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Motivation and Methodology

MSW and biomass are seen as alternatives to fossil fuels because they are sustainable and
COy-neutral. However, technical, operating and environmental challenges remain to
further optimise thermal processes so that bioenergy can be extensively implemented at a
large industrial scale.

Different aspects of MSW/biomass thermal treatment have been investigated in a series
of papers in this thesis in addition to the introduction given in Chapters 1-9.

In order to study several of these challenges, an in-house designed experimental set-up
was developed and associated with advanced measurement techniques (FTIR and GC).
The results addressed can be grouped into three areas (Chapters 6, 7 and 8): N-chemistry,
pyrolysis and degradation characteristics. These areas were discussed in a series of 6
papers (referred to as Paper I, II, III, IV, V and VI).

The introductory part of this thesis also contains an extensive and critical literature study,
with a focus on nitrogen (N).

Executive Summary

The introduction of this thesis (Chapters 1-9) presents the broader picture of waste
management and thermal treatments (situation, trends and novel concepts) with a strong
focus on nitrogen (N) in Chapter 6 (a summary of this chapter can be found on page 42).
A new insight on N-functionalities is presented, mostly based on plant physiology
publications widely ignored by the bioenergy world. N in biomass is found in a variety of
chemical compounds and not only in protein compounds. An extensive literature survey
concerning N-chemistry during pyrolysis of model compounds and biomass has also been
done. A critical light is cast on these studies.

Paper | (or P-1) ([Becidan 2004]) presents preliminary results using the experimental
set-up and shows its potential in thermal studies. The study of N-release was twofold:
NOx release during combustion of biomass and NOx precursors (NH3; and HCN) release
during pyrolysis of sewage sludge. The main results confirm known trends: N-release
during combustion decreases with increasing fuel-N content; N-release as NH; and HCN
during pyrolysis is clearly dependent on temperature with increasing release with
increasing temperature and NHj3 as the main component at all conditions.

Paper Il (or P-11) ([Skreiberg 2004]) presents modelling work realised to assess the
potential for reduction of NOx emission formed from fuel-N by implementing staged air
combustion. The results obtained from these chemical analysis of ideal reactors (Plug
Flow Reactor and Perfectly Stirred Reactor) can be seen as a simplified CFD approach.
The reduction potential is depending on a variety of factors and will therefore have to be
assessed on a case-to-case basis. However, some conclusions can be drawn: (1) PSR
mixing conditions are more favourable than PFR flow; (2) increasing fuel-N content will
increase the relative NOx reduction potential; (3) increasing fuel-N fraction of NHj, or
HNCO, compared to HCN will increase the NOx reduction potential; (4) increasing
amounts of CO, and H,, will increase the NOx reduction potential, but it depends also on
the fuel-N compounds; (5) one primary air stage is sufficient, unless also the fuel supply
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is staged. It is possible to further increase the NOx reduction with more primary air stages
at some conditions, but the increase is limited; (6) increasing overall excess air ratio will
decrease the NOx reduction potential; (7) increasing residence time will only
significantly increase the NOx reduction potential until the main chemistry is completed.
However, the time for completion of the main chemistry is significantly longer in a PSR
compared to a PFR, and the effect of an increasing residence time is much more
pronounced at optimum conditions in a PSR; (8) temperature is an important parameter.
However, for a specific set of other parameters there exists an optimum temperature. The
temperature in the primary air stage should be high enough to complete the main
chemistry. The temperature needed to complete the main chemistry, and the fuel-N
chemistry, in a PSR is higher than in a PFR for the same residence time. The temperature
in the secondary air stage should be as low as possible, but high enough to ensure
complete combustion.

Paper 111 (or P-111) ([Becidan 2007a]) looks at the products distribution and the main
pyrolysis products of thermally thick and scarcely studied biomass residues samples. For
all fuels, higher temperatures favour gas yield at the expense of char and liquid yields.
High heating rate also promotes gas yield. The main gas components were CO,, CO,
CH4, Hy, CHy, C,Hg and CyHs. An increase in temperature and heating rate leads to
increasing yields for all the gases up to 825-900°C where CO; and hydrocarbons yields
show a clear tendency to stabilise, increase slightly or decrease slightly depending on the
fuel. The gas release dynamics reveal important information about the thermal behaviour
of the various components (cellulose, hemicellulose and lignin) of the biomass and are
consistent with studies using TGA. The gross calorific value of the gas produced
increases with increasing temperature reaching a plateau at 750-900°C. This study
provides valuable data of the thermal behaviour of thermally thick biomass samples
which is of interest for further work in the area of combustion, gasification and pyrolysis
in fixed beds. The study confirms the potential of those unexploited residues for
production of energy carriers through pyrolysis.

Paper 1V (or P-1V) ([Becidan 2007b]) proposes a more extensive study of N-release
from 3 biomass residues (coffee waste, brewer spent grains, fibreboard). This study of N-
behaviour during biomass pyrolysis of thermally thick samples provided several findings.
At high heating rate, NH3; and HCN are the two N-containing compounds, NH3 being the
main one at all conditions; NHj3 release increases with increasing heating rate and
temperature to reach a maximum at 825-900°C while HCN yield increases sharply with
temperature without reaching a plateau in the temperature range studied. N-selectivity, N
release pattern and N-compounds thermal behaviour are affected by the fuel properties, in
all probability including N-functionalities. While the total N-conversion levels to
(HCN+NH3) are similar for all fuels at high heating rate, the differences are very
significant at low heating rate (more than 2-fold for NH3 and 3-fold for HCN). This can
be related to the different fuel properties including N-functionalities. Several attempts
have been made previously to correlate N-functionalities and N-release during pyrolysis.
However no clear dependence has ever been established for biomass. Furthermore, the
intricate and versatile nature of N in biomass samples and its interactions with
hemicellulose, cellulose and lignin prior to and during pyrolysis are difficult to elucidate.
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A mechanism of cross-linking between a protein side group and cellulose during
pyrolysis was proposed. Further work should focus on the use of the data obtained for
improved modelling of biomass pyrolysis. In order to obtain more mechanistic insights
the study of model compounds seems more appropriate but may have limited validity
because of the intricate structure of “real” biomass. These two types of studies are
therefore complementary to obtain a good overview of N-release.

Paper V (or P-V) ([Becidan 2007c]) presents the kinetics of decomposition of the three
afore-mentioned biomass residues. The results can be summarised as such:

(1) The samples were studied at five different T(t) temperature programs. The
temperature programs covered a wide range of experimental conditions: the experiments
exhibited 10 — 14 times variation in time span, mean reaction rate and peak reaction rate.
The experiments on a given sample were described by the same set of model parameters.
The optimal parameters were determined by the method of least squares. Three models
were proposed that described equally well the behavior of the samples in the range of
observations.

(2) A model built from three distributed activation energy reactions was suitable to
describe the devolatilisation at the highly different T(t) functions of our study with only
12 adjustable parameters. The other two models contained simpler mathematical
equations (first order and nth order partial reactions, respectively), accordingly their use
may be more convenient when the coupling of kinetic and transport equations are needed.
On the other hand, the simpler models needed higher numbers of parameters to describe
the complexity of these wastes

(3) The reliability of the proposed models was tested in three ways: (i) the models
provided good fits for all the five experiments of a sample; (ii) the evaluation of a
narrower subset of the experiments (the three slowest experiments) provided
approximately the same parameters as the evaluation of the whole series of experiments;
(ii1) the models proved to be suitable to predict the behavior of the samples outside of
those experimental conditions at which the model parameters were determined. Check
(ii1) corresponded to an extrapolation to ca. four-time higher reaction rates from the
domain of the three slowest experiments.

(4) The evaluated experiments included “constant reaction rate” (CRR) measurements.
This type of temperature control involves a continuously changing heating rate. The
simultaneous evaluation of linear, stepwise and CRR experiments proved to be
advantageous in the determination of reliable kinetic models.

(5) The samples had very different chemical compositions. Nevertheless, the same
models described them equally well. Accordingly, the models and the strategies for their
evaluation and validation can be recommended for a wider range of biomass studies.

Paper VI (or P-VI) ([Becidan 2007d]), this study on thermally thick biomass samples
pyrolysis has investigated (1) temperature field, (2) weight loss at two scales (TGA and
macro-TGA). The main findings are:

(a) Qualitative evaluation of the thermal history: three temperature regimes have been
identified: (1) exponentially increasing temperature, (2) linearly increasing temperature
(3) 2-slope increasing temperature with a flattening period. The regime at a given point
will depend on the sample weight, the reactor temperature and the location in the sample.
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(b) Quantitative evaluation of the thermal history: significant temperature gradients were
measured, with a maximum radial gradient of 167°C/cm for coffee waste at a reactor
temperature of 900°C. This will affect the pyrolysis process.

(c) The step-by-step pyrolysis chemistry was described and discussed (10°C/min heating
rate). By use of a novel concept, i.e. intra-sample heating rate, the exothermic step of
pyrolysis was shown. It is related to char and/or char-forming reactions.

(d) The comparative study of weight loss in TGA and macro-TGA (10°C/min heating
rate, never done before to our knowledge) was performed to investigate the “scaling
effect”. Pyrolysis time and pyrolysis rate differences were characterised and quantified.
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1 Municipal Solid Waste worldwide generation: situation and trends

Municipal solid waste (MSW) management is an intensifying challenge on a global level.
Even though reliable data are difficult to obtain in this field and large variations occur,
current trends show that MSW generation is growing worldwide. This growth is observed
not only on the total MSW generation but also on the per capita generation. Figure 1.1
shows these trends for the EU 25 with a constant increase for the last decade. For
comparison, the USA was producing about 740 kg/year per capita (highest generation
rate in the world) and India (representative of developing countries) 150-200 kg/year in
2003.

The main reason for the increasing MSW amounts “produced” are mainly two:
1. The increasing world population.

2. The propagation and intensification of a modern style of living (increased
worldwide industrialisation) as it is strongly correlated with enlarged MSW
production per capita. Figure 1.2 and Figure 1.3 show the increasing amount of
MSW generation per capita as a function of the Gross Domestic Product (or
GDP, total annual value of goods and services produced by a country), indicator
of the wealth of a society and as a function of the HDI (or Human Development
Index, a measurement of human progress obtained by combining indicators of
real purchasing power, education, and health) used to evaluate the development
of a society.
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Figure 1.1. MSW generation in the EU 25 [EUROSTAT 2006].



The efficient disposal of growing MSW amounts are an urgent challenge for all societies
as they pose a potential threat to the environment and to public health. However, the
social acceptability of the MSW disposal routes is greatly depending on the public
environmental awareness. Waste management is a people issue, in other words largely
dictated by political decisions (i.e. control organs and legislation). EU directives are
setting up regulations, standards and targets/strategies that member states have to comply
with. International protocols and directives to global issues are to be required but not easy
to achieve as revealed by the long and difficult ratification of the Kyoto Protocol.
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Figure 1.2. MSW generation against HDI. 2003. Countries not specified [HDR 2003;
NEA 2006].
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Figure 1.3. MSW generation against GDP. 2003. Countries not specified [CIA 2003;
NEA 2006].



This dissertation will present a broad picture of the MSW issue from the cradle (trash
bin) to the grave (after treatment) with focus on three specific issues (i.e. pyrolysis, N-
chemistry and degradation characteristics) that were investigated in a series of articles.

First, definitions of MSW will be discussed and especially how regulations and standards
define MSW in order to obtain reliable data and efficient treatment strategies. Secondly,
the nature of MSW will be presented qualitatively and quantitatively from the main
categories to the elemental composition of MSW as an in-depth knowledge of MSW is a
key-feature of a well-adapt management strategy. Thirdly, the present situation of waste
treatment technologies will be discussed together with the foreseeable trends and the set
targets. Each method will be evaluated through its possible applications but also the
major unresolved challenges (technical, environmental, etc) and needed optimisation.



2 What is MSW?

Waste is generally associated with the image of a heap of rubbish waiting to be picked up
and carried away. Far, far away because of its scent and its appeal to rodents. But as soon
as one approaches the trash bin and take a look at the content, its variety and
heterogeneity strikes you immediately. This complexity calls for a proper waste
regulation in order to have good data quality about waste, a pre-requisite to efficient
waste management.

First and foremost, defining with accuracy the different types/categories of waste
produced is crucial and is not as straight forward as it seems because it exists many
definitions/classifications. The lack of clear definitions is in fact the first obstacle in the
immense waste management challenge (strategy/optimisation). Tchobanoglous et al.
[2002] lists 10 main sources of solid wastes: residential, commercial, institutional,
industrial (non-process wastes), construction and demolition, municipal solid waste
(MSW), municipal services, treatment facilities, industrial and agricultural.
Tchobanoglous et al. [2002] specify that MSW ““is normally assumed to include all the
wastes generated in a community, with the exception of waste generated by municipal
services, treatment plants, and industrial and agricultural processes”. In other words, the
term MSW covers the waste produced by households and commercial activities and small
non-process industries located in urban areas. The US Environmental Protection Agency
(EPA) simply defines MSW as “more commonly known as trash or garbage — consists of
everyday items thrown away by US residents, businesses and institutions”. The
importance of MSW originated from other sources than households is dependent on the
degree to which waste from these sources is performed by municipal waste collection and
co-collected with household waste. The percentage of commercial waste in MSW ranges
from 10 to 35% for most EU countries [EUROSTAT 2005]. Any MSW data
interpretation (content and amount) should be done carefully as not all countries collect
(and therefore classify) waste in the same way. Furthermore, some countries are not able
to report the share of MSW from different sources.

However, in order to collect statistically-sound data, which can be further used to design
management strategies, a more detailed and systematic method is necessary. For this
purpose, the Irish EPA published in 2002 the “European Waste Catalogue and Hazardous
Waste List” which is a consolidated version of the EU legislation concerning listing and
classification of waste. Waste is defined as such: “Waste is defined in Section 4(1) of the
Waste Management Acts 1996 and 2001 as “any substance or object belonging to a
category of waste specified in the First Schedule [of the Waste Management Act] or for
the time being included in the European Waste Catalogue which the holder discards or
intends or is required to discard, and anything which is discarded or otherwise dealt with
as if it were waste shall be presumed to be waste until the contrary is proved.””. Beyond
this technocratic definition, waste is divided into 20 categories, each category is then sub-
divided, the full classification covering 30 pages. MSW is here referred to as “municipal
wastes” and includes ‘“household waste and similar commercial, industrial and
institutional wastes including separately collected fractions”. MSW is then divided into 3
main categories (i.e. separately collected fractions, garden and park wastes, and other
municipal wastes) and 40 sub-categories (including 14 hazardous waste sub-categories).



This EU classification reveals one crucial fact about the nature of MSW: it is a very
complex mixture, made of many different materials when it comes to nature, origin,
composition and intrinsic and physical properties. Furthermore, modification in
composition of MSW may be expected with factors such as wealth, season or consumer’s
habits, further complicating the task of waste managers. As a consequence, MSW can not
be managed as one single entity but may require a battery of solutions, each one being
appropriate for a sub-class of MSW.

The next section will present data about the detailed composition of MSW going from the
main categories/materials to the intimate chemical structure and composition. N-
functionalities will be dealt with in Chapter 6.



3 Composition and properties of MSW

In this section, the detailed composition of MSW will be presented. This will be achieved
by going stepwise into the nature of MSW (categories, sub-categories, macromolecules,
proximate and ultimate analyses) and its key properties. This is vital for management
strategies in order to improve MSW treatment routes by identifying recycling
opportunities, promoting waste abatement efforts or isolating specific fractions.

3.1 Main materials

Table 3.1 presents the main materials found in MSW according to the US EPA and
EUROSTAT classifications. Analogue categories are presented side by side

Table 3.1. Main MSW materials.

