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Abstract 

About 17% of plastics produced are used for electric and electronic equipment. 

Taking into consideration the technological evolution in electronics industry, 

their life time is getting shorter with their waste growing with a tremendously 

fast rate. 

Since their recycling and separation is limited mainly by mechanical ways of 

treatment, no recovery efficiency above a threshold can be achieved and large 

amounts of mixed waste of electrical and electronic equipment ends up in 

landfills increasing the environmental burden. 

In order to provide a more efficient level of energy and material recycling as well 

as environmental safety, other ways of treatment (in conjunction with the already 

established ones) have to be introduced. 

Thermochemical treatment of such wastes is attracting the scientists’ interest, 

since it provides efficient energy and material recycling without cumbering the 

environment. 

In difference with other works dealing with thermochemical treatment (mainly 

pyrolysis) of such materials, the first part of this thesis deals with the use of 

highly pre-heated agents (steam and nitrogen), in order to investigate the 

potential of obtaining a high purity and H2 rich gas mixture that can be used for 

energy generation and several other applications, from electric cables shredder 

residues (ECSR). The high temperature pyrolysis (HTP) and high temperature 

steam gasification (HTSG) were examined. Experimental results showed that 

high conversion of the solid material into gaseous products(~90 % wt average of 

both processes)can be achieved at temperatures of 1050oC while the use of 

highly preheated steam achieved to reduce the tar content of the produced gas by 

72 % comparing to pyrolysis. Reforming of tar compounds and heavy 

hydrocarbons resulted in a gas mixture containing ca. 40-45 % v/v H2 and ca. 20-

25% v/v of CO able to be used as raw Syngas or raw material for chemical 

synthesis. Solid residue of both processes was poor in carbon content which 

makes it in appropriate for further use a solid fuel but has an added value as a 

source for metals. 

The second part of the thesis is trying to shed light on the thermal degradation 

(pyrolysis) of electric and electronic waste coming from household appliances 

using preheated nitrogen. Since there are no data about pyrolysis kinetics of such 

kind of waste, this work also investigates the pyrolysis kinetic parameters  

(E, A, n) in a try to provide information about the decomposition mechanism and 

data useful in sizing thermochemical reactors which treat such kind of waste. 

Experimental runs under different heating rates ranging from 1-2.5 K/s reveal 

the same behaviour of material and resulted in a total conversion of ~52 % wt. 
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That result implies that samples were almost of the same composition and thus 

representative values of components can be obtained. Furthermore the high ash 

content of the raw material(~45 %wt) indicates that almost total devolatilization 

of the organic matter of the sample did take place. Thus efficient separation of 

the inorganic and organic matter can be achieved contributing both to energy 

(organic matter) and material (inorganic matter) recovery. Experimental results 

show that moderately high heating rates of 1-2.5 K/s result in overlapping of the 

decomposition reactions of the several different components that the raw 

material is consisting of. This overlapping results in an apparent rate of 

decomposition characterised by apparent activation energy. The activation 

energy was determined using two different iso-conversional methods (KAS and 

OFW). The results obtained were in quite good agreement (95.54 kJ/mol using 

the KAS method and 88.38 kJ/mol using the OFW method). Pre-exponential 

factor and reaction order were determined using Coats –Redfern model-fitted 

method and found equal to A= 1.06x108 and n=3.38 respectively. Simulation 

results were in good agreement with experimental observation for almost the 

whole range of conversion (0.05-0.9). 

  

Keywords: Plastic waste, Waste of Electric and Electronic Equipment (WEEE), 

Waste Management, High Temperature Steam Gasification (HSTG), Pyrolysis, 

Kinetics   
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1.  Introduction 

The production of electrical and electronic equipment (EEE) is one of the fastest 

growing markets in the world. At the same time this also means that the amount 

of waste electrical and electronic equipment (WEEE) will continue to increase in 

the coming decades. 

Moreover,  climate conditions, the depletion of oil and fossil fuel reserves, and 

also environmental problems related to  waste management and disposal as well 

as recycling and energy recovery regulations, have create the need of efficient 

recycling, energy and material recovery routes  for such  wastes. Responding to 

those mentioned above, the European Commission adopted the directive 

2002/96/EC on WEEE. This directive implies the recycling and reuse of 70-80 % 

of WEEE [1]. 

WEEE contains about 30% plastics [2], and therefore it is imperative to include 

these plastics in recovery or material recycling systems. In addition, waste 

electric and electronic equipment, being a mixture of various materials, can be 

regarded as a resource of metals, such as Cu, Al, Fe, Pb, Zn as well as noble metals 

like Ag, Au, Pt, Pd or even rare elements such like Ta. Effective separation of 

these is the key for developing an effective recycling system.  

As mentioned above WEEE contains a significant fraction of plastic material with 

high energy content, as all polymers have high content of chemical heat, and 

thermal disposal methods are providers of chemical energy recovery, which is 

also demanded by the Integrated Pollution Prevention and Control (IPPC) 

directive 2008/1/EC [3]. 

Thus, a technique involving energy generation and simultaneous waste 

minimization and potential material recovery is a way for natural energy 

resources relief, energy conservation and waste management. 

With the current industrial practice, thermal disposal of wastes and especially 

incineration, is a desired and a viable alternative and is often used in 

industrialized countries. However, it has drawbacks as well as hazardous 

emissions and harmful process residues.  

Unlike to other fossil fueled incineration plants, Waste To Energy (WtE) plants 

have significantly lower energy efficiencies (13-24%) due to lower steam 

temperatures, fouling and slugging. Apart from these problems, acidic gases such 

as HCl, SOx, NOx, HF and VOC’s (such as polyaromatic hydrocarbons (PAHs), 

polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins and 

dibenzofurans PCDD/Fs) which are harmful, are emitted. Moreover, solid 

residuals of the final process cannot be recovered even up to a point [4]. 
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To-date technologies have to deal with these problems, to be more energy 

efficient, environmental friendly and economically attractive.  

Thermo-chemical treatment is an ideal way to convert such kind of waste into 

energy and material with simultaneous transformation into an environmentally 

harmless and less voluminous substance, resulting in a more sustainable and 

effective waste management. Moreover, the produced gas of these processes can 

be used in many applications such as lime and brick kilns, metallurgical furnaces, 

as raw material syngas, Fisher Tropsch synthesis and so on, providing higher 

efficiencies and market opportunities. 

Pyrolysis can also be considered as a chemical recycling process due to the 

cracking of the long polymeric chains into smaller molecules of the same 

chemical structure. However, the absolute value of recycling plastic waste is 

mainly based of the desired product. Reported values indicate that the char 

produced is rarely outside the range 33– 68% by weight. These high values 

indicate that pyrolysis has good potential for material recovery [5]. 

Thermochemical treatment and especially gasification is a very attractive option 

as it reduces and avoids corrosion, reduces emissions by retaining the alkali 

metals (except mercury and cadmium), sulphur, chlorine, PCDD/F and thermal 

NOx formation due to lower temperatures and reducing conditions.  However HCl 

and H2S may be found in the fuel gas [4]. 

Furthermore, thermochemical treatment produces an easy metal product to 

separate ash from and should not require any additional installations for 

air/water pollution abatements [6]. 

Summarizing, the disposal problem of WEEE and the importance of energy and 

material recovery, have been recognized and action should be taken regarding 

the recycling and treatment of such materials, with no added environmental 

impact. 

Taking into consideration that energy and products as well as precious materials 

can be recovered from the organic and inorganic matter respectively, 

thermochemical treatment of WEEE by means of pyrolysis and gasification is a 

sustainable route for energy and material recovery. 

Even though, that the value of the plastic content in waste has been recognized in 

terms of energy recovery by means of thermochemical treatment only few 

studies have been conducted using WEEE coming from a WEEE processing plant. 

