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ABSTRACT 

 

     Poor degradability of plastics and e-waste present in municipal solid waste (MSW) causes 

severe soil and water contamination. In the cycle of waste generation and management, the 

recovery of energy from solid wastes through highly efficient and low pollutant technology is 

a promising way. Hence, the current study focuses on clean syngas production via plasma 

gasification of mixtures of solid waste termed as refused derived fuel (RDF), computer 

keyboard plastic waste (CKPW) and electrical switch waste (ESW). A large proportion of 

plastic waste (35 wt.%) is present in RDF, besides yard (40 wt.%), paper (10 wt.%) and food 

waste (15 wt.%). High-density polyethylene (HDPE), low-density polyethylene (LDPE), 

polyethylene (PE), etc., are the major contents of plastic waste in RDF. Similarly, in CKPW 

plastics, acrylonitrile butadiene styrene (ABS) is found to have the largest share of 30%, 

followed by polycarbonate (PC). The recycling rate of ABS from the solid waste stream is only 

25%. Among the thermosets, phenolic resin, with the trade name of bakelite (BAK), is the most 

widely used material in the ESW due to flame retardant properties, high hardness and good 

thermo-oxidative stability. Such complex compounds make the plastic and e-waste difficult to 

recycle or undergo thermal degradation without pollutant generation. Subsequently, these 

wastes create human hazards upon accumulation and further release toxic components by 

conventional degradation methods. Thus, plasma gasification is the best suited technology to 

process solid waste. Plasma gasification offers great advantages over conventional gasification 

in terms of higher carbon conversion and low tar content due to high reaction temperature. 

     The single-stage thermal plasma gasification of RDF, CKPW and ESW is carried out in a 

carbon dioxide (CO2) atmosphere using a non-transferred plasma torch. Carbon dioxide is 

chosen as the gasification agent for the following reasons: (i) to reduce net CO2 emissions in 

the environment through consumption, (ii) lower energy required to capture and utilize than 

TH-3268_186107013



ABSTRACT 

ii | P a g e  
 

other gasifying agents and (iii) the ability to liberate oxygen-free radicals for producing syngas-

rich gaseous products. On a laboratory scale, several experiments are conducted to assess the 

impact of solid feedstock mass flow rate, feed CO2 gas flow rate and plasma torch power on 

the syngas concentration and yield. A 3-E analysis comprising cold gas efficiency (CGE), 

exergy efficiency and levelized cost of syngas (LCOS) is performed, considering all the feeds. 

A high-quality syngas with H2 (32.23 vol.%), CO (51.98 vol.%) content, possessing a lower 

heating value of 16.46 MJ/m3 and CGE of 39.04% is obtained for CKPW at the maximum 

power of plasma torch (2 kW). A medium LHV of 6.16-10.20 MJ/m3 is found for all ESW feed 

cases. However, with process parameters of 30 g/10 min, 0.4 lpm and 0.75 kW, a higher CGE 

of 49.90% and exergy efficiency of 48.30% are achieved using RDF feed. While the lowest 

LCOS value of 23.40 INR/kWh is estimated for CKPW feed and the highest (62.44 INR/kWh) 

for ESW feed at their respective optimum condition. This is attributed to the amount of 

combustible fractions present in the CKPW feed in terms of C and H and the thermal 

degradation behavior resulted in a higher energy produced per unit cost involved in the plasma 

gasification. 

     The obtained by-products in the form of oil and solid residue are characterized for a better 

understanding of the plasma reactions and potential applications of the products. The proximate 

and ultimate analysis of oil obtained from CKPW feed showed properties similar to diesel, with 

high C (90.8 wt.%), H (6.8 wt.%) and LHV (39.13 MJ/kg), and low O (0.46 wt.%) content. A 

slight lower in viscosity (3.93 cP), density (0.91 g/ml) and increase in pH (6.94) of the CKPW-

based oil are beneficial to avoid engine damage. Whereas, the residue of RDF has high ash 

content of 13.95 wt.%. Ash contains a good amount of Ti, Ba, Ca, Si, Al, etc., which can find 

applications in healthcare, paints, dye-casting and the cement industry after enrichment. The 

reaction mechanism of individual feeds to syngas and other products under plasma conditions 

is also proposed. Finally, an empirical correlation is developed to predict the composition of 
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each component, calorific value and CGE of the syngas with the experimental results using 

SPSS software. 

     Two newly emerging technologies, (a) molten carbonate fuel cell (MCFC) and (b) chemical 

looping reforming (CLR), are integrated with plasma gasification for hydrogen and electricity 

production for various system configurations. The simulation of the plants is performed using 

Aspen plus and consequently, 4-E (energy, exergy, economic and environmental) analyses are 

executed. Different plant scenarios involving plasma gasification integrated steam turbine 

(IPGST) with MCFC based on syngas splitting ratio to pressure swing absorption (PSA) and 

MCFC are considered using RDF feed. The highest energy and exergy efficiencies attained are 

54.12% and 52.02% for the system Syngas:CH4 [PSA: MCFC], respectively. Moreover, 

considering all the configurations, the cost of electricity (COE) ranges between 77.48 and 

107.93 $/MWh, while the levelized cost of hydrogen (LCOH) is between 1.01 and 3.94 $/kg. 

Likewise, the introduction of MCFC for 0:100 [PSA: MCFC] case reduced the annual CO2 

emissions ~5 times than of 100:0. On the other hand, the feeds such as CKPW and ESW are 

considered for plasma gasification integrated CLR, working at two pressure levels (1 bar and 

15 bar). Based on the simulated results, the net overall energy efficiency is found higher for 

CKPW (72.35%) than ESW (64.92%) at the base case (i.e., 0% excess OC or air), while the 

net overall exergy efficiencies are lower by 15% for ESW and 3% for CKPW on average, 

compared to energy efficiencies. In addition, the COE for all cases remains below 111 $/MWh 

for ESW and 76 $/MWh for CKPW, while the LCOH lies in the range of 1.7-2.3 $/kg for ESW 

and 0.8-1.7 $/kg for CKPW. Likewise, the power plants fed with CKPW assured higher 

sustainability from the ecological point of view as all carbon is captured and stored.  

     Thus, the experimental study on high-temperature CO2 plasma gasification using RDF, 

CKPW and ESW feed and the corresponding 3-E analyses inferred that treating such wastes 

can be a feasible and economical route for waste-to-energy conversion. Given the high energy 

TH-3268_186107013



ABSTRACT 

iv | P a g e  
 

output and low carbon emission, the plasma gasification process is an efficient route to achieve 

the sustainable development goals (SDGs). Moreover, the wastes seem to be an encouraging 

feed towards hydrogen and electricity co-generation via plasma gasification technique 

integrated with MCFC and CLR, except for higher initial investment. Based on the 4-E 

analyses, a selective fuel with a good heating value is the best option for an energy-intensive 

plasma gasification process. 

Keywords: Plasma gasification, Refused derived fuel, Computer keyboard plastic waste, 

Electrical switch waste, Molten carbonate fuel cell and Chemical looping reforming. 
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Nomenclature   

  Superscripts 

T            Temperature, °C or K   

Ẇ            Power produced, MW f             Scaling factor 

Ė             Energy or Exergy flow rate, MW a             Annual 

T0           Atmospheric temperature, °C or K k Payback period 

Ё             Emission rate, kgCO2 MW h-1   

h             Specific enthalpy, J mol-1 Greek symbols 

s              Specific entropy, J mol-1 K-1   

ech           Standard chemical exergy, J mol-1 β             Correlation factor 

y             Mole fraction Ɛ             Annual emissions       

ṁ            Mass flow rate, kg s-1 η             Efficiency 

Quot       Quotation   

r             Annual interest rate, % Abbreviations 

k             Payback period, years   

C            Cost, $ 4-E           Energy, exergy, economic and 

environment 

P Equivalent period of utilization, 

h/year 

ABS Acrylonitrile butadiene styrene 

f Annuity factor AR           Air reactor 

p Partial pressure ASTM              American society for testing and 

materials 

  ASU         Air separation unit 

Subscripts AT Air separation unit 

  BAK Bakelite 

m moisture CAGR Compound annual growth rate 

gp Plasma gasifier CAPEX     Capital expenditure 

in             Inlet CC Combustion chamber 

out            Outlet CCLS Compression, cooling and storage 

F              Feed CCS Carbon capture and storage 

xd Exergy destruction CCU CO2 compressor unit 

elec         Electrical CGE       Cold gas efficiency 

en             Energy CHP Combined heat and power 

ex             Exergy CKPW      Computer keyboard plastic waste 

ph             Physical CLC          Chemical looping combustion 

ch             Chemical CLR Chemical looping reforming 

i                Single component COE Cost of electricity 

  DC         Direct current 

  DCM Dichloromethane 

  DHW Domestic hot water 

  DTG Derivative thermogravimetric 

  EDS Energy dispersive spectroscopy 

  ESW         Electrical switch waste 
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FESEM             Field emission scanning electron 

microscopy 

PAHs Polyaromatic hydrocarbons 

FID          Flame Ionization detector PC Polycarbonate 

FR            Fuel reactor PCCI         Purchasing power parity index 

FTIR Fourier transform infrared 

spectroscopy 

PER Plasma energy ratio 

GC Gas chromatography PG             Plasma gasification 

GTU         Gas turbine unit PP             Pollution potential 

GWP Global warming potential PPPI          Power capital cost index 

HDPE High density polyethylene PSA          Pressure swing adsorption 

HPST High pressure steam turbine SI Sustainability index 

HRSG      Heat recovery steam generator SMR         Steam methane reforming 

HTR          High-temperature reactor SOFC Solid oxide fuel cell 

IGCC Integrated gasification combined 

cycle 

SPECO      Specific exergy cost 

INR Indian rupee SR            Steam reactor 

IPGCC Integrated plasma gasification 

combined cycle 

STU          Steam turbine unit 

IPGST Integrated plasma gasification 

steam turbine 

RDF Refused derived fuel 

LCOH Levelized cost of hydrogen RF Radio frequency 

LCOS Levelized cost of syngas TCD          Thermal conductivity detector 

LHCs Lower hydrocarbons TGA Thermogravimetric analysis 

LHV Lower heating value TPD Tonnes per day 

LPST Low pressure steam turbine WTE Waste-to-energy 

LTR          Low-temperature reactor XRD            X-ray diffraction 

MCFC Molten carbonate fuel cell   

MEA         Monoethanolamine   

MPST Medium pressure steam turbine   

MS Mass spectrometry   

MSW Municipal solid waste   

NPV Net present value   

OC             Oxygen carrier   

OPEX       Operating expenditure   
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CHAPTER 1 

INTRODUCTION 

The initial section of this chapter presents a brief introduction to the waste generation scenario 

and its composition worldwide. The detrimental effects of these wastes on the well-being of 

humans and the environment in terms of climate change are discussed. Based on the waste 

management hierarchy, an advanced emerging technology known as plasma gasification (PG) 

is identified as the promising technique to convert complex waste to energy (WTE) with almost 

zero environmental impact. Further, the global energy demand scenario, emissions released 

from such sectors and the decarbonization technologies of molten carbonate fuel cell (MCFC) 

and chemical looping reforming (CLR) for producing hydrogen and electricity are outlined. 

The motivation behind the research formulation is based on the scope and importance of the 

plasma gasification process in the thermochemical conversion field. Finally, the basic outline 

of the doctoral work is summarized.    

 

1.1. Waste generation and its composition  

     Industrial Revolution 4.0 originated in 2011 led to a rapid increase in the generation of 

untreated waste, which is due to the growing population, economic growth and globalization. 

The per capita waste generation in the year 2016 ranges from 0.11-4.54 kg/day and is expected 

to increase by 19-40% till 2050 worldwide. The world generated around 53.6 Mt of E-waste, 

with an average of 7.3 kg per capita in 2019. The quantity and composition of waste generated 

depend on a specific country's income level and geographical zone. Currently, the East Asia 

and Pacific region generate 23% of the world’s waste, while South Asia and the Middle East 

are the fastest growing regions and are expected to double their waste by 2050, as illustrated in 

Fig.1.1 (The World Bank, 2022). In India, there has been a marginal change in per capita waste 
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generation (kg/day) over the last six years and it is estimated to rise 2.5 times by 2031 (Center 

for Science and Environment, 2021). Continuous solid waste disposal has always been a 

worldwide issue relating to the safety of the environment and public welfare.  

 

Fig.1.1. Projected waste generation, region-wise (million tonnes per year) (Kaza et al., 2018). 

     On average, 44% of the global municipal solid waste (MSW) comprises food and green 

waste, followed by paper and cardboard (17%), plastics (12%), etc. (OECD, 2023; United 

Nations Environment Programme, 2021). Moreover, the segregation of MSW into combustible 

and non-combustible components can be a viable solution to utilize the waste efficiently. The 

fraction of organic waste decreases and dry waste, such as plastic, paper, etc., increases with 

the economic development of a country. The combustible portion is known as refused derived 

fuel (RDF) and consists primarily of plastics, paper, cardboard, textiles, wood, food, etc. 

Although the composition of waste in RDF varies across regions, the content is approximately 

similar. In general, plastics and paper majorly account for 50-80%. RDF can potentially be 

another energy source as it has a higher calorific value ranging from 18-23 MJ/kg on a dry 
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basis (Yang et al., 2021). The usage of RDF was explored in Indian industries like iron and 

steel, thermal, cement and brick kilns. It possesses negative concerns on the product quality, 

thermal stability and release of toxic gases (Ministry of Housing and Urban Affairs, 2018). In 

recent times, Covid-19 has magnified the production of healthcare waste in terms of personal 

protective equipment (PPE) such as masks, gloves, face shields, etc., and household waste due 

to lockdown and suspension of reusable items in stores (UNEP, 2020). Plastics have become a 

basic part of general waste due to their low manufacturing cost and a broad range of 

applications such as packaging, automotive, electrical and electronics (Lopez et al., 2018). 

Plastic waste is also a source of greenhouse gas emissions, accounting for 3.4% of the global 

average (OECD, 2022). Among the plastic produced worldwide, polyolefins account for half 

of the production and the rest as polyethylene terephthalate (PET), high-density polyethylene 

(HDPE), polypropylene (PP), polystyrene (PS) and others. The infamous “other” category 

includes acrylonitrile butadiene styrene (ABS), polycarbonate (PC), bakelite (BAK), 

polymethyl methacrylate (PMMA), etc. This does not belong to any of the recycling codes or 

is a mixture of many types of plastics and is indicated as the #7 category (Jung et al., 2018; 

Tod Hardin, 2021). Compared to 2018, the market demand for plastics (thermoplastics and 

thermosetting) has grown at a compound annual growth rate (CAGR) of 5.2%. Thermoplastic 

resins such as polyethylene terephthalate (PET), acrylonitrile butadiene styrene (ABS), nylon, 

etc., are easier to reshape and degrade on heating than thermosets like phenolic resins or 

bakelite, polyurethane (PU), etc. (Data Intelo, 2022).  

1.2. Effects of greenhouse gas emissions from waste 

     Nearly 1.6 billion tonnes of waste-associated CO2 equivalent greenhouse gas were emitted 

in 2016 alone and it is estimated to rise to 2.38 billion tonnes/year by 2050 if no developments 

are made. The anaerobic decay of the waste and exposure to solar radiation produce greenhouse 

gases. Landfill methane (CH4) is the largest contributor of greenhouse gases released from 
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post-consumer waste, followed by nitrous oxide (N2O) and carbon dioxide (CO2) (Birkmann 

et al., 2022; Bogner, 2007). Therefore, the management of solid waste has huge implications 

affecting individual’s daily health, contaminating water bodies, blocking drains and causing 

floods, spreading diseases through breeding vectors and disturbing economic growth via 

reduced tourism (Kaza et al., 2018; Wilson et al., 2015).  

1.3. Waste management methods 

     Based on the concept of 3R’s (Reduce, Reuse and Recycle), the waste management 

hierarchy is shown in Fig. 1.2. Landfilling in a controlled or uncontrolled manner is the least 

preferable choice due to the ill effects caused to both land and water body (Wang et al., 2019). 

More than one-third of the solid waste is disposed of in some type of landfill, 33% is openly 

dumped, 19% is recycled and the rest is incinerated. While for plastic waste, the incineration 

process contribution drops to 19% and recycling to 9%, with almost 40% ending in residues. 

Moreover, higher expenditure, contaminants released during incineration, limited landfill 

space, unsuitable recycling, etc., are some of the major problems related to disposal (Sanito et 

al., 2020; Striūgas et al., 2017). 

 

Fig. 1.2. Waste management hierarchy. 
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Another method of avoiding disposal is to recover the maximum extent from these non-

conventional sources via waste-to-energy (WTE) techniques such as incineration, pyrolysis 

and gasification (UNEP, 2020). There is a growth in the alternative fuel market, especially with 

the waste that cannot be reused, recycled and recovered (Jagodzińska et al., 2019). A standard 

waste-to-energy (WTE) plant can generate about 550 kWh/ton at an average revenue of 20-30 

$/ton (Environmental Protection Agency, 2023). The different routes of processing waste are 

shown in Fig. 1.3. Understanding the effective utilization and management of waste allows the 

local government in both developed and developing countries to formulate policies and 

strategies for future demand. Most of the studies in scientific literature and the real world are 

mainly based on the incineration process, whereby the technology offers to recover heat from 

the combustion of waste in a controlled oxygen-rich environment. However, the incineration 

process pollutes the atmosphere with the emission of ash, SOx, NOx, chlorine and dioxins 

(Sanito et al., 2020). 

 

Fig. 1.3. Different routes of processing waste for valuable products. 

     On that note, gasification proves to be a promising technique for converting the combustible 

components in the fuel to a high calorific value syngas consisting mainly of H2, CO, CH4 and 

CO2. However, conventional methods of gasification relatively at a low temperature of 700 °C 
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produce tar residue consisting of unconverted solid, high-boiling organic compounds and other 

solid-entrained particles in the product gas (Shen et al., 2019; Zhang and Pang, 2019). The 

calorific value of synthesis gas (6.1 MJ/Nm3) obtained from biomass gasification has low to 

moderate utility and the syngas of high ash Indian coal has a heating value of ~ 3.58-4.81 

MJ/m3 (Gupta and De, 2022; Umeda et al., 2019). The drawback of having a high amount of 

heavier hydrocarbons (tar) in the syngas and the difficulty possessed in handling a large volume 

of inorganic substances in MSW limited its application. Moreover, co-gasification of biomass 

with waste can enhance the quality of the syngas (~ 7 MJ/Nm3) and coal with biomass can also 

reduce fossil-derived CO2 emissions (Barontini et al., 2021; Bhoi et al., 2018; Spiegl et al., 

2021). The distribution of syngas production based on feedstock and application in various 

sectors is shown in Fig. 1.4. The utilization of the waste towards syngas constitutes less than 

1% of overall feedstocks available for energy conversion (Khan H, 2018). More studies are 

still carried out on the gasification process for power generation (Nanda and Berruti, 2021). 

Therefore, there is a need to research and develop more robust and environmentally friendly 

technology that utilizes waste effectively.  

 

(a)                                                                                (b) 

Fig. 1.4. Global syngas distribution (a) by application and (b) by feedstock. 
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1.4. Plasma gasification of waste 

     Plasma gasification in Fig. 1.5 is an exclusive way of converting any type of fuel into clean 

syngas and vitrified slag at very high temperatures, achieving almost zero pollutant emissions. 

The heat is supplied externally for creating plasma in a torch. This plasma develops gasification 

reactions and further enhances the reforming reactions in the gas phase by cracking the 

undesirable complex hydrocarbons (tars) and dioxins in the syngas into simpler molecules of 

H2 and CO (Agon et al., 2016; Jiang et al., 2021; Minutillo et al., 2009). Due to the high energy 

density and high temperature of plasma, a large waste throughput can be accommodated in the 

plasma reactor with lower residence time, fast start-up and shutdown (Sikarwar et al., 2020). 

In plasma gasification, the nitrogen in the feedstock remains unchanged and sulfur gets 

converted into hydrogen sulfide (H2S) and carbonyl sulfide (COS), preventing the formation 

 

Fig. 1.5. Typical representation of a plasma gasifier. 
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of nitrogen and sulfur oxides (NOx and SOx), respectively (Munir et al., 2019). The only 

limitation of plasma torches is the high specific energy consumption, which can be as high as 

approximately 30% of the calorific value of MSW (Kwon and Im, 2022). 

     The plasma gasification of high calorific RDF and different grades of complex plastic waste, 

such as ABS and BAK can provide the impetus for the production of affordable and clean 

energy as part of Goals 3, 7, 11 and 12 of the Sustainable Development Goals (SDGs) of the 

United Nations (Department of Economic and Social Affairs, 2023). In recent years, this novel 

approach has undergone comprehensive research for the assessment of organic waste disposal 

including radioactive waste, bio-medical waste, automobile shredder residue, asbestos fibers 

and municipal solid waste (MSW) (Kim et al., 2003; Tang et al., 2013; Tzeng et al., 1998). 

High temperature and energy density, high destruction efficiency and energy recovery, the 

flexibility of waste, the ability to generate co-products and environment compatibility are the 

benefits of this plasma technology (Sikarwar et al., 2020).                     

1.5. Energy (hydrogen and electricity) production statistics in India and worldwide 

     Globally, the electricity demand will increase at the rate of 2.1% per year, which is twice 

the primary energy demand by 2040. This is resulting due to the rising household incomes, 

electrification of transport and the growing nature of digitally connected devices. The 

electricity demand is led by Asia, with India standing in the second position at 20% share. 

Although coal and natural gas's yearly growth rates for power production are less than wind 

and solar PV, they share around 47% of overall electricity production (Energy Agency, 2021; 

Mondial L, 2013). As per the National Power Portal (NPP), India has an installed capacity of 

~404 GW, out of which 58% is produced from thermal sources, 39% from renewables (only 

0.43% is from waste-to-energy) and the rest is from nuclear sources (Central Electricity 

Authority, 2022). Most of the coal-air steam turbine plant configuration of National Thermal 
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Power Corporation (NTPC), India, under sub-critical conditions, has a net efficiency in the 

range of ~20-24% with a carbon capture and storage unit (CCS). The cost of electricity (COE) 

using different carbon-absorbing mediums under post-combustion conditions varies in the 

range of 90-115 $/MWh (Singh et al., 2017).  

     In the last few years, hydrogen (H2) generation has been the subject of interest for many 

governments and organizations including India (Will Hall, 2020). Based on the process and 

source of production, it is color-coded into 4 categories as shown in Fig. 1.6. Hydrogen is a 

clean fuel with several end-use in the industries (steel, chemical and refinery), transport 

(shipping, aviation, car, etc.), heating and power generation sectors. At present, 95% of the 

global H2 production is from coal and natural gas, and 5% from electrolysis as a by-product of 

chlorine production (Renewable Energy Agency, 2020). The most common method for H2 

production is steam-based methane reforming (SMR), where light hydrocarbons break in the 

presence of a catalyst to produce H2 and carbon dioxide (CO2) (Giuliano et al., 2018). However, 

the energy penalty and the operating cost increases for hydrogen production owing to the 

electric power consumption, high cost of working fluid and equipment due to the capture of 

CO2 either through amine-based absorption or pressure swing adsorption (PSA) (Cabello et al., 

2022). Global CO2 emissions could be reduced either by improving thermodynamic efficiency, 

boosting the utilization of renewable energy sources, or implementing carbon capture and 

storage (CCS) methods (Cormos et al., 2020). As mentioned earlier, CCS methods are 

expensive, whereas renewable sources of energy are intermittent in nature. Therefore, 

enhancing overall plant efficiency becomes highly imperative through cogeneration methods 

by the combined production of heat, power and hydrogen. 

     Recovering 10-20% of H2 using a palladium membrane with a cost of 9200 €/m2 and 

hydrogen selling price of 3 €/kg from an integrated gasification combined cycle (IGCC) power 

plant can reduce the mitigation cost of 90% captured CO2 to below 5 €/tonCO2 with COE values 
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of 50 €/MWh (Giuliano et al. 2018). While, the specific exergy cost (SPECO) of H2 (208.6 

$/GJ) separated from syngas through PSA obtained from plasma gasification of sewage sludge 

is found higher due to the low concentration of H2 in the produced gas. This was basically due 

to the largest exergy destruction in PSA (51.25%) and plasma gasification reactor (28.79%) 

(Kalinci et al., 2011). 

 

Fig. 1.6. Different shades of hydrogen. 

1.6. Status of emissions from the energy sector and mitigation strategies 

    Greenhouse gases are a natural part of the earth’s atmosphere and maintain the planet’s 

energy at an average temperature of around 1.5 °C. However, developmental activities and 

growing energy demand have consistently increased the carbon dioxide (CO2) in the air to 

149% of the pre-industrial level since the last century (Shaftel et al., 2022; World 

Meteorological Organization, 2021). The energy sector, including transportation, heat and 

electricity, fuel combustion, etc., is the biggest contributor of 76% of anthropogenic 

greenhouse gas emissions worldwide, among which heat and electricity contribute 31% of 

emissions. Even though the per capita CO2 emissions are lower for India, still the carbon 

intensity of the power sector is above the world average. In this regard, the attributes of future 
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energy systems should reduce the carbon economy, among which renewable sources of energy 

are the most favorable choice for power generation and the decarbonization process, as 

suggested by the global climate conventions (UNFCCC, 2021). Shifting to renewable energy, 

more balanced agricultural practices, curbing forest degradation, electrifying transportation 

and producing less waste are some of the major steps in reducing emissions (Energy Agency, 

2021; Ge et al., 2020). Renewable sources of energy are largely non-dispatchable (intermittent) 

in nature and thereby unable to cater the constant energy supply. These put additional pressure 

on the fossil fuels-based energy systems or alternatives (waste-to-energy) that have the 

potential to replace, at least partially the fossil route (Cormos et al., 2020). While nuclear 

energy has a very high energy density and emits lower greenhouse gas, on the other hand, it 

suffers from several drawbacks such as accidents, security threats, enrichment, and waste 

leaving radioactive particles in the environment, etc. (“The Pros & Cons of Nuclear Energy: Is 

it safe?,” 2018). 

     Therefore, more robust technologies are required to improve the thermodynamic efficiency, 

minimize the COE and limit carbon emissions. These can be done either by producing clean 

energy in the form of hydrogen (H2) and by using methods that consume carbon dioxide (CO2) 

or by combining both. Conventional technologies related to combustion and gasification are 

practically feasible to handle the waste. However, their commercial relevance has been limited 

due to high operational investment costs and the formation of pollutants (Belgiorno et al., 2003; 

Conesa et al., 2020). 

     Current studies focus on notable technology, such as plasma gasification (PG), which is 

effective for a wide range of fuels. A high volume (~ 60 vol%) of hydrogen can be recovered 

from the syngas of the plasma gasification process, followed by pressure swing adsorption 

(PSA) technique with low energy penalty (Kalinci et al., 2011). H2 has potential applications 

in manufacturing industries, transport and power generation sectors (Renewable Energy 
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Agency, 2020). A drawback of plasma technology is the high electric power consumption of 

the plasma torch. The integration of plasma gasification with molten carbonate fuel cell 

(MCFC) and chemical looping reforming (CLR) systems can overcome the high energy penalty 

associated with plasma generation. The high operating temperature (650-1000 °C) of the 

MCFC and CLR system improves the efficiency by capturing the waste heat in Heat Recovery 

Steam Generator (HRSG) for cogeneration (heat and power) (Duan et al., 2015). MCFCs offer 

a high level of system integration and the use of CO2 as reaction gas at the cathode. It also 

allows gaseous feed of low heating value as input to the system and makes sufficient heat and 

power available at the exhaust (Wee, 2014). Further, integrating with the CLR process helps in 

the proper utilization of the oxygen carriers (OC) in the system, thereby increasing the overall 

efficiency of the power plant and reducing specific emissions of carbon. Combining the 

environmental strength of both processes could bring down the ecological footprint on a large 

scale. 

     Although fuel cell and chemical looping reforming mechanization have not yet come to 

industrial maturity and most experimental activities on these technologies have been ongoing, 

their performance characteristics are widely studied by varying the operating parameters 

(utilization factor, temperature, excess OC, etc.). Numerical modeling plays a vital role in the 

validation of the system performance based on the experimental results or predicting their 

behavior. The simulations can also be useful in guiding research studies in power plants and 

the mode of their application (Falcucci et al., 2012).                            

1.7. Motivation behind the proposed research 

     Under the circumstances mentioned above, the recovery of energy from waste for electricity 

and hydrogen cogeneration can bridge the gap of growing energy demand. Moreover, it 

proposes an alternative solution to the existing issues about waste management. Although the 
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thermochemical conversion method of plasma gasification is energy intensive but is capable of 

producing high calorific value syngas even with low-grade (lower LHV) fuels. The product 

from this route can be directly used in power-generating systems such as steam turbine units 

(STU) and gas turbine units (GTU) or reformed further in processes like fuel cells and chemical 

looping with low carbon emissions. The motivation for the stated research is outlined below:       

• In municipal solid waste, large quantities of combustible fractions in the form of refused 

derived fuel (RDF), including large amounts of plastics, can be found. These require 

specific investigation before processing in order to make the system more flexible in 

handling feedstock, reduce operational difficulties and increase energy output. 

• The fuels of interest in this work are RDF, computer keyboard plastic waste (CKPW) 

and electrical switch waste (ESW). RDF comprises a mixture of various plastics and 

biomass such as paper, yard and food waste. While CKPW is a combination of 

acrylonitrile butadiene styrene (ABS) and polycarbonate (PC), ESW is mainly of 

bakelite and polyamide. 

• The materials are neither open for recycling due to its end-of-life (EOL) use nor safe 

for open dumping. The presence of butadiene and styrene in thermoplastics and phenol 

formaldehyde in thermosets generates toxic organic compounds (pollutants) upon 

conventional thermal degradation.   

• The rise of global energy demand (mainly electricity) and international commitments 

such as the Basel Convention (waste disposal), Stockholm Convention (reduce 

persistent organic pollutants) and Paris Agreement (limit global warming) provide the 

impetus for robust mechanisms. Additionally, the global market of clean energy 

technologies is expected to be around USD 600 billion per year by 2030 i.e., three times 

the current scenario. 
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• Plasma gasification is a high-temperature allothermal process that utilizes the 

combustible fractions into clean syngas and inorganics to inert slag. Even a moderate 

amount of carbon and hydrogen in the fuel can be utilized by thermal plasma to produce 

a good heating value of syngas. 

• Further, integrating plasma gasification with the emerging technologies of fuel cells, 

chemical looping, etc., for electricity and hydrogen cogeneration is beneficial from a 

thermodynamic and ecological perspective. Combining the environmental strength of 

the processes could bring down the specific emissions of carbon on a large scale. 

1.8. Organization of the thesis 

     The current thesis comprises of eight (8) chapters and the organizational structure is 

represented in Fig. 1.7. The principal content of these chapters is described below: 

 

Fig. 1.7. Graphical representation of the thesis. 
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Chapter 1 gives a layout of the solid waste generation and management issues worldwide and 

their effects on the environment. The prospect of energy recovery from waste through the 

plasma gasification route is discussed with potential downstream applications for H2 and power 

cogeneration. 

Chapter 2 presents a detailed literature review of the plasma gasification process. The 

properties of different feedstocks, technologies involved, factors affecting the product and end-

use real-scale applications are thoroughly discussed.   

Chapter 3 emphasizes the materials and methods considered in the current study. The various 

characterization techniques employed pre- and post-plasma gasification processes, such as GC, 

TGA, FTIR, etc., are explained. The key factors including the feedstock, experimental set-up 

description and parameters, are presented. In addition, the method to estimate 3-E (Energy, 

Exergy and Economic) analysis is explained. Further, the methodology for electricity and 

hydrogen cogeneration using Aspen Plus based on 4-E analyses (3-E plus Environmental) is 

detailed.  

Chapter 4 presents the experimental findings obtained under plasma gasification of refused 

derived fuel (RDF) with CO2 as a gasifying agent. The effect of feed rate, CO2 gas flow rate 

and torch power on the products are studied to estimate the optimum operating conditions based 

on the 3-E analysis. Moreover, a correlation and reaction mechanism are developed centered 

on the different product characterization. 

Chapter 5 investigates the experimental results of CO2-based plasma gasification using 

computer keyboard plastic waste (CKPW) comprising acrylonitrile butadiene styrene (ABS). 

An inclusive analysis centered on 3-E is conducted to determine the feasibility of the process, 

followed by the analogy and reaction mechanism. 
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Chapter 6 discusses the experimental outcomes of plasma gasification using bakelite-based 

electrical switch waste (ESW) under CO2 atmosphere. The resultant products are analyzed to 

estimate the optimum operating conditions based on the findings of 3-E analysis. Lastly, a 

reaction mechanism and relationship are proposed that correlates the actual and measured 

values.  

Chapter 7 focuses on the 4-E (Energy, Exergy, Economic and Environmental) analyses of 

plasma gasification integrated with molten carbonate fuel cell (MCFC) and chemical looping 

reforming (CLR) using RDF, CKPW and ESW feedstocks for cogeneration of H2 and 

electricity. The effect of different syngas ratios to pressure swing adsorption (PSA) unit and 

MCFC on the 4-E results is studied using RDF feed. On the other hand, the influence of excess 

oxygen carrier (Fe2O3 in this case), steam and air in the CLR unit on the 4-E analyses is studied 

using CKPW and ESW.  

Chapter 8 summarizes the overall conclusions drawn from the above chapters and the scope of 

future works. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter provides a comprehensive literature review and emphasizes on the types of fuel 

properties, followed by a short description about the associated technologies in the present 

study. Several key parameters that influence the compositions of syngas like feedstock, torch 

power, gasifying medium, etc., are discussed based on the literature. The usage of residue 

(slag) of plasma gasification is discussed. Finally, the application of the product gas obtained 

by plasma gasification is reviewed for electricity generation with a major focus on real-scale 

industrial developments by simulation studies. 

 

2.1. Fuel properties  

     Fuel characteristics such as proximate analysis, elemental composition and calorific value 

possessed by the various types of waste are presented in Table 2.1. It can be noticed that waste 

in general, has a very low heating value (LHV), which can be attributed to the high amount of 

moisture content (maximum of ~58%). Moreover, due to lower fixed carbon and higher volatile 

matter, the thermal cracking process plays a vital role in the reaction as a low amount of carbon 

(solid) remains for the reduction/oxidation reaction. The elemental C, H and O are profound in 

all cases except the derivatives of sludge, which also depend on the source point and result in 

either a high amount of moisture or ash content. Refused derived fuel (RDF), an enhanced form 

of municipal solid waste (MSW), and medical waste are the better-quality fuel for the waste-

to-energy process due to their higher calorific value. Therefore, it becomes critically imperative 

to characterize the waste before implementing it for the energy conversion process. 
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2.2. Short outline of the technologies involved in the study 

2.2.1. Plasma  

     Plasma is the fourth state of matter, which American Chemist and Physicist Irving Langmuir 

first defined in 1927 as an ionized gas under a definite electric field (Fitzpatrick Richard, 2014). 

It is both electrically and thermally conductive and can be partially or completely ionized 

(Bogaerts et al., 2002). The gas is under electric polarization as the electric current strains 

further beyond its dielectric limit, causing electrical breakdown and transforming the gas to 

conduct. The collisions between the electrons and the nucleus produce more electrons and 

generate heat. This largely raises the temperature of the gas and turns into a thermal plasma. 

The collisions could be elastic (kinetic energy is conserved) or inelastic (loss of kinetic energy 

into heat) in nature (Samal, 2017; St and Braithwaite, 2000).    

     For better conversion of solid particles, volumetric interaction with plasma is highly 

necessary. The heat transfer involved between plasma and the particle is the energy exchange 

through the mode of conduction and convection from plasma to the particle. Also, there is a 

radiative energy loss transported from the surface of the particle to the surroundings, as 

presented in Fig. 2.1 (Gomez et al., 2009). The net energy required (Q) for heating and melting 

of the particle is given as: 

𝑄 = ℎ∞𝐴(𝑇∞ − 𝑇𝑆) − 𝜎𝜀𝐴(𝑇𝑆
4 − 𝑇𝛼

4)                                                                                  (1) 

where h∞ is the heat transfer coefficient between plasma-particle, A is the surface area of the 

particle, TS is the surface temperature of the particle, T∞ is the plasma temperature, σ is Stefan-

Boltzmann constant, ε is the emissivity of the particle and Tα is reactor temperature. 
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Table 2.1 

Properties and characteristics of different types of fuels. 

Feed Proximate analysis (wt.%) Ultimate analysis (wt.%) HHV 

(MJ/kg) 

Reference 

 MC FC VM Ash C H N S Cl O   

Industrial 26.61 10.82 81.58 7.60 54.98 7.43 1.87 0.35 0.67 34.70 16.41 (Montiel-Bohórquez et al., 2021) 

Residential 57.90 12.36 77.53 10.11 53.01 6.91 2.65 0.34 0.24 36.85 8.55 (Montiel-Bohórquez et al., 2021) 

Mixed 51.33 11.90 78.49 9.61 53.64 7.03 2.38 0.32 0.26 36.37 10.12 (Montiel-Bohórquez et al., 2021) 

Commercial 32.95 10.19 81.38 8.43 56.05 7.47 1.47 0.26 0.15 34.60 15.10 (Montiel-Bohórquez et al., 2021) 

Institutional 37.92 10.92 80.73 8.35 55.04 7.04 1.41 0.26 0.09 36.16 13.42 (Montiel-Bohórquez et al., 2021) 

RDF 4.6 8.6 69.3 22.1 46.8 5.7 1.25 0.26 1.60 22.3 22.37a (Agon et al., 2016) 

Medical waste 0.29 18.89 78.52 2.30 64.21 9.77 0.72 0.21 - 22.49 28.37a (Peng et al., 2021) 

Sewage sludgec 68 - - 15 9.1 1.1 0.7 - - 6.1 3.51 (Kalinci et al., 2011) 

Textile dyeing sludge 5.62 1.85 45.91 46.62 22.54 3.55 0.96 1.18 - 19.53 10.45 (Wang et al., 2019) 

Kitchen waste 12.3 0.01 87.15 0.55 40.03 6.88 1.99 0.01 - 47.59 15.64 (Li et al., 2020) 

E-waste 0 8.54 45.29 46.17 35.28 3.95 1.11 0.13 - 13.36 19.43a (Hao et al., 2014) 

Sawdust 34.9 0.7 64.4 49.8 6 0.5 0.02 - - 43.7 10.95b (Hlina et al., 2014) 

Wood 0 2.35 97.65 47.1 6.4 0.3 0.5 - - 46.5 20.57a (Tang and Huang, 2005) 

Shenhua coal 5.17 5.8 89.03 75.77 5.57 1.16 0.8 - - 16.69 27.03b (Shin et al., 2013) 

Rice straw 0 12.8 87.2 41.8 5.9 0.4 0.2 - - 51.6 16.90a (Tu et al., 2009) 

a LHVdry; b LHV; c %w/w; MC-Moisture content; FC-Fixed carbon; VM-Volatile matter. 

MSW 
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Fig. 2.1. Heat transfer mechanism in the particle by plasma. 

     Industrial processes include two major modes of plasma technology such as thermal (hot 

plasma) and non-thermal plasma (cold plasma). Specific thermal plasmas include those created 

by alternating current (AC) or direct current (DC) plasma torches, microwave (MW), or radio 

frequency (RF) inductively coupled (Kogelschatz, 2004). While the non-thermal plasmas 

(NTP) are dielectric barrier discharge (DBD), pulse discharge (PD), gliding arc discharge 

(GAD) and corona discharge (CD) produced at a normal gas temperature (Sun et al., 2018). 

2.2.1.1. Thermal and Non-thermal Plasma 

     A plasma to be classified as thermal plasma should operate at a temperature above 10,000 

°C and the ions, atoms, electrons and neutral species are generated in the plasma. They are 

characterized by high energy density and temperature (Samal, 2017). The diagnostic tools to 

regulate the operating parameters of plasmas are shown in Fig. 2.2. These can measure the flux 

of the plasma particle through a metallic probe inserted in the discharge locally such that 

capacitive effects are ignored.  

     In the generation of thermal plasma, electrodes with higher electrical conductivity are used 

to transfer electrons between the cathode and anode. These electrodes can be constructed using 

many materials, in particular copper, tungsten, thorium, graphite, etc. The dissociation of 

carrier (plasma) gas such as N2, Ar, Air, CO2, etc. into radical species by the electrodes 
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increases the reaction rates (Rutberg et al., 2011). Despite several improvements over the past 

years, the major drawback that remains is the decay of the electrodes, especially the cathode as 

compared to the anode (Szente et al., 1992). As per the literature, the analysis of electrode 

erosion revealed that the lifetime of copper rod electrodes using air is between 300 and 350 

hours. Under the steam atmosphere, the rate of erosion was 2-3 times higher than other plasma 

forming gases like air, CO2, CH4, etc. or mixtures thereof without any electrode protection 

agent (Rutberg et al., 2013; Surov et al., 2017). CO2 as a plasma gas mixed with methane, acts 

as a protective agent for graphite electrodes against erosion (Rath et al., 2012). There occurs a 

mass loss in the electrode by the expansion of metal under vacuum, however by increasing the 

pressure, the eroded substance gets re-deposited at the electrode (Szente et al., 1992). While 

for microwave and RF plasmas, the absence of electrodes offers the advantage of non-

contamination of plasma, lower power consumption and flexibility for a wide range of 

operating conditions (Samal, 2017). 

 

Fig. 2.2. Diagnostic tools for the measurements of plasma parameters. 
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2.2.2. Molten carbonate fuel cell (MCFC) 

     In a standard fuel cell, the building block of the cell comprises an electrolyte layer in 

contiguity with a porous anode and cathode, as shown in Fig. 2.3. The gaseous fuel enters the 

anode and, the cathode is charged with an oxidant, progressing electrochemical reactions to 

generate electric current (Cooper et al., 2021). In the MCFC, the porous surface of the 

electrodes provides a site for ionic conduction imparted by the carbonate ions at 600-700 °C. 