EPA (USA) EUROSTAT (EU)

Paper and paperboard Paper, paperboard and paper products
Food scraps
Wood Organic waste

Yard trimmings

Plastics Plastics

Metals Metals

Rubber, leather and textiles Textiles
Glass Glass
Other Other

The origin of a given material can be very diverse and this complicates the picture. Some
items, such as fridges or computers, are intricate machinery made of numerous
components and many different materials (plastic, glass, metal, etc). Consequently, other
categorising systems could be chosen such as listing of durable/non-durable goods or
combustible/non-combustible matter. The classification system can and should be
designed according to the needs of its user. It is obvious that MSW is a complex and
heterogeneous mixture, made of materials with very different chemical structures and
physical properties. However, a further obstacle is appearing: the category “other”. This
category is far from minute and may represent a significant share of the total MSW
amount and can therefore make difficulties for waste management handling. Figures 3.1
and 3.2 present the composition of MSW in the USA and Norway.



Composition of MSW in the USA [USA EPA 2006]
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Figure 3.2. Composition of MSW per materials. Norway 2001. Only household waste.

The composition (by materials) is very similar for the USA and Norway, even though the
statistics for Norway only includes household wastes. This similarity can be explained by
the similar lifestyle and therefore consumption habits in these two industrialised
countries. Comparison with developing countries would show major differences. The
“organic” fraction in the Norwegian household wastes corresponds exactly to the sum of
the “wood”, “yard trimmings” and “food scraps” American categories. However, it does
not mean that the same exact composition of the Norwegian organic fraction is to be
expected. The “other” fraction represents in both cases several percent; a better
characterisation of this fraction may yield more optimised treatment.



3.2 Sub-categories

Each of the afore-mentioned categories is made of several fractions which may exhibit
significantly different composition and/or properties, the most important being amount
and toxicity. A very extensive study carried out in Minnesota [Minnesota 2000] in 1992
and 1999 provides vital data about the main sub-categories in term of quantity and are
listed in Table 3.2. Two extra categories, i.e. “problem materials” and ‘“hazardous
household wastes (HHW)”, are used in this classification. It shows the variety of listing
possibilities, usually chosen according to management challenges or specific
legislation/requirements. The relative importance of a given sub-category is given into
brackets; some minor contributors are not listed leading to sub-totals inferior to 100%.
Each sub-category usually includes an “other” category. In spite of the very exhaustive

work carried out, several percents of the total MSW remain poorly characterised.

Table 3.2. Main sub-categories of MSW.

MATERIAL PROPORTION MATERIAL PROPORTION
Paper 34.2% of MSW | Glass 3.0% of MSW
Newsprint 12.6% of Paper | Glass containers 83.3%
Office paper 9% Organic materials 22.9% of MSW
Old Corrugated Cardboard 15% Yard Waste 7.9%
Magazines/catalogues (glossy paper) | 8% Food Waste 63.3%
Boxboard 8% Wood waste 13.5%
Mixed Paper (non recyclable) 31.6% Other Waste 19.1% of MSW
Plastic 11.7% of MSW | Rubber 3.7%
PET 7.7% Textiles 17.8%
HDPE 5.1% Construction/Demolition 16.8%
Polystyrene 7.7% Household bulky items 15.2%
Plastic Film (packaging, etc) 39% Miscellaneous 35.1%
PVC 0.9% Problem Materials 2.0% of MSW
Other (non container) 36% Appliances 95%
Metal 6.0% of MSW | Batteries 5%
Aluminium Beverage cans 15% Hazardous Waste 1.0% of MSW
Other aluminium 8.3% Oil Paint 10%
Ferrous Containers 21.7% Automobile used oil filters | 10%
Other Ferrous 55% Other 60%




3.3 Chemical structure (Nitrogenous compounds in Chapter 6)

Continuing our journey through the structure of MSW and looking further at the details,
the next level is the macromolecules constituting the different materials found in MSW.

Paper products

Cellulose is the major constituent of paper. Cellulose is a material found in plant cell
walls as microfibrils (2-20 nm in diameter and 100-40000 nm in length). Cellulose is a
straight polymer (polysaccharide) made of B-1.4-linked glucose units, i.e. bonds that join
2 monomers via an oxygen atom (see Figure 3.3). This conformation favours hydrogen
bonds between glucose units in the polymer but also with the adjacent polymers, building
up a strong fibrous structure.
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Figure 3.3. Cellulose unit. munini represents H bond.

Additional ingredients may be used to change the appearance and properties of the paper
product. To mention the most common types of paper products, calcium carbonate is
added to paper to produce glossy paper used for magazines, while Kraft paper (brown
paper used for packaging) is treated with sodium sulphate. Moreover, no ingredient is
adjoined in newsprint (the paper on which newspapers are printed), on the contrary, one
plant constituent, i.e. the lignin fraction (see structure page 10 and 11), is not removed
during the production process. The chemical composition of ink is very varied. The
chemical bases of ink are water/petrochemical solvents/oil. The colorant is either dye or
pigmentation (examples: calcium carbonate, titan oxide, barium sulphate, aluminium
hydrate). Various additives (resin, humectant, etc) to change the ink properties complete
this complex chemical makeup.



Yard trimmings and wood (biomass residues)

Yard trimmings are constituted of biomass residues of various sorts. In other words,
trimmings include grass, leaves and woody materials (stem, branch, etc). Wastes like
pallets or demolition wood are also present. The main biomass components are cellulose,
hemicellulose and lignin (Table 3.3). As presented in the section (Figure 3.3) about
paper, cellulose is a linear polymer of glucose units; hemicellulose is also a polymer of
sugar units (mannose, galactose, 4-O-methyl-D glucuronic acid, xylose or arabinose) but
it is shorter than cellulose (only 50-200 units) and branched. Hemicellulose is therefore
more of a family of compounds rather than a well defined compound and is therefore
often referred to as “hemicelluloses”. One type, arabinoxylan, is presented in Figure 3.4.
The third and last main component of biomass is lignin. Its structure, apparently random
and unorganised, is an active field of research. Lignin is a complex aromatic polymer
(Figure 3.5 presents the most common monomers) with a high degree of cross-linking.
This gives birth to a very strong three dimensional structure and explains why lignin is
not as degradable as cellulose and hemicellulose. Last but not least, extractives represent
usually 1-5 wt% db of the wood matter. Extractives are natural products extraneous to a
lignocellulose cell wall. Extractives are of two main sources [FPL 1979]: compounds
directly involved in the metabolism of the plant and secondary products, products of
further chemical modification by non-metabolic processes or from external sources. This
fraction is extremely diverse and includes (not exhaustive): aromatic compounds, simple
sugars, free amino acids, proteins, free fatty acids, resin (carboxylic) acids, chlorophyll,
alkaloids (a vast family of natural compounds, see Chapter 6). Certain extractives are
common to many different plants, while others are characteristic of a family, or even a
species. Extracts may influence properties of the wood. For example, extractives can
protect wood from degradation (anti microbial and anti fungal activity), add colour and
odour to wood, and improve strength properties. Extractives may also cause problems in
papermaking (resin acids); contribute to corrosion of metals in contact with wood;
present health hazards, and affect colour stability of wood to light. The exact nature and
concentration of N-compounds present in biomass will be discussed in Chapter 6.

H aH ) CH-0H

Figure 3.4. A hemicellulose: arabinoxylan.



Table 3.3. Typical composition of wood (% dry matter).

Spruce [Gronli 1996] Pine [Grenli 1996] Wood [Stenseng 2001]

Cellulose (wt%) 43.1 40.9 40-45
Hemicellulose (wt%) 26.5 25.7 20-30
Lignin (wt%) 28.4 28.6 20-30
Extractives (wt%) 2.0 4.8 1-5 (up to 30)*

* For some tropical species.

CH,OH CH,OH CH,OH

OCHs H,CO OCH;

OH OH OH
(a) (b) (c)
Figure 3.5. Most common monomers of lignin (“monolignols™). (a): p-coumaryl alcohol;

(b): coniferyl alcohol (predominant lignin monomer in softwoods); (c): sinapyl alcohol.
[DWB 2006].
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Food

Food items can be of two origins: animal or vegetal. The main constituents of food are:
proteins (polymers of amino acids, see Chapter 6), fat (a category of lipids, all fats are
fatty acids, i.e. carboxylic acids with long aliphatic chains), carbohydrates (biological
macromolecules used in the storage and transport of energy, they include mono-, di-,
oligo- and polysaccharides) water, fibre (polysaccharides like cellulose or lignin),
vitamins and minerals/inorganic matter (Ca, P, Fe, Na, K, Cu, Zn, Mg, Mn). The various
proportions of the afore-mentioned components are depending greatly on the food item
and a complete overview of the values is impossible. Three representative examples are
briefly presented here:

Composition of bone: 65 to 70 percent of the bone is composed of inorganic substances.
Almost all of this inorganic substance is a sole compound called hydroxyapatite, i.e.
Ca;o(PO4)s(OH),. No vitamins, fatty acids, proteins or carbohydrates are present in this
fraction. 30 to 35% of bone is composed of organic material (on a dry weight basis). Of
this amount nearly 95 % is a substance called collagen. Collagen is a fibrous protein (see
3.5) found in connective tissue in animals. The amino acid composition of collagen is
rather unusual with high levels of glycine, praline, hydroxyproline and hydroxylysine.
The remaining organic fraction includes substances such as are chondroitin sulphate,
keratin sulphate, and phospholipids [Samuel 1985].

Composition of meat (muscle): Meat is mostly made of muscle. The main components
are: water (about 75%), protein (about 20%), fat (about 5%), and ash/minerals (about 1%)
such as Ca, P, Na, K, S (main elements) and Fe, Cu, Zn, Mn, Al, Si and Mg.

Composition of a legume (potato): a raw potato is made of about 80% water. The rest is
mostly carbohydrates (about 20%, including so-called “fiber”), followed by proteins,
lipids, minerals (Fe, Ca, Mg, P, K, Na) and vitamins.

Plastics

Plastics are synthetic polymerisation products obtained by condensation reactions.
Depending on their properties (plasticity, robustness, etc), plastics can be used for a
variety of applications from films for food packaging to bullet proof vests (Kevlar).
Figures 3.6-3.11 present the structures of some plastics commonly found in MSW:

*
I—O——T
*

Figure 3.6. Polyethylene (PE).
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Figure 3.9. Polypropylene (PP).
NS [
//C—R—C + H;N—R—NH, - Lc—R—c—T—R-—T
o OH H H

Figure 3.10. Polyamides (PA, general reaction).
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Figure 3.11. Polyester (PET here).
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Metals

Ferrous metals represent more than 50% of the total metal products found in MSW
[Minnesota 2000; Tchobanoglous 2002]. The other important metal is aluminium (cans,
foils, etc). Another class of metals is particularly interesting as it is (considered) highly
toxic: the so-called heavy metals. First, even though the term “heavy metals” is widely
used it has recently been considered meaningless and even misleading by [UPAC [Duffus
2002] as no clear definition actually exists. The density (which has no significant
meaning to assess the toxicity of a compound) has often been used to define heavy metals
with lower limits for heavy metals ranging from 3.5 to 7 g/cm’. Furthermore the actual
toxicity of heavy metals and their products is often little documented. The debate about
the scientific and chemical relevance of the term “heavy metals” is still open but its
vagueness is problematic.

Heavy metals, as defined by the EU Directive 67/548/EEC, are antimony (Sb), arsenic
(As), cadmium (Cd), chrome (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni),
selenium (Se), tellurium (Te), thallium (TI), tin (Sn) and their compounds (oxides,
chlorides, etc). Furthermore, manganese (Mn) and zinc (Zn) are often included. Heavy
metals are often trace compounds (Table 3.4) but pose serious issues as their (sometime
assumed) biological, ecological and human toxicity are very serious. The relative
concentrations of heavy metals vary very much as they reflect the very different MSW
compositions and definitions, thus very little consistency is found. Heavy metals can be
found in all MSW fractions at various concentrations and are therefore difficult to sort
out before MSW treatment (identification of major sources are important).

Table 3.4. Heavy metals in MSW (wet basis, ppmw).

Zn Pb coor' Cr Cu Ni Cd As Sb Hg Mn  References

Household 140- 33- 24- 40- 17- 4 18- .6- .02- 372- [NHWAP
waste 320 247 62 100 105 19 10 37 .12 572 1994]
MSW 172- 136- O- - 79- 18 7- 07 0- 1-15 [Morselli
606 426 193 5 158 27 9 2 1992]
Communal 290 110 35 1100 1.1 33 0.087 [SFT
waste 1996]
MSW 12 6.5 45 12 [Kathirvale
2004]

Two important complementary data are important for heavy metals as they are hazardous:
the MSW fractions (or even better, particular items) containing the highest concentrations
of heavy metals and the MSW fractions contributing the most to the total amount of
heavy metals. However, there is little agreement in the literature, due to the inconsistency
of the MSW data quality [Serum 2000; Jung 2006].
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Nevertheless some hard facts exist: paper products do not contribute vastly to the total
amount of heavy metals, even though pigments or coatings may contain (heavy) metal
compounds [Serum 2000]; virgin biomass and food scraps do not contain high levels of
heavy metals but demolition wood is often contaminated by heavy metals found in
treatment additives. Some types of plastic packaging contain high levels of heavy metals
(Sb, Cr) and contribute heavily to their total output [Serum 2000; Liou 2003; Jung 2006].
The metal fraction is, according to most sources, heavy contributors to the total output of
several heavy metals [SFT 1996; Serum 2000]. Glass may contain significant amounts of
metals or metal oxides as colour additives (see glass); rubber and textiles are not major
contributors. The “other” or rest fraction (especially HHW) contains some items with
high concentrations of heavy metals: electronic appliances, paint pigments and batteries
for example.

Tires/rubber

The increasing number of motor vehicles complicates the handling of used tires. Tires are
made of synthetic rubber. Rubber is a polymer material obtained from polymerisation of
a variety of monomers (or mixture of monomers), often with additives depending on the
applications. Common monomers are presented on Figure 3.12.

A

Figure 3.12. Isoprene, butadiene and methylpropene.
Textiles

Textiles are fibre-made material used in clothing, carpets, towels, tents, flags, industrial
filters, etc. Textiles can be of animal origin such as wool, silk or cashmere, of vegetal
origin such as cotton or linen, or of synthetic origin like acrylic, Nylon, polyester or
Lycra. Wool is a natural protein (polypeptides chain, discussed in Chapter 6) fibre and
like human hair it is composed of keratin-type protein. Cotton is a polysaccharide, a
polymer of sugars like wood. Cotton is almost exclusively made of pure cellulose.
Acrylic fibres (or polyacrylonitrile) are a synthetic polymer of acrylonitrile (CsH3;N) used
as a cheap alternative to natural fibres. Textiles can be treated in a variety of ways to
modify their properties: flame retardation [Zhu 2004], waterproofing, etc.

Glass

“Common” glass contains 60-75% of silica (SiO,), and the additional components are
sodium (or potassium) carbonate Na,COj; (12-18%) and calcium oxide CaO (5-12%) i.e.
soda-lime glass, which represents 90% of the produced glass. Other ingredients are often
added to change glass properties. The most common are lead oxide (at least 20%, lead
glass also called crystal) or boric oxide (at least 5%, borosilicate glass withstanding high
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temperatures). Coloured glass is obtained by adding metals or metal oxides (cobalt, tin
oxide, copper oxide, selenium oxide, etc) in concentrations usually lower than 2-3%.

Other:
Construction/demolition

Sometimes mixed with MSW (depending on the collecting system), construction and
demolition debris are mostly [Tchobanoglous 2002] made of bricks, stones (minerals),
metals, wood wastes, plastics, fibreboard, textiles, concrete (mineral aggregates,
generally gravel and sand, and water), asphalt (produced from petroleum products), soil,
cardboard, steel and hazardous wastes among others. Heavy metals may also be present
(paint, treated wood).

