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Abstract 

The growing amount of landfilled waste could pose a problem in many parts of the world due to the 
scarcity of landfilling space and environmental threats. In particular, automotive shredder residue 

(ASR) waste, a by-product of the dismantling of End of Life Vehicles (ELVs), has been proven to 

represent an issue in particular in the EU, where countries are struggling to compel to the directives 
that regulate this type of waste. At the same time, interest for hydrogen production methods is 

growing in the industries due to the advancement in fuel-cell technology for transportation and for 
power production. 

This study aims to investigate the performance of an integrated plasma gasification-hydrogen 
production system powered by ASR waste through the simulation of the process in ASPEN Plus. The 

investigation is focused on the potential for hydrogen production from ASR waste in terms of energy 

efficiency and quantity of hydrogen produced. The integrated system consists of an updraft plasma 
gasifier to generate clean syngas with high hydrogen content, a water gas shift reactor to furtherly 

enrich the gas of hydrogen content and a PSA unit to extract the hydrogen from the gas stream. The 
plasma gasification section of the model has been divided into four sub-systems that are drying, 

pyrolysis, char combustion and gasification, and melting. These four sub-systems are used to model 

the plasma gasification using the equilibrium method. On the other hand, the water gas shift reactor 
and the PSA unit have been modeled around experimental data. A Mass and Energy balance has been 

produced to understand the mass and energy flows within the system. The results show that the 
system is able to produce 238,5 kg/h of pure hydrogen from a feedstock of 2231 kg/h of ASR waste 

mixed with 89,2 kg/h of coke and 30 kg/h of limestone, achieving a 48% energy efficiency. Thus, the 

integrated system can achieve the production of pure hydrogen. The parameter study on the ER 
shows that hydrogen production and energy efficiency are higher at lower ER. On the other hand, 

increasing the SBR, while increasing the hydrogen content in the syngas, does not lead to higher 
hydrogen production at the system's output, causing a detrimental effect on energy efficiency. The 

findings of the study imply that ASR waste has the potential for hydrogen production when using a 
suitable treatment process. 
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Sammandrag  

Den växande mängden avfall kan bli ett problem i många delar av världen på grund av brist på 

deponeringsutrymme och miljöproblem. I synnerhet har avfall från fordonsslipningsrester (ASR), en 
biprodukt från nedmontering av fordon (ELV), visat sig utgöra ett problem i EU, där länderna kämpar 

för att tvinga sig till de direktiv som reglerar denna typ av avfall. Samtidigt ökar intresset för 
väteproduktionsmetoder inom industrin på grund av framstegen inom bränslecellsteknologi för 

transport och för kraftproduktion. 

Syftet med denna studie är att utvärdera prestandan hos ett integrerat plasmaförgasning-

väteproduktionssystem drivet av ASR-avfall genom simulering av processen i ASPEN Plus.  

Undersökningen fokuserar på potentialen för väteproduktion från ASR-avfall när det gäller 

energieffektivitet och mängd väte som produceras. Det integrerade systemet består av en 
uppdaterad plasmaförgasare för att skapa ren syntesgas med högt väteinnehåll, en water gas shift 

reaktor för att ytterligare berika gasen med väteinnehåll och en PSA-enhet för att utvinna väte från 
gasströmmen. Plasmaförgasningsdelen i modellen har delats upp i fyra undersystem som är torkning, 

pyrolys, kolförbränning och förgasning, och smältning. Dessa fyra undersystem används för att 

modellera plasmaförgasningen med hjälp av equilibrium metoden. Å andra sidan har water gas shift 
reaktorn och PSA-enheten modellerats kring experimentella data. En mass- och energibalans har 

producerats för att förstå mass- och energi-flödena i systemet.  

Resultaten visar att systemet kan producera 238,5 kg / h rent väte från ett råmaterial på 2231 kg / h 
ASR-avfall blandat med 89,2 kg / h koks och 30 kg / h kalksten, vilket uppnår en 48% 
energieffektivitet. Således kan det integrerade systemet uppnå produktionen av rent väte. 
Parameterstudien på ER visar att väteproduktion och energieffektivitet är högre vid lägre ER. Å 
andra sidan leder ökning av SBR, samtidigt som man ökar väteinnehållet i syntesgas, inte till högre 
väteproduktion vid systemets output, vilket orsakar en skadlig effekt på energieffektiviteten. 
Resultaten av studien antyder att ASR-avfall har potential för väteproduktion när man använder en 
lämplig behandlingsprocess. 
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1. INTRODUCTION 

1.1 BACKGROUND 
The treatment of waste has been one of the crucial problems of recent years, as traditional waste 

repositories like landfills and dumpsites become less available in terms of usable space, and as the 
environmental issues linked with landfilling waste become more and more serious (Heberlein & 

Murphy, 2008). The united nations addressed the waste problem under the SDG 12 (Ensure 
sustainable consumption and production patterns).  

It can be read under the sub-goals 12.4 and 12.5 that the goal of the UN is to achieve the 

environmentally sound management of waste throughout their lifecycle by 2020 and to reduce their 
generation through prevention, reduction, recycling and reuse by 2030. In the European Union, this 

issue is equally stringent, as it is estimated that 150.000 to 500.000 landfill sites will have 
repercussions for years to come (Hogland, 2004). The EU developed a "Roadmap to a Resource 

Efficient Europe", stating that landfilling should be gradually left to be the least preferred option for 
waste disposal, targeting fully sustainable waste management by 2020 (European Commission, 

2011). Two paths have been indicated by the EU to achieve the complete waste sustainability: 

Enhanced Waste Management (EWM), which dismiss landfills as the final destination of waste, 
converting them to a temporary buffer where waste is stored before treatment; Enhanced Landfill 

Mining (ELFM), which focuses on the paths to waste valorisation, such as energy recovery processes 
(Bosmans, Vanderreydt, Geysen, & Helsen, 2013). 

The successful achievement of these goals depends on the development and fine-tuning of waste 

disposal technologies for a significant part. Since most of the waste that we produce are combustible, 
incineration has been increasingly being used for the reduction of the volume of waste and for energy 

recovery. However, incineration often presents some difficulties, such as the need for additional fuels 
due to the low heating value of waste, production of hazardous gases due to incomplete combustion, 

and the high cost of flue treatment. (Heberlein & Murphy, 2008).  

Gasification has been considered as an alternative thermochemical process to incineration. 
Gasification is a process that breaks down organic matters into a fuel gas called syngas (R. Taylor, 

Ray, & Chapman, 2013). The reactions during gasification happen in an oxygen-starved at either 
atmospheric or pressurized environment. It may require a heat input from the outside depending on 

the type of gasifying agent. Furthermore, the produced syngas can be used in several ways to produce 
electricity or a variety of chemicals and fuels, as shown in Figure 1 (Winanti, Purwanto, & Bismo, 

2014). 

In recent years, new interest has been found in performing gasification with plasma technology. 
Plasma is regarded as a fourth state of the matter that has excellent heat transfer properties due to 

the ionization that happens in gases at high temperatures (Heberlein & Murphy, 2008). In plasma 
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gasification, the heat of reaction is transferred to the feedstock by a plasma jet. The high 

temperatures and energy density of plasma allow overcoming some issues of traditional gasification, 

such as tar formation and incomplete carbon conversion (Rehmet, Rohani, & Fulcheri, 2013). Tar and 

char are almost completely converted to gas and the metals and non-organic matter are converted 
into an environmentally safe inert vitrified slag. The syngas produced by plasma gasification is mainly 

carbon monoxide and hydrogen and it is cleaner compared to conventional gasification, preventing 
from having to employ expensive gas cleaning equipment downstream (Rutberg et al., 2011).  

At the same time, recent advancement in fuel cell technology increased interest in hydrogen 

production. Fuel cells allow the use of hydrogen as a fuel for electricity production and 
transportation. Consequently, it becomes relevant to exploit the path of hydrogen production from 

syngas. While it is not difficult to find experimental and theoretical studies on plasma gasification, 
only a few have investigated its integration with a hydrogen production system.  

Upon production, the syngas has to be cleaned from acidic gases and processed in a water gas shift 
reactor before the hydrogen can be separated from the remaining gases. The water-gas shift reactor 

serves the purpose of increasing the hydrogen fraction in the syngas by making steam and carbon 

monoxide react to form hydrogen and carbon dioxide. However, there is still no standard procedure 
for the transformation of syngas into pure hydrogen.  

This study is intended to investigate the possibility for hydrogen production via the plasma 
gasification of ASR waste, quantify the amount of hydrogen that can be extracted from about 2 

tons/hour of waste, and review the variation in production at the variation of the plasma gasification 

parameters. In the following chapters, a literature review will be presented covering the origins and 
characteristics of the feedstock and the different sections of the process. Thereafter, some previous 

researches on the modeling of gasification on ASPEN Plus will be broken down and illustrated. Then, 
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the numerical model will be described, followed by the explanation of the ASPEN Plus model. The 

model will then be used to perform mass and energy balances and to perform a parameter analysis. 

1.2 OBJECTIVE 
The objective of this study is to build a viable plasma gasification-hydrogen production system for 
the processing of ASR landfill waste, as well as understanding its heat and mass balance based on 

system modeling. Moreover, the study will investigate the performance of the system based on how 

the plasma gasification parameters affect the integration between the sub-systems. 