An added advantage is the use of Nickel catalysts rather than any more expensive noble metal 

catalysts such as platinum to promote reactions aiding the internal or external reforming. The 

flexibility of fuel is also another advantage where CO and CO2-containing fuels can be used 

directly in the reaction. However, due to the mobility and corrosivity of the electrolyte, CO2 

injection should be done on the cathode side (Hirschenhofer et al., 1998). The reactions shown 

in Table 2.2 occur in anode and cathode.   

 

Fig. 2.3. Schematic diagram of an operating MCFC. 
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Table 2.2 

Reactions occurring in the processes. 

Reaction  

number 

Chemical reaction Heat of reaction 

(kJ/mol) 

Reaction  

R1 H2 (g) + CO3
2- → H2O (g) + CO2 (g) 

+2e- 

- Anode 

R2 O2 (g) + 2CO2 (g) + 4e- → 2CO3
2- - Cathode 

R3 H2 + CO + 2Fe2O3 → H2O + CO2 

+4FeO 

+ 35.53 Fuel reactor 

R4 H2O + 3FeO → H2 + Fe3O4 - 60.42 Steam Reactor 

R5 O2 + 4Fe3O4 → 6Fe2O3 - 471.6 Air Reactor 

R6 C(s) + H2O (g) ↔ CO (g) + H2 (g) + 131 Steam reforming 

R7 C(s) + 0.5 O2 (g) → CO (g) - 112 Char partial oxidation 

R8 C(s) + 2H2 (g) → CH4 (g) - 75 Methanation 

R9 C(s) + CO2 → 2CO (g) + 172 Boudouard reaction 

R10 H2 (g) + 0.5 O2 (g) → H2O (g) - 242 Hydrogen combustion 

R11 CO (g) + 0.5 O2 (g) → CO2 (g) - 283 CO oxidation 

R12 CO (g) + H2O (g) ↔ CO2 (g) + H2 (g) - 41 Water-gas shifting 

R13 CH4 (g) + H2O (g) ↔ CO (g) + 3H2 (g) + 206 Steam-Methane reforming 

 

2.2.3. Chemical looping reforming (CLR) 

     Chemical looping reforming (CLR) method provides an alternative for the production of 

high-purity hydrogen (H2) with high energy efficiency and integral CO2 capture. The process 

consists of three reactors, namely fuel, steam and air reactors, coupled with each other. In the 

fuel reactor (FR), the syngas reacts with oxygen in metal oxides known as oxygen carrier (OC). 

The end product mainly consists of CO2, H2O and reduced OC. The reduced OC undergoes 

partial oxidation in the steam reactor (SR), producing H2. Then, the partially oxidized metal 

particles get completely oxidized in the air reactor (AR) by the exothermic nature of the 

reaction (Khan and Shamim, 2019). Therefore, the fully oxidized metal particles from the AR  
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are then transferred to FR, followed by SR. However, a noted ability of the oxygen carrier (OC) 

to convert the steam into H2 is very essential. Further, the OC should be low-cost and 

environmentally friendly. The regular problems encountered by the OC are sintering due to 

high temperatures in the reactor, attrition loss due to low mechanical strength, etc. (Khan and 

Shamim, 2016). Among the oxygen carriers (OC), Fe2O3 is mostly used due to its various 

reducing states (FeO, Fe and Fe3O4) (Surywanshi et al., 2021) as shown in Fig. 2.4. The 

reactions that takes place in the respective reactors are shown in Table 2.2 (Yang et al., 2021). 

 

Fig. 2.4. Schematic representation of the CLR process. 

2.3. Plasma gasification versus conventional processes 

     Table 2.3 compares the plasma gasification technology with other thermochemical methods, 

such as incineration and gasification, based on energy and environmental factors. It can be seen 

that the capital investment is higher with a shorter service lifecycle and requires proper waste 

sorting before wet waste handling. However, due to higher power generating capacity and 

production potential, the net annual revenue is more than the other process and therefore the 
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Table 2.3 

Comparison of the different thermochemical processes based on energy, economic and environmental factors. 

Process parameter Incineration Conventional 

gasification 

Plasma gasification Reference 

Service life and treating requirements  

Plant service life (year) 30 30 25 (Chen et al., 2022) 

Wet waste handling Limited Limited No (Munir et al., 2019) 

Land requirement (acres) 9-10/MW 10/MW 1/MW (Saini et al., 2012) 

Energy analysis 

Power generation capacity (MW/100 TPD of Waste)  1.2 2 4.5 (Saini et al., 2012) 

Net energy production potential (kWh/ton of Waste) 544 685 816 (Munir et al., 2019) 

Cost assessment for a plant capacity of 500 tons Waste/day (TPD) 

Capital investment (US$M) 116 80 101 (Munir et al., 2019) 

Operational and maintenance costs (US$M/year) 11.6 8 10.1 (Munir et al., 2019) 

Environmental impact  

Residue (ton/ton of Waste) 0.22 0.2 0.18 (Munir et al., 2019) 

Particulate emissions (μg/Nm3) 20 14.1 12.5 (Wilson et al., 2013) 

SOx emissions (μg/Nm3) 40 19 26 (Arena, 2012) 

NOx emissions (μg/Nm3) 40-100 40-70 150 (Tan, 2013) 

Dioxins/furans emissions (μg/Nm3) <0.0983 - <0.00925 (Tan, 2013) 

TH-3268_186107013



LITERATURE REVIEW 

26 | P a g e  
 

payback period decreases to a few years on average, as discussed in the literature (Chen et al., 

2022; Peng et al., 2021). From an ecological view, the plasma gasification process has a lower 

impact on the environment and requires less area for installation to generate the same energy 

as compared to other thermochemical methods.      

     Gasification found a strategic way as an alternative to replace incineration for the thermal 

processing of waste and recover energy. The limitation in cleaning the emitted harmful gases 

during gasification is a drawback to produce clean energy (Ayol et al., 2019). The solid fuel 

conversion into syngas takes place using gasifying agents such as air, steam, O2 and CO2 at 

high temperatures. The composition of the generated syngas depends on the types of 

feedstocks, type of gasifying medium, reactor type, temperature, residence time, etc. (Cai and 

Du, 2021). In Fig. 2.5, the contrasting features between the conventional and plasma 

gasification are described. Plasma gasification efficiently decomposes the higher hydrocarbons 

and toxic compounds into simpler ones at extremely high temperatures.  

 

Fig. 2.5. Comparison between conventional and plasma gasification. 
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One of the noteworthy advantages offered by the plasma method is the higher decomposition 

rate even with high melting point materials (Tang et al., 2013). However, certain shortcomings 

in plasma process for industrial applications include the requirement of (i) higher initial 

investment cost including the expensive plasma generation gas (Argon), (ii) electrical energy-

intensive plasma, (iii) steep temperature gradient and (iv) small processing zone.  

2.4. Factors that influence the plasma gasification process 

     A typical layout of the plasma gasification process is shown in Fig. 2.6. The dependent 

variables (syngas composition, yield, etc.) and independent variables (pressure, temperature, 

etc.) possibly have an impact on the fuel conversion efficiency. Some of the major operating 

parameters of plasma pyrolysis/gasification that affect the quality of syngas in terms of 

valorization include the type of feedstock, particle size, reactor design, reaction temperature, 

source and power of plasma torch and carrier gas. The application of plasma increases the 

throughput (H2/CO ratio) of the syngas thermodynamically compared to conventional 

gasification as discussed below in this section (Rutberg et al., 2011; Zhang et al., 2012). 

 

Fig. 2.6. Process diagram of the conversion of feedstock based on plasma gasification. 
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2.4.1. Feedstock 

2.4.1.1. Biomass as a feedstock 

     A significant amount of moisture and volatile matter with high carbon and oxygen are the 

major components of biomass. The existence of moisture (> 10%) in feed has a significant 

impact on gas yield, carbon conversion, CO selectivity and H2/CO ratio. The increase in drying 

rate reduces moisture content in the feed and leads to the reduction of syngas yield and carbon 

conversion except for CO selectivity due to suppression of water-gas shift reaction (Du et al., 

2015). Table 2.4 shows the gas composition reported in the literature using various feedstocks. 

Even for wood sawdust and pellets with high moisture, a carbon conversion of >85 % can be 

achieved. Due to the distinguishing properties of plasma gas, the syngas has almost 90% of H2 

and CO by total volume with a negligible tar content of less than 10 mg/Nm3 (Hlina et al., 

2014; Hrabovsky et al., 2017). Almost complete gasification was reported even at higher 

feeding rates due to intensive gasification using plasma (Hrabovsky et al., 2006; Van Oost et 

al., 2008). In the process, 1 kg of wood having a moisture content of 20% and LHV of ~ 13.9 

MJ/kg can produce ~ 13.5 MJ of chemical energy with electric energy consumption of ~ 2.16 

MJ/kg (Rutberg et al., 2011). Thus, the introduction of biomass in plasma gasification can 

produce high-quality syngas with a greater amount of H2 and CO, low content of tar and makes 

it desirable for energy recovery.  

2.4.1.2. Coal as a feedstock 

     Coal with high moisture and fixed carbon requires a considerable amount of energy to 

activate gasification reaction between carbon and plasma gas/gasifying media like petro-coke, 

which is a low reaction fuel. The percentage of H2 and CO (85-98%) increases at a lower 

material feeding rate due to the presence of excess energy for reactions under controlled 

moisture (Galvita et al., 2007). The higher ash content in the coal leads to an increase in the
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Table 2.4 

Results obtained by authors for various feedstock in thermal and non-thermal plasma gasification. 

Feedstock Power 

(kW) 

Carrier gas Gasifying 

agent 

Syngas comp. 

(vol. %) 

Gas yield 

(Nm3/kgfeed) 

LHV 

(MJ/m3) 

Reference 

H2 CO CO2 CH4    

Municipal solid waste 

(300 kg/h) 

240 Air Air 19.6 14.2 58.a - 1.06 5.95 (Zhang et al., 2012) 

Municipal solid waste 

(300 kg/h) 

260 Air H2O + Air 

(5.38:1) 

24.2 14.8 51a - 1.27 7.21 (Zhang et al., 2012) 

Bony tissue (10 kg) 70 Air Air 6.2 63.4 - - - 8.68 (Messerle et al., 2018) 

Household waste (10 kg) 72 Air Air 44.6 26.5 - - 1.45 8.16 (Messerle et al., 2018) 

Waste glycerol (20.16 kg/h) 56 Air Air 29.0 27.0 - - 0.856 7.32 (Tamošiūnas et al., 2019) 

Carpet waste (23.1 kg/h) 90 Air Air + H2O     12.8 19.9 - 0.71 - 4.15 (Vaidyanathan et al., 2007) 

USAF BEAR Waste (10.7 

kg/h) 

74-85 Air Air + H2O     16.8 27.3 - 0.13 - 5.31 (Vaidyanathan et al., 2007) 

Coal (33.51 kg/h) 59 (H2O, Air, 

CO2 etc.) 

Air + H2O 

(12.7:1) 

20.5 23.0 7.42 - 1.03 4.68 (Surov et al., 2017) 

Corn cob (0.2g) 0.025 Ar - 42.3 21.1 27.7 9.0 74.4b 10.46 (Du et al., 2015) 

Corn cob (0.2 g) 0.025 N2 - 48.2 24.9 21.5 5.4 79.0b 10.29 (Du et al., 2015) 
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Wood pellets (4 kg) 12.6 N2 N2
 45.4 45.2 4.1 2.9 1.23 11.65 (Muvhiiwa et al., 2018) 

Waste glycerol (20.16 kg/h) 62.4 H2O H2O + Air 

(4.88:1) 

51.2 24.7 - - 0.93 9.82 (Tamošiūnas et al., 2019) 

Wood sawdust (41.4 kg/h) 138 Ar & H2O CO2 41.5 42.5 14.9 1.0 1.55 10.2 (Hrabovsky et al., 2010) 

Polyethylene (5.3 kg/h) 140 Ar & H2O CO2 +O2 

(2.6:1) 

29.9 41.3 27.1 0.0 1.16 8.5 (Hrabovsky et al., 2010) 

Plastics (11.2 kg/h) 131 Ar & H2O O2 41.6 49.7 7.4 0.0 2.85 10.8 (Hrabovsky et al., 2010) 

Sawdust (30 kg/h) 100-

110 

Ar & H2O CO2 41.6 50.9 4.3 2.3 1.92 11.75 (Hlina et al., 2014) 

Pyrolytic Oil (9.1 kg/h) 100-

110 

Ar & H2O H2O 59.5 30.2 4.2 4.5 1.98 18.5 (Hlina et al., 2014) 

Refuse Derived Fuel 

(29 kg/h) 

120 Ar & H2O H2O 52.8 30.0 3.9 4.2 1.84 10.9 (Agon et al., 2016) 

Pyrolytic Oil (8.8 kg/h) 160 Ar & H2O H2O 57.7 32.7 4.1 4.9 2.04 12.1 (Hrabovsky et al., 2017) 

Pyrolytic Oil (10.6 kg/h) 160 Ar & H2O O2 47.9 47.0 2.9 2.0 1.6 11.8 (Hrabovsky et al., 2017) 

Wood (0.2 kg/h) 0.9 H2O N2 39.6 32.2 18.0 10.8 - 12.21 (Pang et al., 2019) 

Textile dyeing sludge 

(2.16 kg/h) 

15 Ar  CO2
 27.5 48.6 2.3 - 0.84 8.91 (Wang et al., 2019) 

 a CO2+ N2; b Gas yield in %; in bracket indicates the feed rate.
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specific energy consumption and some mineral content gets converted to carbides at higher 

temperatures in the range of 2800-2900 °C. Likewise, coal with higher oxygen content reduces 

the dependence on external oxygen for the process. The oxygen in coal participates via the 

partial oxidation (R7) of char and assists the steam reforming reaction (R6), resulting in the 

reduction of the total energy consumption (Rutberg et al., 2013; Surov et al., 2017). 

2.4.1.3. Waste as a feedstock 

     Wastes including municipal solid waste (MSW), refuse-derived fuel (RDF), etc. are difficult 

to handle in gasification process due to the presence of heavy metals and halogen compounds. 

In fact, the moisture content in waste offers a negligible effect on overall conversion of plasma 

gasification as the drying process is external and fast (Lopez et al., 2018). Household waste 

(paper and paper board, food waste, glass, etc.) from healthcare facilities containing 32.31% 

moisture increases H2 production with an H2:CO ratio as high as ~1.68 (Messerle et al., 2018).  

     A stream of RDF (22 kg/h) generates syngas with a higher amount of CH4 as compared to 

coal and biomass due to the decomposition of plastic content in waste (Aznar et al., 2006; 

Lemmens et al., 2007). However, the examination of semi-volatile compounds during plasma 

gasification shows a trace amount of other chemicals such as benzene, toluene, ethyl benzene, 

etc. (Vaidyanathan et al., 2007). RDF based on MSW (51%) and industrial waste (IW) (49%) 

produced tar in the syngas varying from 132 to 543 mg/Nm3. The tar content is lower than that 

obtained by conventional gasification but higher than biomass-based plasma gasification (<10 

mg/Nm3). This is due to the heterogeneous nature and coarser size of RDF (Jeremiáš et al., 

2017). In addition, the dioxins measured at the wet scrubber outlet was 0.021 ng-TEQ/Nm3 and 

found to be well below the emission regulation, indicating effective destruction of waste at 

high temperatures by thermal plasma (Zhao et al., 2001).  
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2.4.2. Particle size 

     The influence of particle size on the performance of gasification is also crucial. With an 

increase in particle size, the rate of heat transfer from the reactive environment to the particle 

becomes slower. It is associated to the shielding of the particles by volatile gases released from 

the material and reduces the carbon yield to <1 (Hlina et al., 2014; Hrabovsky et al., 2010). 

This was also demonstrated by the results of wood plasma gasification using various-size 

particles with 123-355, 355-500, and 500-710 μm. Low carbon conversion was found (~ 0.58, 

~ 0.51 and ~ 0.42, respectively) with an increase in the particle size at a specific temperature. 

The linear dependence of particle size on the produced gas justifies the increase in H2 and CO 

concentration in syngas with plasma gasification (76.9 vol.%) as compared to thermal 

gasification (71.7 vol.%) process (Pang et al., 2019). In the case of coal, due to the rapid release 

of volatiles at the initial stage of gasification, a decrease in the particle size was noticed for 

coals with low ash, while the reverse effect occurred for high ash coals (carbon conversion of 

~ 60-70%) (Georgiev and Mihailov, 1992; Kalinenko et al., 1993). However, for MSW, the 

syngas quality was found less sensitive towards the changes in the particle size due to the 

presence of a high-temperature gasification agent and low fixed carbon content. The 

heterogeneous mixture of particles with different sizes in MSW could result in fluctuations in 

the feed rate (Agon et al., 2016; Zhang et al., 2012). Overall, it can be inferred that the influence 

of feed particle size remains significant in biomass and coal, compared to waste feedstock. 

2.4.3. Reactor design 

     Moving bed reactor, either updraft or downdraft, spouted/fluidized bed and entrained flow 

reactor are used for thermal plasma pyrolysis/gasification processes. The configuration of these 

reactors is presented in Fig. 2.7 (Tang et al., 2013). It is highly probable to have an enhanced 
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tar steam-reforming reaction at high temperatures of the plasma regime along with the water-

gas shift reaction (R12 and R14). 

 𝐶𝑚𝐻𝑛 + 𝑎𝐻2𝑂 →  𝑏𝐶𝑂 +  𝑐𝐻2 + 𝑑𝐶𝑥𝐻𝑦                                                                                                                   (R14) 

Where 𝐶𝑚𝐻𝑛 denote tar and 𝐶𝑥𝐻𝑦  is light hydrocarbons. 

 

Fig. 2.7. Different types of plasma reactors used in gasification (a) updraft (b) downdraft (c) 

fluidized bed and (d) entrained flow. 

     In the case of an updraft fixed-bed reactor using steam-air plasma, the energy loss is mainly 

because of the chemical energy involved in tar formation (Zhang et al., 2012). Whereas, in a 

downdraft gasifier, the tar content is lower as the syngas leaves through the high-temperature 
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gasification zone (bottom). Thus, using steam-air plasma is more effective in downdraft 

gasifier because steam reforming takes place at a higher temperature but yields soot of 125 

mg/Nm3 due to dependence on the method of supplying plasma heat and flow rate of gases into 

the discharge medium (Rutberg et al., 2013; Surov et al., 2017). Plasma-based entrained flow 

reactor utilizing biomedical waste produces syngas with higher CO (63.4 vol.%) and inorganic 

fraction (67 wt.% of CaO) that accumulates in the bottom slag zone. This design of the reactor 

produces a lower content of tar than the updraft fixed bed gasifier (Messerle et al., 2018).           

2.4.4. Operating temperature 

     To produce syngas with low undesired product content, the plasma reactors utilizing 

biomass are to be operated above 900 °C and thus, the overall gas yield increases from 30% at 

400 °C to 82% at 1000 °C (Muvhiiwa et al., 2018; Van Oost et al., 2008). At very high 

temperatures of ~2700 °C, the hydrogen in the syngas may decrease due to the generation of 

atomic hydrogen (H), which decreases hydrogen in the syngas to 10.3-11.3% (Messerle et al., 

2018; Pang et al., 2019). Another important factor in the handling of waste comprising chlorine 

is the formation of toxic organic compounds (dioxins, furan, hexachlorobenzene, etc.) in the 

presence of carbon and free chlorine radicals. At temperatures higher than 1200 °C in the 

plasma reactor, these compounds split the chlorine molecules and couple with hydrogen ions, 

forming hydrochloric acid (HCl) when the gas cools down (Messerle et al., 2018). 

     Gasification of high ash coal near its softening point creates higher resistance for the 

diffusion of gasifying agent into the internal pores of the coal. This leads to a slight change in 

the coal particle temperature with the liberation of volatiles due to the endo-thermal pyrolysis 

process (Georgiev and Mihailov, 1992). During the release of volatile matter, the secondary 

pyrolysis of tar favors H2 production, which is sensitive to the reaction temperature. On the 

other hand, the influence of copper (Cu) or palladium (Pd) catalyst temperature on H2/CO ratio 
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becomes prominent at high temperatures (~ 250 °C) due to the strong activity of the catalyst 

(Kroker et al., 2012).  

2.4.5. Power of assisted technique 

     Plasma carries a high amount of energy even at low power and thus the high reaction 

temperature reaches very fast. Hence, the plasma helps to decompose material faster due to the 

increase in process enthalpy as the ratio of supplied energy to feed energy input increases 

(Hrabovsky et al., 2017, 2006). The influence of discharge plasma power ranging from 9 to 25 

W of a non-thermal plasma arc indicates an increase in the gas yield from 57% to 79% in the 

order of H2>CO>CO2 (Du et al., 2015). With an increase in the operating power by ~20 W, the 

conversion of toluene into simpler compounds was enhanced by 23% and naphthalene by 1.6 

times. This increases the H2 and CO yield from the conversion of tar to ~ 78%. Increasing 

discharge power gives rise to the formation of more active species by cracking tar model 

compounds augmenting conversion (Tamošiūnas et al., 2019). 

     In the case of MSW, the increase in power of thermal plasma by 20 kW with a feeding rate 

of 300 kg/h promotes the cracking of tar to light hydrocarbons (LHCs) through the reforming 

reaction, improving the yield of H2 (~ 25%) as given in R15 (Zhang et al., 2012).  

𝐶𝑥𝐻𝑦 + 𝑥𝐻2𝑂 → 𝑥𝐶𝑂 + (𝑥 +
2

𝑦
) 𝐻2                                                                                    (R15) 

     The thermal energy of plasma is also utilized for the reduction of the feed gas CO2 into CO 

and radicals by the endothermic reaction (Galvita et al., 2007). Power consumption for coal 

with high ash content is relatively less because the gasification of organic matter requires more 

power than melting the inorganic fraction of coal (Georgiev and Mihailov, 1992). Hence, high-

ash coal may consume less power in plasma gasification. 
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2.4.6. Type of carrier gas, gasifying medium and their flow rate 

2.4.6.1. Carrier gas 

     The typical impact of carrier gas on gas yield is found in the order of Air >Nitrogen > Argon 

due to the higher ionization potential of argon. Under the same conditions, the carbon 

conversion rate is lowest for air (66.2%) and highest for nitrogen (82.9%), while CO selectivity 

is lowest for argon. Relatively, a small difference exists between air and N2 due to the influence 

of excited oxygen and nitrogen present in the air. A marginal effect of carrier gas is found on 

the H2/CO ratio in the order of air (2.24) > Ar (2.00) > N2 (1.95) (Du et al., 2015).  

2.4.6.2. Air as a gasifying medium 

     Application of plasma requires a smaller amount of oxidizer (either nascent or molecular) 

for the gasification of the solid materials. A low flow rate of air ensures high syngas quality, 

but too low a supply cannot provide enough oxygen to convert solid char into CO and CO2. 

This results in a lower carbon conversion and gas yield. The amount of H2 remains relatively 

unchanged (~ 20 vol.%) with airflow, but the LHV decreased due to the dilution of syngas by 

nitrogen in the air (Tamošiūnas et al., 2019; Zhang et al., 2012). The percentage of CO2 gas (~ 

7 vol.%) is low with the view of favoring partial oxidation over complete oxidation reaction 

(Messerle et al., 2018).  

2.4.6.3. O2 as a gasifying medium 

     When RDF is supplied with a reduction of 25 standard liters per minute (slm) of O2 from 

118 to 93, it results in lower CO2 (~1.9 vol.% by diff.) and slightly higher CO (~1.6 vol.% by 

diff.) concentrations because lack of O2 reduces the production of CO2 via oxidation reaction 

(R11) and increases the CO content in the syngas (Agon et al., 2016). 

TH-3268_186107013



CHAPTER 2 

37 | P a g e  
 

     Subsequently, the use of stoichiometric O2 increased both the temperature of the reactor and 

the LHV value of the syngas due to an increase in the calorific valuable gases (84 vol.% of H2 

and CO) while CO2 content also rises to 15 vol.% (Hrabovsky et al., 2017). 

2.4.6.4. CO2 as a gasifying medium     

     Reducing the flow rate of CO2 by ~18% in the input stream, the CO2 content decreased by 

32%, while CO and H2 increased by 4.5% and 15.2%, respectively. It is most likely due to the 

shift in the equilibrium of the water-gas shift reaction towards the product side. Hence the feed 

rate of CO2 should be optimized to produce significant levels of H2 and CO (Agon et al., 2016). 

However, CO2 as the gasifying medium, requires additional energy for its dissociation. When 

O2 is replaced by CO2 as a gasifying agent, almost double the inlet feed rate is required to 

achieve similar quantity of syngas and their LHV (Lee et al., 2014; Lopez et al., 2018). CO2 

feed enhances the CO content but lowers the carbon conversion efficiency under the same 

reaction time and temperature (Tamošiūnas et al., 2019). 

2.4.6.5. Steam as a gasifying medium 

     The absence of oxidizing medium for steam-based plasma gasification shifts the reaction 

towards the progress of reduction reactions rather than oxidation/combustion reactions. But it 

is also likely that a fraction of H2 is produced from the thermal decomposition of steam 

(Georgiev and Mihailov, 1992; Pang et al., 2019). Adding steam indicates a favorable steam-

reforming reaction of tar and increases the syngas yield but the reaction is limited to occur only 

at high temperatures. The progress of water-gas shift reaction at a lower temperature (R12) 

improves the H2/CO (~ 2.1) ratio except when the reaction gets suppressed due to the 

insufficient quantity of steam and by the progress of tar-steam reforming (R15) (Agon et al., 

2016; Tamošiūnas et al., 2019). On the other hand, the inclusion of steam erodes copper 

electrodes 2 to 3 times faster than the other plasma-forming mediums such as air, CO2, CH4, 
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etc. To prevent erosion, a small amount of air (10-17%) or nitrogen needs to be supplied as a 

shielding gas. The major concern is that N2 favors pyrolysis reaction (R16) at high temperatures 

and reduces the heating value of syngas (Rutberg et al., 2013; Surov et al., 2017).  

Cracking (pyrolysis): 𝐶𝑥𝐻𝑦𝑂𝑥 + 𝑧𝑁2 → 𝑥𝐶𝑂 + 𝑦𝐻2 + 𝑧𝑁2                                                 (R16) 

2.4.6.6 Mixture of gases 

   In the case of a mixed gasifying medium of H2O and CO2, the H2 and CO in syngas are found 

lower with an H2/CO ratio of 0.88 due to the endothermic heterogeneous gasification reaction 

(R6 and R9). The enthalpy of steam is three times higher than air at a particular temperature, 

causing a significant effect on gasification performance (Agon et al., 2016; Tamošiūnas et al., 

2019). Moreover, the specific power consumption of steam-CO2 plasma reforming is lower 

than CO2 reforming alone (Surov et al., 2017).  

2.4.7. Two-stage plasma gasification 

     The two-stage plasma gasification model physically separates the gasifier and plasma 

converter unit (PCU). The tar compounds, such as heavy poly-aromatic hydrocarbons (PAHs) 

in the syngas, are exposed to plasma in the PCU. PAHs get converted to non-condensable gases 

and results in an increase in the syngas content. The first stage can be an electrolytic cell that 

performs under glow discharge for the generation of steam or the traditional gasifier that 

operates in the temperature range of 650-800 °C. In the second stage, the plasma converter 

scrubs the raw syngas at a temperature of ~1200 °C and collects the molten inorganic fraction 

of ash in the form of slag. The major advantage of connecting the gasifier followed by plasma 

converter (illustrated in Fig. 2.8) is that the flow rate of oxidant and power input can be 

independently controlled (Diaz et al., 2015; Materazzi et al., 2016). 
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Fig. 2.8. Representation of a two-stage fluidized bed thermal plasma process. 

     Almost no organic carbon was left downstream of the converter (2nd stage) due to plasma 

reforming and cracking of tars and organic compounds. The fraction of H2 and CO almost 

doubled, with an H2/CO ratio of 1.62 and CO/CO2 ratio of 1.61, as shown in Table 2.5. The 

energy efficiency increased as high as 82% due to the high temperature, turbulence and high 

residence time in the plasma converter (Materazzi et al., 2016). Higher air flow rate in the 

second stage decreases the methane (CH4) concentration, which is associated to the partial 

oxidation of the produced gas (Striūgas et al., 2017). From Fig. 2.8, it is more efficient to use 

an oxidant in a two-stage process as compared to a single fluidized bed gasifier (FBG) due to 

the unnecessary requirement of additional oxygen for ash vitrification. This can be done in the 

second stage with the aid of plasma (Materazzi et al., 2016). Overall, in both the processes 

(single and two) of plasma, due to high temperatures, the tar amount in the syngas is reduced 

to low levels. 
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Table 2.5 

Comparison of experimental data collected from the two-stage plasma gasification process. 

 a mol. %; b argon-free basis, received from cleaning section; c MJ/kg.

Reference (Materazzi et al., 2016) (Striūgas et al., 2017) (Diaz et al., 2015) 

Feed Refuse Derived Fuel  

(40-60 kg/h) 

Sewage sludge 

(19 kg/h) 

Almond hulls 

(3.7 kg/h) 

Plasma gas O2 Air H2O and few H2 + CO2 

Operating conditions Fluidized 

bed gasifier 

Plasma 

converter 

Downdraft 

gasifier 

Plasma 

reactor 

Glow discharge 

electrolytic cell 

Plasma 

reactor 

Temperature (°C) 770 1200 800-850 1100 Saturated steam 910 

Equivalence ratio - 0.37 0.36 0.58 - - 

Syngas composition (vol. %) 

H2 a16.5 32.3 14.62 13.19 - 52.4 

CO 13.7 27.2 22.2 23.42 - 11.7 

CO2 19.3 9.9 10.3 8.72 - 28.3 

CH4 11.15 0.15 2.37 1.17 - 1.8 

Clean syngas  

H2/CO - b1.62 0.75 0.56 - 4.5 

CO/CO2 - 1.61 2.15 2.68 - 0.41 

LHV (MJ/Nm3) - c11.9 5.28 4.82 - 7.99 
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2.5. Combination of non-thermal plasma and catalysis 

     Due to the high energy consumption of plasma, its practices are limited to an extent from a 

thermodynamic perspective. To avoid such apprehensive applications, catalysis was used. 

However, with the rapid deactivation of the catalyst due to poisoning, sintering and carbon 

deposition, the performance of the process deteriorated. Non-thermal plasma (NTP) reforming 

is another promising method because of its fast heating and reactions, but the process has the 

disadvantage of coke deposition and low pollutant conversion. Therefore, the NTP process 

combined with catalytic reforming shows a positive synergistic effect and higher selectivity 

towards syngas by converting complex tar to energy gas. This is due to changes in the 

physicochemical characteristics of the catalyst by plasma that increase its activity and 

durability (Liu et al., 2019, 2017).  

     The plasma reactor provides an option to use catalysts by two mechanisms: the catalyst kept 

downstream of the discharge region (after the plasma zone) or the catalyst in contact with the 

discharge zone (with plasma), as shown in Fig. 2.9. The representation of the former is similar 

in the two-stage plasma gasification process where the feed and volatile organic carbons 

(VOCs) are reduced in the plasma converter exiting the gasifier more efficiently. While for the 

latter, the reactive radicals, electrons and excited-state atoms modify the surface of the catalyst 

(Pham Huu et al., 2015). Moreover, by employing catalysts such as MnO2, CuO, Al, Ni and 

TiO2 with NTP, the removal efficiency of benzene, toluene, 2-heptanone, etc. can be increased 

up to 95% (Delagrange et al., 2006; Van Durme et al., 2008). These catalysts can also be 

prepared from the calcination and reduction of hydrotalcite-like materials (Li et al., 2011). On 

the other hand, polycyclic aromatic tar compound i.e., naphthalene, which is difficult to 

decompose because of more thermal stability than toluene, was removed almost 100% with 

TiO2 packing (Cimerman et al., 2018). Further, the plasma-assisted technique is also useful in 

devising the catalyst for the reforming of CH4 with CO2 to yield syngas with positive 
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synergistic effects (Chung and Chang, 2016; Wang et al., 2013). Although the VOCs removal 

process needs improvement, the presented information demonstrates the potential of plasma 

catalysis in the low-temperature conversion process. 

 

 

Fig. 2.9. Overview of the plasma-catalytic reactor, (a) in-line plasma catalysis and (b) after 

plasma catalysis. 

2.6. Treatment of plasma-based residual slag 

     The plasma converts the inorganic portion of the feed into either a glassy slag of low 

leachability, high strength and high-volume fraction. Depending on the sources of waste 

generated (medical, e-waste, municipal, etc.), the properties of the slag vary considerably. The 

(a) 

(b) 
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composition of slag for different waste streams in terms of elements and compounds is shown 

in Table 2.6. Discarded e-waste contains both metallic and non-metallic substances in a weight 

proportion of 80:20 and produce a loss in weight of 60% (Lee and Huffman, 1996; Rath et al., 

2012). The energy dispersive spectroscopy (EDS) analysis of vitrified slag showed the presence 

of Si, Ca, Na, Mg, Cr, etc. X-ray diffraction (XRD) test showed the amorphous form of slag, 

verifying the presence of SiO2 as the major constituent. Scanning electron microscopy (SEM) 

image confirmed the microstructural variation with the formation of an irregular dispersed 

second phase that changes with feed composition. This is probably due to the higher melting 

point of the metals during vitrification, which was entrapped within the slag matrix after 

solidification (Chu et al., 2006, 1998). The major advantage related to plasma vitrification 

remains in the cost savings compared to landfill tax avoidance and the value addition of the 

end products under regulatory conditions (Samal, 2017).  

2.7. Applications of product gas and vitrified slag from plasma gasification 

     Amongst the feasible energy recovery routes, thermochemical conversion method can be 

better implemented due to the production of H2, chemicals, energy and syngas from different 

feedstocks (Puig-Gamero et al., 2018). The main valorization path of syngas conversion and 

slag to useful products through plasma gasification is summarized in Fig. 2.10. Companies like 

Alter NRG, CHO-Power, InEnTec, PEAT etc. have already installed plants for thermal plasma 

gasification of waste focusing on the end-use of syngas to electrical output and vitrification of 

solid residue. The medium-sized plants working under plasma technology are detailed in Table 

2.7. The plants generate low electric power within a few megawatts (MW) due to limitations 

of the shorter lifetime of electrodes (discussed in Section 2.2.1.1) and high investment costs. 

Hence, the development of durable plasma torches is required to promote their applications at 

a larger industrial scale for economical operation (Fabry et al., 2013). 
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Table 2.6 

Analysis of plasma-based slag compositions from different waste reported in the literature. 

Authors (Tzeng et al., 1998)  (Chu et al., 2006) (Messerle et al., 2018) (Lemmens et al., 2007) (Chu et al., 2006)  (Rath et al., 2012) 

Feed Radioactive waste Fiber-reinforced plastic, 

gill net & glass 

Household waste Refuse Derived Fuel Medical waste Electronic waste 

Slag compositions 

Compounds Wt. % Wt. % Compounds Wt.% Elements mg/kgdm Atomic % Wt.% 

SiO2 57.37 68.14 SiO2 13.0 Fe 53,800 1.2 11.64 

Na2O 8.86 21.97 CaSiO3 21.0 Cr 99 8.8 - 

CaO 23.43 15.96 Fe3C 63.0 Cu 28 - 55.7 

K2O 0.88 1.18 Fe 3.0 Co 33 - 1.1 

MgO 3.11 6.97   Al - 4.1 9.98 

Al2O3 4.88 2.42   Ni 17 - 0.98 

Fe2O3 0.14 0.29   Zn 7.2 2.8 - 

     Sb 26 2.8 - 

     Ba 358 - - 

     O - 46 - 

     V 109 4.1 - 

     Si - 21 - 

     Ca - 12.8 - 
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Fig. 2.10. Applications of syngas from plasma gasification and vitrification of the slag. 

2.7.1. Plasma syngas to power generation studies 

     The plasma gasification reactor can be integrated with power generation systems, which 

include either combined cycles (gas turbine and steam turbine) or fuel cells (SOFC, MCFC, 

etc.). Fig. 2.11 presents the comparison of energy and exergy efficiencies from literature based 

on the different power generating systems and feedstocks. The schematic of simulation studies 

on RDF feedstock (LHV of 16.3 MJ/kg) based plasma gasification combined cycle (IPGCC) 

is shown in Fig. 2.12. Also, RDF-based plasma integrated with solid oxide fuel cell (IPGFC) 

systems was reported. Despite the large power consumption in plasma torches, the net 

efficiency of IPGCC (31%) and IPGFC (32.7%) is still higher than the conventional waste 

incineration process (20%). The gross power output of the steam turbine for IPGCC (~ 40%) 

is larger than that of IPGFC (~ 18%). Harmful pollutants such as dioxins and furans are not 

produced in the plasma-employed system, however, undesired compounds of sulfur, chlorides 

and particulate matter are to be removed in the clean-up system to meet turbine specifications 

(Galeno et al., 2011; Minutillo et al., 2009).     
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Table 2.7  

Some of the medium size plants under thermal plasma technology for processing of waste around the world.  

Company Raw material Capacity 

(TPD) 

Applications Plasma technology Location Reference 

Maharashtra Enviro 

Power Ltd. 

Hazardous waste 68 Power (1.6 MW) Westinghouse plasma 

corporation 

Pune and Nagpur, 

India 

(SMS Maharashtra Enviro 

Power Ltd.) 

PEAT International Medical waste 1.45 - PTDR-100 system Shanghai, China (PEAT International) 

PEAT International Hazardous waste 0.48 - PTDR, Lab size unit Kaohsiung, 

Taiwan 

(PEAT International) 

PEAT International Industrial waste 3-5 - PTDR system Tainan, Taiwan (PEAT International) 

Hitachi Metals Ltd. MSW & Sewage 

sludge 

28 - Westinghouse plasma 

corporation 

Mihama & 

Mikata, Japan 

(National Energy 

Technology Laboratory) 

Hitachi Metals Ltd. Auto Shredder 

Residue 

165 Power (7.9 MW) Westinghouse plasma 

corporation 

Utashinai, Japan (Orlando, 2010) 

Plasco Energy Group 

Inc. 

MSW 85 Power (1 MW) Phoenix Solutions Co Ottawa, Canada (Phoenix Solutions Co.) 

TH-3268_186107013



CHAPTER 2 

47 | P a g e  
 

Kobelco Eco-

Solutions Co. Ltd. 

Poly Chlorinated 

Biphenyls 

- - Phoenix Solutions Co Tokai, Japan (Phoenix Solutions Co.) 

CHO-Power  Industrial waste 137 Power (12 MW) Europlasma Morcenx, France (CHO Power) 

Pyrogenesis Municipal/Medical 

waste 

8.5 Power 

(420 kW) 

Plasma Resource 

Recovery System 

Hurlburt Field, 

USA 

(PRRS-Pyrogenesis) 

Pyrogenesis MSW 0.5-2 - Plasma Resource 

Recovery System 

Montreal, Canada (PRRS-Pyrogenesis) 

Dow Corning 

Corporation 

Industrial waste - Syngas/Synglass InEnTec Michigan, USA (InEnTec) 

Global Plasma 

Technology Limited 

Medical waste - Power InEnTec Taipei, Taiwan (InEnTec) 

Kawasaki Plant 

Systems 

Poly Chlorinated 

Biphenyls/Asbestos 

- Syngas/Power InEnTec Harima, Japan (InEnTec) 

Sunbay Energy 

Corporation 

MSW 400 Power (26 MW) Europlasma Port Hope, 

Canada 

(Fabry et al., 2013) 

EnviroParks Limited MSW/Industrial 750 Power (20 MW) Europlasma Hirwaun, UK (Fabry et al., 2013) 
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Green Power 

Systems 

MSW 1000 Power (32 MW) Westinghouse plasma 

corporation 

Tallahassee, USA (Chemeurope) 

Advanced Plasma 

Power 

MSW 250 Power (16 MW) Tetronics Swindon, UK (Tetronics) 

Advanced Plasma 

Power 

MSW 250 Power (17 MW) Tetronics South West 

England, UK 

(Tetronics) 

Advanced Plasma 

Power 

Residual waste - Bio Substitute 

Natural Gas 

Tetronics Swindon, UK (Fabry et al., 2013) 

Advanced Plasma 

Power 

Landfill waste 1230 Power (100 MW) Tetronics Belgium (Jones et al., 2013) 
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                                                                           (a) 

      

                                                                           (b) 

Fig. 2.11. (a) Energy and (b) exergy efficiencies obtained by authors in their respective power 

plant studies (Galeno et al., 2011; Jiang et al., 2021; Minutillo et al., 2009; Montiel-Bohórquez 

et al., 2021; Pan et al., 2022; Peng et al., 2021; Perna et al., 2018, 2016). 
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     The concept of a hydrogen-based EES (Electric Energy and Storage) system allows to store 

and generate electric energy using SOFC (Perna et al., 2018). The plant consists of: (1) a 

renewable and storage section based on a solid oxide electrolysis cell (SOEC) unit that 

consumes wind power, (2) the plasma gasification section which utilizes MSW under hydrogen 

and air medium and (3) the power generation section based on SOFC unit. The net electric 

efficiencies were reported as 44.9% for hydrogen-based plasma gasification (IHPGFC) and 

35% to 40% (ratio of O2 changed from 40-100 vol. %) under air medium (IAPGFC). (Perna et 

al., 2016) also studied the application of hydrogen gas produced from conventional and plasma 

gasification systems using MSW based on a combined cycle power generation system (IHGCC 

and IHPGCC). In both configurations, the system shows a better performance in terms of 

energy output with electric efficiencies of 43% and 40% for IHGCC and IHPGCC, 

respectively. Hence, hydrogen-based clean energy technologies perform better due to their 

higher heating value of the fuel. 

