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The recent tremendous need for hydrogen as a clean fuel has grabbed the attention to offer 

alternatives for hydrogen production. Methanol is also considered a very essential chemical 

for synthesis of several fuels, and chemical products. Plastic wastes are among the 

alternatives to produce hydrogen and methanol, because of their high heating value, 

availability, and their drastic impacts to the environment. Polyethylene (PE) and 

polypropylene (PP) have the highest portion of worldwide produced plastic wastes. 

Therefore, we produced hydrogen and methanol from plastic wastes (i.e., PE and PP) via 

steam gasification process using Aspen Plus ® software. The syngas composition from 

steam gasification was validated with several results from the literature. Our first model 

(Case 1) is to produce hydrogen from waste plastics. The second model (Case 2) involves 

steam methane reforming (SMR). In this approach, the syngas at the outlet of plastic 

gasification is integrated energetically with the SMR inlet feed. Then, the syngas produced 

from the two processes are mixed and further processed to get pure hydrogen. The third 

approach (Case 3) is like Case 1; however, syngas is introduced to methanol production 

unit and the unreacted gases are further processed to produce pure hydrogen (Case 3). The 

final model is Case 4 which entails the integration of plastic gasification and SMR, 

however, with the production of methanol.  The main processes involved in the study are 

water gas shift unit (WGS), SMR, methanol production, and acid gas removal (AGR). The 



xv 

 

aim of WGS is to maximize the hydrogen production by converting the carbon monoxide 

to hydrogen and CO2. Then, Gas cleaning has been implemented to capture CO₂ and H₂S. 

Extensive sensitivity analysis was conducted seeking the optimal operational conditions. 

Case 1 is considered as a conventional case in producing hydrogen. Case 2 is the 

alternative; potentially promising case and it was compared with Case 1. Similarly, Case 3 

was assessed with Case 4. The energy and economic analysis were conducted; however, 

the main key parameters in the study were the GHG emissions, hydrogen production rate, 

overall energy efficiency, and fuel production cost. The implementation of Case 2 

enhanced the hydrogen production rate by 5.6%. Additionally, the overall process 

efficiency was improved by 6.43%. The CO2 specific emissions were reduced by 1.0%. 

Ultimately, the hydrogen lifetime production cost was reduced by 29%. On the other hand, 

the results from Case 4 were promising than Case 3. Thoroughly, the overall process 

efficiency of Case 4 was higher than Case 3 by 9.0%. The levelized fuel (H2 and methanol) 

production cost was improved in Case 4 by 51.83%. Therefore, plastic thermochemical 

recycling via steam gasification coupled with SMR is economically feasible either to 

produce hydrogen or methanol. Additionally, the integrated case is more convenient than 

the conventional case because it efficiently utilizes the energy and significantly reduces the 

fuel production cost.  

Keywords: Gasification; Reforming; Waste Plastic; Methanol production; GHG 

Emissions 
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كوقببببوي  ليببببن لرببببة ال لببببان ائببببو  لل  بببب   بببب  ابببب الي  ال يبببب ن  ي الطلببببه ال الببببي اللى ا بببب   لبببب  

 عبببب   امبببب ا ببببب  الل ك ببببا  أ ضببببا الليلببببا و   لل يبببب ن  ي إضببببالى البببب  البليببببى ال  بببب    .لإ ىا بببب 

 ال يلياليببببى الضبببب  ن ى  الىببببل  ل بببب  ببببب  دةل ببببا يببببيا ى بببببواي    بببب    ا  أبليببببى  قيلببببى  اليببببى.

لإ ىببببباي ال يببببب ن  ي   الليلبببببا و  لد ال ةسبببببىيس بو بببببوي ال ةسبببببىيس الل بببببىم ز اببببب  ة بليببببب ا    ببببب عى 

ا لببب      ىبببوم  لببب  بمببب  د  بببالل   ببب يا بببب  ال ببب ان   لد  ببب ز بعال ىببب   إ ببباي   ببب       ى ببب ه 

 لبببلةد ال لببب  اسبببىم ابا بببب  ابببي  كبببي  اببب  الي   ابببوللابببولل اييلبببي   لبببل كبببوانر لل لببب  ى  لل ي بببى.

. الليببببب   كيلياليبببببىأ بببببوالا ال ةسبببببىيس. لبببببرلس قليبببببا اادىيانبلبببببا كللللبببببي  لل ةسبببببىيس لعلليبببببى الىببببب     

 لإ ىببببايال الببببى اا ىياي ببببى  بللببببةال لبببب   ال ناسببببى. لإي ببببا  لعاليببببى ل   يببببا PLUS ASPEN  ببببىم ز

  ىال يبببا . بببب  يبببا قان بببا لليبببى الىزبببو   لئببب  اسبببىم بيا لي بببا بببب  ال ةسبببىيس ال يببب ن  ي   الليلبببا و  

 ال ناسببببىب بببب لى لببببل يناسببببا  سبببباائى   ببببا الى ئببببا ببببب  أد  ىال يببببا يبببب ي ى بطاائببببى للواقبببب . ايىببببال  

 اللا يببببى أ ى يببببا لي ببببا ال يبببب ن  ي   الليلببببا و  ببببب  ال ةسببببىيس  ببببب  الزببببا  الط يعببببل اببببير  الوقببببة

الى بببر ه لىزبببو   ال بببا    ال مبببان   لليبببى  بلبببا  لليبببى ا الزبببا  اايبببطيا للإ ىببباي   لليىبببي )يب يبببا 

ال بببب   ببببب  ال ناسببببى اللا يببببى اسببببىزة  كليببببى ال بببب ان  ال  يبببب    (.أ ضببببا ال يلببببا م ال ببببا    ال مببببان

 ال ناسببببىي لببببل كببببة  اليا  بببى  بببب   لليببببى الىزببببو    اسبببىم اب ا لببببل   ببببمي  الزببببا  الط يعبببل البببب ادي. 

ك   ىيبببب  ال بببب ن  ي  ق ببببي يببببيا ى الليلببببا و  اد ببببب  الزببببا  اايببببطيا ل   يئيىبببب    ئببببوز العال ببببى

 ىيبببب  ال ببب ن  ي .  اعببب  يببببيا ى الليلبببا و   ئبببوز العال ببببى ب رببب  يبببيا ى الليلببببا و  م بببا   ببب ا ل   

 يبببا ل  بيببب ن  ي بببب  ا   أك بببي  ال ببباناود الببب   لببببا ائببب بببب  الزبببا  اايبببطيا ل اى و بببي  لببببا ائببب 

أك ببببي  ال  اببببود اااسببببىعا ى اال مببببان.  أديبببب ا  ئببببوز ار ببببي يببببا ل أك ببببي  ال  اببببود  بببب  ال بببب ن  ي  

ل بببب ن  ي   الليلببببا و  اببببير  الوقببببة ا ناسببببىي  ااسببببىم از  لليببببى اابى ببببا . اببببرلس   ببببود يببببيعيا ا

 ربببب  الببببب  ل ئيببببا   لبببب  ال ناسببببىي  ل بببب  لئبببب  ل ببببيا ى ال بببب ن  ي  ببببب  ي د إضببببالى بمىلرىببببي . 

بببب  دةل بببا يبببيعيا ال ببب ن  ي   1 لليبببى يبببيا ى الليلبببا و  لبببرلس   بببود بعيبببا أناببب  مببباا . ال البببى 

يب يبببا  لليىبببل الىزبببو     لليبببى  2ل البببى   ببب   لليبببى الىزبببو   اللعبببال  اال مبببان. ا سال ةسبببىيلئببب  بببب  

أ ى يببببا ال بببب ن  ي   الليلببببا و  اببببير  الوقببببة  3الى ببببر ه ال يلببببا م  أ ى يببببا ال بببب ن  ي  لئبببب . ال الببببى 

أ ى يببببا ال بببب ن  ي   الليلببببا و  ببببب  ال ةسببببىيس  ببببب  الزببببا   4 ال الببببىل بببب  ببببب  ال ةسببببىيس لئبببب . 

يبببا ل أك بببي  ال ببباناود الليى بببى  البببى  ا قليبببا ال ا بببا  ال بببيط    لببب  كليبببى الط يعبببل ابببير  الوقبببة. 

العلليبببى كا بببة أ لببب  لبببل  ال ربببا  أ ضبببا  .3  1بئان بببى    4 ال البببى  2لي بببا  كا بببة أقبببي لبببل ال البببى 

%  واليببببببا. االي بببببب ى للى ليببببببي  12.75  1.82الئبببببب ان  3  1 بببببب  ال ببببببالىي   4 ال الببببببى  2ال الببببببى 

 29لببببل سببببع  ا ىبببباي الوقببببوي الئبببب ان  3  1 لبببب  ال ببببالىي   ا روقبببب  4  2 ال ببببالىي ااقى ببببايم أ  بببب   

 واليبببا. االإضبببالى الببب   لبببس ا ىببباي الوقبببوي لبببل ال ناسبببى اللا يبببى كببباد أكلببب . ال ناسبببى اللا يبببى  51.83% 

ببببب  الياميببببى الإ ىا يببببى  ااقى بببباي ى  ببببب   اميببببى  ئيببببي   ال رببببا  بللببببة  طببببونا ك يبببب ا لببببل أ ضببببا 

 لإ ىببببايال بببب ن  ي   ميبببب ا ا   لإ ىببببايل ناسببببى اللا يببببى سببببوا   ي ببببط اىط يببببا الببببرلس  اسببببىم از الطاقببببى.

يناسببببىيا ااسببببىم از  لببببو ي  ئببببوز ا ببببيا ى الليلببببا و   ال بببب ن  ي  بعببببا. االإب بببباد الإضببببالى  لبببب  

  اا لا و  اير  الط  ئى.
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CHAPTER 1 

INTRODUCTION 

1.1 Energy Demand and Global Warming 

1 The global demand of energy has considerably enlarged during the last few decades 

because of fast industrialization, population increase, and transportation. The 

forecasted energy demand by Global Energy Outlook for the next two decades is 30 % 

increase [1]. Nevertheless, the conventional processes produce appreciable amount of 

CO₂. Therefore, increasing the utilization of those processes increases the carbon 

dioxide emissions up to 415 ppm which would drastically affect human health and 

cause climate change and global warming. The Paris climate change conferenced was 

stated that, the global rise temperature should be controlled below 2 °C till 2050[2]. It 

could be achieved by enhancing the efficiency of processes and by developing 

alternative processes that limit the CO₂ emissions [3] [4]. Consequently, accomplishing 

alternative processes to produce energy with the control of carbon dioxide emissions 

is crucial. One of the alternatives is to utilize the plastic wastes to produce valuable 

products.  

1.2 Plastics Global Issues 

2 Globally, the portion of plastics recycled from 1950-2018 is just 9% out of 6.3 billion 

tons. Additionally, 12% had been burnt [5]. However, the remaining 79% of plastics 

contributes in sever harmful pollutants. Those pollutants have different forms such as 
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Furans, Dioxins, and Mercury. The pollutants are highly hazardous causing climate 

changes, and negatively affecting the environment and marine lives [6][7]. Moreover, 

4-12 million tons of plastics are through to the ocean annually [8]. Hence, many 

countries encouraged recycling the plastics and they established associated regulations 

[9] . Therefore, efficient recycling of plastics to valuable products is essential to save 

the environment and to utilize this huge waste. Several studies confirmed the feasibility 

of plastic recycling [10]–[12].   

3 The recycling process involves four main steps, which are collection, separation, 

manufacture, and marketing [13]. Industrial recycle could be through the direct reuse 

of the plastics, mechanical treatment, or chemical processing (using them as feed stocks 

for various chemical applications) [14]. The most convenient technique in plastic 

recycling is the chemical processing due to the change of plastic properties in the first 

use [15]–[17].  The chemical processing of plastics is classified as a tertiary thermo-

chemical recycle, which could be through chemolysis (homogeneous), or cracking, and 

gasification (heterogeneous) [18]. The cracking could be thermal or catalytic or both 

simultaneously. The chemo-thermal recycling of plastics is one of the applicable 

technologies because it surly produces synthesis gas which could be used in 

synthesizing several valuable chemicals.  

4 Gasification is a process that produces carbon-based gases (CO₂, CO), and hydrogen 

from the conversion of carbon-based materials such as fossil fuels, and biomass [19]. 

The product achieved through a high temperature reaction (> 700℃) using oxygen or 

steam as an auxiliary component (air gasification or steam gasification) for process 

enhancement without combustion [20]–[23]. Steam gasification, air gasification, co-
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gasification, pyrolysis, and plasma gasification are types of the thermal recycling of 

the plastics or any carbon-based feedstock [24]. Pyrolysis is a dry heating of the feed 

in the absence of air [25]. Several studies had investigated the thermal processing of 

plastics via pyrolysis [26]–[31]. Although, the pyrolysis produces syngas completely 

free of tar [32], however, the hydrogen to carbon monoxide ratio is less. Sometimes, it 

considered as the first step in the gasification process because it maximizes the 

conversion of volatile materials (high carbon chain) to a relatively low carbon 

hydrocarbons (<C25) [33]–[36].  Another process is co-gasification which is the mix 

of plastic feed stock with coal or biomass to enhance the gas yield and suppress char 

formation [37]. However, this process increases the tar formation [38]. Air gasification 

produces lower tars, nevertheless, it produces lower hydrogen to carbon monoxide ratio 

[39]. Pure oxygen gasification is very efficient process among the others, however, the 

production of oxygen from air is highly expensive [40]. To effectively produce syngas 

with high H₂/CO ratio in a quite simple process, steam gasification of plastics is the 

optimal option [41].  

5 Production of syngas facilitates the production of energy, and very crucial clean fuels, 

such as hydrogen, methanol, ethanol, DME, LPG, olefins, and gasoline [42]–[44]. 

Modeling the whole journey of plastics to clean fuels under several operational 

conditions is essential to support the industrial applications, and to maximize the clean 

fuel production from a heterogeneous plastic mixture [45]–[48]. A study conducted by 

Antzela, and Ioanna (2018) [49], for the techno economic evaluation of simulation of 

pilot plant about the conversion of plastics into heavy oil through pyrolysis using Aspen 

HYSYS. The production cost of the produced heavy oil was £0.87/kg which is 58% 
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higher than the market price. Thus, they suggest a more sophisticated study for a large-

scale data. Na Deng et al. 2018[50], modeled the municipal solid plastic (MSW) to 

syngas using combined two technologies: pyrolysis (RYield+ RGibbs), and 

gasification (RGibbs). There results showed good agreement with the experimental 

data, where they elected 750 ℃ as the optimal gasification temperature, and gasifying 

agent ratio of 0.4. Furthermore, they economically recommended the use of flue gas 

and steam as gasifying agents. Another study done by Pravin et.al (2012) [51], about 

the conversion of PE (polyethylene) to syngas through pyrolysis then gasification using 

Aspen plus. The results were not validated with an experimental one due to the lack of 

resources, however, they claimed the most convenient temperature, and equivalence 

ratio (ER; steam to fuel ratio) for the pyrolysis unit, which were 0.4-0.6, and 500-

750℃. 