1.3 SCOPE 
The scope of this project is to develop a model for a hydrogen production integrated system using 
Aspen Plus by breaking it down into individual sections. The system consists of a plasma gasifier, a 

hydrogen production system, and a gas separation module. The plasma gasification sub-system 

model will be verified using experimental data obtained from the company PlaGazi AB, while the 
hydrogen production sub-system will be directly modeled around experimental data. Finally, the 

Aspen Plus model will be utilized to simulate the integration of the sub-systems. A study on the effect 
of different gasification parameters is also conducted to find the optimum working conditions for the 

plasma gasifier. 
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2. LITERATURE REVIEW 

2.1  ASR 
Auto Shredder Residue (ASR), or “car fluff” is a byproduct of the dismantling process of End of Life 
Vehicles (ELVs), which comes as a result of the shredding and recovery processes of the vehicles. ELVs 

produced worldwide have reached 50 million units per year. They constitute a major waste stream 

in Europe as well (Rinaldi, Masoni, Salvati, & Tolve, 2015), where ELVs account for a number between 
8 and 9 million tons of waste generation (European Commission, 2013), and between 2 and 2,5 

million tons of ASR, representing 10% of the EU hazardous waste (Zevenhoven & Saeed, 2003). 
The ELVs dismantling process comprises three main phases, depollution, dismantling and shredding.  

ASR is a byproduct of this chain, and it’s composed mainly of plastic (20-49% wt), rubber (3-38% wt), 

ferrous and non-ferrous metals, textile fibers, wood, and glass, with heterogeneous grain size. 
According to the three phases depollution, dismantling and shredding, ELVs are treated in authorized 

facilities (DEFRA, 2011). 

Depollution is a mandatory pre-treatment in which hazardous components are removed. The 

process often does not represent an efficient removal of the polluted components, as some of them 
may be removed routinely to be used as a source of income (motor, oils, fuel, batteries), and some 

other may harm the shredding process downstream of the chain (i.e. airbags). Some other polluting 
components (i.e. brake fluid, windscreens washer fluid, hydraulic oil, components containing Hg or 

Pb) are only partly removed or left in place (Bio Intelligence Service, 2015). The average weight of 
these materials is approximately 3% of the ELV. The tires, that are also removed during the 

depollution phase, make up for another 3% (Berzi, Delogu, Giorgetti, & Pierini, 2015). 

The Dismantling phase consists of removing spare components for reuse and recycling (i.e. glass, 

bumpers), although the actual implementation may slightly differ on a national scale. 

The Shredding phase is performed to recover the ferromagnetic material in the vehicle. From this 

phase the majority of recyclable material is recovered, accounting for a percentage varying between 
67% and 70% of the ELV mass. 
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Figure 2: End of Life Vehicles treatment (Cossu & Lai, 2015) 

The residual part of the shredding process is ASR and makes up for 20% to 25% of the ELV total mass. 

ASR contains non-metallic combustible materials (plastics, rubbers, foam, textiles, paper, wood), 
non-combustible materials (i.e. glass and other inerts), and metals residues (magnetic, non-magnetic, 

and PVC-wrapped wires) (Fiore, Ruffino, & Zanetti, 2015)(Ahmed, Wenzel, & Hansen, 2014). 

ASR can be generally divided into two streams: 

 Light fraction: this includes lighter materials such as plastics, foam, textile, and rubber. It 
represents 75% of the total ASR and 10% to 24% of the entire ELV. 

 Heavy fraction: this includes the heavier materials which are extracted during the processing 
phases and comprises glass and metal fines. Heavy fraction represents approximately 25% of 
total ASR and 0 to 2,5% of the ELV. 

ASR composition may strongly change depending on the shredding input mix and on how depollution 
and dismantling are performed. A typical composition of ASR can be seen in Figure 3. 

 

Figure 3: Average composition of ASR waste (Zevenhoven & Saeed, 2003) 

Nowadays, the management of ELVs is addressed using various strategies in different countries. 

However, they are increasingly oriented towards taking into account social and environmental 
perspectives in addition to economic and technological aspects, as a part of the sustainable waste 

management framework. ASR is often disposed in landfills as solid waste and is not recycled. 
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However, landfill disposal has proved to present various environmental problems. In particular, 

several studies have pointed out how organic compounds and heavy metals can leach out of ASR, 
constituting potential harm for land (Mancini, Tamma, & Viotti, 2010). Moreover, the biogas 

produced during ASR decomposition in landfills contains several PAHs (Polycyclic Aromatic 
Hydrocarbon) and VOCs (Volatile Organic Compounds) that are harmful to the atmosphere (Delfosse, 

Froelich, & Kassamaly, 1997), (Gonzalez-fernandez, Hidalgo, Margui, Carvalho, & Queralt, 2008), 

(Fiore et al., 2015) (Cossu & Lai, 2015), (Raboni, Torretta, Urbini, & Viotti, 2015). To reduce the 
amount of ASR that ends up in landfills, three general options are available (Inglezakis & Zorpas, 

2009): 

 Separation and recovery of recyclable materials like plastic and rubber; 

 Incineration (with or without heat recovery); 

 Conversion to liquid or gaseous fuel through pyrolysis or gasification 

The treatments of ASR are focused on the reduction of the volume of waste that is bound to be 

landfilled, on the recovery of usable materials, and on the recovery of useful energy from the organic 

content.  However, it has also to be considered that ASR presents some challenges for the energy 
recovery due to its high ash, heavy metals and chlorine content (R. Taylor et al., 2013). 

In summary, there are two categories of post shredder technologies (PST) which are the mechanical 

sorting of the waste into different material streams that can be reused or recycled, and the thermal 

treatments of the waste stream to generate electric energy, heat, or useful fuels. Thermal treatments 
of ASR, such as incineration, pyrolysis, and gasification, can bring added benefits in the form of 

generated heat and/or electricity and the possibility to remove the pollutants compounds from the 
flue gases. 

The quantity of ASR generated in Europe is known to be significant. Approximately 2,4 million tons 
every year are produced in the Union from approximately 7 million ELV units (European Commission, 

2013). Moreover, ASR production is likely to increase in the future due to the increasing usage of light 
materials (polymers, textile fibers, aluminum, and other non-ferrous materials) in the production of 

vehicles at the expense of metals, in the perspective of reducing vehicle weight, and consequently 

fuel consumption and emissions (Tonn, Schexnayder, Peretz, Das, & Waidley, 2008), (Alonso et al., 
2007). 

The drivers affecting the options for ASR disposal are not only technical aspects. Legislative, 

commercial and financial drivers affect how different countries treat this waste stream as well. 

Namely, California has deemed ASR as hazardous waste, causing heavy financial consequences. On 
the other hand, Japan, where the landfill space starts to run out, the government and the involved 

industries worked together and developed thermal process at commercial and semi-commercial 
stages (Inglezakis & Zorpas, 2009). 
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In Europe, the disposal of this significant amount of waste has been addressed through the Directive 

2000/53/EC on ELVs, which was established to set clear targets for depollution, reuse, recycling and 
recovery of vehicles and their components. 

The directive imposed the following targets: 

 no later than 1st January 2006 a rate of reuse and recovery of 85% and a rate of reuse and 
recycling equal to 80%; 

 no later than 1st January 2015 a rate of reuse and recovery of 95% and a rate of reuse and 
recycling equal to 85%. 

The most recent data reveals that member states are on average struggling to accomplish the full 

requirements of the Directive, stopping at the average rates of 88,4% for reuse and recovery and 

84,05% for reuse and recycling. Cossu and Lai applied the LCA methodology to the ASR treatment 
processes, showing that the European targets for reuse and recovery could be entirely met with a 

combination of recycling and energy recovery, with landfilling relegated to the least preferred option 
(Cossu & Lai, 2015). 

2.2 PLASMA GASIFICATION 
A sustainable approach to waste management is crucial for the reduction of landfill use and for the 
minimization of the environmental impact. Plasma gasification represents a highly attractive 
alternative path for the implementation of waste-to-energy for a wide range of waste types 
(municipal solid waste, heavy oil, medical waste, ASR, RDF, etc.) (Rehmet et al., 2013).  

Gasification is an oxidation of the organic compounds present in the waste performed in an oxygen-
poor environment so that the oxygen is not enough for the complete combustion to develop. The 
final product of gasification is synthesis gas or syngas. Syngas is a mixture of carbon monoxide (CO) 
and hydrogen (H2), with minor fractions of carbon dioxide (CO2), water (H2O), methane (CH4), 
hydrogen sulfide (H2S), ammonia (NH3), and under particular conditions, solid carbon (C), nitrogen 
(N2), argon (Ar) and some tar traces.  The produced syngas can then be used as feedstock for 
several applications: 1) in Fischer-Tropsch processes for the production of liquid fuels; 2) as fuel in a 
gas turbine or fuel cell for electricity production; 3) for the production of chemicals as ammonia, 
methanol or hydrogen.  

Plasma is referred to as the fourth state of matter. It is formed when a gas is heated up until the 
point when its particles are dissociated into ions, enabling the gas to enhance its properties of 
conductivity of heat and electricity (Bosmans et al., 2013). Plasma gas is used in plasma gasification 
to supply external heat to the gasification furnace (allothermal process), differently from the 
autothermal gasification process, where the energy needed to the gasification process is supplied 
by the partial combustion of the gasified material. The high heat conductivity of the plasma is a very 
favorable characteristic for gasification applications, as it facilitates the heat transfer to the furnace. 
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Plasma is usually obtained through electric discharges produced by plasma torches or plasma arcs. 
Plasma torches are gas heaters that provide heat to the gas stream via an electric arc. The electric 
energy in the arc is converted to heat through the resistance of the gas (McKenna & Thomson, 
2016). The gas temperatures reached by the torches are very high (up to 15000°C)  (Zhang, Charles, 
& Champagne, 2010) and allow plasma treatment to be suitable for any kind of material apart from 
nuclear waste (Rehmet et al., 2013). 