 

Fig. 2.12. Schematic representation of an IPGCC power plant using RDF feedstock. 
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     The analysis of the effect of moisture content (MC) based on the origin of MSW, such as 

residential, industrial, etc. on exergo-economic performance helps to assess the improvement 

potential of the system. As the MC content decreased from 57.9 wt.% to 26.6 wt.% (based on 

waste type), the plant efficiency of IPGCC increases from 23.7 to 31% (energy), and 22.6-

29.6% (exergy). The plasma gasifier has the highest exergy destruction rate due to the 

irreversible nature of the chemical reactions taking place to convert waste into syngas. It is 

followed by the MSW-associated drying. The unit exergo-economic cost of electricity, without 

including the MSW treatment fee, ranged from 117-156 US$/MWh, which is generally higher 

than the market price by 50 US$/MWh on average (Montiel-Bohórquez et al., 2021). Similarly, 

the thermodynamic analysis of MSW plasma gasification integrated with chemical looping 

combustion (CLC) and SOFC power plant results in the net energy and exergy efficiencies of 

40.9% and 36.7%, respectively, with 99.3% CO2 capture. The largest rate of exergy destruction 

occurs in the BFB-plasma gasification unit, similar to the result reported by Montiel-Bohórquez 

et al., 2021. The plasma gasifier contributes 33.62% of exergy destruction, followed by SOFC 

and CLC with 15.45% and 14.72%, respectively (Jiang et al., 2021). Furthermore, the mixture 

of syngas generated from MSW and coal for power generation, entirely via steam turbine unit, 

reduces the overall net efficiency (with waste-to-energy efficiency of 35.16%) from 42.36% to 

42.14% (referred coal power plant). This is attributed to the auxiliary power consumption of 

the proposed power plant design. The total exergy efficiency (41.17%) also decreases slightly 

by 0.27% from the reference plant. With a life span of 25 years of the proposed system, the net 

present value (NPV) of 40,341 k$ can be achieved with a payback period of 4.58 years by 

implementing the proposed power plant approach (Pan et al., 2022). 

     In another novel technique of combined heat and power (CHP) generation through plasma 

gasification of medical waste, SOFC has been integrated with a gas turbine and CO2 

supercritical turbine cycle, and the waste heat is recovered as domestic hot water (DHW). The 
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waste-to-electric efficiency of the hybrid system reaches up to 59.3% and the combined CHP 

efficiency attained 87.8%. In the exergy analysis, the plasma gasifier, SOFC and combustion 

chamber contributed to irreversibilities in the order of 21.97%, 21.32% and 19.16%, 

respectively, with an overall exergy efficiency of 57.56%. Despite the high medical waste 

treatment fee of 466.2 $/t, the annual income due to waste treatment, electricity sale, slag sale 

and heat supply is 9790.2 k$, 9470.51 k$, 26.6 k$ and 3992.28 k$, respectively, in 20 years 

with a payback period of only 3.77 years (Peng et al., 2021). Hence the plasma-based system 

can be commercialized for treating high calorific values waste feedstocks. 

2.7.2. Uses of discarded slag      

     Vitrified slag in the form of granulated aggregates has been reused in roadbeds as an asphalt 

mixture and concrete cluster while cast slag is used as a secondary product for interlocking 

bricks, tiles and blocks, as shown in Fig. 2.10. Granular slag is used to produce pavement brick 

for supplementing cement or gravel (Jimbo, 1996). By appropriate heat treatment of the slag at 

different temperatures after vitrification and with the addition of nucleation agents such as 

TiO2, Cr2O3, Fe2O3, etc., glass-ceramics with enhanced properties can be produced (Gomez et 

al., 2009; Rawlings et al., 2006). In addition to the value-added product from waste disposal, 

which accounts for nearly 42% of the total income, slag sales can fetch up to ~ 27-800 k$ 

annually by treating 21-100 MT of wastes (Pan et al., 2022; Peng et al., 2021). 

2.8. Summary 

     Although plasma gasification is not a new technology, in the last decade, several studies 

have been conducted due to its potential as an alternative gasification technique for clean fuel 

generation. The main advantage of plasma gasification technology is the utilization of a wide 

variety of waste as feedstocks other than coal and biomass. Significant research has taken place 

over the years to eliminate the issue of tar formation through the inclusion of primary and 
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secondary catalysts, high-reacting gasifying medium (steam), modification of reactor, etc., and 

therefore, plasma-assisted gasification is one of the suitable options for tar-free syngas. Even 

in the case of steam-plasma gasification of RDF, which is highly endothermic, an operating 

temperature of 1100-1220 °C can be reached with higher production of H2 up to 53 vol. % with 

hot-gas efficiencies of 95% and LHV of 10.9 MJ/Nm3. Even sawdust-based plasma gasification 

produces a higher H2 content of 41.5 vol.% with a heating value of 10.2 MJ/Nm3 under the 

CO2 atmosphere. But in a small-scale system, the structure of the gasification chamber and 

stability of the plasma torch are crucial to reduce heat dissipation, low tar formation and higher 

carbon conversion. 

     Due to its flexibility, the plasma gasifier could be integrated with multiple hybrid power 

generation systems such as gas turbine combined cycle (ƞ ~ 23.7-31%) or fuel cells (ƞ ~ 35-

45%). Low organic content feedstocks such as MSW (with moisture content up to 58%), 

biomedical waste, carpet waste, etc., which are difficult to decompose even under higher 

operating temperatures, can be decomposed up to 90% without any release of harmful gases. 

Some medium-scale companies like Alter NRG, InEnTec, PEAT etc. installed a plasma 

gasification system for a total cost of $30 to $300 million, processing 30-100 TPD of waste 

that generates electrical output from 5-50 MW. Now, for scaling to the industrial level, a 

standard model is required to be established with the theoretical model that can help future 

researchers and policy-makers. In countries like India, the plasma method requires attention, 

where the generation of waste is increasing rapidly without any formal treatment process. 

Moreover, the intense release of carbon emissions from fossil fuels and the expensive usage of 

electricity, especially in rural areas, call for sustainable methods. If modifications to the 

existing thermal plasma technique are considered to improve efficiency and cost, microwave-

induced plasma may do it with less power consumption and utilize the moisture content in 

waste to generate heat internally. However, non-uniform heating of the feedstocks is the biggest 
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disadvantage of microwave application, due to which the temperature remains unstable. Studies 

on a novel approach to understand the thermodynamics through heat distribution will help 

increase the process's yield and efficiency. 

    Every approach discussed above found a possibility of using the plasma gasification process 

as an alternative to conventional gasification that yields a clean gas stream and has the potential 

for green energy production. Hence, it is clear that in the energy recovery sector, the system 

performs rationally in the usage of waste materials and environmental pollution, however, it 

finds some challenges in terms of the initial cost and returns on investment which is longer as 

compared to existing industrial facilities. 

2.9. Research gaps 

     Waste management through plasma gasification is studied extensively in the above 

literature review. The wastes such as MSW, RDF, kitchen waste, etc. are treated to yield 

moderate and high calorific syngas. Further, the application of clean syngas towards electricity 

production is conducted as an end-use. Considering the stated literature, the following research 

gaps are identified as described. 

• The thermal decomposition of complex compounds such as butadiene, styrene, 

phenolic resin, etc., through this route has not yet been studied. The presence of such 

compounds makes the plastic difficult to recycle or undergo other thermal conversion 

methods without pollutant generation. Thus, the feedstocks consisting of plastic 

mixtures (RDF) and specific plastic material like acrylonitrile butadiene styrene (ABS), 

bakelite are considered in this study.  

• For any thermochemical conversion process, the pathway of the chemical reactions is 

crucial. This can be predicted with the aid of characterization of the feedstock and the 

TH-3268_186107013



CHAPTER 2 

55 | P a g e  
 

products (residue, oil, syngas) obtained after the plasma gasification process. The 

pathway of the plasma gasification process is not reported in the literature.  

• The usage of CO2 as plasma gas for the gasification of complex polymer waste is not 

yet explored. As the complex polymers have high calorific value, their decomposition 

under plasma condition is beneficial for economic operations. 

• Due to high power consumption and initial investment in a plasma gasification process, 

the thermo-economic analysis of the system becomes essential. In the literature, only 

energy analysis in terms of cold gas efficiency is reported. Therefore, a 3-E (Energy, 

Exergy and Economic) analysis of the plasma gasification unit is essential to determine 

the efficiency of energy utilization, source of losses, and cost-benefits. 

• Most of the findings reported in the literature are based on the production of electricity 

through the integration of plasma gasification (PG) with different routes of power 

generating systems such as standalone steam turbine units, combined cycles, CLC, etc., 

using various wastes. However, the integration of plasma gasification unit with 

advanced systems such as fuel cells (MCFC) and CLR processes to co-produce 

hydrogen and electricity is not yet unexplored. Moreover, a collective comparison 

based on 4-E analyses involving the cost to the environment is not yet studied.    

2.10. Objectives and scope of the thesis 

     The main objective of this study is to valorize complex waste using CO2 plasma gasification 

for the production of clean syngas to co-generate hydrogen and electricity. This brings down 

the ecological footprint on a large scale by (i) minimizing waste accumulation, (ii) effective 

CO2 utilization, (iii) producing clean energy and (iv) generating more energy per unit mass of 

feed. To the best of our knowledge, no study on plasma gasification of waste was reported 

based on a detailed assessment of 4-E (energy, exergy, economic and environmental) analyses 
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with product characterization. Based on the state-of-the-art survey and research gap, the 

following objectives are framed. 

• Laboratory scale experimental investigation on plasma gasification of biomass, plastic 

and e-waste derived from solid waste for clean syngas production. 

• Product characterization and performance analysis to determine the feasibility of the 

plasma gasification system for commercial use based on the experimental parameters. 

• Effect of integrating plasma gasification with molten carbonate fuel cell (MCFC) and 

chemical looping reforming (CLR) for the co-generation of hydrogen and electricity.  

The scope of the present work is as follows: 

• Solid wastes such as refused derived fuel (RDF) based on the Indian scenario, computer 

keyboard plastic waste (CKPW) and electrical switch waste (ESW) are used for the 

plasma gasification process under the CO2 atmosphere.   

• Evaluation of the impact of the operational parameters such as feedstock mass flow 

rate, feed CO2 gas flow rate and torch power on syngas composition LHV and yield. 

• Estimation of the energy intensiveness of the process, exergy distribution and cost 

involved in the production of syngas. 

• Various characterizations of the raw feed, obtained syngas, oil and residue for finding 

their usage in commercial applications. 

• 4-E (energy, exergy, economic and environmental) analyses on the plasma gasification 

integrated molten carbonate fuel cell (MCFC) and chemical looping reforming (CLR) 

for the co-generation of hydrogen and electricity using Aspen Plus software. 
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CHAPTER 3 

MATERIALS AND METHODS 

The current chapter provides the materials and methodology considered for this research work. 

The details of the feedstock used, experimental set-up and operating parameters employed in 

the plasma gasification process are explained. Then, the characterization techniques for the 

analysis of feedstock and residues obtained using various analytical instruments are discussed. 

The 3-E (Energy, Exergy and Economic) analyses based on experimental results to estimate 

the cold gas efficiency (CGE) and levelized cost of syngas (LCOS) are explained. Then the 

simulation methodology of plasma gasification integrated molten carbonate fuel cell (MCFC) 

and chemical looping reforming (CLR) process for hydrogen and power co-generation based 

on 4-E (3-E plus environmental) analyses of the overall plant is elaborated.  

3.1. Feedstocks 

     This study utilizes refused derived fuel (RDF) comprising mainly of plastic, paper, yard and 

food waste, computer keyboard plastic waste (CKPW) made of acrylonitrile butadiene styrene 

(ABS) mixed with polycarbonate (PC) and electrical switch waste (ESW). The photographs of 

wastes samples shown in Fig. 3.1. are collected from different locations of the Indian Institute 

of Technology, Guwahati. In case of RDF, the composition of various components is based on 

the Indian scenario, comprising 35% plastics, 40%-yard waste, 10% paper waste and 15% food 

waste (Tripathi and Rao, 2022). High-density polyethylene (HDPE), low-density polyethylene 

(LDPE), polyethylene (PE), polypropylene (PP) and polyethylene terephthalate (PET) are the 

major contributors in plastic waste (Bhatt et al., 2021). While used paper, newspaper, tissue 

paper and cardboard contributed to paper waste. Similarly, yard and food waste are garden and 

kitchen leftovers, respectively. Large chunks of CKPW and ESW feed with an average size of 

2 cm are processed to increase the contact between the particles and the plasma arc, which also 
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reduces the feed pre-treatment cost and time. RDF pellets of 1 cm uniform diameter and 0.5 

cm thickness are prepared for plasma gasification. The proximate and elemental analyses of 

the feedstocks and their lower heating value (LHV) are summarised in Table 3.1. RDF has an 

average moisture content of 14.57 wt.%., in which food waste has the highest moisture of 67.9 

wt.%, followed by paper (10.25 wt.%) and yard (8.41 wt.%), while plastic has no moisture.                       

       

Fig. 3.1. Feed used for the experiments (a) RDF, (b) CKPW and (c) ESW. 

Table 3.1 

Proximate and ultimate analysis of fuel used in this study. 

 RDFb CKPW ESW 

Proximate analysis [wt.%, as received basis]    

Moisture - - 1.54 

Volatile matter 83.04 93 77.46 

Fixed Carbon 3.01 6 17 

Ash 13.95 1 4 

Ultimate analysis [wt.%, ash free basis]    

C 62.74 78.91 31.53 

H 6.69 7.25 5.28 

N 3.12 1.65 19.87 

S 0.21 - 0.73 

Oa 27.24 11.19 38.59 

LHV based on energy [MJ/kg] 22.16 35.31 14.05 

LHV based on exergy [MJ/kg] 23.49 37.33 18.51 
a by difference; b dry basis.   

(a) (c) (b) 
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3.2. The experimental system 

     The experiments are performed using a plasma gasification reactor of 5 cm in diameter and 

60 cm in length, as shown in Fig. 3.2. The outer shell of the reactor is 20 cm in diameter and 

made of MS 314 grade, whereas the inner wall has a layer of refractory ceramic coating of 150 

mm thickness to prevent heat damage. B-type and k-type thermocouples are used for 

temperature measurement with a length of 4 cm and 15 cm, respectively, placed away from the 

plasma arc. The anode and cathode of the DC plasma torch are water-cooled graphite electrodes 

located perpendicular to the reactor that can operate at currents between 50-200 Amp and arc 

powers of 0.5-10 kW. Although graphite has a higher rate of erosion, it has the highest melting 

point of 3600 °C. Further, graphite is low cost among all the possible materials used for the 

construction of plasma torches (Rath et al., 2012; Szente et al., 1992). The schematic 

representation of the overall system is shown in Fig. 3.3.      

       

Fig. 3.2. Laboratory set-up of plasma reactor: (a) the plasma zone and (b) the overall plasma 

gasifier.               

(a) (b) 
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Fig. 3.3. Schematic diagram of the experimental system. 
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     The feed material to be gasified is fed through a hopper from the top and the feed particles 

fell into the reactor under gravity. Carbon dioxide (CO2, 99.9% purity) used as both plasma gas 

and gasifying agent for the experiment is purged through the center of the cathode, which has 

specifically designed holes that act as a medium for the gas inlet. The volumetric flow rate of 

the feed gas is controlled using a mass flow controller (MFC, Bronkhorst EL-Flow Select F-

201 CV). The outlet of the produced gas is positioned at the top side of the reactor such that 

the high-temperature syngas exchange heat with the feed before exiting the reactor. Before the 

collection of syngas for sampling, it is cooled in a water condenser operating at a temperature 

of 5 °C. A chiller is used to maintain the flow rate and temperature of water in the condenser. 

In the final step, the cooled syngas is passed through a conical flask filled with 50 ml of 

dichloromethane (DCM, 99.5% pure) to absorb tar vapors present in the gas. Thereafter, the 

tar-free syngas are collected at regular intervals in a vacuum container using a needle syringe 

for their compositional analysis in a gas chromatograph. The volume percentage of H2, air, CO, 

CH4 and CO2 is detected using a thermal conductivity detector (TCD) and hydrocarbons such 

as C2H4, C2H6 and C3H6 using a flame ionization detector (FID). The outlet flow rate of the 

tar-free syngas is measured using a bubble flow meter. The dissolved tar and other particulates 

in the DCM liquid is filtered using a filter paper to remove the particulates and, then the filtered 

liquid is sent to a rotavapor (Buchi R 300) for the recovery of DCM from the oil. The separation 

efficiency of the oil from the DCM solution is around 95-96%. Further, the physical and 

chemical properties of the obtained oil and the residue are analyzed. 

3.3. Experimental conditions and operating parameters 

     Few preliminary experiments are conducted by batch feeding of the solids in the reactor and 

almost 80-90% of feed is converted within the first 10 min, as shown in Fig. 3.4. Hence, each 

experiment is carried out for 40 min, with an equal amount of feed introduced at every 10 min 

intervals, as shown in Table 3.2. The feed is introduced at the mass flow rate of 20 to 60 g per  
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Fig. 3.4. Variation of syngas compositions for 10 min. 

Table 3.2 

Operating process parameters of the experiments conducted in this study. 

 RDF CKPW ESW 

Case  

number 

ṁ𝐹  

 

CO2  Power ṁ𝐹  

 

CO2  Power ṁ𝐹  

 

CO2  Power 

1 20 0.4 0.75 20 0.5 1.12 20 0.5 0.75 

2 30 0.4 0.75 30 0.5 1.12 30 0.5 0.75 

3 40 0.4 0.75 40 0.5 1.12 40 0.5 0.75 

4 50 0.4 0.75 50 0.5 1.12 50 0.5 0.75 

5 30 0.2 0.75 60 0.5 1.12 60 0.5 0.75 

6 30 0.3 0.75 40 0.3 1.12 40 0.4 0.75 

7 30 0.5 0.75 40 0.4 1.12 40 0.6 0.75 

8 30 0.4 0.5 40 0.6 1.12 40 0.7 0.75 

9 30 0.4 1.12 40 0.7 1.12 40 0.8 0.75 

10 30 0.4 1.6 40 0.5 0.75 40 0.5 0.5 

11 - - - 40 0.5 1.6 40 0.5 1.12 

12 - - - 40 0.5 2 40 0.5 1.6 

   ṁ𝐹= feed flow rate (g/10 min); CO2 = gas flow rate (lpm) and power in kW. 
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10 min interval, while the CO2 flow rate is maintained in the range of 0.2 to 0.8 liters per minute 

(lpm). On the other hand, to observe the effect of temperature, the plasma torch power is 

maintained between 0.5 and 2 kW for the given set of experiments. The syngas is continuously 

collected at regular intervals of every 2 min and 4 min for the total run period of 10 and 40 min 

experiments, respectively. Due to high mechanical routine of the experiments, only 3 cases for 

each feed was repeated and the error (%) is calculated as a difference between the actual and 

repeated values, taking the actual result as a reference. 

3.4. Characterization techniques 

     The raw feed and the products obtained after plasma gasification are characterized using 

various analytical tools and techniques as follows: 

(i) Fourier-transform infrared spectroscopy (Make-Perkin Elmer and Model-Spectrum Two) 

(FTIR) analysis of raw feed, oil and residue is done in the wavenumber of 400-4000 cm-1. 

(ii) Thermogravimetric analysis (TGA) (Make-Netzsch and Model-Libra TG 209) of raw feed 

is carried out in the temperature range of 25-1000 °C with a heating rate of 10 °C/min under 

CO2 (40 ml/min) atmosphere.  

(iii) Proximate and ultimate analyses (Make-Thermo Fisher Scientific and Model-Flash smart 

V CHNS/O) of raw feed, oil and residue are performed as per ASTM standards D3172-75.  

(iv) Gas chromatography-Mass spectrometry (GC-MS) (Make-Perkin Elmer and Model-Clarus 

680 GC/600C MS) analysis of the obtained oil, which is dissolved in hexane, is conducted with 

helium as carrier gas to detect organic compounds such as alkanes, alkenes, aromatics, etc. 

(v) Field emission scanning electron microscopy (FESEM) (Make-Zeiss and Model-Sigma) of 

the raw feed and the residue is performed at 5kX magnification to capture the morphological 

changes of the materials. 
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(vi) Density, viscosity and pH of the obtained oil are determined using a pycnometer by ASTM 

D891 standards, a rheometer (Anton Paar, Physica MCR301) and a pH meter (Labman, LMPH-

10), respectively. These tests are conducted to measure the suitability of the oil for vehicles 

related to diesel properties.  

(vii) X-ray diffraction (XRD) (Make-Rigaku Technologies and Model-Smartlab) with Cu-Kα 

radiation is performed in the 2θ range of 10-80° with a scanning rate of 10°/min. It provides 

the material's chemical composition (oxides) and physical properties.  

(viii) Energy dispersive spectroscopy (EDS) (Make-Zeiss and Model-Sigma 300) of the ash 

samples obtained from the ESW feed is conducted at 3kX magnification to estimate the 

percentage composition of the elements. 

3.5. Experimental methodology 

3.5.1. 3-E (Energy, Exergy and Economic) analysis 

     . The syngas, oil and residue yield of the plasma gasification is estimated as follows (Bhui 

et al., 2021): 

Residue yield (%) =
Weight of residue (g)

Initial feed weight (g)
∗ 100                                                                       (1) 

Oil yield (%) =
Weight of oil (g)

Initial feed weight (g)
∗ 100                                                                                (2) 

Gas yield (%) = 100 − [𝑅𝑒𝑠𝑖𝑑𝑢𝑒 𝑦𝑖𝑒𝑙𝑑 (%) + 𝑂𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 (%)]                                           (3) 

3.5.1.1. Energy analysis 

     The cold gas efficiency (ƞ𝐶𝐺𝐸) of the plasma gasifier is the main parameter to evaluate the 

system performance based on Eq. 6. The energy input (Ė𝐹) from the fuel feedstock to the 

plasma gasifier is found by multiplying the chemical energy of the fuel (𝐿𝐻𝑉𝐹) and  the mass 

flow rate of fuel (ṁ𝐹), moisture removal energy (Ė𝑚, in case of RDF) and Ė𝑝𝑙𝑎𝑠𝑚𝑎 is the input 
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plasma power to the reactor. The syngas energy (Ė𝑠𝑦𝑛𝑔𝑎𝑠) is estimated based on the LHV of 

the individual gases in syngas (Agon et al., 2016; Alipour Moghadam et al., 2014). 

𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠(𝑀𝐽 𝑁𝑚3⁄ ) = [(107.98 ∗  𝑥𝐻2) + (126.36 ∗  𝑥𝐶𝑂) + (358.18 ∗ 𝑥𝐶𝐻4) + (639.8 ∗

𝑥𝐶2𝐻4) + (930.5 ∗ 𝑥𝐶2𝐻6) + (834.03 ∗ 𝑥𝐶3𝐻6)]/ 1000                                                                   (4) 

Where ‘x’ denotes the volume percentage of respective species in the syngas.  

     The specific energy consumption required to dry 1 kg of material using a convective hot-air 

drier equipped with blower fans is given by Eq. (5) (Kumar et al., 2022). 

𝐸𝑡 = 𝐴 ∗ 𝑣 ∗ 𝜌𝑎 ∗ 𝐶𝑝𝑎 ∗ 𝐷𝑡 ∗ ∆𝑇                                                                                             (5) 

Where, 𝐸𝑡 is specific energy consumption (kWh/kg), 𝐴 is the area of the sample tray (m2), 𝑣 is 

drying air velocity (m/s), 𝜌𝑎 is density of air (kg/m3), 𝐶𝑝𝑎 is the specific heat of drying air 

(kJ/kg°C), 𝐷𝑡 is drying time (h), ∆𝑇 is the temperature difference between drying and 

atmosphere (°C).  

ƞ𝐶𝐺𝐸 = (
Ė𝑠𝑦𝑛𝑔𝑎𝑠

Ė𝐹+Ė𝑚+Ė𝑝𝑙𝑎𝑠𝑚𝑎
) ∗  100                                                                                                      (6) 

3.5.1.2. Exergy analysis 

     The estimation of exergy is based on the second law of thermodynamics and exergy is 

defined as the amount of energy available to do work when the system is brought to the dead 

state, i.e., the environmental conditions (Dincer and Rosen, 2021). The rate of kinetic and 

potential exergy is assumed to be negligible. The two major terms to calculate total exergy rate 

are physical (Ė𝑝ℎ) and chemical (Ė𝑐ℎ) exergy, which are given in Eq. 7-8 (Kalinci et al., 2011). 

Ė𝑝ℎ = ṁ𝑝𝑑𝑡 ∗  [(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)]                                                                                  (7) 

 Ė𝑐ℎ = ∑ 𝑦𝑖𝑖 𝑒𝑖,𝑐ℎ + 𝑅𝑇0 ∑ 𝑦𝑖𝑖 𝑙𝑛𝑦𝑖                                                                                           (8) 
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     The specific exergy of fuel (Ė𝑐ℎ,𝑓𝑢𝑒𝑙) is calculated based on the correlation given by Szargut 

and Styrylska and implemented by the reference (Ptasinski et al., 2007) as: 

𝑒𝑐ℎ,𝑓𝑢𝑒𝑙 = 𝛽 ∗ 𝐿𝐻𝑉𝐹                                                                                                                  (9) 

Ė𝑐ℎ,𝑓𝑢𝑒𝑙 = ṁ𝐹 ∗ 𝑒𝑐ℎ,𝑓𝑢𝑒𝑙                                                                                                            (10) 

     The factor β is calculated for various fuels by the developed correlation as: 

𝛽 =
1.044+0.0160(𝐻 𝐶)−0.3493(𝑂 𝐶)[1+0.0531(𝐻 𝐶)]+0.0493(𝑁 𝐶)⁄⁄⁄⁄

1−0.4124(𝑂 𝐶)⁄
                                                    (11) 

where H/C, O/C and N/C are atomic ratios in the fuel.  

     The exergy efficiency (ƞ𝑒𝑥) of the plasma gasifier is estimated by using the following 

equation (Eq. 12): 

ƞ𝑒𝑥 = (
Ė𝑠𝑦𝑛𝑔𝑎𝑠

Ė𝑐ℎ,𝑓𝑢𝑒𝑙+Ė𝑝𝑙𝑎𝑠𝑚𝑎 
) ∗ 100                                                                                                 (12) 

3.5.1.3. Economic assessment 

     The levelized cost of syngas (LCOS) obtained from plasma gasification is estimated to 

examine the commercial feasibility of the process. The following few assumptions are 

considered for calculating the syngas cost based on experimental results: 

• Electricity tariff = 5.48 INR/kWh (India Energy, 2023) 

• Annual rate of interest (r) = 4 % 

• Equivalent period of utilization (𝑃) = 2000 h/year 

• Payback period (k) = 4 years 

     The LCOS (INR/kWh) (Eq. 19) is determined using the methodology considered by Paulino 

et al., 2020 and the investment cost (𝐶𝑠𝑦𝑠𝑡𝑒𝑚) of plasma gasification unit (INR), including all 

the accessories such as chiller, mass flow controller, etc., is given by: 
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𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = (𝐶𝑝𝑙𝑎𝑠𝑚𝑎 𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟 ∗ 1.25 ∗ ṁ𝐹)                                                                               (13) 

     The annuity factor (𝑓), depending on the payback period (k) and annual interest rate (r) is 

given in Eq. (14) and (15). 

𝑓 =  
𝑞𝑘(𝑞−1)

(𝑞𝑘−1)
                                                                                                                              (14) 

 𝑞 = 1 +
𝑟

100
                                                                                                                            (15) 

     The variable operating cost (𝑂𝐶𝑣𝑎𝑟,𝑔𝑝) is a function of the electricity tariff (Etariff), syngas 

energy and power of the plasma torch, whereas the maintenance cost (𝑀𝐶𝑔𝑝) of the plasma 

system is considered as 3% of the plasma investment cost (Silveira and Tuna, 2003), as shown 

below.   

𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 =
𝐸𝑡𝑎𝑟𝑖𝑓𝑓∗Ė𝑝𝑙𝑎𝑠𝑚𝑎

Ė𝑠𝑦𝑛𝑔𝑎𝑠
                                                                                                      (16) 

𝑀𝐶𝑔𝑝 = 0.03 ∗ (
𝐶𝑠𝑦𝑠𝑡𝑒𝑚∗𝑓

𝑃∗Ė𝑠𝑦𝑛𝑔𝑎𝑠
)                                                                                                     (17) 

      In the model, the net cost (𝐶𝑡𝑜𝑡𝑎𝑙) of the gasifying agent is estimated by Eq. (18):  

𝐶𝑡𝑜𝑡𝑎𝑙 =  𝐶𝑐𝑎𝑝𝑒𝑥 +  
𝐶𝑜𝑝𝑒𝑥

𝑟
 (1 −

1

1+𝑟𝑃)                                                                                     (18) 

where, 𝐶𝑐𝑎𝑝𝑒𝑥 is the capital cost (INR) of the CO2 gas cylinder, including the gas flow regulator 

and 𝐶𝑜𝑝𝑒𝑥, the operating cost (INR) is the gas refilling cost. As the costs are associated with 

the size of the units and therefore, the capital cost of plasma gasification and gasifying agent 

depends on the gas flow rate used. 

𝐿𝐶𝑂𝑆 = (
𝐶𝑠𝑦𝑠𝑡𝑒𝑚∗𝑓

𝑃∗Ė𝑠𝑦𝑛𝑔𝑎𝑠
) +  𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 +  𝑀𝐶𝑔𝑝 + 𝐶𝑡𝑜𝑡𝑎𝑙                                                                            (19) 
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3.5.2. Correlation developed for experimental and measured variables 

     The measured product gas compositions are strongly dependent on the feed mass flow rate 

(g/min), CO2 flow rate (lpm) and torch power (kW), hence these are chosen as independent 

variables. The syngas composition (H2, CO, CH4, CO2 and CxHy), LHV (MJ/m3) and energy 

efficiency (%) are considered as dependent variables. The obtained values of these parameters 

are fitted in a polynomial curve of order 2 as per the given correlation in Eq. 20. Based on the 

experimental data, the constants are estimated by using the SPSS software provided by the 

institute (IBM, 2021). The software is a platform to implement statistical and text analysis, 

including data preparation and management.  

𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋1
2 + 𝛽5𝑋2

2 + 𝛽6𝑋3
2 + 𝛽7𝑋1𝑋2 + 𝛽8𝑋1𝑋3 + 𝛽9𝑋2𝑋3             (20) 

where, 𝑌 represents the general form of all the dependent variables, β is the constant assigned 

with the parameter and 𝑋1, 𝑋2and 𝑋3 are the independent variables such as feed flow rate, CO2 

gas flow rate and torch power, respectively. 

3.6. Simulation methodology 

3.6.1. 4-E (Energy, Exergy, Economic and Environmental) analyses 

3.6.1.1. Energy analysis 

Table 3.3 provides the assumed operating parameters considered in the simulation for both the 

MCFC and CLR plants. The overall performance of the plant is estimated in terms of net energy 

efficiency (ƞ𝑒𝑛,𝑛𝑒𝑡), which is defined as the ratio of the sum of net hydrogen energy and electric 

power output (Ẇ𝑛𝑒𝑡) to the input chemical energy of fuel (product of mass flow rate and LHV 

of the feed) of the plant as given in Table 3.4. The hydrogen output is estimated by multiplying 

the mass flow rate of H2 ((ṁ𝐻2
) with its LHV i.e., 120 MJ/kg (Khan and Shamim, 2016). 
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Table 3.3 

Specifications of the proposed power-generating system by integrating plasma gasifier with 

MCFC and CLR (Duan et al., 2015; Minutillo et al., 2009; Ryzhkov et al., 2018; Cormos et al., 

2020; Khan and Shamim, 2016; Surywanshi et al., 2021). 

Unit Operating conditions 

Gasification pressure 1.013 bar 

Syngas temperature 1250 °C 

Combustor outlet temperature 1550 °C 

Fuel reactor operating pressure and temperature 15 bar & 900 °C (Case 1); 1 bar 

& 900 °C (Case 2) 

Steam reactor operating pressure and temperature 15 bar & 600 °C (Case 1); 1 bar 

& 580 °C (Case 2) 

Air reactor operating pressure and temperature 15 bar & 1000 °C (Case 1); 1 bar 

& 1000 °C (Case 2) 

Steam turbine pressures [HP/MP/LP] 120 bar / 34 bar / 3 bar 

Steam turbine temperatures [HP/MP/LP] 530 °C / 560 °C / 240 °C 

Fuel utilization factor 75 % 

CO2 utilization factor 80 % 

MCFC reaction temperature 650 °C 

MCFC current density 1500 A/m2 

H2 compression 60 bar at 25 °C 

CO2 compression  110 bar at 25 °C 

Isentropic efficiency (compressors, pumps, etc.) 90 % 

Mechanical efficiency (compressors, pumps, etc.) 90 % 
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Table 3.4 

Equations used for 4-E analyses. 

Analysis Equation Reference 

Energy   

                         ƞ𝑒𝑙𝑒𝑐,𝑛𝑒𝑡 =  
Ẇ𝑒𝑙𝑒𝑐,𝑛𝑒𝑡

ṁ𝐹∗ 𝐿𝐻𝑉 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑓𝑢𝑒𝑙
∗  100  (Surywanshi et al., 2021) 

 ƞ𝐻2
=  

(ṁ𝐻2∗ 𝐿𝐻𝑉𝐻2)

(ṁ𝐹∗ 𝐿𝐻𝑉 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑓𝑢𝑒𝑙) 
∗  100  (Surywanshi et al., 2021) 

 ƞ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  
Ẇ𝑒𝑙𝑒𝑐,𝑛𝑒𝑡+ (ṁ𝐻2∗ 𝐿𝐻𝑉𝐻2)

ṁ𝐹∗ 𝐿𝐻𝑉 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑓𝑢𝑒𝑙
∗  100  

(Cormos et al., 2020) 

Exergy   

 Ė𝑥𝑑 =  ∑ Ė𝑥𝑖𝑛 − ∑ Ė𝑥𝑜𝑢𝑡  (Surywanshi et al., 2021) 

 ƞ𝑒𝑥,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  
Ẇ𝑜𝑣𝑒𝑟𝑎𝑙𝑙

ṁ𝐹∗ 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝑓𝑢𝑒𝑙
  (Surywanshi et al., 2021) 

Economic   

 𝐶𝑝𝑙𝑎𝑠𝑚𝑎 𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟 = (4800 ∗  1.25 ∗ ṁ𝐹 ∗ (
𝑄𝑢𝑜𝑡𝑈𝑆$

𝑄𝑢𝑜𝑡𝐸𝑈𝑅𝑂
))  (Paulino et al., 2020) 

 𝐶 =  𝐶0 ∗  (𝑆/𝑆0)𝑓  (Duan et al., 2015) 

 𝐶𝑂2𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝑐𝑜𝑠𝑡 =  
𝐶𝑂𝐸𝐶𝑎𝑝𝑡𝑢𝑟𝑒− 𝐶𝑂𝐸𝑁𝑜𝑛−𝑐𝑎𝑝𝑡𝑢𝑟𝑒

Ё𝐶𝑂2,𝑁𝑜𝑛−𝑐𝑎𝑝𝑡𝑢𝑟𝑒
− Ё𝐶𝑂2,𝐶𝑎𝑝𝑡𝑢𝑟𝑒

   (Cormos et al., 2020) 

 𝐶𝑂2𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑐𝑜𝑠𝑡 =  
𝐶𝑂𝐸𝐶𝑎𝑝𝑡𝑢𝑟𝑒− 𝐶𝑂𝐸𝑁𝑜𝑛−𝑐𝑎𝑝𝑡𝑢𝑟𝑒

𝐶𝑂2 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
  (Cormos et al., 2020) 

Environment   

 
Ё𝐶𝑂2

=  
(ṁ𝐶𝑂2,𝑒𝑚𝑖𝑡

)

Ẇ𝑛𝑒𝑡
  

(Surywanshi et al., 2019) 

 
Ɛ𝑓,𝐶𝑂2

𝑎 =  
(ṁ𝐶𝑂2

𝑎 )

(3.6∗ 𝐸𝑐ℎ𝑓
𝑎 )

  
(Surywanshi et al., 2019) 

 𝐺𝑊𝑃 =  ∑ 𝑃𝑃𝑖 ∗  ṁ𝑖  (Sun et al., 2021) 

 𝑆𝐼 =  
1

(1−
Ė𝑥𝑑
Ė𝑥𝑖𝑛

)
  (Dincer and Rosen, 2021) 
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ƞ𝑒𝑛,𝑛𝑒𝑡 =  
Ẇ𝑛𝑒𝑡

(ṁ𝐹∗ 𝐿𝐻𝑉 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑓𝑢𝑒𝑙)+(ṁ𝐶𝐻4∗ 𝐿𝐻𝑉 𝑜𝑓 𝑚𝑒𝑡ℎ𝑎𝑛𝑒) 
                                                                 (21) 

      The output power of the fuel cell system is determined based on the current and applied 

voltage. The ideal cell voltage of MCFC can be calculated by Nernst Potential (𝐸𝑁𝑒𝑟𝑛𝑠𝑡) in 

terms of partial pressures (𝑝): 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 =  𝐸0 +  
𝑅𝑇

𝑛𝑒𝐹
ln (

𝑝𝐻2,𝑎𝑛∗ (𝑝𝑂2,𝑐𝑎)0.5∗ 𝑝𝐶𝑂2,𝑐𝑎

𝑝𝐻2𝑂𝑎𝑛∗ 𝑝𝐶𝑂2,𝑎𝑛
)                                                       (22)            

𝐸0  =  
𝛥𝐺

𝑛𝑒𝐹
                                                                                                            (23) 

𝛥𝐺 = 242,000 − 45.8 ∗  𝑇                                                                                                 (24) 

Where E0 is ideal standard potential (volt), 𝛥𝐺 is Gibbs free energy change (J/mol), T is the 

operating temperature (°C), R is the universal gas constant (J/mol °C), ne is the number of 

electrons released in the dissociation of H2 molecule (equal to 2), F is the Faraday constant 

(96487 C/mol).     

     The actual voltage (𝑉𝑐𝑒𝑙𝑙) is calculated following Ohm’s law: 

𝑉𝑐𝑒𝑙𝑙 =  𝐸𝑛𝑒𝑟𝑛𝑠𝑡 − (𝑟𝑎𝑛 +  𝑟𝑐𝑎 +  𝑟𝑜ℎ𝑚) ∗  𝑖𝑐                                                                  (25) 

𝑖𝑐 =  
𝐼

𝐴
                                                                                                                  (26) 

𝑟𝑎𝑛 = 2.27 ∗ 10−9 ∗ exp (
𝐸𝑎𝑐𝑡,𝑎𝑛

𝑅𝑇
) ∗  𝑝𝐻2,𝑎𝑛

−0.42 ∗  𝑝𝐶𝑂2,𝑎𝑛

−0.17 ∗  𝑝𝐻2𝑂𝑎𝑛

−1.0                                                 (27) 

𝑟𝑐𝑎 = 7.505 ∗  10−10 ∗ exp (
𝐸𝑎𝑐𝑡,𝑐𝑎

𝑅𝑇
) ∗  𝑝𝑂2,𝑐𝑎

−0.43 ∗  𝑝𝐶𝑂2,𝑐𝑎

−0.09                                                           (28) 

𝑟𝑜ℎ𝑚 = 0.5 ∗  10−4 ∗ exp [3016 (
1

𝑇
−  

1

932
)]                                                                 (29) 

Where, 𝑟𝑎𝑛, 𝑟𝑐𝑎 and 𝑟𝑜ℎ𝑚 are the resistances of the anode, cathode and ohmic polarization, 

respectively (Ohm m2), 𝑖𝑐  is the current density (A/m2), I is the current flowing in the system, 
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𝐴 is the total active surface area (m2), px is the partial pressure of species ‘x’ (atm), 𝐸𝑎𝑐𝑡,𝑎𝑛 and 

𝐸𝑎𝑐𝑡,𝑐𝑎 are the anode and cathode activation energy, respectively, 𝐸𝑎𝑐𝑡,𝑎𝑛 = 53,500 J/mol , 

𝐸𝑎𝑐𝑡,𝑐𝑎 = 77,229 J/mol (Campanari et al., 2014). 

     The power output of the stack (Ẇ𝑚𝑐𝑓𝑐) is estimated by: 

Ẇ𝑚𝑐𝑓𝑐 =  𝑉𝑐𝑒𝑙𝑙 ∗  𝐼                                                                                                                   (30) 

     Other indicators such as current density, fuel utilization factor, CO2 utilization factor greatly 

determine the performance of the MCFC system (Leto et al., 2011): 

     Fuel utilization factor (𝐹𝑈) is defined as the ratio of the molar flow rate of the hydrogen 

utilized at the anode to that of hydrogen fed at the inlet, 

 𝐹𝑈 =  
𝑛𝐻2,𝑖𝑛

− 𝑛𝐻2,𝑜𝑢𝑡

𝑛𝐻2,𝑖𝑛

= (1 − 
𝑛𝐻2,𝑜𝑢𝑡

𝑛𝐻2,𝑖𝑛

)                                                                      (31) 

     CO2 utilization factor (𝐶𝑈) is defined as the ratio of the molar flow rate of CO2 utilized as 

carbonate ion to the flow rate of CO2 at the cathode inlet.     

𝐶𝑈 =  
𝑛𝐶𝑂2,𝑖𝑛

−𝑛𝐶𝑂2,𝑜𝑢𝑡 

𝑛𝐶𝑂2,𝑖𝑛

                                                                                                (32) 

3.6.1.2. Exergy analysis 

The exergy analysis can identify the process irreversibilities and deduce the contribution of 

individual components towards exergy destruction as well as overall process efficiencies. The 

methodology to estimate the input fuel exergy and output exergy distribution is given in Section 

3.5.1.2. The exergy destruction (Ė𝑥𝑑) in terms of exergy inflow (Ė𝑥𝑖𝑛) and outflow (Ė𝑥𝑜𝑢𝑡) of 

the unit, and the net exergy efficiency (ƞ𝑒𝑥,𝑛𝑒𝑡) is specified in Table 3.4.  
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3.6.1.3. Economic analysis 

     Economic analysis has been considered based on the principle of dividing the overall 

process into individual components for calculating the costs of equipment, operation and 

maintenance (Q&M), fuel, metal oxide, etc. (Duan et al., 2015; Leto et al., 2011). Meanwhile, 

the cost of electricity (COE) and the cost of CO2 avoided and removed are estimated as per the 

methodology adopted by the International Energy Agency (IEA) (Duan et al., 2015). The 

levelized cost of hydrogen (LCOH, $/kg) is calculated based on the total plant cost and the 

mass flow rate of H2 leaving the steam reactor, as given in the literature (Khan and Shamim, 

2016). The cost assumptions based on literature to estimate the cost of electricity are shown in 

Table 3.5. The equipment cost of a plasma gasifier using steam as plasma gas is calculated 

based on the equation given in Table 3.4. Also, the annuity factor (𝑓) is estimated using Eq. 