Moreover none of the studies have treated such kind of waste using highly 

preheated agent; neither introduced a kinetic approach suitable for designing 

thermochemical reactors. 
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This thesis is comprised of two parts. The first part is dealing with characteristics 

of High Temperature Steam Gasification (HTSG) and High Temperature Pyrolysis 

(HTP) of Electric Cables Shredder Residues (ECSR) coming from end of life 

vehicles, while the second part comprises of determination of the pyrolysis 

kinetic parameters of electrical and electronic waste coming from household 

appliances. 
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2. Literature Review 

Several authors have investigated the possibility of using plastic containing 

wastes as standalone or auxiliary fuel [7], [8], [9], [10]. However, even though 

that waste of electric and electronic equipment is increasing dramatically 

another mixture of plastic waste (apart from municipal solid waste) is gaining 

the lion’s share of research since ASR is another problematic plastic containing 

waste that alternative recycling routes are needed. 

The spectrum of studies concerning management of WEEE spreads from 

mechanical treatment to thermal and chemical treatment and advanced 

techniques of recovering metals from wastes. However most of the studies 

investigate the behavior and characteristics of specific parts and materials of that 

waste and not treat the material as a whole.  

Jirang Cui’s and Eric Forssberg’s review [11] on the mechanical recycling of 

WEEE, present useful data and properties about the content of different 

electronic and electric equipment. They also state that several properties of the 

waste stream must be taken into consideration for a successful mechanical 

separation of metals. 

Having recognized the importance of material recovery, Fu-Rong Xiu and Fu-Shen 

Zhang [12], studied the recovery of Cd, Cr, As, Ni, Zn and Mn from waste printed 

circuit boards using elektrokinetic techniques. The results showed that for Cd 

recovery HCl was the best assisting agent because more stable complexation 

compounds were formed. For the case of Cr, Zn and Mn, citric acid was highly 

effective while HNO3 was not a satisfactory assisting agent because of the too low 

recovery efficiencies for Cd and Mn. 

Working under the same scope, Young Jun Park, and Derek J. Fray [13] studied the 

recovery of the precious metals contained in waste printed circuit boards using 

aqua regia as a leachant. The authors concluded that silver is relatively stable in 

aqua regia so the amount of about 98 wt.% of the input was recovered without 

an additional treatment. Palladium amount precipitated was 93 wt.%, while 

97 wt.% of gold was recovered as nanoparticles by using dodecanethiol and 

sodium borohydride.  

M. Bientinesi and L. Petarca [14] carried out a comparative environmental 

analysis of two competing thermal treatment scenarios of waste brominated 

plastics. The results of the LCA study showed lower emission levels of HCl and 

HBr were achieved when co-combustion of WEEE and green waste in an MSWC 

plant was taking place, while when plastic waste was subjected to a two staged 

gasification and gas turbine combustion cycle resulted in fewer CO2 emissions. In 

addition staged gasification was more efficient from an energy point of view and 
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that lead to greater savings in resources and therefore it has better scores for 

“Fossil fuels” and “Climate change”. 

N. Menad et al. [2] investigated the combustion characteristics of plastics that are 

present in electrical and electronic waste. They point out that combustion gases 

are CO2, H2O, N2, SO2 and hydrogen halide however due to incomplete 

combustion several other harmful gaseous products can be formed. Finally, they 

point out that flame retardants used in electrical and electronic appliances are 

source of  dibenzo-p-dioxins and dibenzo-furans. 

J. Moltó  et al. [15] investigated the pyrolysis and combustion characteristics of 

electric circuits and it was found that more than 100 semivolatile compounds 

have been identified with special interest in brominated ones. In addition 

evaluation of the PCDD/Fs and dioxin-like-PCBs was carried out and compared 

with the levels in raw material concluding that there are no high emission 

factors. Nevertheless, the emissions of PBDD/Fs have not been analysed but the 

identification of other brominated compounds can indicate the emission of this 

group of dioxin homologues. The authors conclude that thermal treatment of this 

kind of waste in no optimal conditions can result in hazardous emissions. 

I.de Marco et al. [16] have studied the pyrolysis characteristics of different streams of 

electronic waste. They reported that solids remaining after pyrolysis were in all 

the cases studied, composed of metals and other inorganics of the raw material, 

mixed with a char-like carbonaceous material formed during pyrolysis. Metals 

can be easily separated and recovered, and char may find application as pigment, 

component of asphalt fabrics, etc. Liquids were found to be difficult to be 

handled in case of wires while presence of heteroatoms in liquids coming from 

PCB pyrolysis introduces thinned of blending with petroleum refinery streams 

and/or upgrading. Finally they report that WEEE pyrolysis gases were mainly 

composed of hydrocarbons C1 to C5 together with significant proportions of CO 

and CO2 and thus they can provide the energy requirements of the process plant. 

William J. Hall et al. [17] have studied the possibility of using a FCC catalyst in 

order to treat WEEE. The reason for using a FCC catalyst was to minimize the 

bromine content in produced liquids. It was found that the FCC catalyst was 

effective at reducing the bromine content of the pyrolysis oil; however the 

reason for this reduction is unclear. 

E.Kowalska et al. [18] have performed a thermogravimetric analysis of wastes 

coming from electrical and electronic equipment(sample A – a mixture of three 

types of printed circuit boards, sample B – a mixture of electronic junctions with 

metal wires). Measurements using X-ray fluorescence showed that brominated 

flame retardant was present in sample A, whilst chlorinated flame retardant is a 

probable component of sample B. In addition, preliminary liquid 
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chromatography of oil products showed that the hydrocarbons could be used as 

a fuel. 

Takashi Yamawaki [19] has investigated the possibility of gasifying plastics 

coming from WEEE and containing brominated flame retardants. The author 

concluded that gasification of plastic WEEE containing brominated flame 

retardants can be achieved to prevent the generation of brominated dioxins and 

to prevent the regeneration of brominated dioxins, similar to the experience with 

chlorinated dioxins. 

A. Chaala, H. Darmstadt and C. Roy [10] have studied the pyrolytic behavior of 

electric cable waste under vacuum conditions at 450
o
C. The main pyrolytic products 

were waxes and pyrolytic carbon. They also reported that liquid and gaseous products 

can be used as fuel for the pyrolysis process 

Cui Quan et al. [20] tried to develop a kinetic model describing the thermal 

degradation of large particles of printed circuit boards. The effect of particle size, 

and heating rate on the overall reaction rate was investigated. By this study, it 

was found that heating rate could not only affect the temperature at which the 

highest weight loss rate obtained, but also affect the maximum value of weight 

loss rate. They have applied a distributed activation energy model in a try to 

describe the thermal degradation of the raw material. Activation energy variation 

from 156.95 to 319.37 kJ mol−1 and k0 from 2.67 × 1013 to 2.24 × 1027 s−1was 

observed. 

Guan Jie’s et al. [21] study deals with the products’ characteristics obtained during 

pyrolysis of printed circuit boards waste. They report that, the liquid phase 

consisted mainly of phenol which was about 9 wt. %, the H/C atomic ratio was 

about 1.2, and the GCV was about 30 MJ/kg. The gas phase was about 13%, 

mainly hydrocarbons C1–C4 and hydrogen, carbon dioxide, carbon monoxide, 

oxygen and methane. The increase of the temperature lead to significant amounts 

of CH4 and H2, while the amount of C2–C4 hydrocarbons was decreased the tensile 

strength was decreased with the increase in temperature. At 723 K the tensile 

strength was reduced by 35%. At 573 K the impact and tear strength was about 

300% compared to the original one. The residues (75–80%) can be easily 

liberated for metals’ recovery. 

Polymers originating from electronic scrap were studied by M. Blazsó et al. [22] 

in terms of debromination using pyrolysis. By their experiments it was found 

that partial debromination of brominated bisphenol A segments in brominated 

epoxy resin took place under pyrolysis. In addition, debromination of the 

dibromo- and tribromophenyl groups of brominated polystyrene was proved to 

be also possible with inorganic solids having strong basic character in the 

condensed phase.  
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Chen et al. [23] investigated the kinetics of thermal and oxidative decomposition 

of printed circuit boards under various heating rates and oxygen concentrations 

by means of thermogravimetric analysis. The overall rate equations for various 

oxygen concentrations were modeled by Arrhenius-type equations. The kinetic 

parameters were estimated using the Friedman’s method. The results for 

pyrolysis reactions presented are: E = 181.59± 21.80 kJ/mol and n = 1.61 ± 0.19.  