The high temperature of the plasma gas and its high enthalpy produce an improvement of the 
performances compared with traditional gasification treatment, lowering the content of tars in the 
product syngas. Tar formation increases the chance of operational problems due to corrosion and 
erosion in the gasifier. Moreover, low tar content ensures an increase in the efficiency of the 
process (due to less impurity in the syngas) (Rehmet et al., 2013). The high temperatures also 
contribute to the chemical aspect of the process, accelerating the kinetics of the reactions and 
improving the drying of the feedstock and the destruction of toxins and organic poisons. In these 
conditions, the organic fraction of the feedstock is efficiently converted into gas, while the 
production of tars and other undesirable components, like complex hydrocarbons, is avoided. 
Moreover, the non-organic fraction of the feedstock, that comprises ashes and metals, is melted 
into vitrified slag, which can be used in road pavement and construction. The extreme 
temperatures reached by the plasma gas allow for the effective vaporization of very difficult 
materials with high moisture content such as municipal solid waste (MSW) (Zhang et al., 2010). 

Differently from the conventional gasification, the heat input of the plasma in the gasification furnace 
can be easily adjusted by tuning the electrical supply of the plasma torches, making the process more 
flexible. Moreover, the plasma torches supply to the furnace an external source of heat, which allows 
for a very little amount of combustion reactions in the furnace, enabling the conversion of most of 
the carbon to gas. The major demerit of plasma gasification lies in its higher energy amount 
compared to conventional gasification. The average efficiency of plasma gasification is around 42%, 
while for conventional gasification is 72%; however, a complete cost-benefit assessment usually 
highlights the commercial viability of plasma gasification (Monteiro & Rouboa, 2017). 

In general, two different methods have been individuated for the production of syngas through 
plasma gasification: a two-step approach, in which the gasification takes place in a traditional 
chamber supplied with the feedstock and kept in the range of 700°C - 800°C, followed by a plasma 
chamber in which the raw syngas enters in contact with the plasma gas from the torches. In the 
second chamber, the raw syngas is upgraded, as the high temperature reached by the plasma is 
capable of decomposing the most complex compounds like tars and complete the conversion of char 
to syngas (Rehmet et al., 2013). 

The second approach sees the feedstock in direct contact with the plasma from the torches in a single 
plasma gasification chamber. This concept allows for a very wide range of feedstock to be used, as 
the high temperature from the plasma gas is able to decompose almost everything to its elementary 
components. 
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The post-processing of the syngas presents two other steps, namely syngas cooling and cleaning. 
Syngas cooling aim is principally to cool down the syngas to a temperature that can be sustained by 
the materials, as the syngas produced with plasma technology reaches temperatures higher than 
1000°C. This can be achieved with a partial quenching, that cools down the gas to temperatures 
around 800°C. However, some companies decided to exploit syngas cooling to recover the sensible 
heat from the syngas in a heat recovery steam generator to produce useful steam. The goal of syngas 
cleaning is, on the other hand, to remove all the impurities that could hurt the equipment 
downstream or that pose a threat to the environment when the syngas is combusted. In general, 
particulate removal and acid gases removal are performed on the syngas to reduce environmental 
threats and depletion of the downstream equipment. 

The different companies that developed plasma gasification processes for waste disposal and energy 
recovery with different approaches are listed below. 

AlterNRG / WPC (Westinghouse Plasma Corporation) is one of the industry leaders, and have 
researched on plasma for 30 years, with over 500.000 hours of commercial operations. A wide variety 
of feedstock can be processed in their gasifiers: municipal and hazardous waste, coal, biomass, and 
petcoke. Their system is described in Figure 4. 

 

Figure 4: AlterNRG/Westinghouse plasma gasification system (AlterNRG) 

The non-combustible and mineral matter in the feedstock leaves the gasifier in the form of slag, 
which is molten due to the high temperature of the torch. At the same time, syngas is produced and 

processed through a partial quench for cooling and through a scrubber to remove the small number 
of solid particles that endure in the product stream. AlterNRG torches use only 2% to 5% of the energy 

input, while syngas contains 80% of the energy input. Different sizes of torches and gasifiers are 

available to match different plant scales, from 100 to 1000 tonnes per day of MSW and from 5000 to 
65000 NM3/hr of syngas produced. 
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Plasco Energy Group developed a more complex layout for the gasification of MSW. Their process is 

based on a preliminary traditional gasification performed in an underground conversion chamber, 
exploiting the energy of pre-heated air. The product of this first step is two-fold: a stream of crude 

syngas flows upwards to a refinement chamber, where two plasma torches are located for tar 
cracking and upgrading of the syngas energy content. On the other hand, the solids leave the 

conversion chamber through a grate to a carbon recovery vessel, where a third plasma torch is placed 

to melt and vitrificate the solids into slag. The waste heat from these appliances is used to produce 
steam that can be employed in other industrial processes, to generate electricity, or for district 

heating. 

 

Figure 5: Plasco Energy plasma gasification system (Plasco Energy) 

Europlasma is a French plasma company that focuses on the disposal of waste from industrial 

processes, of hazardous waste, in the field of industrial metallurgy, and in the purification of product 

syngas from gasification. Their gas cleaning experience allowed for the development of full waste-to-
electricity process with plasma called CHO-Power. Their process is based on a first autothermal 

gasification followed by thermal cracking of the tars in a separate plasma chamber. Subsequently, 
the produced syngas is cooled down in a heat exchanger and purified from dust and acidic content 

before entering the gas engines for electricity production. 
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Figure 6: Europlasma plasma gasification system (Europlasma) 

Advanced Plasma Power developed a process based on a two-step process gasification called 

Gasplasma, which is used to treat refuse-derived fuels (RDF). The first step is represented by a 
fluidized bed gasifier fed with RDF and a mix of steam and oxygen as gasifying agents. The raw syngas 

produced in the fluidized bed flows into a second chamber in which a plasma torch cracks tars and 
converts unconverted char, other than capture solid particles and convert them to slag. Solid and 

oversize material flows instead through another system into the plasma converter, where it is molten 
into slag (plasmarok). The refined syngas is cooled down by a heat exchanger and then purified from 

the remaining impurities through bag filters and wet scrubbing.  

 

Figure 7: Advanced Plasma Power plasma gasification system (R. Taylor et al., 2013) 

2.3 HYDROGEN PRODUCTION TECHNOLOGIES 
Over the last years, the hydrogen economy has received increasing attention due to multiple factors. 

The energy sector is facing a transition towards sustainable sources, shifting the prevalent role that 
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fossil fuels have played in the last century. Hydrogen presents the benefits of a sustainable fuel 

source, no pollutants, and low GHG emissions, and the opportunity to reduce the dependence on 
fossil fuels (Chen, Hsieh, & Leo, 2008). In addition, unlike solar, wind or other renewable energy 

sources, it can be stored and transported. Consequently, it is considered to be a viable energy carrier 
in the future. In particular, recent developments in fuel cells, which directly convert the chemical 

energy stored in hydrogen into electricity, sparked interest in the development of cost-beneficial 

methods for hydrogen production. 

In this study, a hydrogen production system from syngas is introduced with several benefits. As 
explained before, plasma gasification allows for the production of syngas from various undesired 

feedstocks streams, such as biomass waste, solid waste of different types, coal, RDF and others. The 

product syngas is then used as raw feedstock for hydrogen production through two processes. Firstly, 
the syngas is enriched with hydrogen through a water gas shift reactor, where steam reacts with 

carbon monoxide to form hydrogen and CO2. Secondly, the hydrogen-enriched gas flows through a 
pressure swing adsorption (PSA) reactor, where the hydrogen is separated from the stream and 

recovered at high purity. 

2.3.1 WGS 
The water-gas shift reaction has a slightly exothermic nature, which makes it thermodynamically 

favored at low temperatures, while the kinetics of the reaction is increased with increasing 
temperature. This makes the performance of water gas shift to increase in several-stages catalytic 

reactors, where different catalysts are employed at different temperatures. There are different 

catalysts that can be employed and have different properties and optimal working temperatures. 

The catalysts used for the water gas shift reactor (WGSR) are either metals or metal oxides. In the 
ammonia production industry, the iron oxide-chromium oxide catalyst is used in adiabatic fixed bed 

reactors. This process results in a gas stream that still contains 2% to 4% content of CO, as the 

temperature increases along the reactor and the reaction approach equilibrium. At lower 
temperatures, this catalyst loses its activity. Due to its activity limited to high temperatures, iron 

oxide-chromium oxide is called a High-Temperature shift catalyst (HTS) (Byron Smith R, 2010).  

Copper-based catalysts are also available on the market. These operate at lower temperature and 

thus are called Low-Temperature shift catalysts (LTS). Copper-based catalysts operate at 
temperatures in the range of 200°C and achieve output CO concentration as low as 0,1% to 0,3% 

(Byron Smith R, 2010).  

Another type of catalysts for which there has been an interest, mostly in the past, is referred to as 

medium temperature (MTC) which operates at temperatures comprised between the HTS and LTS. 
Normally MTCs are based on LTS copper-based catalysts, which are drugged (usually with iron oxide) 

to make them effective at slightly higher temperatures (P. Taylor, Ratnasamy, & Wagner, 2009).  
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The WGS reactor is commercially operated in two adiabatic stages: a high-temperature shift followed 

by a low-temperature shift with inter-cooling to control inlet temperatures. The LTS happens at a 
significantly lower temperature than HTS, in order to shift the equilibrium of the reaction towards 

the products.  The two-stage configuration is employed also to tackle the low sulfur tolerance of the 
copper-based catalysts, which are easily poisoned by the sulfur present in carbon originated syngas, 

whereas iron-chromium catalysts are not affected by Sulphur presence. Therefore, if sulfur is present 

in the gas stream a guard bed that concentrates and removes Sulphur particles can be employed 
between the two stages (Byron Smith R, 2010). 

Both high temperature and low-temperature catalysts are available commercially with different 

specifics from every vendor. Studies focusing on the catalyst preparation and on their influence on 

the process showed that in HTS, no matter the catalyst used, increasing the temperature of reaction 
would always favor CO conversion. On the other hand, LTS showed a much less linear correlation 

between temperature and CO conversion. 

