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Abstract 

One of the greatest challenges of human today is to provide the continuous and sustainable 
energy supply to the worldwide society. This shall be done while minimizing all the negative 
consequences of the operation(s) to the environment and its living habitants including human 
beings, taking from the whole life cycle perspective. In this thesis work new solutions for 
treatment biomass and waste are analyzed.  
 
Based on the fundamental research on the conversion of various materials (biomass: straw 
pellets, wood pellets; and waste: plastic waste, ASR residues after pyrolysis), converted by 
means of different systems (pyrolysis in a fluidized bed reactor, gasification in a fixed-bed 
reactor using highly preheated agents) it is recommended to classify materials against their 
charring properties under pyrolysis, in order to find the best destination for a given type of 
fuel.   
 
Based on phenomenological research it was found that one of the important effects, affecting 
performance of downdraft gasifiers, is the pressure drop through the bed and grate. It affects, 
directly, the velocity profile, temperature distribution and of the height of the bed, especially 
for the grate with restricted passage surface, although it was not investigated in literature. The 
lower grate porosity, the higher conversion of fuel and heating value of gas is produced. 
However, the stability of the process is disturbed; therefore reducing the grate porosity below 
20% is not recommended, unless the system is designed to overtake the consequences of the 
rising pressure inside the reactor. This work proposed the method for prediction of a total 
pressure drop through the fixed-bed downdraft gasifier equipped with a grate of certain 
porosity with an uncertainty of prediction ±7.10.    
 
Three systems have been proposed; one for the treatment of automotive shredder residue 
(ASR), one for the treatment of plastic waste (polyolefins) and one for biomass (wood/straw 
pellets). Pyrolysis is an attractive mean of conversion of non-charring materials (like plastic 
waste) into valuable hydrocarbons feedstock. It gives directly 15-30% gaseous olefins while 
the residue consisting of naphtha-like feedstock has to be reformed/upgraded to olefins or 
other chemicals (e.g. gasoline generation) using available petrochemical technologies. 
Pyrolysis of complex waste mixture such as ASR is an attractive waste pretreatment method 
before applying any further treatments, whereby useful products are generated (gaseous and 
liquid fuel) and char, rich in precious metals. The solid residues are meant for further 
treatment for energy and metals recovery. Gasification is a complementary method for 
handling pyrolysis residues. However, metals can be removed before gasification. Pyrolysis 
of charring materials, like biomass, is a very important step in thermo-chemical conversion. 
However, the char being approximately 25%wt. contains still very high caloric value of about 
30MJ/kg. This in connection with the High Temperature Steam Gasification process is a very 
promising technology for biomass treatment, especially, above 900oC. This enhances the heat 
transfer towards the sample and accelerates kinetics of the gasification. This, in turn, 
improves the conversion of carbon to gas, increases the yield of the producer gas and reduces 
tar content. At higher steam to fuel ratio the process increases the yield of hydrogen, making 
it suitable for second-generation biofuels synthesis, whereas at lower steam to fuel ratio 
(S/F<2) the generated gas is of high calorific value making it suitable for power generation in 
a combined cycle.  
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uOR Effective superficial velocity at the grate temperature for an empty grate m/s 
Vp Volume of a particle m3 
Vp Free volume (void volume) or volume of fluid m3 
VFG Volume flow rate of feeding gas Nm3/h 
VSG Volume flow rate of Syngas, (producer gas) Nm3/h 
Greek letters 

ε Bed void fraction, bed porosity [-] 
Φ Sphericity, [-]  

φ Packing angle o 

λ Friction factor [-] 
µ Gas dynamic viscosity Ns/m2 
ρ Gas density kg/m3 
τ Function of l/deff and [-] 
Ω0 Grate porosity (A/A0) [-] 
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1. Introduction 

1.1 Background  

Conventional energy sources based on fossil fuels have facilitated industrialization 

and the economic growth during the 20th century. Contributing to almost 80 percent of total 

energy use, they have been the primary source of energy and chemical feedstock. The 

observed growth in energy consumption is a result of industrialization, growth of population 

in urban sites and improvement in the quality of living.  

However, due to the effects of their extraction, processing and utilization fossil fuels 

have become one of the major factors responsible for devastation of the natural environment. 

Hence, the vanishing resources, unstable geopolitical situation, raising demand for energy 

consumption and associated environmental concerns pushed societies for seeking after energy 

alternatives -renewable sources of energy.  

As (renewable) energy can be transported, converted and stored from several sources 

using different means (i.e. solar, wind, hydro power, fission/fusion, chemical/electrochemical), 

one of the greatest challenges of human today is to provide the continuous and sustainable 

energy supply to the worldwide society. This shall be done while minimizing all the negative 

consequences of the operation(s) to the environment and its living habitants including human 

beings, looking from the whole life cycle perspective. The first step towards achieving this 

goal is to reduce the energy loses and the emissions of harmful substances from the existing 

systems and to improve the utilizations of the best available and, possibly, renewable 

resources, existing at the given territory. In order to undertake those challenges, research and 

development on the conversion, transmission, and storing technologies have to be continued 

and those having promising and verified results should be implemented as soon as possible. 

On the other hand, the transformation of the system should be progressively introduced to 
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secure the economic growth and in avoidance of the drastic perturbations. The challenge is set 

even higher, in order to fulfill an increasing demand for energy, not only to sustain the current 

status quo.  

The U.S. Energy Information Administration predicted an increased of total world 

energy consumption by 50 percent from 2007 to 2035 [1].  Figure 1 indicates that the 

consumption of all primary energy resources is likelihood to increase to meet the demand for 

energy in the years to come.  

World marketed energy use by fuel type, 1990-2035 
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Figure 1: Share of world marketed primary energy use by source of fuel (source: IEO2010 projection, from 

U.S. Energy Information Administration [1]) 

1.1.1 Biomass utilization   

The limiting resources of fossil fuels will reflect not only on energy deficiency but 

also on material shortage resulting in the growing prices of goods. It is worth mentioning that 

fossil fuels as well as biomass are not only used for energy and transportation purposes but 

also became a very important raw material. The variety of applications include many 

industries such as polymers, synthetic rubber, chemicals, fibers, dyes, pharmaceuticals, 
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agriculture, food and many others. This increases the potential utilization of biomass and 

waste for different applications in several segments.  

In Sweden the potential of energy from biomass is large. Swedish Energy Agency 

predicts that the national fuel supply in 2020 will be around of 135-145 TWh [2]. 

Additionally there is potential of cultivation of energy crops which has been estimated to be 

around of 50-60 TWh/year [3].  

Globally, bio-energy covers 47 EJ (1018 Joules) per year which contributes to about 

10% of total consumption of primary source sources [5]. Unluckily, most of the biomass 

resources are used inappropriate. Although traditional use of biomass for cooking and heating 

purposes is known from ancient times, substitution of significance of fossil fuels by biomass 

is a challenging approach and requires most efficient technologies of conversion. 

Unfortunately, till present, nearly 80% of the total use of biomass is consumed by traditional 

way. From which a lion part attributes to fire-wood being used for domestic purposes in 

developing countries [4]. The modern biomass utilization technologies are at early stage of 

implementation and account on only 10%. Furthermore, the mentioned 10% of modern use is 

mainly accounted on behalf of the additions of liquid bio-fuels (bio-methanol, bio-ethanol and 

biodiesel) into transportation fuels and it is not largely utilized for power production. The 

traditional use includes biomass firing (i.e. wood, straw, charcoal, etc.) in low-efficient stoves 

for cooking purposes. Presently, almost two-fifth of word’s population relies on this form of 

energy. Inefficient use of biomass is not only is wasting of resources but could be harmful for 

health of the users. It reported that every year about 2 million of people are killed from the 

pollution caused by these open fires stoves [5].  

 The modification of a way the biomass is used is a first step towards sustainable 

development, national security and conservation of natural environment. Therefore, the 
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modern bio-resource transformation technologies have to be considered. Table 1 shows the 

some commercially available solutions for modern biomass utilization for energy. 

Table 1: Review of biomass conversion methods for energy [6] 

Technologies Efficiency 

% (LHV) 

Typical size, 

[MWe] 

Typical Costs, 

Capital, $/kW 

Typical Costs, 

Electricity, $/kWh 

Co-firing 35-40 10-50 1100-1300 0.05 

Dedicated steam cycles 30-35 5-25 3000-5000 0.11 

IGCC 30-40 10-30 2500-5500 0.11-0.13 

Gasification + engine  25-30 0.2-1 3000-4000 0.11 

Stilling engine CHP 11-20 <0.1 5000-7000 0.13 

 

 A development is oriented towards polygeneration (multiple usage of energy) and 

multi-functional utilization of means. In some cases bio-energy can be integrated into other 

source of energy (e.g. solar) as an auxiliary source of fuel or backup fuel due to possibility of 

continues supply. The efficiency of power generation can reach up to 40% for the integrated 

gasification combined cycle (IGCC) technologies. It is, therefore expected, that the raising 

trend of competiveness of various treatment methods will be observed along with an overall 

growth in use of bio-resources. Table 2 shows the projected scenarios for bio-energy use is 

2025 and 2050 [7]. Although the scenarios differ in their predictions, one thing is 

unquestionable: the utilization of biomass for energy product will increase in future.     

Table 2: Estimated utilization of bioenergy in EJ per year [7] 

Source of scenario 2025 2050 

Shell (1996) 85 200–220 

IPCC (1996) 72 280 

Greenpeace (1993) 114 181 

Johansson, et al. (1993) 145 206 

Dessus, et al. (1992) 135 – 

Lashof and Tirpak (1991) 130 215 

 

  For this reason it is necessary to spread a discussion not whether, but how are we 

going to use those precious resources to assure further development of civilization and quality 
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of man’s life, while securing the needs for future generations and preventing against 

degradation of the natural environment and social-economic crisis.  

1.1.2 Plastic waste utilization 

  Another potential source of energy and feedstock is stored in waste. The consumption 

of plastics has doubled every decade from the 70s and the prognoses are to continue this 

growth rate of 6-8% each year up till 2020 (plastic report [8]). Currently 250 million tons of 

waste plastic is generated, globally which corresponds to roughly 6 TJ per year [8]. Only in 

2009 the 27EU countries generated, on average, about 55 million tons of plastic wastes. 

Plastics have higher calorific value than coal or biomass and comparable with the one of 

crude oil. Apart of waste-for-energy, they can be recycled mechanically, or recovered 

(refined) to the petrochemical feedstock. The use of plastic waste has been tested also as 

reducing agent of iron ore in a blast furnace [9] Several German companies have used 

approximately 300k tonnes per  year of grounded plastic waste in their blast furnaces and 

thanks to that they saved 25%oil consumption.  

  The drawback of plastics is that they have a low density (mass to volume ratio) and 

are usually mixed with other materials comprising which increases the costs of treatment 

before the use. 

   Recycling metals from scraps is a common practice in many places all over the world, 

mainly due to economic reasons: Recycling 1 ton of from aluminum scraps saves 95% of 

energy, 6 tons of bauxite, 4 tons of chemicals and 14MWh of electricity needed for 

production from primary resources [10].  Refining cupper from ASR saves 75/% of energy 

needed for ore [11].   

  The problem appears when wastes are highly diverse in composition and may be 

varied from stream to stream, and the components comprising waste are of low market value. 

This is happening with respect to MSW or industrial solid waste.  In this situation, the running 
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and investment costs for the operation might be not feasible, unless the advance systems for 

waste collection, separation and continuous chain supply are implemented.  

  Although, the recovery process requires some input of energy and means, usually the 

benefits in terms of energy saving of the rational waste management system, significantly 

overcomes the initial charge. Landfilling is a short-time option, but the limiting capacities, 

demographic growth and the raising consumption of goods, force decision makers to produce 

more strict policies regarding waste treatment and disposal (e.g. European Disposal Site 

Directive 1999/31/EEC1 or Packaging & Packaging Waste Directive 1994/62/CE2) [12, 13]. 

This suggests the increasing trend in a recovery of energy and materials from waste. In the 

recovery process, useful and possessing higher value materials have to be separated and 

recovered while the hazardous species neutralized or destroyed.  Nevertheless, plastic waste 

(and in general waste containing organic carbon) can be successfully converted to energy 

and/or petrochemical feedstock.  

1.1.3 Automotive Shredder Residue utilization   

The automotive industry generates worldwide about 50 mln tones of waste every year 

[14, 15]. Presently, roughly 75% of a vehicle’s weight is recovered, mostly its metal contents. 

The remaining part of 25% seeks for an appropriate waste management system apart from 

land-filling. This remaining part is mechanically processed to a fraction called Automotive 

Shredder Residue (ASR) or “car fluff”. According to the Directive 2000/53/EC, land-filling 

can not be considered as an option for ASR waste management [14, 15]. 

                                                 

1 EU Directive: 1999/31/EEC states that landfilling of  the biologically decomposable waste should be reduced 
by 35% in 2015 with respect to 1995   
2 EU Directive: 1994/62/CE states that •by no later than 31 December 2008, at least 60% by weight of packaging 
waste to be recovered or incinerated at waste incineration plants with energy recovery and •by no later than 31 
December 2008, between 55 and 80% by weight of packaging waste to be recycled with additional targets for 
materials contained in packaging waste must be attained: 60% for glass, paper and board; 50% for metals; 22.5% 
for plastics and; 15% for wood, respectively. 
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ASR is a complex mixture containing a variety of materials, some of which may be 

toxic or potentially harmful.  Shredded Residue (ASR) or commonly called “car fluff” [16-

27]. ASR is a heterogeneous and a difficult-to-recycle mixture of different types of material. 

Treating this types waste is extremely challenging, because the exact material or chemical 

composition of ASR is not easy to estimate and very often is varies. Several authors reported 

different values [15-27] e.g. Day et al. reported that ASR comprises (19%) of plastics, (20%) 

of rubber, (10%) of textiles and fiber materials and (2%) of wood, and the rest are metals 

(8%), and oils (5%)[22]. However, Galvagno et al. indicated that ASR has a higher amount of 

plastics (31%), textiles and fiber materials up to (42%) and wood (5%) [21]. ASR also 

contains hazardous materials roughly about 10%, e.g. PCB, cadmium and lead [15-20, 25-27]. 

In the recovery process magnetic and mechanic separation is used to separate ferrous 

materials, non-ferrous materials and fluff [11, 15, 16]. Separation is, however, not ideal thus 

foreign fractions can always be found in the main fraction. Nevertheless, the organic part of 

ASR (polymers, rubber, textiles, fibers etc.) contributes to about 50-80% of ASR weight, 

which suggests treating ASR with thermal methods for feedstock and energy generation. ASR 

contains also heavy metals including copper, aluminum, lead, cadmium, chromium and others 

which should be recycled due to their harmful effects on the natural environment and 

usefulness for industry. Poly-vinyl chloride (PVC) and halogen-containing materials should 

be removed before thermal treatment [18, 19] or lime injection should be considered to 

neutralize a resulting HCl.  
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1.2 Biomass and waste thermal conversion methods  

Within the thermo-chemical treatment technologies, pyrolysis and gasification are 

generally considered as emerging technologies for waste and biomass treatment and this will 

comprise the main content of this work. Those technologies are applicable not only as the 

conversion method but may be used as advance recycling tools for treating mixed waste. 

When a carbonaceous material is exposed to heat source, the raising temperature causes 

physical and chemical changes in its structure and composition. Some material starts chemical 

transformation and decomposition directly from the solid phase (e.g. wood). Those which do 

not undergo the transition of phase (through evaporation or sublimation), but after de-

volatilization, remains a solid carbon-based skeleton (char) hereafter will be called charring 

materials. The other materials (e.g. polyethylene) that melt and/or evaporate before or during 

thermal decomposition leaving no solid carbon-based residue hereafter will be called non-

charring materials.  

  Pyrolysis is a free-radicals driven process of thermal decomposition of a 

(carbonaceous) material exposed to the source of heat that does not involve oxidation reaction 

between the material and ambient. It is a first stage of thermal conversion conducted at around 

300-800oC, before more advanced processes like gasification and combustion occurs. It can 

be also isolated process when the inert or reductive atmosphere is provided. The products of 

decomposition consist of gases, liquids and solids and the proportions between them depends 

among the others upon the type of material and pyrolytic agent, temperature of the process, 

heating rate of the sample, residence time and presence of chemically active substances (e.g. 

catalyst, oxygen). Pyrolysis is a kinetically control meta-stable process, therefore the products 

can undergo further pyrolysis reactions, until they reach the most stable thermodynamically 

forms.   
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  Gasification is a conversion of a carbonaceous material into gaseous fuel, carried out 

in the controlled oxidative atmosphere at temperatures above 700oC. With respect to charring 

materials it involves char–steam, carbon-CO2 and/or char-O2 reactions leading to generation a 

gas mixture reach in CO and H2. For non-charring materials it involves steam reforming, dry 

reforming, and partial oxidation reactions with liquid (vapors) and gaseous hydrocarbons.  