6 Hydrogen has several appealing characteristics such as high energy conversion, 

renewable production, zero emissions, reliability, wide sources, and large storage 

capacity [52][53]. It is considered the cleanest fuel in this century. Hydrogen receives 

great global attentions because it is a raw material for wide industrial processes such 

as ammonia synthesis, water gas shift, and petroleum refinery. The main production 

pathway of hydrogen is from traditional fossil sources with 96% (48 % from natural 

gas, 30% from naphtha reforming, and 18% from coal gasification) [54]. Therefore, 

investigating other alternatives (such as wastes utilization) to produce H₂ is essential. 

The second crucial industrial chemical is methanol. Methanol has great and varied 

industrial applications. It is used as a raw material to produce DME, formaldehyde, 

acetic acid, and MTBE [55]. Additionally, there is a growing trend to be blended with 
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gasoline to enhance the fuel octane number and other properties. It is also used as a 

direct fuel in methanol fuel cell [56]. Moreover, it is utilized in producing olefins and 

polymers via MTO, then polymerization processes [57] .Thus, hydrogen and methanol 

are very crucial fuels, and they need to be abundant to meet the industrial growth via 

alternative technologies. The most promising technology is to utilize the waste plastics 

as stated.  

7 Fivga, and Dimitriou [58], studied the waste plastics to heavy fuel with techno 

economic evaluation. They used a mixed feed of PE, PP, and PS at 530℃, and 1 atm. 

They modeled their work using Aspen HYSYS based on ultimate analysis of the 

plastics. The product of their pyrolysis reactor is basically n-C30, n-C25, n-C18, n-

C14, n-Octane, ethane, and small portion of gases. The remaining solids and gases are 

separated then, pyrolysis liquid fuel is collected. They validated their results with plant 

data, and they did some cost analysis. Generally, the work is promising and has the 

idea of plastic waste to liquid heavy fuel. Another study on plastic waste conversion to 

fuel was conducted by Emad and Vahid [59], which basically on production of 

hydrogen fuel via co-gasification of a mix feed of asphaltene and plastics using Aspen 

Plus. They decomposed the feed on a pyrolysis reactor (RYield), then they used RGibbs 

reactor followed by CSTR to produce syngas. They studied some factors influencing 

the hydrogen production rate which namely are asphaltene to plastic ratio (A/P), 

equivalence ration (ER), and steam to feed ratio (S/F). They found that A/P, and S/F 

have a positive impact on carbon conversion efficiency (CCE). The study provided an 

excellent idea on producing hydrogen from a co-gasification mixture. However, they 

did not produce a pure hydrogen; it was a synthesis gas mixed with acid gases which 



6 

 

need to be removed. Additionally, they need to implement WGS to maximize hydrogen 

production and to suppress the carbon monoxide in the product.  

1.3 Studies on Producing Hydrogen and Methanol from Carbonaceous Feedstock 

8 There are limited studies on the production of hydrogen from plastic wastes. Hence, 

investigating the hydrogen production from different feedstock (i.e., coal or biomass) 

will support on producing hydrogen from plastics. A study performed by AlNoussa et 

al. [60], on techno economic evaluation of producing H₂ from biomass. They 

investigated different gasifier agents and the type of several types of feedstocks. They 

found that, steam as gasification agent was better than other agents. Namioka et al. 

[61], studied the production of synthesis gas with higher hydrogen content using 

pyrolysis, then low temperature steam gasification. They investigated polystyrene (PS), 

and polyethylene (PE). They performed the pyrolysis, and steam reforming at 673 and 

903 K respectively. Ruthenium was used as a pyrolysis catalyst, and it enhanced the 

process performance. The study recommended combining the thermal and catalytic 

process. Another study accomplished by Chaia et al. [62] , on the conversion of plastics 

to hydrogen using a combination of co-pyrolysis and gasification process. A Ni-CaO-

C was tested as a novel catalyst to promote H₂ production. They claimed effective 

production of hydrogen with an 87.7 mole% controlling the greenhouse gases. 

Consequently, the conversion of waste plastics into hydrogen is a practical process 

proved theoretically and experimentally. Although, the use of the catalysts in a 

gasification process is energetically superior, however, it is more complex and requires 

more development. Thus, we will accomplish our work using steam gasification which 

was recommended by AlNoussa et al. [61].  
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There are limited studies on the thermal conversion of plastic wastes to hydrogen and 

methanol. Acomb et al. (2013) studied the production of hydrogen from plastics taken 

from waste electronic equipment via pyrolysis-gasification in two different stages [63]. 

The plastics were first pyrolyzed in the first stage at 500 °C, then, they were fed to the 

second stage (i.e., steam gasification reactor) at 800 °C. They stated that, increasing the 

steam to plastic ratio enhance the hydrogen production. Additionally, they claimed that, 

using two stages (pyrolysis then gasification) enhances the hydrogen production from 

plastic electronic wastes. Another study on production of hydrogen using the two 

thermos-chemical stages was conducted by Chunfei and Williams (2010) [64], using 

several plastics (polypropylene, polystyrene, and high-density polyethylene). Higher 

gaseous yields were perceived for HDPE and PP compared to PS (53.5, 59.6, and 11.2 

% respectively). Namioka et al. (2011), studied the production of hydrogen rich gas 

from waste plastic (polystyrene) via pyrolysis, then steam reforming. Their results 

retrieved that, optimal gas production (60 g/h) with minimum coke fractions were 

achieved at pyrolizer temperature of 400 °C, with steam reforming temperature of 630 

°C [65]. Takafumi et al. (2002) [66], conducted a study on producing methanol via 

partial oxidation of waste plastic (polyvinyl chloride). They made a demonstration 

plant feeding 5 tons of plastic per day; producing syngas via entrained single stage 

reactor. Then, methanol was synthesized via liquid phase catalytic process. They were 

successful in producing methanol with 98% purity with a conversion and gas cold 

efficiency of 96% and 63% respectively. There is a lack in the complete, detailed 

studies on the conversion of plastics to hydrogen and methanol. However, there are 

certain studies on dual production of hydrogen and methanol from coal and biomass.  

https://www.sciencedirect.com/science/article/pii/S0306261910005738#!


8 

 

The thermochemical recycling rout of plastics to hydrogen and methanol is pretty like that 

one for coal with the variation in the feed composition which results in using different 

operational conditions and slightly different design. A study delivered by Usama et al. 

(2021) using Aspen Plus, in coproduction of H₂ and methanol using a mix fuel of coal and 

biomass [67]. They developed a novel design that incorporate the steam methane reforming 

process with the coal-biomass gasification process. They stated a reduction in the specific 

energy requirement by 29% and an enhancement in the process efficiency by 3.5% when 

the novel design was used. They performed the techno economic evaluation for the two 

designs and perceived a 7.3% reduction in the total fuel cost. Another dual study was 

performed by Usama Ahmed (2021) on the production of H₂ and methanol from coal on 

two cases. The base case was the normal gasification process to produce syngas, then the 

syngas was catalytically converted to methanol and the remaining gas was processed via 

water gas shift to hydrogen. On the other hand, the alternative case was an integrating 

design with steam methane reforming process (SMR) process to utilize the high 

temperature stream from the gasifier. The results revealed that, the alternative case had 

higher process efficiency by 4.28% with 18.3 % reduction in the specific energy 

requirement. Additionally, the alternative case offered a reduction in fuel production cost 

by 13%. Moreover, the specific carbon dioxide emissions were lower in the alternative case 

by 34.3% [68]. Those studies proved the feasibility and the efficiency of the co-production 

of hydrogen and methanol from a carbon-based feedstock. However, the dual production 

system from plastics has not been investigated.  
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1.4 Objectives 

Our objective is to simulate the waste plastics (i.e., polyethylene and polypropylene) to 

clean fuel (i.e., hydrogen and methanol) through Aspen plus, then we will perform a 

technoeconomic evaluation of two different cases. The first case will be the conventional 

technology in producing syngas through gasification, then through syngas processing, the 

hydrogen production rate will be maximized. Finally, the acid gases will be removed via 

AGR unit. The second case will be via integrating steam methane reforming (SMR) with 

steam gasification to maximize the syngas production, improve the quality and to enhance 

the energy utilization and reduce the overall production cost. For both cases, steam 

gasification of waste plastics to syngas will be validated with experimental data to ensure 

the model legitimacy. Additionally, sensitivity analysis will be conducted to maximize the 

production, and optimize the operational parameters. Furthermore, we will ensure 

controlling of greenhouse gases (i.e., carbon dioxide) and it will be part of comparison 

between the two cases. Methanol will be produced from syngas, then, the remaining syngas 

will be fed to WGS unit to convert CO to hydrogen, then it will be cleaned via AGR unit. 

In summary, we will design a model that produces hydrogen and methanol from PE and 

PP. Two cases will be simulated (i.e., case 1, and case 2), evaluated, and compared in terms 

of energy consumption, CO₂ control, and cost analysis. We call four cases; case 1 is the 

conventional process producing hydrogen from PE and PP. Case 2 represents the integrated 

model producing hydrogen from plastics via steam gasification and from natural gas via 

SMR process. Case 3 and case 4 are like case 1 and case 2 respectively, however, methanol 

process is involved producing hydrogen and methanol likewise.  
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CHAPTER 2 

LITERATURE REVIEW 

This section will highlight the production routes of both hydrogen and methanol, then, it 

will illustrate some collected data about the plastic wastes. After that, it will summarize the 

main processes available for plastic chemical utilization. Finally, it will explain and 

demonstrate the processes involved in synthesizing clean fuel from plastic wastes.  

2.1 Hydrogen and Methanol Production Routes 

Hydrogen is considered as a clean fuel; however, it is produced from several routes; some 

are renewable, and no carbon emissions and the majority are the classical CO₂ producing 

routes. Natural gas produces via steam reforming produces hydrogen with the highest 

process efficiency of 89%. It is the most convenient and producible process. Coal, biomass, 

and other carbon-based feedstock can produce hydrogen via thermal or catalytic routes. 

They produce high carbon dioxide emissions; however, biomass and plastics are 

considered among the renewable resources in producing hydrogen and other chemicals. 

Additionally, biogas is a renewable resource of hydrogen, since it utilizes the food waste 

to produce valuable fuels via reforming process. The cleanest process in producing 

hydrogen is the water electrolysis, however, it is an emerging technology and in most cases 

is not feasible. Figure 1 shows the main routes in producing hydrogen from the feed 

illustrating the path process with the process efficiency. [69]  
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Figure 1 The main hydrogen production routes 

Methanol is one of the most valuable chemicals because it could be used as a fuel or to 

produce other chemicals such as acetic acid and formaldehyde. There are several routes in 

synthesizing methanol. The classical route that produces most of the methanol is the 

methane (i.e., natural gas) conversion to syngas via steam reforming, then via catalytic 

process, methanol produced. The natural gas could be directly converted to methanol via 

methane partial oxidation. It requires pure hydrogen for the efficient process conversion. 

Syngas could be produced from other resources that ultimately contains carbon such as 

coal, biomass, and plastics. The synthetic gas produced from methane has higher hydrogen 

to carbon monoxide ratio. Therefore, it is more efficient. However, plastics are considered 

as an alternative technology in producing syngas because the plastic wastes are available, 

and the expected H₂/CO is higher than that when coal is used (plastics have higher heating 

value). The technically different route producing methanol is the CO₂ hydrogenation to 

methanol via catalytic process which is considered as a growing and emerging technology. 
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Figure 2 illustrates the main paths producing methanol with the corresponding process. 

[70] 

 
 

Figure 2 The main methanol production routes 

2.2 Selection of Plastic Wastes 

There are different kinds of plastics, and hence, various types of plastic waste. Therefore, 

we wanted to select the one with the highest portion on the global consumption. 

Additionally, specific properties of the plastics are needed to accurately solve the model.  

shows the global demand and consumption of several kinds of plastics, and ultimate, 

proximate analysis and heating value of those plastics. Polyethylene (PE) and 

polypropylene (PP) have the highest global consumption; hence, they have been selected 

for thermal recycling to hydrogen and probably methanol. Additionally, PE and PP have 

high heating value compared to other plastics.  