The 2-stage fixed bed reactor configuration is limited by the different behaviors showed by low-

temperature catalysts and high-temperature catalysts towards the global reaction, other than being 
a bulky and heavy piece of equipment (J. Huang, El-azzami, & Ho, 2005). In addition, the output of 

this reactor is often insufficient for PEM fuel cells utilization, as the CO concentration can be as high 
as 1% (J. Huang et al., 2005) and usually not lower than 0,3%  (P. Taylor et al., 2009). 

Another option for enhancing the performance of WGSR is the utilization of a membrane reactor. 
The employment of a membrane reactor improves the performance of the reaction with the 

possibility of in-situ separation of products (CO2 and H2) and allows for the overcoming of the 
thermodynamic constraint, significantly increasing the CO conversion. Palladium or other inorganic 

H2 selective membranes have been used from researchers to reach CO conversion values beyond the 

equilibrium ones, or close to 100% (Adhikari & Fernando, 2006) (J. Huang et al., 2005). The obstacle 
in the commercial employment of this technology lies in the membrane production, which must 

ensure thin, flawless and durable membranes. Using a CO2-selective membrane, the reaction can be 
furtherly shifted towards the products. With the continuous removal of CO2 from the gas stream, this 

approach to membrane reactor is promising to achieve an increasing purity of hydrogen at relatively 
low temperatures (around 150°C). Compared to H2 selective membranes, this solution presents two 

advantages: 

1. The H2-rich product is recovered at high pressure 

2. Air can be used to sweep CO2 on the low-pressure side of the membrane to obtain a 
high driving force for the separation. 

The study by (J. Huang et al., 2005) showed that the employment of a CO2 selective membrane for 
hydrogen recovery from syngas achieves an H2 concentration greater than 99,6%. 
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2.3.2 PSA 
Adsorption is regarded as another of the most promising alternative, especially when it's performed 
through a pressure reduction, allowing for reduced energy cost. This technology is known as pressure 

swing adsorption, PSA (Malek & Farooq, 1998). Thus, PSA represents one of the most used 
alternatives for hydrogen extraction and purification with optimum energy consumption (Q. Huang, 

Malekian, & Eić, 2008). 

The PSA step in the process has to be thoroughly optimized through an experimental procedure, as 
the cyclic process happening in the reactor is of a very complex nature. Many design parameters 

affect the performance of the PSA reactor, such as step time, pressure, temperature, and gas velocity 
and composition (Q. Huang et al., 2008). The optimization of the process can present one of the 

highest difficulties in the employment of this type of technology, as the modification of the design 

parameters can present useful and hurtful effects at the same time. A study by (Q. Huang et al., 2008) 
analyzed the behavior of a reactor under the variation of the mentioned design parameters. For 

example, they have shown that increasing the adsorption time has a positive effect on hydrogen 
recovery (which increases), but at the same time lowers the recovered hydrogen purity. The same 

behavior is seen when varying the adsorption pressure, which the study has investigated between 4 

bars and 9 bars, and varying the gas velocity, investigated between 1,2 cm/s and 2,5 cm/s. Their 
optimization of a 50%H2/50%CH4 stream resulted in H2 recovery and purity close to 80%. While this 

level of purity is clearly not high enough for most of PEM fuel cell, the process could be optimized for 
higher purity at the expense of a lower recovery rate. 

2.4 PROCESS SIMULATION OF THE INTEGRATED SYSTEM 
Aspen Plus is a process simulation software widely used in the industry to model industrial 
thermochemical processes. Thanks to its modest calculation power requirements, it offers a very 

cost-effective way to assess the working conditions of a process. It can be used to study the effect of 
the variation of various parameters on the system output. Aspen is able to simulate a process based 

on two methods which are equilibrium and kinetics models. The equilibrium method is based on the 
minimization of Gibbs free energy and its capable of giving a broad picture of the working conditions 

of the system. Kinetics method, on the other hand, takes into account the kinetics of the reaction, 

returning a more detailed picture of the system. 
Several different Aspen Plus models of plasma gasification based on the equilibrium method have 

been published and have been found sufficient accordance with the experimental data. 
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Figure 8: EquiPlasmaJet (EPJ) Aspen Plus model (Galeno, Minutillo, & Perna, 2010) 

(Galeno et al., 2010) developed the equilibrium model called EquiPlasmaJet (EPJ). In this model, the 

gasifier reactor is split into two blocks at a different temperature, to better portrait the temperature 
gradient inside the reactor. The gasification of the feedstock is carried out in a high-temperature 

(HTR) reactor and in a low-temperature reactor (LTR). The equilibrium is solved in these two blocks 
by the minimization of Gibbs free energy without any specification of the reactions taking place. HTR 

operates at 2500° and represents the zone of the plasma reactor where the feedstock is in direct 

contact with the plasma jet. LTR works at a lower temperature in the range between 800°C and 
1200°C and simulates the completion of the gasification process, where the organic fraction is 

completely turned into synthesis gas. Before the HTR reactor, another block simulates the broken-
down phase of the organic fraction of the feedstock. Accordingly, this block returns a stream made 

of the elementary components of the feedstock based on its proximate and ultimate analysis. HTR 
and the decomposition block are connected by a heat stream, representing the heat needed for the 

feedstock to be broken down. Moreover, a stream of atmospheric air heated up to 4000°C is input in 

the HTR in order to simulate the plasma jet. Accordingly, the electric power required by the plasma 
torch could be computed by the thermal power transferred by the gas to the system, considering a 

thermal energy efficiency of the torch. Finally, they modeled the heat exchange that happens 
between the feedstock, which is drawn downwards by gravity, and the raising syngas, with a heat 

stream placed between the entering feedstock and the raw syngas between HTR and LTR. Since this 

heat exchange is responsible for the drying of the feedstock, the water resulting from the 
decomposition phase is separated and mixed with the output syngas. 

(Monteiro & Rouboa, 2017) developed a similar model. Similarly, in this case, the feedstock is first 

decomposed into its elements based on proximate and ultimate analysis and then the water from 

the feedstock's moisture content is separated to simulate the drying phase. In this case, the reactor 
is simulated with a single block that calculates the composition of the syngas based on the 
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minimization of Gibbs free energy. The plasma gas is composed of both atmospheric air and steam, 

which are heated up by a heater block and input in the gasification block. Following the gasification, 
the ash is separated from the syngas in a separator block. 

(R. Taylor et al., 2013) developed an Aspen Plus model based on Gasplasma technology. This process 

is based on a two-step gasification, in which the plasma chamber is only used consequently to the 

formation of raw syngas to complete the tar cracking and upgrade the heating value of the syngas. 
Accordingly, the broken-down phase of the feedstock is followed by a single gasifier block that solves 

the equilibrium by Gibbs energy minimization. This block has an outlet for the raw syngas, directed 
to the plasma tar cracker, and an outlet for the solid stream. The solid stream is first cooled down to 

simulate bed cooling, then it is split into the bed material, which goes back to the reactor, and the 

ashes, which are directed towards the plasma reactor. The plasma converter has an outlet for the 
syngas, which is consequently cooled down in a steam generator, and one for the molten slag. 

  

3 METHODOLOGY 

3.1 SYSTEM DESCRIPTION 
The layout of the process has been developed in collaboration with the Swedish company Plagazi AB, 
that is finalizing it to a commercial level. It comprises a plasma gasification section and a hydrogen 

recovery section. The plasma gasification section accounts for the decomposition of solid waste into 
gas, while in the hydrogen recovery section the hydrogen content in the product gas is enhanced and 

hydrogen is extracted for using it as fuel. The layout of the system is represented in Figure 9. 
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Figure 9: schematization of the plasma gasification/hydrogen recovery system 

 

3.1.1 Plasma Gasification Process 
This section comprises a gasifier powered by plasma torches. The solid feedstock is fed from the top 
of the reactor, while a mixture of oxygen and steam is fed from the bottom section. An updraft fixed 

bed plasma gasifier manufactured by AlterNRG is used as reference for the model. The feedstock for 
the process is a mixture of ASR, coke, and limestone. Coke is used to increase the carbon fraction in 

the feedstock, while limestone reacts with the chlorine present in ASR, ensuring a higher degree of 

purity in the raw syngas. Steam and 93% pure oxygen are injected as oxidizing agents. The presence 
of steam ensures higher fractions of hydrogen in the product syngas, as discussed in the literature 

review. A simplified scheme of the gasifier is presented in Figure 10. 
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Figure 10: schematization of a plasma gasification updraft reactor (Alter NRG) 

 
 

3.1.2 Hydrogen Production Process 
The product syngas from the gasifier is cooled down in a heat recovery steam generator (HRSG) unit 

and cooled down before being cleaned of solid impurities and acid compounds by the means of a bag 
filter and a wet scrubber connected in series. The cleaning process is assumed to be working ideally, 

removing 100% of the impurities. Then, the clean syngas goes through a high-temperature and low-

temperature water-gas shift reactors, before being processed in a PSA unit, where the hydrogen is 
extracted from the stream. The water-gas shift reactor serves the function of enhancing the hydrogen 

fraction. This is accomplished through the reaction of the carbon monoxide present in the product 
gas and externally produced steam into hydrogen and carbon dioxide. It has been deemed 

appropriate to model the WGS reactor based on data from the experimental work (Chen et al., 2008). 

Lastly, a PSA unit is employed to ensure that the hydrogen is extracted at the desired purity. The PSA 
behavior has been modeled after the experimental work of (Q. Huang et al., 2008), assumed to be 

working at 70% recovery rate of 100% pure hydrogen. 

3.2 SYSTEM MODELLING 
3.2.1 Feedstock Properties 
In accordance with Plagazi AB, the feedstock used for the purpose of this study is ASR, Automated 

Shredder Residue. ASR has been characterized based on the literature and on the experimental data 

provided by Plagazi. The material composition of ASR is reported in Table 1, while ultimate and 
proximate analyses are shown in Table 2 and Table 3. Before entering the gasifier, ASR is mixed with 
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coke and limestone, in set proportions. The coke is added to the feedstock to increase the carbon 

content input of the gasifier, which improves the gasification reactions and oxidation reactions. In 
particular, the additional energy produced by the latter contributes to sustaining the gasification 

process, hence allowing for less electrical energy input. The ultimate and proximate analyses of coke 
are shown in Table 2 and Table 3. Limestone is added to the feedstock to react with hydrogen chloride 

(HCl) following the reaction and thus producing cleaner syngas. 