  Thermal conversion of carbonaceous fuel requires a source of heat in order to initiate 

and propagate the endothermic reactions and processes, (namely: heating, drying, volatilizing, 

pyrolysis, steam reforming and heterogeneous water-shift reaction) and at the same time 

sustaining a reasonable progress of the reaction rate. In general, the source of the heat for 

gasification process can be delivered to the system in two ways: directly (e.g. through release 

of chemical heat during combustion in oxygen-lean atmosphere of the part of the fuel) and/or 

indirectly (e.g. through release of sensible heat stored in a preheated medium). In the first case, 

most commonly utilized in conventional gasification systems, the generated producer gas is of 

lower purity and calorific value, due to contamination within the combustion products [28, 

29]. Moreover, the consumption of fuel is larger (approximately 30% of its weight is 

consumed to balance the internal requirements for heat), and thus the overall efficiency of the 

process is reduced [28, 29]. Nevertheless, as it is operated at relatively lower temperature the 

investments for the construction materials are fairly reduced. At presence, the prices for waste 

biomass are still relatively low; however, a rising demand for bio-energy might be 

problematic for the sustainability of bio-resources. Therefore, more efficient solutions for 

gasification technology are desirable. Thus, in the second case, which utilizes an indirect 

heating medium, the system efficiency but also the quality of the producer gas can be 

controlled, to some extent, by type, temperature and method for generation the preheated 

agent. One should notice that, in this way, gasification agent (e.g. steam) is used bi-

functionally both as a heat carrier and as a reactant. 
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1.3 Outline of the work 

The present work provides a breakthrough in the current state of knowledge, since it 

changes the centre of gravity from the system perspective to a material perspective. First, a 

material is characterized with respect to its thermal properties and subsequently one can 

determine the proposed treatment method. For example: in most cases it can be highest 

efficiency, but sometimes one can focus on yielding a rare and precious material. If the goal is 

to recover/generate a precious material it might justify using multi-stage process, catalysis, 

pre-treatment of raw material, or upgrading final product.  

In this way solid and liquid fuel, containing organic carbon can be divided into 

charring and non-charring material. This classification is based on the residues generating 

after pyrolysis in an inert atmosphere.  Fig. 3 demonstrates the suggested destination of 

biomass/waste resources.     

 

 

Figure 2: Destination of bio-resource via thermal treatment methods based on its charring properties 
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  Charring materials which include most of natural polymers (e.g. cellulose) are those 

which under pyrolysis conditions generate volatiles: moisture, gas and tar; and solid residues 

being rich in fixed-carbon with the remaining inorganic matter: char. The composition and 

structure of char differs dependently upon the type of fuel and the conditions of pyrolysis. The 

obtained char can be afterwards used either as a precursor for activated carbon or as a highly 

calorific fuel for combustion or gasification. 

  Non-charring materials (e.g. polyolefins) are those which under pyrolysis conditions 

melt down, change to volatiles and afterward undergo the pyrolysis reactions in a liquid or 

gaseous phase. As an effect of pyrolysis, non-charring materials usually do not leave the solid 

residues or if any, these are the products of components added to the solid fuel (e.g. fillers, 

contaminants, reinforcements, flame retardants etc.) In some cases soot can be generated 

during pyrolysis of non-charring materials, but this is an effect of consecutive reactions 

between the gaseous products under temperature above 800oC in an oxygen-free atmosphere 

[30].      

Table 3: Example of charring and non-charring bio-resources 

Charring materials  Non-charring material 

• Lignocelluloses: soft wood, hard wood, straw 

• Coal: anthracite, graphite, lignite, bituminous 

• Synthetic materials: rubber, epoxy raisins, 

polyurethanes, polyvinyl chloride, 

polycarbonate 

• Synthetic materials: polyolefins (PP, PE, PB, 

PiB); PS, PMMA, PMAN 

• Petrochemicals: naphtha, oil residue, waxes, 

paraffin 

• others: black liquor,  fats 

 

  This division has a far-going connotation both for practical applications as well as for 

fundamental and theoretical studies. The fundamental aspects will lead to observe differences 

in reaction mechanisms, heat and mass transport phenomena and as a consequence will seek 

for different modelling tools representing undergoing processes. The practical one can be 

depicted in Fig.2 which shows that different materials require different reactor systems, 

temperatures and agent types. Moreover, if the organic waste destiny is to be used for energy 
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or feedstock recovery the downstream separation should be conducted on charring/non-

charring basis.  

  After having the knowledge on charring properties of the fuel, the next step is to focus 

on the conversion method and means of the performance. It has been found that the 

gasification of biomass using highly preheated agents (above 1000oC) is advantageous 

comparing to conventional gasification in terms of obtaining higher conversion of fuel to gas, 

higher LHV and relatively lower tar content as it was reported by Lucas, 2006 [31]. However, 

ineffective system design may lead to achieving very poor results, since many technological 

challenges are emerging when the hot agent is produced (e.g. materials limitation, heat loses 

or wrong optimization of the system). Thus, better understanding of undergoing phenomena 

and system improvements towards a better utilization of preheated agents are necessary to 

assure an optimal use of the system during a continuous operation.  

  Once the system and the fuel have been thoroughly tested and optimized it can be 

integrated into the large operation, in which both energy and materials can be regenerated. 

This is a mission of this work which was based on an empirical, experimental research 

conducted on various types of biomass and waste in different reaction’s systems. After 

collection necessary information of research subject now is possible to proposed a new 

method of treatment complex waste mixture e.g. ASR using advance thermo-chemical 

conversion technologies to extract energy and materials from waste. The results are collected 

in 5 supplements. They are represented in Fig.2 and indicated as S.I-S.V. 
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1.3.1 A concept of combining microwave pyrolysis wi th High 

Temperature Steam Gasification for treating ASR 

A general concept is displayed in Fig. 3.  

 

Figure 3: A general concept of combining microwave pyrolysis with High Temperature Steam 
Gasification for treating ASR 
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  It was found that the use of high temperature steam increases the hydrogen yield [31] 

and can generate gas of a lower heating value in range of 10-15 MJ/Nm3 [32]. The high 

content of hydrogen is also potentially attractive for 2nd-generation fuels and chemical 

synthesis markets. However, conversion of char needs to be carried out in the most efficient 

and flexible way, in order to find a general commitment for this solution. Thus, a key factor to 

be examined is the conversion rate. 

  A potential application of using the above considered two-stage process can be 

extended as well for treating other hazardous and/or multi-component waste mixtures like: 

electronic and electric wastes, cable residues,  household appliances wastes, vehicle tires, 

construction and demolition waste, black liquor, residues from oil refineries and petro-

chemicals.  
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2. State of the art 

2.1 Charring and non-charring materials  

  Plenty of theoretical and practical research has been done on charring materials 

(variety biomass, paper, coal etc) and non-charring materials: thermoplastic polymers (PP, 

PE, PMMA, PS) without, however, notification to charring or non-charring. Few researchers, 

especially involved in prevention for fire-fighting, have undertaken the investigation on 

charring and non-charring fuels with respect to combustion properties of solids [33-36].  

 

  Harmathy 1984, tried to establish appropriate nomenclature in the field of materials 

burning. He suggested to use a term “combustion” with respect to the homogenous oxidation 

reaction with combustible gases and vapors (flaming) to separate from the heterogeneous 

solid char-oxidation reaction [33]. In this sense thermoplastics can be regarded as a liquid 

fuel, because they undergo pyrolysis to produce volatiles which gives the source of fuel for 

flaming combustion, and there is no solid-oxygen reaction. This is in contrast with charring 

materials, which undergo combustion of volatiles resulting from pyrolysis, and additional the 

remaining solid char can be burnt in the smoldering process. 

 

  Ndubizu et al. studied the local burning rate is of PMMA, under a forced-flow 

boundary layer flame, and concluded that the rate is varied inside a sample. It decreasing with 

time near the leading edge (especially, for the thickness lower than 10 mm) and increasing 

slowly with time downstream to the center of the slab [34] 

 

  Di Blasi (1993), studied combustion processes of solid charring and non-charring 

materials by means of modeling.  She simulated thermal degradation of charring fuels under 
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semi-global kinetic models coupled to models of transport phenomena; meanwhile non-

charring fuels were described through a one-step global reaction model taking to account the 

effects of bubble formation on the transport of volatiles during thermal degradation, She 

observed different physical-chemical processes relevant to charring and non-charring 

materials.  For PMMA the internal absorption of radiation and formation of the melt layer are 

the factor limiting-rate process whereas, for charring materials, transport mass and heat 

inside/outside material, pressure gradients, cracks cause by thermal stress in the char layer, 

resistance of inserts (e.g. ash), shrinkage/swelling of the material are influential on the process 

performance [35]. 

   

  Wasan et al. has developed an enthalpy-based model to simulate pyrolysis process of 

charring and non-charring materials.  In their work heat of pyrolysis is related to the 

formation enthalpies of individual constituents [36].  

2.2 Conversion of biomass and waste under pyrolysis  

  Pyrolysis of biomass leads to a de- volatilization of lignocelluloses material. The main 

products are gas, tar and char. The main goal for biomass pyrolysis is liquid fuel generation 

and charcoal. Pyrolysis is also the first stage in any thermal process of biomass and its 

conditions are crucial on product yields and its behavior under gasification of combustion.   

Many authors have been involved in practical and theoretical aspects related to pyrolysis of 

biomass. The research subject is enormous, thus in this section the literature survey will be 

limited to only the few  review papers having impact on this thesis (35, 37-41). 

 

  Zaror and Pyle, 1982, summarized the achievements in the field of biomass pyrolysis 

in late 70’s. They concluded that design methods are predominantly based on empirical work 

and there is insufficient understanding of the mechanisms of pyrolysis [37]. A compelling 
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need for reliable data on the pyrolysis, products yield as a function of process conditions and 

type of feedstock are sought, in order to find out the influence of main components building 

biomass on conversion.   

 

  Antal  and Varhegyi (1995) studied degradation of cellulosic. They found two main 

competitive pathways being responsible for pyrolysis:  ring scission and end-group de-

polymerization. The first, leading to char and gas formation, is favoured at low temperatures 

(below 550–570 K), whereas the second, leading to tar production, is favoured at higher 

temperatures. The Broido-Shafizadeh scheme, extended to include secondary tar cracking, is 

the most widely used scheme for cellulose pyrolysis [38, 39] 

 

  Di Blasi (2000) reviewed kinetics of pyrolysis with respect to primary reactions by 

one- and multi-component (or one- and multi-stage) mechanisms.  She also critically revised 

the secondary reactions of tar cracking and polymerization. The formation of single gaseous 

or liquid (tar) species based on distributed activation energy models. Different approaches 

used in the transport models are presented at both the level of single particle and reactor, 

together with the main achievements of numerical simulations [39] 

 

  The state of the art of biomass pyrolysis was conducted by Babu (2008). He, 

compared effects of heating rate on pyrolysis products. In this work several pyrolysis models 

(including: a single-step mechanism, multiple-step mechanism) have been screened. The 

models were categorized into the two groups: generalized reference model that incorporates 

all the possible effects of kinetics, heat transfer, mass transfer, and momentum transfer; and 

two types of simplified model. The first simplified models assumed, no bulk motion 

contribution (i.e. convective transport is neglected) to the temperature profile, and the second 
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one sets the following simplifications: The heat is transported by conduction inside the 

particle and the effect of porosity of the solid particle is negligible [39]. 

 

   The presented above literature resource consist of rich theatrical material regarding 

biomass conversion. On the other hand, the very useful, practical and comprehensive work 

has been done by Neves et al. (2011) [40]. They examined product yields under different 

pyrolysis conditions obtained from nearly a hundred species of biomass.  

 

  The effect of size of wooden particles at various pyrolysis conditions has been tested 

among the others by Grieco and Bladi (2011). They pointed out that the kinetics and yields of 

pyrolysis of a big wooden particle and wood pellets are not the same. The reason for this 

difference has been related, in particular, to the effects of secondary reactions involving solid 

and gaseous products [41]. 

 

Pyrolysis of ASR 

  Pyrolysis, which is one of the most promising methods of ASR treatment, has been 

widely studied [11, 15-17, 20-22]. Recently, several pyrolysis techniques have been reported 

in the area of ASR: screw kiln pyrolysis [17, 20-22], microwave pyrolysis [11, 15] and 

plasma pyrolysis [15]. Apart from obvious benefits of pyrolysis: energy and metal recovery, 

there is serious concern about the residues generated from that process needing to be recycled. 

Unfortunately, not much work has been reported providing a solution for treating those 

residues. The solid residues, mainly charcoal and ash, contribute to 20-50% wt. of the product 

distribution after pyrolysis [11, 15-25]. They contain roughly 40-80 wt.% of carbon and 20-

50% ash which is rich in iron, copper, aluminum. The solid residue limits the commercial 

application of the pyrolysis operation in a large scale, unless there will be sustainable methods 

of handling this by-product. 
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Pyrolysis of polyolefins 

  Pyrolysis of different types of plastics has been widely studied the summery results 

are available in Sheirs and Kaminsky, 2006 [42]. Although, several reactor systems for 

pyrolysis of plastic waste have been developed e.g.: melting vessels, rotary kilns [42], molten 

metal bed (Slowinsky and Malanowski, 2008) [43], partial oxidation in gas turbine [44] in this 

work the scope of investigation is limited to fluidized bed reactors and fixed bed plug flow 

reactors [45].  

   

  Pyrolysis of polyolefins is following the random scission mechanism (Mordi et al., 

1994; Sakata et al., 1999 [46, 47]. Free radicals are generated which propagate chain reactions 

resulting in cracking polymer into a broad mixture of hydrocarbons existing in a liquid and 

gaseous phase.. As the residence time and temperature increases, the composition of the 

products moves toward more stable-thermodynamically compounds [48-51]. In case of using 

steam as an agent instead of nitrogen, the products distribution shifts towards gaseous olefins 

as it was reported by Kaminsky et al. (1995) and  Simon et al. (1996) [52, 53]. Apart from 

different types of fuel and agents used for pyrolysis, the product composition depends 

significantly on the presence of catalyst (including concentrations and types). The operating 

temperature for achieving high yield of olefins from thermal process is between 600 and 

800°C [42, 49]. Higher temperatures increase the yield of hydrogen, methane, acetylene, 

aromatics and soot, whereas lower temperatures favour generation of liquid products.  

    

  Most of the research carried out, has been oriented on reducing operating temperature 

and raising the yield of selected group of hydrocarbons either by controlling the residence 

time and pyrolysis temperature e.g. olefins and aromatics as was demonstrated by Demirbas, 

2004, Kaminsky et al., 1995; Simon et al., 1996 [49, 52, 53] or monomer recovery (Kaminsky 
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and Franck, 1991)[54] or by using catalysis. The use of Fluid Catalytic Cracking (FCC) 

(Mertinkat et al., 1999; Marcilla et al., 2005)[55, 56]; solid acid catalyst e.g.: SA-1, SA-2, 

zeolites: HZSM-5, HUSY (Marcilla et al., 2005, Mordi et al., 1994; Park et al., 1999, Sakata, 

et al., 1999) [46, 47, 56, 57]; and non-acidic catalyst e.g.: silicalite, mesoporous silica gel, 

FSM and natural zeolites (Mordi et al, 1994; Sakata et al., 1999)[46, 47] or nickel-based 

zeolite HNZ [57] for the cracking of individual plastics or mixtures into a range of 

hydrocarbons has been widely studied. The catalyst having stronger acid sites favored the 

yields of olefins and aromatics through decomposition via carbonium-ion (ionic) mechanism, 

meanwhile the neutral mesoporous catalyst based on silicalites yielded, predominantly, liquid 

products following degradation via the radical mechanism [57]. Although they found to be 

efficient in reducing pyrolysis temperature to 400-500oC and increase the yields of selected 

products they were consumed in huge amounts, being in some cases the part of the bed. They 

were also sensitive for soot formation which deactivates the catalyst over a time.  

  Lewis acid catalyst (as active agent for Ziegler Natta catalyst) was studied by 

Kaminsky and Zorriqueta 2007 [30, 58]. They exhibited cracking properties at temperature 

300-500oC when added in very little quantities of approximately 0.1-1%wt. of feed 

throughput.  