Bulky items and appliances

Durable goods (computers, washing machines, furniture, etc) are very complex
manufactured items which contains almost all the fractions of MSW.

Household Hazardous Wastes (HHW)

Last but not least, HHW are a highly toxic family of compounds. The most prominent
products found are paint (latex and oil), pesticides, cleaners, solvents, HHW containers
(50% of total HHW), household and car batteries (Table 3.5) and automobile oil. Paint is
composed of a binder (the film itself), a diluent (to adjust the viscosity) and additives.
Typical binders include (synthetic or natural) resins such as acrylics, polyurethanes,
polyesters, oils, or latex. Typical diluents include organic solvents such as alcohols,
ketones, esters, glycol ethers or water. Typical additives include pigments, dyes,
catalysts, thickeners and stabilisers. Chemical pesticides (herbicides, fungicides,
insecticides, etc) are chemical compounds used to fight any type of pest attacking human
food or propagating diseases.

Table 3.5. Household batteries: types and sales (USA EPA, 1992).

Type Cathode Anode Electrolyte Sales percentage
Alkaline MgO Zn KOH and/or NaOH 63.5
Zn-C MgO Zn NH,CI and/or ZnCl, 19.7
HgO HgO Zn KOH and/or NaOH 1.2
Zinc-air Oxygen from air Zn KOH 34
Ag,0 Ag,0 Zn KOH and/or NaOH 2.6
Li Metal oxides Li Organic & salt solutions 0.2
Ni-Cd NiO Cd KOH and/or NaOH 9.4
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3.4 Proximate and elemental analyses (glass and metal not included)
C,H, O, N, S, Cl, Volatile Matter (VM), Fixed Carbon (FC), ash and moisture

The average proximate and elemental analyses are of interest but average values do not
reflect/hide the huge variations from one fraction to another. In order to present a
complete picture of the different fractions, a literature survey covering a very large
number of products from all the MSW fractions have been achieved. Data collected from
this literature search are presented in Appendix and are listed in 6 sections: paper,
biomass, food, plastics and other (various materials).

The organic fraction of MSW (biomass residues and food scraps) has relatively high
moisture content (10-20% in biomass, more in food waste). VM (dry basis) is high at
about 60-80%, while the ash fraction rarely exceeds 10% except for some cases (bone,
biomass husks). The level of FC is (by difference) about 10-20%. Paper has a VM above
70% and low ash content (less than 5%), except glossy, recycled and coated paper which
exhibit high ash content (25-30%). Plastics have above 90% VM and no ash or moisture.

Even though the data are quite spread (see Table 3.6), an average ultimate MSW
composition can be proposed (daf basis): 40-50% C; 25-35% O; 5-7% H; 0.5-2% N; 0.1-
0.2% S; 0.1-0.2% Cl1 with a moisture content of 20-40% and an ash content of 15-30%.
The differences observed can be attributed, not only to statistical differences but also
consumption habits and the different “definitions” of MSW (household waste or
inclusion of industrial and commercial wastes).

Table 3.6. MSW composition (wt%, daf or db basis) in literature (references in
Appendix).

MSW

VM  Fix-C  Ash Moisture C H o N S/Cl1 Ash
RDF 734 89 17.7 3.2 484 7.0 252 0.84 0.12/1.0
MSW Thai db (58.40) 37.14 541 2493 022 0.09/0.8 322
MSWUKdb 63 4 322 (3243) 3581 4.82 2443 0.78 0.41/0.75 33.0
MSW KualaL 31.36 437 926 55.01 46.11 6.86 28.12 0.23 17.1
MSW 52 8 38 05 03
RDF-A 762 136 102 3.7 46.6 6.8 3451 1.28 0.13/1.08
RDF-B 72.5 39 125 11.1 417 5 363 075 0.17/1
Typical MSW 25 25 3 20 0.5 0.2/02-0.6 25
MSW 15/35 1530 2/5 12/24 2/1 .02-.1 15/25
MSW 424 6.1 351 22 0.24/05
MSW 69 192 35 1.7 302 ? 1.9/0.25
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Ash composition

The inorganic fraction of MSW (bottom ash and fly ash from combustion) is mainly
made of oxides of silica (Si), calcium (Ca), iron (Fe), sodium (Na), aluminium (Al),
magnesium (Mg) and potassium (K). The average composition of ash may vary greatly
(see Figures 3.13-3.15) with the changing nature of MSW and the combustion process
conditions. For unsorted (or partly sorted) MSW, the concentrations of Fe and Al species
may be significantly increased. Furthermore, trace metals (heavy metals) are present and
represent about 1% of the total ash material [Tchobanoglous 2002].
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Figure 3.13. Fly ash composition. Rest: heavy metals, Cl, sulphur oxides. [Qian 2006].
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Figure 3.14. Bottom ash composition. Rest: heavy metals, Cl, sulphur oxides. [Qian
2006].
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Figure 3.15. Bottom ash composition. Rest: heavy metals, Cl, sulphur oxides. [Juri¢
2006].

Werther et al. [2000] review the ash composition of 15 biomass and biomass residues
samples. Similarly to MSW Si0,, CaO, Al,0O; and K,O are the main identified
components of ashes (origin not specified).
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3.5 Other MSW properties

Apart from the composition and structure of MSW fractions, several other parameters are
of importance in order to design or optimise waste management. Table 3.7 summarises
the most important properties grouped into three categories.

Table 3.7. MSW properties.

Properties type Method (example) Significance
Physical properties
Apparent density ASTM D1895 transport
Real density n.f. transport
Particle size distribution microscopy homogeneity
Field capacity n.f. landfilling
Permeability n.f. landfilling
Surface area BET treatment process

Porosity
Particle morphology

Thermal degradation characteristics

Chemical properties
Ash melting behaviour
Energy content/HHV
Nutrients content
Biological properties
Biodegradability

Odours generation

water saturation
microscopy

TGA DSC

ash melting microscope

calorimeter

ultimate analysis

treatment process
burning

kinetic data, degradation
temperatures and rates

ash treatment, burning
burning

composting

landfilling

public health

n.f.: not found.
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4 Municipal Solid Waste management and treatment technologies:
Situation and challenges

4.1 The situation in Europe and in the USA

Any waste management strategy should deal with waste in an acceptable manner in
accordance with public health and safety, environmental regulations and long-term
sustainability. The most widely used technologies carried out to dispose of waste
throughout the world are: landfilling (included composting), recycling (also called reuse
or recovery) and combustion with energy recovery.

It is important to remember that a good waste management should focus first on waste
prevention (product substitution) and waste reduction (new packaging, etc) in order to
reduce the stream of solid wastes at its source. These measures involve not only the
consumers by the conscious choices they are taking (to privilege loose food items, limit
the use of disposable items, etc) but also the industrials, who are using attractive (and
therefore expensive and voluminous) packaging to sell a product (for mineral water the
package represents 50% of the consumer price). They should “understand”, through
corporate social responsibility, public pressure and legislation, the benefits of waste
prevention as they are the first and foremost actors of this strategy.

The most widely used waste treatments and their relative importance are summarised in
Figure 4.1-4.3.

100 % -

90 % -

80 % -

70 % -
% 60 % - 0O Combustion
C_EG 50 % - B Recovery
E 40 % - @ Landfil

30 % -

20 % -

10 % -

0%

1995 2003

Figure 4.1. US Waste treatment technologies [US EPA 2006]. Remark: Terms used in
1995: recovery for recycling (including composting), combustion and landfill, other;
terms used in 2003: recovery, combustion and land disposal.
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Figure 4.2. EU 25 Waste treatment technologies [EUROSTAT 2005]. Remark:
incineration is with or without energy recovery.
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Figure 4.3. Waste treatment technologies in Norway [SSB 2006]. Remark: 75% of the
“sorted” materials are recycled, 25% are incinerated, stored or unknown treatment;
“other” represents less than 0.1%; household waste only; home composting not included.

The EU and Norway are showing significant strategy shift towards incineration and
recycling while little changes are observed in the USA. The slowness of the US evolution
might be due to the vast spaces available and a better acceptance of landfilling as a waste
treatment solution. The share of landfilling in USA and EU2S5 is still predominant with
around half of the total MSW generated disposed this way. However, the relative
importance of landfilling is decreasing rapidly in the EU due to clear political targets.
The goals established by the EU are to reduce landfilling to 75% of its 1998 level by
2010, 50% of 1998-level by 2013 and 35% of 1998-level by 2016. The national and local
situations in the EU are extremely various due to political and technological factors. Only
1.1% of the MSW is landfilled in Trondheim (160000 inhabitants), Norway for example.
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An interesting fact is the choice of words or the vague denominations sometimes used in
presenting the situation often to embellish the broader picture. The term “recovery” is
sometimes preferred to the term “recycling” and reminds us that a significant part of
“recovered” material (often by selective sorting by people) may not be further used for
recycling and/or reuse in another manner but rather incinerated and/or landfilled. Very
few data are available about this non-recycled recovered fraction. This will depend on the
facilities a community has and its ability (technological and economical) to implement
recycling but also that some recovered material are un-recyclable. Recovery/recycling
come second with a third of the total amount of MSW recovered/recycled. This concerns
essentially paper, glass, metal and plastic (USA EPA data for 2003: 48% of paper and
paperboard generated were recovered). Likewise, incineration/combustion with and
without energy recovery are reported together. “Land disposal” is also replacing the term
“landfilling”. An “other” category is sometimes added or included in another category
with no detail.

The observed trends are leading towards less landfilling in favour of recycling and
incineration with energy recovery more and more often as they are (or seen as) more
environmentally-friendly, cost-effective and are privileged by the EU legislation.
However, other techniques are available/under development and may provide efficient
solutions for some specific MSW fractions, i.e. niche applications. Diversification and
flexibility of energy carriers, technologies and infrastructure for the production of heat,
electricity and fuels is an important feature of an efficient waste management. The next
section is going to briefly present the principles of the various chemical, biological and
physical treatment technologies with emphasis on opportunities and constraints.

4.2 Thermal treatment
Combustion

In this process, the waste is burnt in a combustion chamber with air (oxygen) to form
mainly CO, and H,O. This is one of the most efficient techniques of dealing with solid
wastes as it allows an immediate and important reduction of volume and mass together
with conversion to energy and production of an inert solid residue (ash). Several MSW
incinerators are currently available: mass burn incinerators (grate furnace/fixed bed),
modular/controlled air units (two-chamber units) and RDF-fired incinerators (fluidised
bed) are the most common [Morcos 1989; Saxena 1994; Obernberger 1998; Ruth 1998;
IEA Task 32 2002]. The installation will be chosen mostly on the basis of the fuel
properties (particle size, moisture content, etc) as good combustion conditions reduce the
necessary post-combustion cleaning devices. The incinerator is followed by a series of
cleaning techniques as this process is accompanied by production of harmful by-products.

The environmental challenges are associated with the various by-products:
- effluents (water from scrubber, slurry )
- emissions to air (volatile pollutants)

- solid residue (bottom ash and particles collected from the filtering system)
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The emissions have to be monitored and follow regulations for a given installation to be
allowed to function. Two types of measures can be taken to optimise the overall process,
i.e. better energy output and less harmful emissions: primary measures, i.e. improvement
of the burning unit and feedstock, and secondary measures, i.e. flue gas and residue
cleaning and treatment. Table 4.1 summarises the situation (EU Directive 2000/76/EC).

Table 4.1. Main pollutants of concern from MSW incineration.

Nature Origin Limits/regulations Risks Possible solutions

Effluent - - - -

Water, slurries Wet pH, T, flow, contaminants Water pollution Scrubber design, post

cleaning  concentration (see directive) treatment
Solid residue - - - -
Bottom Ash Grate Heavy metals and TOC - Stabilisation, concrete
contents industry

Fly ash Filters “ - “

TOC (Total Ash 3% in ashes - Operating conditions

Organic Carbon)

Gas emissions * - - - -

Total dust - 10 Breathing collection device and
problem further disposal

Heavy metals - See directive Health hazard  collection, adsorption

(Hg), further disposal

CO - 50 Respiratory Primary measures
problems

NOx - 200 Acid rain Primary, de-NOx

SOx - 50 Acid rain Scrubbing, absorption

Dioxins, Furans - 0.1 ng/m’ Toxic (human Primary measures,
food chain) waste  pre-treatment,

adsorption

HCLSO,,HF - 10/50/1 Respiratory Scrubbing, adsorption

problems

*mg/m’ @ 273 K, 101.3 kPa, 11% O,, dry gas. Daily average values. See directive for further details.
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The air emission limit values include daily average, half-hourly average values together
with other time-related constraints imposed on incinerators. Procedures and standards for
the measurements are also included in the directive. Other terms are sometimes used to
design classes of pollutants: CFC (ChloroFluoro Compounds), VOC (Volatile Organic
Compounds), POP (Persistent Organic Pollutants), PAH (Poly Aromatic Hydrocarbons).

Pollution control can be achieved at two different levels: prevention of pollutants’
production (by optimised process or fuel pre-treatment for example) or capture of the
pollutant before further destruction, stabilisation or disposal (isolation). Two of the most
demanding/acute challenges are heavy metals and dioxins/furans. Heavy metals (found
mostly in ashes, except for Hg, which is collected in the flue gas cleaning system, [Serum
2000]) can not be destruct during combustion and have to be disposed of in a proper way
(controlled landfilling, etc) to avoid any contamination of the environment. Novel
solutions propose stabilisation of residue containing heavy metals [Kuo 2004] and
recovery [Izumikawa 1996]. Dioxins and furans’ synthesis are depending on numerous
factors (temperature, chlorine content, and surface reactions) and is therefore difficult to
control. Even though they are produced at very low concentrations, their toxicity is acute
and they concentrate in biological reservoirs of the human food chain (especially cow
milk) with nocuous but difficult to predict chronic effects.

Further constraints include: BAT requirement (Best Available Technique) imposes
constant improvement of the installation; technological challenges (fuel pre-treatment,
optimal fuel quality, slagging, ash melting, corrosion, fouling, etc); costs (CO; tax);
logistical issues (CO; emitted by transport); continuous monitoring; reporting to the
public and the authorities.

Gasification

Even though incineration of MSW with energy recovery, air emission control and proper
waste disposal (ash, particles, waste water) is the overwhelmingly used thermal
treatment, two other thermal techniques are promising and currently under
development/early stage of industrial scale use and interesting alternatives for MSW or at
least some selected/sorted MSW fractions. Gasification is one of them. Gasification is a
thermochemical conversion process where a solid fuel is transformed into a gaseous fuel
that mainly contains H,, CO and CH4 This gas can be used for electricity and heat
production. Figure 4.4 summarises the principle of gasification, the produced gas that
then be used for electricity and heat production through turbine, engine or boiler.

Fuel (CHO) ___ 1) CO, Hy, CHy,
CHy, CO,, H,O
Oxidising agent (air, . —® 2) tar, particles,
0O,, steam, CO, or char, ash
mixtures) 3) acid gases

Figure 4.4. Gasification principle.
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Gasification reactions: C + H,O + heat 2 CO + H,

C+ CO; +heat 2 2 CO

The design principles of the gasifier unit are of three main kinds: fixed-bed gasifier
(updraft or downdraft), fluidised bed gasifier (bubbling or circulating) and pressurised
(fluidised bed) reactor which can be connected to gas turbine [Barrio 2002]. Waste can be
used for gasification, it does not need specific sorting but it must be crushed and
pelletised to increase the energy density. Produced gas composition depends on the
biomass type and the gasifiying conditions (and the eventual presence of catalysts for
reforming).