 

Vasile et al. [24] conducted pyrolysis experiments in order to recover valuable 

products, energy, or both from thermoplastic and thermoset fractions of 

computer waste. The optimum temperature range for the pyrolysis was found to 

be of 430°–460°C. In this temperature range a mixture of light hydrocarbons was 

yielded. The liquid phase, consisting mainly of aromatics and phenol derivatives, 

varied from 20 to 60wt%, depending on the computer component undergoing 

pyrolysis. Various halogen-containing compounds originating in the flame 

retardant employed in these electronic devices were also found. Their 

concentration in pyrolysis oil was in the range 40–210 ng/ml for chlorine and 

100–3300 ng/ml for bromine with PCBs yielding considerably higher amounts of 

halogens compared to casings and keyboards. 

From all the above it is shown that WEEE has the potential to be an alternative 

fuel(where the char and energy can directly replace fossil fuels) or chemical 

synthesis precursor by using gasification and pyrolysis technologies. 

Furthermore, material recovery is possible achieving high efficiencies. Thus, in 

depth investigation of these processes have to be carried out. 
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On the concept of High Temperature Agent Gasification/Pyrolysis 

The use of a highly preheated agent has been studied by several authors as it has 

many advantages comparing to conventional gasification/pyrolysis. 

The main difference is that the heat for the process is provided by the sensible 

heat of the incoming gas stream either is inert, air/oxygen or steam. Thus the 

heat is distributed evenly and provides a more ‘volumetric’ uniform heating, 

minimizing possible cold spots in the radial direction inside the reactor. 

Furthermore, the highly preheated agent in the case of gasification is more 

reactive with the gases producing from devolatilization of the raw material; 

because it does not need time in order to be heated up to the reactor 

temperature and thus a small volume of oxidizing agent is needed which in turn 

results in a more compact design of the reactor and the gas clean up system [25], 

[26]. 
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3. Materials and Methods 

3.1. Electric Cable Shredder Residue Sample Characteristics and 

Preparation 

The electric cables residues that have been studied were provided by the 

Swedish Company, STENA Metal AB. This sample is from the light fraction of 

production cables by Draka Nässjö. Raw material, prior to its use, was pretreated 

in order some important compounds to be removed/recovered. 

Firstly, the raw material shredded to a particle size of 5-10 mm and most of its 

containing copper was removed (Cu < 1 %). Cu removal is important because 

apart from its recovery, due to its presence, polychlorinated biphenyls (PCB) can 

be formed [27]. It is known that Cu presence in the fly ash has a catalytic effect on 

PCDD/F formation, also known as de-novo synthesis of PCDD/F and maximum 

formation occurs at about 300oC [28].  

After the first pretreatment step, the copper free cables underwent wet 

separation, where PVC content separated from the light part of the waste. PVC 

removed in order HCl formation [29] and corrosion problems to be avoided. In 

addition, PVC presence increases heavy metal load and contributes to the 

formation of PCDD/Fs [30]. The total chlorine content in the raw material was 

less than 1 %. The remaining material consists mainly of Polyethylene (PE) with 

some cross-linked PE (PEX).The raw material was naturally dried for 3 days at 

25oC in order to remove  its initial moisture content which was of 13.36 %-wt.  

 

Fig. 1 Pre-treatment procedure for the ECSR Sample 
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Ultimate and proximate analyses were performed according to ASTM standards. 

The ultimate and proximate analyses on dry basis are listed in Table 1 

 

Table 1 Proximate and Ultimate analyses 

Proximate Analysis 

Moisture  0.24 % - wt    

Ash  13.98 % - wt    

LHV 32 MJ kg-1    

Ulitimate Analysis 

C 67.64 % - wt Pb 35.9 ppm 

H 09.48 % - wt Ni 7.2 ppm 

S 0.001 % - wt Cr 10.7 ppm 

O1 21.75 % - wt Cd2 nd ppm 

N 00.07 % - wt Mn 44.5 ppm 

Cl 00.17 % - wt Al 5171 ppm 

Zn 99.20 ppm Fe 925 ppm 

Cu 2564 ppm       

 

By ultimate analysis, empirical chemical formula of the raw material can be 

derived. Thus, chemical formula of ECSR is CH1.68O0.24. Components with 

concentration less than 1 %-wt were neglected. Nitrogen content is an important 

factor to be assessed because toxic hydrogen compounds can be formed during 

pyrolysis. Such compounds are hydrogen cyanide and ammonia [31]. As shown in 

Table 1, nitrogen content is very low and therefore HCN and NH3 are difficult to be 

formed. 
  

                                                            
1
 Calculated by difference 

2
 Not detected 
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3.2. Experimental Methodology for the ECSR pyrolysis and Gasification 

The experiments took place at Royal’s Institute of Technology (KTH) - Division of 
Energy and Furnace Technology- laboratories in Stockholm, Sweden. The 
experimental facility, employing a fixed bed batch reactor, is represented in Fig. 2 
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Fig. 2 Pyrolysis and Gasification test facility 

 

The reactor employed was 1000 mm long with an inner diameter of 100 mm.  

A ceramic honeycomb was placed before a basket where the sample was 

attached. The role of the honeycomb was to heat up the carrier gas to the desired 

temperature. 

Before each experimental run sample was weighted using a high precision scale 

of an accuracy of 0.0001 g. 

The experimental procedure required a heating up phase. During that phase, 

methane and air were introduced to the gas burner in order to produce the heat 

needed for each experimental run. The hot flue gases heated the ceramic 

honeycomb and flow throw the reactor to the exhaust outlet. 

When the honey comb temperature of about 100-150oC above the desired 

temperature was achieved, the methane flow was stopped and a transient period 

was beginning. 
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During transient period nitrogen in the case of pyrolysis and steam in the case of 

steam gasification began to flow inside the reactor and heated up by the hot 

honeycomb attaining a nearly constant temperature. During that transient 

period a temperature decrease of about 100oC was observed. The gas 

temperature was measured by an S type thermocouple placed after the ceramic 

honeycomb (see Fig. 2). The sample was placed inside the cooling chamber just 

above the reaction chamber and it was continuously cooled by nitrogen. It has to 

be noticed that during the transition phase a fraction of the gas flowing inside 

the reactor was analyzed in order to ensure no oxygen content.  

 After temperature stabilization the sample was placed inside the reactor. This 

was when the experimental phase was beginning. During experimental phase no 

temperature variations greater than 15oC were observed. The major fraction of 

the flue gases was driven to the exhaust gas outlet, while a small quantity passed 

through a sampling line in order to be analyzed. 

The sampling line was designed as described in the ‘Würzburg Protocols’ [32]. 

The sampling line comprised of two gas washing bottles filled with iso-propanol 

and one filled with water in order to capture the tar and to remove any particle 

that might be present in the gases mixture. At the same time produced gas was 

cooled by two water cooled heat exchangers.  

Orsat analysis was used for detection of O2, N2, CO, CO2, H2, CH4, C2H2, C2H4 and 

C2H6.  

The flue gas composition was firstly determined by using an on-line Maihak 

MULTOR610 gas analyzer for CO/ CO2/O2 using the Non-Dispersive Infrared 

(NDIR) method. In order to measure O2 concentration in the gas sample the M&C 

Analysentechnik PMA 25 analyzer was used. Additionally, it was equipped with a 

paramagnetic detector. The data from the analyzer filled in the information gap 

from the use of a GC. The analyzer also validated by results obtained from the GC.  