 

Microwave pyrolysis 

  Microwave heating is a process occurring in the molecular level [11, 15]. The heat is 

generated volumetrically within the material. In this process, (similarly to microwave 

cookers) a magnetron generates microwaves that induce the oscillations of certain molecules, 

mainly dielectrics. The frequency of waves is set to attract hydrocarbon -a main constituent of 

polymers (2.3GHz). The heat is generated volumetrically within the material so the material is 

heated up more uniformly from inside [11, 59-63] Thus improved heating efficiencies are 
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achieved as compared with conventional techniques that use external heating sources 

(Appleton et al.) [60]. However, the heating induced by microwave is selective to the type of 

material which differs in its response to microwave radiation. The materials can be grouped 

into three types according to their interactions with microwave: a) conductors which reflect 

radiation, creating on the surface eddy currents; b) insulators which are transparent for 

radiation; c) dielectrics which absorb microwave radiation [62].  

   

  Thanks to these properties of microwave radiation, this technique found many 

applications involving heating i.e. drying, synthesis, pyrolysis, etc [62, 63]. Due to the good 

thermo-isolative properties of plastics, the heat absorbed for pyrolysis, can be used more 

effectively (Forsgren) [11]. Therefore similar product distribution can be obtained for 

relatively lower temperatures compared with conventional pyrolysis. From the other hand the 

difference in absorption of microwave radiation by different substances creates some 

difficulties for handling mixtures like waste in order to maintain a stable operation (mainly 

temperature) conditions. This was observed by Forsgren [11] who noticed that charcoal 

(carbon black) present in tires, as a good dielectric, absorbs microwave radiation with a higher 

efficiency. He also found that it is capable of generating at the same input power, local hot-

spots of over 1000 °C inside the waste mixture, but for the same conditions the polyurethane 

foams can be barely heated up to 200oC.  

 

  This has an effect on solid residues after microwave treatment of ASR, in which the 

char structure should be less uniform compared with the pyrolysis using external heating 

systems. Also porosity of char can be reduced which will effect on heterogeneous carbon – 

steam and carbon oxygen reaction rates [59, 60]. The treatment of ASR using microwave 

pyrolysis reduces the volume of waste up to 90% (75% by weight) and generates the product 
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consisting 11-16% of gaseous, 22-30% of liquid and 59-62% of solid products, dependently 

on a type of fraction used for investigations [11].  

2.3 Conversion of biomass and waste under highly pr eheated agent 

   

  The achievements in combustion technology that have been observed in the past two 

decades, spreads into relative fields of science and engineering [64]. The “know how” and 

various advancements in combustion technology created a possibility to generate highly 

preheated agents in an efficient way thus creating new horizons in the gasification field as 

well. That is how the High Temperature Agent Gasification (HTAG) technology had been 

established [65, 66]. Since then, many technological solutions for rational generation of 

highly-preheated gasification agents have been tested. Some of them will be discussed below. 

   

  To date an important progress has been made in the field of High Temperature 

Gasification Technology, among the others, in the following research groups [31, 32, 66-81]: 

in Gupta’s group, steam is generated from combustion of hydrogen and oxygen which 

subsequently electrically heating to a desire temperature [70-74], and in Swithenbank’s group, 

steam or oxygen is supplied into the burner along with the gas fuel and preheated air (or 

enriched air) to yield a high temperature flame of steam (above 1600oC) for gasification 

[75,76], meanwhile Yoshikawa’s [66-69] and Blasiak’s groups [31, 32, 77-81], used different 

approaches for a hot agent generation. In their system a hot agent (steam, air or mixture) is 

preheated from combustion of gaseous fuel using a regenerative system consisting of 

switching-burners and heat exchangers [4-7, 14-19]. 

  

  Despite of differences in the solutions for the hot agent generation all obtained results 

have concluded similarly; the application of high temperature agent gasification is 
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advantageous comparing to conventional gasification in terms of obtaining higher conversion 

of fuel to gas, higher LHV and relatively lower tar content as it was reported elsewhere in 

[66-81]. The addition of steam as a gasifying agent was found to elevate yields of hydrogen 

[31, 68-72, 76, 79-81] however an endothermic heterogenic carbon –steam reaction costs a 

surplus of energy to be supplied. 

 

  Steam gasification depends on the conditions, which can significantly increase 

hydrogen content via water-shift and gas-water-shift reactions:  

(Cfix+H2Osteam=> CO + H2 and CO+H2O�CO2+H2  

Syngas (H2+CO) can be used either for combustion with production of heat and electricity or 

for chemicals production like ethanol, hydrocarbons, and ammonia as fertilizer.  Apart from 

the potential applications for syngas/hydrogen, the High Temperature Agent (Air/Steam) 

Gasification process provides with other benefits like: (i) no landfilling of ash residues is 

required and (i)  no need to treat ashes from gasification since there is no ash produced but 

only slag which is non-leachable and can be used as a building material. Additionally, some 

of our previous thermodynamic simulations showed that about 10-15% of generated producer 

gas needs to be recycled and combusted to fulfill internal energy demands, when the system is 

optimized properly [27, 32]. This showed a potential benefit of using the high temperature 

agent gasification technology over the conventional one, in which about 30% of biomass is 

utilized for self-energy requirements.  This, in addition to the fact that the gasification rate 

increases with a raise of process temperature, justifies the concept of using highly preheated 

agents, even though the initial investments cost for the materials and equipments might be 

higher. Therefore, an availability of achieving highly preheated gasifying agents is a breaking 

through solution in gasification technology showing plenty of benefits. From another hand, 
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many technological challenges are emerging towards a better utilization of preheated agents 

to assure an optimal use of the system.  

   

  Conversion of biomass and waste using highly preheated gasifying agents (over 

1000oC) is advantageous in terms of achieving higher conversion rate, higher hydrogen yield 

and cleaner gas [31]. Recently, tremendous progress has been observed in the area of high 

temperature gasification process. [31, -10]:  

 

  Lucas et al., who conducted experiments on high temperature air-blown gasification of 

wood pellets in a updraft, fixed bed, batch type gasifier, concluded that the generated gas 

comprised mainly of  H2, CO, CO2 and CH4, medium calorific value in the range (LHV~ 4,7-

7,6 MJ/Nm3) and a reduced tar content compared with conventional low temperature 

gasification [31].  

 

  Ponzio et al. indicated that conversion of biomass is enhanced with the growth of 

agent’s temperature. In particular, there is a significant increase in the rate of pyrolysis in a 

fixed bed reactor somewhere between the air temperatures of 400-550oC. It was noticed that 

below and above this temperature window, the impact of temperature on change in reactivity 

is not that significant [32, 76-78].  

   

  In case of only-steam gasification this temperature window is higher. It is around 750-

850oC and it seems to be dependent on several parameters: type of biomass and char 

reactivity, agent temperature, reactor geometry, heating system, and steam (oxidizer) to fuel 

ratio.  
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  Umeki et al. investigated the effect of temperature and steam to carbon ratio (S/C) on 

hydrogen yield in steam-only gasification process of woody biomass. It was found that this 

process produced 35-55%vol of hydrogen in producer gas. Increasing both temperature and of 

S/C ratio increased the hydrogen yield but had a negative effect on thermal efficiency of the 

process [67, 69]. 

 

  Nipattummakul et al. studied the influence of S/C ratio at 950 oC on gasification 

performance of waste water sludge in a laboratory scale, semi-batch type gasifier. They 

obtained value of S/C at 5.62 to be optimal for syngas, hydrogen and energy yields. 

According to their results, the steam-only gasification provided a 25% increase in energy 

yield compared to pyrolysis at the same temperature [70]. 

 

  Skoulou et al. investigated effect of steam temperature in the range of 750-1050oC on 

syngas yield and quality as well as tar cracking. They pointed out the highest reduction in tar 

content and increase in reaction rate in experiments at 750 and 850oC, respectively. They 

denoted a significant reduction of carbon monoxide, methane, lighter hydrocarbons and tars at 

highest steam temperatures. Increase in hydrogen content up to 40vol.% of syngas was 

observed with rising of steam temperature. They suggested that this is attributed to enhanced 

homogenous steam-reforming reactions and water-gas shift reaction at elevated temperatures 

[79].   

 

  Wilson et al. conducted research on the conversion of coffee husk with high 

temperature agents at 700, 800 and 900oC. The authors indicated an increase of hydrogen and 

carbon monoxide content in syngas with an increase of agent temperature. Simultaneous 

reduction of remaining residues has been found [80].  
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  High Temperature Agent Gasification and High Temperature Pyrolysis has also been 

applied with respect to other types of wastes including: plastic waste, electric cable residue 

(Kantarelis et al. 2008) [81].  

 

  Pyrolysis of wood at superheated steam was conducted by Sagehashi et al., The high 

yield of liquid oil have been obtained from that process [82]. 

 

  Gasification is an alternative option for recycling ASR [24-27, 44]. The operating 

conditions for gasification are carried out under limited oxygen presence, and are milder than 

those taking place in combustion; however metals and salts can be melted or evaporated. On 

the other hand, gasification is less sensitive for the variation in material composition of ASR 

compared to pyrolysis. Also the products are more homogenous, since mainly producer gas is 

generated, and therefore easier to handle. The ASR’s gasification was studied in various 

conditions and experimental setups by Kondoh et al. [16].  

  

  In all highlighted cases, the higher gasifying agent temperature the better conversion 

rate, hydrogen yield, volume of generated gas and tar reduction. High Temperature Air/Steam 

Gasification has very clear economical and environmental benefits [31, 32]. It will increase 

consumption of biomass (like wood or straw pellets) thus decreasing CO2 emissions from 

energy-intensive industries and creating more jobs in agriculture and forestry.  

 

  To date, however, there are no traces in literature resources regarding treating 

microwave pyrolysed products from ASR, using high temperature steam.   
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2.4 Influence of the pressure drop due to grate and  bed resistance 

on the performance of a downdraft gasifier 

  Conversion of biomass and waste using highly preheated gasifying agents (over 

1000oC) is a promising technology for biomass conversion. On another hand, many 

technological challenges are emerging towards a better utilization of preheated agents to 

assure an optimal use of the system.  

 

Gasification in a downdraft mode is known for gas production with lower tar content 

[89-91]. In order to avoid an instability during the operation (i.e. clogging, rapid pressure and 

temperature changes), a downdraft gasifier requires an effective separation system for the 

solid materials from the resulting syngas. Since the intake of biomass and feeding gas flowing 

in the same direction, clogging of the reactor might result in hot gases escaping through the 

feeding system which leads to serious consequences. Some technological solutions e.g. 

moving grate and conical grate have been applied to overcome some of those problems [89, 

91]. The solid material (fuel) which accumulates on the grate causes an increase in resistance 

to the flow, resulting in a pressure drop. Several researchers have presented a number of 

predictions for pressure drop due to bed resistance [92-94]. The pressure drop along the 

porous bed can be predicted using the Ergun’s equation [93, 94]. This equation enables the 

perdition of pressure drop, with regards to the summing two: inertia and viscous forces, to be 

calculated in the wide range of Reynolds number. Although, Ergun’s equation has some 

limitations in predicting the pressure drop in beds consisting of large size-particle distribution, 

however, it gives reasonable approximation for mono-dispersive beds [ [94].  
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Another source of pressure drop occurs due to a resistance of the grate, which restricts 

passage ability as compared to the open column. The study of the resistance coefficient for a 

perforated plate has been conducted in [95-98].  

 

  The reduction of the passage area of a grate or screen increases the hydrodynamics of 

the system. This has a direct effect on the orifice velocity profile as well as the pressure drop. 

The system becomes more complicated when the reactor is charged with biomass/char. In this 

case a bed of biomass having a certain void fraction is formed on the grate hence covering its 

free passage. Thus, the resistance of the grate and the resistance of the bottom-layer of the bed 

being in contract with the grate, have to be somehow interconnected. Moreover, they should 

affect significantly the velocity profile and pressure gradient inside the reactor. This, in turn, 

would influence the process performance (temperature distribution inside the reactor, 

conversion of biomass and gas composition), and stability of the operation (blocking/clogging 

of the reactor, un-steady operation). Thus, determination of an effective open area for the flow 

and prediction of total pressure drop (through bed resistance and grate-bed resistance) is of 

high importance. Although, the grate-bed resistance coefficient appears to be an important 

operating parameter having a strong influence on the overall performance during downdraft 

fixed-bed gasification, to date no information on the pressure drop due to the grate-bed 

resistance has been found in the literature.  

 

  Thus, an investigation the mechanism of pressure drop is necessary to conduct. In this 

work a 0.7MW downdraft fixed-bed gasifier fueled with wood pellets under a wide rang of 

flow rates, temperature distributions, pressure drops have been used. Further, the effect of 

pressure drop on the overall performance of the operation with emphasis on the temperature 

distribution inside the reactor, conversion of biomass, gas composition will be discussed. 
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3. Objective of the work 

The general objectives of this work are focused on three main pillars:  

1. Fundamental research: Increasing the knowledge on thermal treatment 

technologies o f biomass and waste aiming on increasing conversion rates and yields 

of desire products.  

 

2. Phenomenological research: Showing the importance of the grate-bed resistance 

on account of the total pressure drop in side a downdraft gasifier. 

 

3. Delivery of the practical solutions: Development of the routines for biomass and 

waste treatment systems based on its charring properties.  

 

Specific objectives: 

• Study of thermal treatment technologies for biomass conversion using highly 

preheated agents.  

• Increasing the knowledge of the pyrolysis process of charring and non-charring 

materials based on experimental research.  

• Recovery of monomer and naphtha-like feedstock from plastic waste. 

• Investigation on the influence of the grate-bed interactions in a downdraft operation 

focusing on the process performance, product composition and safety of the operation. 

• Development of a waste treatment method suitable for Automotive Shredder Residue 

(ASR), using thermal treatment technologies. 
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4. Methodology  

4.1 Materials  

Table 4 shows the list of tested materials with respect to their physical and chemical 

properties.  

Table 4: Characterization of tested materials 

Material C H O S N Ash Moisture Volatiles LHV 

Polyolefins 81.3 17.67 - - - 1 <0.1 99 45-47 

Straw pellets 46.5 5.81 43.39 0.04 0.48 3.8 10.1 77.7 17.51 

Wood pellets 50 6-6.2 43-44 0.02 <0.2 0.5 8 84 17.76 

Light ASR*
 38.76 2.67 3.0 1.18 3.58 49.74 2.34 27.70 14.98 

Heavy ASR*
 47.19 2.82 2.33 1.1 0.12 9.11 0.8 20.30 32.12 

Liquid ASR*
 84.58 3.13 45.42 0.03 4.10 0.04 43.00 99 14.68 

* Residue after microwave pyrolysis 

4.2 Experimental  

  The experimental part of this work has been conducted in three different reactor 

systems and on different subject. Pyrolysis of plastic waste has been carried out in a fluidized 

bed reactor, at Hamburg University (see Fig.4). Gasification and pyrolysis of biomass and 

ASR have been conducted in a small lab-scale, plug flow reactor equipped with a build-in 

scale capable of analyzing mass loss of sample, at the Division Energy and Furnace 

Technology, KTH, Stockholm, Sweden (see Fig.5). The experiment in downdraft gasifier has 

been conducted on the facility shown in Fig. 6. A derailed description of the measurement 

techniques and procedure can be found in the supplements.    

Table 6 contains a list of experimental apparatus, conditions and main purpose of 

investigation 
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Table 5: List of experimental apparatus, conditions and main purpose of investigation 

Material, input Reactor Process Parameters, agent, purpose  

Polyolefins 

mixture (PP, 

HDPE, LDPE) 

1-2kg 

Bubbling-fluidized quartz 

bed, lab-scale reactor of 

productivity 1-3kg/h, 

Heating: electrical heating 

element of 10kW 

Thermal and 

catalytic 

pyrolysis 

Fig. 4 

500-730oC, Ziegler Natta catalyst 

Gas yield, monomers and napththa-

like feedstock. 

Straw pellets 

30-40g  

Fixed-bed, plug-flow, 

small HTAG test facility 

of 5 kW burner powered 

by natural gas, with a 

build-in scale.  40g 

Gasification 

pyrolysis, 

HTSG, HTP 

Fig.5 

750-950oC, steam at 3.2 and 1.875 

S/F, argon at 1Nm3/h 

Conversion, gas composition, yield 

and LHV, effect of temperature, type 

of agent and S/F ratio. 

Wood pellets 

50-100kg/h 

HTAG, Fixed-bed 

downdraft gasifier, 

0.7MWth,  

Gasification, 

HTAG 

Fig.6 

900-1100oC, air, air+steam, ER 0.3-

0.14;  

Effect of pressure drop on the 

performance and gas quality. 