Gasification is of particular interest for the biomass fraction of MSW but also biomass
residues and woody biomass after pre-treatment (drying, particle size, pelletising) but
mostly on a small to medium scale. However several constraints associated with gas
conditioning make gasification difficult and still not very attractive: hot gas cleaning
(particle and H,S removal, etc), Ho/CO ratio (quality of gas), CH,4 and tar reforming and
first and foremost efficient and economical removal of tar [Barrio 2002]. Association of a
gasifier to a turbine is particularly difficult as a turbine is an intricate and delicate
machinery that require a very clean gas with low levels of contaminants (alkali, etc).
Furthermore other technical problems are to be expected such as feeding difficulties, ash
slagging and corrosion. Environmental aspects comparable to the one faced with
combustion are also to be expected [Kwak 2006].

Pyrolysis

Pyrolysis is a thermochemical conversion process where a solid fuel is heated in the
absence of an oxidising agent (in an inert atmosphere). Furthermore it is the initial step in
combustion and gasification processes and can therefore bring useful information about
the primary products of these processes. Pyrolysis, as a conversion process, yields 3
products: (i) a gas mixture; (ii) a liquid (bio-oil/tar); (iii) a solid residue (char). The
proportion and composition of the various fractions will depend on a variety of
parameters. Each fraction may have a commercial potential in spite of some
limitations/constraints. Pyrolysis is of particular interest for the biomass fraction of
MSW. Two technologies exist and differ on the method of heat transfer: fast pyrolysis for
production of bio-oil and slow pyrolysis for production of charcoal.

For more about pyrolysis see Chapter 7.
4.3 Biological treatment of MSW

Biological treatment will require longer time than thermal conversion as biological
processes takes days, weeks or even months to be carried out fully. These processes may
be particularly suited for some MSW fractions i.e. niche applications and will therefore
contribute to the expansion of the MSW treatment arsenal.
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Composting

Composting of MSW has been defined as ‘“the biological decomposition of the
biodegradable organic fraction of MSW under controlled conditions to a state sufficiently
stable for nuisance-free storage and handling for a safe use in land applications”
[Tchobanoglous 2002]. Several specificities of composting are immediately arising from
this definition: (1) this process is limited to the organic fraction of MSW and separation
of other fractions is a prerequisite; (2) this process is carried out under controlled
conditions and is not a mere dump; (3) the resulting decomposition product, i.e. compost
or humus, has to comply with safety and quality standards before further agricultural use
[Tchobanoglous 2002]. This technology will therefore achieve a twofold goal: reduction
of waste volume and mass, and production of a valuable by-product.

Practically, various micro organisms (bacteria, fungi, etc) break down the organic matter
to produce CO,, water, heat and a stable and nutrient-rich organic product useable for soil
amendment. The decomposition process goes through different phases with change in the
micro organisms’ population and activity of decomposition. The different phases can be
followed by the temperature profile in the composting matter. To optimise the process
(i.e. fast process), many parameters are of importance: C/N ratio (nutrition of the micro
organisms), particle size/surface area exposed (the smaller the particle, the easier for
micro organisms to work), oxygen/aeration, moisture content, pH level, temperature.

Different technical solutions exist for composting of vast amounts of waste.
Traditionally, windrow systems (outdoor row of protected/unprotected waste) were used
but today preference is given to in-vessel systems (i.e. large incubators) as they allow
easier and more efficient control of the process [Lyengar 2006]. To ensure fast, efficient
and safe decomposition, “active (or fast, hot) composting” operation is preferred to
passive composting where no maintenance is applied. Active composting requires the
follow-up and optimisation of aeration, moisture and C/N ratio throughout the
composting matter.

On top of the care required for the optimisation of the process by providing ideal
conditions for the microbial activity several problems are to be expected. The main
challenges associated will be: pre-processing of the MSW, pathogen control (health
hazard posed by the propagation of micro organisms into the air), leaching to
underground water (need for an impermeable surface), odour control, fly and rodent
attraction, fires risks (spark or self ignition), contaminants presence (heavy metals).
Health and safety constraints are therefore a hindrance for the establishment of vast
composting systems and their commercial viability. However, “backyard” composting
remains a good waste treatment for organic wastes such as yard clippings or food scraps.
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Anaerobic digestion

Anaerobic digestion can be described as composting in the absence of oxygen and require
therefore a closed reactor system, i.e. a digester.

Anaerobic digestion is especially well adapted for high-moisture wastes. The products of
anaerobic digestion are a biogas (CHy4, CO, and acid gases), a liquid (“oil”) and a solid
residue (mostly lignin and chitin). However, the energy density of the gas has to be
increased (removal of CO,) as well as to be cleaned before eventual use for electricity
generation. The liquid fraction may be used as a fertilizer if it does not concentrate
contaminants (pesticides, heavy metals), while the solid residue may be further
composted. The obvious limitations make this technique little appealing and
economically viable except in some specific niche applications such as wastewater
treatment (sludge digestion) and farm slurries [Rodriguez Andara 2002].

Fermentation

Fermentation is of interest for the biomass fraction of MSW and more generally biomass
residues. This process includes two steps: (1) lignocellulosic materials are first
hydrolysed to sugars with the help of enzyme and/or acid hydrolysis [Xiang 2003] and
thereafter (2) converted into ethanol through fermentation. Ethanol production from
lignocellulosic materials (not only corn but woody biomass) is a hot topic as development
of a car fuel blend including 85% of ethanol and 15% gasoline known as E8S is a serious
alternative to conventional gasoline. The trend now is for the production of Flexible Fuel
Vehicles that can function either on gasoline or on E85. An overview of ethanol
production (potentials, constraints and technologies) from waste and biomass residues
can be found in [Prasad 2006]

4.4 Physical treatment of MSW
Source reduction, recycling and separation

Efficient and responsible waste management strategies include several physical
treatments. Source reduction is a pre-emptive measure aimed at lowering the amount of
waste. This could be achieved by adopting various measures such as design of smaller,
biodegradable packages, purchase of bulk products, reduce use of disposable items or
lengthening the life of durable goods (less renewal, charities). Industrials and consumers
can both act towards this goal but political involvement can fasten and improve the
results. Separation consists in removing some fractions, especially problematic fractions
(PVC, batteries, etc) in order to provide proper handling of these but also to prevent
problems associated with them. For example, removal of PVC from MSW mainstream
will greatly reduces production of Cl-containing compounds during combustion.
Recycling is an important feature of waste management as it is a step towards a more
sustainable society. Recycling consists in the re-use, after proper re-processing, of
materials. Recycling allows a reduced use of natural resources and offers commercially
viable opportunities. Recycling is mostly aimed at paper products, plastic, metal and
glass but may apply to other products. Most of the recycled materials are obtained
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through active sorting of the consumers but not always; big appliances have to be
demounted, dangerous components removed and further treated before metal and plastic
can be recuperated and re-used.

Landfilling

Landfilling is the process by which solid waste are placed/deposited in or on the surface
soils. Modern landfilling has little to do with old-fashioned dumps where wastes were
thrown with no consideration for the immediate and long-term environmental and public
health consequences. Modern landfilling includes proper planning, design, monitoring
and follow-up of the site after its closure.

Combustion and recycling are today seen as better alternatives even though landfilling
with proper monitoring is considered by many (especially in the USA) as an economical
and environmentally acceptable method (large area available, limited incineration
capacity). However, landfilling is the main solution for solid residues, in other words
residues collected after a previous treatment such as combustion.

Several configurations of landfilling exist and usually differ by the shape of the terrain.
However, they all face the same environmental challenges, i.e. emission of gases to the
atmosphere and leaching of contaminants to soils and water resources.

Generation of landfill gases includes CO,, CH4 but also trace gases (ammonia, sulphides,
etc) with potential risks. This gaseous release to the atmosphere will also be accompanied
by odours, which may be a major problem. That is why landfills are covered by a layer of
fresh soil regularly. The nature, release rate and origins of the gases will evolve with time
during the life of a landfilling site. Several technologies are available for management of
landfill gas: capping/covering and extraction wells for collecting (and recovery
eventually), vents for pressure release, burner for flaring. Leachate can be defined as the
liquid produced in a landfill from the decomposition of waste within the landfill
accompanied by water. Composition of the leachate is very complex and will change over
time. This makes its management very complicated. Handling of the leachate consists in
preventing its release outside the landfilling site. Physical barriers (liners) can be placed
under the landfill and the leachate collected by channels and removed to be further
treated or placed back at the surface of the landfill.

Continuous monitoring is necessary to ensure the safe operation and relative
innocuousness of the landfill. Air quality (ambient air and landfill gas) and groundwater
quality are monitored continuously.
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4.5 Complete overview of waste management
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Figure 4.5. Waste treatment: a complete overview.

Figure 4.5 summarises the present waste treatment situation. Thin arrows represent
emerging technologies.
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5 Experimental section
5.1 Reactor and set-up

The set-up used is an in-house designed and fabricated “macro-TGA” (batch reactor) for
experiments on samples up to about 100 grams. It is possible to measure gas
concentrations and weight loss simultaneously while keeping good control of the
operating parameters: reactor temperature, gas medium temperature, heating rate and
inlet gas flow. Operating conditions of the reactor are flexible when it comes to gas
nature (inert or active) and flow, temperature profile and range (up to 900°C) along the
reactor, heating rate and sample size, weight and nature of the sample.

The reactor is a vertical stainless steel tube with an Al,O3; ceramic coating to minimise
the catalytic reactivity of the walls. The reactor has an inner diameter of 0.1 meter and a
height of 1 meter. It is heated by 5 independent heating elements with a total effect of 6
kW. Each heating element is regulated by 2 thermocouples installed at the surface of the
tube reactor (diametrically opposed location). A pre-heater is used to heat the gas
medium before entering the reactor. A suspension system holds a cylindrical-shaped wire
mesh basket containing the sample. The basket is connected to a Sartorius CP 153
precision balance to record the weight loss of the sample during its thermal
decomposition (“macro TGA” function). The fuel can also be placed directly on a grate
(distribution plate) located right above the pre-heater. In this configuration, no weight
loss can be recorded during the experiment but samples up to several hundreds grams can
be loaded. A schematic diagram of the pre-heater, the reactor and the sampling line is
shown in Figure 5.1.

Heated line
Balance

. —» Exhaust gases
FTIR analyser | Heated filter |« Tar trap - —

\ 4

Silica gel l-«—— Heater

GC ld—— Sample

Preheater [«—— N,

A\

O, analyser -t

Figure 5.1. Reactor and gas sampling set-up.
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Only a fraction of the exhaust gases (about 6 NI/min) is extracted through a glass probe
placed inside the reactor and going through a (ice+water)-cooled trap (glass bottles) and a
filtering system (paper filter) before it is analysed by a FTIR analyser and a micro-GC.
This prevents any deposition on the optical system of the FTIR analyser and pollution of
the GC columns. A small amount of silica gel was also used to prevent any water from
entering the GC columns.

Temperature measurements inside the sample were realised using up to 4 thermocouples.
The detail concerning these intra-sample temperature measurements can be found in
[Becidan 2007d] (P-VI).

5.2 FTIR analysis

Principle of FTIR. FTIR (Fourier Transform Infra Red) analysis is an analytical method
based on the interactions between IR light (i.e. wavelength range from 2.5 to 15 um) and
matter. Molecules are vibrating at characteristic frequencies. Exposed to IR radiations, a
molecule will absorbed IR energy only at frequencies matching the molecule’s natural
frequency of vibration (resonant frequencies). As a consequence, the absorption pattern
(frequencies and intensities) is unique for a given molecule. The frequencies of vibration
of a molecule (subsequently the frequencies of the radiations absorbed) are directly
related to the nature of the atoms and the structure of the molecule. The absorption
intensity is correlated to the change of the dipole moment due to the vibration and to the
concentration of molecules. Consequently, qualitative and quantitative results can be
extracted. Almost all molecules can be identified by FTIR except for some symmetrical
molecules (O, N, Hp, etc) and inert gases (Ar, He, etc) because they do not exhibit any
change in their dipole moment.

Important general FTIR definitions.
A(M) = g(A)b-c; A: absorbance

A =logio (I/I); Ip: light intensity before the absorbing sample; I: light intensity after the
absorbing sample

A =logio (1/T); A =logio (100/%T); T =1/I

T: transmittance; A: wavelength; 1/A: wavenumber

b: the distance the light has to perform through the absorbing sample (pathlength)
c: concentration of the absorbing sample

€(M) is the extinction (or absorptivity) coefficient, substance-specific and function of A
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Interferogram and Fourier Transform. During FTIR analysis, the specimen is
subjected to a modulated IR beam. The heart of the FTIR analyser is the interferometer.
This optical device converts the IR radiation from many waves with different frequencies
to a single wave that varies over time and known as interferogram. This very conversion
(or modulation) allows the FTIR to analyse all IR frequencies simultaneously, while
previous FTIR apparatus had to scan over the whole IR spectrum. The Fourier Transform
is the mathematical tool that finds back the frequencies information contained in the
interferogram and reconstructs all the waves that constitutes it. By subjecting the
interferogram to a Fourier transform, all the original frequencies are retrieved except
those which were absorbed by the sample. The modulation is therefore reversed to get the
IR spectrum. The IR spectrum usually presents the absorbance (see page 32 for
definitions) as a function of wavenumber (1/wavelength).

B = FF)L e do. ()
f(t) = FY( @f

The continuous Fourier Transform mathematical expression (1)

Our FTIR. The FTIR analysis of the gases was performed with a Bomem 9100 analyser
and GRAMS/32AlI version 6.00 for spectrum analysis. The FTIR sampling line and cell
(volume of 5 litres and optical path length of 6.4 m) were heated at 176°C. The
instrument was equipped with a DTGS (Deuterated TriGlycine Sulfate) detector at the
maximum resolution of 1 cm™. The FTIR was used to quantify CO,, CO, CHy4, C,H,,
C,H4, HCN and NHj;. The FTIR analyser gives one measuring point every minute (1 scan
every 5 s, averaging value over 12 scans).
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Figure 5.2. Stacked FTIR spectra of various gaseous species. Arbitrary unit versus
wavenumber (cm™).
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Qualitative analysis. Each gas has a unique IR absorption pattern, often referred to as a
fingerprint or signature (see Figure 5.2). It can therefore be matched with known IR
patterns of identified materials to perform a qualitative analysis. However, overlapping of
IR spectra of different species in a mixture is a very common problem encountered
during IR analysis. It does not mean that further analysis is not possible but it does often
lead to further treatment of the data. Overlapping is not a critical problem when it comes
to identify the various compounds present in an exhaust gas, but it can be a major
problem when it comes to quantification of the various gaseous species.

Quantitative analysis. Quantitative analysis, in other words determination of
concentration, with FTIR is based on the Beer-Lambert law (illustrated on Figure 5.3).
The Beer-Lambert law is the linear relationship between absorbance (A, no unit) and
concentration of an absorbing species. Absorbance is defined as the fraction of the initial
radiation Iy absorbed by the sample, i.e. 1-I/Iy (definitions page 32). Consequently, if all
the light passes through a sample without any absorption, then absorbance is zero, and
transmittance (definitions page 32) is 1. If all the light is absorbed, then percent
transmittance is zero, and absorption is infinite.

Absorbing sample
of concentration ¢

Pathlength b

Figure 5.3. Illustration of the Beer-Lambert law (see page 32 for definitions).

Nevertheless, the Beer-Lambert law suffers several limitations. The linearity of the Beer-
Lambert law is limited by both chemical and instrumental factors. The most common
causes of non-linearity are, amongst others: deviations in absorptivity coefficients at
“high” concentrations (several hundreds ppm typically) due to interactions between
molecules in close proximity; scattering of light due to particles; fluorescence or
phosphorescence of the sample.

