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1 SUMMARY

A brief summary and main conclusions of the two different parts of this report are given
below.

Part I

Pyrolysis Characteristics and Kinetics of Municipal Solid Wastes
Pyrolysis characteristics and kinetics of several different components, representing the

dry cellulosic fraction and plastics of MSW, has been investigated. The aim of this study
was to obtain detailed information on the pyrolytic degradation characteristics and
chemical kinetics of the most important components in MSW, which can be useful in the
modelling, design, and operation of thermal conversion processes for MSW (i.e. pyrolysis,
gasification and combustion systems). The pyrolytic degradation characteristics of these
components have been studied by thermogravimetry (TGA). In addition, proximate- and
ultimate analysis and determination of the higher heating value (HHV) are included.  The
variations in fuel properties of the paper/cardboard and plastic components were relatively
large. The ash content for the different paper/cardboard components, varied from 1-28
wt%, with corresponding HHV values of 19.3-10.4 MJ/kg and fixed carbon content of
10.5-4.7 wt%. The plastics PS, PP, LDPE and HDPE were 100% volatile and HHV were
between 42-47 MJ/kg. PVC, on the other hand, has a similar content of hydrocarbons and
consequently a similar HHV as the cellulosic fraction (22.8 MJ/kg). The major difference
between PVC and the cellulosic fraction with regards to the ultimate composition was that
PVC had a chlorine content of 48 wt% and only 6 wt% of oxygen. Paper and cardboard
have a similar pyrolytic degradation behaviour as wood, occurring at 200-500oC. The
DTG temperature peak was located at approximately 360oC. The degradation of PS, PP,
LDPE and HDPE occurred at 350-500oC, while PVC had a completely different
degradation behaviour, volatilising between 200oC and 525oC in two major steps. The
cellulosic fraction of MSW was modelled as a set of three reactions describing the
degradation of hemicellulose, cellulose and lignin, with average activation energies of 111,
244 and 43 kJ/mole, respectively. PS, PP, LDPE and HDPE were all modelled as a single
reaction describing the thermal degradation of the hydrocarbon polymer with activation
energies of 312, 337, 341 and 445 kJ/mole, respectively. The degradation of PVC was
modelled with three reactions describing the release of benzene during
dehydrochlorination, dehydrochlorination and degradation of remaining hydrocarbons
with activation energies of 388, 110 and 150 kJ/mole, respectively. Possible interactions
between different paper and plastic components in mixtures were also investigated. The
only significant interaction between the different components was between the cellulosic
fraction and PVC. In a mixture, the dehydrochlorination of PVC increases the reactivity of
cellulosic matter.
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Part II

Formation of NO from Combustion of Volatiles from Municipal Solid Wastes
An experimental and theoretical study on the formation of NO from combustion of
volatiles from municipal solid wastes has been performed. Experiments on single
components and their mixtures were conducted in a small-scale fixed bed reactor. In
addition, numerical simulations using the opposed flow diffusion flame program OPPDIF
were performed to obtain a further understanding of the experimental results. Conversion
factors for fuel-N to NO were determined for single components of newspaper, cardboard,
glossy paper, low-density polyethylene (LDPE) and poly(vinylchloride) (PVC) and their
mixtures, using gases with oxygen concentrations of 12, 21 and 40 vol.%. For single
components experiments at 100 vol.% oxygen were also performed. The conversion
factors for paper and cardboard varied from 0.26 to 0.99. The experiments and simulations
both show that NO was mainly formed from the fuel-nitrogen for the paper and cardboard.
The conversion factor for LDPE and PVC varied from 0.71 to 10.09 and 0.04 to 0.37,
respectively. Conversion factors higher than 1.0 in the case of LDPE clearly show that NO
was formed by thermal and/or prompt mechanisms. For the plastics LDPE and PVC the
experiments show that NO mainly originates from the thermal and possibly the prompt
NO mechanisms. Increased formation of NO was observed for newspaper, cardboard,
glossy paper, PVC and LDPE, when increasing the oxygen concentration in the oxidiser
from 12 to 40 vol.%. Increasing the temperature of the oxidiser from 973 to 1123 K led to
more NO from newspaper and LDPE. Simulations with OPPDIF confirmed these trends.

For mixtures, a comparison between calculated conversion factors (based on a weighted
sum of the conversion factors for single components) and the experimentally determined
conversion factor for pellets of the mixture were performed. For mixtures of paper and
cardboard a significant difference in conversion factor for the sum of single components
and mixture experiments could only be found at 40 vol.% of oxygen. For mixtures of
paper/cardboard and plastics, however, significant differences in the conversion factor
were observed at all oxygen concentrations when comparing experiments on a mixture of
paper and plastics with the weighted sum of the single components. The explanation was
found in the different combustion properties for paper/cardboard and plastic, which in this
case make the formation of thermal NO from LDPE more favourable for the single
component than in mixtures with other components. The simulations with OPPDIF
confirmed the trends observed in the experimental study and allowed an assessment of the
contribution of the different mechanisms of NO formation.
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2 CHARACTERISATION OF MSW COMPONENTS
FOR COMBUSTION SYSTEMS

2.1 Introduction

The need for characterisation of MSW is demonstrated through the diversity of
components constituting MSW and a large number of different treatment systems.
Characterisation of MSW components can serve as a foundation, when decisions on waste
management are made and should be included in a total life cycle evaluation of a product.
Characterisation of the components of input MSW is also important in design and
operation of incinerators. What will be the consequences of source separation for
combustion plants? Do we separate fractions of combustible waste in MSW for material
recovery that might be more suitable for energy recovery? What will be the consequences
of different mixture ratios of paper and plastics in RDF combustion systems?

In order to answer these questions we need to know more about the characteristics of the
different components in the combustible fraction of MSW and RDF. We also need to
know more about their behaviour as single components and if there are any interactions in
mixtures of different components.

This project will focus on thermal characterisation of different combustible components in
MSW. Different types of paper and cardboard, plastics and multi-material components
such as beverage cartons will be investigated. Included in a thermal characterisation will
be determination of higher heating value, proximate analysis and a detailed investigation
of the chemical kinetics during pyrolysis. A detailed characterisation of NO emission
during combustion and NOx formation mechanisms for single components and mixtures
will also be performed.

In order to answer the above-mentioned questions, a lot of work has to be done. Not only
investigation of the characteristics of the different components in combustion systems
should be performed. A comparison of the different treatment methods with focus on main
components should be performed. The above mentioned study will hopefully bring us a
step forward to a more comprehensive and detailed analysis of proper treatment systems
for the different components of MSW.

2.2 Objectives

The objectives of this project are:

• Review work on thermal characterisation of MSW/RDF components.
• To investigate and report characteristic behaviour of different types of paper, plastics

and multi-material components such as beverage cartons during pyrolysis. Proximate
analysis and determination of higher heating value will also be included.

• To investigate and report a detailed characterisation of NO emission during
combustion of single particles.

• To produce a status report detailing the findings of the study
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3 THERMAL CHARACTERISATION OF MSW

Characterisation of municipal solid waste (MSW) has been conducted for several years.
MSW quantities1,2, composition1,3,4, proximate5, ultimate6, trace element analysis4,7,8 and
chemical kinetic analysis9 have all been reported more or less detailed. The need for
characterisation of MSW is demonstrated through the diversity of components constituting
MSW. Paper, plastics, wet organic waste (wood, grass and food wastes) are the main
components of the combustible fraction of MSW. Figure 1 shows the difference in
composition in MSW in some selected countries in Europe and USA.

Figure 1. Comparison of composition of MSW in some selected countries10,11,12,13.

Knowing that each country may have different compositions of MSW (Figure 1) and
waste management policy, it is obvious that the external conditions for selecting the proper
energy recovery solution can be quite different. Around the world, the yearly per capita
generation of MSW varies. Poland has the lowest generation with 260 kg/capita, whereas
Norway, The Netherlands and Finland have 470, 520 and 624 kg/capita respectively10,14.
USA has the highest generation with 800 kg/cap14. These enormous amounts of MSW
have internationally increased the interest for and fraction of MSW being subjected to
reuse, recycling or combustion with energy recovery on the expense of landfilling. Many
countries have banned landfilling of wet organic waste. This alone will influence the
composition of MSW going to mass burn incinerators as it normally constitute
approximately 20 to 30% of the total MSW composition11,12. In addition to this, changing
consumer patterns and new products will alter the composition of MSW.  Characterisation
of MSW components can serve as a foundation, when decisions on waste management are
made and should be included in a total life cycle evaluation of a product. Characterisation
of the components of MSW is important in design and operation of incinerators.
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3.1 Objectives

Pyrolysis can be a separate process in itself or be regarded as a part of the combustion
process. The present work on thermal degradation and pyrolysis kinetics has the following
objectives:

• To obtain information about the thermal degradation of MSW components and
mixtures under pyrolysis conditions

• Determine the kinetic parameters of the reactions involved in the thermal degradation
of each component

• Obtain knowledge on the link between thermal degradation reactions and chemical
composition

3.2 Chemical composition of MSW

The MSW combustible fraction mainly consists of cellulosic matter (paper, wood, wet
organic fraction) and different plastics. The cellulosic matter can be divided into three
different substances, namely hemicellulose, cellulose and lignin, which all have a different
thermal decomposition characteristics. The plastic fraction constitutes of several different
types with varying composition. The most common plastic types are the pure hydrocarbon
plastics such as HDPE (high density polyethylene), LDPE (low density polyethylene), PS
(polystyrene) and PP (polypropylene) and the chlorine containing PVC
(polyvinylchloride). General information on the production, chemical structure and
composition of paper and plastic have been collected from a selection of books and
reports16,17,18,19,20,21,22.
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3.2.1 Paper and cardboard fraction

The paper fraction in MSW consists of several different types of paper and will thus
behave differently during thermal degradation. In this study, three different types of
paper and one type of cardboard have been investigated. Newspaper, recycled paper
(made of 100% recycled paper) and one type of glossy magazine paper were used.
The cardboard used was brown cardboard from a cardboard box. Paper as we know it
today is always made of fibrous raw material. The most important source of fibre is
wood. The raw material for paper production can be any type of tree, both hardwood
and softwood. More than 90% of the world’s total fibre production originates from
wood. In some parts of the world, other cellulosic matter such as bagasse and bamboo
is also used for the production of paper.

3.2.1.1   Chemical composition and structure

Paper consists of mostly the same components as wood namely cellulose,
hemicellulose and lignin. However, the share of the three components can be quite
different dependent on the type of paper. Fibres from different raw materials have
different physical properties such as length, width and thickness. The chemical
composition can also be different. Table 2 shows the chemical composition of three
typical Scandinavian wood types. Birch is a hardwood, while spruce and pine are both
softwoods. The values for cellulose, hemicellulose and lignin are on an extractive-free
basis.

Table 2. Chemical compositions of Scandinavian birch, spruce and pine15.

Birch Spruce Pine
Cellulose [wt%] 40 44 43
Hemicellulose [wt%] 39 27 27
Lignin [wt%] 21 29 30
Extractives [wt%] 3 2 5



11

Energy Research

Cellulose. The woods largest single component is cellulose. Cellulose is a clearly
definable substance which, in fact, exists in isolation, and in an almost pure form, in
the fine hairs attached to the seeds of cotton. Chemically cellulose is a linear polymer
of β-D-glucopyranose units linked by 1,4 glycosidic bonds (figure 2). Normally the
length consists of 7000 units, but the molecular weight dispersion is very large. It has
been shown that cellulose from cotton has a degree of polymerisation (DP) of up to
10000. Because of its fibrous structure and strong hydrogen bonding, cellulose has a
high tensile strength and is insoluble in most solvents.

Figure 2. Chemical structure of cellulose

Hemicellulose. Closely associated with cellulose in plant cell walls, particularly those
of lignified tissues, is a group of chemically ill defined polysaccharides of low
molecular weight to which, the name hemicellulose was given almost a century ago.
The loose definition of this group stems from the fact that individual molecules
contain more than one kind of sugar residue. These residues are present in variable
proportions and will only elucidate the polysaccharide structure in a statistical term.
However, although knowledge of the exact chemical structure remains incomplete,
the intrinsic component residues of pentose and hexose sugars, together with those of
some uronic acids, are well established. Only a few are involved in the hemicellulose
of land plants, principally those of D-xylose, D-mannose, D-glucose, D-galactose, L-
arabinose, 4-O-methyl-D-glucoronic acid, D-galacturonic acid and D-glucuronic acid
(Figure 3). The hemicellulose are much more soluble and susecptible to chemical
degradation than cellulose. Wood hemicellulose is soluble in water or in aqueous
alkali, by which they can be isolated from delignified tissues.

Lignin. Lignin is a complex, systematically polymerised, highly aromatic substance
with a three-dimensional, highly branched chain. It never occurs alone in nature, but it
is present, as an encrustant, in all woody tissues. The structure of lignin is in large
parts determined, but since a quantitatively preparation of lignin has not successfully
been separated from the wood, the whole structure is not known. The chemistry of
lignin is important in most pulping reactions, since lignin is the less desirable of the
three main wood components. Therefore it has to be removed or bleached to an extent
varying with the grade of pulp desired. Figure 4 shows a schematic proposal for lignin
structure.
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Figure 3. Principal sugar residues of wood hemicellulose.

Figure 4. Schematic proposal for lignin structure.
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Extractives. The extraneous components of wood include aliphatic, aromatic and
alicyclic compounds, hydrocarbons, alcohols, ketons and various acids, esters,
phenolic compounds, resins, terpens to mention some. These components are easily
extracted from the wood using organic solvents or water.

Inorganic components. In addition to the cellulose, hemicellulose and lignin there
are also additives in paper. The main inorganic additives in paper originate from the
coating process and can be divided into three different groups: pigment, binder and
chemical additives. The pigments contribute with the largest share in the coating
process (80-95%), while binder constitutes 5-20% and chemical additives only 1-2%.
Without doubt, clay is the most used pigment in the coating process. Table 3 shows a
number of different pigments used in paper processing with their chemical
composition.

Table 3. Pigment in paper

Pigment
Clay (kaolin) Al2O32SiO22H2O
Calcium carbonate CaCO3
Titan oxide TiO2
Satin white 3CaOAl2O33CaSO43H2O
Barium sulphate BaSO4
Talc 3MgO4SiO2H2O
Aluminium hydroxide Al(OH)3

A study of the chemical kinetics of coated printing and writing paper also included an
ultimate analysis of this type of paper. The coated printing and writing paper
contained 10-15% of calcium carbonate filler and the paper was produced from
bleached kraft processed pulp. Table 4, shows the ultimate analysis of the coated
paper sample.



14

Energy Research

Table 4. Ultimate analysis of coated paper sample24.

Component
C [wt%] 30.5
H [wt%] 4.6
O [wt%] 37.7
N [wt%] 2.9
S [wt%] 1.5
Cl [wt%] 1.5
Si [ppmw] 112 800
Ca [ppmw] 72 300
Al [ppmw] 48 200
Mg [ppmw] 6 780
Fe [ppmw] 4 160
Cr [ppmw] 30
Mn [ppmw] 29
Zn [ppmw] < 10
Cd [ppmw] < 10
Pb [ppmw] < 10

The main function of the binder is, in dry condition, to bind the pigment on the
surface of the paper and hold single pigment particles together. There are two
different types of binder: natural and synthetic. In the first group, animal glue and
gelatins, casein, soyaprotein, carboxylmethylcellulose and several cellulose
derivatives are used. The synthetic binders are made out of dispersion of mixed
polymers with a variation in degree of polymerisation. To this group, which goes
under the name latex, one will find mixed polymers of styrene-butadiene, butadiene-
methyl-metacrylat, acrylic acid ester, butadiene-acrylonitrile and plyvinylacetate. In
addition, polyvinylalcohol, which is soluble in water, belongs to this group.

The purpose of the chemical additives is in general to: improve the dispersion of
pigment, change the viscosity of the coating melt, reduce the foaming tendency of the
coating melt, change colour, harden the coating layer, prevent bacterial attack on the
coating melt and serve as a lubricant during the coating process. Chemical additives
can both be inorganic and organic, but will not be discussed further here.

3.2.1.2   The process of papermaking – the production of paper pulp

In general one can divide paper production into two different categories, namely
mechanical and chemical pulp. Mechanical energy is used for defibration to fibre and
fibre fragments for the production of mechanical pulp. When producing mechanical
pulp the pulp yield as a percentage of the wood used is typically 96-100%. When
producing chemical pulp, chemical energy is used for the removal or softening of the
binding substance between fibres so they end up as free single fibres without or with a
small amount of mechanical energy (blowing, pumping). The most commonly used
boiling processes to make chemical pulp are the sulphite, soda and sulphate (kraft)
processes. The most important chemicals used in the Kraft boiling process are NaOH
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and Na2S. Approximately 80% of produced chemical pulp are made by the kraft
process. During the kraft process one will have a gradual reduction of the amount of
lignin and hemicellulose. In other words, the cellulose becomes more dominant.
Increased boiling time decreases the content of hemicellulose and lignin and a minor
part of the cellulose. Production of kraft pulp from spruce at a pulp yield of 46%,
reduced the hemicellulose share from 29% to 9%. Chemical pulp has a typical pulp
yield between 30-60%. In between these two categories one also have what is called
half-chemical pulp, which typically has a pulp yield of 50-85%. Half-chemical pulp is
made by increasing the chemical treatment from nothing, which is the case for
mechanical pulp, in order to decrease the need for mechanical treatment to separate
the fibres. Na2SO3 alone or Na2SO3 and Na2CO3 are usually used in the boiling
process. Chemically produced pulp is often not white enough to satisfy the
requirements of many paper products used today. Removal of the coloured
substances, which are considered to be lignin in particular, but it can also be
extractives and transformed carbohydrates, is usually done by the use of chlorine and
alkali treatment. Chemical pulp with a yield of 55%, can have a lignin content varying
from 0.5 % up to 12%. After the bleaching process the lignin content will typically be
between 0.2 - 1.0%.