Determination grate-bed resistance 

coefficient for prediction the total 

pressure drop in the gasifier, due to 

bed and grate-bed resistance. 

Solid and liquid 

pyrolysis 

residue of ASR 

5-10g 

Microwave pyrolysis,  

Fixed-bed, plug-flow, 

small HTAG facility of 5 

kW a with build-in scale.   

Gasification/ 

reforming 

Fig.5   

950oC, Steam  

Conversion, gas composition, yield 

and LHV, 

Solid residue 

after pyrolysis 

of ASR 2g 

Microwave pyrolysis, 

Fixed-bed, plug-flow, 

small HTAG facility of 5 

kW with build-in scale 

used as a macro TG 

Gasification 

Fig. 5 

Steam and 3%O2,  

Char conversion and activity vs. 

different temperature of agents, 
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4.2.1 Fluidized bed reactor 

  The layout of the facility is shown Fig. 4.  

 

Figure 4: Schematic representation of a LWS 5, lab-scale 3kg/h fluidized bed pyrolysis reactor  

 

  The reactor called LWS-5 is a laboratory-scale pilot plant of a capacity of 1-3kg/h.The 

facility consists of three main working sections: feeding system, fluidized bed reactor and the 

condensation-cleaning section. The reactor is a cylindrical vessel of an inner diameter of 

154.1mm and length 770mm, externally insulated by mineral wool. 

  The fluidized bed consists of quartz sand of grain particle size distribution between 

0.1-0.3 mm. Nitrogen was used as an initial fluidizing agent to be gradually replaced by the 

circulating pyrolytic gas. The overpressure of fluidizing gas was between 80-100 hPa to 

assure a bubbling fluidized regime of the bed. The residence time was estimated as the 

reactor’s volume divided by the superficial volume flow rate of the fluidized agent. On-line 

monitoring of temperature and pressure was possible due to eleven thermo-couples and five 

pressure sensors linked to the computer. 
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  The gas samples were analyzed via GC/TCD, GC/FID and GC/MS. The sampling was 

conducted at 20 minutes intervals. Sampling lasted for 1 minute. The gas was sucked into a 1-

litre, tight glass bottles and later analyzed. Prior to sampling the bottles were vacuumed for 1 

minute. A GC instrument equipped with a TCD detector (Chrompack CP 9001, Chrompack 

Carboplot® P7) was used for detecting transparent gases: H2, N2, CO, CO2 and CH4. The 

qualitative analysis of gaseous hydrocarbons was carried out using the Chrompack CP 9002 

instrument coupled with mass spectrometer (GC-MS), meanwhile the quantitative analysis of 

combustible gases was conducted using Chrompack CP 9002 instrument equipped with a 

flame-ionized detector (GC/FID). Both GC-MS and GC/FID were equipped in separation 

column: Chrompack CP-AL2O3/KCl-Plot, (50m, 0,32mm, 5µm). The data was collected 

using Interface PE Nelson 900, Turbochrom Navigator 4.1. 

 4.2.2 Lab-scale test facility  

The schematic drawing of the facility is displayed in Fig. 5. 

   

 

Figure 5: Small lab-scale batch type gasifier  
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 The system is equipped in a heat regenerator (ceramic honeycomb) of high thermal 

capacity. The stored heat from combustion of natural gas is used to preheat the agent for 

reaction. The agent (steam at 180oC, 2-4 bars; mixture of O2/N2 or argon from the gas 

bottle), enters the system via one of the inlet (1). The gasifying agent while passing through a 

ceramic honeycomb is rapidly heated up to desired temperatures, which is measured by the S-

type thermocouple (19). The maximum operating temperature can be around 1050 °C. The 

initial temperature of the gas should be higher for about 100 °C than the expected temperature 

for the experiment. The honeycomb, in addition, can keep a homogeneous temperature 

distribution inside the reaction chamber and constant delivery gas temperature for about 12 

minutes.  

  The reaction chamber is a tube of a diameter 80 mm, lined internally with refractory 

materials. The sample is inserted inside a basket made of mash. The basket is attached 

through a thin platinum wire (6) from the top of the reactor to the digital scale (7) which is 

fixed above the tight-air hatch of facility (8). The wire passes through a small hole drilled 

through the hatch of the gasifier but can freely move inside. A small and controlled amount of 

nitrogen is added via inlet (5) in order to create overpressure, which will prevent uncontrolled 

air penetration into the reaction system. The batch of sample can be varied in a range of 1-80g 

grams, dependently on purpose of the investigation. The sample can be cooled by nitrogen in 

the cooling chamber before the for an experiment is reached. The balance measures the 

weight of sample with accuracy up to 0.01 gram and the response time of scale is 0.5 seconds. 

It continuously records the mass loss of sample during the process. The mass decrement, 

ambient/steam temperature are recorded on PC within the 1 second intervals. The volatiles 

and gases are drafted by the suction fan to the exhaust system (9). Some portion of the 

exhaust gases (flue gas or syngas) is sucked into the on-line gas analyzer (12, 13), which 

indicates the process performance and actual CO2, CO and O2 concentration. Concentration of 
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O2 is carried out using M&C Analysentechnik instrument, type PMA 25, equipped in a 

paramagnetic detector, while CO and CO2 concentrations were measured using Maihak 

analyzer type MULTOR 610 equipped with a Non-Dispersive Infra Red detector (NDIR).  

Before the gas enters to the gas analyzers it passes through the condensation-cleaning unit, 

which consists of one water trap (16), two iso-propanol traps and a water coil cooler (14,15). 

Then a micro gas chromatograph (GC) Varian CP-4900 coupled with TCD was used to 

measure the H2, CO, CO2, N2, O2, CH4 concentrations in the producer gas. It could sample a 

new gas portion every 90 seconds.  

4.2.3 Downdraft, fixed-bed gasifier   

  The layout, detailed distribution of the thermocouples and the photography of is 

presented in Fig 6. The system consists of four integrated elements: preheater, biomass 

feeding system, gasifier and afterburner. The biomass, transported from the feeding tank by 

means of screw conveyors, is fed from the top of the gasifier to the feeding section (FE) 

through four vertical water-intercooled feeding channels.  The hot feeding gas (air or mixture 

of air and steam), generated in the preheater, is introduced to the wind-box section (WB) 

through the side wall of the vessel.  Both hot gases and biomass are moved co-currently 

downwards until they meet the grate. The grate stops biomass/char resulting in a bed 

formation in the particle fixed-bed’s section (BP) and allows passing the gases and ash/fine 

particles. The ash/fine particles are collected in the slag-box section (SB), and the raw 

producer gas (syngas) is sucked from the gas part & particles section (GPP) to the 

afterburner/combustor by means of an induced-draft flue gas fan. The gas sampling and tar 

sampling port is located on the pipe transporting producer gas from the gasifier to the 

afterburner.  
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Figure 6: Continuous HTAG test facility in downdraft configuration at KTH/Energy and Furnace 

Technology; top: layout; bottom left: Distribution of thermocouples along the vertical axis of reactor 

points 0-10 represents thermocouples: T0-T10; bottom right: photography of the whole system 
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Preheater 

  Air was supplied to the system by an air blower. Slightly preheated steam (180°C, 2.5 

bar), produced by an electrical steam boiler was introduced to the air-line. The relative flow of 

the air and steam was regulated manually and monitored by a set of flow meters. The 

temperature of the feed gas (air or air/steam mixture) was preheated to about 1000°C by a 

regenerative preheater working in cycles in which the air or air/steam mixture passes through 

hot honeycomb in one chamber while hot combustion gases are heating up the other chamber 

with a subsequent inversion of the flow. In this study the preheater was powered by 50kW-

burner each, using an external fuel to maintain a stable operation. As an external source of 

fuel the natural gas at 2.5Nm3/h was applied. The preheater is capable of regeneration of 

preheated agent up 1300oC of the mass flow rate ranged between 50-150kg/h. 

Gasifier  

  The gasifier body is a vertical cylinder with an inner diameter of 0.385m (cross section 

area 0.1256m2) and inner height of 2.6m. It is lined by a 300mm layer of refractory material 

and coated by 10 mm stainless steal. It consists of six sections; from bottom to top organized 

as follows: (1) slag box serving as collector for the ash or molten slag—SB of 0.4m length; 

(2) producer gas outlet section—GPP of 0.6m length; (3) grate section part—GS of 0.2m 

length; (4) fixed bed section—BP of 1.1m length where the biomass/char can be accumulated; 

(5) wind box—WB where hot agents are supplied to the gasifier of 0.6m length (6) feeder 

section on top of the gasifier body - FE of 0.3m length. The hot gas is introduced though a 

channel of 200mm diameter with a center located approximately 0.7m below the top of the 

gasifier. The grate is supported on the kanthal tubes, which are fixed to the walls of the 

gasifier, and is located on approximately 1/3 of the height of the gasifier counting from the 

bottom.  
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Feeding system 

  The biomass feeding system consists of four main parts: (I) a biomass silo of capacity 

2,5m3, (II) a screw-conveyor duct transporting pellets from the biomass silo to the feeding 

tank located over the gasifier, (III) a feeding tank with a distributor to the four feeding 

channels, (IV) four vertical water-intercooled feeding channels, whereby the solid material is 

supplied from the feeding tank to the gasifier by the four synchronize screws, powered by two 

electric motors. A high accuracy estimation of the feeding rate is obtained through a pre-

calibration of the feeder, in which the mass flow rate of feedstock against the frequency of 

motors revolution is detrained.  

 

Afterburner 

  In this experimental setup there is no utilization of the produced gas. Thus, after 

sampling, it is burnt in an afterburner (combustion chamber) for safety reasons and the 

exhaust gas is cooled by water injection before discharge to the atmosphere. An induced-draft 

flue gas fan is placed at the outlet of the afterburner to cover pressure losses and prevent 

against the reactor clogging.  

The gas analysis was conducted using the same equipment that was described in previous 

section for the small test facility. 

 

4.2.3.1 Experimental procedure 

  After the feedstock container was filled, biomass was introduced into the gasifier 

through feeding screws at FE (see Fig. 6). The preheated gasifying agent was then flown into 

the same section where it mixed with moving biomass. The flow rates were kept constant and 

the mixture allowed to flow for two hours. The system was then left to stabilize for about one 

hour before any reading was taken. Finally the data acquisition system was switched on to 
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record flow rates, temperatures and pressure drops. The biomass and gasifying agent flow 

rates were subsequently varied and kept constant, then the above procedure were followed for 

the new conditions. All experiments were repeated for three different grates, the specifications 

of which are given in Table 11 which is displayed in section 5.2. 

 

  A particular condition for a steady state operation was considered as “constant” until 

the measured values of temperature and pressure of the outgoing producer gas (T9) (see Fig. 

2) and the product gas composition did not fluctuate more the ±3% over a 10 minutes interval 

period. 
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5. Results and discussion 

5.1 Fundamental research 

In this part of work a conversion of biomass and waste by means of different thermo-chemical 

treatment will be studied. The effect of operating conditions on product yield and its quality 

will be revealed. 

5.1.1 Pyrolysis of plastic waste  

Table 6 lists the experimental conditions and product distribution obtained in pyrolysis of 

polyolefins mixture in a fluidized bed reactor.  

Table 6: The parameters and results of the experimental run 

Name of the experiment 650 N/C 730 N/C 500 Z-N 650 Z-N 

Average bed temperature [°C] 650 728 500 645 

Catalyst supplied [%] 0 0 1 1 

Total input [kg] 1.993 0.964 1.015 1.050 

Feeding rate [kg/h] 0.91 0.24 0.61 0.34 

Duration of process [h] 2.2 4 1.67 2.5 

Residence time* [s] 3.25 2.98 14.7 3.23 

Average over-pressure of circulating fluidized gas [mbar] 75 98 94 75 

Material balance     

Gases [%wt.] 36.88 42.44 6.47 54.31 

Liquids [%wt.] 48.42 43.70 89.03 41.93 

- Light fraction/Liquids ~300oC b.p. at STP 47.39 70.20 44.32 36.71 

-Heavy fraction/Liquids  52.12 30.28 55.68 64.29 

Solids [%wt.] 14.70 13.86 4.49 3.76 

Converted material [%] 100 100 100 100 

* Calculated as the ratio of the reactor’s volume to the volume flow rate of the fluidizing agent at normal conditions. 

   

  After pyrolysis no char was generated. The solid residues consist of mineral matter 

and carbon black (soot). The results indicated in Table 6, show that the higher pyrolysis 

temperature, the lighter hydrocarbons (gas and light oil). This trend can be observed, 
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correspondingly, both in respect to catalytic and thermal pyrolysis; the gas yield for the only-

thermal pyrolysis increases by around 20% for the run conducted at higher temperature to 

reach equal proportion between the gas and liquid fraction. At 730oC the heavy oil and wax 

content decreased but the benzene-toluene-xylene output stream increases, suggesting the 

growing rate of the secondary reactions in a gas phase between the gaseous olefins. 

  The yield of pyrolysis gas rose almost 9 times between the run at 500 and 650oC when 

the catalyst was added, and at the same moment, the liquid generation decreased two-fold (see 

Table 6). Certainly, this is an effect of the increase in pyrolysis temperature. However, 

catalytic effect is also noticeable, while analyzing results obtained with and without catalyst 

for the run at 650oC. In this case the gas fraction increased in about 16%wt., whereas the solid 

and liquid fraction was reduced by 12 and 6%wt., respectively, after provision of the Z-N 

catalyst.  

 Table 7 compares the gas product composition derived from thermal and catalytic 

pyrolysis in fluidized bed reactor.  

Table 7: Gas composition and yields after pyrolysis of polyolefins’ in a fluidized-bed using an inert agent 

Temperature [oC ] 650 Z-N 650 N/C 728 N/C 760 N/C 720 N/C 740 N/C 

Reference this work [42] [42] [50] 

feedstock type mix mix Mix PP PP:PE (1:5) PE 

System and size [kg/h] FB 3kg/h  FB 30kg/h FB 3kg/h 

Hydrogen 0.4 0.2 0.4 0.7 0.5 0.8 

Methane  11.6 7.1 15.0 28.2 15.3 23.6 

Ethane  6.9 3.5 3.6 4.0 7.9 6.7 

Ethylene 12.1 7.9 10.3 13.9 18.3 19.8 

Propane 1.2 0.7 0.4 0.1 0.2 0.1 

Propylene  11.4 7.2 4.9 3.7 8.0 5.5 

sum of gases 54.3 36.9 42.4 46.6 52.8 52.7 

sum of ethylene + propylene 23.6 15.1 15.3 17.6 26.3 25.3 

Ethylene/propylene ratio 1.06 1.10 2.09 3.77 2.29 3.60 

   

  The collection of gas products at 500oC was not successful due to high yield of liquid 
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products. The gas yield for “650 Z-N” was 54.3 %wt. and increased by 18%wt. and 12%wt. 

compared to the thermal processes at 650oC and 730°C. Thus, a total yield of gaseous olefins 

(ethylene and propylene) with addition of Z-N catalyst was 23.5%wt at 650oC, and it was 

57% and 53% higher than the yield from thermal pyrolysis at 650oC or 730oC, 

correspondingly. Referring to the literature resources: the gas yield and monomer recovery 

from process with Z-N catalyst at 650oC reached comparable values with the thermal 

pyrolysis of polyolefins corresponding to temperatures 710-760oC, regardless of the type of 

used feedstock [42, 48-51]. At the same time this value was lower by ca. 50% with respect to 

the results of steam cracking reported by, Kaminsky et al. (1995) and Simon et al. (1996)[52, 

53], where the yields of olefins were around 35-40% of total product distribution.  

Nevertheless, the experiment at “650 Z-N” produced the highest yield of propylene which is 

also illustrated by lowest value of ethylene-to-propylene ratio as compared to the other results 

presented in Table 7. The modern technologies for naphtha cracking process (steam or 

catalytic) give around 60-70% of olefins (Ren et al., 2006) [59], thus the results from thermal 

and catalytic pyrolysis can reach up to 30-40% of this level, while steam cracking around 60-

80%. 

