) and the cost of the SMR catalyst (0.062 million USD/year) in Case 2. Water consumption and maintenance costs also increase slightly due to higher processing loads, while other items such as waste disposal, palm waste collection, and labor remain consistent across both cases. Despite the higher capital and operating costs, Case 2 demonstrates a significantly better economic performance in terms of methanol output and unit production cost. The methanol production rate more than doubles, increasing from 222.53 kg/h in Case 1 to 512.96 kg/h in Case 2. This results in a dramatic reduction in production cost from 1.001 USD/kg in Case 1 to 0.505 USD/kg in Case 2, making the integrated process not only more productive but also more cost-efficient. The annualized cost of CAPEX and OPEX, though higher in Case 2 (2.156 million USD vs. 1.853 million USD), is offset by the substantial increase in methanol yield, improving the overall economic viability.



A sensitivity analysis was conducted using a ±20% variation for the natural gas price, electricity costs and CEPCI to assess the robustness of the economic evaluation. The results in Table 11 indicate that the natural gas price has the largest effect on methanol production cost in Case 2 with an integrated SMR unit, as compared to electricity costs and CEPCI. In general, both the integrated and stand-alone gasification processes remain economically viable. However, when comparing the two methods, it is apparent that the integrated process is less expensive than the stand-alone method.





6. Comparison of Current Study with the Literature


Table 12 provides a comparison of the current work with other processes for methanol and hydrogen production based on different feedstock materials and also using different gasification technologies, as well as how the current polystyrene gasification and SMR hybridized technology compares to others. It is clear that the hybridized polystyrene gasification and SMR technology studied here demonstrates one of the most efficient processes and least expensive ways to produce methanol (0.505 $/kg) when compared to recent studies. In contrast, the use of polystyrene gasification alone produced an overall efficiency of 48% and had a cost of 1.001 $/kg to produce methanol. Overall efficiencies for plastic feedstock systems, including polyethylene/polypropylene co-gasification, are around 64–76%, and production costs are between 0.30 and 0.70 $/kg. Also, the natural gas reforming to methanol processes have an efficiency of around 71% and production cost of 0.31 $/kg. As indicated in these comparisons, the integration of SMR and polystyrene gasification can significantly improve hydrogen generation, enhance syngas quality, and provide better thermal and economic performance than either of the stand-alone systems.



Barriers and Way Forward


Despite promising results, this work represents a preliminary steady state techno-economic and thermodynamic assessment based on equilibrium modeling assumptions. Aspen Plus models have been validated against published experimental and industrial data, but practical systems may face kinetic limitations, catalyst deactivation and deviations from ideal equilibrium behavior too. Impurities and contaminants in waste polystyrene feedstock can also affect performance and quality of syngas. Operational challenges such as handling feedstock, reactor stability and heat management are important for implementation at the industrial scale. Startup/shutdown details, load fluctuations, mixed-feed variability, optimization of heat exchanger networks, recovery of byproducts and life cycle environmental assessment were beyond the scope of this study. Nevertheless, this work lays a strong foundation for future laboratory, pilot and industrial studies that will optimize processes, evaluate environments, and upscale towards commercialization.





7. Conclusions


The comparative study between Case 1 (gasification only) and Case 2 (gasification integrated with steam methane reforming) highlights several key distinctions in technical and economic performance. Some of the key outcomes are listed as follows:




	
Case 2 demonstrated significantly enhanced syngas production, increasing the flow from 22.34 kmol/h in Case 1 to 62.65 kmol/h. This improvement is attributed to the addition of a steam methane reforming unit, which effectively utilized waste heat from the gasifier to generate extra syngas without external heating.



	
The methanol production rate in Case 2 more than doubled, rising from 222.53 kg/h in Case 1 to 512.96 kg/h. This increase was a direct result of the higher availability of hydrogen and improved syngas quality.



	
Process efficiency improved markedly, with Case 2 achieving 81% efficiency compared to 48% in Case 1. Similarly, exergy efficiency rose from 60% to 73%, reflecting better energy utilization and lower system irreversibility.



	
Although Case 2 required more utilities and natural gas input, leading to a higher total energy demand (2.88 MWth vs. 1.40 MWth), the output gains justified the increase, making the system more productive and thermodynamically favorable.