The GC used was a Varian micro-GC CP4900. It is a two columns portable micro-

GC equipped with a thermal conductivity detector. The carrier gases used were 

argon and helium respectively on a MOLSIEVE 5A column and a PORAPLOT 

column. The temperatures on the columns were kept at 90°C and 40°C and a 

constant pressure of 25psi. Sampling and analysis time for the GC was about 90 

seconds. 

At end of each experiment the basket with the sample was again placed inside 

the cooling chamber in order to cool the sample down to a temperature lower 

than 100oC so as to avoid combustion when removing out of the reactor. 

Tar sampling was carried at predefined time when the higher decomposition rate 

was observed. 
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Tar analysis performed using the Solid Phase Adsorption (S.P.A.) method.  

The sweeping gas used in pyrolysis runs was nitrogen and the flow rate applied 

was of 0.5 m3 h-1. This flow rate was determined in order the gas sample not to be 

much diluted in nitrogen. Less flow rate was not applicable due to technical 

constrains of the experimental set up. 

Data Collection 

Mass data as a function of time was estimated by weighing the remaining mass 

after each experiment. At each temperature identical experiments were perform 

for different reaction times. The time of each of the runs was measured by a 

stopwatch. 

For GC analysis, experiments at the longest reaction time were performed with 

simultaneous online GC analysis in order to record the gas composition during 

time. 

Tar sampling was done by means of a 100 ml syringe at the outlet of the reactor 

(before the gas washing bottles).The sampling time was about one minute with 

steady suction rate until 100 ml of gas was sampled. The analysis was carried out 

by an external laboratory.  

A possible error in sampling is the suction rate which is controlled by human. 

Summarizing the experimental conditions for the ECSR pyrolysis and steam 

gasification are listed in Table 2. 

Table 2 Experimental Conditions for ECSR Pyrolysis and HTSG 

 

 Pyrolysis Steam Gasification 

Temperature Range [K] 973-1323 973-1323 

Carrier Gas/ 

Oxidizing Agent 
Nitrogen Steam 

Carrier Gas/ 

Oxidizing Agent 

Flow Rate  

0.5 Nm3 h-1 0.6 kg h-1 

Mass sample  per run 30 g 30 g 
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3.3.  Electric and Electronic Waste Sample Characteristics and 

Preparation 

The EEW that have been studied were provided by the Swedish Company, STENA 

Metal AB. This sample is from the electric and electronic devices used in 

household applications. The waste after being carefully decontaminated of 

mercury, PCB capacitors, batteries, cathode ray tubes and other environmentally 

damaging substances and components ,was run through a hammer mill (20 mm 

mesh) and grounded into pieces. Sampling of the scrap residue was done 

according to Värmeforsk report 1036 [33]. 

The raw material was naturally dried for 30 days at 25oC.  Prior to its use, the raw 

material was pretreated in order to reduce the particle size. Due to the nature of 

the material liquid nitrogen was used in order to achieve lower temperatures. 

This was done in order to take advantage of the properties of the plastics that 

comprising this waste. The main categories of plastics in WEEE are [2]: 

1. Thermosets which are typically rigid polymers, 

2. Thermoplastics which are not generally brittle at ambient temperatures but  

become brittle at lower temperatures 

3. Elastomers such as rubber also become brittle at low temperatures.  

The resulting particle size of the material was ≤0.42mm (mesh 40). Reduction of 

the particle size from 20 to 0.42 mm allows the produced powder to be treated as 

a homogenous material with uniform distribution of all of its components. 

Proximate and ultimate analyses performed by an external laboratory and are 

listed in Table 3. 

Table 3  EEW proximate and ultimate analyses 

Proximate  Analysis 

Moisture 10.5 % wt    

Ash 45.4 % wt-dry basis    

Volatile Matter 42.6 % wt dry basis    

Ultimate Analysis 

C 
68.7 % wt    

H 
8.9 % wt    

S 
0.22 % wt    

O 
17.8 % wt    

N 
1.6 % wt    
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3.4.  Electric and Electronic Waste Pyrolysis Experimental Methodology 

 

The EEW pyrolysis experiments took place at Royal’s Institute of Technology 

(KTH) - Division of Energy and Furnace Technology- laboratories in Stockholm, 

Sweden. The experimental facility can be described as a macro-TG apparatus due 

to the online mass weight and temperature measurement. 

For temperature measurement and an S type thermocouple was used. 
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Fig. 3 Experimental Facility for EEW pyrolysis 

The heat was supplied to the raw material by introducing highly preheated 

nitrogen. For more information about the experimental procedure see section 

3.2. 

Different constant heating rates were achieved by different preheating 

temperatures of nitrogen. For instance the higher heating rate of the material of 

2.5 K/s at a temperature range of 450-800 K was achieved with a nitrogen 

temperature of about 1323K. 

In order to investigate the pyrolysis kinetics some aspects have to be taken into 

consideration. 

Since the primary reactions are promoted by the local temperature distribution, 

a first thing to be taken under consideration is the elimination of the thermal 

gradients inside the particles. This can be quantified by the use of Biot number 
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(NBi)  which is an index of the heat transfer resistances inside and outside the 

particle. 

Reduction of material size to a diameter of ≤0.42 mm is sufficient to assume that 

no thermal gradients inside the particles exist. In addition the small particle size 

will minimize the residence time of volatiles inside the particle and thus will 

eliminate any secondary reactions (which result in char formation) that might 

take place at the decomposition temperature range. 

Apart from the thermal gradients inside the particles, thermal gradients of the 

thin bed must also be eliminated in order the decomposition rate not to be 

affected by heat transfer effects, but only by the pyrolysis reaction. 

Small bed size will also minimize any heat effect due to decomposition reactions. 

For those purposes different amounts of raw material, ranging from 0.5 to 3 g, 

and different positions of the thermocouple inside the basket (see Fig. 2) were 

tested and no difference in the material behavior (decomposition and heating 

rate) were observed. 

The repeatability of the experiments reveals that the particle size reduction and 

the very small bed size resulted in a uniform heat transfer behavior for the whole 

material. 

Since no difference due the material amount in the above mentioned range was 

observed, about 1.5 g of raw material was used to increase the accuracy of 

measurement. 

One aspect that has to be noted is the presence of impurities and the mineral 

matter in the sample. There are several studies dealing with biomass which  state 

that mineral matter and ash content have an effect on material’s decomposition. 

On the other hand, since electric and electronic waste is treated as whole (in the 

presence of high amounts of ash), the determination of decomposition rate in the 

presence of mineral matter and ash should be carried out. 
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3.5.  Electric and Electronic Waste Pyrolysis Kinetics  
 

Given the fact that pyrolysis is the heart of a thermo-chemical process, either this 

is a gasification process or a pyrolysis one, reliable pyrolysis conversion rates are 

needed in a successful design of a thermochemical reactor.  

Electric and electronic waste is a heterogeneous material with variations in 

reported compositions. However waste coming from specified applications (i.e 

household appliances) are comprised of same kind of materials and if a 

sophisticated approach of sampling is implemented, a sample with 

representative composition can be obtained.  

Pyrolysis is generally a complex process and it is difficult to discover kinetic 

models that explain the mechanism of thermal decomposition. A full kinetic 

analysis of complex systems is generally not feasible, but some kind of 'effective' 

or 'average' kinetic description is still needed. In many of kinetic formulations of 

solid state reactions, it has been assumed that the isothermal homogeneous gas 

or liquid phase kinetic equation can be applied [34]. 

The overall rate of reactions is commonly described by the following equation 

𝑑𝑎

𝑑𝑡
= 𝑘 𝑇 𝑓 𝑎                                                              (𝑒𝑞. −1) 

where a is the normalized conversion of raw material’s decomposition, f(a) 

depends on the mechanism of the thermal decomposition.  

Normalized conversion is defined as:  

𝑎 =
𝑚0 − 𝑚𝑡

𝑚0 − 𝑚𝑓
                                                           (𝑒𝑞. −2) 

Where m0 is the initial mass sample, mt is the mass sample at time t and mf   is the 

mass sample at infinite time. 