3.2.1.3   Paper and cardboard used in this study

The paper and cardboard samples used in this study are typical for the paper fraction
of MSW. There are no available data on the exact composition, but this will be
discussed based on general knowledge of the different types of paper and cardboard.
Exact composition of each paper and cardboard type including additives is not so easy
to obtain due to the companies production secrets. Figure 5 shows the typical paper
composition and yield for two types of paper and cardboard.

Newspaper. Mechanical pulp is often used in newspapers or other types of paper with
a relatively short life. Up to 5-10% of chemical pulp is often added to the mechanical
pulp when producing newspaper, in order to get a better quality and to make the
processing easier. In some cases up to 30% of de-inked recycled newspaper pulp can
be used for the production of newspaper.

Glossy paper. Glossy paper, coated paper or magazine paper as it often is called is
produced in several qualities. Three different qualities could be mentioned. Class I:
60% sulphate mass and 40% mechanical mass, Class II: 50% sulphate mass and 50%
mechanical mass, Class III: 30% sulphite mass and 70% mechanical mass. In
addition, glossy paper can have up to 30% of additives.
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Figure 5. Contributing pulps for different types of paper and cardboard17.

Recycled paper. Paper made of 100% recycled paper is very hard to characterise.
This type of paper can be made of any number of different qualities. It is however
characterised by a relative high content of ash.

Cardboard. The type of cardboard used in this study is made of two different types
of pulp. Unbleached sulphate pulp are typically used in the flat layer of unbleached
cardboard, while unbleached half chemical pulp is used in the corrugated cardboard
(the layer in between the two flat layers in cardboard).

3.2.2 Plastic fraction

Today the plastics industry is heavily integrated with the oil industry. Oil is the major
raw material for plastic production today. This is very different from the situation 40-
50 years ago, when coal and cellulosic material such as waste oak husks, sugar cane,
soya beans and natural rubber were the major raw materials.

Six different types of plastic are investigated in this study. HDPE, LDPE, PS, PP,
PPVC (plasticised polyvinylchloride) and UPVC (unplasticised polyvinylchloride).
Above a certain temperature, all these plastics are capable of flow; in other words, it
is essentially plastic, whereas below this temperature it is to all intents and purposes a
solid. This is what characterises a thermoplastic.
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3.2.2.1   Chemical composition and structure
In order to understand the thermal decomposition of the different plastics, it is
important to understand their chemical structure. All plastics materials consists of a
mass of very large molecules. In the case of a few naturally occurring materials, such
as bitumen, shellac, and amber, the compositions are heterogeneous and complex but
in all other cases the plastics materials belong to a chemical family referred to as high
polymers. For most practical purposes, a polymer may be defined as a large molecule
built up by repetition of small, simple chemical units or monomers. Figure 6 shows
the repeating units or monomers of the different plastics in this study.

- CH2 - CH -
              |

n
- CH2 -

- CH2 - CH -
              
              |
             CH3

n

- CH2 - CH -
              |
 
             Cl

HDPE and LDPE

PS

PP

UPVC and PPVC

n n

Figure 6. Repeating units for the six different plastics.

HDPE and LDPE. For both HDPE and LDPE the polymer structure is essentially a
long chain of aliphatic hydrocarbons. For general technological purposes, the
difference in density between HDPE and LDPE is due to the chain branching.

PP. PP has a slightly different structure than LDPE and HDPE with a methyl group
(CH3) in the repeating unit, but is also an aliphatic hydrocarbon type. There is also a
difference in melting temperature between PP and regular polyethylene (PE). PP has a
melting temperature, which is approximately 50oC higher than PE.

PS. PS is made from the styrene monomer and the repeating unit contains a benzene
ring. The presence of the benzene ring results in PS having greater reactivity than PE.
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PPVC and UPVC. For PPVC and UPVC the methyl group of PP has been
substituted with chlorine (Cl). Commercial PVC polymers are largely amorphous,
slightly branched molecules with the monomer residues arranged in head-to-tail
sequence. The major difference between PVC and the other plastic is the high content
of chlorine (approximately 50 w%). PPVC is built up of 100 parts PVC K-number 70,
48 parts of DEHP plasticiser (di-2-ethylhexyl phthalate), 2 parts of Ba/Zn stabiliser
and 5 parts of lubricant/secondary plasticiser. UPVC on the other hand is built up of
100 parts PVC K-number 57, 1.5 parts of Ba/Zn stabiliser, 8 parts of modified acrylat
elastomer, 1 part of lubricant/secondary plasticiser and 1.5 parts of acrylat copolymer.

3.2.3 Multi-material fraction

In this study, two types of beverage cartons have been chosen to represent the multi-
material fraction. The beverage cartons represent a major share of the multi-material
fraction of MSW. Two main types of beverage cartons are used worldwide: those
made of paperboard and polyethylene and those made of paperboard, polyethylene
and aluminium.

Milk carton. The milk carton consists of paperboard and plastic. The cardboard in
these types of cartons is typically made of unbleached, half bleached or bleached
chemical pulp. The cardboard is waxed or has a layer of polyethylene both on the
inside and outside. The paperboard usually constitutes 90% and the polyethylene
10%.

Juice cartons. The juice carton consists of paperboard, plastic and aluminium. The
paperboard and plastic is of the same quality as that of the milk carton. The structure
of this type of cartons is polyethylene at the outside, then paperboard, polyethylene,
aluminium foil and polyethylene on the inside. The paperboard typically constitutes
75% of the weight, while polyethylene and aluminium foil constitute 20% and 5%,
respectively.

3.2.4 Wood and cotton

Two different types of wood were included in this study. One hardwood (birch) and
one softwood (spruce). These wood types are typical raw material used in the
production of paper, but they are also typical for the wood fraction of MSW. One
sample of cotton was taken from a cotton sweater.

Birch and spruce. Birch was taken as a sample of hardwood and spruce was taken as
a sample of softwood. Birch has less lignin, but a higher content of hemicellulose than
spruce, as can be seen from Table 2.

3.2.5 Chemical bonds in polymers
Several types of chemical bonds are present between atoms and molecules in polymer
materials. The single chain molecule is kept together by strong valency bonds



19

Energy Research

(primary bonds). Much weaker secondary bonding ties the different molecules
together. The most important secondary bonds are: dipole forces, induction forces,
dispersion forces and the hydrogen bond. Dissociation energies for some selected
primary bonds are shown in Table 5.

Table 5. Dissociation energies for some selected primary bonds.

Bond Dissociation energy
[kJ/mole]

C-C 347
C=C 611
C-H 414
C-O 360
C=O 749
C-N 306
C=N 892
C-Cl 339
C-F 431
O-H 465
O-O 147
Si-Si 178
S-S 268

3.3 Experimental methods and equipment

Experimental equipment and applied methods used in this study will be explained in
this section.

3.3.1 Proximate analysis and higher heating value (HHV)

Experiments determining moisture, ash, higher heating value, fixed carbon and
volatiles have been performed. Since MSW consist of a large number of different
components (i.e. different types of paper, different types of plastic, wet organic waste,
etc.), it would be almost impossible to have a standard test procedure for each
component in MSW. However, there exist several standard procedures for RDF
(Refuse Derived Fuel) which could be used for a proximate analysis of MSW
components. RDF typically consists of paper and plastic (typical composition 70%
paper, 20% plastic, rest 10%). Standard test procedures for RDF is the best available
standardised method to use when performing a proximate analysis of MSW fractions.
However, standard methods for proximate analysis must be used with caution due to
the difference in fuel quality for each fraction and even within each fraction.

Moisture determination. The ASTM E 790 - 87 procedure, "Residual Moisture in a
Refuse-Derived Fuel Analysis Sample" was employed for these experiments. Longer
drying time (4 hours) and larger samples (up to 12 g) were used, because the dried
sample was used for ash and higher heating value determination.
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Ash analysis. The ASTM E 830 - 87 procedure, "Ash in the Analysis Sample of
Refuse-Derived Fuel", was used to determine the ash content. In order to close the
mass balance it was necessary to perform the ash analysis at a higher temperature
(950oC) for two of the paper samples. The reason for this was that a significant
amount of volatile ash components was released between 575oC and 950oC. For the
ASTM standard, 575oC were used, while 950oC was the temperature used to
determine the volatile matter. These samples are marked in the table of results (Table
8). Due to lack of right equipment and the properties of some samples, the samples
were not milled into small particles (< 0.5 mm) but cut into thin particles (<10 mm).
However, the effect of milling the samples into particles less than 0.5 mm was
examined for one type of paper for the ash analysis. The deviation between the milled
sample and the sample cut into small particles was less than 3%.

Higher heating value. The ASTM D 3286 - 73 procedure, " Gross Calorific Value of
Solid Fuel by the Isothermal-jacket Bomb Calorimeter" was used to determine the
higher heating value.

Volatile matter. The ASTM E 897 - 88 procedure, "Volatile Matter in the Analysis
Sample of Refuse-Derived Fuel" was used to determine volatile matter. The oven
used for determining the volatile matter was not a standardised oven, which is
described in the ASTM standard, but a muffle oven. As for the ash determination, the
samples was not milled into small particles, but cut into thin particles. The deviation
between the milled sample and the sample cut into small particles was tested and
found to be 0.3%.

Fixed carbon. Fixed carbon was determined by subtracting ash and volatile matter
from the initial sample mass.

3.3.2 Thermogravimetric (TGA) kinetic study

The motivation for the TGA experiments was to try to establish a relationship
between chemical kinetics and the chemical composition of MSW components. In
addition, the knowledge of the thermal decomposition for the different MSW
components, including the char forming tendencies, is of interest.

Materials. The materials used in this study were clean samples of different typical
solid waste fractions. The different waste fractions consist of different components.
The paper and plastic fractions of MSW for instance consists of several different
paper and plastic types, therefore different paper or plastic types within a given
fraction has been tested. All plastics were pure, none or light coloured, samples. The
samples were carefully cut into thin and very small particles in order to avoid heat and
mass transfer within the sample during the experiment.

Methods and equipment. Figure 7 shows a schematic diagram of the SDT 2960
Simultaneous TGA-DTA from TA Instruments. The system is based on a dual beam
horizontal design in which each ceramic beam (arm) functions as one half of a DTA
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thermocouple pair, as well as part of a horizontal null-type balance. One arm
accommodates the sample and measures its property changes. The other arm
accommodates the reference (typically an appropriate amount of inert material such as
aluminium oxide) and is used to generate the DTA (∆T) measurement, as well as to
correct the TGA measurement for temperature effects like beam growth.

Figure 7. Schematic figure of the SDT 2960 Simultaneous TGA-DTA from TA
Instruments.

The TGA weight change is measured by a taut-band meter movement located at the
rear of each of the ceramic arms. An optically activated servo loop maintains the
balance arm in the horizontal reference (null) position by regulating the amount of
current flowing through the transducer coil. An infrared LED light source and a pair
of photosensitive diodes detect movement of the arm. A flag at the end of the balance
arm controls the amount of light reaching each photo sensor. As weight is lost or
gained, the beam becomes unbalanced, causing unequal light to strike the
photodiodes. A restoring current is generated to eliminate this imbalance and retain
the null position. The amount of restoring current is a direct measure of the weight
change.
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The DTA (∆T) measurement is made by a pair of matched platinum/platinum-
rhodium thermocouples, which are contained inside the ceramic arms and welded to
platinum sensors located in the bottom of the sample and reference holders. The
thermocouple in contact with the sample is also used to monitor the sample
temperature. The sample and reference cup used in these experiments is made of
platinum, which is easy to clean and do not react with most materials.

A bifilar-wound furnace provides uniform controlled heating up to 1500°C. The SDT
2960 have a sample capacity up to 200 mg and a balance sensitivity of 0.1µg. The
heating rate can be set from 0.1 to 100°C/min for experiments from ambient to
1000°C and 0.1 to 25°C/min for experiments from ambient to 1500°C.

High purity nitrogen (Hydro Ultra 5.0, 99,999% purity) was used for the experiments
at a flow rate of 150 ml/min. The experiments were conducted as follows. Before each
experiment, the balance was tarred with the sample and reference cups. Then the
sample cup was taken off and the small sample particles were spread in a uniform
layer in the sample cup. The sample cup was then placed back on the balance and the
furnace was closed. Nitrogen was purged for 20 minutes, then the sample was heated
up to 110°C at a heating rate of 30°C/min in order to dry the sample and be sure of an
atmosphere free of oxygen. After a drying period of 30 minutes, the sample was
heated up to the desired temperature (500 or 600°C) with the pre-selected heating rate
(10°C/min). The sample was held at the desired temperature for 5 minutes and then
synthetic air was purged at the same flow rate for 20 minutes in order to burn off the
sample to ease the cleaning of the sample cup. The heater was then turned off and air
purged to cool the reactor. The procedure for these experiments were created and
controlled in a program called "Thermal Solutions", specially designed for controlling
the SDT 2960 apparatus on an IBM PS/2 77 486DX2 computer.

Selecting the proper sample size and heating rate is very important. Too large samples
may shift the decomposition from control by chemical kinetics to control by heat and
mass transfer. Performing experiments with a too high heating rate may introduce
thermal lag which causes the temperature measurement to be incorrect25. Various
experiments with different sample size and heating rates have been conducted in order
to choose the proper sample weight and heating rate.  Sample sizes of 2, 5 and 10 mg
and heating rates of 5, 10 and 40°C/min were tested on a reference material (whatman
filter paper). Kinetic analysis of the experiments showed that there was not a large
difference in activation energy and frequency factor for the different sample sizes.
The activation energy varied from 279-281 kJ/mole for the analysis of the TG curves
(weight loss curves) and from 261-266 kJ/mole for the analysis of the DTG curves
(rate of weight loss curves). Based on these results a sample size of 5 ± 0.2 mg
(except for polystyrene (isoprene) where a sample weight of 2.8 ± 0.2 mg was used
due to low density) was chosen. Comparing calculated activation energy and
frequency factor for experiments at 5°C/min and 10°C/min with a sample weight of 5
mg showed small variations. Experiments at 40°C/min, however, gave a lower
activation energy than at 5°C/min and 10°C/min and was therefore excluded. This
lower activation energy might be caused by the effect of thermal lag25. A heating rate
of 10°C/min was chosen in order to reduce the experimental time.
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3.4 Kinetic analysis

Several kinetic models have been used in the literature to describe the pyrolysis of
biomass and MSW. In this study, a method previously used on biomass has been
applied to MSW components26.

The reaction rate for thermal decomposition of a homogeneous solid is written as:

d
dt

kfα α= ( ) (1)

where α is the conversion (reacted fraction), k is the reaction rate constant depending
on the pyrolysis temperature according to the Arrhenius expression given in equation
(2).

�
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�
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EAk exp (2)

A is the frequency factor, E is the activation energy, R is the gas constant and T is the
temperature. The function f(α) is approximated by:

f n( ) ( )α α= −1 (3)

where n is the formal reaction order. The conversion, α, can be expressed by:

α = −
−
1

1
m

mchar

(4)

where m is the actual sample mass and mchar is the char yield normalised by the initial
sample mass m0.

Combining equation (1), (2), (3) and (4) gives:

d
dt

A E RT nα α= − −exp( / )( )1 (5)

The reaction order (n) is strongly connected to the degree of asymmetry of the DTG
curves. If the reaction order is larger than one, the descending part of the DTG curve
is less steep than in the case of a pure first-order reaction. If the reaction order is
lower than one, the descending part becomes steeper than in the case of a pure first-
order reaction. However, in this study a reaction order of one has been used.
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MSW components such as paper or plastic (PVC) often consists of more than one
chemical substance. Assuming that each substance decomposes independently from
each other, the overall conversion and rate of conversion for N reactions can be
described by:

m ci i
i

= −�1 α (6)

i N= 1 3,2, ....

− =�
dm
dt

c d
dti

i

i

α      (7)

The separate conversion (reacted fraction) α i  for each component is given by:
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0

0

  (8)

where m0,i, mi and mchar,i are the initial sample mass, the actual sample mass and the
final char yield (normalised with m0) of component i, respectively. The components
are all assumed to decompose independently according to:

d
dt

A E RTi
i i i

α α= − −exp( / )( )1     (9)

Here, the reaction order is assumed equal to one (n=1) for all reactions. Coefficient ci
express the contribution of the partial processes to the overall mass loss, m0-mchar:

c m mi i char i= −0, ,                (10)

In this study, both integral and differential data have been used to evaluate the kinetic
parameters. The specific method has previously been used on biomass in order to
determine the kinetic parameters of hemicellulose, cellulose and lignin/char. The
kinetic evaluation of the experiments is fully described elsewhere26.

3.4.1 Literature survey on chemical kinetics from pyrolysis of MSW

Determination of kinetic parameters for some selected MSW components have
already been done by other researchers. Although the purpose of these studies was not
thermal characterisation of MSW components, some of the work has contributed to a
better understanding of the thermal decomposition of MSW28,29,30,31. In the last two
decades, several TGA studies of selected MSW components have been conducted.
These studies were performed in order to characterise waste components for practical
use and modelling purposes 9,32,33,34,35,36. Studies on chemical kinetics of single MSW
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components such as polyethylene, PVC, polystyrene, polyamide, newspaper and
coated writing paper has been done with varying equipment and analysis
methods37,38,39,40,41,42. Research on chemical kinetics of mixtures of MSW components
in order to simulate either MSW or RDF pyrolysis have also been done 43,44,45,46,47,48.