	
The capital expenditure (CAPEX) for Case 2 was higher at 2.534 M$ compared to 1.836 M$ in Case 1, due to additional equipment like the reformer and larger methanol synthesis capacity. Likewise, OPEX increased slightly due to natural gas and catalyst costs.



	
Despite the higher investment, Case 2 delivered a significantly lower methanol production cost of 0.505$/kg, compared to 1.001$/kg in Case 1, proving to be more economically viable in terms of long-term operation and product value.








The integration of SMR with gasification not only increased process outputs but also improved energy integration by using internal heat, reducing the need for external energy and making the overall system more sustainable and scalable. These results confirm that integrating steam methane reforming with polystyrene gasification is a highly effective strategy to enhance methanol production, offering substantial technical and economic benefits over conventional gasification-based configurations.
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Abbreviations




	Abbreviation
	Details



	CAPEX
	Capital expenditure



	CEPCI
	Chemical Engineering Plant Cost Index



	GHG
	Greenhouse gas



	HCR
	Hydrogen to Carbon Ratio



	HHV
	Heating value of the syngas



	IPCC
	Intergovernmental Panel on Climate Change



	MEOH
	Methanol



	MPW
	Mixed Plastic Waste



	MSW
	Municipal solid waste



	MTBE
	Methyl tert-butyl ether



	MTG
	Methanol-to-gasoline



	MW
	Municipal waste



	OPEX
	Operational expenditure



	PR
	Peng Robinson



	PS
	Polystyrene



	REQUIL
	Equilibrium Reactor in Aspen



	SMR
	Steam Methane Reforming



	TEA
	Techno-Economic Assessment



	USD
	United States Dollar
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Figure 1. Polystyrene gasification model for methanol production (Case 1). 
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Figure 2. Integrated polystyrene gasification and reforming models for methanol production (Case 2). 
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Figure 3. (a) Syngas composition as a function of gasifier temperature (Case 1). (b) Syngas composition as a function of gasifier temperature (Case 2). 
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Figure 4. (a) Case 1: Impact of gasifier temp on HHV, HCR and MeOH production. (b) Case 2: Impact of gasifier temp on HHV, HCR and MeOH production. 
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Figure 5. (a) Impact of methanol reactor temperature on MeOH production for Case 1 and Case 2. (b) Impact of methanol reactor pressure on MeOH production for Case 1 and Case 2. (c) Impact of steam to PS ratio on MeOH production for Case 1 and Case 2. 
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Figure 6. Exergy efficiency of main processing units for both cases. 
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Table 2. Composition of polystyrene.






Table 2. Composition of polystyrene.





	
Polystyrene Composition (wt%)






	
Proximate analysis (as-received basis)




	
Moisture

	
0.09




	
Volatile

	
99.814




	
Fixed carbon

	
0.071




	
Ash

	
0.025




	
HHV (MJ/kg)

	
40.985




	
Ultimate analysis (ash-free basis)




	
C

	
92.285




	
H

	
7.715




	
N

	
0.0




	
O

	
0.0




	
Ash

	
0.0











 





Table 3. Validation of polystyrene gasification.
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	Temperature (°C)
	H2 (mol%) [48]
	H2 (mol%)—Model
	Difference





	700
	46%
	46%
	0%



	800
	56%
	53%
	3.0%



	900
	56%
	54%
	2.0%










 





Table 4. Validation of reforming and methanol models.






Table 4. Validation of reforming and methanol models.





	
Reformer






	

	
Reference [49]

	
Simulation




	
T [°C]

	
1040

	
1040




	
P [Mpa]

	
3.2

	
3.2




	
CH4

	
0.01

	
0.02




	
H2O

	
0.07

	
0.08




	
CO

	
0.47

	
0.46




	
H2

	
0.38

	
0.37




	
CO2

	
0.06

	
0.05




	
Others

	
0.01

	
0.02




	
Methanol




	

	
Reference [45]

	
Simulation




	
T [°C]

	
255

	
255




	
P [bar]

	
82

	
82




	
Flow Rate (kmol/h)

	
36,477

	
36,456




	
CH3OH

	
0.08

	
0.08




	
H2O

	
0.02

	
0.02




	
CO2

	
0.02

	
0.02




	
H2

	
0.87

	
0.87




	
CO

	
0.01

	
0.01











 





Table 5. Stream composition for PS conversion to methanol.
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Case 1/2