 The catalytic effect of Z-N, is not fully understood, however the results of cracking PP 

seems to be more significant than PE. It is, thus, considered that the effect of Lewis acidic 

sites on cracking PP is driven by ionic mechanism (through abstraction of hydride ion and 

generation of more stable tertiary ions on carbon atoms), which leads to decomposition via β-

scission mechanism [46]. The high yield of propylene is, therefore, attributed to the presence 

of Z-N catalyst and seems to be the most important effect of it. Moreover, the yield of 

propylene cannot be further increased only by increasing the pyrolysis temperature. This 

suggestion can be supported, while analyzing the reference results from the only-thermal 

pyrolysis presented in Table 7. The yield of propylene initially increases from 7%wt. at 650oC 
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to reach maximum of around 10%wt. at 710-720oC afterwards declines to about 4%wt. at 

760oC. In the same time, significantly increased the amounts of methane and ethylene can be 

observed with a growth in pyrolysis temperature. This indicates that above 730oC propylene is 

not stable and tends to decompose to methane and ethylene. Hence, in order to increase the 

yield of propylene one should consider addition of catalyst or steam to the reaction system 

and provide fast quenching of pyrolysis products in avoidance of additional cracking.        

5.1.2 Gasification of ASR pyrolysis residue using h igh temperature 

steam 

The raw light and heavy fractions of ASR were pyrolysed using microwave technique.  

This treatment reduces the volume of waste up to 90% (75% by weight) and generates the 

product consisting 11-16% of gaseous, 22-30% of liquid and 59-62% of solid products, 

dependently on a type of fraction used for investigations [11, 27]. More information about 

pretreatment of ASR can be found in supplements IV and V. 

   

The specific volume of producer gas generated from a unit of fuel was computed by 

integrating volume flow rate of producer gas against time, which is illustrated in Eq.1: 
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Where: ν is a volumetric producer gas yield [m3/kg], GV
o

is a volume flow rate of the producer 

gas [m3/s]; m is an initial mass of sample [kg], C(t,T) is a conversion degree (dependant of 

time and temperature) of organic matter content in fuel [kg/kg], ti is an elapse time [s].  

Hence, the total volumetric producer gas yield Vt is given in Eq.2: 
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Fig. 7 compares the conversion of fuel to gas and the volumetric producer gas yield as the 

function of time at steam initial temperature 1000oC. Tar were excluded mass balance 
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Figure 7: Conversion of organic content in fuel and the volumetric producer gas yield at 950oC and a 

constant steam flow rate of 10g/min 

 

The conversion denotes the highest degree for Liquid 99% followed by PUR 90% and 

RUBBER 65%. This implicates the low content of organic carbon in ash which, in fact, has 

been enriched in mineral matter. It is important to point out that the conversion of organic 

matter to fuel in the current investigations is related only to the char, excluding the reduction 

of raw ASR’s weight via microwave pyrolysis.  The differences in organic matter to fuel 

conversion rate between tested samples are probably due to differences in char activity and 

ash content.  The char structure after microwave pyrolysis is not uniform and the porosity of 

carbon matrix is not well developed. Both of these factors influence gasification reaction rate 

and eventually conversion degree. The phenomena affecting on post-pyrolysis ASR’s char 

will be further discussed in the following section. It can be seen from Fig. 7 that with 
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decreasing mass of sample the volumetric producer gas yield initially increases reaching 

maximum after 300-360 sec and subsequently decreases. The amount of the syngas yield 

(total volume of producer gas per kilogram of ash-free basis fuel), was: 387dm3/kg from 

RUBBER, 325dm3/kg from PUR and 749dm3/kg from LIQUID.  

 

  Fig. 8 Shows the normalized gas composition (against N2) and heating value obtained 

during gasification of pyrolysis residue after microwave pyrolysis with a steam of temperature 

1000oC. 
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Figure 8: Normalized, nitrogen-free composition and average LHV of the producer gas 

 

  The experimental products comprise ash rich in metals, and producer gas with the 

average gas composition of 32%, 20% and 20% for H2, CO and CH4, receptively, with some 

variation in respect to the fuel. In case of the Liquid sample H2:CO was 1.4 with the high 

content of methane. The H2:CO varied from 1.72 to 1.69 mol/mol for RUBBER and PUR, 

respectively. The average LHV of generated gas was 15.8 MJ/Nm3 for liquid, 15 MJ/Nm3 for 
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RUBBER and 9 J/Nm3 for PUR, respectively. The lower value of LHV recorded for PUR was 

due to the higher content of CO2 and lower amount of methane and lighter hydrocarbons. In 

this case water gas steam reaction and steam reforming reactions reduces the content of 

carbon monoxide and hydrocarbons, and increases the concentration of CO2.  The CH4 

concentration, varied from 7.4 for PUR to 20% RUBBER and Liquid, respectively, and 

contributes significantly in elevating LHV of fuel gas. Taking into account the ash content in 

PUR which was four times larger than in RUBBER, the carbon conversion for PUR was 

significantly higher reaching up to 90% versus 65% for RUBBER. Even in case of PUR, 

where the CH4 content was much lower than for other samples, it was still quite high for the 

equilibrium state. At this experimental condition (steam-to-fuel ratio was 1.38, 950oC, 1bar) 

the following gas mixture should contain 61% of H2, 23% of CO, 16% of CO2 without the 

presence of hydrocarbons [21].  

5.1.2.1 Conversion of ASR char using high temperature agents  

The list of experimental cases is listed in Table 8. 

Table 8: List of experiments for high temperature treatment of solid residues after pyrolysis of ASR  

Char type Agent type Temperature [°C] weight [g] Case indicator 

750 2.01 LF S 1 

830 1.98 LF S 2 

  

Steam, 

6g/min 950 2.03 LF S 3 

750 2.03 LF O 1 

850 1.97 LF O 2 

  

 

Light fraction 

“PUR” 

  

3% O2 97% N2,  

5 l/min 

950 2.00 LF O 3 

750 2.02 HF S 1 

830 1.99 HF S 2 

  

steam, 

6g/min 950 2.03 HF S 3 

750 1.98 HF O 1 

850 2.02 HF O 2 

  

Heavy fraction 

“RUBBER” 

  3% O2 97% N2,  

5 l/min 

950 1.99 HF O 3 
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  Fig. 9 and 10 show the normalized mass loss (left vertical axis) and reaction rate (right 

vertical axis) versus elapsed time, for the gasification of a light fraction (LF) and a heavy 

fraction (HF), using either steam (a) or 3% of oxygen (b) as the gasifying agent, respectively.   
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Figure 9: Normalized mass loss and reaction rate for gasification of LF: a) using 3% of oxygen at 750, 850 

and 950oC and b) using High Temperature Steam, respectively.  
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Figure 10: Normalized mass loss and reaction rate for gasification of HF: : a) using 3% of oxygen at 750, 

850 and 950oC and b) using High Temperature Steam, respectively.  

 

  The conversion of material was estimated based on normalized ash free basis and 

calculated accordingly to the Eq. 3  
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,          Eq. 3 

Thus, the reaction rate can be written as in Eq.4  

%100
dt

dx
ri =

          Eq. 4a 

%100
dt

dx
ri =

          Eq. 4b 

Where: wi and w0 are actual and initial net weights of the sample [g], A is the weight fraction 

of ash taken from Table 1 [g/g] and r is reaction rate [%/s] 

  

  In general, the mass loss and also derivative of mass loss exhibit a similar behavior in 

respect to both agents that have been used for current investigations: Three stages can be 

distinguished which correspond to different phenomena. Sample decomposition can be 

subdivided into three stages of decomposition, respectively: pyrolysis, intermediate and char 

gasification.  Initially, a massive decrement of sample’s weight is observed which lasts for 

about 150 seconds and occupied 20-40% of mass loss. This is the fastest part of the process; it 

denotes maximum decomposition rate and contributes to pyrolysis. Subsequently, the 

gasification of char appears while the pyrolysis still keeps on going which corresponds to 

stage 2 in Fig. 9 and 10. In this stage pyrolysis and gasification reactions are overlapping and 

the reaction rate decreases about six times which appears as a second maximum on derivative 

plot. This takes another two hundreds seconds and consumes further 10-20 % of mass loss for 

the light fraction and barely difficult to be observed for the heavy fraction. After this 

intermediate step a third stage appears, when the pyrolysis process is completed and only 

slow process of char gasification undergoes consuming remaining carbon. This stage denotes 

almost constant reaction rates varying between different cases from 0.03-0.06 %/s for oxygen 

gasification and 0.02-0.03 %/s for steam gasification. In the case of LF the main sample 
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decomposition contributes to the pyrolysis process and occurred in the first 100 seconds of the 

process. This process is promoted for lower temperature experiments (see Fig. 9).  

  The results indicate also that the steam gasification positively influences on the 

pyrolysis rate, which is higher roughly 25% compared with process carried out under oxygen 

for the corresponding temperatures. Similarly to experiments performed on light fraction, the 

char from heavy fraction also exhibits the decreasing of overall reactivity of char with the 

raise of temperature, which contributes to different values of final conversion degree at the 

same time interval. However, decomposition through pyrolysis and gasification proceed 

differently with respect to the temperature of the gasifying agent. Regardless of the kind of 

agent used for investigations, the decomposition rate of HF through the pyrolysis process 

(stage 1) increases with the raise of temperature, but further decomposition of sample through 

gasification of char shows an opposite relation. The effect of an agent has not a significant 

influence on pyrolysis, favoring, however, the process undergoing with steam at higher 

temperatures. This can be contributed to the fact that higher heating rates promote the 

pyrolysis rate. It can be seen from Fig. 10 that the higher heating rate (which is more intensive 

for a process at higher temperature) stimulates a pyrolysis rate and reduces the time needed 

for reaching maximum reaction rate. The pyrolysis rates for experiments with steam in respect 

to HF in a raising temperature order from 750oC to 950oC showed a raising trend, whereas in 

respect to LF the trend is opposite. Similarly, the process undergoing with the mixture of 3% 

of oxygen, at the raising temperature order, indicates that pyrolysis rates with respect to HF 

increases and in respect to LF shows a decreasing trend at the corresponding temperatures. 

  Another important observation in current investigations is that the intermediate step, in 

which both pyrolysis and gasification process are located (stage 2), is not well distinguishable 

for HF as it was for LF.  Both these phenomena suggest that LF is less decomposed and has a 

higher content of un-reacted materials compared to HF. Hence, due to the fact that foaming 
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materials (comprising raw LF), absorb microwave radiation less, and the heat conduction 

within the material is reduced due to the low density and high porosity of the sample it is 

believed that the pyrolysis mechanism governs a decomposition process differently with 

respect to LF and HF and this has an influence of char properties. The influence of microwave 

pyrolysis was greater for HF than it was for LF and this has a direct consequence on the 

differences in samples’ behavior exposed to an external heating source in the current 

investigation. During char gasification (stage 3) both tested fractions exhibit nearly linear 

decomposition of sample and thus gasification reaction rate becomes a constant value, 

depending on temperature of the gasifying agent. Normally, the increase of temperature 

accelerates the reaction rate, at least kinetics and diffusion. However, the results, presented in 

Fig. 9 and 10 show differently: when the temperature rises, the overall decomposition rate 

slows down and the conversion reaches lower values. In all analyzed cases the reaction slows 

down with the increasing temperature of the agent. In particular, for HF at steam temperature 

of 950oC the char gasification becomes almost 6 times slower than for the same sample at 

750oC. Moreover, the reaction rates between oxygen and steam gasification are comparable, 

which suggests that the process is neither controlled kinetically nor by diffusion, because 

otherwise the oxygen which is more reactive and has a higher diffusivity than steam would 

significantly increase the reaction rate.  

  This phenomenon is clearly seen in Fig. 11, which shows the maximum pyrolysis and 

gasification rates, with respect to the agent temperature.  
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Figure 11: Maximum pyrolysis rate (solid lines, left axis) and maximum gasification rate (dashed lines, 

right axis) vs. agent temperature during gasification of LF and HF 

 

  It also demonstrates that both intrinsic reaction rates for oxygen and steam reaction 

are, in fact, much faster at these temperatures since they are not influencing significantly on 

the overall apparent reaction rate. The overall apparent reaction rate is the one, which is 

observed in Fig. 9-10, corresponds, in fact, to the sum of all effects of undergoing processes.  

  Although the average gasification rates (stage 3) are approximately two times higher 

for reactions with oxygen when compared to steam, the difference should be much higher, 

unless the ash enhanced a dissociation of steam into OH radicals and afterwards increased 

reactivity of steam [82]. This, however, does not provide an explanation for the reason why 

the reaction rates decrease when the temperature goes up. Similar observation can be found 

for the experiments on HF (see Fig.3). The reaction rates for gasification show a little 

difference in reactivity between the steam and oxygen gasification. The only significant 

difference between LF and HF can be found in the pyrolysis regime. One explanation for this 



 66 

could be a different mechanism of microwave heating compared to the conventional external 

heating systems i.e. inside the furnace. The microwave radiation induces molecules of 

dielectric materials, causing oscillations [60, 61].   The sample is heated up in the direction 

from inside to outside and its more intensive for material with higher density. However, the 

microwave induction poorly excites vapors and gases resulting in pyrolysis products, which 

means that secondary pyrolysis reactions are not favored. So the transfer of pyrolysis products 

from the overheated solid particles is restricted. This may strongly influence on char structure.   

  The light fraction denotes higher contribution of pyrolysis process and intermediate 

stage in its overall conversion degree compared to the heavy fraction. It suggests that the light 

fraction has higher content of volatile matter. This could be a consequence of low absorption 

of microwave radiation by the material of lower density, which means that the material was 

partially not pyrolysed. The heavy fraction shows opposite: in this case more than 50% of the 

mass loss accounts on gasification of char (excluding the experiment “HF S 3”). This has an 

influence on the overall conversion which shows the highest degree for the process conducted 

at lower temperatures, regardless from the agent which was used.      

  The obtained results suggest an existence of three main factors being responsible for 

decreasing char reactivity with a growth of agent temperature: 

• Char nature (including properties of plastic char, ash content its variety and 

composition),  

• High temperature treatment (rapid heating rate and extensive heating),  

• Microwave pyrolysis that creates uncommon char structure.  

  Although there have been reported many research works conducted on microwave 

pyrolysis of biomass and biomass wastes [60-63] unfortunately, there is lack of information in 

literature resources dedicated to properties and structure of solid residues generated from 

plastics waste after microwave treatment. Hence, this part of discussion on our results will be 
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referred to the available literature resources focusing on biomass treatment, hoping to find at 

least similar tendencies to plastic char. However, plastic chars have usually very low activity, 

compared to one obtained from cellulose. This is due to the amorphous structure of char 

which is form during melting, swelling and cracking of macromolecular chain [60]. Another 

type of plastic char is created during secondary and tertiary pyrolysis process at temperature 

above 800oC in which along with cracking reactions, the cyclization are promoted leading to 

form an aromatic structure. Subsequently, the generated aromatic structure condenses to form 

polycyclic aromatic hydrocarbons (PAHs) which are responsible for coke formation [42].       

  It is a well known fact that the history of char generation plays a very important role 

for its further reactivity. A highly developed char possesses a porous, large surface area and 

promotes solid-gas phase reactions. Huang et al. who pyrolysed rice straw using microwave 

induced pyrolysis at different range of power from 200-500W, which corresponds to different 

heating rates and different sample temperatures, found that generated char has different 

properties and structures, dependently on the applied power [63]. They depicted that with an 

increase of microwave power, the specific surface area increased as well as the tendencies of 

total pore volume and “mesopore volume”, whereas the average pore diameter denoted almost 

no difference between diameters [63]. They suggested that the specific surface area of solid 

residues produced by microwave pyrolysis might be considered “as a kind of adsorbent”. 

They observed also that with an increase in microwave power which translates to pyrolysis 

temperature, the calorific value of char increased to a certain degree, but after applying more 

power than 350W it reduces. The authors suggested that some of the fixed carbon might be 

pyrolized when the power is high enough. Additionally, high ash content found in ASR’s char 

would definitely contribute on the overall reaction rate; however both the catalytic and 

inhibiting effect is expected. Many researchers show its catalytic effect on the overall 

gasification or pyrolysis rates. However, an interesting study was conducted by Bazardorj et 
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al., who showed that alkali and alkaline earth metallic species can change the catalytic effect 

with the progress of the gasification and after certain temperature inhibit reaction rate [83].  