ASR TYPICAL MATERIAL COMPOSITION 

Elastomers 10-30% 

Plastics 40-70% 

Glass, Textiles, Lacquers, Paper 20-40% 

 Table 1: Average material composition of ASR waste, (Zevenhoven & Saeed, 2003) 

PROXIMATE ANALYSIS 
 ASR COKE 

Moisture 22% 1,18% 

Fixed Carbon 15% 88,18% 

Volatile Matter 67,14% 4,43% 

Ash 17,86% 7,39% 

Table 2: Proximate analysis of ASR waste and coke (PlaGazi AB) 

ULTIMATE ANALYSIS  

 ASR COKE 
 17,86% 7,39% 
Carbon 59,55% 91,80% 
Hydrogen 7% 0 
Nitrogen 1,54% 0 
Chlorine 2,97% 0 
Sulfur 0,29% 0,81% 
Oxygen 10,79% 0 

Table 3: Ultimate analysis of ASR waste and coke (PlaGazi AB) 

3.2.2 Plasma Gasification 
The process that develops in the plasma gasifier can be broken down in four different phases: drying, 
pyrolysis, oxidation and reduction or gasification (Jarungthammachote & Dutta, 2008).  
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o Drying 

ASR waste fed into the plasma gasifier contains a fraction of water. The process of removing moisture 

from the feedstock happens directly at the entrance of the gasifier, where the feedstock coming from 
the top collide and exchanges heat with the hot gas rising from the lower section. The exchanged 

heat heats up and evaporates the water content of the wet feedstock while then superheats the 
formed steam. The drying sub-model takes accounts for this interaction governed by the energy and 

mass balances shown in equations (1) and (2): 

�̇� = �̇� + �̇�  (1)  

 
�̇� = �̇� (1 − 𝑋 )𝐶 (𝑇 − 𝑇 ) + �̇� 𝑋 ℎ , − ℎ ,  (2)  

 

o Pyrolysis 

Pyrolysis is the process that occurs by heating up organic material in the absence of oxygen. The 

pyrolysis process leads through the decomposition of organic matter to gaseous products, volatile 
matter, solid products, namely char, and liquid products, pyrolysis oil, depending on the temperature 

and time of residence in the reactor. In plasma gasification, the temperatures reached in the gasifying 

chamber are high enough to disregard liquid products. Volatile matter is composed by CO2, CO, CH4, 
C2H6, and H2, while the production of tar, the more complex hydrocarbons, is again disregarded 

based on the high temperatures reached in the chamber. Char is composed of fixed carbon and ashes, 
which can be characterized by their composition obtained through proximate and ultimate analysis. 

The process of pyrolysis is sustained by the heat flux coming from the gasification and combustion of 

char happening in the lower part of the gasifier. The sub-model for pyrolysis is regulated by the 
following global reaction. 

𝐴𝑆𝑅 → 𝐺𝑎𝑠(𝐻 , 𝐶𝑂 , 𝐶𝑂, 𝐶𝐻 , 𝐶 𝐻 , 𝐻𝐶𝑙, 𝐻 𝑆, 𝐶𝑂𝑆) + 𝐶ℎ𝑎𝑟 

o Char Combustion and Gasification 

In this step, the char produced during the pyrolysis process comes in contact with the oxidizing agent, 
developing the partial oxidation of fixed carbon. Partial oxidation of char results in the production of 

CO and CO2. While external heat energy is input in the chamber by the means of the plasma torches, 
the exothermic nature of partial oxidation reactions contributes to the generation of heat that 

sustains pyrolysis, drying and melting steps. The oxidizers used in this process are oxygen pure at 93% 

and steam. While many gasification processes only use atmospheric air or oxygen as oxidizers, it has 
been shown in (Monteiro & Rouboa, 2017) that steam injection favors gas shift and water-gas shift 

reactions, resulting in a higher hydrogen yield. The sub-model that regulates this process follows a 
non-stoichiometric equilibrium model based on Gibbs free energy minimization, as shown in 

equations (3) and (4). It has been known that temperatures higher than 800°C can meet the 
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equilibrium conditions (Jarungthammachote & Dutta, 2008). Therefore, it can be assumed that the 

high operating temperature that is reached in the reactor allows for the equilibrium model to achieve 
high enough accuracy for thermodynamic considerations. The composition of the product gas is 

found by writing an expression of free Gibbs energy in terms of the thermodynamic variables of the 
system and the molar fraction of the different species. The composition of the gas is obtained by 

finding the values of molar fractions that minimize the value of Gibbs free energy, as showed in 

equations (5) and (6). 
While this approach is free from stoichiometric considerations, it is worth to highlight the reactions 

that are supposed to take place into the reactor to validate the results of the model. During 
gasification, several heterogeneous and homogeneous reactions take place, which are shown in 

Table 4. Heterogeneous reactions involve the fixed carbon partial oxidation and gasification, while 
homogeneous reactions concern for the most part steam reacting. 

The gasification process is assumed to occur perfectly, that is with a unitary carbon conversion 

efficiency: all the fixed carbon reacts to become gas. This assumption can be considered reasonable 
due to the extreme operating temperatures at which plasma gasification is conducted. 

 
𝑑𝐺 = 𝑑𝐻 − 𝑇𝑑𝑆  (3)  

 
𝑑𝐺 = 0 (4)  

 

𝐺 = 𝑛 𝜇  (5)  

 
𝜇 = �̅� + 𝑅𝑇 ln

𝑓

𝑓
= �̅� + 𝑅𝑇 ln

𝜙𝑝

𝑝
= Δ𝐺 + 𝑅𝑇 ln 𝑦  (6)  

 

Name Heterogeneous 
Reactions Name Homogeneous Reactions 

Partial 
Oxidation of 

carbon 
𝐶 +

1

2
𝑂 → 𝐶𝑂 

Oxidation of carbon 
monoxide 𝐶𝑂 +

1

2
𝑂 → 𝐶𝑂  

Oxidation of 
carbon 𝐶 + 𝑂 → 𝐶𝑂  Water-Gas Shift Reaction 𝐶𝑂 + 𝐻 𝑂 ↔ 𝐶𝑂 + 𝐻  

Boudouard 
Reaction 𝐶 + 𝐶𝑂 ↔ 2𝐶𝑂 Methane Reforming Reaction 𝐶𝐻 + 𝐻 𝑂 ↔ 𝐶𝑂 + 3𝐻  

Gas Shift 
Reaction 𝐶 + 𝐻 𝑂 ↔ 𝐶𝑂 + 𝐻    

Methanation 
Reaction 𝐶 + 2𝐻 ↔ 𝐶𝐻    

Table 4: List of reactions happening in the gasification step 
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o Melting 

While the fixed carbon contained in the char is gasified, ash and non-organic matter like metals melt 

into slag, that flows out from the bottom section of the gasifier. The typical composition of ASR ash 
residue has been retrieved from (Zevenhoven & Saeed, 2003) and is displayed in Table 5. This sub-

model calculates the heat associated with melting from the thermodynamic properties of the species 
that are in the ash composition, as shown in equations (7) and (8). 

COMPOSITION OF ASR BOTTOM ASH 

SiO2 26% 

CaO 38,9% 

Al2O3 13,9% 

MgO 2,4% 

Fe2O3 12,8% 

TiO2 3,1% 

Na2O 1,3% 

K2O 0,3% 

S 1% 

Table 5: Composition of Bottom Ash 

 
 𝐶 =  𝑋 𝐶  (7) 

 
ℎ = 𝑋 ℎ  (8) 

 

3.2.3 Syngas Cooling and Cleaning 
The syngas produced through plasma gasification has high temperature and can be quenched and 

furtherly cooled down in a heat recovery steam generator. Other than steam generation, low 
temperatures ensure less expensive cleaning equipment downstream of cooling. The cooling sub-

model computes the heat extracted from the syngas in a perfect heat exchanger. The heat capacity 

of the syngas can be found following equation (9). 
The cold syngas is cleansed from acidic gases and solid particles. The cleaning sub-model has been 

assumed to work at perfect efficiency, extracting HCl, H2S, COS, and CaCl2, plus fine particles and fly 
ashes. To take into account the real cleaning process happening through bag filters and wet 
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scrubbing, a heat exchanger furtherly cooling down the clean gas stream has been added to the 

model. 

 
𝐶 = 𝑋 𝐶  (9) 

 

3.2.4 Hydrogen Production 
The cold and clean syngas coming from the cooling and cleaning section flows to the hydrogen 

production section. The hydrogen production is performed by a water gas shift reactor and a PSA 

unit dispatched in series. The water-gas shift serves the purpose of enhancing the hydrogen fraction 
in the gas stream, while the PSA extracts useful pure hydrogen from the flow. Both these pieces of 

equipment present a wide range of working characteristics and thus have been modeled based on 
experimental results. Before entering the WGS reactor, the gas is compressed to 9 bar in order to 

match operational temperature and pressure in the WGS and PSA. 

3.2.5 Water Gas Shift 
The WGS reactor is composed of a High-Temperature Shift (HTS) operating at around 500°C and a 
Low-Temperature Shift operating at 200°C, operating respectively with a Fe-Cr catalyst for high 

temperature and a Cu-Zn catalyst for low temperature. (Chen et al., 2008) studied an experimental 

procedure for WGS with a rate CO/H2O equal to 1/4. The combined CO conversion of the two steps 
has been assumed to be 99,3% based on the findings of (Chen et al., 2008). The CO conversion rate 

combined to the stoichiometric expression of WGS shown in reaction 2. allows the sub-model to 
compile the composition of the gas at the WGS reactor output. 

 𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  (10)  

The PSA unit uses adsorbing material to cyclically extract pure hydrogen from the enriched stream 

coming out of the WGS. The sub-model that governs this step has been characterized by a 73% 
recovery of 100% pure hydrogen, based on the experimental results of (Byun et al., 2011). 
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3.3 ASPEN PLUS MODEL 

 

Figure 11: Flowsheet of the Aspen Plus Model 

The flowchart representing the Aspen Plus model is shown in Figure 11, while the description of the 
blocks and streams is shown in Table 6 and Table 7. The feedstock mix has been modeled on the 

stream "FEED". This stream has a non-conventional definition containing the characteristics of coke 
and ASR in terms of proximate and ultimate analysis, plus a conventional definition accounting for 

the limestone mass fraction. This allows feeding all the three components in the feedstock mix in one 

single stream. The feedstock enters the gasifier and first meets the upcoming hot syngas, exchanging 
heat and increasing its temperature in the block "DRIER". The heat associated with the drying process 

is modeled in the heat stream "DRY-HEAT" which connects "DRIER" to "LTREACT", a block associated 
with the gas product. The stream "DRY-FEED" is the output of "DRIER" and carries the hot feedstock 

to "DECOMP". In this block, the feedstock is broken down in its elementary components based on 

the ultimate analyses of feedstock components by using a calculator block. The decomposition of 
solid feedstock happening in “DECOMP” represents the pyrolysis step of the gasification process. The 

heat required by the pyrolysis is modeled in the stream "HEAT1" that comes from "HTREACT". The 
decomposed feedstock flows through the "DCMP" stream to the separator block "SEP1", where the 

streams "ASH" and "WATER" containing respectively the ash and the feedstock moisture are 

separated. The stream "ASH" goes to the block "MELT", where ash is melted into slag that flows out 
of the system through the stream "SLAG", while water is redirected to unite with the product syngas. 

The decomposed feedstock, purified from ash and water, flows to the block "HTREACT" through the 
stream "PUREDCMP". To improve the accuracy of the model, the area of the plasma gasifier 

associated with gasification and partial oxidation reactions has been split into the blocks "HTREACT" 
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and "LTREACT" according to the temperature profile. Both these blocks are RGibbs type and define 

their yield based on the minimization of Gibbs free energy. The block "HTREACT" represents the area 
where the plasma and oxidizers are input in the gasifier and it works at a temperature of 2500°C. The 

stream "AIR" contains oxygen pure at 93%, which is compressed and heated up to 4500°C in the block 
"DC-ARC" and then input into "HTREACT" through the stream "PLASMA". The oxygen and steam used 

as oxidizer agents are input in "HTREACT" through the streams "AIR1" and "PGSTEAM". The heat 

energy in "HTREACT" sustains the melting process of ashes through the heat stream "MELTH" and 
the pyrolysis of the feedstock through "HEAT1". The gas produced in "HTREACT" flows through the 

stream "GAS" to "LTREACT", which is set at 1100°C and is connected to "HTREACT" also through the 
heat stream "HEAT2".  

The syngas produced in the plasma gasification section flows in the mixer "MIX", where the moisture 
evaporated from the feedstock is merged into the stream "SYNGAS1". The syngas is quenched in the 

block "QUENCH" and then enters the block "HRSG", where it is cooled down until 180°C. The cleaning 

process is modeled into the separator block "FILTER", that separates HCl, H2S, and COS, and the 
heater block "SCRUBHX", that simulates the decrease of temperature due to the wet scrubbing 

process. 
The purified syngas output in the stream "PUREOUT" is compressed in the compressor block "COMP", 

which increases the pressure of the gas up to 9 bar. The compressed syngas in the stream 

"COMPOUT" is mixed in the mixer "WGSINMIX" with hot and pressured steam from the stream 
"WGSIN" to ensure the optimal CO/H2O rate in the WGS reactor. The mix enters the reactor through 

the stream "MIXIN", where a calculator block computes the output mix based on the selected CO-
conversion rate. The hydrogen-enriched stream coming from the WGS reactor is modeled into the 

stream "TO-PSA", which goes to the PSA unit. The block "PSA" is a separator block that extracts a 

stream of pure hydrogen called "PURE-H2" with a 73% hydrogen recovery rate based on the 
literature. Carbon monoxide, carbon dioxide, and the other hydrocarbons are funneled in the stream 

"OTHERS".
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ASPEN PLUS 
NAME 

BLOCK ID DESCRIPTION 
 

HEATER 

DRIER Heat exchange between dry feedstock and gas from the 
bottom part of the gasifier 

DC-ARC Increase the temperature of plasma air until the plasma state 
is reached 

MELT Increase the temperature of the ashes until melting 
temperature and provides melting heat 

DRYCOOL Simulates quenching by lowering the temperature of the 
product syngas 

HRSG Decreases the temperature of the product syngas so that it 
can be cleaned 

SCRUBHX Simulates the wet scrubbing by lowering the temperature of 
the syngas 

 

RYIELD 
DECOMP Converts the non-conventional solid feedstock into 

conventional gaseous elementary elements 

WGS 
Enhances the hydrogen fraction in the syngas based on CO-
Conversion and stoichiometry of the reaction 

 

RGIBBS 
HTREACT Simulates the reactions in the high-temperature section of the 

gasifier 

LTREACT Simulates the reaction in the low-temperature section of the 
gasifier 

 

SEP 

SEP1 Separates the decomposed feedstock from moisture and ash 

FILTER Separates the acid and solid components remained in the 
product syngas after cooling 

PSA Separates pure hydrogen from the hydrogen-enriched gas at 
the outlet of WGS reactor 

   

MIXER 
MIX Mixes the product syngas with the moisture evaporated from 

the feedstock 

WGSINMIX Mixes the syngas with additional steam before the inlet of the 
WGS reactor 

 
COMPR COMP Compress the syngas before the hydrogen recovery section 

Table 6: List of Aspen Plus blocks 
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ASPEN PLUS STREAM STREAM ID DESCRIPTION 
 

MATERIAL 

DRY-FEED Hot feedstock after heat exchange with hot syngas 

DCMP 
Feedstock is decomposed into elements according to 
proximate and ultimate analyses. This stream also contains 
moisture and ash. 

PUREDCMP Ash and moisture are removed from the decomposed 
feedstock 

ASH Ash removed from the decomposed feedstock 
SLAG Molten ash 
WATER Moisture evaporated from the feedstock 
AIRIN Air to supply the plasma torches 
PLASMA Plasma entering the gasifier 
AIR1 Oxidizing air 
PGSTEAM Oxidizing steam 
GAS Product of the high-temperature section of the gasification 

SYNGAS Product of gasification that comes in contact with the 
feedstock 

SYNGAS1 Product of gasification mixed with evaporated moisture 
from the feedstock 

SYNGAS2 Quenched syngas 
COLDOUT Cold syngas 

SCRUBBED Syngas that has been purified from acidic gases and solid 
particles 

PARTIC Acidic gases and solids scrubbed from the syngas 
PUREOUT Output of the cooling and cleaning process 
COMPOUT Compressed syngas 

WGSIN Additional steam required for the optimal CO/H2O rate in 
the WGS reactor 

MIXIN Inlet of the WGS reactor 
TO-PSA Outlet of WGS reactor and inlet of PSA unit 
PURE-H2 Pure hydrogen 

OTHERS 
Remaining gases after hydrogen is recovered from the PSA 
unit 

 

HEAT 

DRY-HEAT Heat duty for moisture vaporization in the feedstock 
HEAT1 Heat duty required from pyrolysis 

HEAT2 
Heat flowing between high temperature and low-
temperature gasification sections 

MELTH Heat duty of melting ash 
RECOVERH Recovered heat from cooling of syngas 
HLOSS Heat loss in wet scrubbing process 
WGSHEAT Heat Duty of WGS reactor 

Table 7: List of the Aspen Plus material and heat streams 
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3.4 ASSUMPTIONS  
The following assumptions are used for the process simulation: 

 Steady-state is established, and equilibrium conditions are reached; 
 Syngas produced consist of H2, CO, CO2, H2O, CH4, C2H6, HCl, H2S, COS, and ASH; 

 Carbon conversion efficiency is 100% (i.e. the carbon is completely gasified); 

 No tar production happens in the gasifier due to high temperature; 
 Soot is assumed not to be produced; 

 WGS and PSA are assumed not to have any external energy requirement; 
 ASH is non-reactive in the model. 
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3.5 BOUNDARY CONDITIONS 
The operating conditions of the system are shown in Table 8. 

FEEDSTOCK  
Total Flow Rate (kg/h) 2350 
ASR (kg/h) 2231 
Coke (kg/h) 89 
Limestone (kg/h) 30 
Pressure (bar) 1 
Temperature (K) 298 

GASIFICATION AIR (93% O2)  
Mass Flow Rate (kg/h) 1093 
Pressure (bar) 1 
Temperature (K) 298 
Equivalence Ratio 0,2 

GASIFICATION STEAM  
Mass Flow Rate (kg/h) 1160 
Pressure (bar) 3 
Temperature (K) 423 
Steam To Biomass Ratio 0,5 

GASIFIER  
Pressure (bar) 1 
Temperature (K) 1373-2773 

PLASMA AIR 
Flow Rate (kg/h) 37,5 
Pressure (bar) 11 
Temperature (K) 4773 

PLASMA TORCH 
Power (kW) 55 

COMPRESSOR  
Power (kW) 699 
Pressure jump (bar) 8 
Efficiency 1 

WGS REACTOR  
CO-Conversion 99,30% 
Pressure (bar) 9 
Temperature (K) 773 (HTS), 473 (LTS) 
Steam Injection Flow Rate (kg/h) 7459 
CO to H2O ratio 0,25 

PSA  
Hydrogen Recovery 73% 
Hydrogen Purity 100% 

Table 8: Operating conditions of the system’s components 
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3.6 PARAMETER ANALYSIS 
The Aspen Plus model has been used to investigate the effect on the system on two parameters of 

the plasma gasification, namely the oxidizing air-flow and the steam flow to the gasifier. To study the 
effect of the oxidizing air-flow, the dimensionless parameter of equivalent ratio (ER) has been used. 