	
Case 1/2

	
Case 1/2

	
Case 2

	
Case 1

	
Case 2

	
Case 1

	
Case 2




	

	
PS

	
Steam

	
Gasification Unit

	
Gasification and Reforming

	
Methanol Unit

	
Methanol Unit

	
Purification Unit

	
Purification Unit






	
Temp (ºC)

	
25.00

	
300.00

	
1500.00

	
565.00

	
25.00

	
25.00

	
35.00

	
35.00




	
Pressure (bar)

	
1.00

	
1.00

	
25.00

	
25.00

	
25.00

	
25.00

	
1.00

	
1.00




	
Mass Flow (kg/h)

	
100.00

	
150.00

	
250.00

	
639.29

	
249.85

	
616.72

	
222.53

	
512.96




	
Mole Flow (kmol/h)

	
-

	
8.00

	
22.34

	
62.65

	
8.28

	
21.68

	
6.99

	
16.03




	
Mole Fraction

	

	

	

	

	

	

	

	




	
H2

	
0.000

	
0.000

	
0.633

	
0.660

	
0.006

	
0.001

	
0.000

	
0.000




	
CO

	
0.000

	
0.000

	
0.313

	
0.248

	
0.000

	
0.000

	
0.000

	
0.000




	
CO2

	
0.000

	
0.000

	
0.006

	
0.010

	
0.013

	
0.000

	
0.000

	
0.000




	
H2O

	
0.000

	
1.000

	
0.047

	
0.078

	
0.130

	
0.255

	
0.002

	
0.004




	
N2

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.000

	
0.000

	
0.000




	
MeOH

	
0.000

	
0.000

	
0.000

	
0.000

	
0.849

	
0.745

	
0.993

	
0.996




	
Solids

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Others

	
0.000

	
0.000

	
0.000

	
0.002

	
0.002

	
0.000

	
0.005

	
0.000











 





Table 6. Process-level thermal integration strategy.






Table 6. Process-level thermal integration strategy.





	Process Unit
	Thermal Characteristic
	Thermal Duty (kWth)
	Description





	Gasification Section
	Major High-Temperature Energy Zone
	661.064
	High-temperature syngas generation



	Reformer Section
	Major Heat Demand Zone
	450.607
	Endothermic reforming reactions



	Methanol Section
	Recoverable Heat Source
	438.566
	Exothermic methanol synthesis










 





Table 7. Technical assessment of processes.
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Technical Analysis




	

	
Unit

	
Case 1

	
Case 2






	
Polystyrene

	
kg/h

	
100

	
100




	
Natural Gas

	
kg/h

	
0

	
150




	
Methanol Production

	
kg/h

	
222.53

	
512.96




	
HHV Syngas

	
MJ/kg

	
24.33

	
25.92




	
Purge Stream

	
kg/h

	
4.00

	
22.00




	
Hot Utilities

	
MWth

	
0.76

	
2.06




	
Cold Utilities

	
MWth

	
0.64

	
0.82




	
Net Utilities

	
MWth

	
1.40

	
2.88




	
Process Efficiency

	
%

	
48%

	
81%




	
Exergy In

	
kWth

	
2350.16

	
4438.13




	
Exergy Out

	
kWth

	
1409.36

	
3250.93




	
Exergy Efficiency

	
%

	
60%

	
73%











 





Table 8. Carbon conversion for Case 1 and Case 2.
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	Parameter
	Unit
	Case 1
	Case 2





	Carbon in feed
	kmol C/h
	7.69
	17.04



	Carbon in methanol
	kmol C/h
	6.95
	16.01



	Carbon Conversion Efficiency
	%
	90.4
	94.0



	Specific Carbon Emissions
	kg CO2/kg Methanol
	3.53
	7.52










 





Table 9. The assumptions for economic analysis [36,38,43,52,53,54,55].
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Economic Assumptions






	
Waste Plastics Collection ($/kg)

	
0.05




	
Natural Gas ($/GJ)

	
~5




	
Waste Disposal ($/ton)

	
10




	
Plant Life (Years)

	
30




	
Electricity Cost

	
0.05 $/kWh




	
Maintenance (% from Equipment cost)

	
3.5




	
Offsite Unit and Utilities (25% from Equipment cost)

	
25




	
Contingency Cost (15% from Equipment cost)

	
15




	
Permitting (5% from Equipment cost)