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9  

T
a

b
le

 1
 L

it
er

a
tu

re
 r

ev
ie

w
 f

o
r 

th
e 

v
a

ri
o
u

s 
p

o
ss

ib
le

 p
la

st
ic

 f
ee

d
 s

to
ck

 w
it

h
 d

et
a

il
ed

 c
h

a
ra

ct
er

is
ti

cs
 

C
h

ar
ac

te
ri

st
ic

s/
T

y
p

es
 

o
f 

P
la

st
ic

s 
U

lt
im

at
e 

A
n

al
y

si
s 

(w
t 

%
) 

P
ro

x
im

at
e 

A
n

al
y

si
s 

(w
t 

%
) 

H
H

V
 

(M
J/

K
g

) 

 

L
H

V
 

(M
J/

K
g

) 

A
n

n
u

al
 

G
lo

b
al

 

D
em

an
d

, 

2
0

1
8

 

(m
il

li
o

n
 

to
n

s)
 

G
lo

b
al

 

C
o

n
su

m
p

ti
o

n
 

(%
) 

R
ef

er
en

ce
 

P
E

 

C
 

H
 

N
 

S
 

O
 

8
5

.8
1
 

1
3

.8
6

 
0

.1
2
 

0
.0

6
 

0
 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

0
.0

2
 

9
9

.8
5

 
0

 
0

.1
5
 

 

4
2

.9
 

4
4

.1
5
 

[1
4

5
] 

1
0

0
 

3
3

.5
 

[1
4

6
][

1
4
7

] 

P
P

 

C
 

H
 

N
 

S
 

O
 

8
5

.8
8
 

1
4

.4
7

 
0

 
0

 
0

 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

0
 

9
9

.6
7

 
0

.1
0
 

0
.2

1
 

 

4
3

.4
 

4
6

.5
 

[1
4

5
] 

6
1

.8
7
  

1
9

.5
 

[1
4

8
] 

P
E

T
 

 
M

o
is

tu
re

 
V

M
 

F
C

 
A

sh
 

0
.7

 
8

9
 

1
0

.2
 

0
.1

 

 

1
0

.1
–

1
3

.2
 

0
 

1
8

.8
3
 

 

5
.5

 
[1

4
9

] 

L
D

P
E

 

C
 

H
 

N
 

S
 

O
 

8
5

.5
8
 

1
4

.4
3

 
0

.0
1
 

0
 

0
 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

0
.0

6
 

9
7

.8
1

 
0

.9
3
 

1
.2

 

 

4
1

.7
4
2
 

 
4

5
.7

3
  

 
[1

5
0

] 

H
D

P
E

 

C
 

H
 

N
 

S
 

O
 

8
5

.4
9
 

1
4

.5
2

 
0

 
0

 
0

 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

0
.0

9
 

9
8

.1
2

 
0

.9
7
 

0
.8

2
 

 

4
0

.6
1
4
 

 
4

0
.3

5
 

 

 
[1

5
1

] 

P
V

C
 

 
 

 
2

4
.0

7
 

4
3

.0
4
 

 

1
6

.5
 

 

P
S

 

C
 

H
 

N
 

S
 

O
 

9
2

.2
0
 

7
.9

3
 

0
 

0
 

0
 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

0
 

9
9

.7
2
 

0
.1

2
 

0
.1

6
 

 

4
1

.7
 

4
0

.1
8
6

 
1

8
.8

3
 

8
.5

 
 

S
cr

ap
 T

y
re

 

C
 

H
 

N
 

S
 

O
 

8
5

.2
 

7
.3

 
0

.4
 

2
.3

 
0

.5
 

 

M
o

is
tu

re
 

V
M

 
F

C
 

A
sh

 

1
.2

 
6

1
.3

 
3

3
.5

 
5

.2
 

 

3
8

.5
 

 
1

.5
 

b
il

li
o

n
*
 

ty
re

s 

 
[1

5
2

]–

[1
5

4
] 

 



14 

 

     2.3 Process for Thermochemical Utilization  

10 The first step in chemical conversion of waste plastics is the decomposition to its 

ultimate composition. Then, via gasification, syngas will be produced with some of 

greenhouse gases. There are several processes used in the literature which are 

illustrated in Figure 3. Scheme of the main paths for chemical valorization of waste 

plastics[25]. Steam gasification is a great option to produce hydrogen or syngas. 

Although, steam gasification requires high energy (i.e., endothermic process), 

however, it is relatively simple and provides a high H₂/CO in the produced syngas[41]. 

The comparison between the plastic valorization processes is given in Table 2. 

11 
Figure 3 The general routes of thermochemical utilization of waste plastics (i.e., production of syngas) 
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Table 2 The processes in chemo-thermal utilization of plastics 

Valorization 

process 

Features Advantages Disadvantages 

Air gasification Using air as a 

gasifying agent 

✓ Simplicity of the process 

✓ No external energy 

requirement 

✓ The tar content is relatively 

low[39]. 

➢ Low H₂/CO ratio 

Steam gasification Using steam as a 

gasifying agent 

✓ High H₂/CO ratio 

 

➢ Endothermic steam 

reforming reactions 

required higher 

energy[41]. 

Pure O2 

gasification 

Using pure O2 instead 

of air 

✓ Combines the advantages 

of air and steam 

gasification[40]. 

➢ The O2 separation from 

air is complex and 

expensive 

Co-gasification Mixing plastic feed 

stock with coal or 

biomass 

✓ Enhances gas yield and H₂ 

production and lowers 

char[37]. 

✓ Provides interesting 

synergistic behavior due to 

the positive interaction 

between polymer 

degradation and biomass 

chars[71]–[74]. 

✓ Minimizes problems 

related to feeding.[75] 

➢ Increase tar 

formation[38] 

Pyrolysis Heating in the 

absence of air 

✓ It has been proposed and 

guaranteed by several 

studies and 

researchers[26]–[31]. 

✓ It takes advantage of 

reforming catalyst, thus, 

syngas completely free of 

tar could be produced[32]. 

 

 

Herein, we report some studies about production of syngas from waste plastics using 

various techniques. The survey summary is given in Table 3 which illustrates the process 

specifications and the resulted hydrogen to carbon monoxide on the produced syngas. 

Fivga, Dimitriou (2018)[58], studied the waste plastics to heavy fuel with technoeconomic 

evaluation. They used a mixed feed of PE, PP, and PS at 530 ℃, and 1 atm. They modeled 

their work using Aspen HYSYS based on ultimate analysis of the plastics. The product of 
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their pyrolysis reactor is basically n-C30, n-C25, n-C18, n-C14, n-Octane, ethane, and 

small portion of gases. The remaining solids and gases are separated then, pyrolysis liquid 

fuel is collected. They validated their results with plant data, and they did some cost 

analysis. Generally, the work is promising and has the idea of plastic waste to liquid heavy 

fuel. 

  Another study on plastic waste conversion to fuel was conducted by Emad and Vahid 

(2018)[59], which basically on production of hydrogen fuel via co-gasification of a mix 

feed of asphaltene and plastics using Aspen Plus. They decomposed the feed on a pyrolysis 

reactor (RYield), then they used RGibbs reactor followed by CSTR to produce syngas. 

They studied some factors influencing the hydrogen production rate which namely are 

asphaltene to plastic ratio (A/P), equivalence ration (ER), and steam to feed ratio (S/F). 

They found that A/P, and S/F have a positive impact on carbon conversion efficiency 

(CCE). The study provided an excellent idea on producing hydrogen from a co-gasification 

mixture. However, they did not produce a pure hydrogen; it is a synthesis gas mixed with 

acid gases which need to be removed. Additionally, they need to implement WGS to 

maximize hydrogen production and to suppress the carbon monoxide in the product.  

The previous studies gave a sufficient data to start simulating plastics to hydrogen, 

especially, the decomposition and gasification steps (i.e., Table 3). The other studies are 

discussed later in this report. 
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Table 3 The chemical processing units, and their specifications in the literature to process the plastic feed stock. 

Process Reactor Plastic 

Type 

Oxidant to 

Plastic Ratio 

T (℃), P 

(atm) 

Analysis 

Type 

H₂/CO Ref. 

Pyrolysis RYIELD PE 0.2 727, 1 Ultimate 1.4 [76] 

 

Steam 

Gasification 

RYIELD PE S/F (steam to 

Fuel) = 1 

900, 1 Ultimate 2.1 [77] 

 

Co-

gasification 

RYIELD Asphaltene 

Plastics 

0.8 & S/F = 0.2 850, 1 Ultimate 0.42 [59] 

 

Pyrolysis  PE + PP + 

PS 

 530, 1 Ultimate  [78] 

 

2.4 Processes in Plastics to Hydrogen and Methanol 

The raw plastic waste will be decomposed first, then via steam gasification, syngas with 

relatively higher hydrogen to carbon monoxide ratio will be produced. Then, the gas was 

quenched by cooling to 250 ℃. After that, to maximize hydrogen production, the gas was 

fed to WGS (waster gas shift). Then, H₂S and CO₂ were separated on acid gas removal 

(AGR). The waste plastic journey to hydrogen and methanol is illustrated on Figure 4. The 

most popular operational conditions for the main processes involved in producing clean 

fuel from plastics are summarized in Table 4 .Other important fuels and chemicals can also 

be produced from plastics, such as methanol, and others. For methanol synthesis, other 

routes could be possible depending on the syngas composition. Different plastic wastes 

could be treated to produce various chemicals and fuels depending on the process path.  
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Figure 4 The base flow diagram of plastic wastes to clean fuels through pyrolysis 

Table 4 Main features in the processes involved in chemical recycling of waste plastics to clean fuels and chemicals 

Process Definition Main Reactions Usual Conditions Main Products Ref. 

Pyrolysis Dry decomposition of 

the waste plastics 

(thermal cracking). 

 

 

 

450 -650 ℃ Ultimate analysis of plastics [79] 

Steam 

Gasification 

Formation of gases at 

high temperature. 

𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2

+ 2𝐻2 

650-950 ℃ Hydrogen, CO, CO₂, H₂S, 

H₂O 

[80] 

WGS Conversion of CO to 

CO₂ and H₂. 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2 

 

250-450 ℃ Hydrogen, CO₂ [81] 

AGR Cleaning the syngas 

by removing H₂S and 

CO₂. 

Physical process Usually at 

cryogenic 

temperature (-30 

℃) 

Clean hydrogen of chemicals 

(i.e., free of CO₂ and H₂S) 

[82] 

Fisher 

Tropesh 

The process of 

producing chemicals 

from syngas. 

(2𝑛 +

 1) 𝐻2 +  𝑛 𝐶𝑂 →

 𝐶𝑛𝐻2𝑛 + 2 +  𝑛 𝐻2𝑂 

150-300℃ & 20-40 

bars 

Could be methanol, ethanol, 

DME, gasoline, aromatics, or 

LPG 

[83] 
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CHAPTER 3 

Research Methodology and Process Development 

3.1 Modelling and Simulation Approach  

In this study, Aspen Plus was used as a simulation tool choosing Peng Roberson (PR) as a 

suitable property package. It is commonly indorsed for gas systems and it has wide-ranging 

of pressure and temperature [84].Additionally, it has been used by several gasification and 

reforming studies [85]–[89]. The feedstock composition for the waste plastics (PE and PP) 

is given in Table 5. The global consumption of Polyethylene (PE) and polypropylene (PP) 

are 33.5% and 19.5% respectively [90].Additionally, PE and PP have high heating value. 

Hence, they had been chosen to be recycled in our study. We selected HCOALGEN models 

to specify the plastics heating value. The plastics were first decomposed in two separate 

decomposition reactors at a temperature of 650℃. Then, through the steam gasification 

reactor, syngas was produced with traces of H₂S. In the model, we used RYield reactor in 

the decomposition step (the yield was the ultimate analysis), and RGibbs reactor to model 

the gasification step. The gasifier temperature and pressure were selected based on 

sensitivity analysis to meet the specifications for the next process. To remove the H₂S traces 

not to affect the methanol catalyst; we inject H₂S removal unit after the gasification unit 

using lean as an absorbent. The outlet gases were introduced to methanol synthesis unit 

controlling the inlet operational conditions. Three reactions were involved in methanol 

synthesis which were CO hydrogenation, CO₂ hydrogenation, and water gas shift. Using a 

recycle stream, the methanol production was maximized. The uncovered gases were 

separated and processed in a later process (i.e., WGS) to convert the remaining CO to 

hydrogen and CO₂ in two REquil reactors connected in series. After that, the gas mixture 
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was cleaned from CO₂ in AGR (acid gas removal), and finally, the pure hydrogen with 

some unseparated methane was produced. The alternative case was developed such that, 

the high energy at the outlet of gasifier is utilized to facilitate the SMR process. The SMR 

process involved reformer, and gasifier. The reactions for methanol synthesis, WGS, and 

SMR are given in Table 6. The plastic feedstock, the natural gas and steam for gasification 

and reforming were specified based on selectivity analysis to ensure the syngas high 

heating value with a proper utilize of energy. 
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Table 5 Plastics and natural gas compositions 

Plastic Composition Analysis 

Proximate Analysis (Weight %) 
 

PE PP 

Moisture 0.02 0 

Ash 0.15 0.7 

Volatile Matter 99.83 99.30 

Total 100 100 

LHV (MJ/kg) 38.04 44.70 

Ultimate Analysis (Weight %) 

Carbon 85.81 86.23 

Hydrogen 13.86 12.28 

Nitrogen 0.12 0.62 

Sulfur 0.06 0.17 

Ash 0.15 0.7 

Total 100 100 

Natural Gas Composition (Mol %) 

CH4 93.9 

C2H6 3.2 

C3H8 0.7 

C4H10 0.4 

CO₂ 1.0 

N2 0.8 

Total 100 

LHV(MJ/kg) 47.76 
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Table 6 Main reactions involved in the processes 

Gasification Reactor 

𝐶(𝑠) + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 
∆𝐻 = + 131

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶(𝑠) + 𝐶𝑂2  ↔ 2𝐶𝑂 
∆𝐻 = + 172

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶(𝑠) + 2𝐻2  ↔  𝐶𝐻4 
∆𝐻 = −74.8

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 
∆𝐻 = −41.2

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 
∆𝐻 = +206

𝑀𝐽

𝑘𝑚𝑜𝑙
 

Steam Methane Reforming Reactor 

3𝐶2𝐻6 + 𝐻2𝑂 → 5 𝐶𝐻4 + 𝐶𝑂 
∆𝐻 = + 3.6460

𝑀𝐽

𝑘𝑚𝑜𝑙
 

3𝐶3𝐻8 + 2𝐻2𝑂 → 7 𝐶𝐻4 + 2 𝐶𝑂 
∆𝐻 = +16.607

𝑀𝐽

𝑘𝑚𝑜𝑙
 

3𝐶4𝐻10 + 3 𝐻2𝑂 → 9 𝐶𝐻4 + 3 𝐶𝑂 
∆𝐻 = +41.116 

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶𝐻4 + 2 𝑂2  →  𝐶𝑂2 + 2 𝐻2𝑂 
∆𝐻 = −802.54

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶𝐻4 + 𝐻2𝑂 →  𝐶𝑂 + 3 𝐻2 
∆𝐻 = +206.12

𝑀𝐽

𝑘𝑚𝑜𝑙
 

Water Gas Shift Reactor 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2 
∆𝐻 = −41.12

𝑀𝐽

𝑘𝑚𝑜𝑙
 

Methanol Reactor 

𝐶𝑂 + 2𝐻2  ↔ 𝐶𝐻3𝑂𝐻 
∆𝐻 =  −90.55

𝑀𝐽

𝑘𝑚𝑜𝑙
 

𝐶𝑂2 + 3𝐻2  ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 
∆𝐻 =  −49.43

𝑀𝐽

𝑘𝑚𝑜𝑙
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𝐶𝑂2 + 𝐻2  ↔ 𝐶𝑂 + 𝐻2𝑂 
∆𝐻 =  41.12

𝑀𝐽

𝑘𝑚𝑜𝑙
 

 

3.1.1 Design Assumptions and Process Configuration 

Certain assumptions had been made regarding the operational conditions of the streams 

and the unit processes. Table 7 represents the major assumptions taken to simultaneously 

produce of hydrogen and methanol. The gasification model was constructed based on Dang 

et al. (2019) [91]. The steam to plastic ratio, and the blend of PE and PP were designated 

via sensitivity analysis for the gasification process in our previous study for sole hydrogen 

production. The temperature and pressure of the gasifier was selected such that, the heating 

value of produced syngas is maximal, and the hydrogen to carbon monoxide ratio is 

maximized along with the SN ratio. Nickel based catalyst was selected for the reformer 

unit because its activity and stability were investigated by several studies. Additionally, it 

ensures high activity and low cost [92]. The WGS catalyst was γ-Al2O3-α-Ga2O3 oxide 

investigated by Leon et.al (2020) because it can be active at atmospheric pressure [19]. 