 

The dependence of the rate constant is traditionally described by the Arrhenius 
law: 

𝑘 𝑇 = 𝐴𝑒(−
𝐸
𝑅𝑇)                                                             (𝑒𝑞. −3) 

 

Where E is the activation energy, A is the pre-exponential factor and R is the gas 
constant. 
Since the mechanism of such a complex and heterogeneous material as electric 
and electronic waste is unknown, model- free methods for determination of 
activation energy of thermal decomposition are more reliable and preferred [35]. 
Furthermore, model fitting methods based on single a heating rate data are quite 
uncertain [36].  



20 
 

Iso-conversional methods are model-free methods that evaluate kinetic 

parameters, namely the activation energy (E) at progressive conversion values of 

normalized conversion (α). 

Taking into account that the temperature is a function of time and is increasing 

with a constant heating rate β the following expression derives: 

𝑇 = 𝛽𝑡 + 𝛵0                                                               (𝑒𝑞. −4) 

Differentiating the above correlation, it derives: 

𝑑𝑇 = 𝛽𝑑𝑡                                                                 (𝑒𝑞. −5) 

Thus combining eq-1 with eq-5 the following equation derives: 

𝑔 𝑎 =  
𝑑𝑎

𝑓(𝑎)

𝑎

0

=   
𝐴

𝛽
𝑒𝑥𝑝  −

𝛦

𝑅𝑇
 𝑑𝑇 

𝑇𝑚𝑎𝑥

𝑇0

                                  (𝑒𝑞. −6) 

 

Kissinger-Akahira-Sunose (KAS) Method 

The Kissinger-Akahira-Sunose (KAS) method, also called as the generalized 

Kissinger method, is one of the best iso-conversional methods [37]. The equation 

that describes the relation between the heating rate and the inverse temperature 

is: 

 

 

ln  
𝛽

𝛵2
 |𝑎 = ln  

𝐴𝐸

𝑅𝑔 𝑎 
 −

𝐸

𝑅

1

𝑇
                                                         (𝑒𝑞. −7) 

Thus plotting ln(β/T2) vs. 1/T at constant conversion values will produce a 

straight line which slope will produce the activation energy for the specified 

value of conversion. Doing so, for the whole range of conversion (0-1) will 

produce the activation energy profile for progressing values of conversion. 

 

Ozawa-Flynn-Wall (OFW) method 

One of the most common and widely accepted methods in scientific community 

to compute thermo-kinetic parameters from experimental data is the Ozawa-

Flynn-Wall method.  

Ozawa Flynn and Wall proposed a correlation among activation energy, the 

heating rate and the inverse temperature [38]. 
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𝑙𝑛𝛽 = ln  
𝐴

𝑑𝑎
𝑑𝑇

𝑓 𝑎  

𝑎

−  
𝐸

𝑅

1

𝑇
                                        (𝑒𝑞. −8) 

Using Doyle’s approximation [39], eq-6 can be transformed to the following: 

𝑔 𝑎 =
𝐴𝐸

𝛽𝑅
[−

𝑒𝑥

𝑥
+  

𝑒𝑥

𝑥
𝑑𝑥] =

𝐴𝐸

𝛽𝑅
𝑝(𝑥)

𝑥

−∞

                                    (𝑒𝑞. −9) 

Where x=-E/RT. 

The term p(x) on the right hand side is equal with the expression on the left hand 

side inside the square brackets and is defined as: 

log 𝑝 𝑥  ≈ −2.315 + 0.457𝑥                                               (𝑒𝑞. −10) 

Combination of eq-9 and eq-10 yields: 

𝑙𝑜𝑔𝛽 ≈ log  
𝐴𝐸

𝑅𝑔 𝑎 
 − 2.315 − 0.457

𝐸

𝑅

1

𝑇
    𝑓𝑜𝑟 − 20 < 𝑥 < −60       (𝑒𝑞. −11) 

 

Thus plotting logβ vs. inverse temperature (1/T) activation energy should be 

equal to the slope of this line. 

However, Doyle’s approximation introduces significant error if the value of x 
differs from the value of -37(for further details the reader should look into [40]) 
and thus correction to the temperature integral should be made. 
 

The procedure of correcting the value of 0.457 is described in detail by Flynn 
[40]. 
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Coats- Redfern Method 

From TG data the devolatilization kinetic parameters can be derived using the 

Coats -Redfern Method. 

Coats-Redfern method is a model-fitted method and thus kinetic parameters that 

can be obtained by its use have to be carefully examined. 

Since iso-conversional methods are more accurate in estimating the activation 

energy of the thermal decomposition Coats-Redfern method will be used in order 

to fit the estimated activation energy and thus determine the pre-exponential 

factor as well as the reaction order. The analysis for Coats Redfern’s method can 

be found elsewhere ( [38], [41], [42]). Τhe equations for numerical 

determination of the kinetic parameters using the Coats-Redfern’s method are: 

 

ln  
− ln 1 − 𝛼 

𝑇2
 = ln  

𝛢𝑅

𝛽𝐸
 1 −

2𝑅𝑇

𝐸
  −

𝐸

𝑅𝑇
      𝑛 = 1              (𝑒𝑞. −12) 

 

ln  
(1 − 𝑎)1−𝑛 − 1

(𝑛 − 1)𝑇2
 = ln  

𝛢𝑅

𝛽𝐸
 1 −

2𝑅𝑇

𝐸
  −

𝐸

𝑅𝑇
      𝑛 ≠ 1            (𝑒𝑞. −13) 

 

where n is the order of the reaction β is the heating rate of the sample, R is the 

global gas constant, k0 and E are the pre-exponential factor and activation energy 

respectively.  

For the reader’s convenience,  𝐥𝐧  
−𝐥𝐧 𝟏−𝜶 

𝑻𝟐   and 𝐥𝐧  
(𝟏−𝒂)𝟏−𝒏−𝟏

(𝒏−𝟏)𝑻𝟐   (depending on the 

reaction order) will be referred as lnB. 

Plotting lnB versus 1/T will produce a straight line which slope (λ) would be 

equal to −
𝐸

𝑅
, while its interception (b) would be equal to ln  

𝛢𝑅

𝛽𝐸
 1 −

2𝑅𝑇

𝐸
  . 

Assuming that 2RT<<E,  
2𝑅𝑇

𝐸
≈ 0  

 

𝑏 = ln  
𝛢𝑅

𝛽𝐸
 ⇒ 𝛢 =

𝛽𝐸

𝑅
𝑒𝑏                                         (𝑒𝑞. −14) 



23 
 

4. Results  

4.1. ECSR Pyrolysis and High Temperature Steam Gasification 

4.1.1. Pyrolysis temperature and reaction time effect on ECSR mass loss 

Pyrolysis experiments took place at a temperature range of 700–1050oC. The 

main products were gas (containing H2, CO, CO2, CH4 and light hydrocarbons 

joined as CmHn), tars and char (solid residue).This is also reported by van 

Kasteren and Slapak [30], in whose study apart from gases, an olefin mixture (C1–

C4) and aromatic compounds mainly benzene, toluene and xylene were also 

present. 

As depicted in Fig. 4 temperature and reaction time increase has a positive effect 

on sample conversion. The maximum mass conversion during pyrolysis (88.6 

wt% of dry sample) achieved at 1050oC. It has to be noticed that at reaction 

times longer than maximum presented here, no further reactions are taking 

place. This has been validated by the GC analysis. 

 

 
Fig. 4 Effect of temperature and reaction time on mass loss during pyrolysis of ECSR 
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In Fig. 5 the mass loss rate of ECSR degradation is depicted. It   is obvious that the 

higher degradation rates are occurring during the first seconds and this is when 

the tar sampling took place.  

 

 

Fig. 5 Mass loss rate during ECSR pyrolysis 

 

As show in Fig. 4 the temperature had a positive effect on mass conversion and 

thus the solid residue composition is essential in order to study further 

possibilities in exploiting that residue. 