  Nevertheless in case of current research, the ash content in both analyzed samples are 

very high (10 and 50% respectively) of the sample weight. Such high concentration of ash 

suggests that it cannot be considered just as a catalyst but rather as an important factor taking 

part in the whole process and contributing to it performance. Thus, one of the reasons for 

decreasing the overall reaction rate with increasing temperature could be the melting of inert 

materials (salts and metals) and thus creating physical “obstacles” for the oxidizer’s 

penetration into the carbon active sites. Therefore, metals could be adsorbed in active carbon 

sites, blocking the access to the oxidizer, and this would be enhanced for the process 

undergoing at higher temperatures. This concept can be supported by the results obtained by 

Bradshaw et al. who conducted research on regeneration of activated carbon using microwave 

heating with steam in range of temperature 650oC-750oC [62]. They concluded that the higher 

carbon activation was favored at higher temperatures. In this case higher agent temperatures 

can locally promote adsorption of ash onto active carbon centers. This suggestion leads to a 

conclusion that even though, the high temperature agent promotes activation of carbon at 

higher temperatures, the inert materials occupy the active sites slowing down the char-gas 

phase reactions and protecting against further carbon decomposition. This inhibiting effect, 

fairly explains both the discussed phenomena: reducing gasification rate with the growth of 

temperature and the low sensitivity of the gasifying agent type on reaction overall reaction 

rate.   
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5.1.3 High Temperature Steam Gasification (HTSG) an d High 

Temperature Pyrolysis (HTP) of straw pellets 

Table 9 gives the list of experimental conditions during HTSG and HTP of straw pellets. 

 

Table 9: List of experimental conditions during HTSG and HTP of straw pellets 

No. of Experiment  Sample weight [g] Agent S/F ratio Agent temperature [oC] 

Case1 A 30 Steam 3.2 750 

Case 1 B 30 Steam 3.2 850 

Case 1 C 30 Steam 3.2 950 

Case II A 40  Steam 1.875 750 

Case II B 40 Steam 1.875 850 

Case II C 40 Steam 1.875 900 

Case II D 40 Steam 1.875 950 

Case III A 40 Argon 0 (1Nm3/h) 800 

Case III B 40 Argon 0 (1Nm3/h) 870 

Case III C 40 Argon 0 (1Nm3/h) 950 

    

  Fig. 12-14 illustrates sample temperature profiles and relative mass loss at three 

different temperatures of agent for HTP and HTSG at S/F=1.875 and 3.2, respectively.  
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Figure 12: Temperature profiles and relative mass losses of a batch of straw pellets for HTP at S/F=3.2 at 

three different temperatures of gasifying agent 

 

S/F 1.875

0

100

200

300

400

500

600

700

800

900

1000

0 100 200 300 400 500 600

Time,  s

T
em

pe
ra

tu
re

,  
o
C

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
m

as
s 

lo
ss

,  
%

Tg at 950oC

Tg at 900oC

Tg at 850oC

Ts at 950oC

Ts at 900oC

Ts at 800oC

m/mo at 950oC

m/m0 at 900oC

m/m0 at 800oC

 

Figure 13: Temperature profiles and relative mass losses of a batch of straw pellets vs. time for HTSG at 

S/F=1.875 at three different temperatures of gasifying agent  
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Figure 14: Temperature profiles and relative mass losses of a batch of straw pellets vs. time for HTSG at 

S/F=3.2 at three different temperatures of gasifying agent  

 

  In all cases similar trends of conversion rate vs. temperature of steam is observed: with 

an increase of agent temperature, the mass loss is faster and reaches higher conversion degree 

(from approximately 70% up to 90% at temperatures 750 and 950oC, respectively. The higher 

influence of temperature on conversion rates and more significant differences in mass loss are 

observed for higher steam-to-fuel ratio. This can be explained by enhanced convective heat 

transfer between the hot steam and sample and by the higher partial pressure of steam, which 

accelerates kinetics of the process. It can be observed from the heating curves of sample for 

the analyzed cases, represent by the sample temperature in Fig. 12-14. At lower temperatures 

pyrolysis rate is limited both by kinetics and internal heat transfer. However, at higher 

temperature the limiting factor of pyrolysis rate is mainly due to heat resistance [84-86]. This 

includes the cooling of the char layer due to higher mass flux rates of pyrolysis products, and 

regression of the pyrolysis reaction region and shrinkage of particles/bed. 



 72 

  The reaction rate is defined as in Eq. 4b. Figs. 15-17 illustrate the mass loss rates 

(derivative of the relative mass loss against time) for HTP and HTSG S/F=1.875 and S/F=3.2, 

respectively of a batch of straw pellets at three different agent temperatures.    
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Figure 15: Reaction rate vs. mean batch (sample) temperature during HTP of straw pellets  
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Figure 16: Reaction rate vs. mean batch (sample) temperature during HTSG of straw pellets at S/F=1.875 
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Figure 17: Reaction rate vs. mean batch (sample) temperature during HTSG of straw pellets at S/F=3.2 

 

  The areas under the curves in Fig. 15-17 correspond to the conversion of the solid fuel 

into pyrolysis/gasification products, and the height of the peak corresponds to a maximum 

reaction rate of a given step. Three peaks can be distinguished which correspond to processes 

occurring with respect to sample mass loss. First peak around 100-300oC represents 

decomposition of sample due to drying/pyrolysis, the second one from 200-500oC stands for 

pyrolysis and the last one above 600oC (not seen in all cases) corresponds to gasification.  

 

  Except for the experiment at 950oC and S/F=3.2 all other mass loss rates show similar 

value of de-volatilization for straw pellets. This suggests that the char/ash layer and resistance 

are controlling the heat transfer rate and kinetics during pyrolysis stage. This is reasonable 

taking into account that the sample was added in relatively large amounts 35-40 g of batch 

and the heat and mass transfer through the bed of pellets is limited by the bed resistance. This 

trend is observed in all cases, regardless of the external heat flux, until it reaches very high 
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temperature and S/F ratio. However, at 950oC and S/F-3.2, the conversion rate has been 

significantly increased. In case of runs at 950oC the drying and de-volatilization/pyrolysis 

processes are so intensive that the resulting char structure may be physically distorted by the 

condition of the experiment, leading towards generation of a highly porous charcoal. That 

charcoal gains very high reactivity and additionally, is less resistive for the diffusion of the 

hot agent. That would fairly explain the observed phenomena of very high conversion rate 

that has been achieved for experiments at 950oC. 

  The temperature of oxidizer and steam-to-fuel ratio plays a very important role for the 

yield and quality of syngas from straw pellets. Steam is used in this process for two reasons: 

as a heat carrier and as a reactant. Therefore, with an increase of steam temperature the two 

potential benefits are expected: increase of heating rate and increase of reaction rate. Both 

these effects will successfully influence the increments of conversion rate and, therefore on 

the gas yield. Nevertheless, steam seems to be contributing also during pyrolysis process, 

although the influence of the heterogeneous water shift reaction is limited. In fact, pyrolysis in 

steam atmosphere significantly influences on product distribution and reactivity of the 

charcoal as it was found by Sagehashi et al. [82]. The surface area of char after pyrolysis with 

steam is more developed. This increases the rate of the after-following char steam reaction. 

That would explain the differences in conversion between the cases with different S/F (see 

Figs. 13-15). Among the others, gasification reaction rate depends on fuel properties 

(composition, fiber structure, presence of alkali metals in ash) as well as on pyrolysis 

conditions [37-41].   
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5.1.3.1 Gas yield and composition 

 

  Tables 10 present the average (integrated) and normalized (nitrogen-free) gas 

composition collected after gasification of straw pellets using argon or steam at different S/F 

and temperatures. 

 

  If the gas shall be used for chemical synthesis the hydrogen yield should be as high as 

possible with ratio H2/CO above 2. On other hand if the gas is to be used for energy 

production, the presence of gaseous hydrocarbons increases the LHV of gas. This requires 

lower influence of steam reforming reactions in a gas phase, which in fact reduces hydrogen 

contents in syngas. 

 

Table 10: Composition and heating value of generated gaseous products 

S/F Agent 

Temp 

H2 CO CH4 CO2 C2HX H2/CO LHV 

 Units oC vol/vol % MJ/Nm3 

750 21.1 35.5 11 28.1 4.4 0.59 13.5 

850 37.6 14 3.4 43.7 1.2 2.68 7.8 

  

3.2 

  950 39.7 14.6 3.3 41.3 1.1 2.71 8 

750 13.3 31.3 12.1 38.2 3.9 0.42 12.2 

850 18.9 32.9 11.5 31.6 4.1 0.57 12.9 

900 23 27 11.9 32.8 4.2 0.85 12.8 

  

  

1.875 

  950 26.3 28.9 11.6 28.3 4 0.91 13.2 

800 13.5 28.4 11.9 40.7 5.5 0.48 12.8 

870 18.3 28.2 11.1 33.9 8.4 0.65 14.87 

  

Argon 

  950 24.5 30.6 10.5 27.6 6.7 0.80 14.54 

 

The increasing of temperature and steam flow rate increases the hydrogen and carbon dioxide 

concentration. This implies a higher influence of water-shift-gas reaction associated with the 

increase of steam temperature. At the same time methane and other hydrocarbons including 
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tars, along with carbon monoxide are reduced. The largest reduction of the heating rate is 

observed for the higher value of S/F at highest temperature. In case of pyrolysis experiments, 

the oxygen free atmosphere is needed to prevent oxidation of biomass/char and both CO and 

CO2 are derived from thermal degradation of hydrocarbons that build the biomass structure 

(cellulose and hemicelluloses). At high enough temperatures CO2 acts as an oxidizer. That 

could explain the higher mass loss in respect to experiment at 950oC and simultaneously 

lower content of CO2 and CH4 for 950oC compared with 850oC (see Table 10). 

   The resulting gas composition are in line with other researchers involved in 

development in the area of high temperature steam gasification of biomass e.g. Umeki et al. 

[67, 69], Nipattummakul et al. [70],  Skoulou et al. [79], Wilson et al. [80].  Pinto et al. [87] 

reported that the H2 yield increased notably when the temperature of gas increased from 750-

890oC during gasification of mixture of coal, biomass and plastics in fluidized bed reactor. 

Higher S/F attributes significantly to the gas composition. In this case the steam is not 

consumed only for a heterogeneous solid-gas reaction (char gasification) but takes part in a 

gas phase being engaged in homogenous gas reforming reactions. In this case, the steam at 

high S/F reforms hydrocarbons and carbon monoxide. Thus, higher amount of hydrogen is 

generated. This increases the volume of gas produced. However, it reduces the LHV of the 

gas due to lowering of CH4 and CO content and increasing CO2 and H2 content. At S/F=3.2 

the reduction of CO and hydrocarbons is observed even at 850oC yielding amount of 

hydrogen by 100% compared with the case of S/F =1.875 or pyrolysis at the corresponding 

temperatures.  

 

  Fig.18 shows a syngas production (in normal litter-per-gram or normal cubic meter-

per-kg) with respect to steam temperature and S/F. 
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Figure 18: Syngas productivity vs. steam temperatures for two S/F ratios 

 

  As it was anticipated, both increase in temperature and S/F result in a higher volume 

of the generated gas. The gas yield is comparable between the cases using steam. It ranges 

between 1.2-1.3 to 2.2-2.5 Nm3/kg, dependably on temperature. However, it denoted 50-60% 

higher yields than the one obtained for pyrolysis cases, due to reactions with steam yielding 

additional hydrogen.    

  The increase in the yield of Syngas is not linear with an increase in agent temperature 

as can be seen in Fig.18. It shows a small increase between the experiments at 750 and 850oC 

for the cases of pyrolysis and lower S/F (roughly 5%), whereas, for the case of high S/F the 

gas yield increased by about 17%. However, when the temperature increased from 850 to 

950oC, the gas yield increased greatly, respectively, 67%, 48% and 53%for S/F=3.2, 

S/F=1.875 and pyrolysis. Thus, effect of the enhanced radiative and convective heat transfer 

increases the pyrolysis reaction rate.  Nevertheless, an excess amount of steam, additionally 

contributes on the gas yield by reforming tar and gaseous hydrocarbons. 
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5.1.3.2 Tar yield 

  The influence of gasification parameters on tar cracking can be roughly investigated 

based on the indirect analysis of characteristic species referred as correlated to the total 

amount of tar [88]. Brage et. al. found the existence of the interrelations between the total tar, 

indene-to-naphthalene’s ratio, phenols-to-aromatics’ ratio and C2H6/(C2H4+C2H2) ratio [88]. 

They pointed out that these reactor-specific products are strictly related to the temperature 

conditions applied in the system and in some way to their dissociation energies. Hence, in this 

work C2H6/(C2H4+C2H2) ratio found in gas species detected using GC, is used to predict the 

effect of steam and temperature on tar’s yield. 

  Fig. 19 shows the effect of S/F and temperature on tar cracking.  

0

1

2

3

4

5

6

7

700 750 800 850 900 950 1000

Agent temperature, oC

C
2H

6/
(C

2H
4+

C
2H

2)
, v

/v

pyrolysis

S/F 1.875

S/F 3.2

 

Figure 19: Effect of S/F ratio and temperature on tar’s evolution based on ethane/(ethene+ethyne) content 

   

  It can be clearly seen that the highest amount of tar is generated during pyrolysis but 

its yield strongly depends on pyrolysis temperature in the range of 750-850oC. A further 

increase of temperature does not change significantly the average amount of tar. This could be 

attributed to fact that above that temperature C2H4+C2H2 fractions generated from C2H6 and 
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other aliphatic side groups, apart of thermolysis, proceed in cyclinization reactions yielding 

aromatic compounds, and subsequently polyaromatic hydrocarbons (PAH). The addition of 

steam at lower S/F exhibits a nearly linear trend with a strong dependence on steam 

temperature on tar reduction. After supplying larger amount of steam, the tar cracking 

proceeds even at lowest temperature. In this case the homogenous tar-steam reforming 

reactions are favored which is indicated also by reduced amount of methane and lighter 

hydrocarbons observed in gas composition 

5.2. Phenomenological research 

In this section an effect of pressure drop due to grate and bed resistance on the performance of 

a downdraft gasifier will be studied. The list of the experimental conditions is presented in 

table 11. 

Table 11: List of experimental conditions during downdraft continuous gasification of wood pellets in a 

fixed bed reactor 

Type of grate 
• equivalent grate diameter,  
• free passage surface, 
• porosity of the grate 
• thickness  

Case No Fuel  
Mass flow 
rate  
mF 
[kg/h] 

Feed gas 
mass flow 
rate 
mFG 
[kg/h] 

Mass 
fraction of 
air  
xair 
[kg/kg] 

Mass 
fraction of 
steam  
xH2O 
[kg/kg] 

ER 
[mol/mol] 

Exp.1.1 60 100 1 0 0.30 

Exp.1.2 75 100 1 0 0.24 

Grate I: perforated sheet 
• de1=0.3098 
• A1=0.0754m2 
• A1/A0=0.6 
• l=0.002 

Exp.1.3 90 100 1 0 0.20 

Exp.2.1 50 62.5 1 0 0.23 Grate II: drilled disk 
• de2=0.0805 
• A2=0.0051m2 
• A2/A0=0.04 
• l=0.01 

Exp.2.2 50 43.8 1 0 0.16 

Exp.3.1 60 106.3 0.53 0.47 0.43* 

Exp.3.2 60 75 0.33 0.67 0.45* 

Grate III: bar-stripped disk 
• de3=0.1793 
• A3=0.0253 m2 
• A3/A0=0.2 
• l=0.01 

Exp.3.3 100 75 0.33 0.67 0.27* 

* Sum of available oxygen moles (from air and steam) divided by the number of oxygen moles required for complete 

combustion.  
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5.2.1 Temperature profile  

Fig.20 shows the temperature distribution profile along the height of the gasifier.  
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Figure 20: The average temperature gradient along the vertical reactor’s axis. Points T0 to T10 represent 

the distribution of thermocouples with a notation accordingly to Fig. 6       

 

Level “zero” represents the temperature at bottom of the bed section 5 mm above the 

grate surface. A very fast gas quenching could be seen just after its entrance into the gasifier. 

The quenching of inlet gas temperature was observed for all cases. The temperature decreased 

for about 300°C. The temperature drop in that region is caused due to two reasons. The first 

one is related to heat losses from the top of the reactor where the cooling system for biomass 

feeding pipes is installed and the second one due to the expansion of the incoming gases. 

Subsequently, the sensible heat exchange between the hot gas and cold biomass happened to 

occur which is responsible for extraction another part of energy. This process initiates 

endothermic reactions i.e. drying, de-volatilization of the biomass even before it reached to 

the fixed-bed.  After initial loss of energy, gasifying agent and fuel moved co-currently 
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downwards to reach the bed surface. The vertical temperature gradient in that region was 

relatively small and thus temperature difference between T7 and T4 corresponding to about 

1500 mm (see Fig. 20) was about 100°C and exhibited a linear drop with average rates from 

48.5°C/m for Exp. 2 to 95°C/m for Exp. 1 and 3.  For Exp 1 and 3 the temperature profile 

reached a plateau from T5 to T2 indicating that at this particular region of the reactor, the bed 

had not been formed yet. Meanwhile, for Exp 2 the temperature curve, reached a minimum 

for T5 and then started rising again until it reached T2.  