Then, the AGR unit operational conditions were specified based on Usman et.al (2020) 

[93] . Rectisol process has been used at two different conditions. Methanol as a solvent was 

selected because it is produced in the process. The operational conditions were validated 

with the literature [94].  
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Table 7 Design Assumptions for the two cases in producing hydrogen and methanol 

Equipment Aspen Model Assumption 

Plastic 

flowrate 
RYield Plastics = 100 kg/h 

H₂O/ Plastic = 1.25 

Gasifier RYield, RGibbs 

reactors 
Case 1 & 2: Entrained flow gasifier; temperature = 900 ℃; P = 1 atm 

Case 3 & 4: Entrained flow gasifier; temperature = 1500 ℃; P = 25 bars 

Pre-reformer RStoic (Reactor) Heavier hydrocarbon hydrocracking 

Reformer RGibbs (Reactor) Case 2: Temperature = 894.3 ℃, pressure = 3 bar, H₂O/NG = 1.6; nickel-

based catalyst 

Case 4: Temperature = 1200 ℃, pressure = 25 bar, H₂O/ NG (mass basis) 

= 1.6; nickel-based catalyst 

H₂S 

Removal 
RadFrac and flash 

drums 
Case 1: Rectisol process; temperature = -30 ℃, P =1 bar 

Case 3: Rectisol process; temperature = 0 ℃, P = 25 bar 

Remaining H₂S = 10 ppm 

Methanol 

Synthesis 
PFR reactor with 

separation facilities 
PFR reactor working at 25 bar and 270 ℃ 

Graaf.et al Kinetics; Catalyst: Copper Zinc Alumina CZA 

Water Gas 

Shift (WGS) 
REquil (Reactor) Two Equil reactors 

Molar H₂O/CO = 2; Catalyst: γ-Al
2
O

3
-α-Ga

2
O

3
  

CO₂ 

Removal 

(AGR) 

RadFrac and flash 

drums 
Case 1 & 2: Rectisol process; temperature = - 30  ℃, P = 1 bar 

Case 3: Rectisol process; temperature = 0 ℃, P = 1 bar 

CO₂ Removal = 99% 

 

3.1.2 Governing Equations for the Technical Analysis 

To evaluate our model, we calculated some crucial parameters from the literature that 

represent the design efficiency in terms of product quality, energy utilization, and cost 

reduction.   Table 8 shows some of the formulas used to evaluate our designs. HPF is the 

mass flow rate of produced hydrogen per total feedstock. The hydrogen and methanol 
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thermal energy were calculated from their lower heating value and their mass flowrates. 

The process efficiency and the CO₂ specific emission formulas were evaluated according 

to (Usama, 2021) [95]. The total investment cost (TIC) demonstrates the capital cost and 

the methanol and hydrogen rate of production. To calculate the capital investment cost, we 

used historical related data modified by Chemical Engineering Plant Cost Index (CEPCI). 

The exponent x is between 0 and 1, and its value was selected to be 0.6. The total fuel cost 

in €/kg represents the production cost of the fuel (hydrogen and methanol) in the dual 

production system. The SN ratio (the stoichiometric number) gives indication about the 

hydrogen to CO₂ content in the mixture [96]. SN should be around 2, and as it is larger, the 

gas heating value is higher [97]. 
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Table 8 Main parameters calculation based on literature 

Energy Analysis Equations No. Economic Analysis Equations No. 

𝐿𝐻𝑉𝑆𝑦𝑛𝑔𝑎𝑠 (
𝑀𝐽

𝑁𝑚3
) = 12.636 𝑦𝐶𝑂 + 10.798 𝑦𝐻2

 
1 

𝐶𝑜𝑠𝑡𝑛𝑒𝑤 = 𝐶𝑜𝑠𝑡𝑜𝑙𝑑  × (
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑁𝑒𝑤

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑂𝑙𝑑
)

𝑥

×
𝐶𝐸𝑃𝐶𝐼𝑁𝑒𝑤

𝐶𝐸𝑃𝐶𝐼𝑂𝑙𝑑
 

9 

HPF =
Produced H2 (

𝑘𝑔
ℎ

)

𝑇𝑜𝑡𝑎𝑙 𝐹𝑒𝑒𝑑 (
𝑘𝑔
ℎ

)
× 100% 

2 𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑥𝑒𝑑 𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 

=  𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 +  𝐿𝑎𝑏𝑜𝑟 

+  𝐴𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑡𝑖𝑣𝑒, 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 & 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 𝑐𝑜𝑠𝑡𝑠 

10 

𝐻2 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐻2𝐿𝐻𝑉 (
𝑘𝐽

𝑘𝑔
) × 𝑃𝑟𝑜𝑑𝑢𝑒𝑑 𝐻2  (

𝑘𝑔

ℎ
) 

3 𝑁𝑂𝐿 = (6.29 + 0.23 𝑁𝑛𝑝)
0.5

 

𝑁𝑂𝐿 𝑖𝑠 𝑡he number of operators per shift and 

𝑁𝑛𝑝 𝑖𝑠 nonparticulate processing steps 

11 

𝐶𝐻3𝑂𝐻 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

= 𝐶𝐻3𝑂𝐻 𝐿𝐻𝑉 (
𝑘𝐽

𝑘𝑔
)

× 𝑃𝑟𝑜𝑑𝑢𝑒𝑑 𝐶𝐻3𝑂𝐻 (
𝑘𝑔

ℎ
) 

4 𝐿𝑎𝑏𝑜𝑟 𝐶𝑜𝑠𝑡 = 𝑁𝑂𝐿 × 𝐿𝑎𝑏𝑜𝑟 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑆ℎ𝑖𝑓𝑡 

× 𝐷𝑎𝑖𝑙𝑦 # 𝑜𝑓 𝑆ℎ𝑖𝑓𝑡𝑠 

12 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊)

= 𝐻𝑜𝑡 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 (𝑘𝑊) + 𝐶𝑜𝑙𝑑 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 (𝑘𝑊) 

5 
𝑇𝑜𝑡𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 [

€

𝑘𝑔
]  

=
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 & 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐿𝑖𝑓𝑒 𝐶𝑜𝑠𝑡 (€)

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 & 𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐿𝑖𝑓𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑘𝑔)
 

13 

𝐶𝑂2 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =
𝑈𝑛𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝐶𝑂2  (

𝑘𝑚𝑜𝑙
ℎ

)

(𝐻2 + 𝐶𝐻3𝑂𝐻 )𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (
𝑘𝑚𝑜𝑙

ℎ
)
 

6 
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐶𝑜𝑠𝑡 [

€

𝑘𝑔
]  

=
𝑇𝑜𝑡𝑎𝑙 𝐹𝑢𝑒𝑙 𝐿𝑖𝑓𝑒 𝐶𝑜𝑠𝑡 (€)

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐿𝑖𝑓𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑘𝑔)
 

14 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝜂𝑛𝑒𝑡)

=
𝐻2 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊) + 𝐶𝐻3𝑂𝐻 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊)

𝐹𝑒𝑒𝑑 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊) + 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑘𝑊)

× 100% 

7 
𝑇𝐼𝐶 𝑝𝑒𝑟 𝑡𝑜𝑛 𝑜𝑓 𝐻2 =

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 & 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 

15 

SN =
𝑦𝐻2

− 𝑦𝐶𝑂2

𝑦𝐶𝑂 + 𝑦𝐶𝑂2

 
8 

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑌𝑖𝑒𝑙𝑑 =
𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (

𝑘𝑔
ℎ

)

𝑠𝑦𝑛𝑔𝑎𝑠 𝑖𝑛𝑙𝑒𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑘𝑚𝑜𝑙

ℎ
)
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3.1.3 Reaction Kinetics for Methanol Synthesis 

The methanol synthesis operational conditions and kinetics were based on Graaf et.al 

(1989) [98].The catalyst is Cu/Zn/Al with a temperature and pressure ranges from 210 -

290 ℃ and 15-50 bars [99]. To accurately develop the model and optimize the results, we 

selected 290 ℃ and 25 bars as the operational parameters for the methanol synthesis PFR. 

The process consists of three main parts (i.e., reactions) which are hydrogenation of carbon 

monoxide, hydrogenation of carbon dioxide, and reverse gas shift. The reactions and the 

kinetics are provided in Table 9. The table was designed to meet the Aspen plus interphase. 

The reaction constants were also provided in Table 10, Table 11, and Table 12. The 

reaction equilibrium constants in Table 12 were introduced and given by Graaf et.al (1986) 

[100]. 𝐾𝑃2 is the multiplication of 𝐾𝑃1 and 𝐾𝑃3, because the CO₂ hydrogenation reaction is 

the sum of CO hydrogenation reaction and RWGS reactions. 

Table 9 The main reactions and the reaction rate expression 

Step Definition Reaction Rate of Reaction 

CO Hydrogenation 𝐶𝑂 + 2𝐻2  ↔ 𝐶𝐻3𝑂𝐻 

𝑟1  =

𝑘1𝐾𝐶𝑂 [𝑓𝐶𝑂𝑓𝐻2
1.5 −

𝑓𝐶𝐻3𝑂𝐻

𝑓𝐻2

0.5𝐾𝑃1
]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

) [𝑓𝐻2
0.5 + (

𝐾𝐻2𝑂

𝐾𝐻2

0.5 ) 𝑓𝐻2𝑂]

 

 

CO₂ Hydrogenation 𝐶𝑂2 + 3𝐻2  ↔ 𝐶𝐻3𝑂𝐻
+ 𝐻2𝑂 

𝑟2  =

𝑘2𝐾𝐶𝑂2
[𝑓𝐶𝑂2

𝑓𝐻2
1.5 −

𝑓𝐶𝐻3𝑂𝐻𝑓𝐻2𝑂

𝑓𝐻2

1.5𝐾𝑃2
]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

) [𝑓𝐻2
0.5 + (

𝐾𝐻2𝑂

𝐾𝐻2

0.5 ) 𝑓𝐻2𝑂]

 

 

Reverse Water Gas-Shift 𝐶𝑂2 + 𝐻2  ↔ 𝐶𝑂 + 𝐻2𝑂 

𝑟3  =
𝑘3𝐾𝐶𝑂2

[𝑓𝐶𝑂2
𝑓𝐻2

−
𝑓𝐻2𝑂𝑓𝐶𝑂

𝐾𝑃3
]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

) [𝑓𝐻2
0.5 + (

𝐾𝐻2𝑂

𝐾𝐻2

0.5 ) 𝑓𝐻2𝑂]
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Table 10 Reaction rate constants (Graaf et al 1989) 

𝒌 = 𝑨 𝒆
𝑩

𝑹𝑻 
A B 

𝑘1 4.89 × 107 −113,000 

𝑘2 1.09 × 105 −87,500 

𝑘3 9.64 × 1011 −152,900 

Table 11 Adsorption equilibrium constants (Graaf et al 1989) 

𝑲 = 𝑨 𝒆
𝑩

𝑹𝑻 
A B 

𝐾𝐶𝑂 2.16 × 10−5 46,800 

𝐾𝐶𝑂2
 7.05 × 10−7 61,700 

𝐾𝐻2𝑂

𝐾𝐻2

0.5  
6.37 × 10−9 84,000 

Table 12 Reaction equilibrium constants (Graaf et al 1986) 

𝑲𝑷 = 𝟏𝟎
𝑨
𝑻

−𝑩 
A B 

𝐾𝑃1 5,139 12.621 

𝐾𝑃2 3,066 10.592 

𝐾𝑃3 −2,073 −2.029 

 

To input the kinetic data to the ASPEN plus simulator, it has to be in special strategy. 

The reaction was selected to be LHHW (Langmuir-Hinshelwood-Hougen-Watson). The 

ASPEN plus has three different sections which are kinetic factor, driving force and 

adsorption. The process state was selected to be vapor with a packed bed catalyst. The 

ASPEN methodology in inputting the kinetic constants is based on the following formula.  

𝐿𝑛 (𝐾) =   𝐴 +
𝐵

𝑇
+ 𝐶 𝐿𝑛 (𝑇) + 𝐷 𝑇  
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Therefore, the reaction rate constants, the adsorption equilibrium constants, and reaction 

equilibrium constants will be written the following form respectively. 

𝐿𝑛 (𝑘) =   𝐿𝑛(𝐴) +
𝐵/𝑅

𝑇
   

𝐿𝑛 (𝐾) =   𝐿𝑛(𝐴) +
𝐵/𝑅

𝑇
  

𝐿𝑛 (𝐾𝑃) =  
𝐵

𝐿𝑜𝑔10(𝑒)
−  

𝐴

𝐿𝑜𝑔10(𝑒) 𝑇
  

𝐾𝑃2 =  𝐾𝑃1  ×  𝐾𝑃3  

The kinetic factor (𝑘) k is just A, and 𝐸 =  −𝐵 . The other constants were evaluated 

based on the above equations, and they were summarized in the appendix 2. 

3.2 Development and Validation of Plastics to Hydrogen Process 

3.2.1 Sole Hydrogen Production (Case 1-Base Case)  

The hydrogen was successfully produced from plastics wastes (i.e., PE and PP) in five 

main steps. The first step is to decompose the solid plastics using a decomposer at high 

temperature (i.e., 650℃). Then, on the gasifier at higher temperature (900℃), syngas and 

other gases will be produced with hydrogen to CO molar ratio of 1.86. To maximize the 

hydrogen production, the gaseous mixture was introduced to water gas shift, however, the 

usual temperature in WGS unit is on the range of 190-300 ℃ [101] .Therefore, the mixture 

was cooled to 220 ℃ on syngas quench step. The output mixture from WGS has low 

quantity and higher amount of CO₂ (i.e., H₂/CO₂ of 2.86) with some traces of H₂S, thus, we 

needed to wash the hydrogen from carbon dioxide and H₂S in acid gas removal unit. We 

used methanol as an absorption agent in two stages. The first will be responsible to remove 
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hydrogen sulfide, and the second stage will purify the mixture from CO₂. The carbon 

dioxide and other gases are then separated from hydrogen using several stages of 

distillation columns and flash drums; where, the methanol was recycled at the needed 

cryogenic conditions (-37℃ ). Figure 5 reveals the process base flow diagram.  

 

Figure 5 Producing hydrogen and methanol from waste plastics via conventional method (i.e., case 1) 

To properly validate our gasification model, we start with proper building of the process, 

performing a critical review of several studies in the literature. Kannan et al. (2012, 2013, 

2017) [102]–[107] studied the simulation of plastics (PE, LDPE, and PET) to syngas. They 

investigated the co-gasification of blend of PE and PET to syngas with energy recovery. 