Rather than discussing the different methods and results in detail, Table 6 give a
summary of the most important results. As can be seen from Table 6, there is a large
difference in methods and results for the different components. These results,
however, will be discussed together with the new results obtained in this study.
Characterisation of different biomass and MSW components by thermogravimetry
have also been performed, however, only the TGA curves and no kinetic analysis was
presented in this study49. All of the above mentioned work has contributed to a better
understanding of pyrolysis of MSW. In spite of the fact that a lot has been done in this
area, there is still a need for a detailed thermal characterisation of MSW components.
Using a uniform analysis method and link the thermal degradation to the chemical
composition will give additional knowledge and understanding of the thermal
behaviour of MSW.
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Table 6. Survey of kinetic data for MSW components.

Component n log(A)
[[[[log s-1]]]]

E
[[[[kJ/mole]]]]

Conditions Reference

Coated paper 1 1.5 12.9 182.0 TGA, 4 mg, N2, 24
Coated paper 2 2.0 4.0 105.0 1, 2 and 5oC/min,

200-630°C
Hemicellulosea 1.0 19.4 119 TGA, 5 mg, N2, 26
Cellulosea 1.0 8.2 260 5oC/min, 150-500°C

PS 1 (0-15%) 0.00 - 192.6 TGA, 100 mg, vacuum, 28
PS 2 (15-95%) 1.00 - 251.2 5°C/min, 250-500°C
PE 1 (0-3%) 0.00 - 200.9 Freeman and Carroll

method
PE 2 (3-15%) - - 255.3
PE 3(15-35%) - - -
PE 4 (35-95%) 1.18 - 280.5

PP 0.88 16.0 242.8 DTA, N2, 10oC/min 30

PS 0.50 10.7 172.0 TGA, 4 mg, N2, 40
LDPE 0.50 11.1 194.2 1.1-5.8°C/min, 230-530°C

PVC1b 1.54 17.6 190.0 TGA, 2-20 mg, He, 42
PVC2b 1.80 18.4 260.0 1-50°C/min,

20-550°C
Newspaper 1c 1.00   4.6 126.0 TGA, 100 mg, N2, 45
Newspaper 2c 1.00 -5.1     8.1 50°C/min, 200-900°C
PP 1.00 11.6 264.6 Coates and Redfern

method
HDPE 1.00 15.4 326.1

HDPE 0.74 14.0 233.2 TGA, 4 mg, N2, 46
LDPE 0.63 12.1 206.4 1-5.5oC/min,
PP 0.90 10.8 183.8 200-530°C
PS 0.50 10.7 172.0
PVC 1d 1.50 12.2 163.7
PVC 2d 0.00 15.2 190.0
PVC 3d 1.50 16.7 267.1
PVC 4d 1.50 12.7 217.7

PE 0.30 15.0 248.0 TGA, <10 mg, N2, 47
10-20°C/min, 150-800°C
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Table 7. Survey of kinetic data for MSW components. Continued.

Component n log(A)
[[[[log s-1]]]]

E
[[[[kJ/mole]]]]

Conditions Reference

Cellulose 1.00 14.2 205.1 TGA, 70 mg, N2, 48
(whatm. no. 1) 5°C/min, 200-550°C
Newsprint 1.00   6.2 110.1
Kraft paper 1.00 11.5 169.1
PE 1.00   9.8 174.6
PS 1.00   9.0 159.1

Avicel cellulose 1.00 18.0 238.0 TGA, average of 21 exp., 51
2-80°C/min

Cellulosic paper 1.8 17.3 220.0 TGA, 4-5 mg, N2, 52
1-5°C/min, 200-550°C

Cellulose 1.0 12.1 173.7 TGA, 100 mg, N2,vacuum 53
5-9°C/min, 200-600°C

a Mean values taken from four different types of wood
b PVC is divided into two different decomposition areas, 10 mg sample
c Newspaper has been divided into two different decomposition areas
d PVC is divided into four different decomposition areas

3.5 Results and discussion

In the following section, results from the proximate analysis, HHV determination and
the TGA evaluation, are presented as given in reference54.

3.5.1 Proximate analysis and HHV

Results of proximate, moisture and HHV experiments are given in table 8. The
proximate analysis for the different paper components shows a large variation in ash
content. A clear linear relationship between ash content and HHV was found for the
paper/cardboard fraction as shown in equation (11):

[ ] [ ]%3233.0704.19/ wAshkgMJHHV ⋅−= (11)

The largest deviation from the values obtained for the HHV determination for this
empirical formulae was approximately 3%. The volatile matter and fixed carbon
content for the paper/cardboard fraction can also be described by linear relationships
as a function of ash content as described in equation (12) and (13):

[ ] [ ]%8106.0198.90% wAshwmatterVolatile ⋅−=
(12)

[ ] [ ]%1894.0802.9% wAshwcarbonFixed ⋅−=
(13)
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The largest deviation from the experimental values for these empirical formulas were
1.5% and 19% for the volatile matter and fixed carbon respectively. The moisture
content decreases with increasing ash content, however no linear relationship was
found. It should be noted that the moisture content determined in these samples are
pure non-contaminated samples and that the moisture content is a function of the
humidity of the air when sufficient time for equilibrium is provided. The linear
relationships shown for the paper/cardboard fraction can be explained by the fact that
they all originate from the same substance, namely wood, with minor differences in
chemical composition on an ash free basis.

Table 8. Proximate analysis and higher heating value of MSW components.

Sample
No.

Component Moisture
(%)

Ash Volatile
matter

Fixed
Carbon

HHV
[[[[MJ/kg]]]]

1 Newspaper 8.1 1.0 88.5 10.5 19.3
2 Cardboard 6.2 8.4 84.7 6.9 16.9
3 100% Recycled paper 5.4 20.2a

(22.4)b
73.6 6.2 13.6

4 Glossy paper 3.7 28.0a

(42.7)b
67.3 4.7 10.4

5 HDPE 0.0 0.0 100.0 0.0 46.4
6 LDPE 0.1 0.0 100.0 0.0 46.6
7 Coloured plastic bag 0.4 1.5 98.5 0.0 45.8
8 PP 0.1 0.0 100.0 0.0 46.4
9 PS 0.7 0.0 99.8 0.2 42.1

10 UPVC 0.1 0.4 94.8 4.8 22.8
11 PPVC 0.3 0.4 95.1 4.5 26.6

12 Spruce 6.9 0.2 89.6 10.2 19.3
13 Birch 6.5 0.3 91.8 7.9 19.1
14 Cotton (from sweater) 4.7 0.1 98.0 1.9 16.8

15 Milk carton 5.1 3.2 90.4 6.4 21.0
16 Juice carton 4.0 7.9 86.0 6.1 24.4

a Measured at 950°C.
b Measured at 575°C.

For the plastics and the other components of this investigation it is harder to provide
any meaningful relationship between proximate parameters since the chemical
composition, on an ash free basis, varies largely.

However, for most of the plastics (excluding PPVC and UPVC), a similar behaviour
is observed with 100% volatiles and a HHV of approximately 46 MJ/kg with the
exception of PS, which have a slightly lower HHV. PPVC and UPVC show a quite
different behaviour than the other plastics due to the high content of chlorine. The
heating value is lowered by approximately 50% and they have a char-forming
tendency with almost 5% fixed carbon.

The two different types of wood and cotton show similar behaviour although cotton
has a higher volatile fraction and a lower share of fixed carbon.



29

Energy Research

It is interesting to see that the multi-material components, juice- and milk cartons
behave as a sum of the individual materials. The presence of LDPE in milk carton
increases the HHV and volatile matter, while ash content and fixed carbon are
reduced compared to cardboard, which is the most comparable in this case. For the
juice carton, the presence of aluminium increases the HHV (HHV of aluminium is
approximately 30 MJ/kg) and ash fraction, but decreases the volatile matter and fixed
carbon.

3.5.2 Evaluation of TGA experiments

The results from this study will be discussed in different sections, one for the
cellulosic fraction, one for the plastic fraction and one for the multi-material fraction.
All TG curves include ash. The ash content should be subtracted in order to obtain the
true char fraction.

3.5.3 Cellulosic fraction of MSW

Several considerations must be made when discussing the results from the
experiments and calculations on chemical kinetics for the cellulosic fraction. Since the
decomposition has been modelled as a set of independent parallel reactions, it is
important to understand how these chemically different components, which constitute
paper, decompose during pyrolysis. When trying to link the kinetic behaviour of the
cellulosic fraction to the chemical composition, it is also necessary to be aware of
differences in decomposition due to catalytic effects or chemical and physical
composition and structure. This work will not have an extensive study on the catalytic
effects of the inorganic substances from the decomposition of the cellulosic fraction
since this have been done by other researchers26,51,55. However, washing of newspaper
and glossy paper in order to remove ash species was tried, but it was not possible to
observe any effect of this washing process. Other studies have shown that washing out
ash species may alter the chemical composition of the sample by reducing the
hemicellulose to cellulose ratio51.

Studies have shown that there exists a difference in char fraction and decomposition
temperature for cellulose, hemicellulose and lignin for different types of biomass. It is
important, however to notice that extracted cellulose, hemicellulose and lignin most
likely will behave differently from cellulose, hemicellulose and lignin chemically
bound together in wood or paper26.

Experiments on two different types of wood, namely spruce (softwood) an birch
(hardwood) have been performed to illuminate the difference in raw material for
paper production and to characterise wood as an component of MSW. Wood can also
serve as an example of mechanical pulp since the composition is not altered to any
large extent. Cotton, both as cotton linters and as waste cotton from the textile
fraction, has been examined as a sample of pure cellulose. The most commonly used
paper pulps have also been tested for comparison with wood and paper.

Figure 8 shows TG and DTG curves for three different types of paper, cardboard, and
spruce. One interesting observation is the similarity in decomposition between
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newspaper and spruce. However, this is surprising, since newspaper mainly consists
of mechanical pulp with low ash content. Even the char fraction is equal taking into
account that newspaper had approximately 1 % higher ash content than spruce.
Subtracting the ash from the remaining residue at 500oC gives similar char fractions
for all types of paper. The DTG curves showed a pronounced shoulder prior to the
cellulose peak for newspaper and spruce and to a lesser extent recycled paper. This
shoulder is believed to be the decomposition of hemicellulose. Cardboard and glossy
paper, however, had no pronounced shoulder describing the hemicellulose
decomposition even when knowing that both samples contained hemicellulose.
Newspaper, with a typical pulp yield of 90%, would, have a hemicellulose content of
26% and a lignin content of 28%. Glossy paper with a typical pulp yield of 75-80 %
would have a hemicellulose content of approximately 19% and a lignin content of
26%. Cardboard with a typical pulp yield of 65 – 70 % would have a hemicellulose
content of 19% and a lignin content of 18%. The explanation of the lack of shoulder
on the DTG curves for hemicellulose for cardboard and glossy paper can be the lower
content of hemicellulose and catalytic effects, which can drag the decomposition of
cellulose into a lower temperature area. The peak of the highest rate of mass loss for
the DTG curves, which supposedly is cellulose, are for cardboard, glossy paper and
recycled paper located at a somewhat lower temperature than for newspaper and
spruce.
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Figure 8. Comparison of TG and DTG curves for three types of paper and
cardboard and spruce.
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3.5.3.1   Kinetic evaluation of spruce and birch

Figure 9 compares the calculated values and experimental data of weight loss and rate
of weight loss for spruce and birch. The two wood species have a similar starting
point of devolatilisation at 200oC. At 325oC spruce has a weight loss of 27%, while
birch has 35%. As can be observed the degradation of hemicellulose is more
pronounced in birch than spruce. This is also expected since birch has a higher
hemicellulose content according to Table 2. The remaining residue is quite similar,
with 15% for spruce and 13% for birch. In Table 9, the kinetic data obtained from a
non-linear least square evaluation of the DTG curves of spruce and birch are
presented. Comparing the activation energies for the different reactions show quite
similar values. Spruce is modelled with three reactions while birch is modelled with
four reactions. The calculated activation energy for reaction 1, is approximately 40
kJ/mole for both spruce and birch. Reaction 1 is considered to be  degradation of char
from hemicellulose and cellulose and degradation of lignin. This relatively low
activation energy together with the low frequency factors indicates that this reaction
occur over a broad temperature range and at a low reaction rate. Comparison of
reaction 2 and 3 for spruce and birch also show similar values for the activation
energy, frequency factors and temperature at the maximum reaction rate according to
Table 9. An activation energy of approximately 260 kJ/mole is calculated for reaction
2 for both spruce and birch, which is within the range of activation energies for
cellulose found by other researchers26,51. The temperature at the maximum reaction
rate for reaction 2 is approximately 368oC for both spruce and birch. For reaction 3,
which is thought to be the decomposition of hemicellulose, activation energy of
approximately 110 kJ/mole is calculated for both spruce and birch. The temperature at
the maximum reaction rate for reaction 3 for spruce and birch is approximately 325oC.
The fourth reaction for birch, which also can be considered as a part of the
hemicellulose decomposition, has activation energy of 162 kJ/mole.

Table 9. Calculated kinetic data for spruce and birch.

Evaluated
curve

Reaction 4 Reaction 3 Reaction 2 Reaction 1

E4 [kJ/mole]
logA4 [log s-1]

c4 [%]
(Tpeak,4)calc [oC]

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

DTG - 109.8 255.2 41.3
Spruce - 7.35 18.85 0.62

- 33.9 34.2 16.9
- 326.9 368.7 377.7

DTG 162.3 106.0 262.9 42.9
Birch 13.13 7.08 19.55 0.77

8.8 33.3 32.6 12.2
287.6 322.8 367.6 375.5
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Figure 9. TG and DTG curves for spruce and birch. Spruce to the left.

3.5.3.2   Kinetic evaluation of Cotton from sweater and pure unbleached cotton
linters

Cotton has been included in this study as a sample of the most pure form of cellulose
found in nature. Pure unbleached cotton linters and cotton taken from a white sweater
were examined. Both cottons in this study can be modelled as a single reaction. A
difference of approximately 30 kJ/mole in activation energy and 6oC in peak
temperature is found for the two cottons (Table 10). Both the activation energy and
the peak temperature are in the same range as for spruce and birch cellulose. The
remaining residue for cotton linters is approximately 11%, while cotton from the
sweater has 6%.
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Figure 10. Comparison of TG and DTG curves for cotton from sweater and pure
cotton linters. Cotton from sweater to the left.

Table 10. Kinetic data for cotton from sweater and pure unbleached cotton
linters.

Evaluated curve Reaction 1
E1 [kJ/mole]

logA1 [log s-1]
c1 [%]

(Tpeak,1)calc [oC]
DTG 257.5

Cotton from sweater 19.39
89.6

359.5

DTG 229.3
Cotton linters 16.78

83.5
366.1
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3.5.3.3   Kinetic evaluation of newspaper and cardboard

The TG and DTG diagrams for newspaper and cardboard are given in Figure 11 and
Figure 12. Both TG and DTG curves have been evaluated. As Table 11 shows, the
differences between these two methods of evaluation for newspaper are minor with
respect to the peak temperatures of the three reactions and the activation energy of
reaction 1 and 3. However, the difference in calculated activation energy for reaction
2 is somewhat larger. All calculations on paper in this study based on the integral
method have a tendency to give higher activation energy for reaction 2 (cellulose)
than the differential method. For the other reactions, however, the differences are
random and not so evident. Comparison of the activation energy for cellulose with
other studies show that the calculations based on the DTG curve gives the most
realistic results. Activation energy of 246 kJ/mole and a peak temperature of 371oC, is
in the same range as for birch, spruce and cotton. A remaining residue of 16% is in
the same range as found for birch and spruce, the ash content taken into consideration.
A Comparison between newspaper and spruce, as shown in Figure 8, show similar
values for the location of peak temperatures and calculated activation energies. The
increase from 0.2% ash (spruce) to 1.0% ash (newspaper) seems to have negligible
influence. Reaction 1 and 3 also show similar values in activation energy and peak
temperatures as for birch and spruce.
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Figure 11. Comparison of TG and DTG curves for newspaper.
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Table 11. Kinetic data obtained from TG and DTG evaluation of newspaper.

Evaluated
curve

Reaction 3 Reaction 2 Reaction 1

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

TG 99.6 270.6 42.2
6.37 20.04 0.63
40.9 29.0 13.9

330.4 371.3 386.4

DTG 96.7 246.1 47.4
6.12 18.03 1.06
40.2 30.4 13.0

328.4 371.3 391.4

Looking at the kinetic parameters for cardboard given in Table 12, the differences
between the TG and the DTG analysis are relatively large. The integral method has in
this case over-estimated the hemicellulose (reaction 3) fraction of cardboard. This
causes an unreasonable high activation energy for cellulose (reaction 2). Relatively
large differences in peak temperatures are also observed for the two different
methods. There are two reasons why the kinetic data from the differential method in
this case is believed to give the most accurate description of the thermal behaviour
during pyrolysis. The first reason is that the calculated fraction of hemicellulose is too
high using the integral method. The hemicellulose content of cardboard is typically
around 20%. The lignin content is typically around 20%, giving a cellulose content of
approximately 60%. The calculated c-values are not directly comparable to the real
content of hemicellulose, cellulose and lignin, since the char fraction of each
individual component is not known. However, an estimated c-value for hemicellulose,
which is higher than the c-value for cellulose, seems, in this case, not likely. The other
objection against the derived kinetic parameters from the integral method in this case,
is the high activation energy for cellulose. The TG method give an activation energy
of 297 kJ/mole, while the DTG method give an activation energy of 231 kJ/mole.
Comparing these values with the values obtained for cotton linters (229 kJ/mole) and
spruce and birch (255 and 263 kJ/mole) and values found by other researchers on
cellulose (238 kJ/mole)51, the activation energy from the TG evaluations seem too
high. Subtracting the ash content from the remaining residue gives a char fraction of
approximately 13%, which is comparable with newspaper, spruce and birch.
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Figure 12. Comparison of TG and DTG curves for cardboard.