The elemental analysis of the char at 1323 K is listed in Table 4. The carbon 

content is too low for further exploitation as a solid fuel or activated carbon 

precursor. However, the solid residue is rich in in metal content that can be 

separated and reused. 
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Table 4 Elemental analysis of remaining solid residue for ECSR pyrolysis 

C  18.67 % wt 

H  1.2 % wt 

S  0.088 % wt 

N  0 % wt 

Cl  3.63 % wt 

Zn  554 ppm 

Cu  42156 ppm 

Pb  nd  ppm 

Ni  2716 ppm 

Cr  4259 ppm 

Cd  nd  ppm 

Mn  459 ppm 

Al  105516 ppm 

Fe  13700 ppm 

 

 

4.1.2. Effect of temperature and reaction time on pyrolytic gas composition 

In Fig. 6 the produced gas composition during reaction time at various 

temperatures is shown. 

It has to be noticed that the concentrations presented in these figures are 

normalized without taking into account the nitrogen that used as a carrier gas. 

The low concentration of nitrogen (0.07 %wt) in the raw material, allows the 

assumption of no nitrogen production due to thermal decomposition of the raw 

material, without great divergence. This was done in order to observe the 

produced gas composition itself as a function of time. In real case, the produced 

gas is diluted in nitrogen and the actual concentration values are almost the half 

of the values presented here. 

It is obvious that higher temperatures and longer residence times result in higher 

H2 and also lower hydrocarbon content in the produced gas. 

Methane content is inverse proportional to temperature and reaction time  
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Fig. 6 ECSR Pyrolytic Gas composition as a function of time at various temperatures 
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The energy content of the produced gas can be quantified by the calculation of 

the lower and higher heating value (LHV and HHV). 

 

The LHV calculated by the following correlation [43], [44] : 

𝐿𝐻𝑉 =
(30 ∙ 𝐶𝑂 + 25.7 ∙ 𝐻2 + 85.4 ∙ 𝐶𝐻4 + 151.3 ∙ 𝐶𝑚𝐻𝑛) ∙ 4.2

1000
 
𝑀𝐽 

𝑁𝑚3
     (𝑒𝑞. −15) 

 

The HHV calculated by the expression used by Li et al. [45]: 

𝐻𝐻𝑉 =
(12.63 ∙ 𝐶𝑂 + 12.75 ∙ 𝐻2 + 39.82 ∙ 𝐶𝐻4 + 63.43 ∙ 𝐶𝑚𝐻𝑛)

100
 
𝑀𝐽 

𝑁𝑚3
  (𝑒𝑞. −16) 

where [H2], [CO], [CH4] and [CmHn] are the  corresponding molar fractions in the 

produced gas. 

As mentioned above the molar fractions of the produced gases are normalized 

(nitrogen free) and thus the heating value of the produced gas is actually lower 

than the values presented. 

The characteristics of the produced gas both for pyrolysis and gasification are 

summarized in Table 8. 

 

4.1.3. Effect of temperature on tar content in pyrolytic gas  

 

Tar amount and composition, measured at the highest decomposition rate  

(see Fig. 5), were seriously affected by temperature increase. 

It is obvious that temperature favored tar cracking and thus it is a tar production 

limitation factor. Another factor that favored tar elimination might be the metal 

content of the raw material which might act as a catalyst in tar cracking reactions 

 

The reduction of tar content reached 90% due to temperature increase from 973 

to 1323 K, with benzene been the major compound. Tar amount and composition 

can been seen in Table 5. 
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Table 5 Tar composition of ECSR pyrolysis 

Compound  (mg/Nm3)  973 K 1173 K 1323 K 

Benzene  2184.3 2287.7 348.74 

Toluene  924.14 523.66 62.15 

m/p-Xylene 201.13 - - 

o-Xylene  324.38 228.93 19.26 

Naphthalene  164.7 188.58 13.77 

2,4-Xylenol 76.91 27.53 3.76 

Unknown 1124.5 443.64 52.32 

TOTAL 5000 3700 500 

 

 

 

4.1.4. Effect of temperature and reaction time on mass loss during ECSR HTSG 

Temperature of experimental runs of steam gasification was of the same range as 

in pyrolysis with a constant steam flow rate of 0.6 kg h−1. As shown in maximum 

conversion of ∼92 wt% of dry sample was attained at 1050◦C and maximum 

reaction time, with conversion being proportional to temperature. 

 

Fig. 7 Effect of temperature and reaction time on mass loss during HTSG of ECSR 
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Fig. 8 Mass Loss Rate during ECSR HTSG 

 

As show in Fig. 8 most of the decomposition occurs in the first seconds while the 

longer reaction times comparing to pyrolysis are due to the heterogeneous 

reaction of steam with the carbon of char. As in the case of pyrolysis, also in 

gasification carbon content in the solid residue is too low for further exploitation. 

 

Table 6  Elemental composition of solid residue from the ECSR HTSG 

C  21.81 % wt 

H  1.43 % wt 

S  0.004 % wt 

N  0 % wt 

Cl  2.48 % wt 

Zn  562.5 ppm 

Cu  20164 ppm 

Pb 22.98 ppm 

Ni  4432 ppm 

Cr  8177 ppm 

Cd  nd ppm 

Mn  695 ppm 

Al  64022 ppm 

Fe  39490 ppm 
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4.1.5. Effect of temperature and reaction time on gas composition during ECSR 

HTSG 

 

Gas composition is clearly affected by the temperature increase. This has to do 

with the reactions that are taking place during steam gasification. The set of 

reactions that can explain the gases evolution during time are [46]: 

Oxidation: 

𝐶 𝑠 +  𝑂2 ↔ 𝐶𝑂2 ,    𝑄 = 407.4
𝑘𝐽

𝑚𝑜𝑙
                                                (𝑅. 1) 

Partial Oxidation:  

𝐶 𝑠 + 1
2 𝑂2 ↔ 𝐶𝑂                                                                             (𝑅. 2) 

Boudouard Reaction: 

𝐶 𝑠 +  𝐶𝑂2 ↔ 2𝐶𝑂 ,    𝑄 = −173.8
𝑘𝐽

𝑚𝑜𝑙
                                       (𝑅. 3) 

Steam-Carbon Reaction: 

𝐶 𝑠 +  𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2,    𝑄 = −131
𝑘𝐽

𝑚𝑜𝑙
                                  (𝑅. 4) 

Water Gas Shift Reaction: 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 ,    𝑄 = 43.47
𝑘𝐽

𝑚𝑜𝑙
                                  (𝑅. 5) 

Methane Steam Reforming [47]: 

𝐶𝐻4 +  𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2,    𝑄 = −206.4 
𝑘𝐽

𝑚𝑜𝑙
                           (𝑅. 6) 

Methane Dry Reforming [48]: 

𝐶𝐻4 +  𝐶𝑂2 ↔ 2𝐶𝑂 +  𝐻2,    𝑄 = −247.3 
𝑘𝐽

𝑚𝑜𝑙
                           (𝑅. 7) 

Methanation [48]: 

𝐶 𝑠 +  𝐻2 ↔ 𝐶𝐻4 ,    𝑄 = 74.82
𝑘𝐽

𝑚𝑜𝑙
                                              (𝑅. 8) 
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As shown in Fig. 9  high amounts of H2 can be obtained with temperature 

increase, while at 1173 K and 1323 K CO content is higher than in the case of 973 

K mainly due to the carbon - steam reaction. High temperatures are also favor 

methane steam reforming reaction and this can be observed by the fact that 

lower amounts of CH4 were obtained. This is the case also for the hydrocarbon 

content in the produced gas. 

Water gas shift reaction explains the CO2 increase at higher temperatures and 

longer reaction time. However, Boudouard’s reaction significance is greater than 

water gas shift reaction and that is why greater CO than CO2 production rate is 

observed. 