Additionally, they studied the use of CO₂ as a gasifier agent instead of steam. However, all 

their publications were not properly validated such that I can trust their results. Their 

validation was based on having a similar trend with the published experimental paper 

[108], then the more updated publications were validated based on the previous one which 

is a combined validation error. Therefore, I did not consider their publications as a starting 

point since we do not have trustful reference. Surprisingly, Fanny and Henrik (2020) [109], 

conducted their results based on Kannan et al. previous studies, therefore, I also neglected 
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using their work as a reference.  Dang et al. (2019) [91], studied the conversion of a blend 

of PP and PE to syngas. Fortunately, they validated some of their results from an 

experimental study for PP [110], then they confirmed their model to be used for PE and 

blend of PE with PP. The paper was clear and scientific, hence, I decided to take as a model 

for my study. Additionally, the feed stock compositions were taken from previous studies 

[111], [112] simulating gasification process through ASPEN PLUS.  Their optimal result 

(i.e., H₂/CO of 2.1) was at 900℃, and steam to fuel ratio of 1.5 using RGibbs reactor for 

the gasification process. They also investigated the effect of steam to plastic feed ratio and 

the effect of PE to PP ratio on the LHV of syngas and H₂/CO. 

Based on the mentioned study, we developed our study simulating the gasification process. 

To validate our results, we looked for experimental data when steam gasification is 

processed for PP and PE respectively [110] [113]. Table 13 and Table 14 show the 

comparison between the referenced deduced results and our base case results. We can 

perceive that, our results from steam gasification unit are highly matching with the 

experimental results from two different sources. Therefore, we built on this model for 

further investigation and study for hydrogen production. 
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Table 13 PP model validation for the gasification process at 800 

℃ and a mass ratio S/F of 2 

PP 

Component Reference 

Case (%) 

Base 

Case 

(%) 

Difference  

H₂ 68.3 66.4 1.9 

CO 26.1 27.5 -1.4 

CO₂ 3.9 5.7 -1.8 

CH4 1.3 0.3 1.0 

Others 0.3 0.1 0.2 
 

Table 14 PE model validation for the gasification process at 900 ℃ 

at a molar ratio of 2 (i.e., mass ratio of 188 to 100) 

PE 

Component Reference 

Case (%) 

Base 

Case 

(%) 

Difference  

H₂ 68.6 67.4 1.2 

CO 25.5 28.8 -3.3 

CO₂ 1.1 3.7 -2.6 

CH4 3.6 0.0 3.6 

Others 1.2 0.0 1.2 
 

3.2.2 Sole Hydrogen Production (Case 2-Alternative Case) 

The reforming model (Case 2) is the integration of steam methane reforming (SMR) with 

plastic gasification to enhance the syngas heating value, and ultimately to exchange the 

gasification heat with SMR feed stream. The process base flow diagram is provided in 

Figure 6. We performed the integration of the two processes such that, we did not need 

external heat for SMR by controlling the natural gas feed rate. The scheme and design of 

the process was taken from Hamid et.al (2020) [93]  .The process performed at atmospheric 

pressure which had been proved by several studies [114]–[116]. The natural gas consisting 

mainly of methane was mixed with steam to perform the process. The steam to methane 

molar ratio was set to be 1.50 and the inlet temperature was selected to be 895℃. Then, via 

RStoic and RGibbs reactors, the SMR process was performed with operational temperature 

of 894 and 900 ℃ respectively. The process reactions are provided in Table 6.  



33 

 

 

Figure 6 Producing hydrogen and methanol from waste plastics via integrated model with SMR process (i.e., 

case 2) 

The SMR results were in good agreement with the literature in terms of hydrogen to carbon 

monoxide ratio. It had been found that, the hydrogen to carbon monoxide ratio was around 

3.0, which was provided by Salwa et.al (2016) [117]. The syngas mixture coming from 

SMR, and gasification were mixed and introduced to WGS with the same conditions 

applied in base case design. The WGS operational conditions were confirmed from several 

studies [118], [119] . Additionally, the acid gas removal unit was designed based on those 

studies (i.e., Usama.et.al (2015) [120]; Umer et.al (2017) [121] ; Usama et.al (2015) [122]).  

3.3 Development and Validation of Case Studies for Dual Hydrogen and Methanol 

Production 

In the previous section, the main aim was to produce hydrogen from waste plastics (i.e., 

case 1 and case 2). This section focuses on methanol production from waste plastics, and 

the remaining hydrogen will be further processed to increase its purity. Therefore, it is a 

dual fuel production process producing hydrogen fuel and methanol simultaneously. As 
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case 2, the plastic gasification will be integrated with steam methane reforming to enhance 

the hydrogen purity and the overall process efficiency.  

3.3.1 Dual Methanol and Hydrogen Production (Case 3-Base Case) 

The hydrogen and methanol were successfully produced from plastics wastes (i.e., PE and 

PP) in five main processes. The first process is the decomposing of the solid plastics at 

high temperature (i.e., 650℃). Then, on the gasifier at higher temperature (1500℃) [123] 

and moderate pressure 25 bars, syngas and other gases were produced with H₂/ CO molar 

ratio of 1.87. The outlet gas mixture was introduced to H₂S removal unit after cooling using 

lean as an absorber. The operational conditions of the absorber were 50℃, and 25 bars. The 

amount of H₂S was reduced to 1 ppm. The inlet temperature and pressure to methanol 

synthesis reactor were specified to be 290 ℃ and 25 bars meeting the experimental 

methanol synthesis operational conditions [124]. The methanol catalyst characteristics and 

the inlet specifications were based on Portha et al. (2017)  [125] who extensively studied 

the Graaf.et. al kinetics to synthesize methanol. Although, the methanol reactions are 

exothermic, however, increasing the temperature enhanced the kinetic constants which was 

superior to the reduction in the equilibrium constants.  Additionally, the process was 

performed at relatively moderate pressure based on sensitivity analysis performed on the 

gasifier conditions and the methanol and hydrogen production. The uncovered gases in 

methanol synthesis process were fed to WGS unit maximizing the hydrogen production, 

then via CO₂ removal unit, we produce relatively pure hydrogen. The WGS temperature 

was on the range of 190-300 ℃ [101] The WGS operational conditions were specified 

based on previous studies [118], [119]. Additionally, we designed the acid gas removal 
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units according to some previous studies (i.e., Usamaet al.  (2015) [120]; Umer et al. (2017) 

[121] ; Usama et al. (2015) [122]). Figure 7 represents the process base flow diagram.  

 

Figure 7 Producing hydrogen and methanol from waste plastics via conventional method (i.e., case 3) 

We validated our model and the results for the syngas composition and methanol 

production from previous studies. Dang et al. (2019) [91], studied the conversion of PP and 

PE to synthesis gas. The successfully produced synthetic gas from the plastic blend (i.e., 

PE and PP) using ASPEN plus software. Their feed stock specifications were deduced two 

different studies [111], [112] . At a gasification temperature of 900℃ and steam to plastic 

ratio of 1.5, optimal ratio of H₂/CO was achieved. Hence, we validated our results based 

on this study, and then we investigated the process further via sensitivity analysis. Due to 

design constrains, we increased the gasifier temperature and pressure to 1500 ℃  and 25 

bars. We successfully produced synthetic gas with high SN and H₂/CO ratios. Additional 

validation for the gasification results using previous experimental studies on polyethylene 

and polypropylene [110] [113]. Table 13 and Table 14 demonstrate the gasification syngas 

composition for pure PE and pure PP. The results are highly matching with the 
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experimental one. Hence, our model was further developed toward hydrogen and methanol 

production. The methanol synthesis results were in the range of the results recorded by 

graaf.et.al (1990)[98].  

3.3.2 Dual Methanol and Hydrogen Production (Case 4-Alternative Case) 

The alternative model (Case 4) is basically, the incorporation of SMR and plastic 

gasification to boost the syngas heating value and exchange the heat of the outlet 

gasification stream with the SMR feed stream. The process base flow diagram is given in 

Figure 8. We controlled the SMR feed flow rate such that, the exchanged heat will be 

sufficient. The process scheme for SMR was taken from Hamid et al. (2020) [93]. The 

steam was mixed with the natural gas containing mainly methane. The steam to methane 

mass ratio was set to be 1.60 and the SMR inlet temperature and pressure were 895℃, and 

1 bar. After that, RStoic and RGibbs reactors were modeled at temperature 894 and 900 ℃ 

respectively. The RStoic reactor was simulated at atmospheric pressure, where the RGibbs 

reactor pressure was 25 bars. Those operational conditions are in match with the literature 

[126], and they were selected for the design requirement maximizing the SN ratio with 

proper preparation for the methanol production process. The SMR reactions are provided 

in Table 6.  

The hydrogen to carbon monoxide produced from SMR was in good agreement with the 

literature. Salwa et al. (2016) reported an optimal H₂/CO of 3.0 from the experimental 

studies, which was achieved in our model [117]. The gaseous mixture from gasification 

and SMR were mixed and introduced to H₂S removal unit to remove the H₂S traces that 

might block the methanol catalyst [127]. Then, the cleaned gas was fed to the methanol 

synthesis process with the appropriate conditions. The methanol was successfully 
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produced, and the unconverted gases were mainly hydrogen (94% molar purity) with traces 

of methane. Since the CO and CO₂ were converted completely with the aid of the recycling 

stream, we did not need further gas processing. Hence, methanol and hydrogen were 

simultaneously produced. This result was achieved by performing extensive sensitivity 

analysis to control the feed specifications enhancing the SN ratio to 2.51.  

 

Figure 8 Producing hydrogen and methanol from waste plastics via integrated model with SMR process (i.e., 

case 4) 

An additional validation analysis was performed comparing the two designed cases for 

methanol production and two previous studies with similar operational conditions[99], 

[128]. The key parameter in the comparison was the methanol yield which was defined as 

the mass production rate of methanol per syngas molar flow rate. The comparison is 

provided in Figure 9. 
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Figure 9 Validation of case 3 and case 4 in terms of methanol yield 

 

CHAPTER 4 

RESULTS AND CONCLUSION 

Two different models were designed to produce hydrogen and methanol after simulating 

the whole units (Gasification, SMR, WGS, and AGR). To compare the two models (the 

base case and reformer case), we performed energy and economic analysis. Additionally, 

those results were matched with the literature. Furthermore, carbon dioxide emissions were 

also calculated because we are targeting reduction of those emissions. The main parameter 

representing the energy analysis is the process efficiency. The hydrogen life cost was the 

parameter demonstrating the economic analysis. The reforming model was better than base 

case models in terms of energy efficiency, hydrogen production cost, and carbon dioxide 

emissions.  

0.50

1.00

1.50

2.00

2.50

3.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

Case 3 Case 4 Sean Christopher

(2019)

Timsina et al

(2021)

S
N

 R
a

ti
o

M
et

h
a

n
o

l 
Y

ie
ld

 

(k
g

 o
f 

M
eO

H
/k

m
o

l 
o

f 
sy

n
g

a
s)

Methanol Yield

SN



39 

 

4.1 Process Performance Analysis and Fuel Production Rates  

4.1.1 Hydrogen Production Model (Case 1 and Case 2) 

The plastic flowrate was chosen considering the steam flowrate such that, the steam to 

plastic ratio will be maintained 1.25. In the gasification process, more carbon monoxide 

was produced with less amount of hydrogen. Comparing to the base case, the molar ratio 

of H₂ to CO before the water gas shift was higher in case 2 than case 1 by 20 %, where the 

H₂ to carbon dioxide ratio was less by 62%, which proves the enhancement in the syngas 

heating value when alternative design was used. On the other hand, the H₂ to CO after 

WGS was less in case 2 when compared with case 1 by 80 %. The carbon dioxide emission 

after WGS was lower in case 2 by 11%. Hence, the alternative design is more convenient 

and efficient than the base case in terms of product quality and carbon dioxide emissions. 

The hydrogen sulfide after WGS was also lower for case 2 by 19%. Table 15 represents 

the operational conditions for the most essential units. 
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We investigated the overall efficiency of the two cases by considering several, essential 

parameters (i.e., Table 16). The first parameter is the hydrogen purity after the acid gas 

removal unit, which was proven to be greater in the second case by 0.15% when compared 

to the first case. The overall efficiency of the process in terms of feedstock conversion was 

calculated and represented by HPF which found to be greater in case 2 by 5.6%. 

Additionally, we evaluated the two cases in terms of heating value (i.e., lower, and higher). 

We concluded that, the second case has lower and higher heating value than the first one 

by 5.7%, and 5.0% respectively. To deeply investigate the two cases, we performed the 

energy analysis which finally was represented by process efficiency which found to be 

greater in case 2 than case 1 by 6.43 % when compared to the first case. Therefore, the 

alternative case seems to be more efficient than the base case, however, we needed to also 

study the economic part to fully understand the picture. 