Table 12. Kinetic data obtained from TG and DTG evaluation of cardboard.

Evaluated
curve

Reaction 3 Reaction 2 Reaction 1

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

TG 99.3 296.9 53.2
6.31 22.79 1.46
37.2 31.5 9.6

332.2 357.0 405.2

DTG 112.3 230.6 46.0
7.82 17.25 0.99
18.8 47.1 12.5

313.4 355.0 384.2
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3.5.3.4   Kinetic evaluation of recycled paper and glossy paper

Recycled paper is hard to characterise, since it can be made from any number of
different types of paper. However, the experiments, showed that a pronounced
shoulder could be observed prior to the cellulose peak in the DTG diagrams. As Table
13 shows, the peak temperatures and the obtained activation energies are comparable
to those found for other cellulosic materials. Observing the TG curve for glossy paper
and the DTG curve for recycled paper and remaining residues at 500oC, it is
interesting to see that they are in the same range when subtracting the ash. Glossy
paper is modelled with four reactions in order to take into account the observed
shoulder (reaction 2) at approximately 400oC. This shoulder is believed to be
devolatilisation of additives. The integral method is used for glossy paper due to over-
estimation of the devolatilisation of additives when using the differential method. An
activation energy of 275 kJ/mole seem high and the reason for this relatively high
activation energy can be that the merged DTG curves makes the estimation of the
share of hemicellulose and cellulose difficult. The same phenomena were described
for cardboard. The activation energies for the other reactions in glossy paper are in the
same range as for the other types of wood and paper.

Table 13. Kinetic parameters for recycled and glossy paper. Recycled paper
evaluated from DTG curve and glossy paper evaluated from TG curve.

Evaluated
curve

Reaction 4 Reaction 3 Reaction 2 Reaction 1

E4 [kJ/mole]
logA4 [log s-1]

c4 [%]
(Tpeak,4)calc [oC]

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

DTG - 136.2 214.0 36.2
Recycled paper - 10.11 15.67 0.14

- 11.0 41.4 12.9
- 309.4 360.2 379.4

TG 99.4 274.7 160.9 44.4
Glossy paper 6.33 20.90 10.34 0.65

18.3 18.3 2.8 9.4
330.3 357.1 400.2 415.3
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3.5.3.5   Comparison of cellulosic substances

In order to understand the differences between paper and the substance of which it is
made of, namely wood, it will be of interest to compare the calculated activation
energy, frequency factors and peak temperatures for the different reactions. Table 14,
give a summary of the results obtained in this study. Excluded from the calculation of
average values are the TG results for cardboard and the DTG results for glossy paper.
Two types of cotton and wood constitute their respective fractions. Comparing the
calculated activation energy and peak temperature from the DTG analysis for paper
and wood show similar results. It can also be observed that the standard deviation is
low within each fraction. Reaction 1 for wood had an average activation energy and
peak temperature of 42 kJ/mole and 377oC, respectively. Whereas the corresponding
values for paper were 43 kJ/mole and 385oC.  The activation energy and peak
temperature of reaction 2, also known as the decomposition of cellulose, are in the
same range, not only for paper and wood, but also for cotton. The activation energy
for the three different cellulosic substances for reaction 2 are ranging from 243-259
kJ/mole and the peak temperature is ranging from 362-368oC. The activation energy
is in the range of activation energies found for cellulose in a recent review article on
cellulose pyrolysis kinetics51. For reaction 3 (hemicellulose), the values obtained for
paper and wood are similar. Few data has been published on the decomposition of
hemicellulose and it is therefore hard to compare the obtained values with others.
However, activation energies ranging from 119-170 kJ/mole and frequency factors
from 1.6 ⋅108 to 1.0 ⋅1012 s-1 has been reported for wood and straw26,55.

Table 14. Average values for activation energy, frequency factor, fraction and
peak temperatures for reaction 1 (lignin), 2 (cellulose) and 3 (hemicellulose) for
different types of cellulosic materials (TG and DTG analysis).

Reaction 1 Reaction 2 Reaction 3

ETG                   EDTG [kJ/mole]
logATG              logADTG [log s-1]
cTG                     cDTG [%]
(Tpeak,TG)calc          (Tpeak,DTG)calc [oC]

ETG                   EDTG [kJ/mole]
logATG              logADTG [log s-1]
cTG                     cDTG [%]
(Tpeak,TG)calc          (Tpeak,DTG)calc [oC]

ETG                   EDTG [kJ/mole]
logATG              logADTG [log s-1]
cTG                     cDTG [%]
(Tpeak,TG)calc          (Tpeak,DTG)calc [oC]

Cotton   -                      - 236.5 (35.0)         243.4 (19.9)     -                       -
  -                      - 17.5 (3.1)             18.1 (1.8)     -                       -
  -                      - 90.1 (3.3)             86.6 (4.3)     -                       -
  -                      - 363.3 (4.0)           362.8 (4.7)     -                       -

Wood 41.3 (3.5)         42.1 (1.1) 308.8 (5.9)           259.1 (5.4)     104.7 (5.4)       107.9 (2.7)
0.6 (0.2)           0.7 (0.1) 23.3 (0.4)             19.2 (0.5)     6.8 (0.6)           7.2 (0.2)
13.8 (1.5)         14.6 (3.3) 27.9 (2.0)             33.4 (1.1)     39.6 (6.2)         33.6 (0.4)
380.2 (13.7)     376.6 (1.6) 369.6 (1.6)           368.2 (0.8)     330.3 (4.9)       324.9 (2.9)

Paper 40.2 (5.5)         43.2 (6.1) 257.7 (26.0)         246.1 (16.1)     109.3 (17.0)     115.1 (19.9)
0.4 (0.5)           0.7 (0.5) 19.3 (2.2)             17.0 (1.2)     7.4 (1.8)           8.0 (2.0)
11.7 (2.3)         12.8 (0.3) 29.5 (11.5)           39.6 (8.5)     24.1 (14.8)       23.3 (15.1)
387.4 (8.6)       385.0 (6.0) 363.2 (7.3)           362.2 (8.3)     339.0 (14.9)     317.1 (10.0)

(..) standard deviation
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Another useful way of comparing and evaluate the obtained results is to present them
in an Arrhenius plot. Assuming a first order reaction for equation (5), rearranging and
taking the natural logarithm of this equation gives the following expression:

RT
EAk −= )ln()ln(

(14)

Equation (14) is used to plot the temperature dependence of the reaction rate constant.
Plotting ln(k) against the inverse of temperature (1/T) (Arrhenius plot) give an
opportunity to compare the reaction rate at different temperatures for reactions both of
a similar and different nature. It is also possible to determine the dominating reaction
at a given temperature by looking at an Arrhenius plot. Figure 13 show an Arrhenius
plot of the three reactions, which constitute the thermal decomposition of newspaper
during pyrolysis. This figure shows clearly the dominating reactions as a function of
temperature.

Figure 13. Arrhenius plot of the three pyrolysis reactions for newspaper (NP).
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3.5.4 Plastic fraction

As Figure 14 shows, the thermal decomposition of typical plastic in MSW: HDPE,
LDPE, PP and PS during pyrolysis seem to fit a single reaction. There is no remaining
residue for these plastics as is confirmed by the proximate analysis. UPVC, however
behaves quite different from the other plastics and is therefore modelled with more
than one reaction. It is also interesting to observe that UPVC, unlike the other plastics,
have a remaining residue of approximately 10% at 600oC.  The temperature area, in
which the different plastics decompose, is quite broad. As  Figure 14 shows, the
decomposition occurs from 200 to 500oC.
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Figure 14. Comparison of the thermal degradation of the five most commonly
found plastics in MSW.
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3.5.4.1   Kinetic evaluation of HDPE

The decomposition of HDPE is described by a single reaction. The kinetic parameters,
which are evaluated both with integral and differential methods, are given in Table
15. A minor difference in activation energy is observed. The highest activation energy
is found for the integral method. The activation energy, as found by the differential
method, is 445 kJ/mole. As can observed from the TG and DTG curves, the weight
loss occurs over a narrow temperature range (~ 425-500oC) at relatively high
temperatures. The observed peak temperature is 479oC. The narrow temperature range
and the high peak temperature, tell us that the activation energy necessarily must be
high. Other researchers have found the activation energy for HDPE, ranging from
233.2 (reaction order 0.74) to 326.1 kJ/mole (reaction order 1.0), according to Table
6. So what is the right activation energy for HDPE? As this study and the study of
others show, the activation energy is obviously influenced by the method used to
calculate the activation energy based on the experimental data. It can also be
influenced by experimental equipment and procedures25. From Table 5 we could find
the dissociation energy of the C-C bond to be 347 kJ/mole and the C-H bond to be
414 kJ/mole. In addition it is interesting to know that the dissociation energy of the
double bond C=C is 611 kJ/mole. All of these bonds are present in HDPE and will
thus be helpful in understanding the true activation energy of HDPE. Based on the
knowledge of the dissociation energy of the bonds constituting HDPE and knowing
that weaker secondary bonds such as dipole forces, induction forces, dispersion forces
and the hydrogen bond have little influence on the activation energy, an activation of
445 kJ/mole might seem high, but reasonable.

Figure 15. TG and DTG curves for HDPE.
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Table 15. Kinetic parameters for HDPE. Kinetic evaluation from TG and DTG
curves.

Evaluated curve Reaction 1
E1 [kJ/mole]

logA1 [log s-1]
c1 [%]

(Tpeak,1)calc [oC]
TG 459.1

30.09
100.1
479.4

DTG 445.1
29.1
98.2

479.4

3.5.4.2   Kinetic evaluation of LDPE and coloured plastic bag

Experiments on pure LDPE granulate and coloured plastics bag were performed in
order to gain knowledge on the influence of inorganic species. As Table 16 shows, the
differences between pure LDPE and the coloured plastic bag is not evident. The peak
temperatures and the calculated activation energies are practically equal. The
influence of inorganic species is, in this case, not visible. The activation energy of
approximately 340 kJ/mole, is relatively high compared to values found by other
researchers given in Table 6. Other researchers have reported values from 175 - 280
kJ/mole for decomposition of part of or all of LDPE. The difference in activation
energy between HDPE and LDPE is explained by the lower and slightly broader
temperature range, in which LDPE decomposes. However, effect of branching may
also have an effect. The explanation of the difference between HDPE and LDPE can
be that the chain branching causes a somewhat different distribution of the chemical
bonds present. Other researchers have concluded that the determining reaction during
pyrolysis is the breaking down of the C-C bonds, not only for LDPE but also for
HDPE, PP and PS46.
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Figure 16. TG and DTG curves for pure LDPE and coloured plastic bag. Pure
LDPE to the left.

Table 16. Kinetic parameters for LDPE and coloured plastic bag. Kinetic
evaluation from DTG curves.

Evaluated curve Reaction 1
E1 [kJ/mole]

logA1 [log s-1]
c1 [%]

(Tpeak,1)calc [oC]
DTG 340.8
LDPE 21.98

96.3
472.2

DTG 347.8
Coloured plastic bag 22.49

96.4
471.9
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3.5.4.3   Kinetic evaluation of PS and PP

PS and PP can both be modelled by a single reaction. PS shows a somewhat different
behaviour than both HDPE and LDPE, with lower activation energy. This can be
explained by the fact that the decomposition takes place at a lower temperature. PS is
decomposed in the temperature range 350 - 450oC with a temperature peak at 413oC.
Comparing the chemical structure of PS to LDPE and HDPE, it is interesting to see
that bond energies of main chains or weak links are quite different. The presence of
the aromatic unit or benzene ring (C6H6) in PS causes the branching to be of a phenyl
type, as opposed to LDPE and HDPE which have a methyl group (CH3) as branch40.
The presence of benzene may lower the bond energy for some of the bonds present in
PS compared to LDPE and HDPE where the break down of the C-C bond is
dominating21. Hence, the reactivity of PS is greater than the reactivity of LDPE and
HDPE. PP, however, behaves similar to LDPE and HDPE with an activation energy
of approximately 337 kJ/mole and a peak temperature of 456.9oC. The temperature
range for the decomposition is 370 - 480oC. The somewhat broader temperature range
for decomposition and lower decomposition temperature explains the lower activation
energy compared to HDPE. Comparing PP with LDPE show that the slightly lower
decomposition temperature and broader temperature range should give a slightly
lower activation energy. The presence of the methyl group CH3 in the repeating
monomer can alter the properties of the polymer in a number of ways. However, these
changes may be most visible for other use of PP than in thermal degradation systems.
The tertiary carbon atom provides a site for oxidation so that the polymer is less stable
than polyethylene to the influence of oxygen. In addition, thermal and high-energy
treatment leads to chain scission rather than cross-linking21. Reported activation
energies for PP are ranging from 184 to 265 kJ/mole according to Table 6. However,
it is important to notice that these activation energies have been obtained by using
different methods than in this study with a reaction order not equal to one.

Table 17. Kinetic parameters for PS and PP. Kinetic evaluation of DTG curves.

Evaluated curve Reaction 1
E1 [kJ/mole]

logA1 [log s-1]
c1 [%]

(Tpeak,1)calc [oC]
DTG 311.5
PS 21.84

98.1
413.0

DTG 336.7
PP 22.18

98.4
456.9
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3.5.4.4   Kinetic evaluation of PPVC and UPVC

PPVC and UPVC separate from the other plastics by having a complex decomposition
pathway. For PPVC and UPVC, four and three different reactions have been
identified respectively. In order to start with the simplest of them, UPVC will be
discussed first. As described in section 1.2.2.1 UPVC have only minor parts of
additives so the degradation of additives is not evident on the DTG curve. However, it
is clear from Figure 17 that the decomposition of UPVC can be described by three
reactions. Reaction 3 is assumed to be the release of benzene during the
dehydrochlorination. Reaction 2 is assumed to be the dehydrochlorination and
reaction 1 is assumed to be the release of remaining hydrocarbons. These assumptions
will be discussed further. It is known that benzene is formed after the
dehydrochlorination has proceeded for a while. The formed conjugate double bonds
form benzene by cyclization57. This theory is confirmed by a study using TGA and
analysis of the evolved gases by mass spectrometry. Benzene was found in the
evolved gases together with HCl. The measurements were performed at 250oC42. The
activation energy found for the release of hydrocarbons forming benzene is calculated
to 388 kJ/mole with a peak temperature of 294oC. The assumption concerning the
release of benzene after the dehydrochlorination has started is confirmed by looking at
the DTG curve. The release of benzene (reaction 3) start at approximately 250oC,
while the release of HCl starts at approximately 200oC. Comparing the activation
energy for the release of benzene with other studies is not easy. This is due to
different methods used for deriving the kinetic parameters from experimental results.
However, an activation energy up to 327 kJ/mole has been found at a conversion of
approximately 20%39. Another study claimed that the decomposition path of PVC was
different at different sample weight. The release of benzene was not observed using a
sample weight of 2 mg, while a increase in sample weight to 10 mg gave an evident
peak indicating the release of benzene42. This finding is examined in this study but the
peak describing the release of benzene is evident using both 2 and 5 mg samples. The
findings in this study are also confirmed by another study checking samples between
2 to 20 mg46. Another theory explaining the presence of two reaction during the first
decomposition step is proposed by other researchers. The theory is that the activation
energy of the head to tail (H-T) configuration CCl2-C-H2-CCl2-CH2- is lower than the
activation energy of the head to head (H-H) configuration -CCl2- CH2-CH2-CCl2-. If
PVC consists of both H-T and H-H configuration, this will explain the two observed
reactions in the first step of pyrolysis of PVC46.

The dehydrochlorination of UPVC takes place in the temperature range of 200 -
370oC. The activation energy calculated for the release of HCl is 110 kJ/mole and the
peak temperature is 316oC. A study of the elemental composition of the residue from
pyrolysis of PVC at 375oC confirms the dehydrochlorination reaction. The content of
chlorine was not detectable in the residue at this temperature39 which also was
indicated by the study of evolved gases from the first devolatilisation step identifying
HCl as a component42. The bond energy for the breaking of the C-Cl bond is 339
kJ/mole, but neither this study nor other studies have been able to report activation
energies close to the breaking of the primary C-Cl bond. Activation energies for the
dehydrochlorination step range from 140 to 190 kJ/mole42,46. The reason for the
deviation between the activation energy needed for breaking of the primary C-Cl bond
and the activation energy obtained in this study is not fully understood. However, one
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theory is that the initial reaction of pyrolysis of PVC is the elimination of a chlorine
atom adjacent to a C=C bond or at a tertiary C-Cl bond which is weaker than the
secondary C-Cl site. The “zipper” dehydrochlorination takes place and will form more
C=C bonds. This will enable the dehydrochlorination to occur primarily before other
reactions46.