Calibration. Because of this non-linearity it is vital to build good calibration curves, i.e.
with a sufficient number of points covering the whole working range as intra- and
extrapolation is delicate. Practically, to perform a calibration one has first to select a
wavenumber (1/wavelength) zone where the species is absorbing, in other words where
an absorption peak or series of peaks is visible (Figure 5.4). It is important to be sure that
only the investigated component is absorbing at this wavenumber. If it is not possible
(see HCN in [Becidan 2007b] (P-1V)), the data has to be further processed.
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Figure 5.4. 10 CO calibration spectra (from 1.21% to 12.13%). Absorbance (no unit)
against wavenumber (cm™).

Two parameters can be registered to build a calibration curve: the height of a peak and
the area of a peak. Figure 5.5 presents the calibration curve for HCN between 0-300 ppm
with use of the peak height at 3372.29-3374.7 cm™. The points are experimental points
and the linear trendline (proposed by MS Excel) is shown, exposing the linear
relationship between peak height and HCN concentration. However this linearity is not
valid at high concentrations as shown in Figure 5.6 with the linear trendline calculated by
Excel for HCN between 0-1990 ppm.
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Figure 5.5. Calibration curve for HCN at 0-300 ppm (and linear trendline).
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Figure 5.6. Calibration curve for HCN at 0-1990 ppm (and linear trendline).
Other constraints associated with FTIR analysis.

Baseline: the baseline (reference line to measure height and area) has to be similar for the
calibrations and the experimental data. Disturbance of the baseline (background noise) by
experimental factors can affect low concentrations measurements.

A>1: absorbance above 1 can not be used for quantification as this reflects the fact that
all the light has been absorbed by the sample. Therefore one should choose a peak whose
height is less than 1 for the whole measuring range. This problem may occur at high
sample concentrations.

High concentrations: the non-linearity can have consequences at high concentrations. At
high concentration the correlation between area and height values and concentration is
such that a minor increase in absorbance can lead to a substantial increase in
concentration. This sensibility makes quantification difficult as the slightest shift can
influence substantially the calculated concentration.

Matrix effects: another type of interference is known as “matrix effects”. This is similar
to overlapping except that in this case the resulting spectrum (of the 2 or more interfering
species) is not the addition of the spectra of the individual species. The shape and the area
of the peaks are modified and new peaks may appear.

Overlapping and spectral subtract, the HCN example: ideally it is possible to find a
unique wavenumber region where only the relevant species absorbs IR light but in
practise there is no such region for HCN (pyrolysis experiments). Further treatment of the
spectra is therefore necessary. The 3774.70-3372.29 cm™ region (the less overlapped) is
disturbed by C,H, and NH;. The 3774.70-3372.29 cm’! region was corrected for the
interferences from NH3 and C,H; whenever necessary. The high Signal-to-Noise-Ratio of
the selected HCN bands, due mainly to the high N content (and the high (N/C) ratio) of
the biomass samples, made absolute concentration measurement possible and accurate.
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The procedure of “correction”, in other words removal of interferences, is an operation
performed with help of the FTIR software (GRAMS32 Al) and consists in electronically
removing disturbances. This operation is called “spectral subtract” and can be described
very simply as such (example in Figure 5.7, (1) before and (4) after spectral subtract):

Result file = Sample file — (Subtrahend file x Subtraction factor)
Result file = “Clean” spectrum where [HCN] can be determined, e.g. (4).

Subtrahend file = Interfering species X calibration spectrum (at a known concentration
[X]o from a database of 10 spectra to limit non-linearity effects), e.g. NHj in (2).

Sample file = Raw spectrum from experiment (with calculated [X]), e.g. (1).
Subtraction factor = [X] / [X]o; as the interferences are assumed to be linear.

The spectral subtraction operations were performed manually and 10 calibration spectra
were available as subtrahend file per interfering species over the working range to reduce
non-linearity effects between two calibration spectra. The subtraction factors were
calculated by assuming linear interferences (matrix effects were assumed negligible).

a . @)

®) _. @

Figure 5.7. FTIR Spectra (absorbance versus wavenumber (cm™)) at 3200-3400 cm™.
(1) Raw data: spectrum obtained during pyrolysis of BSG.

(2) Calibration spectra of HCN (green) and NHj3 (red) showing the overlaps.

(3) Calibration spectra of HCN (400 ppm).

(4) “(1) after spectral subtract”: NHj interferences removed, HCN can be quantified.
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Uncertainties calculation. Example with NH; [EURACHEM/CITAC 2000].
The combined uncertainty was obtained from the contribution from (1) the precision of
the method, expressed as the relative standard deviation calculated from the FTIR heights
and areas tabulated for a given point (experimental), (2) the trueness (accuracy) of the
method, expressed as the relative uncertainty on the calibration method. Two “zones” are
visible, one (low concentration) where uncertainty is not (little) dependent on the
concentration and another (high concentration) where uncertainty is proportional to the
concentration (Figures 5.8- 5.9).
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Figure 5.8. Experimental uncertainty at low levels for NH3.
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Figure 5.9. Experimental uncertainty high levels for NHs.

The uncertainty at high concentrations (above 300 ppm) was reported as a relative
standard deviation (in %) corresponding to the square root of the slope of the linear
regression between squared uncertainty and squared concentration. The uncertainty at
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low concentrations (below 300 ppm) was reported as a (minimum) standard deviation
(same unit as concentration). The results can be found in the articles.

5.3 GC analysis

Principle. Gas Chromatography (GC) is an analytical method for analysis of complex
mixtures. It is based on the different affinities of compounds between a stationary phase
(inner coating of a column) and a moving phase (gas medium). Each constituent of a
mixture will be separated (GC term: eluted) from one another and come out of the
column (and reach the detector) after a characteristic duration (GC term: retention time).
Detectors will also be able to determine the concentration of each species. Figure 5.10
illustrates the principle. Parameters such as column temperature, column pressure,
stationary phase nature, column length and carrier gas can be adapted to optimise the
separation between compounds.

Our GC. The gas samples were quantified online using a Varian CP-4900 micro gas
chromatograph equipped with 2 TCD detectors and a double injector connected to two
columns: a CP-PoraPLOT Q column (10 m length, 0.25 mm inner diameter and 10 pm
film thickness) to separate and quantify CO,, CH4, C,H,+C;H4 (not separated) and C,Hg
and a CP-MolSieve 5SA PLOT column (20 m length, 0.25 mm inner diameter and 30 um
film thickness) to analyse H;, O,, CHs, CO and N,. Helium and argon were used
respectively as carrier gases in the two columns. TCDs (Thermal Conductivity Detector)
were used. Calibration over the working ranges was realised with 3-5 points per
compound. The response of the TCDs was linear for all compounds at the concentration
ranges studied during the experiments.

Constraints associated with GC. The following problems can be mentioned:
optimisation of the separation process may be complex and time-consuming; a given
column can not detect all types of compounds, hence the need for multi-column devices;
slow elution limits the number of experimental points; identification of unexpected
compounds.

GC performance. The GC was able to provide one measurement every 2.5 minutes (2
min total elution time, 30 s sampling time). Results from GC and FTIR were most often
in good accordance except for the fast heating rate experiments where significant
differences could be observed due to the rapid completion of the experiment. GC results
were therefore mainly used for comparison purposes with FTIR. The following figures
present some results. Figure 5.11 and 5.12 show the good accordance between GC and
FTIR results, while Figure 5.13 show the problems caused by the insufficient resolution
of the GC. GC gives an “instant” value while FTIR gives an average value (1 point is the
average of 12 5-second scans and gas is constantly travelling through the FTIR cell). Fast
processes will therefore not be properly described by GC.
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Figure 5.10. GC principle: separation of compounds in a column [Varian 2006].
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Figure 5.11. Comparison of GC and FTIR (pyrolysis of BSG at 700°C): good agreement.
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Figure 5.12. Comparison of FTIR and GC (pyrolysis of coffee waste, 10°C/min): good
agreement.

4 1 —e—CO2 GC
3.5 1 —a— CO2 FTIR

CO2 concentration (vol%)

Time

Figure 5.13. Comparison of FTIR and GC (pyrolysis of fibreboard at 900°C): very fast
process, too few points for GC.
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6 N-chemistry in biomass before and after thermal degradation
Abstract

During thermal conversion, a fraction of N will be released as NOx, a major pollutant. This
section deals with N-chemistry before, during and after pyrolysis, the first step in combustion.

N-concentration in biomass. Large variations occur from wood that contains about 0.1 wt% of N
to leaves, seeds and biomass residues which contains several percents of N.

N in biomass. N-chemical structures in biomass are many and versatile. The detailed knowledge
is often overseen by the bioenergy world, where N is considered vaguely as “mostly of
proteinaceous origin”. Reviewing plant physiology publications, it was shown in this study that
this is an inaccurate approximation. N can be found in many other forms at significant levels and
proportions. Significant Non-Protein-Nitrogen (NPN) contributors have been identified as: free
amino acids, polypeptides, non-protein amino acids, nucleic acids and mononucleotides,
alkaloids, inorganic nitrogen and chlorophyll.

N-release from model compounds. Chemical compounds depicting a single chemical function of
N, i.e. model compounds, have been studied to determine the release pathways of N. Two classes
have been under scrutiny in the literature: proteins /amino acids and N-aromatics. The main final
product for amino acids/proteins is HCN in most cases. The primary and secondary pathways of
decomposition identified are many. The main (out of 5) primary path is dehydration through
formation of cyclic amides, the most common being 2,5-diketopiperazine (DKP). The DKP ring
will then (secondary reaction) open/break, producing a variety of compounds, which will
thereafter produce mostly HCN but also NH; and HNCO. Pyrrole and pyridine are the most
common N-aromatic compounds. They almost exclusively produce HCN. The mechanism of
decomposition of pyrrole and pyridine involves breaking of bonds in the ring and/or rupture of
the C-N bond followed by random cleavage/recombination of the resulting diradical.

New considerations. The results obtained from model compounds should be looked upon
carefully. Even if it is true that N is found in protein/amino acids and N-aromatic structures, it is
also true that N-structures are only a part of the biomass matrix (cellulose, hemicellulose and
lignin) and therefore N-compounds will not only be in the vicinity but also linked in a variety of
ways to many different functional groups (containing N or not), which may significantly influence
N-chemistry. This brings limitation to the validity of the results obtained through model
compounds studies and their direct transfer to biomass. Model compounds can not portray fully
biomass and its intricate makeup. This calls for the study of biomass itself even though its
complex constitution has hindered mechanistic insights so far.

N release from biomass. (1) N-release in biomass. Experimental results from literature are often
contradictory. NHj; is often the main N-product but not always. HCN release is increasing with
temperature and heating rate, while NH; release dependence is unclear but is most often
increasing until a given temperature. The dependence on N-functionalities is still unclear. (2)
Comparison with model compounds. Little mechanistic insight can be obtained from biomass
studies and transfer of model compounds results is not straightforward as the interactions
between N-compounds and non N-compounds are not known.

It was concluded that the combined study of biomass and model compounds is the best approach
to try to grasp a more complete picture of N-chemistry.
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On the one hand, Nitrogen (N) can be considered a minor component of biomass when it
comes to weight percentage, on the other hand when it comes to pollution potential N is a
major challenge both directly through NOx emission and its consequences (acid rain,
greenhouse effect intensification) and indirectly through its involvement in synthesis of
ground-level ozone formation and stratospheric ozone destruction. In this section, an in-
depth overview of N in biomass will be given. First the concentrations and chemical
forms in which N can be found in biomass will be presented, and then a presentation of
N-chemistry studies (NOx precursor’s mechanistic considerations) during pyrolysis
through model compounds and various biomass samples will be presented. This chapter
shows that the bioenergy world often have a too simplified picture of the variety of
chemical forms of N in biomass prior to pyrolysis. When it comes to N-chemistry during
pyrolysis, it is suggested that model compounds studies should be looked upon carefully,
while interpretation of the widespread biomass pyrolysis results is attempted.

6.1 Total-N (TN, [N], N-concentration)

N-concentration in biomass is usually determined according to the micro-Kjeldahl
procedure and is referred to as “total-N” (TN). TN and N-functionalities in biomass may
vary with numerous parameters (Figures 6.1-6.4) such as: biomass type [Stuart 1936;
Cowling 1966; Yeoh 1994; Periago 1996 and Table in Appendix]; location in the plant
(bark, stem, root, branch, leaf, cross-section, flower, etc) [Merrill 1966; Cowling 1970;
Langlois 1976]; the season [Nédsholm 1990; Billow 1994; Gomez 2002]; the age of the
plant or the aging after cutting [Birecka 1984] ; the resources availability (water,
fertiliser) [Langlois 1976; Billow 1994; Dong 2002; Meuriot 2003; Cheng 2004]; or the
stage of growth [Sanchez 2005].
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Figure 6.1. Cross-section of white pine. 1-13:sapwood, 14-27: heartwood, 28: pith.
[Merrill 1966].
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Figure 6.3. [N] in leaf of 90 plants from the 3 major plant phyla. Line: average value,

Plant species

2.51 wt% (+/- 1.15 wt%). [Yeoh 1994].

The level of N in a plant can be explained by the biological roles played by N-species.
The TN in wood will decrease as one is going deeper in the trunk (Figure 6.1) as a result
of cell maturation [Cowling 1966; Merrill 1966; Cowling 1970]. Seeds have high [N]
(Figure 6.4) as they contain nutritive and protective compounds (proteins for energy,
alkaloids for antifungal activity) to nurture plant development. It can therefore be
understood that the level but also the nature of N in biomass is directly related to the
physiology of plants. However, the chemical structures in which N is found in biomass

are many and their relative proportion is not well known in the bioenergy world.
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Figure 6.4. [N] in 6 seeds. Line: average value, 3.73 wt% (+/- 1.57 wt%). [Predel 1998;
Onay 2001; Ezeagu 2002; Hansson 2003a; Acikgoz 2004].

6.2 Nature of N in biomass (N-functionalities)

The chemical structures in which N is found in biomass are many. However their variety
and relative importance/concentration are not well known outside the plant physiology
world. The detailed knowledge of the nature and relative amount of the many N-
containing compounds is often overseen by researchers working in the field of bioenergy,
describing the N-compounds vaguely as “mostly of proteinaceous origin” with very little
or no further investigation. However a look at the physiology of plants (not discussed
here) shows that this is unsatisfactory as plants have the ability to synthesize a myriad of
N-containing compounds. Even though a clear correlation between N-functionalities in
biomass and N-behaviour/chemistry during thermal degradation (pyrolysis, combustion,
gasification) is yet to be clearly established, it is crucial to lay out an accurate picture of
N in biomass.

It is possible to classify N compounds in 2 main groups: the protein-N (PN) and the non-
protein-N (NPN).

6.2.1 Protein-N (PN)

A significant proportion of the nitrogen present in biomass is found in form of proteins
(Figure 6.5). Proteins are bio-macromolecules that consist of amino acids (molecules that
contain both amine and carboxylic acid functions) joined by peptide bonds (amide bond)
and have a variety of biological roles (structural, storage of nutrients, etc). Some typical
values of protein-N in biomass collected from the literature are presented in Table 6.1.
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Proteins are potentially made of 20 different naturally occuring a-amino acids (glycine,
alanine, valine, leucine, isoleucine, methionine, proline, phenylalanine, tryptophan,
asparagine, glutamine, serine, threonine, tyrosine, cysteine, aspartic acid, glutamic acid,
lysine, arginine, histidine). The occurrence and nature of amino acids constituting a
protein will form a unique makeup and will influence the properties of the protein
(thermal behaviour, functional groups, etc). It is important to notice that the extractive
methods used to determine PN are not perfect [Ezeagu 2002]. Amino acids may be
destroyed or chelated, and amino acids might not yield the “expected” products (NH3 and
measured amino acids) or tightly bound proteins/amino acids with plant cell-wall matrix
may not be released.