Table 16 Comparison between the two designed models in terms of energy calculation 

Characteristic/Model Type Case 1 Case 2 

Produced hydrogen per total feed (mass %) 50 52.8 

Hydrogen purity (mol %) 97.62 97.77 

Syngas gross heating value GHV (MJ/kg) 26.18 27.67 

Syngas net heating value LHV (MJ/kg) 23.55 24.73 

Feed Stock Energy (kWth) 1198.61 1757.07 

Thermal Energy of Produced H₂ (kWth) 1385.25 2060.59 

Min Hot Utilities Required (kW) 757.06 1069.75 

Min Cold Utilities Required (kW) 200.80 187.06 

Total required energy after heat integration (kW) 957.86 1256.81 

Process Efficiency(ηnet) (%) 64.24 68.37 
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4.1.2 Dual Hydrogen and Methanol Production Model (Case 3 and Case 4) 

Table 17 provides the operational conditions for the main units for case 3 and case 4. The 

steam to plastic ratio was 1.25 and it was confirmed in our previous study producing sole 

hydrogen. The temperature was 300 ℃ with atmospheric pressure. Then, the steam and 

plastics will be mixed on the gasifier which operates at high temperature and pressure. The 

outlet composition from the gasifier had a H₂/CO ratio of 1.87 with SN of 1.86. The CO₂ 

production was extremely lower than the carbon monoxide. The SMR operates at 25 bars 

and produces 389 kg/h of syngas which is 63.4% of the total produced syngas. It produces 

higher H₂/CO and SN ratios when compared to the plastic gasification by 69.9% and 57.6% 

respectively. Then the two syngas streams were mixed for case 4 which resulted in 

enhancement of the syngas heating value. After that, the synthesis gas was cleaned from 

H₂S via H₂S removal unit. The composition was slightly changed because only H₂S was 

removed with traces of CO₂. In methanol synthesis unit, we successfully produced the 

methanol with very high purity in both cases. Case 4 had higher methanol purity than case 

3 by 0.83%. The case 4 directly produces hydrogen, therefore, the WGS and CO₂ removal 

units were not required. The outlet hydrogen content in the unconverted gas from methanol 

synthesis unit was negligible, however, the WGS unit increases the hydrogen mole 

composition to 39% with a CO₂ content of 39% as well. Therefore, AGR unit was required 

to remove the carbon dioxide. The produced hydrogen in case 3 was at the outlet of CO₂ 

removal unit with a rate of 6.15 kg/h. The purity of hydrogen was low because of the 

remaining methane from the plastic gasification unit. The alternative case produces higher 

hydrogen rate than case 3 with a superior purity than the base case by 49%. Therefore, the 

results clearly stated a superior performance of case 4 than case 3. 
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Table 18 shows the essential evaluated parameters which represent the performance of the 

base case and the alternative one. The results revealed a dominance of case 4 performance 

over case 3. The heating value of the total syngas represented by H₂/CO and SN ratios, for 

case 4 is greater than case 3 by 2.65 MJ/kg. The normalized production rate of hydrogen 

per total feedstock in case 4 is greater than case 3 by 4.04 (i.e., 66%) with a higher H₂ 

purity by 30%. The methanol production rate for the two cases were also evaluated, and 

the result revealed an enhancement in case 4 by 2.8%. The purity of the methanol is slightly 

larger in case 4. We achieved higher syngas conversion to methanol in the alternative case 

than the base case by 1.84%. A terminology that represents the energy performance is the 

process efficiency which was improved by 12.7% for case 4. Hence, the alternative case 

showed significant improve in the production rate and in the energy performance. 

Table 18 The major evaluated parameters representing the energy analysis for the two cases 

Characteristic/Model Type Case 3 Case 4 

Total syngas H₂/CO 1.87 2.60 

Total syngas SN 1.87 2.51 

Produced hydrogen per feedstock (mass %) 6.15 10.19 

Produced hydrogen purity (mole %) 63.44 94.40 

Produced methanol per feedstock (mass %) 2.12 2.18 

Produced methanol purity (mole %) 99.94 99.98 

Total syngas conversion to methanol (mass %) 92.48 94.32 

Syngas gross heating value GHV (MJ/Kg) 26.10 29.39 

Syngas net heating value LHV (MJ/Kg) 23.46 26.11 

Feed Stock Energy (KW) 1198.61 3194.53 

Thermal Energy of Produced H₂ (KW) 70.64 616.66 

Thermal Energy of Produced Methanol (KW) 1172.69 3019.63 

Min Hot Utilities Required (KW) 538.46 1169.07 

Min Cold Utilities Required (KW) 7.91 162.60 

Total energy required after heat integration (KW) 546.37 1331.67 

Process Efficiency (%) 71 80 
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4.2 Syngas Composition Analysis 

4.2.1 Syngas Composition at WGS Outlet for Case 1 and Case 2 

The hydrogen produced at the outlet of WGS was higher in case 2 than case 1 with higher 

molar composition (i.e., Figure 10). The main reason for that, is the more hydrogen rich 

syngas was achieved at the inlet of WGS.  This indicates higher heating value for the 

alternative case than the base one. The amount of carbon monoxide is minimal in the two 

cases which implies the efficiency of WGS in converting carbon monoxide into hydrogen 

and carbon dioxide. There is an appreciable amount of carbon dioxide which will be 

removed along with hydrogen sulfide in AGR unit. The traces of methane in the two cases 

are similar in the two cases, however, it is slightly greater in the base case because of 

comparatively low gasification temperature in our process.  

 

Figure 10 Comparison between base model and methane reforming model in terms of outlet syngas composition 

after WGS unit 

Additionally, the hydrogen to carbon monoxide ratio at the inlet of WGS was evaluated for 

the base and alternative cases (i.e., Figure 11). It had been found that, the ratio was greater 
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for case 2 than case 1, indicating a higher heating value for the integrated process. The 

integrated process produced more hydrogen than the classical one because of the SMR unit 

that produced a hydrogen mole fraction of 67%. The overall energy process efficiency was 

calculated and studied, and it had been found that, it was higher in case 2 than case 1 by 

6.43% when compared to the first case. By that, the case 2 is more efficient than case 1in 

terms of heating value. However, economic analysis had to be performed to confirm the 

final preference of the alternative case. 

 

Figure 11 Comparison between base case and alternative case in terms of the total process efficiency and molar 

ratio of hydrogen to carbon monoxide before WGS 

4.2.2 Composition of Syngas at the Inlet of Methanol Reactor for Case 3 and Case 4 

A more illustration in the process performance is given in this section, which includes the 

synthesis gas composition at the inlet to methanol process, the process efficiency, and the 

normalized methanol production. Figure 12 Comparison between base model and 

alternative model in terms of syngas composition at the inlet to methanol synthesis process 

shows the hydrogen and carbon monoxide contents in the synthesis gas prepared for 
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methanol synthesis. The gas compositions were suited for methanol synthesis; validated 

earlier with a hydrogen sulfide of 1 ppm. The carbon monoxide in case 3 is higher than 

case 4 by 21.5%. The alternative case produces more hydrogen since SMR process 

produces syngas with a higher H₂. The content of hydrogen in case 4 is higher than case 3 

by 8.9%. The two cases have high LHV, however, case 4 has higher hydrogen content. 

That preference in hydrogen content was not for methanol enhancement in the production 

rate, however, it was perceived in the final production rate of hydrogen fuel. 

 

Figure 12 Comparison between base model and alternative model in terms of syngas composition at the 

inlet to methanol synthesis process  

The alternative case had higher process efficiency than case 3 with 9% enhancement. This 

improvement is attributed to the energy integration between plastic gasification and SMR, 
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Comparison between base model and alternative model in terms of syngas composition at 

the inlet to methanol synthesis process demonstrates the overall process efficiency with the 

methanol final production rate for the two developed cases. The normalized methanol 

production rate was higher in case 4 than case 3 by 2.81%. The SN for the inlet syngas in 

case 4 was 2.51 which is the optimum for methanol synthesis [129]. In terms of fuel 

production, fuel heating value, and energy reduction, case 4 was superior to case 3. 

Therefore, with the new novel design case, we enhance the process of plastic thermal 

processing to be more feasible. The economic analysis is crucial to study the applicability 

of the two cases in the industry.  

 

Figure 13 The process efficiency and normalized production rate of methanol for case 3 and case 4 
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4.3 CO₂ Specific Emissions 

4.3.1 Analysis of CO2 Emissions from Case 1 and Case 2  

The carbon dioxide specific emissions were less in both cases; however, the alternative 

case has lower emissions by 1.2%. A study conducted by Usman et al. (2021), about the 

conversion of coal to hydrogen found that, the CO₂ specific emissions are in the level of 

0.70 [93]  .Figure 14 shows the carbon dioxide specific emissions for each case along with 

HPE (Hydrogen per total feed; mass ratio). The HPF for case 2 is much stronger than case 

3 with less carbon emissions. Hence, the alternative case was successful in producing 

higher amount of hydrogen from the normalized feedstock with a minimal emissions of 

carbon dioxide.  
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Figure 14 Comparison between base model and methane reforming model in terms of mass conversion of the 

feed to hydrogen and in terms of CO₂ specific emissions (CSE) 

4.3.2 Analysis of CO2 Emissions from Case 3 and Case 4 

Controlling the CO₂ specific emissions for our study is very essential because we wanted 

to investigate a new energy source minimizing the waste pollution. Therefore, we 

performed extensive sensitivity analysis and developed acid gas removal unit to ensure 

lowest CO₂ emissions in the two modeled cases. We achieved a minimal CO₂ emission in 

the two cases, and surprisingly, our alternative case was very efficient in the reduction of 

carbon dioxide. Case 4 when compared to case 3 was higher by 0.0246. Hence, the carbon 

dioxide in case 4 is negligible.  Figure 14 shows the carbon dioxide specific emissions and 

the hydrogen production rate per total feedstock (i.e., plastics and natural gas). The 

normalized hydrogen production rate for the alternative case was higher by 66.7%. 
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Therefore, with the new alternative design, we highly limited the CO₂ specific emissions 

with significant enhancement in fuel production rate.  

  

Figure 15 Comparison case 3 and case 4 in terms of CO₂ specific emissions (CSE) and normalized hydrogen 

production rate (HPF) 

4.4 Sensitivity Analysis  

4.4.1 Analysis of Case 1 and Case 2 

After selection of the type of plastics, the simulation methodology, and guided reference, 

we validated our gasification results as in Table 13 and Table 14. The results were matched 
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other processes to produce hydrogen. We have done sensitivity analysis on gasification 
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900 ℃ using steam to feed mass ratio of 1.25. Additionally, we studied the impact of some 

parameters on the performance of WGS unit (i.e., pressure, cooling rate, and steam flow 

rate). The optimal conditions deduced from this unit were at atmospheric pressure with a 

cooling rate of 30 KW, and steam to CO molar ratio of 1.0. The whole analysis is given in 

the following sections. 

4.4.1.1 Sensitivity Analysis around Steam Gasification 

 

Figure 16 Scheme diagram for the plastic gasification process 

The gasification process was started with heating the feedstock to 650 ℃ to meet the 

decomposer requirement. The feedstock (polyethylene and polypropylene) in parallel with 

specified amount of steam were fed to the decomposer to convert them to their elemental 

components. Then, they were gasified in G1 (RGibbs) at 950 ℃ converting the elemental 

components to syngas with some traces of hydrogen sulfide and carbon dioxide. Little 
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amount of steam was in the outlet, and they were separated after cooling the mixture. 

Figure 16 illustrate the gasification process done via Aspen Plus software.  

a. The Effect of Steam to Feed Ratio on Syngas Composition at the Outlet of the Gasifier  

To calculate the low heating value of syngas (LHV), we used the following [91]. 𝑦𝐶𝑂 and 

𝑦𝐻2
 are the mole fraction of hydrogen and carbon monoxide respectively. 

𝐿𝐻𝑉𝑆𝑦𝑛𝑔𝑎𝑠 = 12.636𝑦𝐶𝑂  + 10.798 𝑦𝐻2
 

Figure 17 represents the sensitivity analysis on steam gasification unit investigating the 

impact of steam to plastic ratio (S/P or S/F) on syngas heating value. Although, increasing 

the steam to plastic ratio, decreased the CO production rate, however, it dramatically, 

enhanced the hydrogen production. CH4 was suppressed when we increased the ratio of 

S/P. The optimal steam to feed ratio at 900 ℃ from the plots was 1.25, because further 

increase had a negligible impact on syngas LHV. The analysis was done at an equal blend 

of PE and PP. We concluded that, increasing the steam to plastic ratio has a positive impact 

on enhancing the syngas heating value, however, at a specific point, it will decrease again. 

Therefore, we considered the optimal ratio (S/P) which was 1.25. 
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Figure 17 An equal blend of PE and PP steam to feed ratio effect on produced moles distribution and LHV at 

900 ℃ 

b. The Effect of Gasification Temperature on Syngas Composition 

Lower gasification temperature promotes carbon dioxide due to the Boudouard reaction, 
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reaction, thus, as the temperature increases, less carbon dioxide is produced [130]  .

Therefore, increasing the temperature has a positive effect on the heating value of the 

produce syngas. However, we found that, at a specific temperature, there was no further 

enhancement on the syngas heating value. We selected steam to feed ratio of 1.0, with 

PE/PP ratio of 1.0. A blend of PE and PP has a high LHV. Figure 18 shows the impact of 

gasifier temperature on gasification process. Hence, gasification temperature of 900 ℃ was 

selected to be the optimal temperature for further investigation in this process.  

 

Figure 18 An equal blend of PE and PP gasification temperature effect on gases production distribution and 

LHV at mass ratio of S/P 1 
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c. Effect of PE to PP blend on Syngas Composition 

We considered the plastic feed to be polyethylene (PE) and polypropylene (PP) due to their 

availability and satisfactorily heating value [131] [132]  .The blend mass ratio of PE to PP 

had been studied with respect to temperature and steam to feed ratio. Four different mass 

ratios were investigated seeking the impact of the blend ratio on the overall heating value 

of the produced syngas.  

 

Figure 19 Effect of gasification temperature and plastic blend on syngas at steam to feed ratio of 1 (PE/PP mass basis) 
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Figure 19 shows the syngas heating value versus the gasifier temperature for each blend 

ratio. The analysis was performed at steam to feed ratio of 1.0. The results indicated the 

superiority of having more polyethylene on the heating value. It is fundamentally because 

of higher heating value of polyethylene than polypropylene, which will impact the syngas 

heating value [133]  [134].  Additionally, for the whole blending ratio, the optimal 

temperature was around 900℃, which was dedicated in the previous section.  

10

10.05

10.1

10.15

10.2

10.25

10.3

10.35

750 800 850 900 950 1000 1050 1100 1150

L
H

V
 (

M
J

/N
m

3
)

Gasifier T (oC )

100/0 75/25 50/50 25/75 0/100



58 

 

 

Figure 20 Effect of gasification steam to feed ratio and plastic blend on syngas at a gasification temperature 900 ℃ (PE/PP mass 

basis) 

To perceive the effect of steam to plastic ratio along with the feedstock blending ratios,  

Figure 20 was constructed representing the testing data. The study was conducted at the 

optimal gasification temperature (i.e., 900℃). As the polyethylene to polypropylene ratio 

enlarged, the heating value of the produced syngas was slightly enhanced. The impact of 

increasing the steam to plastic ratio was directly impacting the syngas heating value and 

the optimal was 1.25. Since there is no huge difference for the ratio of the blend, we decided 

to select PE/PP of 1:1 as the plastic feed in our model. The optimal blend was for the blends 

are 900℃ , with S/P of 1.25 agreeing with our previous conclusion. 