  



32 
 

 
 

  

 
Fig. 9 .  ECSR Steam gasification gas composition as a function of time at various 

temperatures 
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The LHV and HHV of the produced gas were calculated using the same 

correlations used in pyrolysis and are listed in Table 8. Here it has to be pointed 

out that the values presented for HTSG gas composition are the actual values 

obtained because no other carrier gas/agent than steam was used. 

 

4.1.6. Effect of temperature on tar content during ECSR HTSG 

 

Tar content during HTSG is clearly affected by temperature increase. As it can be 

shown in Table 7, tar reforming reactions are taking place and are favored 

by the higher steam temperature. The metal content of the raw material 

has possibly catalytic effect on the tar reforming reactions. 

 

Table 7 Tar composition of ECSR HTSG 

Compound  (mg/Nm3)  973 K 1173 K 1323 K 

Benzene  1120.8 869.59 94.55 

Toluene  266.6 92.64 23.96 

m/p-Xylene  27.71 7.5 - 

o-Xylene  98.88 51.66 12.74 

Indene  21.26 10.87 - 

Naphthalene  134.81 115.29 8.04 

Biphenyl  - 7.73 - 

Acenaphthylene  - 6.31 - 

2-Methylnaphthalene 12.88 - - 

Phenanthrene  14.45 13.62 - 

Phenol  1.57 3.61 0.11 

o-Cresol  - 0.72 - 

p-Cresol  
 

0.22 
 2,4-Xylenol 14.52 9.56 0.59 

Unknown  36.51 10.66 
 TOTAL 1750 1200 139.99 
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Table 8 Produced Gas Characteristics for the ECSR Pyrolysis and HTSG 

Pyrolysis 
973 K 

Reaction Time 
[s] 

30 120 131 232 333 434 
 

Syngas (% v/v) 19.52 28.99 33.33 34.09 41.08 42.88  
H2/CO 0.65 3.26 8.24 11.00    
LHV [MJ/Nm3] 10.88 35.08 34.46 34.50 31.41 28.55  
HHV [MJ/Nm3] 11.20 36.70 36.24 36.31 33.40 30.31  

1173 K 
Reaction Time 
[s] 

121 222 323 424 
   

Syngas [% v/v] 40.75 43.85 44.04 49.87    
H2/CO 6.13 8.50 9.25 4.05    
LHV [MJ/Nm3] 52.51 53.73 64.78 73.61    
HHV [MJ/Nm3] 56.21 57.62 70.65 81.34    

1323 K 
Reaction Time 
[s] 

15 30 90 180 240 379 480 

Syngas [% v/v] 38.32 42.09 52.88 52.71 50.37 50.09 60.92 
H2/CO 1.49 4.50 7.02 9.52 9.01 6.49 2.03 
LHV [MJ/Nm3] 28.46 32.57 27.91 27.12 29.09 27.50 13.38 
HHV [MJ/Nm3] 29.35 34.08 29.56 28.79 30.60 28.92 14.80 

Steam Gasification 
973 K 

Reaction Time 
[s] 

120 220 320 420 520 620 720 

Syngas [% v/v] 36.07 28.00 25.57 21.63 21.55 22.86 32.43 
H2/CO 2.14 2.68 4.05 5.94 8.93 11.00 11.00 
LHV [MJ/Nm3] 24.06 31.82 33.89 38.01 37.23 35.79 31.83 
HHV [MJ/Nm3] 25.69 33.73 35.97 40.03 39.42 38.18 33.99 

1173 K 
Reaction Time 
[s] 

119 218 317 416 515   

Syngas [% v/v] 54.05 54.24 52.86 51.04 53.08   
H2/CO 1.09 3.06 4.56 5.21 2.62   
LHV [MJ/Nm3] 18.59 24.53 26.26 27.31 18.90   
HHV [MJ/Nm3] 19.86 26.28 28.11 29.18 20.49   

1323 K 
Reaction Time 
[s] 

20 119 218 317 416 515 
 

Syngas [% v/v] 20.38 53.80 56.18 55.90 62.43 64.16  
H2/CO 0.16 3.60 5.57 6.18 2.63 1.70  
LHV [MJ/Nm3] 4.46 25.33 25.32 25.61 20.07 12.26  
HHV [MJ/Nm3] 4.60 27.09 27.24 27.57 21.83 13.47  
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4.2. WEEE Pyrolysis Kinetics 
 

EEW pyrolysis experiments performed at a temperature range of 450-800 K. 

As shown in Fig. 10 decomposition of EEW takes place at temperatures ranging 

from ~470 K – ~800 K. Similar behavior has also been observed by E. Kowalska 

et al. [18] and C. Menand et al. [2] who performed a thermogravimetric 

investigation on different samples of electrical and electronic equipment. 

According to their studies decomposition of such material occurred at a 

temperature range from ~470 –~ 800 K. 

Maximum mass loss for all the experiments was almost 51 % -wt and that shows 

that sample was of same composition for all of the experimental runs. 

Higher heating rates shift the reactions at higher temperatures. This is due to the 

conditions of decomposition.  

Decomposition takes place when the vapor pressure of the volatiles is greater 

than ambient pressure. When the temperature is reached at which this condition 

is satisfied, decomposition will occur. In the case of high heating rates, diffusion 

of the volatiles is inhibited and thus the decomposition temperature is increased 

[49]. 

 

 

Fig. 10 EEW Pyrolysis TG Data   
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overlapping of decomposition reactions occurring in the sample. During high 

heating rates treatment, the reactions are taking place instantaneously and thus 

no distinction between them is able to be made. Since the reactions are taking 

place instantaneously at high heating rates the decomposition rate of the raw 

material is higher at the temperature range that the reactions are taking place. 

 

 

Fig. 11 DTG Data for EEW pyrolysis at various heating rates 

 

4.2.1. Activation Energy Estimation using the KAS method 

 

According to the analysis mentioned above about the KAS method plotting 
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Fig. 12 Activation Energy estimation using the KAS method 

 

Table 9 Distribution of activation energy and correlation factor for different values of 
conversion for the EEW pyrolysis 

Normalized Conversion 
(α) 

Activation energy 
[kJ/mol] 

R2 

0.05 98.15 0.972 
0.1 97.14 0.949 

0.15 95.66 0.956 
0.2 97.18 0.951 

0.25 96.60 0.991 
0.3 95.50 0.955 

0.35 95.54 0.983 
0.4 95.59 0.962 

0.45 95.41 0.974 
0.5 95.97 0.990 

0.55 95.28 0.991 
0.6 95.15 0.930 

0.65 95.78 0.993 
0.7 95.18 0.939 

0.75 94.97 0.979 
0.8 95.42 0.943 

0.85 95.57 0.920 
0.9 94.87 0.954 
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The activation energy estimated with this method varies from ~95 – 98.15 

kJ/mol.  

This is due to different components of the waste and their different 

decomposition mechanisms. This variation denotes changes in reactivity as a 

result of extent of reaction and the complex nature of the reactions. 

Most of the variation occurs in the first stages of decomposition 0.05 -0.2. At 

latter stages (α= 0.3-0.9) decomposition is governed by a lower and almost stable 

(variation is within the limits of experimental error ±1%) activation energy, 

probably due to overlapping of the decomposition reactions. 

The overlapping of decomposition reactions of different waste components as 

well as the interaction among components and reactions’ products give an 

“apparent” reaction rate characterized by an apparent activation energy that 

describes the decomposition of the waste. 