ER is defined as the ratio between the oxidizing air per kilogram of feedstock over the stoichiometric 
amount as shown in equation (11). 

In the same fashion, to study the variation of the steam mass flow to the gasifier, the dimensionless 

parameter of steam to biomass ratio (SBR) has been utilized. SBR is defined as the ratio between the 
steam mass flow rate and the biomass feedstock mass flow rate, as it is shown in equation (12). 

 

𝐸𝑅 =

�̇�  

�̇�

�̇�  

�̇�

 (11)  

 

𝑆𝐵𝑅 =
�̇�

�̇�
 (12)  

 

The effect of these variations on the system performance will be measured by analyzing the 
consequent variation of different parameters. One of these parameters, the hydrogen energy 

efficiency, is defined in equation (13), and is the chemical energy of the produced hydrogen over the 
total energy input and represents a measure of the overall performance of the system.  

 

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
 (13)  
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4 RESULTS AND DISCUSSION 

4.1 VERIFICATION AND VALIDATION OF THE MODEL 
The plasma gasification section of the Aspen Plus model is verified against data from an AlterNRG 

gasifier using the same feedstock mix as input and the same operating parameters ER and SBR, 
however at a smaller scale. Equations (14) and (15) show the methods used to compute LHV and CGE 

for the simulated syngas, while the validation comparison can be found in Table 9. 

 

𝐿𝐻𝑉 =  𝐿𝐻𝑉 ∗ 𝑋  (14)  

 
𝐶𝐺𝐸 =

𝐿𝐻𝑉 ∗ �̇�

𝐿𝐻𝑉 ∗ �̇� + 𝑃𝑙𝑎𝑠𝑚𝑎 𝑃𝑜𝑤𝑒𝑟 + 𝑆𝑡𝑒𝑎𝑚 𝑃𝑜𝑤𝑒𝑟
 (15)  

 

 

 

 

 MODEL 
 (WEIGHT %) 

DATA  
(WEIGHT %) 

H2 4,0 2,9 
N2 3,9 7,8 
H2O 24,5 21,2 
CO 49,1 50,8 
CO2 14,2 11,0 
CH4 0,0 0,9 
C2H6 0,0 0,6 
HCL 0,7 1,3 
H2S 2,6 0,1 
COS 0,2 0,3 

 

LHV 
(MJ/kg) 10 13 

ER 0,2 0,2 
SBR 0,5 0,5 
CGE (%) 75,6 81,8 

Table 9: comparison of syngas composition and working parameters between the Aspen Plus model simulation and PlaGazi data 
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4.2 MASS & ENERGY BALANCE 
A mass and energy balance has been computed for the whole system and it is represented in Figure 
13 in relation to the pieces of equipment, while data is shown in Table 10, Table 11, and Table 12. 

In Figure 14, the energy input is broken down in all its contributions, showing that the energy input 
of the system is mainly represented from the feedstock. The mix of ASR, coke and limestone 

accounts for 79% of the total energy input, followed by the steam needed for the Water Gas Shift 

reactor (12%). The energy input of the plasma torches is a very small fraction of the total, 
accounting for less than 1%. Figure 15 shows the break down structure of the energy output, 

highlighting the hydrogen energy efficiency of the process, that is assessed to 48%. Hydrogen 
chemical energy and sensible heat account together for 49% of the total output, with the second 

biggest contribution being the excess hot water discharge from the Water Gas Shift reactor. It is 

also important to notice that 9% of the total energy input can be recovered through the HRSG, and 
thus used to improve the efficiency of the process. Finally, Figure 12 depicts a Sankey diagram 

representing the energy flows of the process.  
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Figure 12: Sankey diagram representing the energy flows of the system 
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Figure 13: Energy and mass balance of the system 
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INPUT kW 

FEED 14627 

GASIFICATION AIR 0 

GASIFICATION STEAM 895 

PLASMA HEAT 58 

COMPRESSION WORK 699 

WGS STEAM 2197 

 
TOTAL 18476 

Table 10: Energy input of the system 

OUTPUT kW 

SLAG 177 

QUENCH 360 

RECOVERED HEAT 1607 

WGS HEAT 901 

GAS OUTPUT 304 

WATER OUTPUT 5692 

HYDROGEN 168 

Chemical Energy 8614 

SCRUBHX 68 

PARTICLES 7 

LOSSES 578 
 

TOTAL 18476 

Table 11: Energy output of the system

MASS BALANCE  

INPUT kg/h OUTPUT kg/h 

PLASMA AIR 37 SLAG 306 
FEED 2350 ACIDIC GAS & SOLID PARTICLES 182 
OXYGEN 1093 WATER OUT 7159 
PG STEAM 1160 OTHER COMPONENTS 4213 
WGS STEAM 7459 PURE H2 239 

 TOTAL 12099 TOTAL 12099 

Table 12: Mass balance of the system 
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Figure 14: Break down structure of the energy input of the system 

 

Figure 15: Break down structure of the system energy output 

 

4.3 RESULTS OF PARAMETERS STUDY 

4.3.1 Effect of ER 
As it has already been defined in equation (11), ER is the rate between the actual air-to-fuel ratio and 

the stoichiometric combustion air-to-fuel ratio. In gasification, the stoichiometric combustion is 
never reached and thus ER assumes values comprised between 0 and 1. In this study, the ER has been 

varied between 0,1 and 0,5, with the base case being ER=0,2. The gasification air mass flow rate 

subsequently varied in the interval 612,3 - 2536,3 kg/h. The effect of ER variation on the syngas 
composition is shown in Figure 16. The increase of gasification air is followed by an increment of 

water and carbon dioxide fractions in the composition of the syngas, as it is shown in Figure 17, while 
at the same time the levels of hydrogen and carbon monoxide in the syngas are significantly 

decreased. It can be deduced that a higher presence of air in the gasification chamber favors the 
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complete oxidation reactions while inhibiting the gas-shift reactions. Raising the value of ER also 

results in lower hydrogen production due to a twofold effect: less hydrogen is formed in the 
gasification chamber and the lower carbon monoxide content leads to a lower hydrogen yield in the 

water gas shift reactor. While the increase in water content in the syngas leads to less steam to be 
input before the water gas shift step, inducing some energy savings in comparison to the base case, 

this effect is completely offset and overcome by the decreasing energy output in terms of hydrogen, 

as it is portraited in Figure 18 that shows how raising ER negatively affects the energy efficiency of 
the process.  

 

Figure 16: Effect of ER on syngas composition (absolute values) 

 

Figure 17: Effect of ER on syngas composition 
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Figure 18: Effect of ER on hydrogen production and energy efficiency 

 

Figure 19: Effect of ER on Cold Gas Efficiency 
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shift, less hydrogen can be generated as a result of the carbon monoxide conversion to carbon 

dioxide. This is also very clear from Figure 23, which shows the carbon monoxide content in the 
syngas at the output of the plasma gasifier and at the output of the WGS reactor. This results in the 

final hydrogen production remaining almost constant when varying the SBR, as it is shown in Figure 
22, which depicts the quantity of hydrogen at the different stages of the process. The input of a higher 

mass flow rate of steam in the gasifier causes the syngas to have higher water content as it is clear 

from Figure 20. Higher water content in the syngas allows for less additional steam to be input in the 
syngas before the water gas shift, thus decreasing the energy demand of the process. On the other 

hand, the load of the compressor gradually increases due to the higher mass flow rate of the syngas. 
The overall result of these different effects on the energy efficiency and on the final hydrogen 

production can be seen in Figure 24, where it is clear that the energy efficiency decreases with 
increasing SBR, while hydrogen production remains almost constant. 

 

Figure 20: Effect of SBR on the composition of syngas 

 

Figure 21: Effect of SBR on hydrogen quantity in the syngas 
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Figure 22: Effect of SBR on the hydrogen profile through the system 

 

Figure 23: Effect of SBR on CO profile through the system 

 

Figure 24: Effect of SBR on hydrogen production and energy efficiency 
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5 CONCLUSIONS 

This study focuses on a process that aims to tackle the problems of landfill waste management and 
sustainable hydrogen production. Integrated plasma gasification and hydrogen production have the 

potential to tackle both these issues, although a market-ready plant has yet to be developed.  
ASPEN Plus has proven to be a good platform to analyze the performance of hydrogen production 

via plasma gasification, producing mass and energy balance analyses. This study was able to produce 

an estimation of the material and energy requirements for the integrated processes, as well as of its 
products and by-products. The integrated system has been estimated to produce 238,5 kg/h of 

hydrogen from an input of 2231 kg/h of ASR waste, 89,2 kg/h of coke and 30 kg/h of limestone. The 
energy efficiency of the system has been assessed to be 49%, which is in accordance with the existing 

studies, allowing to produce 238,5 kg/h of hydrogen at a 99,3% purity. 
The parameter study confirms some of the consideration already seen in the literature, while adding 

findings regarding the integration of the sub-systems. A lower ER, has a generally positive effect on 

the overall process, increasing both hydrogen production and energy efficiency. On the other hand, 
increasing the SBR has been confirmed to increase the hydrogen formation in the gasifier consistently 

with the literature, but has presented the problem of decreased carbon monoxide content in the 
syngas, resulting in a very modest increment of final hydrogen production and in an overall 

deterioration of the performance of the system, reflected by the decreasing energy efficiency. In 

conclusion, a plasma gasification system for the disposal of solid waste and the generation of syngas 
can be integrated with a hydrogen production system. The integrated system has the potential to 

contribute to enhancing the circular economy of solid waste by extracting useful hydrogen directly 
from the disposal process. 
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6 FUTURE WORK 

While real data has been used to characterize the ASR waste, it is known from the literature that ASR 

waste presents wide variability in its constituents. Thus, a parameter study of the variation of ASR 
composition may improve the understanding of the hydrogen production potential. 