5

5.5

6

6.5

7

7.5

8

0.5 0.55 0.6 0.65 0.7

L
H

V
 (

M
J

/N
m

3
)

S/F (mass ratio)

100/0 75/25 50/50 25/75 0/100



59 

 

4.4.1.2 Sensitivity Analysis of Various parameters around WGS Unit 

 

Figure 21 Scheme diagram for the WGS process 

Water gas shift reactions are exothermic reactions, thus, increasing the cooling rate around 

the reactors will substantially enhance the conversion. Figure 21 demonstrates the WGS 

process simulated via Aspen Plus. We prepared the WGS feed by cooling the gas mixture, 

then traces of ash were there and they were separated via normal flash drum. After that, the 

mixture along with specified steam to feed ratio were introduced to the first WGS reactor 

which is an equilibrium reactor (REquil). Through WGS reactions illustrated in Table 6, 

the carbon monoxide was simply converted to hydrogen and carbon dioxide. Then, another 

WGS reactor was modeled to grantee 99.9% conversion of CO to hydrogen. Finally, the 

products were prepared for AGR process via cryogenic cooling to 10℃. 

a. The Effect of Steam on CO Conversion 

WGS basically converts carbon monoxide to hydrogen and carbon dioxide. Thus, the main 

parameter to study is CO conversion. The injected steam has a strong effect on the 
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conversion which is represented by Figure 22. The optimal steam to inlet CO molar ratio 

was 1, which reveals a good agreement with stoichiometry. 

 

Figure 22 The effect of WGS steam inlet to the CO conversion for a mass ratio PE/PP of 0.5: 1; S/F of 1.25: 1 

 

b. The Effect of Cooling Rate on CO Conversion 

Cooling duty was significant parameter in simulating the WGS unit since the reactions are 

exothermic. Therefore, it had been studied seeking its impact on carbon monoxide 

conversion. The result revealed a substantial positive effect of cooling duty of WGS 

reactors. Figure 23 illustrates the impact of first WGS reactor cooling rate on the carbon 

monoxide conversion. Since, the water gas shift reaction is exothermic, it was expected 

that, the equilibrium will shift to the right when the cooling duty increased. The remaining 

unconverted CO was reacted in the second WGS reactor (i.e., Figure 24). The effect of 

cooling rate in the second reactor is quite interesting. The conversion of carbon monoxide 

in the second WGS increased as the cooling rate increased, however, when the cooling rate 
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reached 50 KW, the conversion was decreased. The trend in the second WGS reactor is 

different than the first WGS, because in the second WGS reactor, the content of CO was 

very low, which reduced the equilibrium direction towards the products.  Although, the 

conversion was high in WGS 1, however, it was crucial to ensure the highest conversion 

with reasonable cooling utility; thus, we selected 30 KW in the two reactors. 

 

Figure 23 Effect of first WGS cooling duty on the conversion of carbon monoxide conversion for a mass ratio 

PE/PP of 0.5: 1; S/F of 1.25:1  
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Figure 24 Effect of second WGS cooling duty on the conversion of carbon monoxide conversion for a mass ratio 

PE/PP of 0.5: 1; S/F of 1.25: 1 

 c. The Effect of Pressure on CO Conversion 

For the WGS, we found that, the pressure has no effect on the outlet composition. Thus, 

the main effect will be in the gasifier and that would ultimately affect the Hydrogen 

production. Hence, rather than showing the comparative analysis on WGS, it would be 

more appropriate to show the net hydrogen production which is (39, 34 and 30 kg/s) at 1, 

5 and 10 bar respectively. In the three models, we can see that the increase in gasifier 

pressure would decrease the net hydrogen production that can be also verified from the 

syngas composition in gasifier along with LHV at different pressures. The results indicated 

that, the overall Operation is preferable at low pressure in terms of H₂ production and 

syngas heating value. Figure 25 reveals the impact of gasifier pressure on hydrogen 

production at the outlet of the unit of WGS.  
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Figure 25 Effect of pressure in gasification and WGS units on the final produced amount of hydrogen 

4.4.2 Analysis for Case 3 and Case 4 

The main paramours in the two cases that ultimately impact the fuel production and energy 

consumption are the gasifier operational conditions, SMR feed flow rate, and temperature 

and pressure of methanol reactor. Hence, we tested those parameters and reported their 

effects on the key parametric results.  

4.4.2.1 Impact of Gasifier Temperature and Pressure on Syngas Composition (Case 3) 

We tested the impacts of plastic gasifier pressure and temperature on the syngas heating 

value which is represented by H₂/CO and SN. Figure 26 and Figure 27 show the effect of 

gasifier temperature and pressure on the stoichiometric number and hydrogen to carbon 

monoxide ratio. Increasing the gasifier temperature enhances the SN and H₂/CO. However, 

increasing the gasifier pressure decreases the SN and hydrogen to CO ratio. The high 

temperature promotes high quantity of hydrogen (higher contact of the gases with steam). 

Harris.et.al (2006), performed a study on the effect of gasifier temperature on the produced 
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gaseous concentrations, and he found that, as the gasifier temperature increases, CO₂ 

concentration reduced. Moreover, the concentration of CO and hydrogen increased [135]. 

According to Marek et al. (2012), increasing the pressure reduces the hydrogen 

concentration [136]. Our findings are in good agreement with the two experimental studies. 

 

Figure 26  Impact of plastic gasifier temperature and pressure on the syngas SN ratio 
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Figure 27 Impact of plastic gasifier temperature and pressure on H₂/CO ratio 

4.4.2.2 Impact of Total SMR Flowrate on Hydrogen and Methanol Production (Case 4) 

Case 4 involves two main processes that produce synthesis gas. Therefore, the blend ratio 

is a very significant factor affecting the whole design in terms of energy utilization and 

product quality. The plastic mass flow rate was constant with a value of 100 kg/h. Then, 

the SMR mass flow rate was tested with the control of steam to natural gas ratio (1.6 in 

mass basis). The first affected parameter is the total syngas flow rate at the inlet to methanol 

process. Obviously, increasing the SMR flow rate would increase the syngas production, 

however, the syngas heating value will be different. We tested the effect of SMR flow rate 

on the hydrogen composition and syngas molar flow rate (i.e., Figure 28). The hydrogen 

composition on the syngas rises as the SMR flow rate increases. The SMR process 

produces higher fraction of hydrogen than the gasification of the plastics. Thus, we 

perceive appreciable enhancement in the hydrogen fraction. Our selected total SMR flow 
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rate was 390 kg/h, which corresponds to 71% hydrogen composition in the total flow of 

syngas.  

 

Figure 28 Effect of SMR total mass flow rate on the hydrogen composition and syngas molar flow rate at the 

inlet of methanol process 

To visualize the impact of SMR flow rate on the final production rate of hydrogen, we plot 

the final produced hydrogen over molar flow rate of syngas at the inlet to the methanol 

process versus SMR total flow rate (Figure 29 ). Increasing the SMR flow rate has a slight 

impact on increasing the final amount of produced hydrogen. This increase is contributed 

to the enhancement of syngas heating value as SMR flow increases. The ratio of the final 

flow of hydrogen to the methanol inlet flow rate was 0.71. We additionally tested the purity 

of the produced hydrogen. We found a good improve in the purity. Figure 30  shows a 

considerable improve of hydrogen purity when SMR flow rate increases. We achieved 

almost 95% purity of hydrogen using 390 kg/h as a total SMR flowrate.  
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Figure 29 Impact of SMR total mass flow rate on the final hydrogen production rate per syngas at the inlet to 

methanol process 

 

Figure 30 Effect of SMR total mass flow rate on the final purity of produced hydrogen 
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Another important parameter that is affected by changing SMR flow rate is methanol 

production rate. Understandably, increasing the SMR feed would increase the methanol 

production rate, thus, we divided the production rate of methanol over the total syngas 

stoichiometric number (i.e., SN). Figure 31 displays the influence on SMR feed on 

methanol production deviating the obvious effect. The reason behind this noticeable 

enhancement is due to the increase in the CO₂ and H₂ compositions in the total syngas at 

the inlet of methanol process. The accomplished methanol production rate to SN at the 

corresponding selected SMR flowrate (i.e., 390 kg/h) was 6.5.  Therefore, generally, 

increasing the SMR flowrate has a positive impact on key results in our alternative design. 

However, we selected 390 kg/h because of energy limitations. The goal is to exchange the 

heat from the plastic gasification and utilized it in heating the SMR feeding stream. Hence, 

it is considered the optimal flowrate, and it is corresponding to a mass ratio of NG: plastics 

of 1.5.  Moreover, the further increase in the SMR has small impacts on the normalized 

hydrogen and methanol production rates.  
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Figure 31 Impact of SMR total mass flow rate on the production rate of methanol per mixed syngas SN 

stoichiometric number 

4.4.2.3 Effect of Temperature and Pressure of Methanol Reactor on its Production 

Rate (Case 3) 

The temperature of the methanol synthesis reactor is an important factor, and its effect is a 

combined effect. Increasing the temperature enhances the kinetics however, the 

equilibrium constants will decrease since the reactions are exothermic one. The equilibrium 

is slightly superior to the kinetics; hence, we perceive a decrease in the methanol 

production rate. Figure 32 illustrates the impact of PFR temperature (i.e., it is selected to 

be the same as the inlet temperature) on the methanol production rate. We selected the inlet 

temperature to the methanol synthesis reactor as 290 ℃ because we were limited to the 

model conversion. Additionally, the effect is very minimal. Figure 33 demonstrates the 

effect of the pressure of the reactor on methanol production rate. The impact of the pressure 

is a positive impact, however, slight increase in the production rate was perceived. 
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Therefore, we chose 25 bars as the pressure of the reactor. Moreover, the results illustrated 

in Figure 26 limited the further increase in the pressure not to need additional compression 

utility with special reactor design. 

 

Figure 32 Impact of methanol reactor temperature on its production rate 

 

Figure 33 Impact of methanol reactor pressure on its production rate 
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4.5 Economic Analysis 

4.5.1 Hydrogen Production Model (Case 1 and Case 2) 

To perform the economic analysis for the two designed cases, previous studies were the 

data source for initial plant cost estimation. The fixed capital investment was evaluated 

based on individual cost estimation of the processes depending on the process capacity and 

CEPCI. Equation 9 was the main equation for estimating the CAPEX. Certain assumptions 

were taken in estimating the operating expenditures. The maintenance, working capital, 

and land and salvage were estimated based on the fixed expenditures. The labor cost was 

calculated based on Equation 11. Then, the administration cost was evaluated from the 

labor cost. We selected the exponent x to be 0.6. We estimated the utility cost based on the 

utilities of each unit, then, calculating the price of each utility depending on the type of the 

duty. The reference for that calculation was Donald E. Garrett book [137]. The taxation 

rate was considered and selected to be 15%. To construct the plant cash flow diagram, we 

chose the plant life of 30 years with three daily shifts with stream factor of 0.95. The 

economic assumption summary is given in Table 19. The assumptions were in good match 

of previous studies Usama Ahmed (2020) [95] and Richard et al. (2009) [138].  

 

 

 

 

 



72 

 

Table 19 Economic assumptions 

Economic Assumptions 

Waste Plastics Available Free of Charge 

Natural Gas (€/GJ) 5  

Cooling Water price €/ton 0.01  

Waste Disposal (€/ton) 10 

Plant construction time (Year) 3 

Plant Life (Years) 30 

Maintenance (% from Equipment cost) 2 

 

Offsite Unit and Utilities (% from Equipment cost) 

25 

Contingency Cost (% from Equipment cost) 15 

Permitting (% from Equipment cost) 5 

Discount rate  0.08 

Administration (% from Labor Cost) 30 

Labor Cost €/Person 45000 

Stream factor 0.95 

Daily Shifts 3 

Land and Salvage (fraction of FCI) 1/9 

Working Capital (% of FCI) 10 

Taxation Rate (%) 0.15 

Ratio of recycling methanol solvent respectively 0.01 & 0.005  

Price of Methanol (€/ton) 600 

Price of Boiling water M€/ton 2.03 

x 0.60 

CEPCI (2021) 620 
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4.5.1.1 Estimation of CAPEX and OPEX 

The fixed capital expenditure (CAPEX) and the operational expenditure (OPEX) are the 

two crucial parts for estimating the required total investment for any project. The total 

investment is impacted by various variables such as capacity of the plant, the used raw 

materials, the operational time, and the process efficiency. The fixed CAPEX 

predominantly includes the equipment and plant facilities costs. In this study, we used the 

power law to estimate the CAPEX with capacity factor (x) of 0.6 using the concept of 

Chemical Engineering Plant Cost Index (CEPCI). Table 20 demonstrates the CAPEX cost 

summary calculating some essential parameters (i.e., total investment cost and TIC). We 

can perceive a difference in the TIC for the two studied cases due to the variation in the 

process configuration and the used feedstock type. The deduced total investment cost (FCI) 

in terms of M€ for the two cases was found to be 3.795, and 4.457 respectively. The FCI 

for the alternative case is larger than the base case since we introduced new process (i.e., 

SMR), the overall capacity increased. The TIC represents the total investment cost per 

hydrogen production capacity in ton. We found lower TIC for the alternative case by 23% 

indicating the economic efficiency of the alternative case in terms of CAPEX. 

 

 

 

 

 



74 

 

Table 20 CAPEX cost summary for the two studied cases for hydrogen production 

Equipment Case 1 € (10^3) Case 2 € (10^3) 

SMR Unit 0 128 

Acid Gas Removal Unit 1339 1624 

Syngas processing unit 646 690 

Solid Handling Facility 522 522 

Gasification Unit 110 110 

Equipment and Installation Cost 2617 3074 

Offsite Unit and Utilities (25% of Installation Cost) 654 768 

Contingency Cost (15% of Installation Cost) 393 461 

Permitting (5% of Installation Cost) 131 154 

Total Investment Cost 3795 4457 

TIC per ton of H₂ M€/ton 76.53 59.25 

On the other hand, the operational cost of the project is represented by OPEX, which is 

classified in to two different categories. The two categories are the fixed OPEX and 

variable OPEX. The fixed OPEX involves the maintenance, labor, and administrative costs, 

where the variable OPEX comprises the fuel, catalysts, waste disposal, and boiler feed 

water costs. Table 21 shows the OPEX summary for the two designed cases. The total 

OPEX in K€/Year for the two cases was found to be 1390 and 1469 respectively. The 

alternative case had higher OPEX than the base case by 5.7% due to the capacity difference. 