(14, 15) in terms of the annual interest rate and payback period (Paulino et al., 2020). 

Table 3.5 

Assumptions of parameters for COE calculations. 

 Value Reference 

RDF cost [M$/year] 4.06 (Ministry of Housing and Urban Affairs, 2018) 

Natural gas cost [M$/year] 6.76 (Duan et al., 2015) 

ESW and CKPW cost [M$/year] 7.38 (Lavee and Nardiya, 2013) 

Iron oxide cost [$/kg] 0.056 (Surywanshi et al., 2021) 

Process water cost [$/m3] 1.09 (Khan and Shamim, 2016) 

MEA cost [$/ton] 2200 (Sahu and V, 2021) 

Interest rate [%] 8.00 (Duan et al., 2015) 

First year operating hours [h] 5700 (Duan et al., 2015) 

Rest of the lifetime operating hours [h] 7500 (Duan et al., 2015) 

Operating lifetime [years] 25 (Campanari et al., 2014) 

CO2 transport and storage cost [$/tonCO2] 11.22 (Mishra et al., 2019) 

CO2 emission tax [$/tonCO2] 27.22 (Mishra et al., 2019) 
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     The cost of a plasma gasifier includes: ṁ𝐹 is the mass flow rate of fuel (kg/h), 𝑄𝑢𝑜𝑡𝑈𝑆$ is 

the dollar-to-euro quotation (US$), 𝑄𝑢𝑜𝑡𝐸𝑈𝑅𝑂 is the euro quotation (1 Euro), k is the payback 

period (years) and r is the annual interest rate (%). The capital cost (𝐶) of the equipment is 

determined by the capacity factor method based on a scaling parameter and reference 

component cost given by the relationship in Table 3.4. Where, 𝐶0 is the related cost from 

reference plants, 𝑆 is the size of the designed equipment, 𝑆0 is the reference size and 𝑓 is the 

scaling component (Campanari et al., 2014; Zang et al., 2018). The specific cost of MCFC 

assumed here is adopted according to the ranges given in the literature (Spinelli et al., 2020). 

     The exchange rate of the prices is calculated based on the purchasing power of the countries 

i.e., purchasing power parity index (PPPI) and power capital cost index (PCCI) (Adams et al., 

2017): 

𝐶𝑐𝑜𝑢𝑛𝑡𝑟𝑦 =  𝐶𝑘𝑛𝑜𝑤𝑛𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦 ∗ (
𝑃𝐶𝐶𝐼 𝑓𝑜𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑦𝑒𝑎𝑟

𝑃𝐶𝐶𝐼 𝑓𝑜𝑟 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑦𝑒𝑎𝑟
) ∗  𝑃𝑃𝑃𝐼𝑐𝑜𝑢𝑛𝑡𝑟𝑦                                  (33) 

Finally, the procedure for determining COE, including all the factors of plant investment, 

O&M, etc., are shown in Fig. 3.5. 

3.6.1.4. Environmental analysis 

     The specific CO2 emission rate (Ё𝐶𝑂2
) is measured in kg of CO2 per MWh and the annual 

CO2 emission or avoided (kg/s) for 7500 operation hours per unit of fuel (Ɛ𝑓,𝐶𝑂2

𝑎 ) is calculated 

using annual energy input to the power plant (𝐸𝑐ℎ𝑓
𝑎 ) in MWh. Whereas, the global warming 

potential (GWP) factor is estimated based on the pollution potential of CO2 (1), CH4 (28) and 

N2O (265) in kgCO2eq/kgsubstance. GWP measures the amount of heat that the greenhouse gases 

trap in the atmosphere in equivalence to CO2. The method is based on the CML (Centrum voor 

Milieukunde Leiden) baseline technique describing the impacts of the emitted compounds in 

Table 3.4 (Sun et al., 2021). While the sustainability index (SI) is related to the exergy loss in 
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the overall system caused due to the use of energy sources associated with emissions and 

resource depletion (Dincer and Rosen, 2021). 

 

Fig. 3.5. Schematic sequence of the cost estimation parameters. 
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CHAPTER 4 

EXPERIMENTAL STUDIES ON UTILIZING REFUSED-DERIVED  

FUEL AS FEEDSTOCK BY CO2 THERMAL PLASMA  

GASIFICATION PROCESS 

This chapter presents the experimental investigation on CO2-plasma gasification of refused 

derived fuel (RDF), an offshoot of municipal solid waste. Carbon dioxide is chosen for two 

primary reasons: (i) to reduce net CO2 emissions in the environment through consumption and 

(ii) the ability to liberate oxygen-free radicals for producing syngas-rich gaseous products. In 

this regard, an in-depth analysis is required to establish a correlation between refused-derived 

fuel and its constituent parts. The characteristics of RDF (physical and chemical properties, 

ash content, etc.) and the optimization of operating parameters (mass flow rate, CO2 gas flow 

rate and plasma torch) of the plasma gasifier are performed. A comprehensive analysis 

involving 3-E (energy, exergy and economic) is performed to evaluate the key performance of 

the system in terms of energy distribution to examine the commercial viability of the process. 

Besides, the characterization of the products i.e., oil and residue, are found to predict the 

reaction mechanism of the overall process. Empirical correlations to predict the syngas 

compositions, lower heating value (LHV) of syngas and energy efficiency of the process are 

developed and validated. 

 

4.1. Experimental parameters 

     To obtain the desired temperature for each experiment with respect to the set point of torch 

power, the plasma gasifier is slowly heated for around 1-1.5 h. The introduction of RDF pellets 

is considered at an interval of every 10 min for a total run 40 min of experiment and this has 
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resulted in almost 85-98% degradation of RDF. The method followed for making the RDF 

pellets of size  1 cm diameter and 0.5 cm thickness is shown in Fig. 4.1. The gas samples are 

collected every 2 min and 4 min, respectively, for a total run of 10 min and 40 min experiments. 

The RDF feed rate (ṁ𝐹) is varied in the range of 20-50 g per 10 min, with the feed CO2 gas 

flow rate ranging from 0.2 to 0.5 liters per minute (lpm). The plasma torch power in the range 

of 0.5-1.6 kW is used in the experiments and these process parameters for each experiment are 

shown in Table 4.1.  

 

Fig. 4.1. Process followed in the preparation of RDF pellets as feedstock for plasma gasifier. 

4.2. Results and discussion 

4.2.1. Characterization of raw RDF feed 

     The component-wise proximate and ultimate analysis of RDF is shown in Table 4.2. Food 

waste has the highest moisture content of 67.9 wt.%, followed by paper (10.25 wt.%) and yard 

waste (8.41 wt.%), while plastic has no moisture. RDF has a higher fraction of volatile matter 

content (on a dry basis) that favors the generation of high-quality syngas with a lower amount 

of oil and solid residue. However, an ash content of ~ 14 wt.% reduces the energy density per 
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unit mass of feed. On the other hand, a moderate value of carbon and hydrogen content (mainly 

due to the plastic content) provides a better calorific value of RDF (22.16 MJ/kg), which is 

found in the range between high ash and low ash coal. Hence, RDF feed is suitable for 

converting waste to energy under plasma conditions. 

Table 4.1 

Process parameters used for the RDF experiments. 

Case  

number 

ṁ𝐹  

(g/10 min) 

CO2 gas flow 

rate (lpm) 

Torch power 

(kW) 

Temp. (°C) at 4 cm 

away from plasma 

1 20 0.4 0.75 1114 

2 30 0.4 0.75 1139 

3 40 0.4 0.75 1097 

4 50 0.4 0.75 1084 

5 30 0.2 0.75 1128 

6 30 0.3 0.75 1136 

7 30 0.5 0.75 1125 

8 30 0.4 0.5 1024 

9 30 0.4 1.12 1177 

10 30 0.4 1.6 1225 

 

 Table 4.2 

Proximate and ultimate analysis of RDF based on the type of waste. 

Waste type 

(% in RDF) 

Proximate analysis 

(wt.%, dry basis) 

Ultimate analysis (wt.%, dry, ash-free 

basis) 

LHVdry 

(MJ/kg) 

 VM FC Ash C H N S Oa  

Plastic (35) 98 1 1 85.31 7.86 5.28 - 1.55 37.1 

Paper (10) 73.41 10.59 16 54.95 5.81 0.32 - 38.92 11.32 

Yard (40) 72.38 2.52 25.1 53.52 5.99 2.02 0.14 38.33 13.96 

Food (15) 83.02 3.98 13 39.87 6.42 2.92 0.07 50.72 16.41 

a by difference; VM-Volatile matter and FC-Fixed carbon. 
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4.2.1.1. XRD and EDS analysis 

     Fig. 4.2 displays the XRD plot of different types of waste considered in the RDF. Ash 

recovered from each component of RDF feed is used to determine the mineral compounds in 

the form of oxides. Moreover, FESEM-EDS, as shown in Table 4.3, is performed to confirm 

and quantify the elements. The plastic waste consists primarily of calcium titanate (CaTiO3), 

calcium aluminate (CaAl4O7) and haematite (Fe2O3). Due to the opacity and stability nature of 

CaTiO3 and CaAl4O7 and radiation shielding property of Fe2O3, these components are added 

as fillers in the plastics. Titanium oxide (TiO2) and CaAl4O7 are the white pigments in the paper 

added to increase the quality and brightness of the material. While yard waste has a higher 

amount of calcium oxide (CaO) and magnesium carbonate (MgCO3), which can neutralize the 

acidity of soil and increase the effectiveness of photosynthesis, respectively. Similarly, food 

waste also contains a large quantity of MgCO3 in addition to potassium sulfate (K2SO4) and 

these components are the basis of macronutrients to manufacture fertilizers (National Center 

for Biotechnology Information, 2023). 

     Correspondingly, the EDS analysis showed that the highest percentage of elements in the 

RDF are Ca, K, Fe, C, Ti and O (Table 4.3), which is analogous to the XRD plot. The other 

elements, such as Mg, Si and Al are also found in the RDF. Due to the presence of more minor 

elements (not shown in Table 4.3), the sum of the elements is less than 100%. This illustrates 

that the residue of the RDF (~14 wt.% ash) after plasma gasification can find some potential 

applications in healthcare, paints, the cement industry, etc.  

4.2.1.2. TGA analysis 

     Prior to the plasma gasification, the different waste that constitutes the RDF is analyzed 

under non-isothermal conditions using CO2 as a gasifying agent. Thermogravimetric analysis 
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Fig. 4.2. XRD plot of ash from various waste considered in RDF.
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Table 4.3 

FESEM-EDS analysis of the RDF ash sample.  

Element 

(wt.%) 

Si Al Ca Fe K Mg C P S Ti O 

Plastic ash 5.14 10.28 19.96 7.54 3.28 2.27 - - - 4.36 46.42 

Paper ash 2.22 1.2 39.04 1.87 0.1 1.64 5.3 - - 10.56 37.16 

Yard ash 2.6 0.24 22.5 0.96 0.9 3.08 24.76 1.1 4.34 - 39.12 

Food ash 5.13 1.45 5.36 3.33 19.85 4.23 18.46 4.56 1.91 - 32.7 

 

(TGA) is performed from 25 to 1100 °C at a heating rate of 10 °C/min. Fig. 4.3 shows the mass 

loss (%) curve and its derivative (DTG) form as a function of temperature. The initial loss in 

weight at around 100-120 °C denotes the evaporation of moisture in the sample. Nearly 10%, 

6% and 3% of moisture in the paper, yard and food waste, respectively, is lost in the drying 

region of the TGA curve. Since the food waste is already dried, it shows a lower loss as 

compared to paper and yard waste. On the other hand, plastic waste showed no moisture loss. 

The maximum loss for plastic waste (97%) occurred between 404-507 °C, followed by 932-

963 °C (2%). These are associated with the release of volatile matter (pyrolysis region) and 

gasification of fixed carbon in the high-temperature zone, respectively. While for biomass-

based waste such as paper, yard and food waste, the pyrolysis zone shifts left towards the lower 

temperature. The decomposition of paper waste is observed between 230-380 °C, 260-390 °C 

for yard waste and 237-492 °C for food waste. The wide range of temperatures are attributed 

to the cellulose, hemicellulose and lignin content in the biomass sample. Although the 

degradation of hemicellulose starts at around 300 °C due to lower thermal stability, the 

breakdown of lignin happens simultaneously at a temperature range of 200-500 °C. The second 

mass loss curve of food waste in the pyrolysis zone indicates the release of cellulose in the gas 

phase (Babinszki et al., 2021). Only paper waste showed a drastic loss (~9%) in the gasification 

zone because of the reaction concerning high fixed carbon content with CO2.     
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Fig. 4.3. TGA curve of the different waste in RDF. 

4.2.2. Gasification performance  

     In this section, the impact of the feed flow rates of RDF and CO2 plasma gas and plasma 

torch power on the composition of syngas is analyzed. The yields of various products of plasma 

reactions are shown in Table 4.4. The volume percentage of gas compounds such as H2, CO, 

CH4, CO2 and lower hydrocarbon (LHCs) gases such as C2H4, C2H6 and C3H6 are estimated. 

The methodology for estimating the gas, oil and residue yield is given in Section 3.5.1 from 

Eq. (1-3). Ten experiments are conducted with respect to RDF feed rate (Case 1-4), followed 

by CO2 flow rate (Case 5-7) and torch power (Case 8-10). The error deviation of the 

repeatability experiments in syngas volume percentage is found in the range of 1.4 to 5.31%. 

4.2.2.1. Effect of feed flow rate on the syngas composition, LHV and yield distribution 

     It can be seen that for Case 1-4, the highest H2 (37.71 vol.%) and CO (38.2 vol.%) content 

are observed for 30g/10 min (Case 2), CO2 flow rate of 0.4 lpm and torch power of 0.75 kW. 

This is attributed to various possible reasons: (1) suitable conditions for interactions between 
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feed and high-temperature plasma, which generates simpler compounds from tar cracking (2) 

governance of the Boudouard reaction and (3) partial oxidation with free O2 radical. The 

influence of the Boudouard reaction is low as the plasma chemistry enhances the interaction 

between oxygen radicals and volatile matter, activating partial oxidation (R7 and R17). The 

low CxHy content indicates the thermal cracking of tar compounds into simpler ones of H2, CO 

and CH4 as per reaction R18. Keeping the other parameters constant, the lower and higher feed 

rates of RDF and plasma gas cause either dilution of the syngas with CO2 or incomplete 

degradation of RDF feed due to insufficient plasma power. In Table 4.4, the concentration of 

LHCs increases with an increase in the RDF feed rate (20 to 50 g). This could be due to the 

inefficient thermal cracking reactions by the fast plasma pyrolysis. Syngas with a maximum 

LHV of 13.62 MJ/m3 is obtained under the operating conditions of Case 2 despite a slightly 

lower feed conversion than Case 1. Agon et al., 2016 reported a similar CO (~ 46 vol.%) 

concentration using RDF feed with CO2 and O2 as gasifying agents. The reported H2 content 

(~30 vol.%) is lower than the results of the present study. It is most likely due to the generation 

of more reactive species of CO2 to break the LHCs into simpler molecules (Zhang and Harvey, 

2021) and thus, the LHV of syngas is also higher than the stated literature.  

Partial oxidation: 𝐹𝑢𝑒𝑙 + 0.5𝑂2 → 𝐶𝑂 + 𝐻2                                                                       (R17) 

Tar cracking: 𝑇𝑎𝑟 →  𝐻2 + 𝐶𝐻4 + 𝐻2𝑂 + 𝐶𝑥𝐻𝑦                                                                 (R18) 

     A maximum yield of  gas and solid residue (including ash content) is obtained with almost 

73-81% and 18-25%, respectively, while the oil yield is reduced to the least in the range of 

0.76-2.12%. The increase in the feed rate increases the solid carbon content in the residue and 

as a result, the gas yield reduces. However, the oil yield showed an alternate increase and 

decrease trend because of the retention of condensable gases in the residue matrix at higher 

feed rate. A detailed assessment of the oil and residue is shown in Section 4.2.6.  
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Table 4.4 

Results of syngas compositions, LHV and yield based on different parameters using RDF feed. 

Case 

number 

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Feed CO2 

flow 

(lpm) 

Syngas composition (vol. %) LHV 

(MJ/m3) 

Gas yield 

(%) 

Oil yield 

(%) 

Residue 

yield (%) 

    H2 CO CH4 CO2 CxHy     

1 20 0.75 0.4 27.54 29.22 3.37 33.27 2.4 9.67 81.03 0.92 18.05 

2 30 0.75 0.4 37.71 38.2 5.4 10.86 3.76 13.62 79.45 2.12 18.43 

3 40 0.75 0.4 31.72 34.34 6.48 19.17 4.51 13.42 76.96 0.76 22.28 

4 50 0.75 0.4 23.03 26.59 8.44 32.07 5.7 13.04 73.33 1.43 25.24 

5 30 0.75 0.2 27.06 30.46 6.61 28.3 3.58 11.86 75.10 1.20 23.70 

6 30 0.75 0.3 30.04 32.17 6.12 24.8 3.1 11.88 77.63 1.71 20.67 

7 30 0.75 0.5 29.47 31.11 5.12 27.4 2.99 11.13 82.85 1.45 15.70 

8 30 0.5 0.4 23.91 26.29 4.67 38.19 2.01 9.01 71.87 0.87 27.27 

9 30 1.12 0.4 40.43 41.59 4.87 5.8 3.36 13.89 82.12 1.85 16.03 

10 30 1.6 0.4 42.6 44.06 4.42 2.14 2.91 13.95 83.77 1.63 14.60 

CxHy includes C2H4, C2H6 and C3H6 compounds; LHV = lower heating value. 
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4.2.2.2. Effect of CO2 flow rate on the syngas composition, LHV and yield distribution 

     In comparison to cases 1-4, the increase in the flow rate of feed CO2 (Case 5-7) shows a 

lower quality of syngas and their corresponding LHV with a negative deflection of around 2 

MJ/m3. For these series of experiments, the optimum feed rate of 30 g/10 min and input power 

of 0.75 kW are maintained. Both the H2 and CO concentrations rise with the increase in CO2 

flow rate, reaching a maximum value of 37.71 vol.% and 38.2 vol.%, respectively, at 0.4 lpm  

(Table 4.4) and then drops suddenly at 0.5 lpm. A deficient CO2 feed flow (0.2 and 0.3 lpm) 

increases the solid residue yield (with ash) to 23.70% due to the lower conversion of RDF. 

However, at an optimum flow rate of 0.4 lpm, the enhanced reactivity of the various 

components in the RDF occurred with the generation of the reactive species of CO, O and O2. 

This directs the governance of partial oxidation of organic compounds and delays the usual 

Boudouard reaction to occur. On the other hand, with higher values of CO2, the reactor gets 

overloaded with excess CO2 and eventually, the syngas is diluted and the low percentage of H2 

and CO in the syngas reduces the LHV of the product gas. From Table 4.4, it is observed that 

the increase in oil and residue yield (on average) led to a decrease in gas yield and further LHV 

of the syngas. This is due to the impact of a higher CO2 flow rate, and this effect is found higher 

in the syngas composition compared to the impact of an increase in the solid feed rate. The 

literature result on the variation of CO2 feed gas flow rate for plasma gasification of sewage 

sludge showed a similar impact of the gasifying agent on the syngas composition. Moreover, 

the LHV of syngas of about 13.62 MJ/m3 in this study is found higher than the literature results 

reported for the syngas composition with 8.91 MJ/m3 (Wang et al., 2019). 

4.2.2.3. Effect of torch power on the syngas composition, LHV and yield distribution 

     Plasma gasification is an energy-intensive process due to the external supply of electricity 

for the plasma torch. Therefore, it becomes imperative to adjust the input power of the torch at 
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such a level that high energy density plasma gas at high temperature converts the fuel to high-

quality syngas and improves the production of H2 and CO. Compared to the impact of gasifying 

agent flow rate on syngas composition, the H2 (42.6 vol.%) and CO (44.06 vol.%) content in 

the syngas (Table 4.4) increased with the increase in torch power level (Case 8-10), reaching 

the maximum calorific value of 13.95 MJ/m3 for Case 10. At power less than 0.75 kW, the 

unconverted solid residue yield rises to ~ 28% and thereby, the energy output of the process in 

terms of the calorific value of syngas is reduced. However, a substantial increase in the torch 

operating power (1.12-1.6 kW) enhanced the progress of the thermal cracking reaction and 

resulted in the reduction of C1-C3 compounds in the syngas with an increase in H2 and CO 

concentration. At higher temperatures, the Boudouard reaction becomes prominent to produce 

more CO. But the rise in H2 and CO content is not in similar proportion with the increase in 

torch power and hence, energy is unused. The excess supply of plasma torch beyond 0.75 kW 

for the specified RDF flow rate could increase the energy loss, leading to a reduction in the 

thermal efficiency of the system. Thus, the highest H2 and CO concentration in the syngas with 

the maximum LHV of 13.95 MJ/m3 is obtained at the torch power of 1.6 kW (Case 10) among 

all the cases. It is clearly evident (Table 4.4) that the syngas (90% on average, excluding ash 

content) contribute the largest share of the products quantitatively.  

4.2.3. Energy and exergy analysis 

     As discussed in the above section, plasma torch power brings a high amount of energy in 

the gasification process; therefore, evaluating the performance of the system is important from 

the point of view of optimum energy utilization. Here, the cold gas efficiency (ƞ𝐶𝐺𝐸) is defined 

as the ratio of chemical energy of the syngas (Ė𝑠𝑦𝑛𝑔𝑎𝑠) to that of the chemical energy of the 

RDF feedstock input (Ė𝐹) to the system, moisture removal energy (Ė𝑚) and the supplied plasma 

power (Ė𝑝𝑙𝑎𝑠𝑚𝑎), whereas the exergy analysis is broadly defined in Section 3.5.1.2.  
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     With an increase in the operating parameters (RDF feed and CO2 flow rate and torch power), 

the energy efficiency increased to a certain extent and declined attaining a maximum efficiency 

of 49.90% at 30g/10 min and 0.4 lpm, as shown in Fig. 4.4. This is ascribed to a lower LHV 

value of syngas and hence the reduction in CGE. The values are quite adjacent with a study on 

single-stage plasma gasification of RDF using a mixture of CO2 and O2 as gasifying agents. 

However, the composition of RDF is dissimilar (Agon et al., 2016). On the other hand, the 

energy efficiencies decrease (39 to 44%) despite the increase in the calorific value of syngas 

for 1.12 kW and 1.6 kW as compared to 0.75 kW. It indicates that a higher amount of energy 

is supplied to the system by the plasma torch, which is not efficiently utilized. On average, 

3.5% of the total energy is consumed for removing moisture (68%) from food waste during the 

feed preparation. As discussed in the experimental methodology, the process requires cooling 

of both the hot syngas generated and hot plasma torch. The high-temperature product gas exits 

the plasma gasifier at an average of 250 °C, which is then suddenly quenched through the 

condenser working at 5 °C. Therefore, a huge amount of sensible heat can be extracted from 

the cooling water (~25%) and the syngas (~8%). Moreover, a small fraction of chemical energy 

is found in liquid oil (~1%) and the solid residue (~7%), while the rest (~10%) may have been 

lost to the environment as heat. Considering the recovery of energy from all the gas and solid 

streams exiting the reactor except the radiation loss, the overall energy efficiency of the process 

for the optimum case (Case 2) can increase up to ~ 90%. Scaling the process to an industrial 

capacity, the part of the energy from the sensible heat of syngas can be recovered and used 

externally for combined heat and power (CHP) while the water at 51 °C can be sent to the local 

residents for providing domestic hot water (DHW) (Agon et al., 2016; Peng et al., 2021). 

     The exergy efficiency is found to be 1-2% lower than the energy efficiency (Fig. 4.4). This 

is mainly due to the irreversibilities caused by the chemical reaction between the gas-solid and 

gas-gas, whereby entropy is generated. 
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Fig. 4.4. Energy and exergy efficiencies as a function of (a) feed rate, (b) CO2 flow rate and (c) torch power. 

(a) (b) 

(c) 
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4.2.4. Economic analysis 

     The levelized cost of syngas (LCOS) in Indian rupee (INR) is calculated based on the 

methodology described in Section 3.5.1.3.  Nominal discount rate (r) of 4%, annual utilization 

period (P) of 2000 h/year and payback period (k) of 4 years are considered for the analysis. 

Table 4.5 summarizes the complete cost analysis, including the plasma gasifier cost, which 

varies with capacity related to the mass feed rate (ṁ𝐹). Whereas the operating and maintenance 

cost depend on the plasma power and energy output from the system. The LCOS values vary 

in the range of 27-38 INR/kWh. The lowest value of 27.83 INR/kWh is obtained for Case 2 

i.e., the optimum conditions based on the thermodynamic analysis. It shows that the energy 

output had a strong influence in determining the LCOS, such that Case 10 has an LCOS value 

of 28.39 INR/kWh despite producing the highest LHV. On that note, Case 8 has a relatively 

higher syngas cost of 37.97 INR/kWh, which runs at the low torch power of 0.5 kW. At this 

power, the gas yield is reduced and similarly, the CGE decreases. At the optimum conditions, 

the LCOS results are fairly promising as compared with the literature values of 8.5-32.3 

INR/kWh (Paulino et al., 2020), but can be minimized further by reducing the energy losses.  

4.2.5. Model development and validation 

     To validate the system, a model is developed to predict and compare the syngas composition 

of the plasma gasification process using Aspen Plus software as shown in Fig. 4.5. The syngas 

composition of Case 2 i.e., the optimum scenario based on 30 g/10 min, 0.4 lpm of CO2 flow 

rate and torch power of 0.75 kW is considered. Fig. 4.6 compares the experimental syngas 

results with those obtained from simulation. The blocks used for modeling are followed from 

the literature (Minutillo et al., 2009). The plasma is generated (in block H2) by heating the feed 

CO2 at 4000 °C such that enough energy is provided to break the gas molecules apart. The 

results obtained from stream G5 present the final syngas concentration. It can be seen that the
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Table 4.5 

Results of the syngas production cost for the considered experimental conditions. 

Case 

number 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 (INR) 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 

(INR/kWh) 

𝑀𝐶𝑔𝑝 

(INR/kWh) 

𝐶𝑐𝑎𝑝𝑒𝑥 (INR) 𝐶𝑜𝑝𝑒𝑥 (INR) 𝐶𝑡𝑜𝑡𝑎𝑙 

(INR/kWh) 

LCOS 

(INR/kWh) 

1 109477.5 6.15 0.74 27000 1001.83 1.27 32.89 

2 164216.25 3.75 0.68 27000 1001.83 0.78 27.83 

3 218955 3.35 0.81 27000 1001.83 0.69 31.78 

4 273694.75 3.21 0.97 27000 1001.83 0.66 37.06 

5 164216.25 4.52 0.82 27000 1000.91 0.94 33.53 

6 164216.25 4.21 0.76 27000 1001.37 0.87 31.27 

7 164216.25 4.41 0.80 27000 1002.29 0.91 32.74 

8 164216.25 3.57 0.97 27000 1001.83 1.11 37.97 

9 164216.25 5.33 0.65 27000 1001.83 0.74 28.26 

10 164216.25 7.08 0.60 27000 1001.83 0.69 28.39 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = Plasma gasification unit cost; 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 = Variable operating cost of plasma gasifier; 𝑀𝐶𝑔𝑝 = Maintenance cost of plasma gasifier; 

𝐶𝑐𝑎𝑝𝑒𝑥 = Capital cost of gasifying agent; 𝐶𝑜𝑝𝑒𝑥 = Operating cost of gasifying agent and 𝐶𝑡𝑜𝑡𝑎𝑙 = Net cost of gasifying agent.
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percentage composition (simulation) of H2 (39.59 vol.%) and CO (43.64 vol.%) in the syngas 

is found higher by ~2 vol.% than the corresponding experimental values. While the CH4 is 

reduced to 1.49 vol.% and CO2 (6.01 vol.%) gets consumed in the reaction, and LHCs (CxHy) 

is completely converted into CO and H2 due to the chemical equilibrium approach. Therefore, 

the H2 and CO in the simulated syngas are found to be higher than the experimental results.    

 

Fig. 4.5. Aspen plus flowsheet of the model adopted in the plasma gasification process.                             

 

Fig. 4.6. Comparison between experimental and theoretical syngas composition (Case 2). 
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4.2.6. Post-plasma gasification characterization 

4.2.6.1. Proximate and ultimate analysis 

     Fig. 4.7 shows the liquid oil and solid residue obtained from the plasma gasification process 

of RDF. Their ultimate and proximate analyses are given in Table 4.6. The solid residue 

contains a mixture of fixed carbon (20%) and ash (80%) in the ratio of 1:4, which is analogous 

to the composition of raw RDF in Table 4.6, whereby the ash content is ~ 75% (without volatile 

matter). At such a high temperature, it is expected to convert almost 100% of the RDF feed, 

however, due to low residence time and structural arrangement of the reactor, 20.08 wt.% of 

fixed carbon in the solid residue is obtained along with some oil by-product. Additionally, the 

increase in the residence time of the feed is not beneficial in terms of energy efficiency, as less 

energy is produced than consumed from a plasma torch. From Table 4.4, it can be noticed that 

only a small fraction of oil (1.5% on average) is obtained from the process. This is analogous 

to the literature on gasification (Lopez et al., 2018; Cao et al., 2020) utilizing plastics and 

biomass at high pressure and temperature under steam and catalyst medium. A similar 

percentage of elemental oxygen and carbon is found in the liquid product and raw RDF and 

these are attributed to the oxides in ash and fixed carbon, respectively. Concentrated minerals 

in the form of ash of the solid residue can be effectively recovered through float-sink and froth 

floatation methods. On the other hand, liquid oil has a high H/C ratio of 2.05, which is in the 

range of diesel fuel. However, due to the presence of aldehydes, ketones, etc., a large proportion 

of oxygen (27.14 wt.%) is found in the liquid product. Therefore, further refining via 

hydrotreating and deoxygenation process is necessary to improve the quality and make it 

applicable for usage in diesel engines, boilers, etc. A calorific value of 30.59 MJ/kg and 7.97 

MJ/kg of liquid oil and residue, respectively, is estimated. It is important to note that the 

measured values are highly dependent on the influencing parameters such as gas flow rate, 

temperature, etc. used in this study (Czernik and Bridgwater, 2004). 
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Fig. 4.7. Images of (a) oil and (b) residue obtained after CO2 plasma gasification. 

Table 4.6 

Proximate and ultimate analyses of raw RDF, oil and solid residue obtained after plasma 

gasification. 

 Raw RDF Oil Residue 

Proximate analysis [wt.%, dry basis]    

Moisture 14.57 - - 

Volatile matter 83.04 - - 

Fixed Carbon 3.01 - 20.08 

Ash 13.95 - 79.92 

Ultimate analysis [wt.%, dry-ash free basis]    

C 62.74 60.04 21.46 

H 6.69 10.26 1.87 

N 3.12 2.56 0.69 

S 0.21 0.13 - 

Oa 27.24 27.01 75.98 

LHV based on energy [MJ/kg] 22.16 30.59 7.97 

a by difference.      

 

(a) (b) 

TH-3268_186107013



CHAPTER 4 

94 | P a g e  
 

4.2.6.2. FTIR analysis 

     The FTIR plot of various components of raw RDF along with the obtained oil and residue 

is shown in Fig. 4.8. The major functional groups such as C-H stretch at 2915 cm-1, 2845 cm-

1, 3024 cm-1, CH2 bend at 1472 cm-1, 1462 cm-1, 1451 cm-1, CH2 rock at 730 cm-1, 808 cm-1 

and aromatic CH out-of-plane bending at 720 cm-1, 694 cm-1 verifies the presence of high and 

low density polyethylene (HDPE, LDPE), polypropylene (PP), polystyrene (PS), etc. in the 

plastic waste. Moreover, C=O stretch at 1713 cm-1 and C-O stretch at 1241 cm-1 suggest the 

existence of PET (Jung et al., 2018). Whereas paper, food and yard waste have broad bands 

from 3000-3500 cm-1, which are associated with O-H stretching of cellulose or moisture 

content. While the O-H bending around 1620 cm-1 indicates the amide in protein. The strong 

bands from 900-1200 cm-1 are due to the C-O-C stretching, C-O, C=C stretching, which shows 

the presence of hemicellulose, cellulose and lignin. Bands ranging from 1400-1750 cm-1 are 

attributed to aromatic ring stretching (C=O, C=C) in lignin subunits. The aliphatic bonds in the 

form of CH2 stretching are visible at 2800-2950 cm-1 (Arif et al., 2021; Lazzari et al., 2018). 

Due to the difficulty in depolymerization of lignin subunits, the bands show a higher intensity 

of aromatic and aliphatic compounds in the case of liquid oil and C-O and C=C stretching in 

the solid residue (Pavlostathis, 2011). Oils from biomass waste are assumed to contain a large 

amount of phenols. However, due to the rigorous thermal degradation under the plasma 

atmosphere, the weak bands of O-H stretching depict a minimal presence of such compounds 

(Lazzari et al., 2018).  
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Fig. 4.8. FTIR curve of various waste in RDF, oil and residue after plasma gasification. 

4.2.6.3. FESEM analysis 

     Due to the combination of various components in the RDF, the FESEM images of the raw 

RDF (Fig. 4.9(a)) showed a partially smooth and non-uniform surface. The different size 

fragments in the image can be due to the presence of biomass particles, which is distributed 

randomly on the sticky and strong polymer plastic material (Suman et al., 2017). On exposure 

to thermal plasma, abundant tiny particles with a large number of internal pores are created, as 

shown in Fig. 4.9(b). It shows the intense release of volatile matter, which creates a void for 

CO2 gasification through the diffusion mechanism. The gasification process further breaks the 

porous matrix into unorganized patterns of crystals and flakes. Moreover, the visible bright 

flake like substance is the ash particles deposited on the unconverted carbon or situated freely. 

These flakes can function as catalysts to drive the gasification reaction (Assad Munawar et al., 

2021), but the superior influence of thermal plasma gasification overrides the catalytic activity. 
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The intricate process of plasma depolymerizes the material despite the large particle size of the 

feed, which is a major factor influencing the gasification performance significantly. 

              

Fig. 4.9. FESEM image of (a) RDF feed and (b) after CO2 plasma gasification. 

 4.2.6.4. Viscosity, pH and GC-MS analysis of oil 

     Upon further examination of the liquid oil for suitable applicability in the transport or energy 

sector, the viscosity, density and pH are found to be 5.97 cP (centipoise), 924 kg/m3 and 9.01, 

respectively. The oil obtained from the optimal operating conditions (Case 2) is considered for 

the analysis. Nevertheless, it is assumed that the deviation among the cases is minimal. The 

LHV of the oil is given in Table 4.6. The higher values of viscosity, density and pH are due to 

the condensation of more nitrogen and oxygen-related compounds from the gas phase to the 

oil. As almost 70% of the feed is biomass, the obtained oil has good amount of N, O and S. 

The detailed study to classify the compounds is provided in the GC-MS analysis below. Several 

process involving the enrichment of the oil, such as hydrogeneration or hydrotreating, is 

imperative for its use in engines and boilers or run in vehicles (Ahmad et al., 2020).  

     Table 4.7 shows the GC-MS analysis of oil showing the main chemical constituents present 

in it Dimethyl heptadecane (iso-alkane) and 1-Pentene, 3-methyl- (monomer from polyolefin 

production) are the two most abundant compounds found in the oil obtained in Case 2 and Case 

(a) (b) 
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5. For Case 8, dimethyl heptadecane is found significantly, followed by a saturated aliphatic 

compound known as tetramethyl pentane. These are produced from the breaking of complex 

aromatic structures and thus, the benzene derivatives have a major contribution in the oil. In 

addition, ketones in the form of methyl hydroxy heptanone and azetidine carboxylic acids, 

which are plant-based non-protein amino acids, also have a moderate presence in the oil. The 

remaining compounds are mostly esters, unsaturated carboxylic acids and mono-cycloalkanes. 

The mixture of pyrrolidine and s, s-dioxide in the oil contains some portions of sulfur (S) and 

nitrogen (N), respectively, while the remaining N and S have escaped in the gas phase. The 

existence of saturated hydrocarbons indicates the presence of polyaromatic hydrocarbons 

(PAHs) in the form of Benz[a]anthracene. However, it is relatively low (0.1-1.12%) compared 

to other organic compounds due to the high-temperature plasma environment.  

4.2.7. Reaction mechanism 

     A reaction mechanism is proposed for CO2-plasma based RDF gasification as shown in Fig. 

4.10. RDF is a mixture of various types of wastes such as plastics, paper, yard and food waste. 

In the first stage, all the four wastes are considered to undergo thermal degradation (release of 

volatiles) or depolymerization to form intermediates such as paraffins and oligomers in the case 

of plastics, and other intermediates such as phenols, carboxylic acids, and furans in the case of 

biomass (Huang et al., 2023). Cellulose and hemicellulose in the biomass have a high and 

moderate degree of polymerization, respectively, and therefore, upon degradation, carboxylic 

acids, esters and ketones are released. On the other hand, the degradation of lignin content 

favors the formation of high molecular weight phenolic compounds (Akhtar et al., 2018; Anca-

Couce, 2016). Also, the gases like H2, CO, CO2 and lower hydrocarbons (LHCs) are produced. 

The release of CO and CO2 is mainly due to the degradation of lignin and hemicellulose, while 

CH4 is formed from the methoxy group of lignin (Guo et al., 2020; Müsellim et al., 2018). 

During the release of volatile matter, the aromatization or hydrogenation of alkanes with
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Table 4.7 

Major compounds identified from the GC-MS analysis of oil obtained from RDF. 

Case 2 Case 5 Case 8 

Retention 

time (min) 

Compound name Area 

(%) 

Retention 

time (min) 

Compound name Area 

(%) 

Retention 

time (min) 

Compound name Area 

(%) 

7.4 3,3-Dimethylheptadecane 23.1 7.4 3,3-Dimethylheptadecane 22.7 7.4 3,3-Dimethylheptadecane 23.1 

7.71 Pyrrolidine,1-methyl-3,2`-

spiro-benzo-1,3-dioxolane 

5.03 7.71 Pyrrolidine,1-methyl-3,2`-

spiro-benzo-1,3-dioxolane 

6.60 7.71 Pyrrolidine,1-methyl-3,2`-

spiro-benzo-1,3-dioxolane 

8.60 

7.75 6-Hepten-3-one,5-hydroxy-4-

methyl- 

8.71 7.75 6-Hepten-3-one,5-hydroxy-4-

methyl- 

9.36 7.75 6-Hepten-3-one,5-hydroxy-4-

methyl- 

5.72 

7.79 2-Heptene,5-methyl 8.24 7.79 2-Heptene,5-methyl 6.04 7.79 2-Heptene,5-methyl 8.33 

8.03 Pentane,2,2,4,4-tetramethyl- 10.3 8.03 Pentane,2,2,4,4-tetramethyl- 8.48 8.03 Pentane,2,2,4,4-tetramethyl- 15.9 

8.10 L-azetidine-2-carboxylic acid 12.3 8.10 L-azetidine-2-carboxylic acid 14.8 8.10 L-azetidine-2-carboxylic acid 7.79 

8.18 But-2-en-1-yl 2-

methylbutanoate 

2.69 8.18 But-2-en-1-yl 2-

methylbutanoate 

3.38 8.84 1-Pentene, 3-methyl- 9.74 

8.84 1-Pentene, 3-methyl- 23.8 8.84 1-Pentene, 3-methyl- 24.8 37.44 Benz[a]anthracene 1.12 

9.65 Cyclohexane 1.23 9.65 Cyclohexane 1.68    

26.25 8-Heptadecene 0.10 37.44 Benz[a]anthracene 0.10    

30.01 Chloroacetic acid, tetradecyl 

ester 

0.11       
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33.34 2-methyl-4-n-pentylthiane, 

s,s-dioxide 

0.12       

34.79 Decalin, 2-methyl- 0.18       

36.34 Hexacosylacetate 0.10       

37.44 Benz[a]anthracene 0.15       

39.33 Distearyl thiodipropionate 0.11       

 Total 96.3  Total 97.9  Total 80.3 
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C6-C10 atoms may occur to give PAHs (liquid at room temperature), aromatics, cyclic olefins, 

H2, etc. (Cao et al., 2020). But, the intense plasma reactive atmosphere containing electrons (e-

) and radicals (O) prevents the formation of aromatics and saturated hydrocarbons. It reduces 

them to iso-alkanes and monomers, as detected in the GC-MS analysis of the oil sample  (Table 

4.7) (Saleem et al., 2019). This initiates the cracking of primary tar to secondary and tertiary 

tar consisting of phenols, cresols, BTX/PAHs, etc. The breaking of tar begins at the particle 

pores and ends up either in the formation of permanent gas or secondary phenolics or 

holocellulose fracture at the pore walls via different pathways (Anca-Couce, 2016). 

Fragmentation reaction plays an imperative role in char formation through solid-gas 

interaction, which further improves the progress of Boudouard reaction via the conversion of 

char to CO under the ambiance of CO2 (Guo et al., 2020). The suggested mechanism (Fig. 4.10) 

takes place by intra and inter-molecular activities of the species in the presence of high-energy 

electrons. The overall experimental analysis showing high syngas yield, low solid residue and 

unsaturated derivatives in the oil supports the proposed reaction mechanism. 