The second step of the decomposition of UPVC is described by reaction 1. The
calculated activation energy and peak temperature is 150 kJ/mole and 455oC,
respectively. The decomposition takes place between 350 to 525oC. Reaction 1
describes decomposition of the remaining hydrocarbons. The chemical nature of the
remaining hydrocarbon is not known and hence it is difficult to explain the activation
energy of the second step of decomposition for UPVC on basis of the chemical
structure. However, an activation energy of 260 kJ/mole has been reported for the
second step42. The calculated share of reaction 2 (HCl) (c-value 38%) is fairly
consistent with the content of chlorine.

The decomposition of PPVC is somewhat more difficult to explain due to the
plasticiser additive DEHP. From the DTG curve in Figure 17 one additional shoulder
can be observed compared to UPVC. The rate of conversion for the first step is also
higher than for UPVC. In PPVC a plasticiser named DEHP constitute approximately
30% of the composition, whereas the remaining chemical structure and compound is
mainly the same as for UPVC. The presence of the DEHP additive makes however
the calculation of the activation energy for the first step of conversion difficult. It is
obvious that the share of dehydrochlorination (HCl) step is overestimated (56%). The
share of HCl should be close to 30%. This overestimation of the HCl share causes the
share of conversion of DEHP to be underestimated (7%). The share of conversion for
DEHP should also be close to 30%. For reaction 1 and 3 (release of benzene and
devolatilisation of remaining hydrocarbons) the activation energies are slightly higher
but in the same range as for UPVC. The location of peak temperatures is also in the
same range. It is interesting to observe that the decomposition of PPVC starts
approximately 50oC lower than UPVC. This assumed to be the decomposition of
DEHP.
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Figure 17. TG and DTG curves for PPVC and UPVC. PPVC to the left.

Table 18. Kinetic parameters for PPVC and UPVC. Kinetic evaluation of DTG
curves.

Evaluated
curve

Reaction 4 Reaction 3 Reaction 2 Reaction 1

E4 [kJ/mole]
logA4 [log s-1]

c4 [%]
(Tpeak,4)calc [oC]

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

DTG 194.3 336.0 72.0 178.8
PPVC 17.45 29.51 4.32 10.57

7.2 12.2 55.7 18.1
252.2 290.3 291.3 460.5

DTG - 388.2 110.4 149.8
UPVC - 34.13 7.59 8.5

- 19.3 37.7 31.6
- 294.4 315.8 454.8

3.5.4.5   Comparison of plastics

Arrhenius plots of the temperature dependent reaction rate constant give an
opportunity to compare the different plastics in terms of reactivity. Looking at Figure
18, one can observe that HDPE have the highest reaction rate until approximately
500oC. From 500oC to 400oC the reaction rate of LDPE is higher than for HDPE. The
slope of the ln(k) plot is similar for LDPE, PP and PS, but the reaction rate is shifted
towards lower temperatures. Figure 19 shows the Arrhenius plot of the three different
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reactions describing the decomposition of UPVC. In the first step of decomposition
reaction 3 is the dominating from approximately 270oC to the end of the reaction at
320oC. A slight overlap for reaction 2 and 3 is observed dominated by reaction 2.
Ranking the different plastics by reactivity would give the following list (starting with
the thermally most stable plastic): HDPE > LDPE > PP > PS > UPVC > PPVC.

Figure 18. Arrhenius plot of LDPE, HDPE, PS and PP.
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Figure 19. Arrhenius plot of the three reactions constituting UPVC.

3.5.5 Multi-material fraction

In order to check the possibility of determining the activation energy of a physical
mixture of paper and plastic, experiments on juice and milk cartons were performed.

3.5.5.1   Juice carton and milk carton

Two different types of beverage cartons were used for the study of the multi-material
fraction. The TG and DTG diagrams in Figure 20 show similar behaviour for both
juice and milk carton. The only visible difference is the higher fraction of remaining
residue for juice carton and the higher paper to plastic ratio for milk carton. The
higher share of remaining residue for juice carton is due to the content of aluminium
(5%) in juice carton. However, the content of aluminium should to some minor extent
be compensated by the higher paper to plastic ratio for milk carton. This is not evident
looking at the TG curves. The similarity observed in the TG and DTG diagrams is
confirmed by the kinetic analysis. The results from the kinetic analysis given in Table
19 show almost identical values both for the activation energy and peak temperature.
A comparison of the activation energy of reaction 2,3 and 4 to the mean values
obtained from the analysis of different types of paper in Table 14, show that they are
within the range set by the standard deviation. The only exception is reaction 2 for
milk carton which is slightly below. It must, however, be noticed that reaction 4
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(hemicellulose) is overestimated for both juice- and milk carton. The lack of shoulder
for reaction 4 causes this overestimation and will have an effect of the calculation of
activation energies. For reaction 1 (LDPE) the activation energy and peak temperature
is very close to those obtained in the kinetic analysis of pure LDPE (section 1.5.4.2)
only with a slightly lower activation energy and peak temperature. Figure 21 show the
reaction rate constant as a function of temperature for the individual reactions of milk
carton. This figure demonstrates the behaviour of a multi-material component
containing both paper and plastic. The individual behaviour of paper/cardboard and
LDPE has been discussed earlier and will not be discussed further here. However, one
can observe that there is only one overlapping reaction (reaction MC2), which is the
decomposition of lignin/char of the paperboard. LDPE is the dominating reaction
above approximately 440oC.

150 200 250 300 350 400 450 500 550 600
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Temperature [ C]

m
/m

0

Differential Data

150 200 250 300 350 400 450 500 550 600
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
x 10

-3

Temperature [ C]

- 
d(

m
/m

0)
/d

t  
[1

/s
]

1

2

3

4

150 200 250 300 350 400 450 500 550 600
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Temperature [ C]

m
/m

0

Differential Data

150 200 250 300 350 400 450 500 550 600
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

x 10
-3

Temperature [ C]

- 
d(

m
/m

0)
/d

t  
[1

/s
]

1

2

3

4

Figure 20. TG and DTG curves for juice and milk cartons. Juice carton to the left.
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Table 19. Kinetic parameters for juice and milk carton evaluated with differential
method.

Evaluated
curve

Reaction 4 Reaction 3 Reaction 2 Reaction 1

E4 [kJ/mole]
logA4 [log s-1]

c4 [%]
(Tpeak,4)calc [oC]

E3 [kJ/mole]
logA3 [log s-1]

c3 [%]
(Tpeak,3)calc [oC]

E2 [kJ/mole]
logA2 [log s-1]

c2 [%]
(Tpeak,2)calc [oC]

E1 [kJ/mole]
logA1 [log s-1]

c1 [%]
(Tpeak,1)calc [oC]

DTG 109.0 249.0 39.7 321.2
Juice carton 7.21 18.90 0.31 20.62

28.7 22.7 10.9 19.9
330.1 352.9 402.1 470.7

DTG 110.1 257.0 35.2 316.2
Milk carton 7.31 19.59 -0.06 20.28

37.6 23.6 12.9 12.7
330.6 352.4 397.6 470.4

Figure 21. Arrhenius plot of milk carton.
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3.5.6 Mixtures

In order to check possible interaction between different components in MSW, a study
was performed on mixtures of two components. The sample weight of the mixtures
were 10 mg with 50% (5 mg) of each component. In the mixture experiments paper
was laid in the bottom of the sample cup and plastics at the top. This ensure the best
possible mixing, due to the fact that paper decomposes at a lower temperature and
hence will have the possibility to interact with the plastics before it escapes the
sample cup. The plastic will also melt prior or in the same temperature range when
paper starts to decompose, so laying the plastic in the bottom would not give the paper
the possibility to interact with the plastic. For the experiments with mixture of paper
and mixture of plastics, the components where not put in different layers, but
thoroughly mixed. Newspaper and glossy paper were chosen for this study,
representing the paper fraction. Newspaper has a low ash content and glossy paper has
a high ash. This choice was made in order to see if there could be any interactions
between components in a physical mixture due to catalytic effects caused by the ash.
LDPE and UPVC were picked out to represent the plastic fraction. LDPE and UPVC
decompose in a completely different pattern and constitute a major share of the
plastics found in MSW.

The curves presented in Figure 22 represents the mass fraction (m/m0) and reaction
rate (d(m/m0)/dt) for the mixture of two components and the sum of the individual
components. The experiments on mixtures and single components are performed in
exactly the same way with the same procedures. The experiments on mixtures were
performed with a sample weight of 10 mg, while the experiments on single
components were performed with a sample weight of 5 mg. The curve representing
the sum of the individual components is derived by first multiplying the data (curve
value) for each component by this components contribution in the mixture
experiment. In this case a factor of 0.5, corresponding to 50% in the mixture was used
for both components. Secondly the contribution from each component is added to
derive the sum of the two components. In other words, the curve representing the sum
of experiments on single components, is a weighed contribution from each
component. Experiments on mixtures of different types of paper and paper and LDPE
were performed, however no interaction  was found.
Mixing UPVC with newspaper gave evident interactions in the low temperature area.
The dehydrochlorination of UPVC seems to increase the reactivity of the cellulosic
substance newspaper, even in a physical mixture. At 320oC, the conversion of the sum
of the single components is approximately 40%, while the conversion of the mixture
is 55% giving a difference of 15%. However, the interactions in the low temperature
area have no impact on the decomposition of UPVC and char from newspaper in the
higher temperature area as can be observed in Figure 22. Another study investigating
the co-pyrolysis of PVC with straw also found evidence of interaction during the
dehydrochlorination step. One probable explanation of the interaction between straw
and PVC was that the liberated HCl may interact chemically with the cellulose,
probably catalysing an acid hydrolysis type of reaction making it less stable44. No
other theory for the interaction between paper and UPVC will be presented here as it
is beyond the scope of this work. The same phenomena as described for the mixture
of UPVC and newspaper is observed for the mixture of UPVC and glossy paper. At a
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temperature of 320oC, the conversion of the sum of single components is 28%, while
the conversion of the mixture is 42%.

50 w% Newspaper and 50 w% UPVC
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Figure 22. Decomposition of UPVC and newspaper. TG and DTG diagrams of a
mixture of 50% UPVC and 50% newspaper and the sum of the single components.

3.6 Sources of errors

For determination of moisture, HHV, volatile matter and ash, standardised methods
have been employed. These standardised methods also include an estimate of
precision and bias. However, the repeatability for determination of HHV, volatile
matter and ash content was checked. The standard deviation of the determination of
ash, HHV and volatile matter was 5%, 0.5% and 2.3% respectively. The relatively
high standard deviation for determination of ash can be explained by the low content
of ash in the test sample (newspaper ~1% ash). The method used for determination of
ash set a typical ash content of 20% when evaluating the precision and bias.

The sources of errors for the experiments performed on the TGA apparatus have been
thoroughly investigated by other researchers and will not be subject to any
comprehensive discussion here26. A check of the repeatability of experiments has
been performed. Figure 23 show the repeatability of five experiments on whatman
filter paper. The sample weight was approximately 5 mg. The results show that the
peak temperature and reaction rate is almost identical. The char fraction, however, is
subject to a larger deviation. This has also been discussed by others26. An evaluation
of the standard deviation of calculated kinetic parameters are listed in
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Table 20.

Table 20. Evaluation of repeatability of calculated kinetic parameters. TG and
DTG analysis.

Sample no. TG
E [kJ/mole] logA [log s-1]

DTG
E [kJ/mole] logA [log s-1]

1 274.7 20.94 257.5 19.52
2 281.4 21.50 265.8 20.22
3 283.1 21.66 267.8 20.40
4 285.0 21.84 268.3 20.45
5 280.1 21.42 265.2 20.19

Average value 280.9 21.50 264.9 20.20
Standard deviation     3.9   0.30     4.3   0.40
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Figure 23. Repeatability tests for whatman filter paper.
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3.7 Conclusions

Sixteen different components, representing the major share of the dry combustible
fraction of MSW, has been subjected to thermal characterisation. Different types of
paper, one type of cardboard, one type of cotton and two types of wood has been
examined. Representing the plastic fraction six of the most commonly found plastics
in MSW was chosen. Two samples of cartons representing the multi-material fraction
were also subject to investigation in this study. The thermal characterisation has
included determination of higher heating value and moisture, a proximate analysis and
TGA experiments including determination of kinetic parameters. This study has
shown that paper and cardboard have a similar thermal decomposition and properties
as wood. The major difference is the higher content of ash due to additives in paper.
This higher ash content has a minor influence on the thermal degradation during
pyrolysis. It has also been shown that HHV and the proximate behaviour can be
expressed as a linear function of the ash content. The TGA experiments showed that,
the high content of ash in some component does not cause any catalytic effects to
other components in a mixture. The plastic components in this study proved to have a
high volatile fraction, approximately no ash and a high heating value compared to the
cellulosic fraction. With the exception of PPVC and UPVC, the thermal degradation
of plastics occurs at a higher temperature over a more narrow temperature range. In
combustion systems care should be taken when increasing the plastic to paper ratio.
The release of heavy hydrocarbons at higher temperatures from plastics will increase
the need for air supply. The melting behaviour of plastic should be taken into
consideration when constructing an incinerator. Combustion of a high PVC to paper
ratio will release volatiles at a lower temperature, which might influence the
construction of the air supply in an incinerator. This knowledge on thermal behaviour
of single components in MSW and their behaviour in mixtures can serve as a
foundation for decision making in waste management in general and especially for
constructors and operators of MSW/RDF incinerators.

3.7.1 Higher heating value determination and proximate analysis

A moisture determination was performed for all samples. The results show a variation
between approximately 4 to 8% for the cellulosic and multi-material fraction of
MSW, while the plastics had practically no moisture.

Higher heating value. For the three different types of paper and cardboard, the HHV
was linear function of the ash content, ranging from approximately 10 to 20 MJ/kg.
The two types had practically the same HHV as for newspaper, while cotton had a
somewhat lower HHV. The plastics in this study had similar HHV approximately 45
MJ/kg with the exception of the two types of PVC, which had a HHV approximately
one half of the other plastics due to the high concentration of chlorine (~50%). For the
multi-material samples, it is clear that the heating value equals the sum of each
component. Giving a HHV slightly higher than for paper, due to the content of LDPE
and aluminium.

Proximate analysis.  Caution should be taken when performing proximate analysis of
MSW components. The reason for this is that the chemical composition can vary to a
great extent between the different components, giving room for misinterpretation of
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results. However, a proximate analysis has been performed using standardised
methods for RDF. The three different types of paper and cardboard had ash content
ranging from 1% to 28%, while the two types of wood and cotton had almost no ash.
Practically no ash was found for the plastic samples with only exception of the
coloured plastic bag which had approximately 2% ash. This is as expected as the
plastic samples in this study was pure and non-coloured. The ash content of the multi-
material fraction (juice and milk cartons) was approximately 5%. The volatile matter
for the paper/cardboard fraction ranged from 67% to 89% with corresponding fixed
carbon ranging from 5% to 11%. The volatile matter of wood was approximately 90%
with corresponding amount of fixed carbon around 10%. Cotton had 98% volatiles
and 2% fixed carbon. The multi-material fraction had 86% to 90% volatile matter and
approximately 6% fixed carbon. All plastics, with the exception of UPVC and PPVC,
had virtually 100% volatile matter and no fixed carbon. UPVC and PPVC had
approximately 95% volatile matter and 5% fixed carbon.

3.7.2 TGA experiments and kinetic study

A kinetic study of each component has been performed trying to link the chemical
composition to the thermal decomposition and obtained data from the kinetic analysis.
The following major conclusions can be drawn:

Paper and cardboard can be modelled as a set of three reactions describing the
decomposition of hemicellulose, cellulose and combined char/lignin decomposition.
The only exception was glossy paper, which had a forth reaction describing the
volatile release of additive.

The obtained data from the kinetic analysis were in the same range as obtained for
other cellulosic substances such as wood and straw.

• The lack of a pronounced shoulder for the hemicellulose reaction can lead to a
overestimation of the hemicellulose to cellulose ratio.

• No effect of washing paper samples in order to remove ash and hence remove the
possibility of catalytic reactions was discovered.

• The degradation of paper and cardboard started at approximately 200oC. At 500oC
most of the volatile reactions was finished. The highest reaction rate was located
at approximately 360oC.

• HDPE, LDPE, PP and PS could all be modelled as a single reaction describing the
decomposition of the polymer.

• UPVC and PPVC on the other hand were modelled with three and four reactions,
respectively. This is reflected by a more complex chemical composition,
compared to the other plastics.
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• For PPVC as opposed to UPVC, it was hard to get a good estimation of the
dehydrochlorination reaction. This reaction was overestimated leading to an
underestimation of the devolatilisation of the additive.

• HDPE, LDPE, PP and PS were all volatilised between 350oC and 500oC.

• UPVC and PPVC had a completely different volatile behaviour, volatilising
between 150oC and 525oC.

• For the multi-material fraction, it was possible to identify decomposition of
paperboard and LDPE. Kinetic parameters matched well with those found for
decomposition of paper/cardboard and pure LDPE. It should be noticed that there
was no pronounced shoulder for the decomposition of hemicellulose leading to an
overestimation of the hemicellulose to cellulose ratio.
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4 FORMATION OF NO FROM COMBUSTION OF
VOLATILES FROM MUNICIPAL SOLID WASTE
COMPONENTS AND THEIR MIXTURES

Chapter 4 is recently published in the Scientific Journal Combustion & Flame.

Reference:

Sørum, L, Glarborg, P., Jensen, A., Skreiberg, Ø. and Dam-Johansen, K. “Formation
of NO from Combustion of Volatiles from Municipal Solid Waste Components and
Their Mixtures”, Comb. & Flame, 123:195-212, 2001.