However, once we calculated the OPEX in K€/ ton of produced hydrogen, the OPEX for 

the alternative case was less by 30%. This amount of OPEX cost reduction points the 

overall economic efficiency for the alternative case.  
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Table 21 OPEX cost summary for the two modeled cases: hydrogen production 

Cost Sector/ Designed Case Case 1 € (10^3) / 

Year 

Case 2 € (10^3) / 

Year 

Maintenance Cost (2% of Equipment and Installed 

Cost) 

52.3 61.5 

Labor Cost 459.4 472.9 

Administrative, support & overhead cost 137.8 141.9 

Total Fixed Manufacturing Cost 649.6 676.2 

Natural Gas  0.0 16.5 

WGS Catalyst 16.6 18.0 

Reforming Catalyst 0.0 0.5 

Solvent 39.0 57.8 

Waste disposal 7.1 7.1 

Utility Costs 677.9 693.2 

Total OPEX/Year  1390.0 1469.3 

Total OPEX/ton H₂ 3.4 2.3 

4.5.1.2 Comparison of Hydrogen Costs with the Literature 

This section demonstrates the hydrogen production cost with respect to the total investment 

cost per amount of hydrogen produced. Additionally, it provides the cash flow diagram for 

the base and alternative case. Furthermore, it gives the literature validation and comparison 

between various processes. Figure 34 reveals the hydrogen production cost in €/kg, and 

the TIC in M€/year for the two cases.  
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Figure 34 The TIC per ton and hydrogen cost for the two cases 

Hence, the two parameters indicate how the process is efficient in terms of capital and 

operational cost. We can perceive that; the alternative case is much more efficient than the 

base case. The cash flow diagram was investigated and provided as Figure 35. The cash 

flow return on investment was higher for the alternative than the base case by 52%. 

Additionally, the net present value (NPV) was greater by 78% compared to the base case, 

where the present value ratio (PVR) was higher by 45%. We included the dominancy of 

alternative case in terms of economic analysis than the base case.  
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Figure 35 Cash flow diagram for the two cases to produce hydrogen from plastics: base case and methane 

reforming case. 

To validate our economic analysis and to demonstrate the effect of feedstock on the 

hydrogen production cost, we compared our results with the literature studies [139] [140] 

(i.e., Figure 36). The solar and photovoltaic electrolysis of water has the highest hydrogen 

cost (it is considered green; however, it consumes more energy). Biomass, coal and heavy 

oil can produce hydrogen with lower cost than solar process, however, they still have 

higher cost due to the complexity of their feedstock. The cost can vary from study to 

another, however the range from 5-8 €/kg [141]. Our designs are pretty like the SMR 

process; however, the alternative case is more competent.  
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Figure 36 Hydrogen production cost on our study compared with previous studies 

4.5.2 Dual Hydrogen and Methanol Production Model (Case 3 and Case 4) 
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The main two expenditures are the fixed capital expenditure (CAPEX) and the operational 

expenditure (OPEX). Several factors affecting the two expenditures which are the process 

efficiency, operational time, the raw materials, and the plant capacity which were all 

selected and illustrated in the previous sections. Equipment and installation cost were 
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methanol synthesis previous cost estimation was based on Graaf.et.al kinetics in estimating 

the methanol synthesis unit price [143]. The estimation of the other units was according to 

Usama.et.al (2020)[93]. Table 22 exhibits the CAPEX summary and the total investment 

cost per ton of the produced fuel. The two cases have different costs due to the difference 

in the capacity and feedstock compositions. Case 3 has no SMR, however, case 4 has no 

WGS. The total investment cost for case 4 is larger than case 3 by 13.4%. It is attributed to 

the larger feedstock in case 4 than case 3. Nevertheless, the TIC for case 4 is lower than 

case 3 by 72.5%. Hence, case 4 is more efficient than case 3 in terms of capital 

expenditures.  

Table 22 The capital expenditures cost summary for hydrogen and methanol production 

Unit Case 3 € (10^3) Case 4 € (10^3) 

SMR Unit 0 275 

Acid Gas Removal Unit  1096 1177 

Syngas processing Unit  108 0 

Solid Handling Facility  522 522 

 Gasification Unit  110 110 

Methanol Synthesis Unit 969 1842 

Equipment and Installation Cost  1836 2084 

Offsite Unit and Utilities (25% of 

Installation Cost)  

459 521 

Contingency Cost (15% of Installation 

Cost)  

275 313 

Permitting (5% of Installation Cost)  92 104 

Total Investment Cost  2663 3021 

TIC per ton of H₂ and CH3OH M€/ton 433 119 

 

The operating expenditures are classified to fixed and variable OPEX. The fixed OPEX 

includes the labor, maintenance, and administrative costs. The variable OPEX involves the 

catalysts expenses, the feedstock price, the solvent price, and waste disposal cost [137]. 
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Table 23 shows the summary of the operating expenditures for the two cases. The total 

fixed manufacturing cost for case 3 and case 4 were 0.504and 0.526 M€/Year respectively. 

The total OPEX in M€/Year for case 3, and case 4 were 0.839 and 1.0322 respectively. 

Case 4 had higher OPEX than case 3 by 23%. The alternative case requires higher operating 

expenses because the plant capacity is higher. A proper representation parameter for OPEX 

is to normalize the total operating cost by the production rate of the fuel. The alternative 

case cost in M€ per ton of fuel was lower than case 3 by 70%. It proves the superiority of 

case 4 than case 3 in terms of the lower consumption of operating expenditures relative to 

the fuel production.  

Table 23 The operating expenditures summary for the two cases for hydrogen and methanol production 

Cost Sector/ Designed Case Case 3 € (10^3) Case 4 € (10^3) 

Maintenance Cost (2% of Equipment and 

Installed Cost) 

56.1 78.5 

Labor Cost 344.7 344.7 

Administrative, support & overhead cost 103.4 103.4 

Total Fixed Manufacturing Cost 504.2 526.7 

Natural Gas  0.0 59.0 

WGS Catalyst 2.8 0.0 

Reforming Catalyst 0.0 1.1 

Solvent 128.9 76.4 

Waste disposal 7.0 7.1 

Utility Costs 192.2 325.5 

Total OPEX/Year  839.1 1032.2 

Total OPEX/ton H₂ & CH3OH 16.4 4.9 

4.5.2.2 Comparison of Fuel Costs with the Literature 

This section demonstrates the fuel production cost (hydrogen and methanol) and total 

investment cost per fuel production rate. Additionally, the cash flow diagram is constructed 

for the base and alternative cases. Moreover, it will validate the fuel production cost and 

compare it with the literature. Figure 37 reveals the TIC in M€/year for the two designed 
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cases, and the fuel production cost in €/kg, and the TIC in M€/year. The dual production 

cost of methanol and hydrogen was lower in case 4 than case 3 by 0.277 €/kg, which is less 

than the half. We recommend case 4 than case 3 to reduce the production cost of methanol 

and hydrogen. 

 

Figure 37 The TIC per ton of methanol and hydrogen for case 3 and case 4 

To evaluate and construct the cash flow diagram, we divided the total investment cost 

equally divided for three years. The revenue was calculated based on the production rate 

of hydrogen and methanol correspondingly multiplied by the average price of hydrogen 

and methanol. The depreciation was considered and assumed to be 10% of the total 

investment cost. Figure 38 reveals the cash flow diagram for case 3 and case 4. Clearly, 

the cash flow for case 4 is much superior to case 3. The revenue was greater in case 4 than 

case 3 by 3.526 M€/year. The net present value (NPV) was also evaluated for case 3 and 
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case 4; 2.734 and 26.201 respectively. The present value ratio (PVR) was also calculated 

for the two cases which were 1.614 and 5.301 respectively. Those calculations clearly 

indicate the significant improvement in the economic efficiency of the alternative case than 

case 3. 

 

Figure 38 Cash flow diagram for case 3 and case 4 for methanol and hydrogen production  

We compared the fuel cost per production rate for our model with the previous design in 

producing simultaneous hydrogen and methanol. Usama Ahmed (2020) studied the dual 

production of methanol and hydrogen. The study performed the economic analysis and 

found that, the production cost of the two fuels (H₂ and CH3OH) in €/kg were 0.28 and 

0.23 for case 3 and case 4 respectively [144]. Figure 39 demonstrates the total cost of the 

two fuels from plastics (in this study) and from coal (previous study). Case 4 from plastics 
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is comparable with the one from coal. Case 3 has higher production cost than that from 

coal. Therefore, producing the methanol and hydrogen from plastics is feasible.  

 

 

Figure 39 Dual methanol and hydrogen production costs on our study compared with previous studies  

Two developed cases were modeled for simultaneous hydrogen and methanol production. 

Somme sensitivity analysis was performed testing some parameters in case 3 and case 4 to 

properly select the optimal design conditions. To evaluate the model performance, we 

analyzed the two cases in terms of product heating value, energy performance, carbon 

dioxide specific emissions, and cost analysis. We expect case 4 to be superior to case 3 in 

the whole comparison aspects because it produces higher LHV synthesis gas with a huge 

reduction in the energy consumption which would result in cost reduction. 
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4.6 Conclusion 

The production of hydrogen and methanol was accomplished from waste plastics. The 

selected plastics were polyethylene and polypropylene. We performed two different 

studies. The first study was on hydrogen production in two different technologies. The first 

technology (case 1) involved steam gasification only to produce hydrogen. The second 

technology (case 2) involved another syngas producing process which is SMR (i.e., 

integrating steam gasification with SMR). The second study was like the first study; 

however, we produce hydrogen and methanol simultaneously (i.e., case 3 and case 4 

respectively).  

 The results from the first study revealed the following. When 100 kg/h of the plastic fed 

with 251 kg/h of steam, 50 kg/h of hydrogen produced (case 1). The sensitivity analysis 

for steam gasification and WGS units was performed seeking the optimal operating 

conditions. The optimal conditions for the gasifier were at 900 ℃  and atmospheric pressure 

with steam to plastic ratio of 1.25.  The first case (case 1) was feasible and efficient in 

producing hydrogen with low CO₂ specific emissions. However, there was a huge energy 

consumed in cooling the syngas prior to WGS after the gasification. Therefore, a more 

feasible technology (i.e., case 2) had been implemented to utilize that energy by integrating 

the steam gasification and natural gas reforming. The case 2 is technically more efficient 

than case 1, however, we needed it to prove the competence in terms of energy 

consumption and cost reduction. Hence, we conducted the whole analysis for the two 

technologies likewise. The percentage errors were performed with respect to the base case. 

The results revealed that, the H₂/CO ratio of the total produced syngas for the two cases 

were 1.86 and 2.23 respectively, which is 19.78% higher. Thus, the net heating value for 
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case 2 was higher than case 1 by 6.0%. The normalized hydrogen production per total 

feedstock was higher in case 2 than case 1 (i.e., 50 and 52.2 % respectively). Additionally, 

the overall process efficiency was greater in case 2 when compared to case 1 by 6.43%. 

The second technology also superior to the first one in reducing CO₂ specific emissions by 

1.0%. The economic analysis for the second case revealed appreciable reduction in the total 

investment per feed (TIC) and in the hydrogen production cost than the first case 1 by 23% 

and 30% respectively.  

In the second study (i.e., case 3 and case 4), the results indicated the following.  The gasifier 

pressure and temperature enhanced syngas heating value. Additionally, the impact of SMR 

total flowrate on the normalized methanol, and hydrogen production rate was studied. The 

process efficiency for the two cases was 71.3 and 80.3% respectively. The normalized 

production rate of methanol and hydrogen was superior in case 4 than case 3 (i.e., 65.6% 

and 3.0% respectively). The fuel production cost per its production rate was calculated to 

be 0.53 and 0.26 for case 3 and case 4 respectively. The whole analysis ensured 

effectiveness of the integrated model (case 4) than the classical one. Moreover, the 

economic analysis suggests a feasibility of plastic conversion to simultaneous production 

of hydrogen and methanol. We suggest investigation different plastic blends to perceive 

the effect in the design, energy consumption and cost reduction. It will contribute to 

enhance the plastic thermal recycling because the plastic classification is challenging in the 

plastic recycling journey. Additionally, we recommend studying the production of several 

other fuels (i.e., ethanol and DME) from waste plastics. 
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Appendices 

Appendix A: ASPEN plus Diagram for the Dual H₂ and CH3OH Production Models 

A1: The Base Case for Dual Hydrogen and Methanol production (Case 3) 

Note: Case 1 and Case 2 have the same structure as Case 3 and Case 4, however, the only difference 

is the addition of methanol process. Another difference is the order of H2S removal unit, which is 

after the syngas cooling process prior to methanol process in case 3 & 4. However, in case 1& 2, 

the H2S removal unit is after water gas shift unit prior to CO2 removal. 

 

Figure 40 Steam gasification and H₂S removal units in case 3(base case design) 



103 

 

 

Figure 41 Methanol synthesis unit in case 3 (base case design) 
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Figure 42 WGS unit in case 3 (base case design) 
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Figure 43 CO₂ removal unit with the solvent regeneration in case 3 (base case design) 
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A2. The Alternative Case for Dual Hydrogen and Methanol production (Case 4) 

 

 

Figure 44 Steam gasification and SMR units in case 4 (the alternative case) 
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Figure 45 H₂S removal with the solvent regeneration in case 4 (the alternative case) 
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Figure 46 Methanol synthesis unit in case 4 (the alternative case) 

 

Appendix B: Kinetics Keyed to the ASPEN Interphase 

Table 24 Kinetic factors and driving forces parameters inputted to the ASPEN interphase 

Kinetic Factor Reaction 1 Driving Force Reaction 1 

k (A) 1056.24 
 

Term1 Term2 

E (-B) 66200 A 0 29.06 

n 0 B 0 -11833 

Kinetic Factor Reaction 2 Driving Force Reaction 2 

k (A) 0.076 
 

Term1 Term2 

E (-B) 25800 A 0 24.39 

n 0 B 0 -7059.73 

Kinetic Factor Reaction 3 Driving Force Reaction 3 

k (A) 679620 
 

Term1 Term2 

E (-B) 91200 A 0 -4.67 

n 0 B 0 4773.259 
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Table 25 Adsorption constants inputted to the ASPEN interphase 

Adsorption Term 

Term no. 1 2 3 4 5 6 

Coefficient A 0 -10.74 -14.17 -18.87 -29.61 -33.04 

Coefficient B 0 5629.06 7421.22 10103.44 15732.50 17524.66 

Coefficient C 0 0 0 0 0 0 

Coefficient D 0 0 0 0 0 0 

 

 

Figure 47 The kinetic factor for CO hydrogenation to methanol 
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Figure 48 The CO hydrogenation driving force plugged to Aspen interphase for the first term 

 

Figure 49 The CO hydrogenation driving force plugged to Aspen interphase for the second term 
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Figure 50 The kinetic factor for CO₂ hydrogenation to methanol 

 

Figure 51 The CO₂ hydrogenation driving force plugged to Aspen interphase for the first term 
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Figure 52 The CO₂ hydrogenation driving force plugged to Aspen interphase for the second term 

 

Figure 53 The kinetic factor for the RWGS reaction 
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Figure 54 The RWGS reaction driving force plugged to Aspen interphase for the first term 

 

Figure 55 The RWGS reaction driving force plugged to Aspen interphase for the second term 
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Figure 56 ASPEN Plus interphase for the input of Graaf.et.al kinetics to synthesize methanol using PFR reactor 

(adsorption expression) 
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