4.2.8. Quantitative relationship between experimental parameters and obtained results  

     It is evident that the assessed product gas compositions are strongly dependent on the 

process parameters and therefore, the feed mass flow rate (g/min), CO2 flow rate (lpm) and 

torch power (kW) are chosen as independent variables and the resultant volume percentage of 

individual species (H2, CO, CH4, CO2 and CxHy) in the syngas, LHV (MJ/m3) and energy 

efficiency (%) are considered as dependent variables. Table 4.4 shows that 90% (without ash) 

of the feed is converted under the optimum operating conditions. On that note, the specified 

three independent variables (feed and CO2 flow rate and torch power) are chosen to develop a 

correlation between the input and output parameters. The developed correlation attained a 

polynomial fit of order 2 and an R2 of ~ 0.92-0.98.
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Fig. 4.10. Reaction mechanism of CO2-plasma gasification of RDF.
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     The experimental data are fitted as per Eq. 20 of Section 3.5.2 and the constant values are 

predicted. Table 4.8 shows the constant values of the equation, which is estimated by using 

SPSS software (IBM, 2021). Similarly, Fig. 4.11 illustrates the parity plot that associates the 

experimental syngas concentration with their corresponding measured values for all the cases. 

The reliability of the fit between the values is adequate to propose a substantial correlation for 

the quick estimation of the syngas composition for the plasma gasification of RDF.  

Table 4.8 

Empirical constants required to predict the correlated values. 

 H2 CO CH4 CO2 CxHy LHV ηCGE 

𝛽0 223249.29 10405.44 -137650.88 -82699.15 46820.75 -45158.46 199962.36 

𝛽1 -839.47 3157.79 1474.14 -569.55 4133.80 845.60 2993.57 

𝛽2 -360548.76 -245967.81 12656.11 -101910.82 -179444.21 -134067 -561874.41 

𝛽3 -377146.87 172444.89 553979.23 647526.70 -207674.35 413783.62 -170685.46 

𝛽4 -0.038 -0.033 0 0.069 0.001 -0.007 -0.034 

𝛽5 -23.29 -20.24 -1.90 47.06 -3.862 -8.79 -23.05 

𝛽6 -234.08 -194.0 21.80 410.20 0.928 -41.99 -85.41 

𝛽7 3217.54 3528.31 3730.93 7831.29 -1610.95 5349.34 5852.87 

𝛽8 -3928.01 -14504.43 -10680.40 -13271.92 -7313.93 -12142.43 -18451.78 

𝛽9 660218.71 350440.96 -311451.09 -332892.34 569453.75 -65976.87 965832.04 
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Fig. 4.11. Parity plot between actual and measured values for syngas compositions.
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4.2.8.1. Experimental validation of the developed correlation 

     Table 4.9 provides the syngas compositions and their LHV along with the CGE of three 

random experiments conducted at different operating conditions. These are performed to 

validate the proposed correlation. It is to be noted that the developed relationship is highly 

dependent on three values of independent variables such as 30g/10 min, 0.4 lpm and 0.75 kW. 

This is because the maximum number of experiments are carried out using the stated 

parameters, as summarized in Table 4.1. Therefore, while predicting the outcome at least two 

values among them need to be fixed and a change in one parameter is suggested. The error 

percentage between the calculated values from the correlations and the experimental values is 

shown in Table 4.10. The maximum error of 21% is estimated, which may be attributed to 

mixing multiple wastes in RDF, causing large variations of small values. This relationship 

offers a good quantitative relationship to predict the syngas composition within the range of 

operating parameters fixed in the experimental study. 

Table 4.9 

Results of syngas compositions with LHV and CGE for validated RDF experiments.  

ṁ𝐹  

(g/10 

min) 

Power 

(kW) 

Gas 

flow 

(lpm) 

Validated syngas composition (vol. %) LHV 

(MJ/m3) 

ηCGE 

(%) 

   H2 CO CH4 CO2 CxHy   

30 0.75 0.35 35.24 36.47 4.92 16.18 3.33 12.65 44.38 

35 0.75 0.4 34.94 37.11 5.54 15.59 3.08 12.78 47.62 

30 1 0.4 38.67 38.89 4.62 8.16 3.19 13.24 42.29 
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Table 4.10 

Comparison of syngas compositions, LHV and CGE between the validated experiments and correlated results. 

ṁ𝐹  

(g/10 

min) 

Power 

(kW) 

Gas 

flow 

(lpm) 

Correlated syngas composition  

(vol. %) 

LHV 

(MJ/m3) 

ηCGE (%) Error (%) between the validated and correlated results 

   H2 CO CH4 CO2 CxHy  

12.80 

 

44.38 

H2 CO CH4 CO2 CxHy LHV ηCGE  

30 0.75 0.35 34.09 35.56 5.58 18.52 3.33 -3.27 -2.5 13.32 14.43 0.09 1.19 5.23 

35 0.75 0.4 34.19 35.98 6.23 16.98 3.66 13.51 47.62 -2.14 -3.04 12.44 8.9 18.74 5.72 8.75 

30 1 0.4 40.22 41.06 5.39 7.04 3.73 14.40 42.29 4.00 5.57 16.7 -13.8 17.02 8.75 21.37 
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4.3. Conclusions 

     The impact of the operating parameters such as feed flow rates of RDF and CO2, and torch 

power on the syngas composition is evaluated. The reaction mechanism of RDF-CO2-plasma 

gasification and a correlation are proposed based on the experimental results. The following 

conclusions can be drawn from the present study:  

• The syngas with the highest percentage of H2 (42.6 vol.%), CO (44.06 vol.%) and LHV 

(13.95 MJ/m3) can be achieved at a feed RDF flow rate of 30 g/10 min, 0.4 lpm of CO2 

at 1.6 kW torch power. 

• The highest cold gas efficiency of 49.90% and exergy efficiency of 48.30% (Case 2) 

can be achieved in the RDF-plasma process. However, the system's overall efficiency 

may rise up to 90% with proper recovery of sensible heat from syngas, cooling water, 

etc. Further, the LCOS value of 27.83-37.97 INR/kWh is obtained for all the cases. 

• The characterization of oil and solid residue from plasma gasification indicated their 

potential applications upon further upgradation. Oxygen (27 wt.%) and fixed carbon 

(20 wt.%) in oil and residue, respectively, need to be reduced, such that oil can be used 

as an alternative to diesel while higher ash content (14 wt.%) in the solid residue favors 

the recovery of metals for cement industry, healthcare, etc. 

•  The developed quantitative correlations provide a good accuracy between the actual 

and predicted values. These correlations are valid for an RDF flow rate of 20-50 g/10 

min, a CO2 flow rate of 0.2-0.5 lpm and a torch power of 0.5-1.6 kW conditions. 

     The application of high-temperature CO2-plasma for the gasification of RDF generated 

high-quality syngas, showing an alternative for energy production. Integrating the plasma 

system with downstream processing units in the co-generation of hydrogen, electricity, or 

chemicals can be studied further for end-use. 
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CHAPTER 5 

EXPERIMENTAL STUDIES ON PLASMA GASIFICATION 

OF COMPUTER KEYBOARD PLASTIC WASTE UNDER CO2 

ATMOSPHERE FOR SYNGAS PRODUCTION  

In this novel study, the single-stage plasma gasification of computer keyboard plastic waste 

(CKPW) is carried out in a CO2 atmosphere using a non-transferred plasma torch. Even 

though the CO2 gasification process has slow reaction kinetics, highly endothermic and 

energy-intensive nature, the increase in mean electron energy in the plasma activates the CO2 

molecules to initiate chemical reactions. Here, the effect of plasma power, feed, and CO2 flow 

rate on the syngas composition is studied to optimize the gasification performance for efficient 

production of high-quality syngas. The potential characterization of feed, product, and residue 

is performed and the results are interpreted in detail. Further, energy, exergy and economic 

analyses are performed to understand the thermodynamic balance of the system and 

commercial feasibility. It intends to locate the losses in the system and improve the overall 

plasma gasification efficiencies and reduce the cost of syngas production. Besides, a reaction 

mechanism of CO2 plasma gasification is proposed based on the results obtained during 

product analysis and their characterization. Finally, a correlation is developed based on the 

operating parameters to estimate the syngas composition, LHV and CGE. 

 

5.1. Experimental parameters 

     The plasma reactor is gradually heated with the plasma torch for around 1 h to reach the 

maximum temperature at the corresponding power set for each experiment. After several trials 

in batch feeding, it is observed that the gasifier could degrade more than 90% of wastes within 
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the initial 10 min. Therefore, all the experiments are conducted for a period of at least 40 min, 

with the introduction of the sample at every 10 min. The feed rate (ṁ𝐹) is varied between 20-

60 g per 10 min and the CO2 flow rate between 0.3-0.7 liters per minute (lpm). On the other 

hand, a power level of 0.75-2 kW is maintained for the given set of experiments based on the 

stated temperatures, as shown in Table 5.1. The gas sampling period is kept at an interval of 2 

min and 4 min for the 10 min and 40 min experiments, respectively. 

Table 5.1 

Process parameters used for the CKPW experiments in this study. 

Case  

number 

ṁ𝐹  

(g/10 min) 

CO2 gas flow 

rate (lpm) 

Torch power 

(kW) 

Temp. (°C) 

at 4 cm 

1 20 0.5 1.12 1133 

2 30 0.5 1.12 1244 

3 40 0.5 1.12 1172 

4 50 0.5 1.12 1186 

5 60 0.5 1.12 1177 

6 40 0.3 1.12 1164 

7 40 0.4 1.12 1206 

8 40 0.6 1.12 1145 

9 40 0.7 1.12 1138 

10 40 0.5 0.75 982 

11 40 0.5 1.6 1238 

12 40 0.5 2 1312 

 

5.2. Results and discussion 

5.2.1. Raw CKPW characteristics and its thermogravimetric behavior 

     The physicochemical characteristic of CKPW feed is presented in Table 3.1. It has a high 

volatile matter of 93 wt.% and low content of fixed carbon and ash of 6 wt. % and 1 wt. %, 

respectively, with no moisture. A high amount of volatiles and low fixed carbon favors the 
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generation of more condensable gases and tars for oil formation than the production of syngas 

alone. However, the gas yield can be maximized under controlled operating environments of 

high-temperature and suitable gasifying atmosphere. The high carbon and hydrogen content in 

raw feed is desirable for higher LHV when the fuel is burnt. The ash content of >5 wt.% in the 

feed material increases the possibility of slag formation during high-temperature gasification 

(Ayol et al., 2019). Therefore, the proximate and ultimate analyses (Table 3.1) of CKPW 

indicate the presence of 78.91 wt.% of C and 7.25 wt.% of H, and hence the fuel is suitable for 

the plasma gasification process. 

     The mineral components such as solid oxides present in the ash of the CKPW feed, are 

shown in the XRD plot (Fig. 5.1), whereby the elements on average, are affirmed with the help 

of FESEM-EDS as depicted in Table 5.2. Titanium (Ti) and Barium (Ba) are found to be the 

most abundant metals in oxide forms, which are usually added to increase the resistance to 

weather and heat, improve mechanical and electrical properties etc., among others. Silica 

(SiO2) has the ability to control the rheology of plastics by making the granulates flow freely.  

 

Fig. 5.1. XRD plot of the ash recovered from CKPW. 
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Table 5.2 

FESEM-EDS analysis of the CKPW ash sample. 

Element Ti Ba Si Mg Fe Zn Na Al O 

wt.% 32.8 22.55 3.42 2.55 4.65 0.46 0.81 0.82 31.83 

 

     Whereas other elements such as Mg, Zn, Al, etc. are included to increase the strength and 

durability of the material. Ti may find application in joint replacements, tooth implants and 

sunscreens, preventing UV lights from entering the skin. The largest use is in the form of 

titanium oxide (TiO2) as a vivid white pigment in paints, plastics, etc. Moreover, Ba is not an 

extensively used element due to its toxic nature but is generally used in paints and glassmaking 

process (“Periodic Table,” 2022; “Titanium Dioxide Market Size, Share & Trends Analysis 

Report,” 2023). 

     To understand the gasification behavior of the CKPW feed, thermogravimetric Analysis 

(TGA) is performed from 25-1100 °C under a CO2 atmosphere. The thermogram displaying 

the mass loss with respect to temperature and its derived form (DTG) is shown in Fig. 5.2. The 

absence of mass loss at 100-150 °C indicates no moisture in CKPW. Approximately 91-92 % 

of the decomposition is observed in the temperature range of 350-550 °C, which is the pyrolysis 

zone i.e., the release of the volatile matter. In the high-temperature region (800-1060 °C), the 

rest of the weight loss (6.5%) occurred due to the gasification of fixed carbon with CO2.  

5.2.2. Syngas composition, LHV and yield 

      In this section, the product gas composition obtained for different experimental cases is 

shown and compared. The percentage composition of H2, CO, CH4, CO2, C2H4, C2H6 and C3H6 

are measured. Table 5.3 presents the syngas concentration on a volume basis with respect to 
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changes in feed flow rate, gasifying agent (CO2) flow rate and power level. The compound 

CxHy involves the lighter hydrocarbons (LHCs) such as C2H4, C2H6 and C3H6.        

 

Fig. 5.2. TGA curve of CKPW feed. 

5.2.2.1. Effect of mass flow rate of feedstock on syngas concentration, LHV and yield 

     With an increase in the feed rate of CKPW, the H2 and CO concentration (Table 5.3) 

increases up to 30.16 vol.% and 46.09 vol.%, respectively for 40 g/10 min (Case 3) and then 

decreases. The total content of H2 and CO is almost 60-76 vol.% for all the feed rates, with an 

average molar ratio of H2/CO = 0.7. The repeatability of the performed experiments exhibited 

a deviation of 0.1-3.2% on average with respect to the outlet syngas composition. A higher CO 

observed in the product gas is attributed either to the partial oxidation of carbon/fuel with the 

free oxygen radical produced from CO2 dissociation (R7 and R17) or the role of the Boudouard 

reaction (R9). The dominance of partial oxidation (R7) is highly probable due to two reasons 

(i) low fixed carbon (6 wt.%) and (ii) plasma chemistry hinders the governance of the  
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Table 5.3 

Results of syngas compositions, LHV and yield using CKPW feed based on different parameters. 

Case 

number 

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Syngas composition (vol. %) LHV 

(MJ/m3) 

Gas yield 

(%) 

Oil yield 

(%) 

Residue 

yield (%) 

    H2 CO CH4 CO2 CxHy     

1 20 1.12 0.5 25.03 36.19 6.23 29.51 3.04 11.64 92.83 6.44 0.73 

2 30 1.12 0.5 27.32 40.02 8.07 21.48 3.11 13.10 91.90 7.08 1.02 

3 40 1.12 0.5 30.16 46.09 8.54 10.12 5.09 15.80 90.48 7.67 1.85 

4 50 1.12 0.5 28.47 41.34 9.01 14.76 6.42 16.16 88.16 7.75 4.09 

5 60 1.12 0.5 24.07 35.02 9.09 24.92 6.90 15.29 82.59 10.19 7.23 

6 40 1.12 0.3 21.35 36.17 7.45 28.72 6.31 14.13 91.10 1.88 7.03 

7 40 1.12 0.4 23.80 45.17 7.89 17.34 5.80 15.27 88.97 8.43 2.60 

8 40 1.12 0.6 19.86 35.27 7.30 32.33 5.24 12.96 95.26 3.38 1.36 

9 40 1.12 0.7 16.78 31.18 6.96 39.68 5.40 12.07 96.55 2.26 1.29 

10 40 0.75 0.5 24.48 38.09 6.21 27.84 3.38 12.23 88.54 0.97 10.49 

11 40 1.6 0.5 31.17 49.29 6.96 7.43 5.15 15.89 91.70 6.38 1.93 

12 40 2 0.5 32.23 51.98 7.29 3.28 5.22 16.46 92.53 6.34 1.13 

CxHy includes C2H4, C2H6 and C3H6 compounds; LHV = lower heating value.
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Boudouard reaction. Moreover, the presence of O radicals and the impact of electrons on C-H 

molecules from volatile matter (93 wt.%) are inclined toward the progress of partial oxidation 

(Agon et al., 2016; Saleem et al., 2019; Zhang and Harvey, 2021). As shown in Table 5.3, some 

fractions of fixed carbon are also found in the solid residue. Due to low residence time in the 

plasma gasifier, high particle size and insufficient energy (1.12 kW) provided by the plasma 

torch, the concentration of CH4 and CxHy also increases with feed rate. The volatiles released 

by the pyrolysis process (R16) and CO2 gasification (R9) are heavier hydrocarbons, which 

require a high amount of energy to break into CO and H2, especially under fast-heating 

pyrolysis conditions in the plasma method. The process gives rise to a higher temperature 

gradient inside the particles, leading to incomplete gasification and tar cracking (R18). Thus, 

the plastic waste-to-energy conversion process at a higher feed rate minimizes the gas yield 

with more volume of light hydrocarbons and consequently increases the yield of oil 

(condensable gases and compounds soluble in DCM solvent) and residue (unconverted carbon 

excluding ash) yield.  

     The LHV of syngas increases with an increase in the feed rate to a maximum value of 16.16 

MJ/m3 for Case 4 (50 g/10 min) despite its lower H2 and CO content as compared to Case 3 

(15.80 MJ/m3), which is related to the added contribution of LHCs in calorific value. The 

results are quite analogous to those reported in the literature on fluidized bed gasification of 

ABS, regarding LHCs and tar content (Jeong et al., 2022). The percentage of feed conversion 

(96%) and quality of syngas related to H2 and CO content (84 vol.%) in this study is higher 

than the stated literature (non-plasma system) of 91% and 32 vol.%, respectively, mainly due 

to the dilution of air in the product gas. Correspondingly, using supercritical water and high-

pressure ABS gasification conditions under non-plasma conditions, the syngas have a high CH4 

content and equivalent mole fraction of H2. At the same time, the shift in equilibrium consumes 

CO to produce more CO2 compared to the present study (Bai et al., 2019; Cao et al., 2020). 
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5.2.2.2. Effect of CO2 flow rate on syngas concentration, LHV and yield 

     Table 5.3 shows the changes in the syngas composition due to CO2 flow rate variation from 

0.3 lpm to 0.7 lpm and simultaneously its impact on the LHV and product yield. The 

concentration of H2 and CO increases first and then decreases with the increase in the CO2 flow 

rate, attaining a maximum at 0.5 lpm with values as reported in Section 5.2.2.1. A deficient 

supply of CO2 (at 0.3 and 0.4 lpm) will increase the residue yield to 7.03% (without ash), as 

observed in the analysis (Table 5.3), because of the fuel leaving the plasma gasifier unreacted. 

With the increase in CO2 flow rates, the generated reactive species such as CO, O and O2 

enhanced the conversion of plastic waste, since more energy is accumulated by the generation 

of reactive species and utilized in the gasification process (Wang et al., 2019). On the other 

hand, with a higher flow rate of CO2 (at 0.6 and 0.7 lpm), the reactor gets overloaded with 

excess CO2, which eventually exits with the syngas, diluting the percentage of H2 and CO and 

thereby reducing the LHV of the product gas. The higher LHCs in the syngas are due to the 

bigger particle size and lower time spent by the volatile gases inside the reactor. Comparing 

the effect of CO2 flow rate, the average CO content produced is lower in the syngas than the 

effect of increase in the solid feed rate (cases 1-5) due to the dominance of partial oxidation 

over Boudouard reaction. It can be seen from Table 5.3 that the influence of CO2 flow rate 

becomes less significant than the changes in solid feed rate in terms of the calorific value of 

the syngas and percentage of gas yield. A reported literature observed maximum CO and H2 

content of 48.58 vol.% and 27.5 vol.% at a CO2 flow rate of 0.43 Nm3/h and 0.34 Nm3/h, 

respectively, using sewage sludge as a fuel for plasma gasification (Wang et al., 2019). The 

CO concentration is higher by 2.49 vol.% and H2 lower by 2.66 vol.% than the present study. 

Besides, the LHV (15.80 MJ/m3) is higher using CKPW feed as compared to sewage sludge 

(8.91 MJ/m3). (Hlina et al., 2014) reported that the CO2 plasma gasification of HDPE feedstock 

yields an H2 and CO percentage of 41.6 vol.% and 49.7 vol.%, respectively. Almost complete 
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degradation of feedstocks such as HDPE, and sewage sludge is reported, whereas a significant 

amount of LHC is generated in the present study due to the complexity in the ABS degradation.    

5.2.2.3. Effect of torch power on syngas concentration, LHV and yield 

     For a given feed rate of solid fuel (40 g/10 min) and CO2 (0.5 lpm), when the torch power 

is lower (0.75 kW), the feed material gets accumulated in the reactor, increasing the residue 

yield to 10.49 % and thus decreasing both the gas and oil yield. Since all the volatiles and fixed 

carbon could not be utilized in the process, the content of H2 and CO is also found the lowest, 

around 24.48 vol.% and 38.09 vol.%, respectively. Similarly, the C1-C3 compounds are only 

around 3-6%. Moreover, an increase in the torch power by 0.37 kW increases the gas yield to 

~ 91%, with a total yield of CO and H2 by 16%. Further, increasing the input power to 2 kW 

increases the H2 and CO to ~ 84 vol.%; hence, the LHV is also higher (16.46 MJ/m3) with high 

gas yield. On the other hand, the total amount of H2 and CO does not substantially improve 

with an increase in every power level after 1.12 kW, indicating that the excess amount of energy 

from the plasma torch is not utilized. Similar influences of torch power on kitchen waste are 

reported in the literature with a maximum CH4  of 2.5 vol.%) and CxHy  of 1 vol.%) content. 

The lower values of CH4 and CxHy content are due to the efficient thermal degradation of 

kitchen waste, which is not complex in nature. Moreover, the feed's low C, H and calorific 

value results in lower H2 and CO content in the syngas (Li et al., 2022).   

5.2.3. Energy and exergy analysis 

     Other parameters that measure the performance of the plasma gasification process besides 

syngas composition and heating value are the energy and exergy efficiencies. The cold gas 

efficiency (ƞ𝐶𝐺𝐸)  (Table 5.4) is calculated as given in Section 3.5.1, which is the ratio of the 

chemical energy of the syngas and the sum of input chemical energy from fuel and power 

consumed by the plasma torch. Similarly, the estimated exergy efficiencies are shown in Table 

TH-3268_186107013



EXPERIMENTAL STUDIES (CKPW) 

116 | P a g e  
 

5.4. The energy efficiency increases and then decreases with the feeding rate, achieving a 

maximum of 46.06 % for 40 g/10 min. It is attributed to the higher calorific value of the syngas 

of 15.80 MJ/m3. However, the highest LHV (16.16 MJ/m3) is observed for a 50g/10 min feed 

rate, however, the CGE decreased due to the poor consumption of solid fuel at higher input 

rates. The same results are obtained with the increase in the torch power level i.e., the LHV 

increases, but at the input power of 1.12 kW, the CGE starts decreasing for analogous reasons. 

The inlet CO2 flow rate impacts the energy efficiencies and is found optimum at 0.5 lpm, and 

then the efficiency decreases at a higher flow rate. On the other side, the exergy efficiencies 

(~44%) show a negative deflection of around 1.5% from energy efficiencies (~46.5%) 

considering all the cases. This illustrates the lower loss in entropy generation due to the 

chemical reactions' irreversibilities. Based on the reported literature on plasma gasification, 

RDF and kitchen waste can achieve a CGE of 48% and 28%, respectively (Agon et al., 2016; 

Li et al., 2020). The drop in efficiency is ascribed to the heat losses from the system and 

structure of the plasma gasifier that reduces plasma-feed interaction.  

     It is important to note that the lower energy and exergy efficiencies values do not include 

the sensible heat of syngas, energy loss in cooling the plasma torch, energy in oil and residual 

energy. Table 5.4 also presents the percentage distribution of energy and exergy among various 

products based on the input (fuel and plasma power) to the system. It can be seen that the share 

of the sensible heat of the gas varies in the range of 4-7 % while the maximum share is occupied 

by the radiative losses (heat dissipation to the environment) between 23-34%, which is deduced 

after subtracting all the other losses. However, the energy captured by the plasma torch cooling 

water, increases the water temperature to around 51 °C on average and is highly significant 

(14-26 %) among the energy distributed in other streams. Further recovering the sensible heat 

is beneficial to produce hot water for domestic usage. Similarly, the oil and the residual slag 

can be utilized in their respective field of interest, which is discussed below in Section 5.2.7.   
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Table 5.4 

Results of energy and exergy efficiencies and their distribution based on the various experimental factors. 

Case 

number 

Energy 

output 

(kW) 

Energy 

ηCGE (%) 

Exergy 

ηex (%) 

Sensible 

heat (%) 

Energy in 

water (%) 

Energy in 

oil (%) 

Residual 

energy (%) 

Radiative 

losses (%) 

Exergy 

in water 

(%) 

Exergy 

in oil 

(%) 

Residual 

exergy 

(%) 

1 0.86 37.44 36.37 6.69 25.60 3.75 0.32 26.20 18.76 3.80 0.47 

2 1.17 40.55 39.18 6.40 21.83 5.85 0.51 24.86 16.00 5.91 0.74 

3 1.6 46.06 44.34 5.19 17.41 5.01 1.04 25.29 12.76 5.04 1.50 

4 1.79 44.06 42.31 4.37 15.51 5.27 1.56 29.23 11.37 5.28 2.25 

5 1.84 39.56 37.91 3.52 14.27 8.34 4.41 29.90 10.46 8.35 6.68 

6 1.41 40.59 39.07 4.39 18.62 7.51 5.65 23.24 13.65 7.55 8.10 

7 1.55 44.62 42.95 4.82 18.13 7.06 1.62 23.75 13.29 7.09 2.36 

8 1.36 39.15 37.69 4.25 18.38 1.91 2.77 33.55 13.47 1.92 4.02 

9 1.31 37.71 36.30 4.08 18.10 3.17 4.21 32.73 13.26 3.19 6.12 

10 1.12 36.08 34.58 4.65 20.30 2.48 7.95 28.54 14.88 2.48 11.40 

11 1.63 41.22 39.87 4.84 17.01 4.26 0.96 31.71 12.46 4.30 1.40 

12 1.7 39.04 37.87 4.89 17.17 4.39 0.58 33.93 12.59 4.44 0.85 
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 5.2.4. Economic Analysis 

     The syngas production cost or levelized cost of syngas (LCOS) based on the total capital 

cost of the plasma gasifier and its accessories required during the experiments is estimated in 

the Indian scenario. Table 5.5 shows the LCOS value calculated based on the various operating 

parameters considering interest rate (r) of 4 %, equivalent period of utilization (P) of 2000 

h/year and payback period (k) of 4 years. The syngas cost varies in the 23-36 INR/kWh range, 

with the lowest value found for 40 g/10 min of solid feed rate with a CO2 flow of 0.5 lpm and 

torch power of 1.12 kW (Case 3). From the energy analysis, the maximum cold gas efficiency 

(ƞ𝐶𝐺𝐸) is obtained for the stated operating conditions of Case 3; thus, the relatively optimum 

energy output decreases the syngas cost. Similarly, the highest LCOS of 35.24 INR/kWh is for 

the case when the gasifier functions at a plasma power of 0.75 kW (Case 10). At this condition, 

the torch power is not sufficient to maximize the syngas yield, and thus the energy output 

decreases with the lowest CGE. The higher LCOS values are still in good agreement with the 

reported literature (Paulino et al., 2020), taking into account the same assumptions.  

5.2.5. Model validation 

     From the above analysis, the optimum conditions of solid feed rate, CO2 flow rate and input 

power are found to be 40 g/10 min, 0.5 lpm and 1.12 kW, respectively i.e., Case 3. A model is 

developed using Aspen Plus software in Fig. 4.5 of Chapter 4, to predict the composition of 

syngas by the plasma gasification process of the current experimental study. In Fig. 5.3, the 

simulated syngas compositions (stream G5) is compared with that of the results obtained in the 

experiment. As the theoretical model assumes thermodynamic equilibrium, the concentration 

of H2 and CO in the syngas is found higher than the experimental results process, which is due 

to the complete conversion of CKPW feed and left with no solid carbon. Subsequently, CH4 

formation is drastically suppressed to 2.67 vol. % with no LHCs in the product gas.
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Table 5.5 

Results of the syngas production cost for the considered experimental conditions. 

Case 

number 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 (INR) 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 

(INR/kWh) 

𝑀𝐶𝑔𝑝 

(INR/kWh) 

𝐶𝑐𝑎𝑝𝑒𝑥 (INR) 𝐶𝑜𝑝𝑒𝑥 (INR) 𝐶𝑡𝑜𝑡𝑎𝑙 

(INR/kWh) 

LCOS 

(INR/kWh) 

1 109477.5 6.59 0.53 27000 1002.29 0.91 25.78 

2 164216.25 4.79 0.58 27000 1002.29 0.66 25.36 

3 218955 3.50 0.57 27000 1002.29 0.49 23.40 

4 273694.75 3.13 0.63 27000 1002.29 0.43 25.26 

5 328432.5 3.09 0.75 27000 1002.29 0.43 29.27 

6 218955 4.55 0.74 27000 1001.37 0.63 30.44 

7 218955 3.61 0.58 27000 1001.83 0.50 24.16 

8 218955 4.59 0.74 27000 1002.74 0.64 30.69 

9 218955 4.91 0.79 27000 1003.20 0.68 32.84 

10 218955 3.71 0.90 27000 1002.29 0.77 35.24 

11 218955 5.99 0.54 27000 1002.29 0.47 25.06 

12 218955 4.91 0.56 27000 1002.29 0.48 24.44 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = Plasma gasification unit cost; 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 = Variable operating cost of plasma gasifier; 𝑀𝐶𝑔𝑝 = Maintenance cost of plasma gasifier; 

𝐶𝑐𝑎𝑝𝑒𝑥 = Capital cost of gasifying agent; 𝐶𝑜𝑝𝑒𝑥 = Operating cost of gasifying agent and 𝐶𝑡𝑜𝑡𝑎𝑙 = Net cost of gasifying agent.
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Fig. 5.3. Comparison between experimental and theoretical syngas composition (Case 3). 

5.2.6. Characteristics comparison between raw feed, liquid oil, and residue  

     Based on the optimum operating parameters of ṁ𝐹 = 40 g/10 min, CO2 flow of 0.5 lpm and 

power = 1.12 kW (Case 3), Case 7 and Case 10 i.e., taking one case from each independent 

variable, the different characterization techniques are adopted for more detailed assessment.  

5.2.6.1. Proximate and ultimate Analysis 

     The images of the residue and liquid oil obtained are shown in Fig. 5.4, and their 

corresponding physicochemical characteristics are given in Table 5.6. Fixed carbon (FC) and 

ash are the only components present in the residue with a ratio of ~ 2:1 and are in accordance 

with the mass balance provided in Table 3.1. Carbon and hydrogen (97.6 wt.%) are the most 

abundant elements present in oil, with a negligible fraction of oxygen (0.46 wt.%), usually the 

standard maintained in a liquid fuel (diesel). Whereas the residue is enriched with carbon and 

oxygen of 69.67 wt.% and 29.13 wt.%, respectively, associated with FC and ash. The higher 

nitrogen content in oil (1.94 wt.%) than in the residue (0.5 wt.%) may be due to the thermal 

cracking of acrylonitrile monomer to condensable nitrogen compounds. Moreover, the LHV of  
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Fig. 5.4. Images of (a) oil and (b) residue obtained after CO2 plasma gasification. 

Table 5.6 

Proximate and ultimate analysis of raw CKPW, oil and solid residue. 

 Raw CKPW Oil Residue 

Proximate analysis [wt.%, as received 

basis] 

   

Moisture - - - 

Volatile matter 93 - - 

Fixed Carbon 6 - 68.59 

Ash 1 - 31.41 

Ultimate analysis [wt.%, ash free basis]    

C 78.91 90.8 69.67 

H 7.25 6.8 0.7 

N 1.65 1.94 0.5 

S - - - 

Oa 11.19 0.46 29.13 

LHV based on energy [MJ/kg] 35.31 39.13 29.19 

a by difference.   

(a) (b) 
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oil (39.13 MJ/kg) is found higher than the oil obtained by ABS liquefaction (Areeprasert and 

Khaobang, 2018), while the LHV of char in the residue (29.19 MJ/kg) is on the lower side 

compared to ABS feed due to higher carbon conversion in the plasma gasification process. 

5.2.6.2. FTIR analysis 

     The residue and oil obtained from three cases (considering one from each independent 

variable), such as Case 3, Case 7 and Case 10, are used for comparison with the CKPW feed. 

Fig. 5.5 shows the FTIR spectra stating functional groups at different wavenumbers. The 

spectra of raw feed are verified for the identification of probable plastics i.e., ABS and PC, 

with the FTIR curves as reported in the literature (Jung et al., 2018). The presence of aromatic 

and aliphatic groups is quite evident in the raw feed and liquid oil, while no such major 

compound is detected in the residue, mainly fixed carbon and ash. The lower intensity of the 

peaks between 1000-1250 cm-1 observed in the oil is due to the chemical reaction of single-

ring aromatic compounds i.e., C-H out-of-plane bending and tertiary alcohols to LHCs, H2 and 

CO under CO2 atmosphere. Similarly, the peaks obtained in the range of 555-780 cm-1 indicate 

aromatics and alkenes with C-H bending and C=C vibrations, whereas alkanes (C-H stretching) 

are identified between 2850-3180 cm-1. The functional groups of the liquid oil and residue of 

all the cases indicate almost a similar profile except for the residue of Case 10. It is attributed 

to the lowest feed conversion and shows aliphatic and aromatic groups identical to the feed 

spectra. Moreover, other studies focused on liquefaction and slow pyrolysis of packaged plastic 

waste and polystyrene using ethanol solvent for liquid fuel production obtained the same 

functional groups (Ahmad et al., 2020; Das and Tiwari, 2018). 
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Fig. 5.5. FTIR spectra of raw feed, oil (O) and residue (R) for different cases. 

5.2.6.3. Analysis of oil 

     Viscosity, density and pH of the oil product obtained in Case 3 are found to be 3.93 

centipoise (cP) at 40 °C, 910 kg/m3 and 6.94, respectively. When compared with diesel fuel, 

the pH and LHV of 39.13 MJ/kg (given in Table 5.6) are lower than that of diesel fuel, however, 

the viscosity and density are on the higher side (Ahmad et al., 2020; Zhao et al., 2022). Hence, 

reduction in viscosity and increase in pH are necessary to enhance the oil flow through the 

injecting system of diesel engines and prevent corrosion as low pH fuel destroys metal 

components. Therefore, the obtained oil requires further treatment or upgradation for 

commercial use.         

     GC-MS analysis is carried out for the selected samples considered in FTIR analysis to 

determine the chemical components present in the oil sample. Table 5.7 reveals that 
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monocyclic ring compounds such as toluene, ethylbenzene and styrene, and polycyclic 

aromatic hydrocarbons (PAHs) like naphthalene and anthracene are the main detected 

compounds. Styrene, a monomer of ABS, finds little share among the major compounds in the 

oil as most of it decomposes into ethylbenzene (an intermediate of styrene) and toluene in Case 

3 (Liu et al., 2019). In a reported study conducted under catalytic reforming conditions, the 

portion of styrene and its derivatives, such as ethylbenzene and methylstyrene is found mainly 

in the oil, similar to found in the present study (Areeprasert and Khaobang, 2018). However, 

at a low power of 0.75 kW (Case 10), the supplied energy is insufficient to depolymerize the 

feed, whereby styrene and PAHs (naphthalene and anthracene) are found to be maximum in 

the oil. Due to the high reactivity under the plasma environment, the other two monomers, such 

as acrylonitrile and butadiene, are detected in a very small amount as benzenebutanitrile. On 

the other side, decreasing the CO2 gas flow rate (Case 7), the saturated aliphatic (paraffins) and 

unsaturated aliphatics (olefins) are found to increase in the oil while a low quantity of cyclic 

hydrocarbons and aromatics is detected (Chen et al., 2019). Further, the low flow rate of CO2 

feed also resulted in the incomplete destruction of styrene monomer. PAHs are difficult to 

decompose into simple compounds; therefore, they are stable and remain in the oil product. It 

is also reported in the literature that PAHs are detected in the tar content obtained by the plasma 

gasification of RDF and ABS using supercritical water (Agon et al., 2016; Bai et al., 2019).
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Table 5.7 

Main components identified from the GC-MS analysis of oil after CKPW plasma gasification. 

Case 3 Case 7 Case 10 

Retention 

time (min) 

Compound name Area 

(%) 

Retention 

time (min) 

Compound name Area 

(%) 

Retention 

time (min) 

Compound name Area 

(%) 

8.23 Toluene 20.1 7.34 3,3-Dimethylheptadecane 16.4 7.39 Isobutyl isopentyl carbonate 12.8 

10.67 Ethylbenzene 63.6 7.65 6-Hepten-3-one,5-hydroxy-4-methyl- 20.5 8.82 2H-pyran,3,4-dihydro- 15.2 

12.25 Alpha-methylstyrene 0.61 8.02 Hexane,2,2,5,5-tetramethyl 15.3 9.64 Pyridine-d5- 4.83 

13.58 Styrene 0.34 8.76 3-Ethyl-2-methyl-1-heptene 17.3 11.95 Toluene 2.99 

16.67 Naphthalene 1.12 8.81 1H-1,2,4-triazole-3-

carboxaldehyde,5-methyl- 

6.65 14.18 Ethylbenzene 1.65 

20.60 Biphenyl 0.35 9.58 Cyclohexane 1.26 15.02 Styrene 18.3 

26.68 Ethylene 1,1-diphenyl 0.88 14.91 Styrene 5.08 17.19 Alpha-methylstyrene 1.24 

28.13 Anthracene 1.77 17.14 Alpha-methylstyrene 0.33 22.84 Naphthalene 2.36 

29.03 Naphthalene, 1-phenyl 0.52 19.08 Benzene,1-Propynyl- 0.36 26.92 Biphenyl 0.80 

30.84 Naphthalene, 2-phenyl 1.13 22.80 Naphthalene 1.37 33.03 Stilbene 1.03 

34.25 Benzenebutanitrile 0.11 34.94 9H-fluorene 1.12 34.82 Anthracene 4.09 

36.54 3-methyl-2-(2-

oxopropyl)furan 

0.52    37.50 Naphthalene, 2-phenyl 2.32 

 Total 91.1  Total 85.7  Total 67.6 
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 5.2.6.4. FESEM analysis 

     SEM investigation is conducted to study the topographical behavior of CKPW obtained 

under the pre and post-plasma gasification process. CKPW (combination of ABS and PC), 

being a thermoplastic polymer, does not have strong polymer chains bonded chemically to each 

other, due to which it can be untangled when exposed to thermal heating. From Fig. 5.6(a), it 

can be seen that the surface of raw CKPW feed is smooth and non-uniform. Under non-plasma 

conditions, the gasification may occur only on the surface due to the condensation and 

absorption of the volatiles in the internal pores (Li et al., 2022). However, no such phenomenon 

is observed under the reactive plasma atmosphere, and many pores with high surface area are 

created, as shown in Fig. 5.6(b), which depicts the intense release of volatiles and favors the 

gasification by reducing the diffusional resistance of CO2 molecules. The thermo-chemical 

interaction due to thermal plasma not only enlarged the pores but also increased the depth of 

the pores. The porous structure is due to the existence of unconverted carbon in the residue 

matrix. A higher ash content or agglomeration of the ash would cause the sample surface to be 

smooth and compact. The findings are consistent with the stated literature on printed circuit 

board gasification (Bhui et al., 2021; Bhui and V, 2021). 

      

            Fig. 5.6. FESEM images of (a) CKPW feed and (b) after CO2 plasma gasification. 

(a) (b) 
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5.2.7. Reaction mechanism 

     Based on the results and analysis, the decomposition mechanism of ABS in CKPW under 

plasma conditions is proposed and summarized as shown in Fig. 5.7. In the first step, the long-

chain ABS polymer goes through depolymerization or thermal cracking under heat whereby 

the volatiles release from the internal pores of the material. During the pores formation, some 

volatile compounds may undergo rearrangement within the residue matrix while the remainder 

continues to endure secondary reactions due to their instability (Collard and Blin, 2014). This 

results in the production of paraffins, olefins and oligomers with some intermediates further 

transformed into gas products (Cao et al., 2020). The gases such as H2, CO and CH4 are formed 

after the decomposition and reforming of the aliphatic chain compounds in ABS (Bai et al., 

2019). The breaking of bonds allows to form new chain ends and the produced molecules are 

identified in the liquid fractions in the GC-MS analysis (Table 5.7) in the form of derived 

monomer (ethylbenzene and toluene) or dimer (benzenebutanitrile). Aromatic compounds, 

including PAHs, find special mention in the products due to their presence in the oil and 

increase with the drop in CO2 gas flow rate and plasma power. Though the aromatization of 

olefins and paraffins occurs at the intermediate pathway of ABS gasification, it is restricted to 

minimal progress, which can be observed with fewer aromatics present in the oil and gas (Table 

5.3 and 5.7). The maximum proportion of gas yield under a reactive plasma atmosphere showed 

the rigorous gasification reactions of PAHs into LHCs such as C1-C3 olefins and simpler 

compounds. Moreover, the production of LHCs is compensated with the higher values of CH4 

from the decomposition of the organic portion. In fact, sometimes the higher amount of LHCs 

in the gas product of plastic gasification is seen as an indicator of tar presence or PAHs in the 

oil (Lopez et al., 2018). The impact of electron or radical species (O) through CO2 dissociation 

on the PAHs, including the aromatic ring and cyclic components, promotes the generation of 

more gaseous products (Saleem et al., 2019; Zhang and Harvey, 2021). On the other hand, 
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fragmentation and charring take place to result in the formation of solid carbon named char and 

condensable and non-condensable gases of small chain organic compounds. The pathway is 

generally through a series of intra and inter-molecular arrangements accompanied by a high 

thermal stable environment (Collard and Blin, 2014). Finally, the solid carbon in CO2 ambiance 

produces CO as per reaction R9 and the remaining is collected as a residue. Therefore, due to 

the presence of high energy electrons, nascent oxygen and independent CO2 molecules in the 

plasma gasification process, the intermediate products are able to enhance the syngas 

production (H2 and CO) with lower oil and residue yield. 