Several interesting results can be extracted from Table 6.1. First, it is true that PN
represents the major single N-group. However, the relative importance of PN is highly
variable, varying roughly from about 30% to more than 90% of TN. PN has always been
seen as a good representation/picture of biomass-N and further used as a starting point for
N-mechanistic studies. This generalisation is at the least inaccurate, at the most wrong for
many biomass species or biomass fractions. The inadequacy of the assumption that N is
only of proteinogenic nature in biomass is obvious from the knowledge of synthesis of
plant tissues and tree physiology (not discussed here). Any study of N in biomass (NOx
formation during combustion, etc) can not be pursued further without a definition as
correct as possible of the nature of N-compounds.

Furthermore the protein composition is very complex as the nature of the proteins (amino
acids composition) can vary greatly from one biomass species to another [Nadsholm
1990]. Roots and fleshy storage organs (tubers, bulbs) generally contain smaller
proportions of their total nitrogen in the form of protein than do leaves [Fowden 1980];
some protein amino acids contain non amino acid-N (tryptophan, asparagine, glutamine).
All this complicates the establishment of an accurate N-compounds determination.

The remaining part of the nitrogen (non-protein nitrogen or NPN) contains a large variety
of compounds which are often difficult to isolate, characterise and quantify. In the
following section, a list of the known NPN compounds as complete as possible has been
compiled with quantification information whenever possible.
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Table 6.1. PN in % of TN.

Reference Type of biomass PN-average PN-range Comments

[Adelsberger 1976] Scots pine sapwood/heartwood - 66-71/68-71 +/-15%

[Laidlaw 1965] Scots pine 87 - 9 months storage

[Periago 1996] 6 legumes 63.7 38.5-74.0 -

[Yeoh 1994] 90 plants (leaves) 76 55-90 -

[Ezeagu 2002] 13 tropical plant seeds 78 40-79 -

[Langlois 1976] Tree (salicornia ramosissima) - Stem: 50-68 Different stage
Branch: 46-71  and conditions
Roots: 41-44

[Langlois 1976] Tree (salicornia stricta) - Stem: 44-57 Different stage
Branch: 19-92  and conditions
Roots: 55-59

[Cheng 2004] Bark tissue of apple trees 90 - -

[Cheng 2004] Whole-tree basis (apple trees) 60 - -

[Cowling 1966] Heartwood of English oak 50 - -

and eucalyptus

[Cowling 1966] Sapwood of eucalyptus 75 - -

[Fowden 1980] Plant 80 - Estimation

[Nasholm 1990] Needles of Scots pine trees 70 - -

[Leppélahti 1995a]  Peat (review) 28-58 Minimum values

6.2.2 Non-Protein-N (NPN)

The identification and quantification of NPN compounds is challenging as their detection
and separation are complex and their concentration levels often rather low.

Free amino acids and polypeptides

Free amino acids (Figure 6.6) are said to be one of the main constituents of NPN [Periago
1996]. It was shown for 36 grass species that the free amino acids constituted 0.9 to 12%
of the total leaf protein amino acid, and generally less than 5%. From the results
presented in [Billow 1994; Curran 2001] it was possible to calculate that about 5% of
total-N was of free amino acids origin in slash pine leaves and less than 10% of total-N in
coniferous forest canopies (needles). Cheng et al. [2004] studied apple trees, the ratio
between N-protein and N-free amino acids was between 27.1 and 3.2, confirming the fact
that PN is the most important form of biomass-N but also that its relative proportion is
variable (depending on season, growth, nutrients); arginine was the main free amino acid,
containing from 50 to 80% of the free amino acid nitrogen (typical of some tree species).
The nature of free amino acids is also varying as Ndsholm et al. [1990] reported that the
main free amino acids in needles of fertilized Scots pine are glutamine, glutamic acid, y-
aminobutyric acid, aspartic acid and proline (50-70% of the total free amino acids).

HH NH, NH.
H2N C N (CHz)g_C_COZH HOZC (CH2)2 (l: COZH
H H H

Figure 6.6. Two essential amino acids: arginine (left) and glutamic acid (right).
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Non-protein amino acids

Only 20 different amino acids (the so-called essential a-amino acids) are naturally
occurring in proteins of plants (and animals) but many more can be found in plants and
are derived from the chemical modification of proteins (secondary compounds). Fowden
[1980] evaluates at 200 the number of non-protein amino acids in plants; the
concentrations of individual components may vary within wide limits, some occurring at
several percents of the dry matter; as high as 10% have been recorded for DOPA in seeds
of Mucuna species [Fowden 1980]. Ezeagu et al. [2002] reports that as many as 300 non-
proteinogenic amino acids are derived from plants and characterizes their amounts in
several seeds of leguminous family as “significant”. The general structure of non protein
amino acids can be written as RCH(NH,)COOH [Fowden 1980]; based on R nature, the
compounds can be classified as alkyl, hydroxy, acidic, basic, sulphur-containing, aryl or
heterocyclic amino acids.

Nucleic acids and mononucleotides

Nucleic acids are the biochemical macromolecules containing the genetical information
of living cells. The most common are DNA and RNA. Nucleotides are the building bricks
of this macromolecules and are constituted of a nucleobase (Figure 6.7; N-containing
structures: purines or pyrimidines), a pentose (sugar) and a phosphate or polyphosphates.
No data was found about the proportion of N found in nucleobases in biomass.

NH2 0 NH, o
CLET (IO
H @] H N)\NHZ H N) H O

Figure 6.7. Cytosine, guanine, adenine and thymine.
Alkaloids (N functionality in italic and bold)

Alkaloid is a generic term covering a vast family of natural compounds estimated at
roughly 10 000 [Hesse 2002]. This family includes some famous compounds like opium,
nicotine or caffeine. Alkaloids may have numerous biological roles such as antifungal
agent, protection against UV irradiation, insecticide, etc. Alkaloids frequently exhibit
physiological activity and therefore newly discovered compounds are under the scrutiny
of pharmaceutical industries.
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Classification of alkaloids is a complicated task but the five main alkaloid classes [Hesse
2002], determined according to the position of the N-atom in the main structural element,
are:

- Heterocyclic alkaloids (N can be found as pyrrolidine, indole, piperidine, pyridine,
imidazole, quinoline, quinazoline, benzoamine, benzoxazole, pyrrolizidine, quinolizidine,
indolizine, pyrazine, purine, pteridine, etc) = Cyclic N (aromatic or non aromatic)

- Alkaloids with exocyclic N-atoms and aliphatic amines (benzylamine,
phenylalkylamine, etc) = Amine

- Putrescine, spermidine and spermine alkaloids (biogenic amines) = Amine
- Peptide alkaloids = Amide

- Terpene and steroid alkaloids (N-atoms may in principle be present either as parts of
rings or attached on side chains) = Various N-functionalities

When it comes to how much alkaloids are present in a sample, the values are variable
going from barely detectable (less than 0.01% [Hiraoka 1974]) to significant. Up to 5%
caffeine (Figure 6.8) can be found in leaf tea, up to 1.9% in coffee beans [Hesse 2002],
5% of the weight of the wood in certain tropical species [Cowling 1966]. The portion of
N present as alkaloids is following the same behaviour. The highest values reported are
8-10% of total-N as alkaloids in lupin seeds [Sanchez 2005]; Birecka et al. [1984]
measured that in the youngest organs of heliotropium plants, the pyrrolizidines alkaloids
represented over 5% of the total nitrogen content.

CHs

o
T

Figure 6.8. A famous alkaloid: caffeine.
Inorganic-N

The most common forms of inorganic nitrogen are nitrate (NOs'), nitrite (NO,) and
ammonium (NH4"). They are early forms of N-uptake by plants. Inorganic-N is then used
by plants and incorporated in their tissues as plant protein (and other N-containing
compounds). Gomez et al. [2002] measured that the contribution of nitrate to TN was 2-
4% over the course of a year in peach trees.

49



Chlorophyll

Chlorophyll is the green photosynthetic pigment found in plants and is involved in the
energy storage process. Several types of chlorophyll exist, the most universal being
chlorophyll a with the molecular formula CssH7,0sN4sMg. The basic structure where N is
found in this pigment is a porphyrin macrocycle (Figure 6.9) with a magnesium ion
(Mg®") in the central cavity and various side chains. The amount of N contained as
chlorophyll-N is usually significant in plant foliage. It was calculated, from [Birecka
1984] measurements, that, in half-expanded leaves of heliotropium plants, about 7% of N
was chlorophyll-N (highest value). The lowest value was found in the flowers of this
plant where only about 0.3-0.4% of N was chlorophyll-N. Similar results were found by
[Billow 1994] (0.9-2.5% chlorophyll-N in coniferous forest canopies) and [Curran 2001]
(about 1% of chlorophyll-N in needles of slash pine).

Figure 6.9. Porphyrin structure.
Quaternary-N (Q-N)

The ambiguous term ‘“quaternary nitrogen” is often used to refer to an N-functionality.
The exact nature of Q-N is still obscure and discussed. It is described as “pyridinic N that
has been protonated, oxidised or otherwise subjected to electron withdrawal” [Hansson
2003b] or “N which substitutes for carbon in the graphene type structure” [Babich 2005]
or “inorganic quaternary species (ammonium carboxylates)” [Keleman 1999]. However,
it was shown [Keleman 1999] that XPS (used to determine the pyridinic-, pyrrolic-,
amino-, amide-, Q-N) can not distinguish pyrrolic and amide nitrogen (in other words
PN) or even low level of amines from pyridinic-N, which complicates the analysis of
XPS measurements. Furthermore, a study [Hansson 2003b] showed that at room
temperature XPS can not distinguish amino acids and Q-N, this fact leads to the
hypothesis that Q-N might in fact be amines or amino acids as it might explain several
features of the pyrolysis process of solid fuels. The debate is not yet over and requires
further work.
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Other minor N-compounds
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Figure 6.10. Biotin (vitamin H or B).

Vitamins are essential to human diet for synthesis of proteins [Damon 2005]. They are
present in many edible plants, may contain N in a variety of compounds for example
biotin (Figure 6.10). Vitamins are usually found at very low concentrations, typically in
the order of milligrams per 100 g biomass [Damon 2005; Lebiedzinska 2006].

A glucoside is a compound that is derived from glucose and another substance (the
bioactive part). Glucosides are common in plants, but rare in animals. Cyanoglucosides
contain a cyano functional group (also called nitrile) that consists of a carbon atom joined
to a nitrogen atom by a triple bond. Concentration of about 50 mg of cyanoglucoside per
100 g dry matter (in young curled fronds of bracken fern) is considered very high
[Bennett 1968]. Amino sugars are alkali-insoluble polysaccharides (carbohydrates),
another class of biomacromolecules than proteins [Leppdlahti 1995a]. Three amino-
sugars are common in nature: D-glucosamine, D-mannosamine and D-galactosamine.
The polymer of glucosamine is chitin, a compound found in the cell walls of many lower
plants.

This overview of the N-containing compounds in biomass shows that NPN is diverse and
may represent a very substantial portion of the TN for many biomass samples. The most
interesting/significant compounds to consider are: free and NP amino acids, alkaloids,
inorganic nitrogen and chlorophyll. Their relative weight as N compounds will vary
substantially depending on the species but also other biological factors. It may not be
possible to give an exhaustive picture of biomass-N but this in-depth overview is a strong
evidence of the crucial need for a detailed case-to-case knowledge of the nature of N-
chemical forms in each biomass sample as the “N biomass equals PN” simplification is
far from satisfactory to describe biomass-N in many cases.
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6.3 NOx precursors: NH; and HCN

NHj; and HCN release from biomass pyrolysis has been studied in two ways: study of
biomass itself and study of model compounds, i.e. chemical compounds depicting a
single chemical functionality of N. Pyrolysis of N-containing model compounds has been
used to characterise the main decomposition products and elucidate the main degradation
pathways by fragment identification.

6.3.1 N-model compounds: protein/amino acids/oligomers/polypeptides
Final products studies

The main classes of model compounds studied are amino acids (a.a.)/proteins and
pyrrole/pyridine (aromatic N-heterocycles) as they are 2 representative biomass N-
functionalities (discussed in section 6.1 and 6.2). The pyrolysis of these compounds at
high temperatures (700-1000°C) and long residence time provide information about the
main final N-products (see Table 6.2).

Table 6.2. Protein/amino acids (a.a.): pyrolysis final products studies.

N-compound Conditions HCN NH; Reference
Alanine 850°CHe  0.01 mol/mol a.a. 0.05 mol/mol a.a. [Haidar 19817’
Glutamic acid®>  850°C 0.33 0.01 «

Leucine 850°C 0.01 0.03 «

Lysine® 850°C 0.39 0.10 «
Phenylalanine 850°C 0.17 0.003 «

Proline* 850°C 0.31 0.02 «

Serine’ 850°C 0.20 0.01 «

Tryptophan® 850°C 0.45 0.01 «

Valine 850°C 0.03 0.05 «

Glycine 1000°C He 0.32 mol per mol of N n.a. [Johnson 1971]°
Alanine 1000°C 0.12 « «

Leucine 1000°C 0.08 « «

Isoleucine 1000°C 0.08 « «

Serine’ 1000°C 0.45 « «
Phenylalanine 1000°C 0.43 « «

Aspartic acid” 1000°C 0.35 « «

Glutamic acid®>  1000°C 0.71 « «

Asparagine’ 1000°C 0.21 « «

Glutamine’ 1000°C 0.46 « «

Aspartic acid® 700°C 0.007 « «

Glutamic acid*>  700°C 0.14 « «

Asparagine’ 700°C 0.02 «“ «“

Glutamine’ 700°C 0.10 « «
Poly-L-leucine'®* 700°CN, 1.7 NH, <- [Hansson 2003a]"
Poly-L-leucine'*  800°C 2.2 NH; <-- «
Poly-L-proline®  800°C 9.5 NH; <-- «

n.a.: not analysed; ' N-conversion of 60-89%. Structural comments: *: dicarboxylic acid ; 3. diamino; *: N
is in a 5 member N-cycle; °: OH function; ®: 2N, one is in a cycle; : amino acid and amide (2N). *: HNCO
was not quantified (minor component). Reactor type: °: Vycor tube; ': fluidised bed.
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The results show that HCN is the predominant N-component in most cases. N-chemistry
during pyrolysis is dependent on temperature and heating mode but the most influential
parameter appears to be the structure/chemical properties of the reactant as this will
influence the decomposition paths. However, those studies provide information about the
final N-gaseous products NH3; and HCN (and eventually HNCO) and very little about the
decomposition mechanisms.

Mechanistic studies: pathways of decomposition

Nevertheless, pyrolysis carried out at low temperatures (300-500°C) can be used in order
to provide mechanistic information through fragments analysis. This provides
information about primary products of pyrolysis and the identification of fragmentation
products (which would normally undergo further decomposition at higher temperatures)
can be a direct experimental evidence of favoured pathways and directly related to
starting materials via plausible mechanisms. The presence (or absence) of fragments can
help in the insightful elucidation of the mechanisms which may have taken place in the
thermal zone. The first and foremost result obtained by these low temperature studies is
that (most of) NH; and HCN are NOT primary products of model compounds
pyrolysis but rather products of secondary decomposition [Basiuk 1998a; Simmonds
1972; Johnson 1971; Ratcliff 1974]. Furthermore, during the pyrolysis of poly-L-valine
(protein) at 500°C, Basiuk et al. [2001] identified 18 (less-volatile) fragments by
GC/FTIR/MS: one isocyanate, one unsaturated carboxylic acid, two ketones, three
unsaturated hydrocarbons, three nitriles, five amines, one linear amide and two cyclic
amides. This abundance of compounds reveals the multitude of reactions involved.
Under the same conditions, poly-L-alanine and poly-glycine will similarly produce a
variety of compounds but the composition of the products is different [Basiuk 2000],
further demonstrating that the original makeup of the N-compounds is of importance.