4.1 Abstract

An experimental and theoretical study has been performed on the formation of NO in
the combustion of volatiles from municipal solid wastes. Experiments on single
components and their mixtures were conducted in a small-scale fixed bed reactor.
Numerical simulations using the opposed flow diffusion flame program OPPDIF were
performed to obtain a further understanding of the experimental results. Conversion
factors for fuel-N to NO have been determined for single components of newspaper,
cardboard, glossy paper, low-density polyethylene (LDPE) and poly(vinylchloride)
(PVC) and their mixtures, using gases with oxygen concentrations of 12, 21 and 40
vol.%. For single components experiments at 100 vol.% oxygen were also performed.
The conversion factors for paper and cardboard varied from 0.26 to 0.99. The
conversion factor for LDPE and PVC varied from 0.71 to 10.09 and 0.04 to 0.37,
respectively. Conversion factors higher than 1.0 in the case of LDPE clearly a show
that NO is formed by thermal and/or prompt mechanisms. For mixtures, a comparison
between calculated conversion factors (based on a weighted sum of the conversion
factors for single components) and the experimentally determined conversion factor
for pellets of the mixture were performed. For mixtures of paper and cardboard a
significant difference in conversion factor for the sum of single components and
mixture experiments could only be found at 40 vol.% of oxygen. For mixtures of
paper/cardboard and plastics, however, significant differences in the conversion factor
were observed at all oxygen concentrations when comparing experiments on a
mixture of paper and plastics with the weighted sum of the single components. The
explanation is found in the different combustion properties for paper/cardboard and
plastic, which in this case make the formation of thermal NO from LDPE more
favourable for the single component than in mixtures with other components. The
simulations with OPPDIF confirmed the trends observed in the experimental study
and allowed an assessment of the contribution of the different mechanisms of NO
formation.
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4.2 Introduction
In recent years, waste management has become increasingly complex. Earlier,
Municipal Solid Waste (MSW) was sent to landfill sites, which was considered the
most economic way of handling MSW. However, in the last two decades awareness
of the environmental hazards and a lack of landfill sites, have promoted an increased
number of alternative waste treatment systems. Today MSW management systems are
complex and a product of several different factors. Factors influencing the choice of
MSW management systems are composition of the waste, environmental and
economical aspects and also infrastructure (i.e. type of housing, access to landfill
sites, etc.) Material recovery and re-use, combustion with energy recovery,
composting and landfilling are the most common parts of today’s waste management
system. There is an international trend towards increasing material re-use and
recycling. The increased recycling of materials, such as paper, plastic and beverage
cartons may influence the performance of combustion systems. The increased
complexity of MSW management systems makes detailed characterisation of MSW
components necessary. The trend today is to classify waste into categories depending
on composition. Classification of waste as a fuel with a certain quality and
composition will make it easier for operators and manufacturers of combustion plant
to assess the consequences of burning different wastes. To do this, fundamental
knowledge of the combustion properties of the different components and possible
interactions in mixtures should serve as a basis for these decisions.

Reducing the emission of nitrogen oxides (NOx) from burning MSW and
Refuse Derived Fuel (RDF) is one of the challenges in this field. NOx abatement is
generally divided into two categories. Primary measures involve treatment prior to or
during the combustion process and are not considered to be part of the air pollution
control (APC) system. Generally, there are a wide range of primary reduction
techniques, such as staged air combustion, reduced excess air (improved mixing),
reburning, flue gas recirculation and combustion with pure oxygen. Pickens [1]
reported that typical baseline NOx emission levels for commercial moving grate and
stoker incinerators were 350-600 mg/Nm3 at       7 vol.% oxygen. Emissions of nitric
oxides are generally lower with fluidised beds than with grates for two reasons: the
combustion temperature is lower and the excess air level is lower (typically 50%
lower excess air) [2]. Primary measures can achieve up to 70% reduction. However,
secondary measures, which are part of the APC system, are often necessary [3].

A nitrogen-content of 0.45 wt% is typical for MSW [4,5]. For paper and
plastics typical nitrogen-contents ranging of 0.11 - 0.8 and 0.3 - 0.85 wt%,
respectively, have been reported [4,5]. Chemically paper and cardboard consists of
three main constituents, namely hemicellulose, cellulose and lignin [6]. Aho et al. [7]
concluded that nitrogen in fuels with a high O/N ratio, such as wood, mainly can be
found in pyrrolic forms. Nitrogen, however, might also be found in additives, such as
colour, ink and binders. Bowman [8] stated that for fossil fuels the conversion of fuel-
N to NO is strongly dependent on the fuel-air ratio and on combustion temperature,
and only slightly dependent on the identity of the parent nitrogen compound.

Typically, of the NOx formed during the combustion of waste, nitric oxide
(NO) is the major component, with a much smaller fraction, usually less 5% of the
total NOx, appearing as nitrogen dioxide (NO2) and an almost insignificant amount of
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nitrous oxide (N2O) [9]. Abbas [9] also stated that 5 - 15 % of the total NO is formed
by the thermal NO mechanism, while up to 5% is formed in the prompt mechanism.
The remaining NO is formed through conversion of fuel-N to NO (fuel NO).

The objective of this study was to investigate the formation of NO in detail for
different components of MSW such as paper, cardboard and plastics and their
mixtures. The mechanisms of NO formation have been studied experimentally and
with numerical simulations, investigating the influence of oxygen concentration and
temperature and mass of sample. The focus has been on determining typical
conversion levels and trends for NO formation from different MSW components in a
small-scale laboratory furnace and not on absolute emission levels for MSW
combustion plants.

4.3 Experimental methods
Five components of MSW were investigated in this study, both as single components
and in mixtures. Newspaper (NP), glossy paper (GP) and cardboard (CB) were chosen
as representatives of the cellulosic paper/cardboard fraction of MSW. Low-density
polyethylene (LDPE) taken from a white coloured plastic bag and poly(vinylchloride)
(PVC) taken from a grey coloured piece of a solid plate, were chosen to represent the
plastic fraction. Table 1 shows results from a C/H/N/S/Cl analysis of both fresh
samples and char formed at 1123 K and a proximate analysis of each component. The
proximate analysis was performed according to ASTM standards for RDF. These
standards specify 848 K for the determination of ash and 1223 K for measuring
volatile matter. However, in order to be sure of closing the mass balance for the
proximate analysis, determination of ash was also performed at 1223 K. Only GP
experienced a significant weight loss between 848 and 1223 K (ash-content reduced
from 44 to 27 wt%). The ultimate analysis of NP, CB and GP shows similar results.
The nitrogen-contents of NP, CB and GP were 0.11, 0.11 and 0.14 wt%, respectively.
However, it should be noted that the carbon-content of the char for GP was ~ 40%
lower than for NP and CB. The proximate analysis shows that the ash-content of GP
is 27 wt%, whereas the ash-content in NP and CB is 0.6 and 1.2 wt%, respectively.
Comparing GP to NP and CB, less moisture, volatile matter and fixed carbon for GP
was observed. PVC and LDPE have a similar low content of nitrogen with 0.04 and
0.05 wt%, respectively. The nitrogen-content in PVC and LDPE can originate from
compounding ingredients such as stabiliser, plasticiser, extenders, fillers, pigment,
etc. since the original polymers does not contain nitrogen. It is known, for example,
that stabiliser for PVC contains nitrogen [10]. Otherwise, the ultimate and proximate
analysis of PVC and LDPE shows different characteristics. PVC has ~ 50 wt% of
chlorine, whereas LDPE consists of carbon and hydrogen. PVC has a fixed carbon
content of almost 15%, while LDPE has 100% volatile matter on an ash free basis.

Pellets of the different components and mixtures of components were
prepared. Paper and plastic were cut into small pieces (~ 5x5 mm) and compressed.
The components constituting the mixture pellets were mixed thoroughly before
compression. The thorough mixing and compression increases the possibility of
interactions between the different components. The pellets were ~ 12 mm in diameter
with varying heights, depending on the material, ranging typically from 8 - 25 mm.
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The combustion experiments were performed in an electrically heated small-
scale fixed bed reactor, a schematic drawing of which is shown in Fig. 1. The top
section consists of an outer steel tube and an inner alumina tube to prevent reactions
catalysed by steel in the freeboard.

The pellets were put in a cylinder (i.d. 13 mm; height 54 mm), which was
open at the top, allowing pyrolysis gases and tars to escape and enter the reactor. The
solid wall and the height of the cylinder do not allow oxygen to react with the sample
inside the cylinder. Hence, this study only investigates the formation of NO from
combustion of the volatile material in the fuel (volatile fraction 85 - 100% on a dry
ash free basis). Heterogeneous reactions (oxidation of char) have not been examined
in this study. An inconel wire fastened the cylinder to the top screw. The cylinder
with the sample was lowered into the reactor just above the air distribution plate,
which had 127 holes of diameter 0.55 mm. The reactor had seven separately
controlled heating elements, two in the bottom section (preheating of oxidiser) and
five in the top section. The heating elements were controlled so that the freeboard
section was isothermal as close as possible.

Table 1. C/H/O/N/S/Cl (dry ash free) analysis of fresh samples and char formed
at 1123 K and proximate analysis (n.d. = not determined).

Sample C
[wt%]

H
[wt%]

Oa

[wt%]
N

[wt%]
S

[wt%]
Cl

[wt%]
Fresh samples

Newspaper 52.1 5.9 41.86 0.11 0.03 n.d.
Cardboard 48.6 6.2 44.96 0.11 0.13 n.d.
Glossy paper 45.6 4.8 49.41 0.14 0.05 n.d.
LDPE 85.7 14.2 0.05 0.05 0.00 n.d.
PVC 41.4 5.3 5.83 0.04 0.03 47.7

Char

Newspaper 92.3 1.3 6.29 0.11 n.d. n.d.
Cardboard 85.4 1.2 13.32 0.08 n.d. n.d.
Glossy paper 56.7 0.6 42.7 <0.05 n.d. n.d.
PVC 71.4 1.9 1.0 <0.05      n.d.    25.7

Ash
[wt%]

Volatile
matter
[wt%]

Fixed
carbon
[wt%]

Moisture
[wt%]

Newspaper 0.6 80.5 11.0 7.9
Cardboard 1.2 81.9 10.3 6.6
Glossy paper 27.0 65.1 4.4 3.5
LDPE 2.1 97.6 0.0 0.3
PVC 4.2 81.4 14.4 0.0
a O obtained by difference
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Figure 1. Schematic drawing of reactor.

Figure 2 shows the experimental set-up. High purity N2 and O2 were delivered
from pressurised bottles connected with a pressure control valve. A mass flow
controller controlled the flow-rate of each gas, before the gases were mixed in the
mixing vessel. The mixed gas was fed to the bottom of the reactor for preheating. The
flue gas was sampled at the top of the reactor, by sending it through a small cyclone to
remove particles. A sample line from the cyclone delivered gas to the analysers. The
pump and mass flow controllers ensured a constant flow to the analysers. A particle
filter and a condenser were connected to the sample line prior to the pump to remove
fine particles and water from the flue gas. The analysers were connected in series.
Oxygen was measured with a paramagnetic (Hartmann & Braun Magnos 3) analyser,
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CO2 and CO were measured with infrared (Hartmann & Braun analysers URAS 4 and
URAS 3G) analysers, respectively. Nitric oxide was measured by the non-dispersive
ultraviolet absorption technique (Hartmann & Braun Radas 2 analyser). Sulphur
dioxide was also measured by an ultraviolet absorption analyser (NGA 2000 MLT).
The concentrations of O2, CO2, CO, NOx and SO2 were continuously recorded by a
data acquisition system every half-second. The typical uncertainty in all these
measurements was a maximum deviation of 1% of the range of each analyser.

CO
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NO
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Suction Cyclone
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Pump
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Figure 2. Experimental set-up.

Table 2 shows the experimental matrix for this investigation. Samples heavier
than 0.12 g (0.2 g in the mixture with paper/cardboard and PVC) for LDPE were not
used, since the reactor was not big enough to handle the sudden release of
hydrocarbon volatiles from this fuel. Samples above 0.12 g gave problems from a lack
of oxygen causing incomplete combustion, resulting in high values of CO. Increasing
the flow of oxidiser did not promote complete oxidation, because this also reduced the
residence time. The variations in compositions for the different mixtures of paper,
cardboard and plastics in Table 2 reflect the typical composition of MSW and RDF
[11,12 ,14]. However, compositions outside this range were also studied.
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Table 2. Experimental matrix.

Component Sample
mass
[g]

Temperature
range
[K]

O2 concentration
in oxidiser

[vol.%]
Single components
Newspaper
Cardboard
Glossy paper
LDPE
PVC

0.2 - 2.0a

2.0
2.0

0.05 – 0.2a

2.0

973-1123b

1123
1123

973-1123c

1123

12, 21, 40, 100d

12, 21, 40, 100
12, 21, 40, 100
12, 21, 40, 100e

12, 21, 40, 100

Mixture of paper/cardboard
20-80% Newspaper
10-70% Cardboard
10-70% Glossy paper

2.0 1123 12, 21, 40

Mixture of plastics
33-67% LDPE
33-67% PVC

0.2 1123 12, 21, 40

Mixture of paper/cardboard
and plastics
15-60% Newspaper
10-55% Cardboard
10-55% Glossy paper
10% LDPE
10-55% PVC

2.0 1123 12, 21, 40

a Variation of sample weight performed at 1123 K and 21 vol% O2.
b Variation of temperature performed with a sample weight of 2.0 g.
c Variation of temperature performed with a sample weight of 0.12 g.
d Variation of O2 concentration performed with a sample weight of 2.0 g and
   temperature of 1123 K.
e Variation of O2 concentration performed with a sample weight of 0.12 g and
   temperature of 850oC.

The measurements from the combustion experiments were analysed and the
conversion factor for volatile fuel-nitrogen to NO was calculated for each experiment,
from integrating the transient [NO] over time. Equation (1) describes how the
conversion factor for the volatile nitrogen was calculated.

( ) [ ]� ∆⋅⋅⋅=− tNOMXmVNfuelNO NN0 (1)

In Eq. 1, V [Nm3/s] is the constant gas flow rate, m0 [g] is the initial volatile mass of
the sample on dry basis, XN [-] is the initial mass fraction of volatile nitrogen in the
sample, MN [g/mol] is the atomic weight of nitrogen, [NO] [mol/Nm3] is the transient
NO concentration and ? t [s] is the time interval for recording of data. The conversion
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of fuel-N to NO can be considered as a two-step process. The first step (in this case
pyrolysis in the cylinder) will convert volatile nitrogen to intermediate products, such
as HCN and NH3. The second step is the conversion of the intermediate products to
NO. Some of the volatile nitrogen will also be converted to N2 in both steps; however,
Eq. 1 calculates the total conversion of volatile nitrogen to NO.
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Figure 3. Repeatability tests of NO emission level for NP and LDPE. Sample mass
mNP = 2.0 g and mLDPE = 0.12 g, Reactor temperature T = 1123 K, O2 concentration =
21 vol%.
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The repeatability of the experiments was checked, both for single components
and for mixtures. Three experiments in succession, under identical experimental
conditions, were performed. Figure 3 shows the emission level of NO as a function of
time for three experiments on NP and LDPE. The emission levels were quite well
repeated for both NP and LDPE. The conversion factor was calculated for each of
these experiments and a standard deviation in the conversion factor of 3.6 and 3.7 %
was found for NP and LDPE, respectively. Standard deviations of 2.5 and 1.9 % were
found for a chosen composition of mixture of paper/cardboard and a mixture of
paper/cardboard and plastics, respectively.

4.4 Experimental results

Experiments have been performed on single particles of NP, CB, GP, LDPE and
PVC. In addition, experiments with mixtures of only paper/cardboard, mixtures of
plastics and mixtures of paper/cardboard and plastics have been performed.

4.4.1 Single Components

Figure 4 shows [NO] from the five different components in this study. NP and CB
have similar [NO] profiles. The overall profiles for GP, LDPE and PVC, however, are
significantly lower. The differences between the components can be explained by
differences in fuel properties; elemental composition, devolatilisation behaviour and
in the case of LDPE, the samples mass is also of great importance (0.12 g versus 2.0
for the other fuels). For PVC and LDPE small but significant amounts of NO was
observed at all oxygen concentrations prior to the major formation of NO. After a
detailed study of the data, minor oxygen consumption was also observed. A small
blue and yellow flame was observed before the major combustion took place. The
minor formation of NO for PVC and LDPE may therefore partly be explained by a
minor release of volatiles creating a small flame before the main combustion took
place. However, other factors such as a release of a larger amount of volatile nitrogen
and higher flame temperature in the first stage of devolatilisation compared to the
second stage can explain the observed NO formation.
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Figure 4. Transient emission levels of NO for the different components in this study.
Sample weight equals 2.0 g with the exception of LDPE (sample weight = 0.12 g).
Reactor temperature = 1123 K and O2 concentration = 21 vol%.