The presence of metallic minerals in the feed (Ti, Ba, etc.), as illustrated in Table 5.2, shows a 

negligible effect on the plasma gasification reactions. The formation of molten slag is avoided 

due to the low ash content (1 wt.%) in the CKPW feed. This leads to the reduction of a number 

of active sites on the metal surface for the adsorption of reactive species for catalytic activity. 

The absence of significant amounts of alkali and alkaline metals, such as K, Na, Ca, etc., in the 

ash reduces the dependence of gasification reactivity on ash (He et al., 2023; Yu et al., 2021). 

The agglomeration of the ash or synergistic influence of ash on the syngas composition is 

highly susceptible to the presence of optimal ash quantity and suitable catalyst minerals in the 

fuel feedstock e.g., high ash coal (33 wt.%), garden waste (15 wt.%), etc. A smooth and dense 

surface is formed after the gasification of high ash-based residue (Bhui and V, 2021; Fazil et 

al., 2022). In the present study, due to low ash content in the CKPW feed, a highly porous 

structure of the residues observed from the FESEM images (Fig. 5.6) is noted. This confirms 

the non-agglomeration of the ash at higher temperatures, which allows a higher diffusion rate 

of CO2 under plasma gasification conditions.
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Fig. 5.7. Thermal degradation mechanism of ABS in a plasma gasification process under CO2 atmosphere. 
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5.2.8. Quantitative relationship between experimental parameters and obtained results  

     The developed correlation is applicable to the specific feed mass flow rate (g/min), CO2 

flow rate (lpm) and torch power (kW), as discussed in Section 3.5.2. A polynomial fit is 

obtained with an R2 of ~ 0.93 as per the correlation (Eq. 20): 

     Table 5.8 shows the constants of the equation, which is estimated by using SPSS software. 

The values of the experimental data are fitted to determine the constants of the correlation with 

respect to the individual operating conditions. The parity plot shown in Fig. 5.8 compares the 

predicted values with the experimental data of syngas compositions. This showed good 

accuracy and quick estimate of the syngas composition with variation in the operating 

parameters of plasma gasification. 

Table 5.8 

Empirical constants required to predict the correlated values. 

 H2 CO CH4 CO2 CxHy LHV ηCGE 

𝛽0 -214135.80 -103042.79 -13534.22 442053.67 250590.69 223753.69 175528.13 

𝛽1 11616.20 15792.73 -3477.21 -1556.12 -8315.64 -7209.42 -7033.21 

𝛽2 318559.72 3402.16 105777.77 -350855.21 -137727.40 12326.60 -11422.35 

𝛽3 -786220.72 -858703.10 95393.43 -857711.42 -28594.51 -345824.1 -113713.86 

𝛽4 -0.007 -0.021 0 0.028 0 -0.004 -0.012 

𝛽5 -2.33 -4.52 -3.81 13.55 -2.843 -4.056 -17.81 

𝛽6 -229.99 -254.55 -20.51 479.84 25.28 -46.94 -103.95 

𝛽7 -13556.01 -11885.00 762.50 294.76 5274.68 1134.71 2648.60 

𝛽8 7134.09 4959.77 5246.60 2447.24 4816.22 11877.86 8135.58 

𝛽9 447387.50 944043.31 -272534.53 678016.87 -146501.61 -115401.6 -188943.56 
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Fig. 5.8. Parity plot between actual and measured values for syngas compositions. 
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5.2.8.1. Experimental validation 

     Three experiments are conducted to validate the developed correlation. Table 5.9 provides 

the syngas compositions, LHV and CGE of the conducted experiments for validation. Table 

5.10 shows the calculated values of output variables obtained from the correlations with error 

percentage (%). The independent variables, such as solid feed rate (40g/10 min), CO2 feed gas 

flow rate (0.5 lpm) and torch power (1.12 kW), have a strong influence on the developed 

correlations. Thus, only one parameter is changed while keeping the other two parameters 

constant. A maximum value of 16% error is obtained under different scenarios of operational 

conditions. This estimation offers a quantitative relationship to estimate the performance of the 

plasma gasification system. 

Table 5.9 

Syngas compositions with LHV and CGE of the experiments conducted for validation.  

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Validated syngas composition (vol. %) LHV 

(MJ/m3) 

ηCGE 

(%) 

   H2 CO CH4 CO2 CxHy   

40 1.12 0.45 26.47 46.01 7.64 14.27 5.61 15.57 45.19 

35 1.12 0.5 28.25 43.16 7.92 15.64 5.03 15.07 41.83 

40 1 0.5 24.96 41.72 7.19 22.18 3.95 13.50 38.46 
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Table 5.10 

Comparison of syngas compositions, LHV and CGE between the data validated from experiments and correlated results. 

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Correlated syngas composition  

(vol. %) 

LHV 

(MJ/m3) 

ηCGE 

(%) 

Error (%) between the validated and correlated results 

   H2 CO CH4 CO2 CxHy  

14.75 

 

43.05 

H2 CO CH4 CO2 CxHy LHV ηCGE  

40 1.12 0.45 26.78 43.39 8.37 16.01 5.14 1.17 -5.69 9.57 12.20 -8.44 -5.25 -4.73 

35 1.12 0.5 26.75 42.71 7.85 17.99 4.41 14.12 41.83 -5.30 -1.05 -0.94 15.04 -12.41 -6.31 0.85 

40 1 0.5 25.74 41.35 8.04 19.98 4.60 13.88 38.46 3.12 -0.89 11.81 -9.92 16.34 2.78 7.42 
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5.3. Conclusions 

     In this study, the CO2-based plasma gasification of CKPW feed is carried out at different 

feed rates of solid and CO2 gas with different power levels of torch. The following observations 

are drawn from this study: 

• Case 3 had the best performance with the feed rate of 40 g/10 min, CO2 flow rate of 

0.5 lpm and power level of 1.12 kW, i.e., Higher H2 (30.16 vol.%) and CO (46.09 

vol.%) percentage in the syngas with an LHV of 15.8 MJ/m3 is obtained.  

• At the optimum operating conditions (Case 3), maximum energy (46.06 %) and 

exergy (44.34 %) efficiency are achieved. However, these could increase beyond 

70% if the sensible heat of syngas, cooling water, etc., are recovered for commercial 

use. Moreover, the LCOS value of 23.40 INR/kWh is the lowest for the given 

scenario (Case 3). 

• The oil product obtained has physicochemical properties similar to diesel, with 

higher carbon, hydrogen, and LHV values and lower oxygen content. On the other 

hand, the residue has a high amount of Ti and other useful metals, which can be 

recovered for potential applications in the healthcare industry.   

• The developed correlations suggest a good agreement between actual and theoretical 

values. These are valid for a feed flow rate of 20-60 g/10 min, a CO2 flow rate of 0.3-

0.7 lpm and a torch power of 0.75-2 kW range of operating parameters. 

     Therefore, from the overall analyses, it can be inferred that the application of high-

temperature CO2 plasma gasification for waste-to-energy conversion is a feasible route.  
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CHAPTER 6 

EXPERIMENTAL INVESTIGATION ON CO2-PLASMA GASIFICATION 

OF BAKELITE-BASED ELECTRICAL SWITCH WASTE  

This chapter demonstrates a viability study on the impact of plasma on the thermal 

decomposition of thermosetting plastics. In this context, a thermoset fuel i.e., electrical switch 

waste (ESW) made of bakelite and polyamide, is considered for detailed investigation. ESW 

has a moderate amount of C and H that can be utilized by thermal plasma to produce syngas 

with a better heating value. Thus, it is imperative to analyze the plasma gasification behavior 

of ESW plastics for syngas production. In this study, the effect of feed rate, gasifying agent i.e., 

CO2 flow rate and torch power on the syngas composition are explored. Further, energy, 

exergy and economic (3-E analysis) analyses are conducted to measure the performance of the 

plasma gasifier based on the lower heating value (LHV) of the product gas. The products 

obtained after plasma gasification are characterized to observe the implications of the 

thermochemical conversion on yield. To understand the impact of operating parameters on the 

formation of products, a reaction mechanism is proposed. Lastly, a developed relationship is 

put forward to predict the output variables theoretically. 

 

6.1. Experimental parameters 

     Few preliminary experiments are conducted by batch feeding of the solid in the reactor and 

almost 80% of feed is converted within the first 10 min. Hence, each experiment is carried out 

for 40 min with an equal amount of feed introduced at every 10 min intervals. The feed is 

introduced at a mass flow rate of 20 to 60 g per 10 min interval while the CO2 flow rate is 

maintained in the range of 0.3 to 0.8 liters per minute (lpm) as shown in Table 6.1. On the other 

TH-3268_186107013



EXPERIMENTAL STUDIES (ESW) 

136 | P a g e  
 

hand, to observe the effect of temperature, the plasma torch power is maintained between 0.5 

and 1.6 kW for the given set of experiments. The syngas is continuously collected at regular 

intervals of 2 min and 4 min for the total run period of 10 and 40 min experiments, respectively.  

Table 6.1 

Process parameters of ESW plasma reaction experiments used in this study. 

Case  

number 

ṁ𝐹  

(g/10 min) 

CO2 gas flow 

rate (lpm) 

Torch power 

(kW) 

Temp. (°C) 

at 4 cm 

1 20 0.5 0.75 1147 

2 30 0.5 0.75 1160 

3 40 0.5 0.75 1177 

4 50 0.5 0.75 1141 

5 60 0.5 0.75 1175 

6 40 0.4 0.75 1181 

7 40 0.6 0.75 1166 

8 40 0.7 0.75 1205 

9 40 0.8 0.75 1192 

10 40 0.5 0.5 1000 

11 40 0.5 1.12 1230 

12 40 0.5 1.6 1296 

 

6.2. Results and discussion 

6.2.1. Characteristics and thermal behavior of raw ESW feed  

     The proximate and ultimate analyses of the feedstock are shown in Table 3.1. As the 

moisture (1.54 wt.%) and ash content (4 wt.%) in the feedstock are low, the performance of the 

gasification process remains unaffected by them. Largely, the share of volatile matter and fixed 

carbon (~ 94 wt.%) in the feed is imperative to generate high-quality syngas. In addition, the 

high carbon and hydrogen content in the feed are desirable for the production of high-quality 

syngas. On the other hand, the crosslinking and rigid behavior of thermoset feedstock creates 
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operational difficulties in the conventional gasification process. However, the present study 

showed that under the reactive and hot plasma gas atmosphere, thermoset plastics such as ESW 

can be decomposed efficiently into syngas.    

     XRD analysis (Fig. 6.1) shows the presence of various solid oxides in the ash content of 

ESW feed. Several chemical compounds are detected in the ESW and each of these components 

plays a major role in improving the rheological properties of the material. Barium sulfate 

(BaSO4) is found as the most abundant mineral component in the ESW, followed by barium 

orthotitanate (Ba2TiO4,), a useful electro-ceramic. These oxides are protective agents to 

improve the heat resistance and mechanical properties of the ESW. Titanium is found in the 

form of titanium dioxide (TiO2), which acts as a pigment, imparting brightness to the plastics. 

Almost, all thermoplastic and thermosetting material uses TiO2 to improve electrical properties 

(Chin Trento, 2023). The presence of zinc ferrite (ZnFe2O4) in the ESW has the role to increase  

 

Fig. 6.1. XRD plot of the ash recovered from ESW feed. 
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the opacity and act as corrosion-resistant (Bhui and V, 2021). Further, the magnesium oxide 

(MgO) in the ESW could be a thickening agent for molding phenolic resin. Using FESEM-

EDS analysis, the elemental composition of minerals in ash is identified and verified with XRD 

results, as depicted in Table 6.2. Barium (Ba) constitutes ~ 70 wt.% among the metals in the 

ESW with minor proportions of Ti, Si and Zn. If recovered, these metals can be used for 

multiple applications in the field of making die-castings, alloys, paints, etc.   

Table 6.2 

FESEM-EDS analysis of the ESW ash sample. 

Element Ba Ti Zn Si Na Mg Cl Fe Al O 

wt. (%) 70.42 3.25 3.87 2.9 0.83 0.65 0.37 0.32 0.12 17.05 

 

     Thermogravimetric analysis (TGA) of raw ESW is carried out from 25 to 1000 °C to assess 

the thermal degradation behavior under the CO2 environment. Fig. 6.2 shows the mass (%) 

curve and derivative thermogravimetry (DTG) of ESW. In the moisture removal zone i.e., 100-

150 °C, nearly 1.5-2% mass loss is observed. Compared to other plastics, the pyrolysis zone 

(release of volatile matter) of ESW feed started at a very low temperature of ~230 °C and 

continued till 480 °C, losing around 64% of mass. Due to the high amount of fixed carbon in 

the feed, a large drop in mass (~14.5%) is observed in the gasification region between 800 and 

1000 °C. In the gasification zone, a mass loss of 14.5% occurs between 800 and 1000 °C and 

the remaining 3.5% of fixed carbon are left unreacted due to their complex nature. Hence, the 

plasma environment would be suitable for the effective conversion of bakelite. Thus, the study 

aids in identifying the thermal decomposition behavior and employs the significance in the 

plasma gasification process. 
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Fig. 6.2. TGA curve of the raw ESW feed. 

6.2.2. Syngas composition, yield and LHV 

     Table 6.3 illustrates the syngas composition (H2, CO, CH4, CO2, C2H4, C2H6 and C3H6) 

obtained for all the considered parameters with the variation of solid feed rate, CO2 gas flow 

rate and torch power in the plasma gasification process. CxHy signifies the light hydrocarbons 

(LHCs) comprising of C2H4, C2H6 and C3H6.  

6.2.2.1. Influence of solid fuel (Bakelite) flow rate 

     This section discusses the impact of feed flow rate (Case 1-5) on the syngas composition 

and their corresponding LHV. As shown in Table 6.3, the feed rate is varied between 20-60 

g/10 min, keeping a constant CO2 gas flow rate of 0.5 lpm and torch power of 0.75 kW. It is 

observed that the increase in the solid feed up to 40 g/10 min (Case 3) increases the H2 and CO 

content up to 21.01 vol.% and 38.65 vol.%, respectively, with an LHV of 9.68 MJ/m3. With a 

further increase in the solid feed rate from 50 to 60 g/10 min, the concentration of hydrocarbons 

rises with a decrease in CO and H2 in the syngas. This could be due to the low residence time 
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of solid feed in the plasma, where there is an inefficient cracking of hydrocarbons into CO and 

H2.  The maximum LHV (10.20 MJ/m3) is observed for Case 5 i.e., at a higher feed rate of 60 

g/10 min due to the higher content of CH4 and LHCs in the syngas.  

Table 6.3 

Results of syngas compositions, LHV and product yield based on different parameters. 

Case 

number 

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Syngas composition (vol. %) LHV 

(MJ/m3) 

    H2 CO CH4 CO2 CxHy  

1 20 0.75 0.5 17.89 31.97 3.12 22.50 1.04 7.87 

2 30 0.75 0.5 18.29 35.17 3.43 19.66 1.51 8.78 

3 40 0.75 0.5 21.01 38.65 3.57 15.58 1.65 9.68 

4 50 0.75 0.5 18.44 33.64 5.22 18.24 2.44 9.95 

5 60 0.75 0.5 16.91 30.58 6.09 21.24 3.06 10.20 

6 40 0.75 0.4 18.50 34.53 3.88 19.59 1.73 9.10 

7 40 0.75 0.6 23.64 40.82 3.01 12.40 0.89 9.46 

8 40 0.75 0.7 16.62 30.50 2.75 24.09 0.63 7.11 

9 40 0.75 0.8 14.27 27.10 2.40 28.90 0.45 6.16 

10 40 0.5 0.5 15.62 28.77 2.52 31.43 0.55 6.58 

11 40 1.12 0.5 22.10 40.27 3.11 9.53 1.54 9.74 

12 40 1.6 0.5 24.36 43.61 2.72 7.71 1.14 9.98 

CxHy includes C2H4, C2H6 and C3H6 compounds; LHV = lower heating value. 

     A higher content of CO (30-39 vol.%) for all the cases is observed either due to the 

gasification of fixed carbon (FC) by Boudouard reaction (R9) or by incomplete oxidation (R7) 

of carbon/fuel with free oxygen (O) producing via. CO2 dissociation in the plasma gas. A 

syngas yield in the range of 77-85% (Fig. 6.3) is obtained in all the cases with 15-22% of 

residue (including FC and ash) and a minor proportion of liquid oil (0.2-0.8%). A higher 

amount of residue is obtained, although in plasma conditions and this could be due to the 

complex thermoset structure of bakelite. Thus, the feed rate increase is effective to a certain 
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degree (40 g/10 min), beyond which the CO and H2 in syngas decreases. The LHV (10.20 

MJ/m3) of the syngas obtained in this work is higher by 0.3-4.2 MJ/m3, compared to the CO2-

based plasma gasification of RDF, kitchen waste, etc. reported in the literature (Agon et al., 

2016; Li et al., 2022; Wang et al., 2019). To find the optimum conditions, a more detailed 

assessment in terms of energy performance is required and discussed in Section 6.2.3. 

Moreover, the comparison between the properties of raw feed, liquid oil and residue is 

discussed in Section 6.2.5. 

 

Fig. 6.3. Product yield distribution as a function of feed flow rate. 

6.2.2.2. Influence of feed CO2 flow rate 

     With an increase in the feed flow rate of CO2 from 0.4 to 0.8 lpm and at 40g/10 min flow 

rate of bakelite particles with a torch power of 0.75 kW, the H2 and CO content first increases, 

reaching its highest at 0.6 lpm (Case 7) and then decreases, as illustrated in Table 6.3. At this 

flow rate of bakelite (40g/10 min), the maximum volumetric percentage of H2 and CO in the 
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syngas composition is 23.64 vol.% and 40.82 vol.%, respectively. A deficient (0.4 and 0.5 lpm) 

supply of the gasifying agent results in the decrease of gas yield by ~ 4%, as shown in Fig.6.4. 

While an increase in the flow rate of feed CO2 gas (0.7 and 0.8 lpm) leads to a reduction in 

LHV of syngas from 9 to 6 MJ/kg, which could be due to the dilution of the excess CO2 feed 

gas. As reported in the literature (Wang et al., 2019), the low residence time of feed decreases 

the degree of conversion with surplus feed CO2. Another possible reason for the drop in H2 and 

CO content at a higher CO2 flow rate may be due to the progress of reverse water gas shift 

reaction leading to the production of steam (H2O) and CO from the excess feed CO2 (Agon et 

al., 2016). A similar trend is noticed while validating the model with the experimental values 

in Section 6.2.4. The highest LHV of syngas is achieved at 0.5 lpm of feed CO2 due to the 

higher generation of light hydrocarbons in the syngas, as discussed in Section 6.2.2.1. Hence, 

the effect of the CO2 flow rate becomes imperative when the solid carbon content in the fuel is 

relatively high. 

 

Fig. 6.4. Product yield distribution as a function of CO2 gas flow rate. 
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6.2.2.3. Influence of torch power level 

    The torch power in the plasma gasification process is the most influential factor that impacts 

the feasibility of commercializing the technology. High energy density plasma gas is utilized 

effectively to increase the H2 and CO content in the syngas. Plasma energy ratio (PER) is 

defined as the ratio of the input power of the plasma torch to that of the chemical energy of the 

solid feed (Li et al., 2022). Therefore, excess feed (low plasma power in this case) or excess 

plasma power than required for gasification can reduce the output energy i.e. quality of syngas. 

As summarized in Table 6.3, the torch power is varied between 0.5 to 1.6 kW for the constant 

fuel flow rate of 40g/10 min and CO2 flow rate of 0.5 lpm. When the power is maintained as 

low as 0.5 kW (Case 10), the major part of the feedstock remains unutilized and gets deposited 

in the reactor. At such conditions, the gas yield reduces to 74.85%, which leads to an increase 

in the residue yield to 24.58%, as shown in Fig. 6.5.  

 

Fig. 6.5. Product yield distribution as a function of plasma torch power. 
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     This also results in the decrease of H2 (15.62 vol.%), CO (28.77 vol.%) and LHV (6.58 

MJ/m3) of the syngas because of the insufficient energy to exploit the volatiles and FC in the 

bakelite. With an increase in the torch power to 0.75 kW, 1.12 kW and 1.6 kW, H2 and CO 

concentration in the syngas increases subsequently and the gas yield rises to a maximum of 

84.58%. But beyond 0.75 kW (optimum torch power), there is no significant rise in average 

syngas yield and LHV despite the increase in H2 and CO content. This indicates the excess 

supply of power beyond 0.75 kW, which may lead to a loss of energy. At high torch power (1.6 

kW), the dissociation of nitrogen (escaped in the gas phase) from the bakelite feed might 

interact with H2, forming NH radicals and further to NH3. The dissolution of NH3 from the 

syngas in DCM (obtained liquid oil) is confirmed by the GC-MS analysis (Section 6.2.5.4). 

The produced ammonia, at the first stage, can be adsorbed and recovered using a water wash 

arrangement or reactive absorber of metal halide salts, followed by the separation of nitrogen 

in a cryogenic rectification column (Kale et al., 2020; Linde, 2023).  

6.2.3. 3-E (Energy, Exergy and Economic) analyses 

6.2.3.1. Energy and exergy analysis 

     This section conducts a 2-E analysis (energy and exergy) for the operating parameters 

discussed in Section 6.1. It comprises the energy and exergy balance, including the respective 

efficiencies and losses involved in different components of the process. 

     A literature (Li et al., 2022) already studied the impact of low values of plasma energy ratio 

(0.08-0.53) in the gasification process. In the present study, the effect of higher PER (0.53-1.7) 

on the syngas composition is assessed. With an increase in the solid feed flow rate, the energy 

efficiency increases and reaches a maximum of 41.80% for 40g/10 min (Case 3) and then 

decreases despite their relatively higher LHV, as shown in Fig. 6.6(a). This describes the excess 

energy input to the system in terms of plasma torch power and, hence the drop-in efficiency. If 
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the specific energy of the feed is lower than the power of plasma, the efficiency decreases due 

to the loss of the excess energy. Correspondingly, a similar trend is observed while 

investigating the effect of CO2 gas flow rate in Fig. 6.6(b). A slight improvement in the 

maximum energy efficiency (42.33%) is observed for 0.6 lpm (Case 7). On the other hand, the 

rise in LHV with the increase in torch power does not possibly indicate higher energy efficiency 

as seen in Fig. 6.6(c). Other plasma gasification studies (Li et al., 2022; Wang et al., 2019; 

Zhang et al., 2012) reported a similar profile of syngas quality and CGE trends concerning PER 

and CO2 flow rate. The exergy efficiencies for all the experimental parameters show a negative 

deflection of around 3-6% as compared to CGE. This difference is due to the irreversibilities 

caused by a hot plasma environment. It allows to approach the exergy losses in terms of entropy 

generation, energy usage and environment (Jain et al., 2023). The exergy loss can be abated by 

modifying the operating parameters, selecting higher calorific value fuels, etc. In the case of 

bakelite based feed, optimal PER (minimal torch power and moderate feed rate) is essential to 

control exergy loss.  

     The energy and exergy efficiency of the overall process can be increased by utilizing the 

residual energy in the various streams of the process. By recovering sensible heat of syngas at 

the reactor outlet, the thermal energy of water used for cooling the plasma torch, the chemical 

energy of the oil and the solid residue produced. These residual components consist of nearly 

42-44% of energy/exergy; the rest (~15-20%) could be radiative losses to the environment. The 

losses in cooling water has the maximum share of around 25-30%, followed by the chemical 

energy of residue solid of 6-13% and sensible heat of 5-8% of the syngas. In commercial or 

industrial scale processes of plasma, the residual energies can be recovered and economically 

reutilized in the plant and this can significantly reduce the overall energy costs. The thermal 

energy of hot water from plasma cooling process can be used for domestic purposes and 

combined heat and power generation (CHP) (Agon et al., 2016; Peng et al., 2021).
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Fig. 6.6. Energy and exergy efficiencies as a function of (a) feed flow rate (b) CO2 gas flow rate and (c) torch power. 

(c) 

(a) (b) 
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6.2.3.2. Economic analysis 

     In this section, the levelized cost of syngas (LCOS) based on the total capital cost of the 

plasma gasifier and its operation and maintenance cost are estimated based on the Indian 

scenario. The assumptions considering the rate of interest, utilization and payback period are 

followed as per Section 3.5.1.3 and the operating parameters are given in Table 6.1. The LCOS 

for all the cases (Table 6.4) is found in between 40 and 63 INR/kWh. It is clearly evident that 

the syngas cost is highly dependent on the energy output, therefore, the lowest value of 40.91 

INR/kWh is achieved for 40 g/10 min, CO2 flow of 0.6 lpm and torch power of 0.75 kW (Case 

7). From the energy analysis, the maximum cold gas efficiency (ƞ𝐶𝐺𝐸) is obtained for the above 

stated operating conditions. However, the LCOS values are higher than the reported literature 

(8.5-32.3 INR/kWh) using bio-medical waste (Paulino et al., 2020). Also, it is higher than the 

LCOS estimated using RDF (Table 4.5) and CKPW (Table 5.5). This is due to the lower 

calorific value of bakelite-based feedstock with a decrease in the overall energy output. The 

highest LCOS of 62.44 INR/kWh is observed for a low plasma power of 0.5 kW (Case 10). 

This is ascribed to the lower feed conversion and gas yield (74.85%) and, therefore, low energy 

output. Hence, the optimum conditions need to be maintained to negate the energy-intensive 

consequences of the plasma gasification process.  

6.2.4. Model development and validation 

      A model is developed using Aspen Plus software to predict the composition of the product 

gas of the plasma gasification process. Fig. 4.5 represents the flowsheet of the plasma 

gasification process. The syngas composition (stream G5) estimated from the simulation is 

compared with the results obtained in the experiment, as illustrated in Table 6.5. The simulation 

has shown a higher percentage of H2 (24.80 vol.%) and CO (45.63 vol.%) than the experimental 

results with an error percentage estimated in the range of 3-12%. This is due to the equilibrium  
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Table 6.4 

Results of the syngas production cost for the considered experimental conditions. 

Case 

number 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 (INR) 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 

(INR/kWh) 

𝑀𝐶𝑔𝑝 

(INR/kWh) 

𝐶𝑐𝑎𝑝𝑒𝑥 (INR) 𝐶𝑜𝑝𝑒𝑥 (INR) 𝐶𝑡𝑜𝑡𝑎𝑙 

(INR/kWh) 

LCOS 

(INR/kWh) 

1 109477.5 7.65 0.92 27000 1002.29 1.59 40.94 

2 164216.25 5.60 1.01 27000 1002.29 1.16 41.53 

3 218955 4.36 1.05 27000 1002.29 0.90 41.39 

4 273694.75 4.12 1.24 27000 1002.29 0.85 47.65 

5 328432.5 3.87 1.40 27000 1002.29 0.80 52.71 

6 218955 4.87 1.18 27000 1001.83 1.01 46.22 

7 218955 4.31 1.04 27000 1002.74 0.89 40.91 

8 218955 5.68 1.37 27000 1003.20 1.18 53.93 

9 218955 6.47 1.56 27000 1003.66 1.34 61.37 

10 218955 4.55 1.65 27000 1002.29 1.41 62.44 

11 218955 6.22 1.01 27000 1002.29 0.86 41.60 

12 218955 8.42 0.95 27000 1002.29 0.82 41.94 

𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = Plasma gasification unit cost; 𝑂𝐶𝑣𝑎𝑟,𝑔𝑝 = Variable operating cost of plasma gasifier; 𝑀𝐶𝑔𝑝 = Maintenance cost of plasma gasifier; 

𝐶𝑐𝑎𝑝𝑒𝑥 = Capital cost of gasifying agent; 𝐶𝑜𝑝𝑒𝑥 = Operating cost of gasifying agent and 𝐶𝑡𝑜𝑡𝑎𝑙 = Net cost of gasifying agent
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approach of simulation with the complete conversion of ESW into syngas. As a result, methane 

(CH4) and other hydrocarbons are dissociated into syngas and a low percentage of methane 

(2.67 vol. %) is obtained in the product gas. The other gases such as N2, H2S and NH3 are not 

detected under experimental conditions due to insufficient measuring apparatus. However, the 

analysis of the liquid oil below anticipated such presence. 

Table 6.5 

Model validation of plasma gasification process with the ESW experimental values (Case 7). 

 Simulation Experimental work Error (%) 

Feed rate (g/10 min) 40 40  

CO2 flow rate (lpm) 0.6 0.6  

Torch power (kW) 0.75 0.75  

H2 24.80 23.64 4.90 

CO 45.63 40.82 11.78 

CH4 2.74 3.01 8.97 

H2O 8.19 - - 

CO2 11.96 12.40 3.54 

CxHy - 0.89 - 

N2 6.15 - - 

H2S 0.20 - - 

NH3 0.33 - - 

Syngas temperature (°C) 1203 1166 3.07 

LHV (MJ/m3) 9.47 9.46 0.10 

Energy efficiency (ηCGE, %) 42.34 42.33 0.02 

 

6.2.5. Characterization of raw feed, liquid oil and residue, and their analogy 

     The variation in the syngas composition with time is shown in Fig. 6.7. The introduction of 

feed at different intervals does not cause a significant change in the constituent gases. The 

syngas yield is 82.75% and the rest is obtained as a liquid oil (0.48%) and residual solid 

(16.78%). The obtained products are characterized for in-depth investigation.  
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Fig. 6.7. Change in syngas composition as a function of time. 

6.2.5.1. Physicochemical properties 

    Fig. 6.8 displays the images of the liquid oil and residue collected after the plasma 

gasification. Their respective proximate and ultimate analyses are provided in Table 6.6. The 

high nitrogen content (19.87 wt.%) in ESW feed can be due to the presence of polyamide, 

which may contain melamine as a fire-retardant substance. Under thermal treatment, these 

nitrogen sources convert into N2, NH3, etc., in the gas phase or other condensable gases in the 

liquid oil. The rest of N2 is retained in the residual solid. In the case of liquid oil, the 

hydrocarbons i.e., H and C content comprise ~75 wt.%, followed by oxygen (13.39 wt.%) and 

nitrogen (11.11 wt.%). Oxygen in liquid oil exists in various forms, including aldehydes, 

phenolic compounds, ketones, etc. In the composition of solid residue shown in Table 6.6, the 

fixed carbon and ash content share nearly a 3:1 ratio by mass. The presence of N, H and some 

fractions of C and O in the solid residue is due to the volatile matter, which may be condensed 

on the residue surface (Li et al., 2022). The distribution of these elements mainly depends on 

the process factors (residence time, temperature, etc.) (Czernik and Bridgwater, 2004). 
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Fig. 6.8. Images of (a) oil and (b) residue obtained after plasma gasification. 

Table 6.6 

Proximate and ultimate analysis of raw ESW, oil and residue obtained. 

 Raw ESW Oil Residue 

Proximate analysis [wt.%, as received 

basis] 

   

Moisture 1.54 - - 

Volatile matter 77.46 - 11 

Fixed Carbon 17 - 65.67 

Ash 4 - 23.33 

Ultimate analysis [wt.%, ash free basis]    

C 31.53 68.08 41.73 

H 5.28 7.42 1.15 

N 19.87 11.11 8.1 

S 0.73 - 2.66 

Oa 38.59 13.39 46.36 

LHV based on energy [MJ/kg] 14.05 31.47 15.51 

a by difference. 

  

(a) (b) 
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    Despite the higher content of non-combustible fractions in the fuel, the liquid oil has a higher 

calorific value of 31.47 MJ/kg, while the residue has 15.51 MJ/kg. The obtained solid residue 

can be effectively utilized after removing the ash by float-sink separation, froth floatation and 

oil agglomeration methods. The remaining char residue can be used as a catalyst for tar 

reforming, adsorbents, etc. (Hwang et al., 2008; Ravenni et al., 2020). 

6.2.5.2. FTIR analysis 

    The functional groups in the ESW feed are compared with the products obtained in the liquid 

oil and residue for different cases in Fig. 6.9. The presence of bakelite and polyamides in the 

ESW feed is reported in the literature (Dhunna et al., 2014; Jung et al., 2018). Phenol identified 

at 3337 cm-1 in the bakelite feed completely gets into the oil product as there is no OH group 

found in the solid residue. Because of low water absorption features, phenolics offer 

good electrical insulating properties (Rodríguez-Reinoso, 2001). The C-H stretch in the range 

of 2750-3000 cm-1 indicates the presence of alkane or weak aldehydes. Under low torch power 

(Case 10), the concentration of alkanes in oil decreases and that of phenols in residue increases. 

It is attributed to the insufficient supply of energy required to break the stable methylene 

bridges in the phenolics (Bouajila et al., 2003). The peaks intensified between 1261-1455 cm-

1 in the liquid oil are due to the thermal cracking of CH2 from polyamides phenol or 

formaldehyde. The strong bands at 1640-1740 cm-1 in the oil are associated with the presence 

of C=O stretch from carbonyl compounds (carboxylic acids, ketones, esters and aldehydes). In 

this range, the lower wavenumber from 1640 to 1700 cm-1 showed the presence of unsaturated 

ketones and amide groups. The residue contains mostly C=O and C-N stretch in the range of 

1416-1577 cm-1 and the C-O stretch and O-H bend at 610-1081 cm-1 are due to polyamides and 

bakelite, respectively. The single bond amine group in the feed converts into a double bond 

(C=N stretch) nitrile group in the stretch of 2250 cm-1 and at low torch power, the intensity of 

this group increases due to strong bond energy (615 kJ/mol) between the sigma and pi bond 
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(Y. Du et al., 2023). Moreover, the higher N-H bend (1269 cm-1) in the melamine compound 

is not distinguished clearly in the residue but in oil. Thus, the formation of primary and 

secondary amine or amide group compounds involving N-H bend escaped with the syngas 

before condensing in the oil. This result is validated by the study on the influence of torch 

power on syngas yield in Section 6.2.2.3 and the GC-MS analysis below.     

 

Fig. 6.9. FTIR plot of raw feed, oil (O) and residue (R) obtained for different cases. 

6.2.5.3. FESEM analysis 

     Fig. 6.10 shows the FESEM images of the ESW before and after CO2 plasma gasification. 

The thermosetting behavior of phenolic resin (bakelite), such as high thermal stability, low 

mechanical strength and durability, is evident from the topographical structure and cracks 

captured in FESEM images (Li et al., 2010). In conventional gasification conditions, the 

presence of polyamides reduces the number of internal openings (voids) and as a consequence, 
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these thermosetting plastics undergo inefficient cracking and gasification (Wang et al., 2015). 

However, under a plasma environment, non-uniform and in-depth pores are created, as shown 

in Fig. 6.10(b). Even after the plasma heat treatment, the structure has prominent smooth 

surfaces that indicate the transformation into an intermediate deformed stage. This can be 

attributed to three possible reasons: (i) the intricate process of polymerization, (ii) a decrease 

in void formation leading to low pore diffusion of CO2 gas due to the presence of nitrogen-

based substance and (iii) large particles allow the gasification to occur on the surface due to 

the condensation and absorption of volatiles (Li et al., 2022). 

    

Fig. 6.10. FESEM image of (a) ESW feed and (b) after CO2 plasma gasification. 

6.2.5.4. Viscosity, pH and GC-MS analysis of oil 

     The oil obtained in the process is characterized to understand its suitability for various 

applications. The viscosity, density, pH and LHV (for Case 7) of the oil are found to be 6.43 

cP (centipoise), 975 kg/m3, 8.01 and 31.47 MJ/kg (Table 6.6), respectively. In comparison to 

diesel fuel, the viscosity, pH and density of the obtained oil are on the higher side, whereas the 

calorific value is lower. This could be due to the higher nitrogen and oxygen content of the oil. 

Hence, further upgradation of the oil properties is essential to avoid carbon deposition and soot 

formation in their application to vehicles (Ahmad et al., 2020). Moreover, the obtained oil 

(a) (b) 
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could be better used as a waste-derived oil in boilers, gas turbines, diesel engines for CHP, 

Stirling engines and for producing chemicals (Czernik and Bridgwater, 2004). 

    Table 6.7 illustrates the major compounds in the obtained oil determined through GC-MS 

analysis. For Case 7, the highest percentage is shared by a phenethylamine alkaloid compound 

named ephedrine, which is also commonly used as a drug to treat hypertension. It is followed 

by heteroaromatic and polyunsaturated compounds, typically benzene derivatives and 

carboxylic acids. While porphyrin i.e., aromatic macrocyclic structure, has pyrrole subunits 

coupled with methylene bridges and, hybridized iso-alkanes are found for Cases 2 and 10. The 

cyclization of polyolefins and nitrogen results in the formation of pyrrolidines. 

Cyclooctatetraene (an unsaturated derivative of cyclooctane) and alpha-methyl styrene present 

in the oil belong to the benzene group of compounds, while heptadiene-3-yne is a long-chain 

alkyne. Although these complexes (C6-C9) are weakly desirable but are preferred compared to 

the polycyclic aromatic hydrocarbons (PAHs) class of organic compounds.   

     Morpholine, an organic saturated heterocyclic compound, has both amine and ether groups, 

possessing high volatility and anti-corrosion properties. This compound would decompose 

slowly at high temperatures in the absence of oxygen. Thus, the experiments conducted at a 

low torch power of 0.5 kW (Case 10) produced a higher percentage of morpholine. The other 

most abundant compounds in the oil are the alkenes, with the rest as the small fractions of 

alkanes, aldehydes and ketones. These result from higher nitrogen and oxygen content in 

ephedrine and carbonyl compounds (carboxylic acids and ketones) (Ahmad et al., 2020). On 

the other hand, pyridines are synthesized from nitrile, ammonia and aldehyde. A small amount 

of organic acids (oleic and erucic acid) is also found in the oil. Due to the lower content of 

saturated hydrocarbons in the fuel and further due to plasma reactive atmosphere, PAHs like 

anthracene and naphthalene are not obtained in the liquid oil.  
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Table 6.7 

GC-MS analysis of oil obtained for different cases of ESW experiments. 

Case 2 Case 7 Case 10 

Retention 

time 

Compounds Area 

(%) 

Retention 

time 

Compounds Area 

(%) 

Retention 

time 

Compounds Area 

(%) 

7.39 3,3-Dimethylheptadecane 22.65 7.02 3-Methyl-2-(2-oxopropyl) furan 3.5 7.39 3,3-Dimethylheptadecane 21.8 

7.7 Pyrrolidine,1-methyl-3,2`-

spiro-benzo-1,3-dioxolane 

6.64 7.81 Ephedrine 7.96 7.7 Pyrrolidine,1-methyl-3,2`-

spiro-benzo-1,3-dioxolane 

5.88 

7.73 6-Hepten-3-one,5-

hydroxy-4-methyl- 

15.47 8.2 1,6-Heptadien-3-yne 2.93 7.73 6-Hepten-3-one,5-hydroxy-

4-methyl- 

15.8 

8.02 Hexane,2,2,5,5-tetramethyl 5.33 10.61 1,3,5,7-Cyclooctatetraene 5.72 8.02 Hexane,2,2,5,5-tetramethyl 10.5 

8.08 Morpholine 4.99 12.24 Alpha-methyl styrene 2.66 8.08 Morpholine 14.4 

8.11 3-Pentanone, O-methyl 

oxime 

8.74 12.61 Bicyclo [2.2.1]-2,5-heptadiene-

2,3-dicarboxylic acid 

3.6 8.18 But-2-en-1-yl 2-

methylbutanoate 

4.21 

8.18 But-2-en-1-yl 2-

methylbutanoate 

2.88 14.35 Benzyl alcohol 1.42 8.84 1H-1,2,4-triazole-3-

carboxaldehyde,5-methyl- 

24.7 

8.84 1H-1,2,4-triazole-3-

carboxaldehyde,5-methyl-  

25.87 16.17 1,2,3,4-

Tetramethylcyclohexane 

1.44 9.65 Pyridine-d5- 1.6 

9.65 Pyridine-d5- 1.78 16.65 1H-Indene,1-methylene or 

Azulene 

0.9    
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   17.41 Bicyclo [3.1.0] hex-3-En-2-

One,5-(1-methylethyl)- 

0.98    

   18.24 4-Undecene, 6-methyl- 0.38    

   19.07 2-Allylphenol 1.05    

   20.59 Biphenyl 0.54    

   23.29 1-(4-Methylphenyl)-6-nitro-

1,2,3-benzotriazole 

0.69    

   25.58 Benzene,1,1`-(1,3-propanediyl) 

bis- 

0.76    

   26.68 Cyclopropylphenylmethane 1.42    

   26.93 5,7-Dodecadyne-1,12-diol 0.91    

   28.12 9H-Fluorene,9-methylene 1.2    

   29.10 Z, Z-6,28-Heptatriaactontadien-

2-one 

1.35    

   30.83 Oleic acid 1.15    

   31.96 Erucic acid 1.87    

 Total 94.35  Total 42.43  Total 98.9 
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6.2.6. Reaction mechanism 

     The plasma gasification of ESW is a complex process because of the following reasons: (i) 

the mixture of polymers, (ii) the thermosetting behavior of bakelite and (iii) the dissociation of 

CO2 under plasma medium to generate different reactive species and their interactions. 