Regarding the water gas shift reactors, the ones that are available on the market show wide variability 

in terms of efficiency, operating parameters, catalysts, and working principles. Hence, modeling the 
WGSR with a kinetics model based on a specific market-ready reactor may improve the accuracy of 

the results and spark more considerations regarding the integration of the two main sub-systems.  
Further analysis could be performed extending the scope to include the production of the 93% pure 

oxygen needed for the gasification. 
  



43 
 

 

7 REFERENCES 

Adhikari, S., & Fernando, S. (2006). Hydrogen membrane separation techniques. Industrial and 
Engineering Chemistry Research, 45(3), 875–881. https://doi.org/10.1021/ie050644l 

Ahmed, N., Wenzel, H., & Hansen, J. B. (2014). Characterization of Shredder Residues generated 
and deposited in Denmark. Waste Management, 34(7), 1279–1288. 
https://doi.org/10.1016/j.wasman.2014.03.017 

Alonso, J. C., Dose, J., Fleischer, G., Geraghty, K., Greif, A., Rodrigo, J., & Schmidt, W. (2007). 
Electrical and Electronic Components in the Automotive Sector : Economic and Environmental 
Assessment *, 12(5), 328–335. 

Berzi, L., Delogu, M., Giorgetti, A., & Pierini, M. (2015). On-field investigation and process modelling 
of End-of-Life Vehicles treatment in the context of Italian craft-type Authorized Treatment 
Facilities. Waste Management, 33(4), 892–906. 
https://doi.org/10.1016/j.wasman.2012.12.004 

Bio Intelligence Service. (2015). A study to examine the benefits of the End of Life Vehicles Directive 
and the costs and benefits of a revision of the 2015 targets for recycling , re-use and recovery 
under the ELV Directive Final Report to DG Environment, (May 2006). 

Bosmans, A., Vanderreydt, I., Geysen, D., & Helsen, L. (2013). The crucial role of Waste-to-Energy 
technologies in enhanced land fi ll mining : a technology review. Journal of Cleaner Production, 
55, 10–23. https://doi.org/10.1016/j.jclepro.2012.05.032 

Byron Smith R. (2010). I NTERNATIONAL J OURNAL OF C HEMICAL A Review of the Water Gas Shift 
Reaction Kinetics, 8. 

Byun, Y., Cho, M., Woo, J., Namkung, W., Don, H., Duk, S., … Hwang, S. (2011). Hydrogen recovery 
from the thermal plasma gasification of solid waste. Journal of Hazardous Materials, 190(1–3), 
317–323. https://doi.org/10.1016/j.jhazmat.2011.03.052 

Chen, W., Hsieh, T., & Leo, T. (2008). An experimental study on carbon monoxide conversion and 
hydrogen generation from water gas shift reaction, 49, 2801–2808. 
https://doi.org/10.1016/j.enconman.2008.03.020 

Cossu, R., & Lai, T. (2015). Automotive shredder residue (ASR) management: An overview. Waste 
Management, 45, 143–151. https://doi.org/10.1016/j.wasman.2015.07.042 

DEFRA. (2011). Depolluting End-of-Life Vehicles ( cars and light goods vehicles ) Guidance for 
Authorised Treatment Facilities March 2011, (March), 1–30. 

Delfosse, L., Froelich, D., & Kassamaly, A. (1997). PHYSICAL AND CHEMICAL CHARACTERIZATION OF, 
(1), 267–276. 

European Commission. (2011). Roadmap to a Resource Efficient Europe. 

European Commission. (2013). DIRECTIVE 2000/53/EC OF THE EUROPEAN PARLIAMENT AND OF 
THE COUNCIL, (September 2000), 1–22. 



44 
 

Fiore, S., Ruffino, B., & Zanetti, M. C. (2015). Automobile Shredder Residues in Italy : 
Characterization and valorization opportunities. Waste Management, 32(8), 1548–1559. 
https://doi.org/10.1016/j.wasman.2012.03.026 

Galeno, G., Minutillo, M., & Perna, A. (2010). From waste to electricity through integrated plasma 
gasification / fuel cell ( IPGFC ) system. International Journal of Hydrogen Energy, 36(2), 1692–
1701. https://doi.org/10.1016/j.ijhydene.2010.11.008 

Gonzalez-fernandez, O., Hidalgo, M., Margui, E., Carvalho, M. L., & Queralt, I. (2008). Heavy metals ’ 
content of automotive shredder residues ( ASR ): Evaluation of environmental risk, 
153(January 1980), 476–482. https://doi.org/10.1016/j.envpol.2007.08.002 

Heberlein, J., & Murphy, A. B. (2008). Thermal plasma waste treatment. 
https://doi.org/10.1088/0022-3727/41/5/053001 

Hogland. (2004). Landfill mining and waste characterization : a strategy for remediation of 
contaminated areas, (January 1996), 119–124. https://doi.org/10.1007/s10163-003-0110-x 

Huang, J., El-azzami, L., & Ho, W. S. W. (2005). Modeling of CO 2 -selective water gas shift 
membrane reactor for fuel cell, 261, 67–75. https://doi.org/10.1016/j.memsci.2005.03.033 

Huang, Q., Malekian, A., & Eić, M. (2008). Optimization of PSA process for producing enriched 
hydrogen from plasma reactor gas. Separation and Purification Technology, 62(1), 22–31. 
https://doi.org/10.1016/j.seppur.2007.12.017 

Inglezakis, V. J., & Zorpas, A. A. (2009). Automotive shredder residue (ASR): A rapidly increasing 
waste stream waiting for a sustainable response. WIT Transactions on Ecology and the 
Environment, 120(April), 835–843. https://doi.org/10.2495/SDP090782 

Jarungthammachote, S., & Dutta, A. (2008). Equilibrium modeling of gasification: Gibbs free energy 
minimization approach and its application to spouted bed and spout-fluid bed gasifiers. Energy 
Conversion and Management, 49(6), 1345–1356. 
https://doi.org/10.1016/j.enconman.2008.01.006 

Malek, A., & Farooq, S. (1998). Hydrogen purification from refinery fuel gas by pressure swing 
adsorption. AIChE Journal, 44(9), 1985–1992. https://doi.org/10.1002/aic.690440906 

Mancini, G., Tamma, R., & Viotti, P. (2010). Thermal process of fluff : Preliminary tests on a full-
scale treatment plant. Waste Management, 30(8–9), 1670–1682. 
https://doi.org/10.1016/j.wasman.2010.01.037 

McKenna, E., & Thomson, M. (2016). High-resolution stochastic integrated thermal-electrical 
domestic demand model. Applied Energy, 165, 445–461. 
https://doi.org/10.1016/j.apenergy.2015.12.089 

Monteiro, E., & Rouboa, A. (2017). ScienceDirect Hydrogen production using plasma gasification 
with steam injection, 2. https://doi.org/10.1016/j.ijhydene.2017.03.109 

Raboni, M., Torretta, V., Urbini, G., & Viotti, P. (2015). Automotive shredder residue : A survey of 
the hazardous organic micro-pollutants spectrum in landfill biogas, 1–7. 
https://doi.org/10.1177/0734242X14559300 

Rehmet, C., Rohani, V., & Fulcheri, L. (2013). Waste Gasification by Thermal Plasma : A Review, 



45 
 

421–439. https://doi.org/10.1007/s12649-013-9201-7 

Rinaldi, C., Masoni, P., Salvati, F., & Tolve, P. (2015). Life cycle assessment of innovative technology 
for energy production from automotive shredder residue. Integrated Environmental 
Assessment and Management, 11(3), 435–444. https://doi.org/10.1002/ieam.1659 

Rutberg, P. G., Bratsev, A. N., Kuznetsov, V. A., Popov, V. E., Ufimtsev, A. A., & Shtengel’, S. V. 
(2011). On efficiency of plasma gasification of wood residues. Biomass and Bioenergy, 35(1), 
495–504. https://doi.org/10.1016/j.biombioe.2010.09.010 

Taylor, P., Ratnasamy, C., & Wagner, J. P. (2009). Catalysis Reviews : Science and Water Gas Shift 
Catalysis, (April 2013), 37–41. https://doi.org/10.1080/01614940903048661 

Taylor, R., Ray, R., & Chapman, C. (2013). Advanced thermal treatment of auto shredder residue 
and refuse derived fuel. Fuel, 106, 401–409. https://doi.org/10.1016/j.fuel.2012.11.071 

Tonn, B. E., Schexnayder, S. M., Peretz, J. H., Das, S., & Waidley, G. (2008). An assessment of waste 
issues associated with the production of new , lightweight , fuel-efficient vehicles, 11(2003), 
753–765. https://doi.org/10.1016/S0959-6526(02)00147-6 

Winanti, W. S., Purwanto, W. W., & Bismo, S. (2014). Decomposition of carbon dioxide in the three-
pass flow dielectric barrier discharge plasma reactor. International Journal of Technology, 5(1), 
51–59. https://doi.org/10.14716/ijtech.v5i1.153 

Zevenhoven, R., & Saeed, L. (2003). AUTOMOTIVE SHREDDER RESIDUE (ASR) AND COMPACT DISC 
(CD) WASTE: OPTIONS FOR RECOVERY OF MATERIALS AND ENERGY Final report for study 
funded by Ekokem Oy Ab 2002, (Cd). 

Zhang, L., Charles, C., & Champagne, P. (2010). Overview of recent advances in thermo-chemical 
conversion of biomass. Energy Conversion and Management, 51(5), 969–982. 
https://doi.org/10.1016/j.enconman.2009.11.038 

 