This apparent conversion rate actually takes place during the bigger part of the 

decomposition process (α=0.3-0.9). 
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4.2.2. Activation Energy Estimation using the corrected OFW method 

 

The expression that provides the estimation of the activation energy according to 

the OFW method as mentioned above is: 

𝑙𝑜𝑔𝛽 = 𝑙𝑜𝑔  
𝐴𝐸

𝑅𝑔 𝑎 
 − 2.315 − 0.457

𝛦

𝑅

1

𝑇
                               (𝑒𝑞. −8) 

 

Fig. 13 Estimation of Activation Energy using the OFW method 
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Table 10 E/R and R2 values calculated using the classical OFW method 

Normalized Conversion 
(α) 

-E/R R2 

0.05 -5546.04 0.976 
0.1 -5503.35 0.956 

0.15 -5431.82 0.962 
0.2 -5523.27 0.959 

0.25 -5496.99 0.993 
0.3 -5446.78 0.962 

0.35 -5453.45 0.986 
0.4 -5463.62 0.968 

0.45 -5459.67 0.978 
0.5 -5497.92 0.992 

0.55 -5471.59 0.992 
0.6 -5667.78 0.955 

0.65 -5515.74 0.994 
0.7 -5489.82 0.949 

0.75 -5491.05 0.983 
0.8 -5526.50 0.953 

0.85 -5544.35 0.935 
0.9 -5517.68 0.962 

 

 The average temperatures for each of the conversion intervals as well as the 

corrected value for activation energy determination are listed in Table 11.   

Table 11 Correction for OFW method 

Normalized Conversion 
(α) 

Tave Correction 
Factor 

Activation Energy 
[kJ/mol] 

0.05 482.5 0.505 91.31 
0.1 494.6 0.507 90.25 

0.15 503. 0.509 88.72 
0.2 514. 0.510 90.04 

0.25 519.7 0.511 89.44 
0.3 526.6 0.512 88.45 

0.35 533 0.513 88.38 
0.4 540.8 0.514 88.37 

0.45 548. 0.515 88.14 
0.5 558.2 0.516 88.56 

0.55 569.4 0.518 87.82 
0.6 581.7 0.517 91.15 

0.65 591 0.520 88.19 
0.7 599.5 0.522 87.44 

0.75 611.6 0.523 87.29 
0.8 625.6 0.525 87.52 

0.85 635.2 0.526 87.63 
0.9 646.3 0.528 86.88 
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The activation energies estimated using corrected OFW method showed similar 

behavior as in the case of KAS method estimation but the values are slightly 

lower than those estimated using the KAS Method. Values estimated with both 

methods are in quite good agreement since the relative difference does not 

exceed the value of 10% (~7.5 kJ/mol). Differences in obtained values are due to 

different approximations in temperature integral.  

Even though that variation of activation energy does not exceed 3-5 kJ/mol it is 

not advisable to take an average value of it to describe the system’s apparent 

activation energy. 

 

Instead of an average value, a value that minimizes the error from the 

experimentally observed values should be more appropriate.   

Thus: 

 

𝐸𝑟 = 𝑚𝑖𝑛(  
𝐸𝑎 − 𝐸𝑖

𝐸𝑖
× 100 )                                           (eq. −17) 

 

where Ea is the value of activation energy that minimizes the error (apparent 

activation energy) and Ei are the values derived from experiments. 

The values for activation energies that minimize the error from experimental 

measurements for progressing values conversion from 0.05 to 0.9 are listed in 

Table 12.  

Table 12 Apparent activation energies  

KAS Method Corrected OFW Method 
95.54 kJ/mol 88.38 kJ/mol 

 

4.2.3. Calculation of pre-exponential factor and reaction order 

 

Pre-exponential factor was estimated using the Coats-Redfern model fitted 

method for the apparent activation energy calculated using the iso-conversional 

methods [50]. Apart from pre-exponential factor the order of the reaction can be 

obtained. Here it has to be noticed that the reaction order probably does not have 

physical meaning and is more like correlation parameter. 

Using the above mentioned, the following values are obtained: 
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Table 13 Pre exponential factor and reaction order calculated using Coats Redfern 
Method and activation energy obtained by KAS method 

Heating rate Pre-exponential 
Factor 

Reaction 
order 

R2 

1 K/s 9.98x107 3.375 0.978 
1.25 K/s 1.03x108 3.38 0.973 
1.6 K/s 1.09x108 3.38 0.991 
1.8 K/s 1.10x108 3.38 0.990 
2 K/s 1.07x108 3.38 0.990 
2.5 K/s 1.04x108 3.38 0.978 

 

Table 14 Pre exponential factor and reaction order calculated using Coats Redfern 
Method and activation energy obtained by corrected OFW method 

Heating rate Pre-exponential 
Factor 

Reaction 
order 

R2 

1 K/s 1.58x107 3.080 0.981 
1.25 K/s 1.7x107 3.100 0.976 
1.6 K/s 5.20x107 3.185 0.991 
1.8 K/s 5.29x107 3.193 0.989 
2 K/s 5.05x107 3.187 0.990 
2.5 K/s 1.78x107 3.070 0.982 

 

4.2.4.  Simulation  

 

The next step after estimating kinetic parameters is to evaluate whether they 

describe the modeled system in a satisfactory way. 

The activation energy, pre-exponential factor and reaction order used for the 

simulation were the ones that estimated using KAS method and the Coats-

Redfern method since the more accurate approximation of the temperature 

integral of the KAS method result in more accurate approximation of the 

activation energy. In addition the variation of the reaction order and the pre-

exponential factor calculated using the Coats-Redfern method and OFW method 

will add to the uncertainty of the results. 

The simulation was done for all the experimental heating rates from a 

temperature range of 300-800 K and the results are presented in Fig. 14. 
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Fig. 14 Simulation Results using estimated kinetic parameters at various heating rates 
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As it can be shown in Fig. 14  simulated data are in good agreement with the 

experimental results.  In fact the results are reproducing the experimental data 

with high accuracy for conversion values from 0.05 -0.9 which was the 

conversion interval used for activation energy determination. 

The thermal decomposition temperature range predicted by simulation is ~450-

805 K which is very close to the experimental observation (~468-800 K). 
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5. Conclusions 
 

5.1. ECSR High Temperature Pyrolysis and High Temperature Steam 

Gasification Study 

 

During the thermochemical treatment by means of pyrolysis and steam 

gasification it has been revealed that ECSR has the potential to be an alternative 

syngas or H2 source with simultaneous minimization of the remaining solid 

residue. 

However, pyrolysis as a method for syngas and/or H2 production has several 

limitations due to dilution in nitrogen and the high tar content which has to be 

handled.  

Tar concentration in the produced gas was relatively higher in HTP than in HTSG 

(500mg Nm−3 comparing to 140mg Nm−3 obtained at HTSG at 1050oC) where 

apart from thermal cracking; steam-reforming reactions are taking place.  

Comparing the tar content in the produced gas for the pyrolysis and HTSG, tar 

reduction of 65, 67 and 72 % for 973, 1173 and 1323 K respectively has been 

achieved with the introduction of highly preheated steam. 

Comparing HTP and HTSG processes, the exploitation of ECSR for energy 

generation is preferred by means of HTSG due to the significant lower tar 

content, good quality product (syngas) and thus its use in commercial scale. 

Concluding, thermochemical treatment of ECSR by means of HTSG seems as a 

very attractive alternative for Syngas and/or H2 production and sustainable 

waste management. 

 

5.2. WEEE Pyrolysis  
 

Pyrolysis of a heterogeneous material such as electric and electronic waste 

besides being a complex phenomenon, it can be modeled in terms of kinetic 

parameters (A, E, n).  

Pyrolysis under relative high heating rates of 1-2.5 K/s showed overlapping of 

the decomposition reactions and thus apparent activation energy with 

progressing normalized conversion was observed.  

The distribution of activation energy calculated with KAS and corrected OFW 

methods did not show large variations with progressing value of α. 
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Simulation of the material’s decomposition using the obtained kinetic 

parameters and comparison with experimental data are in good agreement. 

The mass conversion into volatiles didn’t exceed the value of 52% wt. Taking into 

account that the ash content of the material is high (45.4 % wt) it can be said that 

the solid residue is mainly comprised of the ash, showing that almost complete 

separation of the plastic material (organic matter) and the ash content  

(inorganic matter) can be achieved. Thus the recovery of useful materials of the 

remaining ash, as well as energy from the volatile products can be achieved. 
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