However, based on the various analyses conducted in this study, a reaction mechanism of the 

plasma gasification of ESW feed is proposed and summarized in Fig. 6.11. In the first step, the 

thermal degradation of the fuel occurs and releases the volatiles. As the ESW polymer is a 

complex and crosslinked structure, the gradual rise in the temperature is not sufficient to break 

the arrangement bonded with methylene groups formed from the splitting of dimethylene-ether 

bridges (Bouajila et al., 2003). Hence, the decomposition of phenolic substances requires 

instantaneous heating and a reactive atmosphere such as plasma for efficient release of volatile 

species. At higher temperatures, the mixture of bakelite and polyamide degrades into phenol, 

formaldehyde, CO2, etc. and forms oligomers (Holland and Hay, 2000; Puglia et al., 2001). In 

the intermediate stages, the liquid oil exhibited several aromatic and aliphatic compounds, 

signifying the aromatization of the cyclic oligomers. These compounds are produced from 

methoxy groups through the rupture of ether bonds. The formation of diphenyl and ketones via 

condensation reaction liberates simpler compounds of H2, CO, CH4 and LHCs (Cao et al., 

2020). The cracking of bonds generates molecules with new chain ends. These are identified 

in the GC-MS analysis of the liquid products (Table 6.7) mostly in the form of benzene 

derivatives, carbonyls and a small amount of organic acids. The higher yield of syngas clearly 

shows the conversion of PAHs into LHCs, such as C1-C3 olefins. On the other side, the effect 

of electrons and radical species (O) during CO2 dissociation on the cyclic aromatic components 

promotes more gaseous products comprising H2, CO and straight-chain hydrocarbons (LHCs) 

(Saleem et al., 2019; Zhang and Harvey, 2021). The carbonization (formation of residual solid) 

process progresses through four different stages of depolymerization, merging, flattening
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Fig. 6.11. Reaction mechanism of ESW in a plasma gasification process under CO2 atmosphere.
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 and charring reactions  (Y. Du et al., 2023). The high residual yield is mainly ascribed to the 

phenyl-associated compounds with barium, silicon, etc., formed during the charring reaction. 

This can hinder the thermal decomposition of ESW by blocking the release of phenolic 

hydroxyl groups. Further, the inorganic compounds after gasification may deposit on the 

residue surface and make it less porous (Wang et al., 2015). Thus, even after these drawbacks 

in the gasification of ESW, the application of the high-temperature plasma can enhance the 

overall syngas production with lower oil yield. 

6.2.7. Quantitative relationship between experimental parameters and obtained results  

     Table 6.8 presents the constants obtained as per the developed correlation based on the 

independent variables such as feed mass flow rate (g/min), CO2 flow rate (lpm) and torch power 

(kW). These values are assigned to the individual dependent variables, as discussed in Section 

3.5.2. SPSS software is used to fit the polynomial model with an R2 of ~ 0.92. To understand 

the reliability of the values, the parity plot in Fig. 6.12 is shown for comparing the experimental 

and correlated results. The syngas compositions obtained from the experiments are fitted 

alongside the measured values to determine the constants, considering the individual operating 

conditions. In the view of providing a rapid estimation of the performance of the plasma 

gasifier, the correlations are developed. 

6.2.7.1. Experimental validation 

     In addition to the reported experiments in Table 6.1, an additional three experiments are 

carried out for validation of the proposed correlation. The experimental results obtained for 

such operating conditions are shown in Table 6.9, comprising the syngas compositions, LHV 

and CGE. Accordingly, the values are incorporated into the quantitative relationship obtained 

in Eq. (20) to match the measured values. Table 6.10 presents the desired values from the 

correlation combined with the error percentage (%). For the given set of parameters, the 
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operating parameters values such as 40g/10 min, 0.5 lpm and 0.75 kW are employed most 

number of times. Thus, the developed relationship is strongly dependent on the three 

independent variables. A maximum error of 14.21% suggests that the established relationship 

is favorable for estimating the plasma gasification results utilizing ESW. It is to note that the 

proposed relationship is valid only for the given set of parameters in Table 6.1. 

Table 6.8 

Empirical constants required to predict the correlated values. 

 H2 CO CH4 CO2 CxHy LHV ηCGE 

𝛽0 -82481.00 235460.87 5067.08 110590.78 142500.02 -6704.93 -243884.16 

𝛽1 -6756.14 567.00 4209.61 -7809.04 -428.21 5092.32 8440.12 

𝛽2 275508.6 -75715.57 -135740.72 98193.71 -201842.31 -171867.3 42550.37 

𝛽3 457202.24 -873528.56 -153417.08 35216.59 -232978.10 -122741.4 236620.59 

𝛽4 -0.008 -0.014 0.003 0.012 0.002 0 -0.011 

𝛽5 -9.19 -18.44 -3.195 36.51 -3.028 -6.725 -22.261 

𝛽6 -113.25 -161.76 1.483 188.74 1.228 -30.51 -154.80 

𝛽7 4869.92 -6711.06 -2388.11 4271.88 867.09 2269.37 4186.9 

𝛽8 6208.57 8934.79 -4837.4 9208.19 -444.38 -6780.44 -10597.77 

𝛽9 -940558.21 688417.22 462543.49 -538329.64 334330.84 525317.4 249937.49 

 

Table 6.9 

Results of syngas compositions with LHV and CGE for validated experiments.  

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Validated syngas composition (vol. %) LHV 

(MJ/m3) 

ηCGE 

(%) 

   H2 CO CH4 CO2 CxHy   

40 0.75 0.55 22.24 38.47 3.18 14.56 1.45 9.49 42.09 

45 0.75 0.5 19.41 35.22 4.09 17.11 2.12 9.64 40.53 

40 1 0.5 21.30 38.98 3.18 9.78 1.71 9.65 37.69 
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Fig. 6.12. Parity plot between actual and measured values for syngas compositions. 
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Table 6.10 

Comparison of syngas compositions, LHV and CGE between the validated experiments and correlated results. 

ṁ𝐹  

(g/10 min) 

Power 

(kW) 

Gas flow 

(lpm) 

Correlated syngas composition  

(vol. %) 

LHV 

(MJ/m3) 

ηCGE 

(%) 

Error (%) between the validated and correlated results 

   H2 CO CH4 CO2 CxHy  

9.36 

 

39.14 

H2 CO CH4 CO2 CxHy LHV ηCGE  

40 0.75 0.55 19.89 37.61 3.09 14.56 1.42 -10.57 -2.25 -2.92 11.47 -2.27 -1.33 -7.02 

45 0.75 0.5 19.05 36.87 3.69 17.11 2.02 9.89 39.74 -1.87 4.67 -9.66 -4.10 -4.48 2.56 -1.94 

40 1 0.5 22.02 41.89 3.54 9.78 1.95 10.69 40.15 3.38 7.47 11.34 -13.85 14.21 10.75 6.53 
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6.3. Conclusions 

     From the investigation of plasma gasification utilizing ESW, a complex e-waste, under the 

CO2 atmosphere, the following conclusions can be drawn: 

• The plasma gasification of ESW showed a maximum gas yield of nearly 85% and a 

lower oil yield (0.21- 0.75%) with a significant solid yield of 14.75-24.58%. 

• The feed rate of 40 g/10 min, CO2 flow rate of 0.5 lpm and power level of 1.6 kW 

i.e., Case 12 had the best performance in terms of higher H2 (24.36 vol.%) and CO 

(43.61 vol.%) content. A medium LHV of 6.16-10.20 MJ/m3 is found for all cases.  

• Case 7 (feed rate of 40g/10 min, CO2 flow rate of 0.6 lpm and torch power of 0.75 

kW) experiment has shown the highest energy (42.33 %) and exergy (35.99 %) 

efficiency and therefore, considered as the optimum operating conditions. Similarly, 

the LCOS value of 40.79 INR/kWh is the lowest for Case 7.  

• The oil product obtained has a higher LHV (31.47 MJ/kg), but its properties, such as 

viscosity (6.43 cP), density (975 kg/m3) and pH (8.01) need to be improved for its 

applications as fuel for combustion or transportation. In the residue, Ba (70 wt.%), 

the most abundant element and low proportions of Ti, Zn, etc., can be recovered for 

applications in die-casting, alloys and paints. 

• The established correlation presented a concurrence among the actual and measured 

values with a maximum error of 14.21%. 

     Thus, the experimental study on high-temperature CO2 plasma gasification and the 

corresponding 3-E analyses inferred that treating electrical switch waste can be a feasible and 

economical route for waste-to-energy conversion.  
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CHAPTER 7 

SIMULATION STUDIES ON PLASMA GASIFICATION 

INTEGRATED MOLTEN CARBONATE FUEL CELL AND  

CHEMICAL LOOPING REFORMING  

This chapter evaluates the feasibility of the plasma gasification process for commercial 

applications. Thus, the integration of plasma gasification with energy-generating systems for 

hydrogen and electricity co-production is assessed. The chapter is divided into two sections: 

Plasma gasification combined with molten carbonate fuel cell (MCFC) (Chapter7 A) and (7B) 

chemical looping reforming (CLR) (Chapter 7B). Chapter 7A studied the utilization of RDF 

feedstock for generation syngas, followed by the separation of hydrogen in the pressure swing 

adsorption (PSA) unit and power generation in the MCFC and steam turbine unit. Chapter 7B 

assessed the impact of CKPW and ESW feedstock on syngas composition and the syngas 

utilization in the CLR unit with the use of oxygen carriers (Fe2O3 in this case) in the CLR unit. 

Hydrogen is produced in one of the reactors of the CLR unit, while the electricity is derived 

from the CLR process with the use of turbines. The plants are simulated using Aspen plus v10 

software. Both the studies focused on the 4-E (energy, exergy, economic and environmental) 

analyses that aim to offer possible ways of integrating plasma gasification with clean and 

energy-efficient techniques. The key performance indicators such as thermodynamic 

efficiencies, levelized cost of electricity (COE) and hydrogen (LCOH) and reduction in 

environmental footprint with CO2 capture and utilization are evaluated.  

 

 

 

TH-3268_186107013



SIMULATION STUDIES 

166 | P a g e  
 

CHAPTER 7A 

Energy, exergy, economic and environmental (4-E) analyses of plasma 

gasification steam cycle integrated molten carbonate fuel cell for hydrogen and 

power co-generation based on refused derived fuel 

 

 

 

In this chapter, the system description and simulation results based on the 4-E analyses of 

plasma gasification integrated with molten carbonate fuel cell (MCFC) are discussed. The 

system co-generates hydrogen and electric power and, subsequently, minimizes the 

environmental footprint with CO2 recycle looping. The feedstock considered for the study is 

refused-derived fuel (RDF), which is the combustible fraction of municipal solid waste. The 

RDF is prepared according to the composition of the Indian scenario as illustrated in Section 

3.1. 
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7.1. System description 

7.1.1. Plasma integrated molten carbonate fuel cell (MCFC) 

The performance of plasma-based power plants is evaluated for various systems. A basis of 

100 MW of chemical energy of the fuel is chosen as a reference for simulation. The fuel 

considered here is Refused Derived Fuel (RDF), as shown in Fig. 3.1 and the characteristics 

are outlined in Table 3.1. 

     The Aspen Plus simulation focuses on the sensitivity analysis for efficient operation of the 

co-generation (hydrogen and power) system with RDF feed for the following four (4) cases:  

Case 1: Plasma integrated steam turbine cycle (IPGST) 

Case 2: Plasma integrated steam turbine (IPGST) with MCFC system  

Case 3: IPGST with MCFC system under different syngas ratio to fuel cell 

Case 4: Plasma integrated steam turbine (IPGST) with MCFC using CH4 as secondary fuel  

The assumptions made for simulating the MCFC model stack are: 

(i) Steady-state conditions 

(ii) Temperature is uniform throughout the cell plane and negligible pressure drop  

(iii) Stacks are made of the same material and behave identically 

(iv) No thermal exchange between the cells 

7.1.1.1. Aspen plus model of the overall power plant 

      All blocks, such as gasifiers, heat exchangers, turbines, compressors, etc are considered for 

modeling the power plant in Aspen Plus using appropriate thermodynamic methods and 

operating parameters from various literature. The property method used for the combined cycle 

is Peng-Robinson (PENG-ROB) based on the equation of state and carbon capture using MEA 
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absorber/stripper is Electrolyte Non-Random Two Liquid (ENRTL) that correlates activity 

coefficient with its mole fraction. To simulate the fragmented phase of the organic portion of 

feed, an RYIELD reactor (DECOMP) is positioned before HTR, as shown in Fig. 7.1. Here, 

the feed is decomposed into individual elements as specified in the yield distribution of 

proximate and ultimate analysis. The plasma gasifier is divided into two reaction zones: an 

HTR (High-Temperature Reactor) at 2500 °C and an LTR (Low-Temperature Reactor) at 1250 

°C. An RGIBBS reactor is used for both, where the approach for conversion is based on 

chemical equilibrium by direct minimization of Gibbs free energy change. The organic fraction 

of the input feed is processed into synthesis gas in these reactors and the inorganic part is 

converted to slag. The Aspen plus flowsheet for the IPGST integrated with MCFC (Case 3) is 

shown in Fig. 7.1 and Fig. 7.2.  

     The fuel is fed into the plasma gasifier, working under atmospheric pressure with steam as 

plasma gas and oxygen as a secondary gasifying agent. Oxygen at a purity of 99% is obtained 

from an air separation plant (ASU) as per the process reported by Aneke and Wang, 2015, and 

a certain fraction of steam is recycled from the steam turbine (ST) section for plasma 

generation. The syngas mainly consist of H2 and CO and small fractions of CO2, CH4, and H2O 

produced in the gasifier at 1250 °C. This stream enters a heat recovery steam generator 

(HRSG), where it is cooled to its operating temperature of 250 °C (Minutillo et al., 2009). In 

the HRSG, the thermal energy of the syngas is converted in the form of steam at subcritical 

conditions. The syngas, after the removal of pollutants (H2S, COS, etc.) in the acid gas removal 

(AGR) unit, gets split into two streams in which one of the streams goes to the fuel cell and the 

rest to the recovery of H2. The remainder syngas following H2 separation is combusted with air 

at 1 bar to provide heat for steam production. After power generation, the residual heat in the 

flue gas streams obtained from the outlet of the fuel cell and the combustor is extracted to 

generate high-pressure steam to drive the ST. The hydrogen in the syngas is separated using  
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Fig. 7.1. Aspen flow sheet representation of the IPGST system under different syngas ratios to PSA and MCFC. 
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Fig. 7.2. Aspen flow sheet representation of the MCFC system under different syngas ratios to PSA and MCFC. 
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the pressure swing adsorption (PSA) method. The electricity is generated using the combined 

power system of ST and MCFC (Duan et al., 2015; Kalinci et al., 2011). 

7.1.1.2. Plasma integrated steam turbine cycle (IPGST) 

     A steam turbine cycle is employed for the generation of electricity and the conceptual flow 

sheeting is shown in Fig. 7.3. Before the syngas is being fed into the combustion chamber (CC), 

95 vol.% of H2 is recovered in PSA with high purity. The operating conditions of the PSA unit 

is fixed at 60 bar and 35 °C using 4 stages of compressors with interconnected cooling step. 

The H2 stream generated can be directly stored for commercial applications (Cormos et al., 

2020; Puig-Gamero et al., 2018). The syngas is completely burnt in the CC using atmospheric 

air at 1 bar, and a temperature of 1550 °C is maintained considering the limitation of the 

constructing materials (Emun et al., 2010). Thereafter, the flue gas from the CC is used to 

generate high-pressure steam at sub-critical conditions for driving the steam turbine. The final 

flue gas stream is then passed through a monoethanolamine (MEA) absorption unit, where 91% 

of CO2 is captured, compressed and stored (Zang et al., 2018). 

7.1.1.3. IPGST integrated MCFC 

     In this system, the cooled clean syngas after the HRSG is sent to the anode section of the 

MCFC as the inlet stream. Fig. 7.4 shows the conceptual flow sheeting of the plasma gasifier 

integrated steam turbine cycle. A reformer is employed before the anode to convert CO in the 

syngas into H2 via. water-gas shift reaction (R12) as given in Table 2.2. A portion of the anode 

outlet gas at 650 °C is recycled to the inlet of the reformer based on the steam-to-carbon ratio 

of 3 to maintain thermal equilibrium without carbon deposition. The remaining outlet anode 

gas is sent to an afterburner to burn off the gases using pure oxygen and, the product gas is 

obtained with only CO2 and H2O. The following electrochemical reactions (R1, R2 and R13) 

take place in the cell, as mentioned in Table 2.2. At the cathode side, the CO2 and O2 react to  

TH-3268_186107013



SIMULATION STUDIES 

172 | P a g e  
 

 

Fig. 7.3. Schematic diagram of the integrated plasma gasification steam cycle (IPGST) system. 
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Fig. 7.4. Schematic diagram of the IPGST integrated MCFC system without PSA unit.
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form carbonate ions (CO3
2-), which are then transferred through the electrolyte to the anode of 

the fuel cell. A portion of CO2 stream from the afterburner is sent to the cathode side to generate 

carbonate ions (CO3
2-) and the remaining CO2 is sent to a condenser to flash out H2O and the 

obtained dry CO2 is compressed to a final pressure of 110 bar using 5 stages of compressors 

unit for storage (Vairakannu and Kumari, 2016). The residual heat from the MCFC unit is used 

to generate steam and, the combination of low, medium and high-pressure steam turbines 

(LPST, MPST and HPST) are used to generate electricity. 

7.1.1.4. IPGST integrated MCFC under different syngas ratio to fuel cell 

     The obtained syngas from the plasma gasifier (shown in Fig. 7.5) is split into two streams 

and sent to PSA and MCFC at various ratios 25:75, 50:50 and 75:25 (PSA: MCFC). This is to 

determine the optimum ratio for an efficient process. The process followed for the PSA section 

is similar to Section 7.1.1.2 and that of MCFC as per Section 7.1.1.3. The flue gas from the CC 

containing CO2 enters the cathode of MCFC, which generally acts as a separator for CO2. 

Finally, the CO2 is separated from the gas stream by the condensation of steam. 

7.1.1.5. IPGST integrated MCFC using secondary CH4 fuel 

     In this method, a secondary fuel such as methane is employed to increase the efficiency of 

the power system (Campanari et al., 2014; Duan et al., 2015). The schematic flowchart of the 

system is shown in Fig. 7.6. The methane fuel is used to produce hydrogen (H2) and carbon 

monoxide in the reformer. Moreover, the CO energy also gets converted into H2 through 

reaction R12. The product gas formed in the anode side is recycled to the inlet of the fuel cell 

system to avoid the deposition of carbon due to the thermal decomposition of CH4 (Campanari 

et al., 2014). The operational mechanism of plasma gasification unit (PGU), PSA and MCFC 

are similar to the proposed in Section 7.1.1.2 to Section 7.1.1.4. 
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Fig. 7.5. Schematic diagram of the IPGST system combined with MCFC at various syngas ratio to PSA and MCFC. 
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Fig. 7.6. Schematic diagram of the IPGST system integrated with MCFC system using secondary CH4 fuel. 
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7.1.2. Model validation  

     The considered model of the plasma gasification unit is validated with the experimental and 

simulated results obtained by other literature. Table 7.1 presents the design data of the plasma 

gasifier compared with (Minutillo et al., 2009) and (Agon et al., 2016). It suggests that the 

results are quite adjacent to the reference values and therefore, based on the accuracy and 

reliability of the model, this can be used further in the study.     

Table 7.1 

Model validation of RDF plasma gasification with literature simulation results (Minutillo et 

al., 2009) and experimental (Agon et al., 2016) values. 

 Simulation 

(Minutillo et 

al., 2009) 

This 

work 

Error 

(%) 

Experimental 

(Agon et al., 

2016)  

This 

work 

Error 

(%) 

Composition of syngas (vol.%) 

H2 28.65 28.71 0.21 ~ 44.4 42.98 3.2 

CO 37.37 37.42 0.13 ~ 36.4 43.81 20.35 

CH4 0 0 0 ~ 2.5 0.07 97.2 

H2O 14.91 14.80 0.74 - 0.09 - 

CO2 1.41 1.38 2.13 ~ 6.2 1.7 72.58 

N2 17.12 17.13 0.06 - 0.07 - 

HCl 0.31 0.32 3.23 - 0.6 - 

Ar - - - ~10 10.5 5 

H2S 0.22 0.23 4.55 - 0.1 - 

COS 0.01 0.01 0 - 0.08 - 

Total 100 100 - 99.5 100 - 

Syngas temperature (°C) 1250 1250 - 1217 1250 - 

LHV (MJ/kg) 9.2 9.21 0.05 10.4a 10.2a 1.92 

Plasma gasification 

efficiency (ηPG, %) 

69.1 69.07 0.04 53 51.98 1.92 

a MJ/m3. 
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7.2. Results and discussion 

    The parametric evaluation is segregated into two portions: (1) co-generation (hydrogen and 

power) from plasma gasification integrated steam turbine cycle and (2) the effect of integration 

of MCFC on the overall process. The simulation is conducted for the cases stated in Section 

7.1.1 and an assessment is done based on energy, exergy, economic and environmental factors.  

7.2.1. Syngas from the plasma gasification process 

     The inlet flow rates of the gasifying agent, oxidizing medium, plasma gas and fuel are given 

in Table 7.2. These flow rates are found to be optimal based on the higher H2 and CO content 

in syngas after sensitivity analysis. The flow rate of steam and secondary oxygen is kept at 1.50 

kg/s and 0.05 kg/s, respectively, due to the presence of moderate amount of elemental carbon 

in the feed as per reaction R6 and R7. Steam as the feed gas consumes higher power for plasma 

generation (16.34 MW) than other gases, which is calculated by the heat stream output (Q3) of 

the heater H2 in Fig. 7.1 of the Aspen flowsheet. This energy penalty is compensated through 

the production of the syngas with a higher heating value and lower concentration of toxic by-

products (Kim et al., 2003). The molar syngas composition obtained is 59.57% H2, 37.55% 

CO, 2.11% CO2 and 0.59% CH4, which are close to the experimental values reported by Agon 

et al. (Agon et al., 2016). It can be seen that using steam as the gasification agent, the 

concentration ratio of H2/CO ratio is found high, possibly due to the water-gas shift reaction 

(R12). This also shows that the Boudouard reaction (R9) is insignificant in producing CO.   

7.2.2. Effect of temperature, fuel and CO2 utilization factor in MCFC 

     The following observations are found to be identical for all the stated cases in Section 7.1.1 

while analyzing the influences of the operating parameters (temperature and fuel and CO2 

utilization factor) involving MCFC. Fig. 7.7 represents the parameter's effect on the current 

density and cell voltage. When the CO2 utilization factor is increased from 70% to 95%, the 
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anode fuel and O2 input into the fuel cell increase due to the progress of the electrochemical 

reaction. This resulted in a drop in the cell voltage with an increase in current density, as shown 

in Fig. 7.7 (a). The increase in the current density is found higher than the decrease in the cell 

voltage due to the rise in the MCFC power output. Further, with an increase in the CO2 

utilization factor, the requirement of O2 in the afterburner for combustion also rises and thus, 

the power consumption in both ASU and CO2 compression units also increases.  

Table 7.2 

Thermodynamic performance of the major cases considered. 

Process configuration IPGST-MCFC IPGST IPGST-MCFC 

Syngas ratio [PSA: MCFC] [0:100] [100:0] [Syngas:CH4] 

Flow rate [kg/s]    

Feed rate  4.51 4.51 4.51 

Methane fuel rate  - - 0.48 

Steam plasma flow rate  1.50 1.50 1.50 

Oxygen flow rate to gasifier 0.05 0.05 0.05 

Oxygen flow rate to MCFC 1.91 - 0.56 

Power section [MW]    

ASU power consumption  2.56 0.14 1.12 

Syngas compression power  - 6.76 6.76 

Plasma power consumption  16.34 16.34 16.34 

Auxiliaries power consumption  0.55 0.41 0.44 

Hydrogen output  - 56.20 56.20 

Steam turbine output power  35.86 21.20 22.67 

Natural gas input power  - - 24.00 

MCFC power output 35.79 - 14.28 

CO2 power consumption  0.92 5.43 1.38 

Gross power output 71.65 21.20 36.95 

Net power output  51.28 -7.88 10.91 

Overall energy efficiency [%] 51.28 48.32 54.12 

Exergy efficiency [%] 48.72 45.91 52.02 
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Fig. 7.7. Effect of (a) CO2 utilization on current density and cell voltage, (b) fuel utilization and (c) temperature on cell voltage.
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     The waste heat recovered from the high-temperature afterburner exhaust gas is utilized in 

the steam turbine. The fuel utilization factor (FU) is another essential parameter that strongly 

influences the system's operation. As the FU increased from 70% to 95%, the anode input fuel 

decreases according to Eq. (31) in Section 3.6.1.1, and thereby the cell voltage decreases, as 

shown in Fig. 7.7 (b) due to the increase in anode polarization and excessive concentration 

losses. This leads to a decrease in MCFC power output as the current density is kept constant. 

With the increase in the operating temperature of MCFC, the cell voltage increases, as shown 

in Fig. 7.7 (c), due to the decrease in the internal cell resistance. It further increased the after-

burner exhaust gas temperature, MCFC and steam turbine power output, and overall efficiency. 

However, for a longer life shelf, it is recommended to maintain the temperature around 650°C 

to avoid acceleration of material corrosion and volatilization of the electrolyte (Hirschenhofer 

et al., 1998). To obtain high net efficiencies, the optimum values of CO2 utilization factor 

(80%), current density (1500 A/m2), cell voltage (0.67) and FU (75%) in Table 3.3 are 

determined by considering a correlation between them. It is also reported in a similar manner 

in other literature and suggested to keep these parameters in the range as estimated in this study 

for sustaining the electrochemical reactions and proper functioning of fuel cells (Duan et al., 

2015; Spinelli et al., 2020).      

7.2.3. 4-E analyses of the power system configurations 

     The plasma gasification process producing hydrogen combined with MCFC is simulated for 

a chemical energy input of 100 MW. On the basis of the effect of temperature, fuel and CO2 

utilization factor on MCFC provided in Section 7.2.2, the 4-E analyses are conducted. The 

influences of the operating parameters for all the cases involving the MCFC system are found 

to be identical. 
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7.2.3.1. Energy analysis        

     Table 7.2 summarizes the major cases for hydrogen and power production with the overall 

net efficiency, whereas the remaining cases are shown in Fig. 7.8. It can be seen that there is a 

decrease of 2.96% in the overall efficiency when the syngas (G8) sent to the MCFC unit is 

reduced from 100% to 0% (by mass). This can be attributed to the lower amount of feed flow 

rate to the MCFC section. The chemical energy of hydrogen separated by the PSA unit 

considering 95% recovery for the syngas ratio (PSA: MCFC) of 25:75 to 100:0 is found 

between 14.01 and 56.20 MW. As the fuel utilization factor is set at 75%, therefore the 

unconverted gas at the outlet of the system is higher for 0:100 (PSA: MCFC) syngas ratio, 

which subsequently gets consumed under an oxygen atmosphere in the afterburner. This leads 

to an increase in the oxygen flow rate from 0.21 to 1.9 kg/s. The efficiency of the MCFC system 

is estimated in the range of 55-60%. In the clean-up section, an energy penalty of 0.3% of 

gasifier energy output is assumed, as reported in the literature (Peng et al., 2021; Toonssen et 

al., 2011). The heavy-duty plasma torch uses 22-78% of the gross power output of the overall 

system for all the cases. The steam turbine power output increased from 19.16 MW at a 75:25 

ratio to 35.86 MW at 0:100 ratio (PSA: MCFC).  

     The energy penalty due to CO2 compression is found between 1.28-4.5% of the gross power 

output, which is nearly similar to reported by other authors for MCFC (Campanari et al., 2010; 

Duan et al., 2015), whereas for 100:0 (PSA: MCFC) the energy penalty for CCU unit is 25.61% 

due to the diversion of energy for H2 production (Zang et al., 2018). As MCFC utilizes CO2 in 

the reaction, lower amount of CO2 is generated at the exhaust gas of the plant, whereby low 

power is needed for its compression. Despite substantial changes in the overall efficiency based 

on variations in the syngas ratio (51.28% to 48.32%), it is still higher in comparison to the 

plasma gasification power plant studies reported in the literature using RDF (Galeno et al., 

2011; Minutillo et al., 2009). Another new system feeding an additional 0.48 kg/s of methane 
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gas in the MCFC unit instead of syngas produces 2.84% higher net efficiency as compared to 

when 100% syngas enters the fuel cell. The addition of methane to the MCFC increases the 

performance of the overall process due to the extra power generated of 14.28 MW in addition 

to the steam cycle.       

 

Fig. 7.8. Comparison of net energy and exergy efficiencies for different systems. 

7.2.3.2. Exergy analysis 

     Using Eq. (7) - (11) and Table 3.4, the exergy flow, exergy destruction and efficiencies are 

estimated. The fuel input exergy of 105 MW is calculated using Eq. (10). This fuel exergy 

provided to the overall plant process can be related to the exergy destruction of individual 

components. To recognize the section where most of the exergy destruction takes place, 

component-wise exergy analysis in all the units present in the power plant is conducted. The 

maximum destruction rate, as shown in Fig. 7.9, originates in the combustor, plasma gasifier 

and afterburner, accounting for 20.08 MW, 13.42 MW and 12.26 MW, respectively, for IPGST  
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Fig. 7.9. Percentage contribution in exergy destruction for various components based on syngas ratio (PSA: MCFC) and CH4 as secondary fuel.
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integrated MCFC system with 75:25 syngas input to the PSA: MCFC. These are attributed to 

the irreversibility associated with the chemical reactions taking place inside the reactor, 

transforming the reactant species into product compounds (Kalinci et al., 2011; Montiel-

Bohórquez et al., 2021). In the combustor and afterburner, an exothermic reaction (R10, R11) 

takes place, releasing immense heat with the flue gas. Moreover, the mixing of the hot product 

gas with excess air as a moderator destroys a large proportion of exergy in the range of 3-7 

MW, i.e., an average of 23% for all cases (Montiel-Bohórquez et al., 2021). As the operating 

conditions are maintained the same for all the systems, despite higher destruction rates and 

fraction of fuel supply for Syngas:CH4 (PSA: MCFC), the overall system efficiency improves 

due to more power generated by the hybrid process. Similar observations are also noted in the 

literature (Surywanshi et al., 2019). Results also show that exergy destruction for MCFC is 

lower comparatively, with a maximum contribution percentage (21%) for 0:100 (PSA: MCFC) 

ratio due to low irreversibilities caused by the electrochemical reaction (R1, R2).           

     The net exergy efficiencies are presented in Fig. 7.8 and compared with the corresponding 

energy efficiencies of the same system configurations. The difference between the energy and 

exergy efficiencies lies in the range of 2.1-2.56%. This indicates that the system works in the 

best thermodynamic state and therefore, the exergy destruction is lower (Yazdanfar et al., 

2015). Thus, it is useful in analyzing the losses in the system when the energy and exergy 

analyses are considered together as described. Therefore, the complete MCFC power system 

provides the highest net energy and exergy efficiencies and lower power consumption. The 

added advantage of the introduction of secondary fuel, such as CH4 increases the overall net 

efficiency of the system.  
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7.2.3.3. Economic assessment 

     Economic assessment is conducted based on the net present value (NPV) method and the 

results are presented in Table 7.3 for the major cases and based on intermediate syngas stream 

splitting is shown in Fig. 7.10. The levelized cost of syngas (LCOS) of 21.10 $/MWh is 

identical for all the cases as the modification in the plant comes into effect after the PGU. The 

specific total plant cost is the lowest for syngas:CH4 (PSA: MCFC) i.e., when CH4 is used, the 

plant cost is about 3877.58 $/kW and this increases with syngas diversion towards MCFC to 

about 6432.38 $/kW. This higher cost is mainly due to two reasons: (i) the initial investment 

cost of the plasma gasification, which largely depends on the plasma torch and (ii) the capital 

costs of MCFC are very high. 

     The magnitude of COE associated with all the configurations shows a similar trend as 

mentioned and ranges from 77.48 to 107.93 $/MWh. Despite the higher energy output from 

the IPGST (0:100) plant, the COE increases due to the higher capital cost of MCFC, as it serves 

the most significant power production unit for the considered case. Whereas the LCOH (3.94 

$/kg) is highest for the 25:75 (PSA: MCFC) case as a consequence of reduced H2 output. A 

lower LCOH of 1.01 $/kg can be achieved in the case of 100:0 (PSA: MCFC) as compared to 

the previously available literature on H2 production (Khan and Shamim, 2016; Rai et al., 2022; 

Surywanshi et al., 2021). However, the high values of COE and LCOH can be viewed as a 

short-term perspective where the plasma torch and MCFC installations are considered in this 

study at the pre-matured stage as per the current market. In the upcoming years, a trade-off 

with conventional technologies could lower the specific cost, leading to better economic output 

in terms of COE. Under the current scenario, the cost of CO2 avoided (CCA) is found to be 

following a similar pattern to the COE analysis. It makes up for 2.21 times (81.46 $/tonCO2) 

for 0:100 (PSA: MCFC) than that of the ratio 100:0, which is 36.83 $/ton CO2 and double of 

syngas:CH4 (37.78 $/tonCO2). The lower CCA value implies that the system is more efficient 
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than others in terms of cost analysis (Surywanshi et al., 2019). This also minimizes the carbon 

emission and storage tax by about 20%, which is potentially the major daunting task for any 

country facing under the Kyoto Protocol. 

Table 7.3 

Economic performance analysis of IPGST-MCFC. 

Process configuration IPGST-MCFC IPGST IPGST-MCFC 

Syngas ratio [PSA: MCFC] [0:100] [100:0] [Syngas:CH4] 

Plant cost [M$]    

Total Equipment Cost [TEC] 185.93 143.03 159.61 

Total Installation Cost [TIC] 65.68 17.19 38.88 

Total Direct Plant Cost [TDPC] 251.60 160.23 198.49 

Indirect Cost [IC] 35.22 22.43 27.79 

Engineering Procurement Cost [EPC] 286.83 182.66 226.28 

Owner and Contingency Cost [OCC] 4302 27.40 33.94 

Total Plant Cost [TPC] 329.85 210.06 260.22 

Interest During Construction [IDC] 23.09 14.70 18.22 

Total Plant Investment [TPI] 352.94 224.76 278.44 

Specific total plant cost [$/kW] 6432.38 4340.00 3877.58 

COE components [$/MWh]    

Capital cost 80.30 54.18 48.40 

Operation & Maintenance cost 17.14 9.90 10.33 

Methane cost - - 8.63 

Fuel cost 5.45 5.45 5.45 

CO2 transport and storage cost 4.51 5.46 4.67 

CO2 emission tax 0.54 2.49 1.66 

Total Cost of Electricity (COE) 107.93 77.48 79.15 

Levelized Cost of Hydrogen (LCOH) - 1.01 1.03 

Cost of CO2 avoided [$/tonCO2] 81.46 36.83 37.78 
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Fig. 7.10. COE and LCOH for different plant scenarios. 

     The unit exergoeconomic costs reported by Bohorquez et al. (Montiel-Bohórquez et al., 

2021) for MSW and COE in this study are on the higher margin due to the low LHV of the 

feed, which reduces the system's overall output. More meaningful results could be obtained 

when the MCFC equipment cost gets lower in the range of 500-1000 $/kW, similar to solid 

oxide fuel cell (SOFC) (Yazdanfar et al., 2015), and the avoidable exergy destruction cost of 

the plasma torch is minimized. It is clearly understood and evidenced that the CO2 capture in 

the intermediate steps is one of the points describing the effectiveness and economic feasibility 

of the overall plant. Another significant dimension is the processing capacity of the plant, 

which is quite lower in this study as compared to the established industrial-scale, also termed 

as the economy of scale. 
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7.2.3.4. Ecological analysis 

     Having identified the most imperative measures such as energy, exergy and economic 

parameters in the previous sections, the environmental assessment becomes necessary to justify 

its rationality. It is carried out mainly to assess the effect of CO2 on the system and its 

surroundings, as reported in Table 7.4. Among all the arrangements, the 100:0 (PSA: MCFC) 

syngas ratio has the least environmental performance as a large amount of CO2 comes out of 

the system that could not be utilized in the MCFC system under its methodology. Similarly, 

the greenhouse gas emission (GHG) measured by global warming potential (GWP) inclusive 

of N2O and CH4 is also the highest for 100:0 (PSA: MCFC) due to the higher CO2 concentration 

in the flue gas. Finally, the relationship between all the cases for CO2 emissions represented in 

terms of sustainability index (SI), with exergetic efficiency induces an opposite profile 

quantitatively i.e., the SI increases if CO2 impact on the system decreases and vice-versa. The 

SI increases slight exponentially with net exergetic efficiency (ƞ𝑒𝑥,𝑛𝑒𝑡) in their corresponding 

efficiency frame as described in the literature (Dincer and Rosen, 2021). 
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Table 7.4 

Ecological assessment comparison based on different IPGST-MCFC system. 

Process configuration IPGST-MCFC IPGST-MCFC IPGST-MCFC IPGST-MCFC IPGST IPGST-MCFC 

Syngas ratio [PSA: MCFC] [0:100] [25:75] [50:50] [75:25] [100:0] [Syngas:CH4] 

Specific CO2 emission rate [kg/MWh] 19.66 34.51 54.08 76.76 91.65 61.16 

Annual CO2 emission [x 106 kg] 7.56 13 20 28.1 33.2 30.8 

Annual CO2 captured [x 108 kg] 1.54 1.60 1.66 1.70 1.77 2.10 

Average annual CO2 emission per unit fuel [kg/GJ] 2.80 4.80 7.40 10.40 11.40 9.19 

Annual CO2 avoided per unit fuel [kg/GJ] 57.20 59.10 61.50 63.10 65.40 62.58 

Net energy output/CO2 captured [MW/kg] 8.97 8.47 8.01 7.73 7.39 8.65 

Global Warning Potential [kgCO2eq/h] 1008.00 1740.12 2686.99 3776.63 4460.63 4144.45 

Sustainability Index  1.95 1.91 1.88 1.86 1.85 2.08 
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7.3. Conclusions  

     The novel method of MCFC integration with plasma gasification for the co-generation of 

hydrogen and power is proposed for the four different system configurations. The Aspen 

simulation is conducted and further, 4-E analyses (energy, exergy, economic and environment) 

of the overall plants are conducted and compared to draw up the subsequent conclusions: 

▪ Under the application of high temperature in the plasma gasifier (1250-2500 °C) and 

the sensitivity analysis of gasifying agents such as steam (1.5 kg/s) and O2 (0.05 kg/s), 

the RDF feed conversion resulted in 97.71% of combustible fractions (H2, CO and 

CH4) in the syngas and a high H2/CO ratio of ~1.6 for all the cases. 

▪ The IPGST-MCFC system with additional CH4 i.e. syngas:CH4 (PSA: MCFC) ratio 

has the highest net energy efficiency of 54.12% followed by the IPGST-MCFC [0:100] 

ratio of 51.28%. Maximum losses occur in the condenser, followed by the combustor 

for all cases. The energy penalty on CO2 compression ranges between 1.28-4.50% for 

all the different plant scenarios except for the 100:0 ratio where the energy penalty also 

includes the CO2 removal process, which is higher but in line with the literature.  

▪ The net exergy efficiency is lower by 2.1-2.56% than energy efficiency, which is 

regarded as the exergy penalty. The highest amount of exergy destruction takes place 

in the combustor (36%), plasma gasifier (24%) and afterburner (22%) due to the 

irreversibilities of the chemical reactions.  

▪ The economic analysis indicated a higher specific total plant cost of a maximum of 

6432.38 $/kW, and COE above 77 $/MWh for all cases determined but has the 

potential to reduce with some improvisation. However, the lowest COE and LCOH 

among all is possessed by 100:0 [PSA: MCFC] ratio, which is 77.48 $/MWh and 1.01 

$/kg, respectively and is lower than the reported in the literature. Further, the cost of 
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CO2 avoided increases to a maximum of 81.46 $/ton CO2 despite a higher amount of 

CO2 absorption in MCFC.  

▪ The combination of plasma and MCFC can bring down CO2 emissions by 2.40 x 108 

kg annually, which can improve the sustainability of the overall process. Also, the 

specific CO2 emissions rate of 19.66–91.65 kg/MWh is very much lower than most of 

the conventional gasification processes. The global warming potential for the [100:0] 

ratio is the highest in the value of 4460.63 kgCO2eq/h. 

     Therefore, RDF waste is suitable to be processed under plasma conditions for the production 

of hydrogen and electricity co-generation integrated with fuel cells. 
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CHAPTER 7B 

4-E analyses of plasma gasification integrated chemical looping reforming 

system for power and hydrogen co-generation using Bakelite and Acrylonitrile 

Butadiene Styrene based plastic waste feedstocks 

 

 

 

This chapter presents the simulation results based on 4-E analyses of plasma gasification 

integrated with chemical looping reforming (CLR). The feedstock considered for the study is 

computer keyboard plastic waste (CKPW), comprising mainly of acrylonitrile butadiene 

styrene (ABS) and electrical switch waste (ESW) made of bakelite. The wastes are collected 

from the facilities of the Indian Institute of Technology Guwahati and the compositions are 

illustrated in Table 3.1. 
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7.4. System description 

7.4.1. Plasma integrated chemical looping reforming (CLR) 

     The feedstocks to the power plant considered in this study are electrical switch waste (ESW) 

and computer keyboard plastic waste (CKPW), shown in Fig. 3.1 and their composition are 

outlined in Table 3.1. A basis of 100 MW (as a reference) of the chemical energy of the fuel is 

considered in all cases for simulation. The lower heating value (LHV) of ESW and CKPW fuel 

is 14.05 MJ/kg and 35.31 MJ/kg, respectively, are estimated using a bomb calorimeter. The 

following cases are simulated (each for both the feed):  

Case 1: Plasma integrated CLR system-based steam turbine unit (IPGST-CLR) 

Case 2: Plasma integrated CLR system-based combined cycle (IPGCC-CLR)      

     The overall power plant is divided largely into 4 sections: plasma gasification unit (PGU), 

chemical looping reforming unit (CLRU), steam turbine unit (STU), and CO2 and H2 transport 

and storage unit, as shown in Fig. 7.11. Generally, the processing of any type of fuel in a power 

plant requires pre-treatment, such as washing, drying, shredding, etc. (Sahu and V, 2021). This 

is avoided in a plasma gasification process due to the high temperature (>2000 °C) inside the 

reactor (Montiel-Bohórquez et al., 2021). Moreover, the fuel (waste) considered for this study 

is based on source separation from waste feedstock (Lavee and Nardiya, 2013) because of 

which the cost required for prior handling of the waste is further neglected.   