Afterwards, the temperature indicated by T1 and T0 starts rising up (except from Exp 

2.2) as the gases pass through the bed and grate initiating partial oxidation of the bed material. 

For Exp 2.2 this process occurs earlier in a higher part of the reactor, but due to lower amount 

of oxygen the temperature goes down as the reductive atmosphere was built). This also 

roughly indicated that height of the bed was higher for Exp. 2 than for Exp 1 and 3. The 

output gas temperature T9 was always higher than the bed temperature indicating partial 

combustion of resulting combustibles (gas and tar). It also confirms that some amount of un-

reacted oxygen was still present after passing through the bed and grate. However, T9 values 

vary strongly between the cases with different grates, and this variation indicates that 

available oxygen concentration is also varied. The outlet gas temperature denoted highest 

values for the whole group of Exp. 1 (grate I) due to a higher contribution of partial 

combustion of producer gas and a larger porosity of the grate. Here some of the oxidizer could 

bypass through the solid bed and react below the grate with the resulting products. In this case 

it can be observed a descending order in temperature profile from experiment 1.1, 1.2 and 1.3 

due to reducing equivalence ratio from 0.3 to 0.24 and 0.20 respectively. This also confirms 

that the grate with a large passage surface has rather low impact on process performance and 

the system is mainly sensitive for air-to-fuel ratio. Meanwhile, in the case Exp. 2, the output 

gas temperature was in particular very low (around 700-800°C). At this time, the bed 
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temperature T1 and T0 was approximately 100oC higher than for the Exp. 1 despite of the 

higher initial gas temperature in the first case. That indicates the application of the grate with 

low flow ability, significantly attributed for the process performance, which has its reflection 

on temperature profiles and height of the bed.  

Due to restriction for the flow caused by resistance of the grate filled with the bed’s 

material, the combustion zone moved up above the grate, which is depicted by the increasing 

order of temperature curves from T4-T1, registered in Fig. 20 for Exp. 2. It is clearly seen, 

that most of the gas reactions occur above the grate (in and above the bed of biomass). In this 

case a smaller portion of reaction products is oxidized and the consumption of oxidizer for 

char gasification is intensified, which is depicted by the outlet gas temperature (T9) for Exp 

2.1 and 2.2. The outlet gas temperature was significantly lower than in case of experiments 

with the grate of high flow permeability. Although the temperature profile for Exp. 2 suggests 

higher conversion of biomass, the process was difficult to control and to operate in steady 

conditions due to the pressure pulsation inside the reactor chamber above the grate.  

The obtained results from Exp. 3 indicated that the steam reaction was highly reduced 

because the temperature profile is very similar to the one of Exp. 1, in which only air was 

used. The expected additional reduction of temperature (especially in the fixed-bed region T1, 

T0) due to endothermic carbon-steam reaction had not been observed. Hence, it is expected 

low influence of steam on conversion and gas yield. In this case, most probably, the biomass 

was not deposited on the bed, but was rather passing through the one and ended up in an ash 

collector section being still partially un-reacted. This means that only a small part (the upper 

layer) of a newly formed bed, deposited on the bottom of the reactor could react with hot 

gases. This hypothesis can be supported within the results of temperatures registered for T9.  
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5.2.2 Pressure drop  

Table 3 gives the absolute pressure difference above and below the bed and the average height 

of the bed. 

 

Table 12: Average registered pressure losses above and below the bed and the height of the bed 

∆PT L No of exp. 

Pa [m] 

Exp.1.1 59 0.14 

Exp.1.2 78 0.17 

Exp.1.3 88 0.21 

Exp.2.1 1570 0.43 

Exp.2.2 638 0.35 

Exp.3.1 265 0.15 

Exp.3.2 128 0.16 

Exp.3.3 108 0.1-0.2 

 

  As it was anticipated the porosity of grate has a significant contribution of the pressure 

drop along the bed. For Exp 1, where the grate of largest open area was used, the pressure 

difference above and below the bed was at the level of 60-90 Pa. The increasing trend of 

pressure difference contributes mainly to the increasing height of the bed due to increasing 

feeding rate of fuel. An enormous difference is observed for the pressure drop registered for 

Exp.2. Despite of nearly two-fold reduction of feed gas and biomass flow rate, the pressure 

drop rose 10-18 times, for the grate of lowest porosity. Here for Exp.2.2 as compared with 

Exp.2.1 the height of bed was almost two times larger than in Exp.1 and Exp.3. For Exp.2.2 

the velocity of gas was reduced and this explains the difference in pressure drop and bed’s 

height with respect to the Exp.2.1. At the same time grate III used in Exp.3, resulted in 

intermediate values of pressure drop. Although, for the Exp.3.3 input flows of feeding gas and 

fuel were the highest from all experiments, the pressure loss was not significant and the height 
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of bed was varied. This suggests that some of the fuel by passed the grate before the reaction 

had been completed.  

  As the height of the bed was in the same order of range, the difference in pressure 

drop between the experimental cases has to be contributed to the grate resistance, or more 

precisely, to the grate-bed resistance.  

5.2.3 Gas composition  

Fig. 21 shows the gas composition and producer gas yield. 
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Figure 21: Gas composition, lower heating value and yield during gasification in a downdraft gasifier 

As the consequence of the reducing ER for Exp. 1, content of CO, H2 and CH4 

increase while CO2 remains constant. This increases the lower heating value of the gas. H2-to-

CO ratio was placed in the range 0.8 which is a typical value for air gasification [30, 31]. 

Although, the volume of gas has increased, the yield of gas (expressed as the volume flow 

rate of generated gas to the mass flow rate of fuel) linearly decreased, which is depicted by 

the trend of the line in Fig. 21. The reason for that lays down in the reduced conversion rate, 

which is the effect of both increasing feeding rate of fuel and reducing the amount of 
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available oxygen due to constant supply of air. This is also in line with the observation of 

temperature profile for Exp. 1. 

Exp. 2 generated higher amounts of CO and CH4 and slightly higher amount of H2 

(See Fig. 17 for Exp.2.1 and Exp 2.2, respectively) and similar amount of CO2 than those 

achieved in Exp.1. Moreover, Exp 2.1 and Exp 1.2 had nearly the same ER (though the flow 

rate was reduced) but the lower heating value of gas was 50% higher, reaching 6.5MJ/Nm3. 

The lower heating value of gas Exp 2.1 reached 6.25MJ/Nm3, but it this case the conversion 

rate was lower, lowering the yield of gas. The lower conversion of biomass is attributed to 

lower ER, due to reduced amount of oxygen, available for the reaction. The higher values of 

LHV and CH4 might be a direct effect of pressure raise in the reactor above the grate, which 

was a result of the restricted flow ability through the grate II (vs. grate I). 

  Exp. 3 generated gas of the composition and heating value similar to Exp 1. This 

indicates that the reaction of char with steam was marginal, and most of the products 

corresponded to the content of air injected with the feeding gas. This can be seen, especially, 

for the last two experiments where the steam was added at 83%wt. to the feeding gas. 

Furthermore, the additional cuts of grate III, (which had been made to increase the porosity of 

the grate II), could cause that some of the biomass might have by-passed, un-reacted, through 

the grate and accumulated on the bottom of reactor, reducing significantly the conversion rate.             

5.2.4 Mass balance 

Carbon conversion (regarded as: found in the producer gas/introduced with the fuel) is 

limited only to those species detected by GC, namely: H2; N2; O2; CO; CO2 and CH4. It 

indicates what portion of fuel has been converted into producer gas and it underestimates the 

real, mean fuel conversion, as tar and solid particles are not included. The total conversion of 

fuel can be, better estimated following the molar content of oxygen, since no O2 was found in 
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the producer gas. This indication is more close to the real conversion. The material balance 

based on the molar output/input data of C, H, O is presented in Fig. 22.  
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Figure 22: Mass balance of species from a downdraft gasifier based on the output/input molar flows:  

The results were normalized against the ratio of kmol/h of N2 fed in with the air and 

the kmol/h of N2 output detected by GC. The highest conversion based on oxygen 

consumption was obtained for Exp. 2.1 around 68% following Exp1 and Exp2.2 around 52-

55% and finally, the poorest conversion, was achieved for experiment with steam (for 

Exp.3.1-3.3, respectively, from 40% to only 25-15%). This suggests that the conversion rate 

of biomass is, somewhat, related to the resistance, caused by the grate filled with a porous 

bed. Although there are other variables affecting the reaction rate, it can be observed that 

decreasing porosity of grate, leads to the intensification of the process. From the other hand, if 

the passage area is too large, some of the bed material (especially the one which comes from 

the erosion of particles) can penetrate the grate before they complete the reaction. Thus 

optimization of the grate and bed workability for a given conditions is an important factor for 

the consideration during designing of a downdraft system. 
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5.2.5. Velocity profile  

  Fig. 23 shows the profiles superficial velocities taken for a characteristic reactor 

conditions for three different types of grate. 
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Figure 23: Profiles of velocities along the reactor’s height for three types of grate  
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 Due to continuity of the flow of incompressible fluid the velocity profile inside a small 

orifice is much higher than in the large pipe, accordingly to the relation:   

00

0

ρ
ρ

A

A

u

u
= .           Eq.5 

Velocities, presented in Fig. 23, were calculated for the mass flow rates and mean 

densities either of the feeding gas (FG) or of the raw syngas (SG). They were calculated for 

the corresponding temperatures: T10, mean value of T7-2, T0 and T9), respectively, across 

the section area of the gasifier: uFG_in; uFG_grate; uSG_grate; uSG_out and across the open area of the 

grate: uOR.    

Velocities, presented in Fig. 23, were calculated for the mass flow rates and mean 

densities either of the feeding gas (FG) or of the raw syngas (SG). They were calculated for 

the corresponding temperatures: T10, mean value of T7-2, T0 and T9), respectively, across 

the section area of the gasifier: uFG_in; uFG_grate; uSG_grate; uSG_out and across the open area of the 

(empty) grate: uOR.    

The trends of velocity profiles are similar for all the cases. As the temperature of the 

entering hot gases drops down, their volume also decreases. This is a reducing factor on the 

superficial velocity profile. However, the evolving syngas increases the amount (mass flow 

rate) of gases which compensates the effect of axial drop of the temperature. Therefore, the 

variation in superficial velocity between the feeding gas and syngas is not high and the 

velocity profile is quite flat (see uFG_in; uFG_grate; uSG_grate; uSG_out in Fig. 23). On the other hand, 

a noticeable increase in velocity is observed for the flow through the grates, due to a reduced 

passage surface. This directly effects on growth of pressure and temperature inside the bed 

and thereby increases the conversion rate. This is also influential on gas composition and 

yields as was shown in previous sections. On the other hand, the reduced passage of the grate 

disturbs the stability of the operation and may block the reactor. Thus, estimation of the 
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pressure drop through the grate filled with a porous bed is of high importance for an efficient 

and stable operation of downdraft gasifiers.  

5.2.6 Modeling of the pressure drop  

  Pressure drop can be estimated as the sum of the pressure related to the resistance of 

the porous bed and the resistance due to head loss for the fluid passing through a grate of the 

restricted passage.  

grateinertialbedviscousbedgratebedT PPPPPP ∆+∆+∆=∆+∆=∆ __     Eq.6 

Pressure drop across the porous bed can be approximated by the Ergun’s equation [86-88], 

presented in Eq. 7 
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This equation is valid for the Reynolds particle number in the range: 0.4<Rep<1000, which is 

defined as Rep=udp ρ/µ [88] 

Pressure drop across the perforated plate/screen is given as followed, [ref. 96, 97]: 

2

2ρu
kPgrate =∆ ,         Eq.8 

Where, k is a head-loss resistance coefficient being a function of grate porosity, orifice 

Reynolds number, friction factor and l/deff [-]. 

For the orifice Reynolds number >105 and l/deff <0.015, k can be obtained from the following 

relation [ref. 96],: 
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and for l/deff >0.015 
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where: Ωeff is the effective grate porosity which includes grate porosity and surface bed 

porosity and is defined as Aeff/A0; λ is the friction factor being a function of ReOR and relative 

roughness of the duct (absolute roughness for steel pipes was found 1.5e-5m) and can be found 

from: 
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64=λ ,          Eq.10a  

for ReOR<2100 and 
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for,  4*103<ReOR<105 ,  

and k0 is defined as followed:  

( )( ) ( )2
0 1115.0 effeffeffk Ω−+Ω−Ω−+= τ ,      Eq.11 

where: τ is a function of l/deff, which has been interpolated from the table 2.1 of ref. [96] 

τ = 7.552(l/deff)
5-11.719(l/deff)

4+3.385(l/deff)
3+0.4687(l/deff)

2-0.7975(l/deff)+1.35, Eq.12 

With regression parameter r2=1,  

For the 30<ReOR<105 and all l/deff the head-loss coefficient can be calculated from ref. [96]: 

Ck
k

k
eff

f
arla +

Ω
=

2min ,         Eq.13 

Where, kf is a function of grate porosity and orifice Reynolds number and C is a function of 

orifice Reynolds which have been interpolated from the ref. table 2.2 [96] as followed: 

C = -0.0164(log(ReOR))3 + 0.1904(log(ReOR))2 – 0.5145(log(ReOR)) + 0.7973 Eq.14 

With regression parameter r2=1,  
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From which kf can be computed from (ref. table 2.3 [96]) by the interpolation of the 

following Eq 15:     

kf = -4.4501C2 + 7.1443C - 2.734       Eq.15 

With regression parameter r2=0.921  

Thus, the key parameter to be estimated in order to find a resistance (head-loss) coefficient is 

to find the grate effective porosity, Ωeff. 

Firstly, porosity of the empty (unloaded) grate is given as:  
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The particles are separated by a distance S and a packing angle φ. Following Ahmedi et al. 

[98], the volume of empty space, can be calculated as a difference of total volume of a lattice 

S3 and a volume of the spherical particle, which gives:  
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φφ −+−= ,       Eq.17  

Where, the volume of a spherical particle is given by Vp=πdp
3/6, and further: 

( ) ( )3 1
cos21cos16 ε

π
φφ

−
+−

= pd
S        Eq.18 

In order to simulate a covering effect of particles deposition on a grate of porosity, a 

simple model of 2D-arrays is considered. The model represents a section of a mono-layer 

occupied by the spherical particles. In this model the particles are distributed uniformly. 

Assuming that the monolayer of a spherical, incompressible, solid particle, of a diameter dp is 

occupied the grate surface A0. The particles are separated by a distance S and distributed with 

a packing angle φ, as it is shown in Fig. 24.  
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S=dp 

(b) 

φφφφ    

 

 

Figure 24: Models of 2D arrays occupied by a monolayer of particles dp separated by the distance S=dp; 

for (a) octagonal distribution packing pattern (packing angle 90o); and (b) hexagonal distribution packing 

pattern (packing angle 60o), respectively 

 

If S a length of a single cell in which the particle is fixed and is equaled to dp the 

particles occupy lowest critical area, reaching a minimum porosity in a given array, hence:  
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 with boundary conditions: 

 S=<dp:1.5dp); φ=(60:90o); ρp=const; di>dp 

This will yield: 
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         Eq.20 

Introducing packing parameter, defined as P=S/dp, from eq. 18 and 20 the following relation 

between the surface porosity and bed’s void fraction can be found: 
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The solution of Eq. 21 for P=1 gives the minimal bed void fraction: ( ) 476.0
90

==φε and 

( ) 215.0
60

== oφε as well as the minimal surface porosity ( ) 269.090 =Ω = ob φ  and ( ) 093.060 =Ω = ob φ , 

respectively, for octagonal and hexagonal packing pattern. Eq. 21 enables to predict find 

surface porosity (or coverage factor) for given void fraction and assumed distance and angle 

between the spherical particles. For non-spherical particles, equivalent particle diameter and 

sphericity factor have to be included.   

Let the effective grate porosity used in Eq. 9, 11, 13 and can be expressed as: 

0
0 A

A
bbeff Ω=Ω⋅Ω=Ω ,        Eq.22 

From which the effective hydraulic diameter used in Eq. 9, 10 and 12 can be computed: 
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1        Eq.23 

Knowing the bed void fraction, geometry of the grate and surface porosity, enables to 

calculate the head-loss coefficient, k, which allows estimating the pressure loss due to bed-

grate resistance using Eq. 7.  