(1) Primary pathways of decomposition

The multitude of reactions involved presents a very complex picture of amino
acids/proteins decomposition but some typical mechanisms may be extracted. The two
(plus three) main identified primary pathways of decomposition of amino
acids/oligomers of amino acids/polypeptides/proteins are (Figure 6.11):

1. Dehydration through formation of cyclic amides, the most common being 2,5-
diketopiperazine (also called DKP or DP) with consequent loss of water. [Johnson 1971;
Simmonds 1972; Ratcliff 1974; Haidar 1981; Chiavari 1992; Voorhees 1994; Basiuk
1998a; Basiuk 1998b; Basiuk 2000; Basiuk 2001; Sharma 2004; Sharma 2006].

2. Decarboxylation with consequent amine formation. [Simmonds 1972; Ratcliff 1974].
Other (supposedly less important) primary decomposition pathways include:
3. (Intermediary) formation of a-lactam. [Simmonds 1972; Hansson 2003b].

4. Amide intermediaries formation. [Simmonds 1972; Samuelsson 2006].
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A fifth path is also important as it produces char-N compounds:

5. Cross-linking of proteins’side groups (if present) to produce char-N and NHj;
[Hansson 2003a; Samuelsson 2006]. Reactants with no side groups will evidently not
follow this path and therefore produce none or very little char.

Thermal loss of NH; (deamination) does not appear to be a significant decomposition
pathway as the corresponding carboxylic acids are usually not found [Johnson 1971;
Simmonds 1972; Ratcliff 1974; Basiuk 1998a; Sharma 2006]. The relative significance of
each pathway depends on the nature of the reactant as it influences the stability of
intermediate species.

(2) Secondary pathways of decomposition

The secondary reactions which may happen are numerous and pathways are versatile. A
full understanding of the different degradation mechanisms for a given model compound
is challenging and many aspects of N-pyrolysis remain obscure. As mentioned, it is often
the presence or the absence of fragments which allow to speculate if a pathway is
significant or not and act therefore as experimental confirmation. Focusing on the five
primary products afore-mentioned, it is possible to predict the thermal decompositions
predominantly occurring via logical mechanisms:

1. Cleavages (openings/breakings) of DKP (Figure 6.12)

Depending on the opening of the cycle and further recombination, these products may
occur (not exhaustive):

(a) Nitriles, with one less carbon than the parent amino acid, the formation of HCN from
glycine [Ratcliff 1974] being an evidence of this pathway.

(b) Intermediary imines (two different paths possible [Hansson 2003b]). These imines
may react with amines (originating from primary decomposition through
decarboxylation) to produce NH; and N-alkylaldimines (identified by Ratcliff et al.
[1974] and Chiavari et al. [1992]) or decompose at once to yield HCN and/or nitriles
with consequent H; creation [Johnson 1971; Haidar 1981].

(c) Release of HNCO and pyrroline [Haidar 1981; Basiuk 1998a; Hansson 2003b].

(d) Isomerisation to hydantoins (or imidazoledinediones, 5-membered cyclic amides)
before further cleavages [Basiuk 2000; Basiuk 2001].

(e) Intermediary a-lactam [Simmonds 1972; Hansson 2003b].

The relative importance of a given DKP decomposition pathway will obviously vary with
the nature of the original compound and the temperature. At sufficiently high
temperatures, the secondary compounds will then decompose to HCN and to HNCO to a
minor extent. N-conversion to HCN from 2,5-piperazinedione will vary from 38% at
700°C [Johnson 1971] to over 80% at 1000-1100°C [Johnson 1971; Hansson 2003b].

54



2. Reactions of (primary-formed) amines (Figure 6.13)

(a) Amines may, as previously mentioned, react with imines to yield NH3; and N-
alkylaldimines or produce nitriles and/or HCN through an imine intermediate
[Simmonds 1972; Hansson 2003b].

(b) Direct thermal loss of NHj3 from aliphatic amines is considered a minor process
[Johnson 1971; Simmonds 1972; Ratcliff 1974; Basiuk 1998b].

3. Reactions of a-lactam (primary and secondary) (Figure 6.14)

(a) Further reaction to amide, which can evolve to nitrile and/or HCN (at sufficiently
high temperatures and residence times [Glarborg 2003]) with release of water.

(b) Further reaction to intermediary imine (see previous points).

4. Reactions of primary nitriles from intermediary amides (Figure 6.15)
(a) See previous points.

5. Reactions of N-containing char compounds (Figure 6.16)

(a) These compounds might react to form hydantoins (or imidazoledinediones, 5-
membered cyclic amides), which can open to yield HNCO and/or HCN [Basiuk 2000;
Basiuk 2001; Samuelsson 2006]

O
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H
NH; *+ N-containing char compounds

Figure 6.11. Primary decomposition paths of proteins / amino acids / oligomers /
polypeptides.
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Figure 6.12. Secondary decomposition reactions of DKP. X and Y may be different
and contain various functional groups. Dotted lines indicate opening of the cycle.
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Figure 6.13. Secondary decomposition reactions of Primary-formed amines.
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Figure 6.14. Secondary decomposition reactions of lactam.
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Figure 6.15. Secondary decomposition reactions of nitriles.
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Figure 6.16. Secondary decomposition reactions of char-N compounds.
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6.3.2 N-model compounds: N-heterocycles

Apart from proteins/amino acids, N in biomass is also found in a variety of functions
(section 6.2). N is frequently included in various heterocycles. Table 6.3 presents studies
of heterocyclic compounds with emphasis on pyrrole (5-member aromatic heterocycle)

and pyridine (6-member aromatic heterocycle).

Table 6.3. N-conversion to HCN and NHj3 of various heterocycles.

References Final products studies Temperature HCN (%) NH; (%)

[Patterson 1968] Pyrrole 850°C 49 little

[Haméldinen 1994] Acridine 800°C 1.1 1.8

Pyridine-type 1,2-bis(4-pyridyl)ethane 9.2 5.4

«“ 3-pyridol 18 9.1

“ Nicotinic acid 8.8 33

“ Orotic acid 19 42

“ Citrazinic acid 7.2 13

«“ Dipicolinic acid 22 5.9

Pyrrole-type Carbazole 800°C 2.4 14

«“ Antipyrine 9.7 7.8

“ 2-pyrrolecarboxylic acid 17 6.8

“ DL-pyroglutamic acid 10 5.0

[Axworthy 1978] Pyridine 960°C 40%* <5

« * decomposed portion 49% residue*

«“ Pyridine 1100°C 102 0

[Johnson 1971] Proline (700/800/1000°C) <-- -/-/186 nm

«“ 4-hydroxyproline -/-/90 nm

«“ 2-pyrrolidone -/67/90 nm

«“ Pyrrolidine 46/77/95 nm

« Piperidine 33/47/62 nm

«“ 3-pyrroline 0/26/72 nm

«“ pyrrole 0/22/87 nm

«“ Piperazine 34/69/80 nm

« 2,5-piperazinedione 38/50/81 nm

“ 2-oxohexamethylenimine -/-171 nm

« N-methylpyrrole -/-140 nm

« N-methylpyrrolidine -/-/35 nm

Kinetic studies T Yield (%): minT & maxT

[Tkeda 1995] Pyridine 1100- 0-17 Not reported
1220 K

[Mackie 1990] Pyridine 1300- 0-75 Not reported
1800 K

[Houser 1980] Pyridine 900- .14-.52 mol per mol Not reported
1000°C

[Mackie 1991] Pyrrole 1300- <1%-75% Not reported
1800 K

[Lifshitz 1989] Pyrrole 1050 0-17% Not reported
-1350 K

nm: not measured.
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Pyridine. HCN and cyanoacetylene (H-C=C-C=N) were identified as the main volatile
products. HCN predominating at the high end of the temperature range [Mackie 1990].
Cyanoacetylene has been identified as the primary N-containing product for pyridine
decomposition [Ikeda 1995]. A wide range of other N-compounds were observed
experimentally (benzonitrile, quinoline, fused ring heteroatomic compound, etc)
demonstrating the complexity of pathways (see references from Table 6.3).

Pyrrole. Pyrrole’s decomposition produced also a collection of N-containing compounds.
Allylcyanide (H,C=CH-CH,-C=N), crotonitrile (H;C-CH=CH-C=N), HCN, acetonitrile
(H3C-C=N) and cyanoacetylene are among the major ones. The predominating products
are varying with the temperature (see references from Table 6.3).

The mechanisms suggested for both pyridine and pyrrole involve the breaking of bonds
in the ring and/or rupture of the C-N bond followed by random
cleavage/recombination of the resulting diradical [Lifshitz 1989]. This aspect explains
the large variety of observed products. HCN is the predominant (and almost the only) N-
containing compound above 1000°C. It is due to the fact that, at sufficiently high
temperatures and sufficiently long residence times, nitriles will largely converted to HCN
and hydrocarbons [Glarborg 2003]. The mechanisms suggested consists usually of
numerous steps (75 in [Mackie 1991] for pyrrole) where HCN is formed through a
sequence of reactions and not during the initial steps [Houser 1980]. Johnson et al.
[1971], studying various N-heterocycles, shows that not only the temperature but also the
ring size, the ring unsaturation, the substitution of the ring-N and the substitution adjacent
on the ring-N have an effect on N-chemistry during pyrolysis. Sadly no information about
NHj3 at the low end of the temperature range studied is available.

A study on the decomposition of pyridinic- and pyrrole-type compounds ([Hadmaéldinen
1994], see Table 6.3 for results) reports significant amounts of NH;. Héméldinen et al
[1994] states that the presence of —OH groups in the ring structure and adjacent to the N
atom clearly increased the conversion to NHj3 at the expense of HCN, however the
formation of NH; was not as strong when the —OH groups were coupled with C=0
groups. The mechanism by which NHj is produced from these compounds is unclear.
These results are very interesting as all N-compounds in biomass may be located in the
vicinity of functional groups which may influence N-chemistry. This matter (intricate
structure of biomass) and its implications for N-chemistry during pyrolysis are discussed
in 6.3.5 and [Becidan 2007b] (P-IV).
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6.3.3 N-model compounds: tar and char compounds

Experimental studies ([Haidar 1981; Hansson 2003b], 700-850°C) show that the structure
of the amino acid/protein has a significant effect on their transformation to gaseous
products during pyrolysis. The smaller the compound and the less encumbered it is (no
reactive side chains, no extra functional groups), the more it is converted to gases. For
example [Haidar 1981], alanine will be converted at 95.0% at 850°C, leucine at 89.4%
(longer and branched), lysine at 66.0% (extra functional group capable of H bonding) and
phenylalanine at 27.7% (extra group which may create a stable aromatic nucleus). A
connection between increasing char formation and increasing NH; formation was
noticed. This is explained by a cross linking reaction between proteins’ side groups which
simultaneously yield char-N compounds and NH3 ([Li 2000; Glarborg 2003; Hansson
2003c; Tian 2005a; Samuelsson 2006; Becidan 2007b (P-IV)]). Little data about the
proportion of N in tar/char of model compounds was found. [Axworthy 1978] measured
that 49% of N in the decomposed portion of the sample (65% at 960°C) was found in the
“residue” (carbonaceous residue on the reactor walls, probably tarry and charry deposit).
The structure of N-compounds in char and tar is a very complex issue. As mentioned
earlier, the low temperature pyrolysis studies show a large number of compounds (18
main compounds in [Basiuk 2001]). During pyrolysis of glutamine, glutamic and aspartic
acids (o-amino acids), the N-containing compounds in tar were identified as N-Polycyclic
Aromatic Compounds [Sharma 2006], their nature changing with the nature of the
original compound and the number of fused rings increasing with the temperature. Char-
N are also included in complex systems, Sharma et al. [2006] shows that the char of
aspartic acid contains polysuccinimide (polymer of N-cycles). Char- and tar-N are
diverse and incorporated in multiple fused rings and/or polymer systems.

6.3.4 Comments about the validity of model compounds studies

Apart from the influence of operating parameters, release, distribution and nature of the
N-compounds from pyrolysis are dependent on the structure of the N-containing model
compounds. This fact shows the need for a detailed knowledge of the N-biomass nature
in order to use appropriate model compounds. However, this may not be sufficient and
the validity of the results obtained from model compounds should be looked upon
carefully. Even if it is clear that N is found in protein/amino acids/cyclic
structures/amines, it is also clear that these N-structures are only a part of the wider
biomass macro-structure (cellulose, hemicellulose, lignin) and therefore N-compounds
will not only be surrounded but also integrated/linked with many compounds (containing
N or not) and a variety of other chemical functions which may significantly influence the
final N-products [Becidan 2007b] (P-IV). This brings limitation to the validity of the
results obtained through model compounds and their direct transfer to biomass. Model
compounds can not portray fully the structure and composition of biomass in its intricate
complexity. However, the study of model compounds is a necessary step to understand, at
least partly, HCN/NH3/HNCO precursors’ formation and selectivity from biomass
pyrolysis. Other limitations are evident (only gas-phase reactions for many model
compounds while biomass pyrolysis involves devolatilisation, homogeneous gas-phase
reactions and heterogeneous oxidation of char). All this calls for the study of biomass
itself in spite of its complex constitution which hinders clear mechanistic insight.
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6.3.5 Biomass pyrolysis and NOx precursors: status and new considerations

Pyrolysis of biomass is a more complex process than pyrolysis of a single N-model
compound as biomass is made of an intricate architecture of various N-containing
compounds but also cellulose, hemicellulose and lignin (which do not contain N). N-
components represent only a minor part of the biomass matrix and their possible
interactions/(cross-)linking/integration is complex. The results from biomass pyrolysis
studies should be looked upon 2 axes:

(1) N-chemistry from biomass: amounts of NH;, HCN, tar-N and char-N produced and
their dependence on the operating parameters and the fuel properties (N-functionalities,
physical and chemical) if possible. These factors are of major significance to understand
pyrolysis as a thermal process but also for comprehension of NOx formation as pyrolysis
is the primary step of gasification and combustion. The N-distribution is central since NO
and N,O formation from the fuel-N takes place through the combustion of the N-species
released with the volatiles and the oxidation of the nitrogen retained in the char, which
involves fuel devolatilisation, homogeneous gas-phase reactions and heterogeneous
oxidation of char. The dominant volatile N-species are NH; and HCN. The different
species are susceptible to produce different products during combustion: NH; may
decompose to NO and N, HCN to N,O and NO and char-N to NO, N,O and N, (Fuel-N
mechanism [Saenger 2001]). The partitioning of N into volatiles (light gases and tar) and
char during pyrolysis but also the qualitative/quantitative composition of the different
fractions (volatiles/tar-N/char-N) are crucial for NOx formation.

(2) Comparison with model compounds: by comparing alongside the results from
biomass and model compounds and both the analogies and the discrepancies, it may be
possible to have a full picture of the decomposition mechanisms of N which may take
place during biomass pyrolysis.