	
5




	
Labor Cost $/Person

	
45,000




	
Taxation Rate (%)

	
0.15




	
CEPCI

	
850




	
x

	
0.90











 





Table 10. CAPEX and OPEX estimation.
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CAPEX




	
Equipment

	
Unit

	
Case 1

	
Case 2




	
Solid Handling Facility

	
MM$

	
0.078

	
0.078




	
Gasification Unit

	
MM$

	
1.545

	
1.545




	
Reforming

	
MM$

	
0.000

	
0.503




	
Methanol Unit

	
MM$

	
0.213

	
0.408




	
Total

	
MM$

	
1.836

	
2.534




	
Contingency (15%)

	
MM$

	
0.275

	
0.380




	
Permitting (5%)

	
MM$

	
0.092

	
0.127




	
OPEX




	
Natural Gas

	
MM$/yr

	
0.000

	
0.189




	
Water

	
MM$/yr

	
0.003

	
0.008




	
Reforming (SMR) Catalyst

	
MM$/yr

	
0.000

	
0.062




	
Waste Disposal

	
MM$/yr

	
0.009

	
0.009




	
Polystyrene Waste (Collection)

	
MM$/yr

	
0.042

	
0.042




	
Maintenance (2%)

	
MM$/yr

	
0.037

	
0.051




	
Labor

	
MM$/yr

	
1.689

	
1.694




	
Total

	
MM$/yr

	
1.780

	
2.055




	
Key Economic Indicators




	
Methanol Production

	
kg/h

	
222.527

	
512.961




	
Life of Plant (years)

	
yr

	
30

	
30




	
Annual Cost for CAPEX and OPEX

	
MM$/yr

	
1.853

	
2.156




	
Taxation

	
%

	
15

	
15




	
Production cost ($/kg)

	
USD/kg

	
1.001

	
0.505




	
Economic Indicator




	
Annual Revenue

	
MM$/yr

	
2.136

	
4.925




	
Annual Cash Flow

	
MM$/yr

	
0.312

	
2.452




	
NPV

	
MM$

	
1.11

	
14




	
IRR

	
%

	
16.3

	
55




	
Payback Period

	
yr

	
5.88

	
2.0











 





Table 11. Impact of some economic parameters on the methanol production cost.
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	Parameter
	Variation
	Case 1 ($/kg)
	Case 2 ($/kg)





	Base Case
	–
	1.001
	0.505



	Natural gas price
	−20%
	1.001
	0.497



	Natural gas price
	+20%
	1.001
	0.513



	Electricity cost
	−20%
	0.997
	0.503



	Electricity cost
	+20%
	1.005
	0.507



	CEPCI
	−20%
	0.993
	0.501



	CEPCI
	+20%
	1.009
	0.509










 





Table 12. Comparison of this study with the literature.






Table 12. Comparison of this study with the literature.





	Feedstock and Process Description
	Product
	Efficiency (%)
	Cost ($/kg)
	Reference





	Polystyrene gasification
	Methanol
	48%
	1.001
	This study



	Polystyrene gasification and Methane Reforming Integration
	Methanol
	81%
	0.505
	This study



	Polyethylene and Polypropylene Co-Gasification
	Methanol and Hydrogen
	73%
	0.62
	[43]



	Polyethylene and Polypropylene Co-Gasification and Integration with SMR
	Methanol and Hydrogen
	76%
	0.30
	[43]



	Waste Expanded Polystyrene (EPS)
	Methanol
	-
	0.51–2.31
	[56]



	Mixed Plastic Waste
	Methanol
	64.2%
	0.70
	[24]



	Polyethylene Plastic Waste
	Methanol, Heat and Power
	64.2%
	0.7
	[57]



	Mixed Plastic Waste
	Methanol
	-
	0.7
	[58]



	Coal with steam gasification
	Methanol and Hydrogen
	63.2%
	0.33
	[38]



	Coal with steam gasification and integration with SMR
	Methanol and Hydrogen
	70%
	0.27
	[38]



	Vacuum Residue (Sweet Shift)
	Methanol
	47.9%
	0.37
	[44]



	Vacuum Residue (Sour Shift)
	Methanol
	49.5%
	0.40
	[44]



	Natural Gas
	Methanol
	71.0%
	0.31
	[59]



	Electrolysis and Mono-ethanol amine for CO2 capture
	Methanol
	36%
	0.84
	[60]
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