     To simplify the analysis of the hybrid system, some basic assumptions are considered (Peng 

et al., 2021). 

(i) Steady-state conditions and thermodynamic equilibrium are considered. 

(ii) The pressure drop and heat loss between units are neglected. 

(iii) The environmental temperature and pressure are assumed as 25 °C and 101.325 kPa. 
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(iv) Kinetic and potential energy effects are ignored. 

7.4.1.1. Description of the IPGST-CLR power plant 

     Fig. 7.12 shows the schematic representation of the Aspen flowsheet in Fig. 7.11 based on 

the IPGST integrated CLR process used in this study. The plasma gasifier utilizes fuel (F) with 

steam as plasma gas and oxygen as secondary gas under atmospheric pressure, as shown in Fig. 

7.11. Steam (S) is generated from a heat recovery steam generator (HRSG) exchanging heat 

from the various outlet streams of the CLR unit and, oxygen (O2) is fed into the plasma gasifier 

from an air separation unit (ASU). The process flow sheet of ASU for oxygen separation is 

followed from the literature (Aneke and Wang, 2015). The raw syngas leaving the plasma 

gasifier (G5) gets cooled in a heat exchanger before entering the cleaning section and, the 

thermal heat of syngas is extracted to generate steam for the steam turbine unit (STU) 

(Minutillo et al., 2009). The cleaned syngas (G13) from the purification section are sent to a 

fuel reactor (FR). In the FR, the metal oxy-combustion reactions take place (R3) between the 

syngas and oxygen carriers (OC). In this study, iron oxide (Fe2O3) is considered due to its 

availability and low cost. The outlet gases (EXH) of the FR containing solid-gas mixture get 

separated in a cyclone separator (SEP1), whereby the high-temperature gas goes to HRSG and, 

the reduced OC (FeO) from the FR is sent to a steam reactor (SR). In the SR, the supplied 

steam (S16) reacts with FeO and forms H2 with partial oxidation of the OC to Fe3O4 (R4). 

Thereafter, the partially reduced OC (OC-2) is sent to an air reactor (AR) to get fully oxidized 

into Fe2O3 (R5). The sensible heat of the exhaust gas (G16) from the SR is recovered in the 

HRSG. After the condensation of the unconverted steam, the H2 is compressed and stored at 

60 bar in a 3-stage process-based compression, cooling and storage (CCLS) unit (Khan and 

Shamim, 2016). The oxidized iron particles in the form of Fe2O3 (OC) in the AR (after 

separation from O2 depleted air via SEP3) are recycled to the FR while the gas stream from the 

AR (A3), i.e., O2-depleted air is sent to the HRSG for heat recovery.  
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Fig. 7.11. Aspen flow sheet representation of the IPGCC-CLR system. 
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Fig. 7.12. Schematic diagram of the plasma gasification combined with CLR system at 1bar (IPGST-CLR). 
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     The flue gas stream from the FR (G15) contains primarily CO2 and H2O, but in the case of 

ESW, high N2 content (11.18 vol.%) inherently present in the fuel dilutes the CO2 stream, and 

thereby its separation is highly necessary before CO2 can be captured and stored. CO2 with ~90 

% purity is recovered from the flue gas stream using a monoethanolamine (MEA) absorption-

stripping unit. Then, the captured CO2 is compressed at 110 bar using 5 inter-cooling stages-

based multi-unit compressors (Vairakannu and Kumari, 2016). In the case of the CKPW fuel, 

due to the absence of sulfur with a low quantity of N2 (1.65 wt.%), the addition of a clean-up 

and carbon capture and storage unit (CCS) is avoided and the total CO2 gas stream is captured 

by condensing the low-quality steam under room conditions. 

7.4.1.2. Description of the IPGCC-CLR power plant 

      In this system, the raw syngas from the plasma unit is cleaned in the purification section. 

The cleaned syngas is compressed at 15 bar using 2-stage compression unit with intercooling 

between the compressors (Surywanshi et al., 2021). As the FR and AR operate under high 

pressure, the outlet gas stream of FR (G15) and AR (A2) undergoes expansion in a gas turbine 

(GT) and air turbine (AT), respectively, to produce electricity, as shown in Fig. 7.11 and Fig. 

7.13. The process adopted for PGU, STU and CCLS is similar to as reported in Section 7.4.1.1. 

7.4.2. Model validation 

     The flowsheeting employed in this study, including the plasma gasification and CLR system 

is separately validated with the literature. The model assumptions are taken as per the literature 

(Surywanshi et al., 2021). As stated earlier, Table 7.1 provides the validation results of the 

plasma gasification unit, while Table 7.5 and Table 7.6 shows the validation results of the CLR 

system using the simulation studies by Yang et al., 2021 and the experimental studies by Chen 

et al., 2011, respectively. The deviation error is found below 2% compared with the simulation 

results of the literature, the developed model in the study is used further for sensitivity analysis.    
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Fig. 7.13. Schematic diagram of the plasma gasification combined with CLR system at 15 bar (IPGCC-CLR). 
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Table 7.5 

Model validation of CLR system based on literature operating at 1 atm (Yang et al., 2021). 

Stream Fuel reactor outlet  

(900 °C) 

Steam reactor outlet 

(500 °C) 

Air reactor outlet 

(500 °C) 

 

 Ref (Yang 

et al., 2021) 

This work Error (%) Ref (Yang 

et al., 2021) 

This work Error (%) Ref (Yang 

et al., 2021) 

This work Error (%) 

Molar flow rate (kmol/h)          

H2 0.12 0.117 2.5 2.67 2.63 1.5 0 0 - 

CO 0.08 0.0785 1.88 0 0 - 0 0 - 

CH4 0 0 - 0 0 - 0 0 - 

H2O 1.88 1.885 0.27 6.33 6.22 1.74 0 0 - 

CO2 0.92 0.928 0.87 0 0 - 0 0 - 

O2 0 0 - 0 0 - 0.22 0.218 0.91 

N2 0 0 - 0 0 - 3.12 3.12 0 

Fe2O3 0.19 0.187 1.58 0 0 - 4 4 0 

FeO 7.43 7.442 0.16 0 0 - 0 0 - 

Fe3O4 0 0 - 2.67 2.66 0.37 0 0 - 
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Table 7.6 

Model validation of CLR process with an experimental study operating at 1 atm (Chen et al., 2011). 

Stream Fuel reactor outlet  

(900 °C) 

Steam reactor outlet 

(500 °C) 

Air reactor outlet 

(500 °C) 

 

 Ref (Chen et 

al., 2011) 

This work Error (%) Ref (Chen et 

al., 2011)a 

This work Error (%) Ref (Chen et 

al., 2011) 

This work Error (%) 

Concentration (vol.%)          

H2 0 0 - ~ 12.1 3.4 71.9 0 0 - 

CO ~ 28 31.46 12.35 ~ 0.08 0 - ~ 0.25 0 - 

CH4 0 0 - 0 0 - 0 0 - 

H2O 0 0 - 0 10.8 - 0 0 - 

CO2 ~ 6.5 6.04 7.07 ~ 0.01 0 - 0 0 - 

O2 0 0 - 0 0 - ~ 19.5 14.46 25.84 

N2 0 0 - 0 85.8 - 0 85.53 - 

a dry-based. 
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7.5. Results and discussion 

     In this section, comprehensive analyses of the overall power plant are carried out and 

presented for the optimum H2 co-generation. Firstly, the plasma gasification process is 

optimized through sensitivity analysis to maximize the production of high calorific value of 

syngas. Secondly, the effect of the flow rate of syngas, steam and air to the FR, SR and AR, 

respectively, for the reactivity of oxygen carrier and their impact on the composition of the 

outlet gas and solid stream of the CLR system are studied. Further, the effect of operating 

temperature on the net efficiency of the CLR system is evaluated. Lastly, the 4-E (energy, 

exergy, economic and environmental) analyses are performed with an energy input of 100 MW 

based on LHV of the feedstock (ESW and CKPW). 

7.5.1. Syngas from plasma gasifier 

     The sensitivity analysis showed that the mass flow rate of fuel, plasma and secondary gas 

are 7.12 kg/s, 0.5 kg/s and 0.05 kg/s, respectively, for ESW feed and 2.83 kg/s, 1.15 kg/s and 

0.21 kg/s, respectively for CKPW feed. The higher values of plasma and secondary gas for 

CKPW feed are due to the presence of higher carbon content for reactions R6 and R7. 

Therefore, the energy required to produce steam as plasma gas is found higher i.e. 8.13 MW 

as compared to 5.3 MW for ESW. This is measured with the enthalpy load of Q3 heat line of 

the heat exchanger (H2), as shown in Fig. 7.11. However, the higher LHV of the generated 

syngas can balance this energy penalty to a greater extent by the high temperature attained in 

the plasma gasifier that converts higher hydrocarbons and toxic by-products to low molecular 

combustible fractions of the syngas (Kim et al., 2003).  

    The syngas composition (vol. %) obtained by the ESW-plasma gasification after the LTR 

(G5) block is 44.52% H2, 42.49% CO, 0.88% CO2 and 11.14% N2 with a negligible fraction of 

CH4. The higher value of N2 is attributed to the high amount of nitrogen content in the ESW 
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fuel. This decreased the LHV of both the feed and syngas, affecting the process followed. 

Whereas the CKPW-based plasma gasification produced 56.73% H2, 42.53% CO and 0.5% 

CO2. The higher concentration of H2 and H2/CO ratio is mainly due to two reasons: (i) using 

steam as the gasifying agent favors the water-gas shift reaction (R12) and (ii) higher amount 

of energy accessible for conversion due to the application of plasma.  

7.5.2. Sensitivity analysis 

     This section details the key functional parameters of the CLR system such as temperature, 

flow rate of syngas, OC, steam and air. The effect of these parameters on the composition of 

the outlet streams of each reactor is evaluated. It is performed by changing the specific 

parameter and keeping others fixed (Surywanshi et al., 2021; Yang et al., 2021). In the case of 

FR, the syngas flow rate is fixed on the basis of 100 MW of feed chemical energy and hence, 

the impact of the flow rate of OC (Fe2O3) is evaluated. Whereas in the SR and AR, by keeping 

the optimum flow rates of the reduced OC estimated in the FR as fixed, the steam and air flow 

rates are optimized. At the adiabatic conditions, the optimum temperature of the reactors is 

maintained at thermodynamic equilibrium with the excess supply of their inlet gases. As per 

stoichiometry, the excess percentage of OC, steam and air sent to the FR, SR and AR is 

estimated as 7%, 33% and 15%, respectively.  

7.5.2.1. Effect of inlet syngas/Fe2O3 ratio in FR 

     In the FR, as the syngas reacts with the lattice oxygen provided by the OC (Fe2O3), the 

equilibrium of the reaction (R3) can be largely affected by the change in Fe2O3 mass flow rate. 

Fig. 7.14(a) and Fig. 7.14(b) present the gas and solid flow at the outlet of FR as a function of 

syngas to Fe2O3 ratio. The optimum mass ratio of the syngas/Fe2O3 is 0.063 (stoichiometric 

ratio is 0.069) with a Fe2O3 inlet flow rate of 65.87 kg/s and a syngas flow rate (4.16 kg/s). It 

is attributed to the total oxidation of syngas into CO2 and H2O, and the reduction of Fe2O3 to 
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FeO as per reaction R3. With a further increase in the Fe2O3 (OC) flow rate and a decrease in 

the ratios (syngas/Fe2O3), the FeO production decreases gradually and Fe3O4 emerges in the 

reactor. Therefore, the production of Fe3O4 may not be detrimental to the performance of FR 

but indirectly affects the SR, which is detailed in the next section. Additionally, the increased 

OC flow rate increased the conversion of syngas into CO2 and H2O in the product gas (Adanez 

et al., 2012). On the other hand, the operating temperature of the FR as shown in Fig. 7.14(b), 

shows a uniform rising trend with an increase in the OC flow rate till it reaches the optimal 

ratio (0.063). The temperature further increases beyond the optimal ratio due to the higher 

conversion of Fe2O3 into Fe3O4 than FeO, as given by the exothermic reaction R18 against R3. 

H2 + CO + 6Fe2O3 → H2O + CO2 + 4Fe3O4                              ∆H0
298K = -52.82 kJ/mol     (R18)   

7.5.2.2. Effect of inlet steam/FeO in SR 

     As shown in Fig. 7.15, the mass ratio of steam to FeO is varied from 0.03 to 0.83. It is seen 

that H2 (0.43-0.56 kg/s) gets continuously produced with an increase in the input steam flow 

rate and H2O/FeO ratio. The H2 reached the maximum (~17 vol.%) at the steam/FeO ratio of 

0.5 (stoichiometric ratio is 0.37) for a constant FeO (59.27 kg/s) mass flow rate, with 29.85 

kg/s of steam. In the meanwhile, FeO gets partially oxidized to Fe3O4 (63.67 kg/s) at the 

optimum ratios of steam/FeO and beyond these values, both the H2 and solid flow at the outlet 

remain unchanged. Beyond the optimal point, the addition of excess H2O decreases its 

conversion and increases the energy demand for producing the steam (Cormos et al., 2020). It 

is imperative to note that only FeO reacts with steam to produce H2. The excess Fe3O4 from 

the FR hinders the steam-FeO reaction, which reduces H2 production in the SR (Khan and 

Shamim, 2016). As the outlet stream consists of only H2 and H2O, the highly purified H2 

(100%) can be obtained by condensing H2O. Also, the temperature of the SR decreases with  
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Fig. 7.14. Effect of syngas/Fe2O3 ratio on (a) gas flow rate and (b) solid flow rate and temperature in FR.
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Fig. 7.15. Effect of H2O/FeO ratio on (a) gas and (b) solid flow rate and temperature in SR. 
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an increase in the inlet steam/FeO ratio, as shown in Fig. 7.15(b), due to the large amount of 

thermal energy carried by the outlet H2O.  

7.5.2.3. Effect of inlet air/Fe3O4 in AR 

     This section illustrates the effect of the flow rate of inlet air on the composition of the outlet 

stream. The partially oxidized OC (Fe3O4) from SR undergoes complete oxidization in the AR 

and the Fe2O3 particles are recycled to the FR (Yang et al., 2021). From Fig. 7.16, it can be 

interpreted that up to air/Fe3O4 mass ratio of 0.188 (stoichiometric ratio is 0.169), the 

conversion of OC (Fe3O4 to Fe2O3) occurs due to the oxidation of Fe3O4 with O2 in air. Beyond 

the optimal point of 0.188, the OC does not change and the O2-depleted air leaves the stream. 

The temperature shows an increasing trend in Fig. 7.16 due to the exothermic nature of the 

reaction (R5) followed by the decreasing profile, which is attributed to the dilution of the outlet 

gas with excess O2 i.e., all Fe3O4 converted into Fe2O3 (Khan and Shamim, 2016).              

 

Fig. 7.16. Effect of air/Fe3O4 ratio on gas and solid flow rate, and temperature in AR. 
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7.5.3. 4-E analyses 

     A macro assessment of the IPGST-CLR and IPGCC-CLR system for the production of 

electricity and H2 is carried out in this section. 4-E analyses of plant configurations operating 

at 1 bar (only steam turbine unit) and 15 bar (both gas and steam turbine unit) are conducted to 

assess the effects of excess OC, steam and air mass flow rate on the performance of the system. 

7.5.3.1. Energy analysis 

     The thermodynamic performance of the IPGCC-CLR (15 bar) power plant for both feed is 

shown in Table 7.7. The gross power output is estimated to be 25.28 MW and 28.4 MW for 

ESW and CKPW, respectively. Among these, around 50% of electric power comes from the 

steam turbine (ST) and 30% from the gas turbine (GT) units. In the case of ESW, the power 

consumption for plasma generation, syngas and air compression ranges from 18-21% of gross 

power output, whereas for CKPW, it varies between 18 and 29%. The energy penalty due to 

CO2 capture and compression (23.5% of gross power) is higher for ESW than CKPW (6.67%, 

only compression) due to the addition of the MEA absorption unit for separating the N2 content 

(present inherently in the feed) from the flue gas. And the H2 compression consumes nearly 

4% of the gross power produced. Hydrogen exiting the steam reactor (0.52 kg/s for ESW and 

0.554 kg/s for CKPW) has an LHV of 120 MJ/kg (Khan and Shamim, 2016), thus contributing 

62.4 MW and 66.48 MW of energy output, respectively. 

     When the power plant operates at atmospheric pressure (IPGST-CLR), only the ST remains 

the standalone power generation unit. The results, as shown in Fig. 7.17 and 7.18, indicate a 

decrease in both the individual and overall efficiencies compared to the combined cycle system 

(base case i.e. 0% excess OC or air). Though the only ST in this cycle produces higher electric 

power than the ST of the combined cycle, the net electric power is slightly lower by 2.02 MW 

for ESW and 2.8 MW for CKPW due to the influence of gas turbine (GT) and air turbine (AT). 
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The small reduction in H2 output is because of the lesser amount of oxidant required from OC 

(Fe2O3) in the FR at 1 bar to burn the syngas and therefore, less FeO available for reaction with 

steam as described in Section 7.5.2.  

Table 7.7 

 Thermodynamic performance of the IPGCC-CLR plant. 

Feed ESW CKPW 

Parameter Units   

Fuel flow rate kg/s 7.12 2.83 

Fe2O3 flow rate kg/s 57.2 65.87 

Plasma power consumption MW 5.3 8.13 

Syngas compression MW 5.25 5.35 

Air compression MW 4.67 5.24 

CO2 compression MW 5.95 1.9 

H2 compression MW 1.09 1.26 

Auxiliaries consumption MW 0.5 0.65 

Gas turbine power output MW 7.56 7.71 

Air turbine power output MW 4.96 5.74 

Steam turbine power output MW 12.76 14.95 

Gross power output MW 25.28 28.4 

Hydrogen output MW 62.4 66.48 

Net system electrical output MW 2.52 5.87 

Hydrogen efficiency % 62.4 66.48 

Net electrical efficiency % 2.52 5.87 

Overall energy efficiency % 64.92 72.35 

 

     In Fig. 7.17 and Fig. 7.18, a comparison of the net energy and exergy efficiencies of IPGCC-

CLR for both feeds based on excess OC and air is shown. The percentage of excess OC is 

changed from 0-30%. As per stoichiometry, 7% excess OC is required for the complete 

conversion of syngas. The increase in the flow rate of OC increases the electrical power output 
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Fig. 7.17. Net energy and exergy efficiencies of IPGCC and IPGST-CLR plant as a function of excess OC for (a), (c) CKPW and (b), (d) ESW. 
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Fig. 7.18. Net energy and exergy efficiencies of IPGCC and IPGST-CLR plant as a function of excess air for (a), (c) CKPW and (b), (d) ESW.     
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from the gas turbine in the case of IPGCC-CLR. Further, a higher OC flow rate increases the 

reactor temperature and hence, a large amount of steam is produced for power production in 

the case of IPGST-CLR. On the other hand, the hydrogen output decreases due to the higher 

production of Fe3O4 than FeO, which does not participate in the reaction to produce H2. This 

effect can be understood from Fig. 7.14(b) and reaction R4. Nonetheless, the overall efficiency 

increases with the excess OC due to the production of higher electrical power than the decrease 

in the production rate of  H2. It is found that 15% excess OC to that of the stoichiometric amount 

is required for the complete oxidation of Fe3O4 to Fe2O3.  

     A large amount of the inlet air dilutes the concentration of outlet gases in the AR and 

eventually reduces the temperature as seen in Fig. 7.16. This results in a reduction in the 

electrical power output from both the air and steam turbines. Moreover, the effect of high 

temperature in the AR accelerates the production rate of FeO in the FR and subsequently, a 

higher H2 production in the SR is estimated. High temperature is essential in FR due to the 

endothermic nature of the FeO formation. The excess air inlet in the AR causes a low outlet 

stream temperature, which affects the equilibrium state of FR. This results in the incomplete 

conversion of the syngas in the FR with an overall lower energy output. Thus, the overall 

efficiency decreases with the increase in the air flow rate due to the reduction in both electrical 

power and H2 output, as shown in Fig. 7.18. It can be interpreted that the temperature in AR 

plays a vital role in maintaining the energy balance of the entire. The exergy efficiencies follow 

a similar increasing and decreasing trend, respectively, when related to the overall energy 

efficiencies with an increase in the OC and air mass flow rates. This is attributed to the strong 

dependence of the exergy efficiency on the net overall output, as stated in Table 3.4.     

     An analysis of the power plant co-generating 50% and 10% H2 (i.e. 31.2 MW and 6.24 MW 

for ESW) with the rest of the energy available for the production of power is conducted as 

shown in Table 7.8. This variation is done to address the flexible performance of co-generation. 
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It is found that despite the decrease in net electrical efficiency with an increase in hydrogen 

output, the overall efficiency increases. Therefore, it is more advantageous to utilize the 

chemical energy content in H2 as a clean fuel than using the thermal energy for power 

production with minimal loss (Cormos et al., 2020). 

7.5.3.2. Exergy analysis 

     In this section, the exergy destruction rate is estimated for individual major components of 

the plant configurations. There are insignificant changes in the overall exergy efficiencies 

under the influence of OC, steam and air mass flow rate from the base case (100% H2) for both 

the feedstocks, as shown in Fig. 7.17 and Fig. 7.18. The calculations based on the flexible co-

generation of H2 (50% and 10%) are carried out. Fig. 7.19 displays the percentage contribution 

of exergy destruction rate for all the individual units of the IPGCC-CLR and IPGST-CLR plant 

system. 

     Exergy destruction rate is estimated individually for all the reactors involved in the power 

system. Irrespective of the process, the plasma gasifier (21.33 MW for ESW and 8.61 MW for 

CKPW) contributes the largest proportion to the overall exergy destruction, followed by the 

fuel reactor (14.58 MW for ESW and 9.58 MW for CKPW) and air reactor (6.88 MW for ESW 

and 4.19 MW for CKPW). This is in alignment with the results of Surywanshi et al., 2021, 

where the highest destruction rate is achieved in the boiler unit (a combination of air, steam 

and fuel reactors along with HRSG). It can be attributed to the irreversibilities caused by the 

reactions and heat transfer processes (Surywanshi et al., 2019). For ESW, an additional increase 

in exergy destruction rate is due to the presence of N2 in the fuel, which does not participate in 

the reaction and dilutes the overall process (Dincer and Rosen, 2021). The net exergy 

efficiencies deviate negatively by 8-16%, compared to the energy efficiencies for ESW and 2-

4% for CKPW. Thus, the exergy destruction rate can be minimized by changing some  
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Table 7.8 

Comparison of 4-E analysis based on hydrogen output for IPGCC-CLR. 

Feed  ESW CKPW 

Parameter Units 10% H2 50% H2 100% H2 10% H2 50% H2 100% H2 

Energy analysis        

Net electrical efficiency % 29.54 22.25 2.52 41.37 30.10 5.87 

Hydrogen efficiency % 6.24 31.20 62.40 6.65 33.24 66.48 

Overall energy efficiency % 35.78 53.45 64.92 48.02 63.34 72.35 

Exergy analysis        

Overall exergy efficiency % 27.15 40.55 49.26 45.42 59.92 68.44 

Economic analysis        

COE $/MWh 192 133.73 108 110.47 87.57 73.19 

LCOH $/kg 24.97 4.87 2.25 15.57 3.01 1.30 

CO2 avoided cost $/tonCO2 78.45 63.97 51.75 22.76 21.17 20.16 

CO2 removal cost $/tonCO2 65.78 56.55 46.63 23.90 22.43 21.45 

Environmental analysis        

Annual CO2 avoided per unit fuel kgCO2/GJ 69.44 69.44 69.44 75.94 75.94 75.94 

Sustainability Index -- 1.37 1.68 1.97 1.83 2.50 3.17 
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Fig. 7.19. Exergy destruction of various components for IPGCC-CLR (a) CPKW, (b) ESW and IPGST-CLR (c) CKPW, (d) ESW.
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parameters such as operating conditions, higher LHV fuels, etc. However, the lowest 

destruction rate is for 100% H2 case, when compared to 50% and 10% production of H2 as 

shown in Fig. 7.19. This is due to the higher chemical energy flow of hydrogen stream from 

the SR. It can be seen in the net overall energy and exergy efficiencies in Fig. 7.17. Hence, it 

is beneficial to integrate with the maximum co-generation of hydrogen.    

7.5.3.3. Economic assessment 

     The results of total equipment cost (TEC), specific total plant cost, COE, LCOH, etc. with 

H2 and power generation and the effects of the OC and air flow rates are detailed in this section. 

Table 7.8 gives a complete analysis of the variation in COE and LCOH under the influence of 

co-generation. As discussed in Section 7.5.3.1, the same observation is noticed in economic 

assessment i.e. COE and LCOH values increase with a decrease in H2 production. The value 

of LCOH increases around 10 times for the feed scenarios, changing the H2 production from 

100% to 10%, whereas for COE, it increases by 150-180%. The lowest COE (108 $/MWh for 

ESW and 73.19 $/MWh for CKPW) and LCOH (2.25 $/kg for ESW and 1.3 $/kg for CKPW) 

value is found for the case of feedstock utilized for 100% production of H2. In both the cases 

of COE and LCOH, the benefit of H2 generation is prominent as compared to electricity 

generation in terms of the overall energy production. Additionally, the right choice of fuel can 

avoid the CO2 removal unit, which can also reduce the total cost significantly (Khan and 

Shamim, 2016). The COE (95.22 $/MWh for ESW and 59.77 $/MWh for CKPW) and LCOH 

(1.79 $/kg for ESW and 0.86 $/kg for CKPW) values under atmospheric pressure i.e.,1 bar for 

100% H2 are even more substantial when compared to literature COE value of 67.06 $/MWh 

(Cormos et al., 2020) and LCOH of 1.66 $/kg (Khan and Shamim, 2019). 

     The economic performance of all the cases considering the influence of excess OC and air 

is compared in terms of COE and LCOH. Fig. 7.20(a) and 7.20(b) present the COE and LCOH  
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Fig. 7.20. COE and LCOH as a function of excess OC and air for (a), (c) IPGCC-CLR and (b), (d) IPGST-CLR. 
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values based on the supply of excess OC at 15 bar and 1 bar, respectively. The COE increases 

in both the scenario of increase in pressure despite the increase in the electric power output, 

which might be insufficient. However, the increase in LCOH values is more pronounced due 

to the reduction in H2 flow from the SR. Whereas, in the case of excess air, the changes in both 

COE and LCOH show a slightly increasing trend as shown in Fig. 7.20(c) and 7.20(d) because 

of the decrease in overall energy output.  

7.5.3.4. Environmental analysis 

     The reason for integrating plasma gasification and CLR technology lies in the fact that both 

processes reduce the negative impact on the environment by minimizing emissions. It can be 

justified with the values in Table 7.9, where the specific CO2 emission rate remains between 

38 and 69 $/MWh with all the cases for ESW. These values are less than many of the reported 

values in the literature based on other technologies (Duan et al., 2015; Singh et al., 2017). The 

higher emission value is found for the 10% H2 production case, where the net energy output is 

lower. Whereas for CKPW, these values are zero as all the CO2 is captured and stored. The 

annual CO2 emission and captured are around 1.85 x 107 kg and 1.87 x 108 kg, respectively for 

ESW, and the annual CO2 captured for CKPW is 2.05 x 108 kg. The global warming potential 

(GWP) is around 2450 kgCO2eq/h for ESW and zero for CKPW. The sustainability index (SI) 

is estimated in the range of 1.3-2 for ESW and 1.8-3.23 for CKPW for all the cases analyzed 

in the above-mentioned sections. It is clear that using the CKPW feed is more ecological than 

ESW because of its higher values reflecting a clean and green process. 

7.5.3.5. Overall analyses 

     The results obtained from the analysis of key working parameters (optimum gasifying agent 

flow rate for maximum fuel conversion in plasma gasifier, feed ratios and temperature of 

individual CLR reactors) are considered for 4-E analyses to improve system performance. In 
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Table 7.9 

Ecological assessment comparison based of (a) ESW and (b) CKPW feed for IPGCC-CLR system. 

 Feed ESW CKPW 

Parameter 10% H2 50% H2 100% H2 10% H2 50% H2 100% H2 

Specific CO2 emission rate [kg/MWh] 68.14 46.14 38.1 - - - 

Annual CO2 emission [x 107 kg] 1.83 1.84 1.85 - - - 

Annual CO2 captured [x 108 kg] 1.85 1.86 1.87 2.03 2.04 2.05 

Average annual CO2 emission per unit fuel 

[kg/GJ] 

6.77 6.83 6.87 - - - 

Annual CO2 avoided per unit fuel [kg/GJ] 68.48 69.03 69.44 75.03 75.51 75.94 

Net energy output/CO2 captured [MW/kg] 5.23 7.74 9.35 6.40 8.39 9.53 

Global Warning Potential [kgCO2eq/h] 2438.10 2458.80 2473.20 - - - 

Sustainability Index  1.37 1.68 1.97 1.83 2.50 3.17 
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addition, the comparison studies for flexible hydrogen and electric power (100%, 50% and 

10% H2) co-generation based on 4-E are performed. Maximum H2 production is favorable for 

superior overall thermodynamic efficiency, reduced cost and environmental benefits. The most 

preferred inlet mass feed ratio in the FR, SR and AR for the case of 100% H2 are found as 

0.063, 0.5 and 0.188, respectively, while the operating temperatures are maintained at 900 °C, 

600 °C and 1000 °C, respectively for CKPW feedstock. Under these conditions, highly purified 

H2 can be produced with the maximum overall energy (72.35%) and exergy (68.44%) 

efficiency, lower COE (73.19 $/MWh) and LCOH (1.3 $/kg) and highest sustainability index 

of 3.17. In the case of ESW feedstock, the optimum mass feed ratio is 0.13, 0.54 and 0.18 in 

the FR, SR and AR, respectively. The operating temperature of SR (598 °C) and AR (997 °C) 

drops slightly compared to the case of CKPW. Moreover, the thermodynamic efficiency 

decreases by around ~3 % for the IPGST-CLR plant than that of operating under high pressure 

(IPGCC-CLR), but the COE is the lowest for IPGST-CLR (CKPW feed) in the entire plant. 

Irrespective of the feedstock, increasing the excess OC (0-30%) increases the overall efficiency 

by ~ 1% but on the other hand, the COE also increases by 1.36%. In the case of increasing 

excess air, the decrease in the overall efficiency resulted in a higher COE by 1.65%. 

7.6. Conclusions 

     The present study critically evaluated the integration of plasma gasification with the CLR 

system considering two types of contrasting fuel (ESW and CKPW) based on LHV, operating 

under high (15 bar) and atmospheric (1 bar) pressure levels. The variation in outlet gas and 

solid flow and temperature with key parameters such as the ratio of OC with syngas, steam and 

air mass flow rates from the three reactor systems is investigated. A 4-E (energy, exergy, 

economic and environmental) analyses is conducted to assess the overall performance of all 

the cases, such as flexible power and H2 co-generation, effects of excess OC and air mass flow 

rate. Here are the following observations: 
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• Under the application of high-temperature plasma gasification, a higher amount of H2 

and CO (85 vol.% for ESW and 94.25 vol.% for CKPW) with an H2/CO ratio of 1.04 

for ESW and 1.34 for CKPW can be obtained. 

•  The optimum operating temperature from the sensitivity analysis based on the changes 

in the ratio of syngas, steam and air mass flow rate, and OC is found to be around 900 

°C, 598 °C and 1000 °C for FR, SR and AR, respectively. At these ratios, highly 

purified H2 (100%) is produced with maximum metal oxide conversion observed in the 

outlet gas and solid outlet flow stream.  

• The highest net overall energy efficiency is obtained in the case of IPGCC-CLR 

(72.35%) than IPGST-CLR (69.22%) system with CKPW feed for 100 % H2. However, 

the increase in the excess OC in the FR to 130% can increase the efficiency further to 

73.07% for IPGCC-CLR and 70.3% for IPGST-CLR. Plasma power remains to be on 

the higher side of energy penalty for all the different power plant scenarios and the CO2 

removal section accounts for an additional penalty for ESW feed. 

• The net overall exergy efficiency is lower by ~ 16% for ESW and ~ 4% for CKPW than 

their corresponding overall energy efficiency for all the plant scenarios. The plasma 

gasifier has the largest exergy destruction percentage of 31-40% for ESW and fuel 

reactor (25-29%) in the case of CKPW. These are due to the irreversible nature of the 

chemical reactions taking place with a higher amount of N2 in the fuel. 

• Although the net overall energy efficiency is lower for the IPGST-CLR than the 

IPGCC-CLR system, the reverse trend is observed in the economic analysis. The lowest 

COE (59.77 $/MWh) and LCOH (0.86 $/kg) are obtained in the case of the IPGST-

CLR system using CKPW feed. Further, the cost of CO2 avoided and removal has 

reached a maximum value of 57.87 $/tonCO2 and 53.10 $/tonCO2, respectively, for ESW 

feed in the IPGCC-CLR system. 
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• All the power plant cases are environmentally viable based on the estimated data. The 

specific CO2 emission rate and annual CO2 emission are lower than that of the 

conventional gasification process, whereas the higher sustainability index for both feed 

suggests a good environmental fitness of the overall process.  

     Therefore, based on the 4-E analyses, the utilization of waste as feed in novel plasma 

gasification integrated with CLR technology has the potential for commercialization provided 

the selection of higher LHV fuel, better syngas quality and maximum H2 production. The 

energy consumption burden of plasma gasification can be reduced by handling fuel with low 

moisture content and high LHV. Integrating with a CLR system for the co-generation of H2 

and electric power enhances overall efficiency with low product cost and better environmental 

outcomes. On the other hand, the high temperature inside the plasma gasifier prohibits the use 

of the direct-CLR process i.e., the generation and combustion of syngas with OC in the plasma 

gasifier due to the melting of OC at such temperatures. This creates an additional cost for a 

separate reactor along with the energy-intensive plasma gasifier.  
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CHAPTER 8 

CONCLUSIONS AND FUTURE SCOPE  

This chapter draws the overall conclusions of the present study on the plasma gasification 

process, including the experimental and simulation work. In addition to that, some 

recommendations regarding the future scope of research are also illustrated. 

 

8.1 Overall Conclusions 

     From the overall analyses on plasma gasification of the complex waste feedstocks such as 

refused derived fuel (RDF), computer keyboard plastic waste (CKPW) and electrical switch 

waste (ESW), the major conclusions are as follows: 

• The plasma gasification of CKPW using CO2 as a plasma gas has the maximum gas 

yield of 96.55% at 40 g/10 min, 0.7 lpm of CO2 flow rate and 1.12 kW among all the 

experimental results. While the oil yield and the residue yield (including ash of 14 

wt.%) of 10.19% and 27.27% are obtained for CKPW at 60 g/10 min (keeping the other 

two parameters constant) and RDF at 0.5 kW, respectively. If the ash content is ignored, 

ESW has the lowest feed conversion (~71%).   

• The syngas with the highest percentage of H2 (42.6 vol.%) and CO (51.98 vol.%) can 

be attained for RDF and CKPW feed, respectively. Correspondingly, at the highest 

torch power of 2 kW utilizing CKPW feedstock, the LHV of 16.46 MJ/m3 is obtained. 

Due to the high hardness and superior thermo-oxidative property of the ESW feed, a 

maximum value of H2 (24.36 vol.%), CO (43.61 vol.%) and product gas yield (84.58%) 

is reached. A medium LHV of 6.16-10.20 MJ/m3 is found for all ESW feed cases. 

• The highest cold gas efficiency (CGE) of 49.90% and exergy efficiency of 48.30% 

(Case 2) can be achieved in the RDF-plasma process and the lowest CGE (42.33%) and 
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exergy efficiency (38.99%) is for ESW feed. However, the system's overall efficiency 

may rise up to 90% with proper recovery of the losses in terms of sensible heat, the 

energy contained in cooling water, etc., are considered. Further, the lowest levelized 

cost of syngas (LCOS) value of 23.40-35.24 INR/kWh is estimated for CKPW feed and 

the highest (40.91-62.44 INR/kWh) for ESW. This indicates the strong influence of 

torch power on the energy output using complex plastics such that thermodynamic 

efficiencies are maximized and LCOS is reduced. 

• The characterization of the oil product obtained from the CKPW feed showed 

physicochemical properties similar to diesel, with higher carbon, hydrogen and LHV 

(39.13 MJ/kg) values and lower oxygen (0.46 wt.%) content. Added reduction in 

viscosity (3.93 cP) and density (910 kg/m3), a slight improvement in pH (6.94) and 

LHV of the CKPW-based oil are beneficial to avoid engine damage. From the residue 

of all feeds, large amounts of Ti, Ba, Ca, Si, Al and Fe (excluding O) can be recovered 

for application in healthcare, paints, dye-casting and the cement industry.  

• The established quantitative correlation between the dependent and independent 

variables presented a concurrence among the actual and measured values. The 

minimum and maximum error of 0.85% and 21% is estimated for CGE using CKPW 

and RDF, respectively. This exercise provides a basic idea of estimating the output 

variables from a plasma gasification process. 

▪ Based on the simulation study, the condition of high temperature inside the plasma 

gasifier (1250-2500 °C) laterally with the correct proportion of gasifying agent (steam 

and O2), the conversion degree of the process maximized to produce ~1.8:1 ratio of 

H2/CO irrespective of the feed. 
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▪  The sensitivity analysis showed that the IPGCC-CLR system using CKPW feed 

requires an optimal mass ratio of syngas/Fe2O3 of 0.063, steam/FeO of 0.5 and 

air/Fe3O4 of 0.188 for the production of highly purified H2 (100%) of 0.554 kg/s.  

▪ The IPGST-MCFC system with additional CH4 i.e. Syngas:CH4 (PSA: MCFC) ratio 

has the highest net energy efficiency of 54.12%, followed by the IPGST-MCFC 

[0:100] ratio of 51.28%. However, for an IPGCC-CLR plant, the efficiency can 

increase up to 72.35% and IPGST-CLR to 69.22% with CKPW feed. The major reason 

for achieving such high efficiency is the production of a high amount of H2 (100%) 

with less energy penalty for the CLR system. Plasma power remains to be on the higher 

side of the energy penalty (6-22%) for all the different plant scenarios and the CO2 

removal section adds an extra penalty for ESW feed.  

▪ Plasma gasifier, followed by the combustor in MCFC and the fuel reactor in the CLR 

unit, has the largest exergy destruction rate due to the irreversible nature of the reaction. 

This reduces the net exergy efficiency of the overall plant to 2.1-2.56% for RDF, ~ 4% 

for CKPW and ~ 16% for ESW.  

▪ The economic analysis indicated a higher specific total plant cost of a maximum of 

6432.38 $/kW and a lower COE of 77.48 $/MWh for the IPGST-MCFC plant using 

RDF, while the LCOH value is 1.01 $/kg. The lowest COE (59.77 $/MWh) and LCOH 

(0.86 $/kg) are obtained in the case of the IPGST-CLR system using CKPW feed. 

Further, the cost of CO2 avoided increases to a maximum of 81.46 $/ton CO2 despite a 

higher amount of CO2 absorption in MCFC.  

▪ All the co-generation plant cases are environmentally viable based on the estimated 

data. Also, the specific CO2 emissions rate of 19.66 – 91.65 kg/MWh for the IPGST-

MCFC plant is much lower than most of the conventional gasification processes. 
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Similarly, the higher sustainability index for all the feed suggests a good environmental 

finding of the overall process.  

     Based on the results obtained from the experimental studies and the performance analysis 

of the MCFC and CLR system based on the key working parameters (for maximum fuel 

conversion in plasma gasifier), plasma gasification of CKPW is the most preferred route for 

clean energy generation. Although the LHV of CKPW based syngas is 2 MJ/m3 (average) 

greater than that obtained from the RDF, the energy efficiency (CGE) is found 3% lower for 

CKPW based plasma system. Considering the ESW feed, the input plasma energy is 

comparable to the RDF process, but the thermosetting behavior of the ESW plastics resulted in 

lower LHV of syngas and CGE.  

     Exploring the waste generation scenario, the world generates around 1.68 billion tonnes of 

RDF (80% of MSW) every year and this is more than 30 times as compared to e-waste 

generation (60 million tonnes). Only 19% of RDF is recycled while that of CKPW (mainly 

consist of ABS) is 25%. When related to CO2 generation, higher elemental carbon in the CKPW 

feed produces 10 times more CO2 than the RDF. Therefore, based on the availability of 

feedstock and kg of CO2 emissions annually (considering same co-generation systems), RDF 

is a highly suitable feed for clean and efficient energy production via plasma gasification. 

8.2. Future Scope 

     The future scope of research offers to improve the performance of the plasma gasification 

process such that waste-to-energy conversion becomes a feasible route. Hence, the following 

studies can be carried out further: 

• Higher capital costs and small-scale operations lower the rate on investment in any 

process. A comprehensive analysis of incorporating the energy losses into different 

streams to estimate overall efficiencies and LCOS can be considered. 
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• The kinetic behavior of the plasma gasification process can be studied to determine the 

activation energy and rate constants for individual reactions. This intends to predict the 

stages of feed conversion using different reaction models. 

• The impact of in-situ catalytic activity of high ash feedstocks or ex-situ application of 

catalyst at low plasma power on the syngas composition can be undertaken. 

• Residue with a high carbon content that includes hard thermoset feed can be examined 

further using different physical and chemical methods (pH, electrical conductivity, etc.) 

and characterization techniques (BET, Hg Porosimetry, etc.) for potential applications 

as adsorbents, composite additive in the steel industry, etc.    

• The feasibility of plasma gasification of the above feedstocks using CO2 can be studied 

for chemical production. 

• Life cycle assessment (LCA) of the plasma gasification process is essential to state the 

environmental aspects of the method in terms of global warming, toxicity, 

eutrophication and acidification potential. 
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