Figure 5 shows [CO2] and [O2] for experiments on 0.12 g of LDPE and 2.0 g
of NP; NP has a burnout time of ~ 2 minutes, while the burnout time for LDPE is
~ 30 seconds. The observed difference in burnout time is explained by different
devolatilisation rates and masses of sample. The peak oxygen consumption for LDPE
is slightly higher than for NP. The oxygen consumption is controlled by the
devolatilisation rate and pyrolysis gas composition. The stoichiometric oxygen
requirements calculated from their elemental compositions for LDPE (consisting of
hydrogen and carbon) and NP (with a high yield of oxygen) are 209 and 83
mole/kgfuel, respectively. These values are similar to the calculated oxygen
consumption for experiments on LDPE and NP at base case conditions (21 vol.%
oxygen and 1123 K), being 238 and 78 mole/kgfuel. Taking the weight of the volatile
fraction of the samples into consideration, the total number of moles of oxygen
needed for complete combustion of LDPE and NP are 0.029 and 0.133, respectively.
Given similar release rate of volatiles, the burnout time would be ~ 14 times higher
for NP than for LDPE, while the actual burnout time ratio is ~ 4. Although the release
rate is significantly lower, the peak oxygen consumption is higher for LDPE than for
NP. Hence, a lower release rate of volatiles and higher oxygen requirement for LDPE,
explains the different oxygen consumption curves.
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Figure 5. CO2 and O2 levels for experiments on LDPE and Newspaper. Reactor
temperature is 1123 K and O2 concentration is 21 vol%. mLDPE = 0.12 g and mNP = 2.0
g.

Table 3 shows the calculated conversion factors for single components as a
function of oxygen concentration. Only minor differences in the conversion factors
were observed from 12 to 21 vol.% O2. Therefore, it was decided to run experiments
with oxygen concentrations above 21 vol.% O2, which should result in a more intense
flame with a higher temperature, thereby forming thermal NO. Three experiments
were conducted for each oxygen concentration, except for 100% O2, where one
experiment was performed on each sample. Average values for the conversion factor
and standard deviation are shown in Table 3.
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Table 3. Average conversion factor (NO/fuel-N) for single components of 2.0 g
as a function of oxygen concentration in oxidiser at a reactor
temperature of 1123 K.

O2
[vol.%]

Newspaper Cardboard Glossy paper LDPEa PVC

( )NfuelNO −/
STDEV [%]

( )NfuelNO −/
STDEV [%]

( )NfuelNO −/
STDEV [%]

( )NfuelNO −/
STDEV [%]

( )NfuelNO −/
STDEV [%]

12 0.49 0.48 0.27 1.60 0.21
1.3 2.4 1.6 9.8 6

21 0.54 0.53 0.26 1.96 0.23
3.7 0.9 1.8 3.7 10.2

40 0.99 0.86 0.32 10.09 0.37
2.4 2.6 4 7.2 6.9

100c 0.50 0.42 0.23 0.71 (0.38)b 0.04
a Sample size 0.12 g
b Sample size 2.0 g
c Only one experiment

The fraction of volatile nitrogen is determined by subtracting the remaining
nitrogen-content in the char as determined from the proximate and ultimate analysis.
However, the conditions for devolatilisation of nitrogen may vary for different fuels
and conditions. In order to validate the use of a proximate and ultimate analysis to
determine the fixed content of a certain element, a mass balance for carbon was
calculated for each of the experiments (C in fresh sample vs C in char, CO and CO2).
Using the ultimate analysis on fresh samples, char formed at 1123 K and measured
CO and CO2 values closes the mass balances for carbon well (within ± 10 wt%). The
results also showed that the major part of the volatile-C is found in CO2 (>95%). PVC
produces the largest fraction of CO from volatile-C (~5% of volatile-C), while
corresponding values for other samples are typically 0-3%.

The conversion factors for NP are 0.49, 0.54 and 0.50 at 12, 21 and 100 vol.%
oxygen, respectively. The corresponding values for CB are 0.48, 0.53 and 0.42. At 40
vol.% O2 the conversion factor increases to 0.99 for NP and 0.86 for CB, which is
approximately a 80% increase from 21 vol% oxygen for NP and a 60% increase for
CB. These results show that the NO formation is more sensitive to combustion
temperature caused by a higher oxygen concentration, than to a higher availability of
oxygen. In other words, very similar behaviour was observed for NP and CB for all
oxygen concentrations. Skreiberg et. al. [13] reported a conversion factor of ~ 0.3 and
0.45 at 11 and 21 vol.% oxygen for a spruce sample of 700 mg at 1073 K in the same
reactor as in this study. However, the conversion factor was based on total conversion
of the fuel (volatiles and char) and not only on volatiles, as in this study.

Glossy paper, however, behaves differently with conversion factors of 0.27,
0.26 and 0.23 at 12, 21 and 100 vol.% oxygen. When increasing the oxygen
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concentration from 21 to 40 vol.% O2, a small increase in conversion factor from 0.23
to 0.32 was observed.  Comparing the conversion factors at 12, 21 and 100 vol% O2
for GP with NP and CB, the conversion factor for GP is approximately a factor of two
lower. The explanation may be that the GP sample contained a more iron than NP and
CB [14]. Mori et. al. [15] studied the effect of iron catalysts on the fate of fuel-
nitrogen during coal pyrolysis; they concluded that an iron content of 0.2-0.7 wt%
promoted both the formation of N2 and lower yields of HCN, NH3, N-containing oil,
tar and char. However, the very high amount of ash in GP may also contain other
catalytic species and have the same effect as iron on the conversion of fuel-nitrogen.

The large conversion factors for LDPE clearly indicate the production of
thermal NO and possibly prompt NO too. The conversion factor increased ~ 500%
when the oxygen concentration was increased from 21 to 40 vol.%. The prompt NO
mechanism is important at fuel-rich conditions [16], so this large increase in the
conversion factor can mainly be explained by a larger formation of thermal NO due to
a higher combustion temperature with more O2 present. PVC shows similar behaviour
to GP: the conversion factor increased by ~ 60% from 21 to 40 vol.% O2. However,
the conversion factor with 100 % O2 is close to zero. One of the most important
differences between PVC and the other fuels used in this study is the high content of
chlorine. The low conversion factor with pure O2 implies that the formation of NO at
lower O2 concentrations is by the thermal and/or prompt mechanism. However, due to
high concentrations of chlorine in PVC, the formation mechanism for NO is more
complex and presently not fully understood, even though several studies have
investigated the effect of chlorine in combustion processes [17-20].

The oxidation of CO by the hydroxyl radical (OH) is much faster than steps
involving O2 or O [16]. However, the fuels in this study contain sufficient hydrogen to
produce hydroxyl radicals, so the oxidation of CO becomes fast and incomplete
combustion is avoided. This is confirmed by the low CO emissions observed at all
oxygen concentrations for all components.

The influence of the sample’s mass was investigated for NP and LDPE. The
conversion factor for NP increased from 0.50 to 0.59 when its mass was reduced from
2.0 to 0.2 g with 21 vol.% oxygen. For LDPE the conversion factor increased from
2.05 to 2.73 with a reduction in sample mass from 0.2 to 0.05 g. Care should be taken
interpreting these results, since different variables are coupled. Less sample results in
lower consumption of oxygen and more excess air. A smaller sample also increases
the uncertainty in the calculation of the conversion factor.

For NP and LDPE, the influence of reactor temperature was investigated: a
decrease from 1123 to 973 K resulted in a decrease in conversion factor from 0.50 to
0.45 for NP and from 1.96 to 1.89 for LDPE. These experiments were performed with
21 vol.% oxygen and samples of 2.0 g and 0.12 g were used for NP and LDPE,
respectively. The differences in fuel-N content for the components in this study are
minor; therefore the reduction in conversion when increasing the nitrogen-content, as
stated in the literature [21], is considered of minor importance.
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4.4.2 Mixtures

The conversion factors for the experiments on mixture pellets were compared to the
conversion factors calculated for an imaginary pellet built up from the weighted
contributions of each component’s conversion factor. The experiments on mixtures
and single components were performed in exactly the same way with a mass of 2.0 g,
except for experiments on single particles of LDPE, where a sample of 0.12 g was
used. The conversion factor for the imaginary pellet is described by:

� −⋅=−
j

iiCOMPONENTSSINGLEOFSUM NfuelNOYNfuelNO )/()( (2)

In Eq. 2, Yi is the mass fraction of component i, (NO/fuel-N)i is the conversion factor
for component i as found from the single component experiments and j denotes the
number of components in the actual mixture.

The experiments on mixtures of paper and cardboard gave some interesting
results at 40 vol.% O2. As shown in Fig. 6, the conversion factor for the mixture at 40
vol.% O2 was ~ 10-20% lower than the value calculated from the single components.
This indicates that the lower conversion factor for the mixture pellet is mainly caused
by a lower temperature and hence less contribution from thermal NO. The lower
temperature can be explained by differences in the measured transient oxygen
consumption for the different fuels and hence the devolatilisation rate. The oxygen
consumption for the single components had somewhat different profiles and
maximum values. The transient oxygen consumption for the mixture is a function of
composition. However, at this high inlet oxygen concentration, a difference in the
transient oxygen consumption and hence temperature, might influence the NO
emissions significantly, since a large fraction of the NO is formed thermally. For
experiments at 12 and 21 vol.% O2 the differences in the conversion factors for
mixtures and the calculated sum of single components were minor, being within the
experimental error. For all experiments on mixtures of paper and cardboard, no
influence of a special component could be detected, when the fraction of each
component was varied.
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Figure 6. Conversion factor for mixtures of paper as a function of O2 concentration in
inlet gas. White bars denotes experiments on a pellet of the mixture. Black bars
denote the conversion calculated factor from single components. 1: NP = 80 wt%, CB
= 10 wt%, GP = 10 wt% ; 2: NP = 20 wt%, CB = 70 wt%, GP = 10 wt%; 3: NP = 20
wt%, CB = 10 wt%, GP = 70 wt%.

Interpretation of the experimental results on mixtures of LDPE and PVC were
somewhat more difficult, due to the small sample mass leading to a higher degree of
uncertainty. The results showed no clear trends with oxygen concentration or mixture
ratio, indicating little or no interaction between the two components.

Figure 7 shows the conversion factors for different mixtures of paper and
plastic compared with calculated values. All the mixtures of paper and plastics show
conversion factors lower than estimated from the single components. The major
reason is that the contribution from LDPE in the mixture is not as much as expected.
In fact, the conversion factor for LDPE as a single component exceeds unity for all
oxygen concentrations, clearly indicating a contribution from thermal or possibly
prompt NO. The conditions for formation of thermal NO are not as favourable for the
mixture as for the single component. An indication on the difference in flame
temperature for the different fuels is the adiabatic flame temperature. The adiabatic
flame temperature is the maximum combustion temperature, which will be higher
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than those actually attained in the reactor, given that there will be significant radiative
heat losses. However, as an indicator of differences between fuels and mixtures of
different fuels, and not as a quantitative measure of combustion temperature and
hence NO formation, it is useful. Equilibrium calculations with CHEMKIN III [22]
were performed with the same oxygen concentrations as for the experiments. For
LDPE, the major pyrolysis product is ethene (C2H4) [23]. Ethene was used in the
equilibrium calculations simulating the combustion of LDPE. For paper the following
composition of the pyrolysis gas was used [24]: 0.4 vol.% H2, 41.1% CO, 46.6% CO2,
8.3% CH4 and 3.6% H2O. For PVC, a pyrolysis gas corresponding to the elemental
composition was used: 60 vol.% C2H4 and 40 vol.% HCl. Calculations were also
made for a mixture of paper and plastics, with a composition corresponding to 80
wt% paper, 10% PVC and 10% LDPE. The mixture had the following gas
composition: 0.3 vol.% H2, 31.6% CO, 35.9% CO2, 6.4% CH4, 18% C2H4, 5% HCl
and 2.8% H2O. Table 4 shows the calculated adiabatic flame temperatures for the
different fuels at the same oxygen concentrations at different fuel/air ratios. The
oxygen concentrations are corresponding to those used in the experiments, while λ=3
correspond to the maximum λ observed for NP at base case conditions at maximum
oxygen consumption. Initial temperatures of 673 K for paper and mixture of paper
and plastics and 773 K for LDPE and PVC were used according to their
devolatilisation temperatures as observed from a thermogravimetric analysis of the
different components. Increasing λ from 1.5 to 3.0 decreases the adiabatic flame
temperatures for paper, LDPE and the mixture with 472, 638 and 571 K, respectively.
An adiabatic temperature difference at λ=1.0 increasing from 259 to 621 K when
increasing the oxygen concentration from 12 to 100 vol.% is observed when
comparing paper and LDPE. PVC has a slightly lower adiabatic flame temperature
than LDPE at all oxygen levels. A temperature difference of 163 to 322 K when
increasing the oxygen concentration from 12 to 100 vol.% oxygen is observed when
comparing the mixture to LDPE.  Knowing that the formation of thermal NO
increases exponentially with temperature, starting at approximately 1600-1700 K
[25], a small temperature change will significantly alter the yield of thermal NO. The
relative temperature contribution of LDPE in the flame of the volatile fraction of the
mixture is therefore not as large as if one summarises the weighted conversion factors
for the single components. This is especially evident for experiments at 40 vol.% O2,
where the conversion factor of LDPE as a single component is very high (see Table
3). No clear trend towards a reduced conversion factor for mixtures with a high
content of PVC was observed.
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Figure 7. Conversion factors for mixtures of paper and plastic as a function of O2
concentration in inlet gas. White bars denote experiments on mixtures. Black bars
denote the conversion factor calculated from single components. 1: NP = 60 wt%, CB
= 10 wt%, GP = 10 wt%, LDPE = 10 wt%, PVC = 10 wt%; 2: NP = 15 wt%, CB = 55
wt%, GP = 10 wt%, LDPE = 10 wt%, PVC = 10 wt%; 3: NP = 15 wt%, CB = 10
wt%, GP = 55 wt%, LDPE = 10 wt%, PVC = 10 wt%; 4: NP = 15 wt%, CB = 10
wt%, GP = 10 wt%, LDPE = 10 wt%, PVC = 55 wt%;.
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Table 4. Adiabatic flame temperatures for pyrolysis gas from paper, LDPE,
PVC and mixture of paper and plastics at different oxygen
concentrations in oxidiser and λ.

Sample 12 vol.% O2 21 vol.% O2 40 vol.% O2 100 vol.% O2

λλλλ=1.0
Paper 1840 2174 2417 2598
LDPE 2099 2556 2912 3219
PVC 2001 2472 2833 3131
Mixture 1936 2350 2655 2897

λλλλ (at 21 vol.% O2) 1.5 2.0 2.5 3.0
Paper 1955 1749 1597 1483
LDPE 2260 1973 1768 1622
PVC 2155 1867 1667 1524
Mixture 2073 1816 1634 1502

4.5 Modelling

The opposed flow diffusion flame code in Chemkin III [22], OPPDIF [26], was used
for a parametric study and for comparison with trends observed in the experimental
study. OPPDIF is a Fortran code, which computes the steady state solution for
axisymmetric diffusion flames between two opposing nozzles. The one-dimensional
model predicts the species, temperature and velocity in the core flow between the
nozzles (excluding edge effects). Several aspects of opposed-flow or counter-flow
diffusion flames, such as flame structure, extinction limits and burning velocities,
have been studied numerically and experimentally [27-34]. Mechanisms for NO
formation in opposed-flow diffusion flames have also been investigated. The
contributions from thermal, prompt [35] and N2O mechanisms have been identified
for different fuels under different conditions [36,37]. Turns [38] has reviewed the
formation of NOx in nonpremixed flames and concluded that research was needed into
several aspects of NO formation in both laminar and turbulent jet flames. However,
no literature was found on the formation of NO during the combustion of pyrolysis
gases from paper or plastics.

4.5.1 Methods

The experimental set-up is a co-flow system, whereas the OPPDIF program describes
an opposed-flow system; consequently differences in residence time and flame
structure may occur. However, in laminar diffusion flames, the chemistry,
independent of flow arrangements (co-flow vs opposed-flow system), is occurring in
the flame close to or at stoichiometric conditions. The important parameters in the
simulation of an opposed flow diffusion flame include the velocities of the two gas
flows and the separation between the two nozzles; these two parameters characterise
the residence time. A typical velocity in an experiment with NP was estimated to be ~
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20 cm/s for the whole pyrolysis period for the gas flowing out of the cylinder and ~
40 cm/s for the oxidiser. In this study the distance between the nozzle was kept
constant at 2.0 cm, whereas the exit velocities were varied with a constant
fuel/oxidiser ratio of 0.5 similar to the experiments. Keeping the velocity gradient (i.e.
strain rate) constant, when changing the separation distance and velocities of the fuel
and oxidiser can be used as a control parameter. However, due to differences between
experimental and simulation conditions, using the strain rate as a parameter in the
parametric study would not further explain the experimental results. The temperature
of the fuel (pyrolysis gas) is 673 K for simulating the burning of on paper and 773 K
plastic (C2H4). These temperatures were found from a thermogravimetric analysis
(TGA) of the components. The TGA study gave the degree of degradation as a
function of temperature, not taking into account the possible influence of heat and
mass transfer. The temperature of the oxidiser in the simulations was 1123 K unless
indicated otherwise.

The kinetic reaction schemes used for simulations on paper and plastic are
slightly reduced subsets of the chemical kinetic model for hydrocarbon/NO
interactions proposed by Glarborg et. al. [39]. The reaction mechanism used for paper
had 39 species with a total of 239 reversible reactions, while that for plastic (taken as
C2H4) involved 43 species with a total of 258 reversible reactions. The pyrolysis gas
composition for paper/cardboard was estimated from the literature. For paper an
average of all gas compositions obtained from a study of the pyrolysis of paper and
cardboard, with the exception of two experiments performed at low temperature, was
used [24]. The minor amount of hydrocarbons was taken into account as CH4 in the
gas composition. The tar fraction was assumed to crack, yielding a gas of the same
composition as the primary gas: 0.4 vol.% H2, 41.1% CO, 46.6% CO2, 8.3% CH4 and
3.6% H2O. This gas composition was used in all simulations, unless otherwise
mentioned. The content of NH3 and HCN was not measured in the above-mentioned
study.