Finally, the total pressure drop can be obtained summing the three terms, respectively: 

viscous loses, inertial losses (Ergun’s Eq.7) and losses due to grate-bed resistance (Eq. 8), 

which yields: 
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5.2.7 Prediction of the total pressure drop and val idation with 

experimental results 

  All data for gas parameters (velocity, density, viscosity, temperature) was taking from 

the experimental results for syngas temperature at the grate temperature. The height of the bed 
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was taken from Table 12. The particles dimensions for determination of Ergun’s eq. was 

assumed as followed: dc = 0.008 m; hc = 0.015 m, dp=0.011m, Φ=0.83, ε =0.44. This value of 

porosity corresponds to the Ωb=0.25, φ 60o and P=1.1. The dimensions of grate are presented 

in Table 11. 

     Fig. 25 shows the confrontation of the measured and the calculated values of the total 

pressure drop basing on Eq.24. 
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Figure 25: Measured and calculated (using Eq.24) values of the total pressure drop across the bed for a 

void fraction εεεε=0.44 

   

The predicted results show well agreement with measured value. The average error of 

prediction was ±7.10 with a standard deviation of mean value S=5.3. The pressure drop 

calculated as a sum of Ergun’s and grate-bed pressure drop gave satisfying results. 
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  Fig. 26 presents the contribution of each term from Eq. 24 on the total pressure drop. 
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Figure 26:  A simulated pressure drop across the bed of height given in table 3, due to viscous, inertial and 

hydraulic grate-bed losses using P=1.1 and εεεε=0.44 φφφφ=60o, respectively  

 

  This figure illustrates the significance of each term on account of total pressure drop. 

Usually, in fixed bed reactors most of the pressure drop accounts on bed resistance, especially 

for the large heights of the bed. However, when the porosity of the grate is reduced below 

20% the pressure drop becomes the major factor to be considered. This is happening due to 

the additional restriction for the flow caused by the layer of bed being in contact with the 

grate. In case the effective grate diameter or effective area of grate is severely reduced. This 

causes the raise of resistance coefficient, exponentially.    
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  Fig. 27 shows the correlation between the resistance coefficient, k, and the effective 

grate porosity for two size of grate thickness.  
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Figure 27: Correlation between the resistance coefficient, k, and the effective grate porosity for two size of 

grate thickness 

The correlation equations for thin and grates are listed below:  

0.157 - )1.0352ln(- )log(k effmm 2g Ω==  (25a) 

0.951 - )1.8735ln(- )log(k effmm 10g Ω==  (25a) 

  Two curves can be seen, respectively for a thin (2mm) and thick (10mm) grate. The 

arrows represents the head-loss coefficient for the real experimental cases, represented, 

respectively, by Exp.1.1, Exp.2.1 and Exp. 3.1, determined for P=1 and φ=90oC.  Using the 

correlation equations presented in Fig.25, it is possible to obtain the value of head-loss 

coefficient, knowing the effective grate porosity for the given thickness of the grate. (e.g. for 

l=10mm Ωo= 0.04 and Ωb=0.25, k=58506).  

From the presented results it can be clearly seen that the grate effective porosity has an 

enormously high contribution on the resistance coefficient. The lower value of packing 
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parameter, P, the smaller bed void fraction and grate effective porosity and as the 

consequence, the lower hydraulic diameter is obtained.  This increases the orifice Reynolds 

number calculated for the effective hydraulic diameter. The increase in the orifice velocity 

between the most open grate and most cover was around 60-70times. For the grate of highest 

passage area (exp.1) the resistance coefficient for the bed porosity 0.44 and P=1 was in the 

range of the magnitude of 100, meanwhile for the grate of lowest free passage, covered with 

the biomass layer, it increased in 4-6 orders of magnitude. Moreover, the influence of the 

thickness of the grate exhibited the highest contribution on the resistance coefficient for the 

grate of the lowest porosity (see Fig. 27). This shows that in case of using grate of a low 

passage area the sensitivity of the process performance and pressure drop for any changing 

conditions is of grate importance.  

The main reason for the uncertainties of determination the pressure drop using the 

method described in this paper, is that, it does not take to account the effect of changing of 

densities and sizes of practices as well as motion of the bed during reaction and it cannot 

predict the effect of the fine particles that may block the orifices of the grate.  
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5.3 Practical solutions  

Based on the research materials consisting of different types of biomass and waste, converted 

by means of different systems it is recommended to classify materials against their charring 

properties under pyrolysis, in order to find the best destination for a give type of fuel.  Three 

systems have been proposed; one for the treatment of ASR, one for the treatment of plastic 

waste, and one for biomass treatment.  

5.3.1 A novel conceptual solution of the ASR treatm ent process  

The idea of using this two-staged process was created to present a holistic method of 

handling complex and hazardous wastes such as ASR. The system is meant to work in a 

continuous operation. It assumes conversion of organic carbon containing ASR (or other 

waste mixture) into a gas fuel, and recover metals at several stages of the process. In this case 

pyrolysis is used as a one of the step of advance recycling technique aiming to densify the 

waste into volatiles and char rich in metals. Metals can be recovered from the char before 

treating with HTSG process. However, that requires additional research on solid residue, 

which is above the scope of this thesis. The char is meant to be used, subsequently, as a fuel 

for gasification process, from which producer gas can be utilized for power generation and 

metals can be recovered from slag/ash. Fig. 28 presents the conceptual idea for dealing with 

ASR by means of microwave pyrolysis and then upgrading their by-products by taking an 

advantage of HTSG.  
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Figure 28: A novel conceptual solution of the ASR treatment process. 

 

The feedstock streams are indicated with bold arrows (see Fig. 28). The thin arrows 

correspond to the directions of media streams (water, steam, air etc.). Three fractions were 

used as feedstock for steam gasification: RUBBER (containing 85% of carbon), PUR 

(containing 50% of carbon) and Liquids (with 43% of water), as it is indicated in Table 1. 

High temperature steam (or mixture of steam and air) is produced in an ultra-efficient, fast 

regenerative steam generator. The system works under normal pressure. Detailed descriptions 

of the HTAG system and steam generator are available elsewhere [31, 32]. The feedstock is 

fed from the top of the fix-bed gasifier while the high temperature agent (steam or mixture 

steam and air) is introduced from the bottom. In the simulation, 15% of the generated 

producer gas is consumed for steam generation used internally for gasification process. This 

was estimated, based on thermodynamical simulation for the optimal steam-to-fuel ratio 1.4 

[mol/mol] at steam temperature of 1000oC and heat losses of 10% [26, 27]. At these 
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conditions it is expected for producer gas to have the highest LHV and mass flow rate. 

However, in order to sustain the flexible operation the steam-to-fuel ratio is assumed to be 

20% higher than that of a theoretical requirement and this would raise the internal producer 

gas consumption up to ca. 20%. The rest of the producer gas can be used directly as a fuel for 

gas engine or gas turbine, but for maintaining a constant delivery and pressure of fuel, the 

producer gas is compressed and stored in a tank. For the simplification of the model 

development, it was assumed that the total solid carbon was converted into the fuel. Hence, 

tar is assumed to be removed from the raw producer gas and fed into the liquid residues from 

the microwave pyrolysis process. A dashed-line frame in Fig. 28 emphasizes the section of 

the conceptual process which is related to gasification experiments performed, however, in a 

smaller scale. 

5.3.2 Pyrolysis of plastic waste for monomer and na phtha-like feedstock 

recovery 

   Treating polyolefins’ as a single fraction is highly recommended  due to similarities 

in the chemical and physical properties between the components and of the high content of 

this fraction found in total plastic waste (up to 60wt.% plastic fraction (Plasticeurope, 2010) 

being, globally, approximately 150milion tons a year, (Plastemart, 2011)).  Moreover, as an 

example of non-charring polymers, polyolefins can be treated via pyrolysis, in order to be de-

volatilized almost completely. This gives some privileges for pyrolysis over the other thermo-

chemical methods in extracting all chemical energy from the waste and transferring them into 

products without losing its caloric value. 

  Fig. 29 gives the flow sheet diagram of life cycle routes of the polyolefins (waste 

plastics).  
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Figure 29: The concept of plastic waste refinery for material recycling 

   

  Pyrolysis of plastic waste into hydrocarbons is a way of turning material flow of 

hydrocarbons into the closed system. In this diagram solid connectors are used to show a 

close system, and dashed connectors stand for an open system. Three possible routes from the 

material recycling perspective are considered as options for closing the flow of carbon 

balance: pyrolysis, gasification/steam reforming and mechanical recycling.  

  The first route, supported by the outcomes of this work, is represented by pyrolysis 

towards feedstock generation. The fuel for the process comprises from the mixture of 

polyolefins that can be extracted from MSW/plastic waste using e.g. the sink-float technique. 

The pre-treatment of the fuel is limited to the reduction of size to approximately 1-5 mm). The 

process is conducted at 600-700oC in a fluidized bed reactor and if feasible, catalyst or steam 

can be also used. The obtained yields from plastic pyrolysis give directly 15-30% gaseous 

olefins from the raw product. This can be directly use after separation in a polymerization 

plant. The residue consisting of naphtha-like feedstock has to be reformed/upgraded to olefins 
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or other chemicals (e.g. gasoline generation) using available petrochemical technologies. 

Some of the lower value hydrocarbons can be used also for providing energy for driving the 

pyrolysis process. The weak point of the performance is to provide the constant supply of 

waste and to reduce to the cost of the operation (including waste price and pre-treatment) at 

least to the level of naphtha (which is a source for olefins). 

  The second recycling route can be realized by gasification/steam reforming (see Fig. 

29). The main difference of this process with respect to pyrolysis is a product-synthesis gas 

and involvement of the partial oxidation reaction (exothermic reaction) and/or steam 

reforming reaction (endothermic reaction). During the pyrolysis steam, if added, is not 

involved in chemical reactions but has an influence on the product distribution. The synthesis 

gas is converted via methanol or di-methyl either towards ethylene. The process is limited by 

the presence of inert gas components (CH4, N2) and requires upgrading of the synthesis gas 

towards a desire ratio of H2 to CO which is 2. The methanol synthesis is conducted over 

catalyst (e.g. Cu/ZnO) and at pressure 5-10MPa (Cornelissena et al., 2006 [99].  

Ethylene/propylene is generated in the conversion of methanol using zeolite catalyst at 450oC 

with an efficiency of 60-70% (Zhao Fan et al. 2007, [100]. The gasification is conducted at 

higher temperatures than the pyrolysis. A challenging aspect is to provide a constant supply of 

waste and the elevated costs of the multiple operations involved in the process. However, the 

process is less sensitive for impurities and variation in feedstock and is commercially 

available.    

  Finally, the step of mechanical recycling, in which, by the use of physical means the 

plastic is reprocessed into the scrap from which a new product could be produced. This 

process by-passed the whole refining and upgrading step but poses several disadvantageous 

compared to feedstock recycling process (see Fig. 29). Firstly, the waste has to be separated to 

very pure fractions. Any contamination may result in reduction of the quality of the product 
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(including physical and chemical properties). Secondly, reprocessing used thermoplastics 

several times in raw, negatively influences on the material properties, lowering its value. And 

finally, application of mechanically reused polymer has a limitation for the secondary use 

market (not allowed for food packaging) which reduces the value and applicability of product.  

       The above analysis roughly indicates that each of the recycling methods may be 

economically feasible, having some opportunities and challenges. It favors the route of 

feedstock recycling, since the waste of the lower value can be transformed into the value-

added products.  

  The naphtha steam cracking process generates 60-70% of olefins (Ren et al., 2006) 

[59].  The obtained yields from plastic pyrolysis give directly 15-30% gaseous olefins, if 

necessary, the rest could be recovered via steam reforming or catalytic cracking using 

available technologies coming from the petrochemical industry or used for other purposes. 

The capacity of olefins in 2011 are projected on 156 mln tons for ethylene and 101 mln tons 

for propylene, respectively (Plastemart, 2011) [101]. Hence, refining polyolefins (roughly 

150mln tons) only via pyrolysis (with a 25% efficiency) can cover up to 20% of the total 

monomer feedstock, increase the rate of waste recovery and reduce the consumption of fossil 

fuels. 

5.3.3 Gasification of biomass using highly preheate d steam  

  Pyrolysis of charring materials, like biomass, is a very important step in thermo-

chemical conversion. However, the char being approximately 25%wt. posses still very high 

caloric value of about 30MJ/kg. The more intensive thermal treatment the higher activity of 

char is generated and better performance during gasification is achieved. Using steam as a 

pyrolysis agent is also recommended, because more volatiles are generated, and the char gains 

a highly developed porous structure, increasing its activity in the heterogeneous reactions with 

steam or oxygen [69, 79, 82]. This in connection with the High Temperature steam 



 104 

gasification process is a very promising technology for treatment biomass. Especially above 

900oC, it enhances the heat transfer towards the sample and accelerates kinetics of the 

gasification. This improves the conversion of carbon to gas, increases the yield of the 

producer gas, reduces tar content, and most importantly, increases the yield of hydrogen, 

making it suitable for second-generation biofuels synthesis. When the process is conducted at 

lower steam to fuel ratio but at temperature above 850oC, the generated gas is of high calorific 

value making it suitable for power generation via gas turbine either gas engine.    
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6. Conclusions and recommendations 

  In this thesis work new solutions for treatment biomass and waste are analyzed. Based 

on the research materials consisting of different types of biomass and waste, converted by 

means of different systems it is recommended to classify materials against their charring 

properties under pyrolysis, in order to find the best destination for a give type of fuel.  Three 

systems have been proposed; one for the handling ASR (charring), one for the handling 

plastic waste (non-charring), and one for treating (charring) biomass.  

 

  Pyrolysis is an attractive mean of conversion for non-charring materials (like plastic 

waste) into valuable hydrocarbons feedstock. Without oxidation of products it converts the 

whole content of the heating value in waste (which is comparable with crude oil) into liquid 

and gaseous products and it distribution depends upon the process temperature, type of 

pyrolysis agent and presence of catalysts. The obtained yields from plastic pyrolysis give 

directly 15-30% gaseous olefins, if necessary, the rest could be recovered via steam reforming 

or catalytic cracking using available technologies used in the petrochemical industry or for 

other applications (e.g. fuel production). 

 

  Pyrolysis of complex waste mixture such as automotive shredder residue, waste 

electric and electronic equipment, construction-demolition waste, etc, is an attractive waste 

pretreatment method before applying any further treatments,  whereby useful products are 

generated (gaseous and liquid fuel) and the char, rich in precious metals, is meant for further 

treatment for energy and metals recovery.  The possibility of metals recovery/leaching should 

be also considered directly from the char, before gasification. This may positively influence 

on the conversion at higher temperatures, where metals occupying carbon active sites 
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probably reduce the activity for steam and oxygen.  Gasification is a complementary method 

for treatment pyrolysis residues.  

 

  Pyrolysis of charring materials, like biomass, is a very important step in thermo-

chemical conversion. However, the char being approximately 25%wt. posses still very high 

caloric value of about 30MJ/kg. Unless used for other purpose e.g. activated carbon 

generation, the char is a useful fuel for combustion or gasification. The more intensive 

thermal treatment the higher activity of char is generated and better performance during 

gasification is achieved. Using steam as a pyrolysis agent is also recommended, because more 

volatiles are generated, and the char gains very porous structure increasing its activity in the 

heterogeneous reactions with steam or oxygen. When combined with High Temperature 

Steam Gasification process it becomes a very promising technology for treatment biomass 

and residue after pyrolysis. Especially above 900oC, it enhances the heat transfer towards the 

sample, accelerate kinetics of gasification. This improves the conversion of carbon to gas, 

increases the yield of the producer gas, reduces tar content, and most importantly, increases 

the yield of hydrogen, making it suitable for second-generation biofuels synthesis. When the 

process is conducted at lower steam to fuel ratio but at temperature above 850oC, the 

generated gas is of high calorific value making it suitable for power generation.    

 

  Although, High Temperature Gasification process shows great potential for power and 

feedstock generation from biomass, it is still a challenging approach when it comes to 

effective use of the system. One of the important issues, affecting performance of a downdraft 

gasifier is the pressure drop through the bed’s and (a newly developed) bed-grate’s resistance. 

It affects, directly, the velocity profile, temperature distribution and of the height of the bed, 

especially for the grate with restricted passage surface. This influences on the product 
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composition and conversion rates. The lower grate porosity, the higher conversion of fuel and 

heating value of gas is produced. However, the stability of the process is disturbed; therefore 

reduction the grate porosity below 20% is not recommended unless the system is designed to 

overtake the consequences of the rising pressure inside the reactor. This work proposed the 

method for prediction of a total pressure drop through the fixed-bed downdraft gasifier 

equipped with a grate of certain porosity with an uncertainty of prediction ±7.10.   
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