Little information on the release of fuel-nitrogen during the pyrolysis of MSW
components or biomass has been found. Ammonia is believed to be the dominant
fuel-N product from pyrolysis of low rank fuels (biomass, peat, lignite and low rank
coals) [40]. However, for bituminous coals and anthracites HCN is the dominant
nitrogenous product of pyrolysis. Others [41] have found for the pyrolysis of different
biomasses and coals, that the HCN/NH3 ratio decreased with increasing O/N ratio for
the parent fuel. However, for O/N ratios above 20, the HCN/NH3 ratio was relatively
constant at ~ 0.15. For pine bark, which has an O/N ratio similar to paper, the
HCN/NH3 ratio was found to be 0.1 [41]. The total conversion of fuel-N to NH3 and
HCN during pyrolysis shows large variations. An investigation of the formation of
NH3 and HCN from the pyrolysis of peat, coal and bark at low heating rates showed
that all fuels produced more NH3 than HCN [42]. It was further found that increasing
the heating rates resulted in a higher conversion of fuel-N to NH3 and HCN. The
fraction of nitrogen remaining in the char after pyrolysis ranged from 15 wt% for peat
to 70 wt% for bark. The heating rate and devolatilisation temperature play important
roles in the devolatilisation of fuel-N. Previous studies [43] have shown that char
from coal will be enriched in nitrogen at a low degree of devolatilisation, i.e. during
heating to a low final temperature or at very short residence times. At higher
devolatilisation temperatures, nitrogen is released faster than the volatiles, so the final
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nitrogen-content of the char may be lower than that of the parent coal. The same study
stated that the amounts of NH3 and HCN released during pyrolysis depend on a
number of factors, most importantly coal type, heating rate, final temperature and
residence time.

Based on the information found in the literature, the HCN/NH3 ratio was set to
1/9 for the simulations on pyrolysis gas from paper. Estimating the conversion of
volatile fuel-N to NH3 and HCN is difficult.  Leppälahti [42] stated that for peat,
which has a similar volatile fraction of fuel-N as paper, the conversion to NH3 was
between 17-24 wt% and that the conversion to HCN was between 3 to 9 wt% of the
initial fuel-N. As observed in the ultimate analysis of char from newspaper (see Table
2), 15% of the nitrogen in paper remains in the char. Furthermore, it is assumed that
50% of the remaining volatile-nitrogen is converted to N2 either before escaping the
pellet or inside the cylinder. Based on the elemental composition of the fuel, the
above ratio of HCN/NH3 of 1/9 and the assumption that 50% of the volatile nitrogen
is converted to N2, the concentrations of NH3 and HCN in the pyrolysis gas from
paper were set to 900 and 100 ppmv, respectively. For all simulations the calculated
conversion factor means the conversion of NH3 and HCN (in the pyrolysis gas) to
NO.

For the simulation of LDPE, C2H4 was chosen as a fuel corresponding to the content
of carbon and hydrogen in the fuel and experimental data obtained from literature
[23].

4.5.2 Simulations of paper

The temperature and concentrations of species, as a function of the distance X from
the fuel nozzle, for simulations of the pyrolysis gas from paper are shown in Fig. 8.
The peak temperature is observed slightly to the fuel side. OPPDIF estimates the
flame thickness by assuming that the flame starts where the temperature equals the
fuel temperature plus 10% of the maximum temperature increase. The end point of the
flame is estimated the same way using the temperature of the oxidiser as starting
point. A flame thickness of ~ 6 mm was estimated using this method. Consumption of
the species CO, CH4 and NH3 is observed in Fig. 8, when the fuel is entering the
flame region; formation of HCN and NO is observed in the first section of the flame
on the fuel side. The peak formation of NO is observed on the fuel side at a
temperature slightly lower than the peak temperature. At the point of peak formation
of NO, most of the NH3 and HCN have been consumed.
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Figure 8. Calculated temperature (?)  and concentrations of species as a function of
distance from the fuel nozzle for simulation on paper at 21 vol% oxygen and an
oxidiser temperature of 1123 K. The concentrations are for CO (?),  CH4 (¦), H2O
( ?), H2 ( ?), NH3 (x), HCN (? ), NO (?) ,  OH (? ) and O2 (*).

Figure 9 shows the contributions of fuel, prompt and thermal NOx mechanisms
to the conversion factor for paper at different oxygen concentrations in the oxidiser.
The initiating reactions for the thermal and prompt NOx mechanisms were removed
from the reaction scheme for the respective calculations. A peak temperature of 2260
K was observed for simulations at 40 vol.% oxygen, whereas the peak temperature at
21 vol.% oxygen was 2000 K. This increase in temperature is the main reason for the
high contribution from thermal NOx at 40 vol.% oxygen. An increased oxygen
concentration results in a larger conversion factor when only considering fuel-
nitrogen for the simulations on paper. The conversion factor for experiments with
pure oxygen, however, was more similar to the values obtained at 12 and 21 vol.%
oxygen. The minor formation of prompt NO observed in Fig. 9 can be explained by
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the observed formation of HCN in Fig. 8. The rest of the amount of NO derives
mainly from the fuel-nitrogen species, NH3 and HCN, and a minor amount of thermal
NO.
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Figure 9. Contribution of fuel, prompt and thermal mechanisms to the conversion
factor (conversion of HCN and NH3 to NO) for simulations on pyrolysis gas from
paper at different oxygen concentrations. Oxidiser temperature = 1123 K.

In order to investigate the effect of different concentrations and HCN/NH3
ratios a sensitivity study was performed. Table 5 shows the concentrations of HCN
and NH3 and the calculated conversion factor for the different simulations on
pyrolysis gas from paper. The oxygen concentration in the oxidiser nozzle was 21
vol.% and the temperature of the oxidiser was 1123 K. These results indicate that the
total concentrations of NH3 and HCN has a significant effect on the conversion factor,
while the NH3/HCN ratio is of minor importance. At a constant NH3/HCN ratio, a
decreasing conversion factor with increasing concentrations of HCN and NH3 is
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observed. This agrees with other work [21]. It is also interesting to observe that a
larger fraction of NH3 than HCN is converted to NO. A sensitivity study on the
pyrolysis gas composition was also performed to investigate the effects of changing
composition. Table 6 shows the variations in composition and conversion factors for
the pyrolysis gas used in the sensitivity study. An oxidiser temperature of 1123 K and
21 vol.% of O2 were used. The concentrations used in this sensitivity study reflect the
range of compositions found in the literature [24]. The concentrations of HCN and
NH3 were held constant. Even with these fairly large variations in composition (each
case adds 30% to the selected component, consequently adjusting the concentrations
of the other components), the conversion factor varies very little: it deviated by a
maximum of 12% from the base case.

Table 5. Sensitivity study on the effect of different NH3 and HCN
concentrations for simulations on paper.

Gas Base case
[vol%]

Comp. 1
[vol%]

Comp. 2
[vol%]

Comp. 3
[vol%]

Comp. 4
[vol%]

Comp. 5
[vol%]

Comp. 6
[vol%]

HCN 0.01 0.005 0.015 0.02 0.05 0.00 0.10
NH3 0.09 0.045 0.135 0.18 0.05 0.10 0.00
NO/fuel-N 0.50 0.72 0.41 0.35 0.50 0.56 0.47

Table 6. Variations in pyrolysis gas composition and conversion factors for
sensitivity study for simulations on paper.

Gas Base case
[vol%]

Comp. 1
[vol%]

Comp. 2
[vol%]

Comp. 3
[vol%]

Comp. 4
[vol%]

Comp. 5
[vol%]

H2 0.40 0.52 0.32 0.30 0.39 0.40
CO 41.1 41.08 53.43 30.36 39.98 40.64
CO2 46.5 46.40 36.74 60.45 45.24 45.97
CH4 8.30 8.30 6.56 6.13 10.79 8.21
H2O 3.60 3.60 2.85 2.66 3.50 4.68
HCN 0.01 0.01 0.01 0.01 0.01 0.01
NH3 0.09 0.09 0.09 0.09 0.09 0.09
NO/fuel-N 0.50 0.50 0.56 0.47 0.56 0.50

Three cases with different velocities for the fuel and oxidiser were simulated
for four different oxygen concentrations in the oxidiser and at three different
temperatures. In addition, a comparison with the experimental results on NP was
made. The results are shown in Figs. 10 and 11. The fuel/oxidiser velocity ratio was
estimated from experiments. As can be seen from Figs. 10 and 11, a velocity of 40
cm/s for fuel and 80 cm/s (40/80 velocity ratio) for oxidiser provides the best
agreement with the experimental trend observed for NP. The increase in conversion
factor for the 20/40 velocity ratio as a function of oxygen concentration, observed in
Fig. 10, is generally overestimated. However, the conversion factors for both the
40/80 and the 80/160 velocity ratio show a similar trend as the experimental data for
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NP with regards to a change in oxygen concentration. However, comparing the
conversion factor with experiments on NP as a function of temperature shows that the
trend of increasing conversion factor with increasing temperature is not reflected for
the 80/160 velocity ratio. Based on these results the 40/80 velocity ratio was chosen
for further simulations.
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Figure 10. Comparison of conversion factor at different oxygen concentrations for
simulations of pyrolysis gas from paper (conversion of HCN and NH3 to NO) with
different nozzle velocities and experiments on newspaper. Oxidiser temperature =
1123 K.



89
Energy Research

0.3

0.4

0.5

0.6

0.7

0.8

950 1000 1050 1100 1150
Oxidiser temperature [K]

N
O

/fu
el

-N

Fuel velocity: 20 cm/s
Oxidiser velocity: 40 cm/s
Fuel velocity: 40 cm/s
Oxidiser velocity: 80 cm/s
Fuel velocity: 80 cm/s
Oxidiser velocity: 160 cm/s
Experiments: NP

Figure 11. Comparison of conversion factor at different temperatures for simulations
of pyrolysis gas from paper (conversion of HCN and NH3 to NO) with different
nozzle velocities and experiments on NP. Oxygen concentration is 21 vol%.

Figure 12 shows the influence of temperature and oxygen concentration in the
oxidiser on the conversion factor for simulations on pyrolysis gas from paper. A
minor increase is observed with increasing temperature at all oxygen concentrations.
A major jump in conversion factor is observed when the oxygen concentration is
increased from 21 to 40 vol.%, caused by the formation of thermal NO due to a higher
flame temperature. It is also interesting to observe that the conversion factor for pure
oxygen is similar to that for 21 vol.% oxygen. This is also consistent with the
experimental results. The reason is that thermal NO cannot be formed at 100%
oxygen, due to the absence of nitrogen, which again indicates that NO formed at 12
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and 21 vol% oxygen is mainly fuel-NO. It can also be observed that NO formation at
40 vol% oxygen is more temperature-dependent, since a large portion of the NO
formed is from the thermal mechanism.
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Figure 12. Influence of temperature and oxygen concentration on conversion factor
(conversion of HCN and NH3 to NO) for simulations of pyrolysis gas from paper.

Figure 13 compares conversion factors as a function of oxygen concentration
in the oxidiser, for simulations on pyrolysis gas from paper and experiments on paper
and cardboard. The experimental trends are well simulated, especially for NP and CB.
The conversion factor for GP, however, is less influenced by an increase in oxygen
concentration than observed in the simulations.
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Figure 13. Comparison of conversion factors as a function of oxygen concentration in
the oxidiser for simulations of pyrolysis gas from paper (conversion of HCN and NH3
to NO) and experiments on NP, CB and GP. Oxidiser temperature = 1123 K.

4.5.3 Simulations on plastic

The simulations for plastic, taken as C2H4 in the case of LDPE, including NH3 and
HCN, are more difficult to interpret, since only the initial fuel consumption occurs in
the opposed flow diffusion flame. Compared to the volatiles from paper with a lower
hydrocarbon yield and higher levels of inert species, the volatiles from a plastic have
a much higher stoichiometric oxygen requirement. The limited availability of oxygen
in the opposed flow diffusion flame reduces the conversion of fuel to a small value.
Therefore, performing simulations with HCN and NH3 in the fuel gave no valuable
results due to large formation of HCN and NH3 rather than consumption. The HCN
and NH3 are formed from reactions in the prompt mechanism [44], which plays an
important role in this flame due to the high level of hydrocarbons. Therefore
simulations were performed with only C2H4 as fuel and hence including only thermal
and prompt NO. Experiments on LDPE indicated that the major source of NO was
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thermal and possibly prompt NO. Due to the high stoichiometric air requirement for
C2H4, the simulations in OPPDIF were sensitive to the nozzle velocities for the
oxidiser and fuel. This is the reason for not performing all simulations with the same
velocities as for the simulations for paper.

Attempts were made to simulate the combustion of pyrolysis gas from PVC
assuming the gas was HCl and C2H4. However, even a very small concentration of
HCl caused the simulations to fail.  Therefore simulations including chlorine were
excluded from this study.

Figure 14 shows the emission index for various oxygen concentrations in the
oxidiser and velocities in the fuel and oxidiser for simulations on C2H4 and
experiments on LDPE. The emission index for the experiments is described by:
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In Eq. 3, MNO [g/mol] is the atomic weight of nitric oxide and YN [gN/kgFuel] is the
weight fraction of nitrogen in the fuel on a dry ash free basis. In Fig. 14 the
contributions from fuel-NO have been subtracted from the experimental values for
LDPE. The contribution from fuel-NO was estimated by subtracting the NO formed
in pure oxygen, assuming that this is the contribution from fuel-nitrogen. This
contribution of fuel-NO should be considered a maximum value, since the high
oxygen concentration would result in a higher conversion of fuel-N to NO than for a
lower oxygen concentration.
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Figure 14. Emission index (g NO/kg Fuel) as a function of oxygen concentration of
oxidiser and nozzle velocities. Comparison of simulations using C2H4 and
experiments on LDPE. The experimental values are subtracted the contribution from
fuel NO.

The emission index for simulations on plastic was calculated by integrating the
production rate of NO multiplied with the molecular weight of NO over the control
volume for the total distance from 0 to L (the distance between nozzles) and dividing
this by the corresponding value for the actual fuel consumption. The emission index
for the simulations can be described by:
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In Eq. 4, WNO and WF are the molecular weights of NO and fuel, respectively; ωNO
and ωF are the production rates of NO and the actual consumption rate of fuel. Further
explanation of the emission index is given by Takeno [45]. As observed in Figure 14,
the experimental trend of the emission index increasing with the oxygen concentration
in oxidiser, is confirmed by the simulations. It is also observed that the influence of
velocities and velocity ratio of fuel and oxidiser increases with increasing oxygen
concentration. The calculated emission index for experiments on LDPE and
simulations on C2H4 at 21 vol.% oxygen are of the same order of magnitude as found
by Turns [38] for a C2H4 jet flame in air. Changes in emission index with velocity
may be explained by changes in the flame structure causing parameters such as strain
rate and residence time to change.

4.6 Conclusions

An experimental and theoretical study of NO formation from the combustion of
volatiles from different components (paper, cardboard and plastics) of MSW and their
mixtures has been performed. The experiments were performed in a laboratory
furnace, while simulations were made with the CHEMKIN code OPPDIF for an
opposed-flow diffusion flame.

Experiments and simulations on the combustion of volatiles from paper/cardboard
show that NO is mainly formed from the fuel-nitrogen. For the plastics LDPE and
PVC, however, the experiments show that NO mainly originates from the thermal and
possibly the prompt NO mechanisms.

Increased formation of NO is observed for newspaper, cardboard, glossy paper,
PVC and LDPE, when increasing the oxygen concentration in the oxidiser from 12 to
40 vol.%. Increasing the temperature of the oxidiser from 973 to 1123 K led to more
NO from newspaper and LDPE. Simulations with OPPDIF confirmed these trends.

The measured conversion factor for fuel-N to NO for mixtures of paper and
cardboard was compared to the conversion factor calculated from single components
at 12, 21 and 40 vol.% oxygen. A significant difference between the measured and
calculated conversion factor was only found at 40 vol.% oxygen, when the measured
conversion factor for the mixture was 10-20% lower than the calculated value. This
indicates that temperature differences and the contribution of thermal NO mainly
cause the differences.

The comparison of the conversion factor for experiments on mixtures of
paper/cardboard and plastics versus the weighted sum of single components showed a
higher conversion factor for the sum of single components at all oxygen
concentrations, but especially with 40 vol.% oxygen. The reason for this difference is
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mainly that the conditions for forming thermal NO from LDPE as a single component
are less favourable when LDPE is part of the mixture pellet, due to a lower flame
temperature and a consequential decrease in thermal NO from LDPE in the mixture.

The Nordic Energy Research Programme is acknowledged for financial support,
while CHEC (Combustion and Harmful Emission Control) group at the Technical
University of Denmark are acknowledged for making their laboratory facilities
available and for technical support and during this work.
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5 FURTHER WORK

MSW is a complex fuel consisting of various components with different properties
and chemical composition at different mixture ratios. Knowing how to reduce harmful
pollutant emissions and optimise operational conditions requires detailed knowledge
regarding all aspects of MSW combustion. The complex fuel, varying compositions
and stricter and stricter emission requirements makes design and operation of
combustion plants a challenge. In general, some important subjects related to thermal
conversion of MSW are:

• Modelling of MSW combustion. Development of models describing the
devolatilisation of the solid fuel and the subsequent gas phase combustion.

• Further development of primary NOx reduction methods applicable in MSW
combustion.

• Environmental consequences of burning different waste fractions/components and
mixtures thereof.