Less is known about N-pyrolysis of biomass than N-pyrolysis of coal, which is often used
to complete the knowledge about N biomass pyrolysis, even though their general
properties (N-functionality, moisture content, density, ash content, VM, structure,
ultimate analysis, etc) are rather different. N-biomass pyrolysis has not been as
intensively studied as N-coal pyrolysis. N-fate is one of the most obscure features of
biomass pyrolysis. This situation may be explained by several factors: (1) N is a minor
component and its low concentrations in most of the biomass samples make it difficult to
investigate; (2) the nature of N-containing compounds in biomass is various and versatile
and not as well known as N in coal in the energy world; (3) the wet measuring techniques
often used to measure N-compounds do not allow time-resolved measurements (and
HNCO may be converted into NHj); (4) the treatment of results obtained by FTIR
analysis is not easy (especially for HCN); (5) it seems like N-release is extremely
sensitive to the pyrolysis mode/set-up and the fuel properties both physical and chemical.
All this may partly explain the discrepancies (or sometime conflicting results) reported in
the literature. Table 6.4 shows the results of N-conversion (as NHs;, HCN and HNCO)
from 12 studies covering 29 biomasses under various conditions (different pyrolysis
mode, temperature, heating rate, pressure and sample size).
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Table 6.4. N-conversion (as NH;, HCN and HNCO) from 12 studies covering 29
biomasses (2 pages).

Fuel (N wt% Mass or Heating T HCN NH; HNCO Reference
daf) Feeding mode °C) (%) (%) (%)
Bagasse (0.31) n.f. 7°C /min 1000 7 1.5 - [Li 2000]
Bagasse (0.31) n.f. iso. 800 53 12 - «
Cane trash (0.31) 1.0g 5°C /min 700 8 6 - [Tian 2005b]
Cane trash (0.31) 1.0g iso. 400 2 5 - «
Cane trash (0.31) 1.0g iso. 500 5 5 - «
Cane trash (0.31) 1.0g iso. 600 12.5 6 - «
Cane trash (0.31) 1.0g iso. 650 - 12.5 - “
Cane trash (0.31) 1.0g iso. 700 - 18.3 - “
Cane trash (0.31) 1.0g iso. 800 33 33 - “
Cane trash (0.31) 1.0g iso. 900 42.5 31 - «“
Rape seed (3.4)  62g/h n.f. 500 - 10.9 - [Predel 1998]
Rape seed (3.4) 66g/h n.f. 600 - 17.2 - «“
Rape seed (3.4) 63g/h n.f. 700 - 26.6 - «“
Rape seed (3.4) 1030g/h n.f. 600 - 7.5 - “
Whey protein 117- iso. 700 0.6NH; < 45HCN  [Hansson 2004]
(15.3) 174mg
Whey protein () iso. 800 INH; < 27HCN  «
Whey protein () iso. 900 1.2NH; < A7HCN
Whey protein () iso. 1000 1.6NH; < JA2HCN  “
Soya beans (6.8)  150- iso. 700 0.3NH; < J3IHCN
250mg
Soya beans () «“ iso. 800 04NH; < 24HCN <«
Soya beans () «“ iso. 900 0.7NH; < JA3HCN <
Soya beans (*) «“ iso. 1000 1.0NH; < .O7HCN
Yellow peas 240- iso. 900 09NH; < JA3HCN
4.3) 270mg
Bark pieces 200- iso. 900 0.8NH; < 0 «“
260mg
Bark pieces “ iso. 1000 1.2NH; < 0 “
Miscanthus 13-16mg 10°C/min 900 17.8 16.7 10.2 [Chiavari 1992]
(0.64)
Miscanthus () 13-16mg 30°C /min 900 11.3 12.9 5.6 “
Miscanthus () 13-16mg 100°C/min 900 8.9 14.2 3.6 «“
Wood pellets 13-16mg 10°C /min 900 14.1 0 10.9 «“
(0.33)
Wood pellets ()  13-16mg 30°C /min 900 14.1 5 2 «
Wood pellets ()  13-16mg 100°C /min 900 7.9 7.5 4.9 «“
Bagasse (0.31) 0.5g is0. 800 53 12.5 - [Tan 2000]
S peat (1.4) 20-30g 10°C /min 625 <1 13 - [Leppélahti
1995b]
S peat (1.4) 20-30g 10°C /min 825 <1 14 - “
S peat (1.4) 20-30g 10°C /min 925 2 12 - «“
C peat (2.8) 20-30g 10°C /min 625 1 19 - “
C peat (2.8) 20-30g 10°C /min 825 3 18.5 - “
C peat (2.8) 20-30g 10°C /min 925 3 24 - «“
Pine bark (0.4) 20-30g 10°C /min 825 <1 13.5 - «“
Pine bark (0.4) 20-30g 10°C /min 925 <1 13.5 - «“
C peat (2.8) 20-30g Drop 885 9 24 - «
S peat (1.4) 20-30g Drop 885 6 22 - «
CB peat (3.6) 0.3g/s is0. 800 33 4.1 - [Aho 1993]
C peat (2.6) 0.3g/s iso. 800 2.2 5.2 - «
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Fuel (N wt% Mass or Heating T HCN NH; HNCO Reference

daf) Feeding mode °C) (%) (%) (%)
S peat (1.9) 0.3g/s iso. 800 1.2 3.9 - «“
LS peat (1.7) 0.3g/s iso. 800 0.6 3.8 - «
Birch bark (0.52) 0.3g/s iso. 800 0.7 4.5 - «“
Fir bark (0.53) 0.3g/s iso. 800 0.73 4.9 - “
Pine bark (0.25)  0.3g/s iso. 800 0.55 55 - “
Miscanthus 270- iso. 700 0.01 27 - [Vriesman 2000]
(0.68) 280g/h
Miscanthus (*) “ iso. 800 n.a. 29 - “
C peat (2.3) .015- 10°°C/s 847 - 65 - [Hamaildinen
.095¢g/s 1996]
C peat () « 10°°C/s 847 - 75 - «
Sewage sludge 75¢g drop 600 n.d. 36.5 - [Becidan 2004]
(5.47) (P-I)
Sewage sludge 75¢g drop 750 5.7 40.8 - “
()
Sewage sludge 75¢g drop 900 8.6 50.7 - «“
()
Brewer Spent 75g “ 700 5.9 21.5 - [Becidan 2007b]
Grain (4.15) (P-1V)
Brewer Spent 75g “ 900 17.1- 31.0- - “
Grain () 18.3 31.3
Brewer Spent 75g 10°C/min 900 35 15.7 - “
Grain ()
Fibreboard (3.6)  75g drop 600 <0.5 18.2 - «“
Fibreboard () 75¢g drop 900 9.1-10.0 36.0- - «“
38.4
Fibreboard () 75g 10°C/min 900 <1 11.5 - «“
Coffee waste 75g drop 600 1.1 15.7 - «“
(3.0)
Coffee waste ()  75g drop 900 14.5 37.8 - “
Coffee waste ()  75g 10°C/min 900 1 6.9 - «

n.f.: not found. n.a.: not available. Iso.: isothermal.
 Total N-conversion: 60-89%.
Measurement method: [Chiavari 1992; Hansson 2004]: FTIR, others: wet collection .

Reactor type: fixed bed: [Leppalahti 1995b], [Li 2000], [Tan 2000], [Becidan 2004], [Becidan 2007b];

fluidised bed: [Predel 1998], [Vriesman 2000], [Hansson 2004], [Tian 2005b]; entrained flow reactor:
[Hamaélainen 1996], [Aho 1993]; TG: [Chiavari 1992].
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1. axis: N-chemistry during biomass pvrolysis

N-compounds, selectivity and dependence on temperature and heating rate (See
Table 6.4). HCN, NH; and HNCO to a minor extent are the three N-gaseous products.
HCN is sometimes reported to be the main N-product of biomass pyrolysis under all
conditions and with increasing emissions with increasing heating rate and temperature.
However, NH; has also been reported to be the main N-product of biomass pyrolysis for
all conditions. Its dependency on increasing temperature has been reported as increasing,
decreasing, indifferent or reaching a maximum. In other cases, NHj3 is the main product at
low temperatures/low heating rates while HCN is the main product at high temperature
and/or high heating rates or increasing at a faster rate than NHj, leading to increasing
HCN/NH; with temperature and/or heating rate. HNCO is considered a very minor N-
compound and has seldom been reported.

Total N-conversion (NH;+HCN+HNCO) (See Table 6.4). The total conversion of N to
NH;3;, HCN and HNCO is most often increasing with temperature, heating rate and
pressure. The values (for temperatures from 400°C to 1000°C, heating rates from SK/min

to isothermal experiments, pressure from 1 atm to 8 bars) are ranging from 10-15% to 70-
75%.

Tar-N and char-N: amount and nature. The remaining part of N is found in tar or
retained in char. Char-N. The experimental results gathered from [Leppélahti 1995b;
Hansson 2004; Lang 2005] reviewing numerous works and covering all types of biomass
show that the amount of char-N during biomass pyrolysis is decreasing with temperature.
However, the proportion of N retained in char varies from sample to sample. An
indicative value is that above 400-500°C, char retains less than 50% of the original fuel-
N present in the biomass. The large variations encountered from one biomass species to
another call for a need to investigate on a case-to-case basis. Tar-N: Almost no reliable
and consistent data is available concerning tar-N from biomass pyrolysis. This might be
due to low N-concentrations or the tar-N collection/sampling methods. Hansson et al.
[2004] reviews 10 studies (isothermal/low heating rate) mostly at 500-550°C. Most of the
tar-N proportions are located around 20-50% of fuel-N. However the low N-
concentrations of the majority of these studies may affect the reliability of the results.
The nature of char-N and tar-N is complex but it is usually assumed that N is
incorporated in fused-ring systems in char and in a variety of N-compounds in tar such as
nitriles [Li 2000; Tan 2000; Glarborg 2003; Tian 2005b]. The fact that N is present in
many other functionalities of “less-volatile” compounds (various heterocycles, N-
alkylaldimines, amides, etc) is almost certain but no extensive study has been carried out
so far.

N-functionalities dependence. This is one of the most debated aspects of biomass
pyrolysis: to which extent can fuel-N functionalities be correlated to N-release? Several
explanations to elucidate N-distribution during pyrolysis of biomass have been proposed
[Aho 1993; Hansson 2004]. N-functionalities and fuel content (O/N ratio, etc) influence
on N-chemistry have been discussed but no clear dependence could be established
[Becidan 2007b] (P-IV). This is without doubt due not only to the sensitivity of N-
chemistry to operating parameters but also to the intricate nature of biomass.
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2. axis: Comparison biomass-model compounds and mechanistic considerations for
biomass

Mechanistic considerations. Before trying to get further into N-release mechanisms
during pyrolysis of biomass, the results from N-compounds studies and from biomass
studies should be compared alongside according to key-parameters/features in order to

identify the similarities and differences. See Table 6.5.

Table 6.5. Results from literature: comparison model compounds-biomass.

Model compounds

Biomass

Main N-components

HCN, NH; and HNCO

HCN, NH; and HNCO sometimes

Significant biomass
parameters

The presence of functional groups
favours the formation of NH;

N-distribution dependence on fuel
properties not clear

Mechanistic results

HCN, NH; and HNCO are mainly
products of secondary reactions
through a variety of intermediates,
pathways highly dependent on
original N-compound

Results are difficult to interpret
because of the complexity of the
biomass N-compounds and their
possible interactions with the other
components of biomass

Main N-component

HCN main product from protein,
amino acid, amine, N-heterocycles

The main product is sometimes HCN,
sometimes NHj

Char production

Compounds with side-chains or extra
functional side groups produce char

Significant amount of char produced

Biomass type importance

The initial structure of the compound
has a major influence on the final
distribution of N-products

The biomass type has a significant
influence on the final N-distribution

NH;-HCN release:
operating parameters

Increasing N-release with increasing
temperature and heating rates

Increasing release with increasing
temperature and heating rates for
HCN but conflicting results for NH;

Biomass NHj release

Correlation between char and NH;
production

Char formation appears to be
important for NH; formation

The interesting results from this comparison are: (1) little mechanistic information is
known about biomass N-pyrolysis primary decomposition steps. The knowledge is
usually directly derived from model compounds’ studies neglecting the possible
importance of the biomass structure, or even based on coal studies and therefore
assuming rather wrong N-functionalities and fuel properties; (2) biomass often produces
significant amount of NHj (often related to char production). This is not the case for most
model compounds.

As previously mentioned in 6.3.4, assuming that N-compounds in biomass are
decomposing according exclusively to the paths available to N-model compounds does
not withstand a careful analysis of biomass intricate makeup. The intertwined interactions
between N-compounds and non N-compounds before and during pyrolysis have been
given none or little attention. Based on a discussion on how N-compounds and non N-
compounds may be bound and may interact in biomass, novel and plausible
decomposition paths involving N- and non N-reactants have been proposed and discussed
in [Becidan 2007b] (P-IV). This not only acknowledges the very probable significance
of biomass structure, it may also explain the “extra” biomass NH3 often observed. The
plausible occurrence of (N-compounds + non N-compounds) reactions during pyrolysis
can not be ignored even though their relative importance on the global N-chemistry is
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difficult to assess. The sources of NH; during biomass pyrolysis are in all probability
originating from a variety of sources. Many sources have been suggested based on
experimental observations, plausible mechanisms or chemical considerations [Phillips
1978; Aho 1993; Hamaéldinen 1994; Li 2000; Schifer 2000; Tan 2000; Tian 2005a; Tian
2005b]: HNCO reaction with water, gas-phase hydrogenation of HCN, char-surface
hydrogenation of HCN, direct hydrogenation of fuel-N at the char surface. Nevertheless,
none of these routes takes into account the main biomass compounds and are widely
inspired by coal studies.

N-chemistry during biomass pyrolysis is a sophisticated subject. A combination of model
compounds’ study and “real” biomass experiments is the most appropriate approach to
grasp a picture as correct as possible. It is important to highlight the very unique structure
and properties of each and every biomass. This often requires a careful case-to-case
analysis. The experimental work realised should and can be used for improved modelling
of biomass-N conversion during pyrolysis, combustion and gasification.

6.4 Modelling: NOx formation and reduction

Fuel-N release during solid waste pyrolysis/devolatilisation can be used as input for
detailed chemical kinetics of NOx formation, or more specifically, NOx reduction.
However, the scarce and often contradictory experimental results from the literature (see
Table 6.5) may be confusing as the quality of input data is vital to the quality of the
results. However, for biomass/waste (organic fraction) applications, assuming a pyrolysis
fuel gas composition containing NH3 as the main N-species accompanied by some HCN
(and eventually HNCO) seems to be appropriate as a base case. The main application is
the study on NOx reduction. NHj (in the pyrolytic gas) may be converted to NO or to N,
depending on the conditions (fuel-N mechanism). Studying the effect of these conditions
(residence time, temperature, etc) in order to promote N, formation is a major field of
modelling work. Gas phase models including subsets for N-chemistry have been built
since the 1980s. The first model for N-chemistry was developed by Glarborg et al. [1986]
and further developed by Miller et al. [1989], Kilpinen et al. [1999] and Glarborg et al.
[1998]. Models upgrades/improvements (i.e. better prediction ability) happen through a
greater number of reactions, new reactions and a wider base of experimental results. The
latest updates about NOx precursors chemistry include:

- NH; oxidation study for biomass applications [Skreiberg 2004]
- “Advanced reburning” abatement technique [Han 2003]
- NOx reduction by staged air combustion [Skreiberg 2004] (P-II).

- Selective oxidation of NH3 over catalysts [Jones 2005]
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7 Biomass and waste pyrolysis

The high level of present interest in biomass and biomass residues generated energy is the
direct consequence of the increased awareness of the environmental, social and energy
security challenges our world is confronting. The public wants its ever-growing need for
energy to be fulfilled but is also demanding sustainable alternatives to the fast
disappearing fossil fuels to protect the environment from harmful emissions and global
warming, which may dramatically alter the climate with disastrous consequences.

Biomass is one of the most promising alternatives to fossil fuels, and different
biochemical and thermochemical conversion technologies exist in order to produce
energy from it. The most common thermochemical technologies are combustion,
gasification and pyrolysis. This chapter will look at the broader picture about pyrolysis as
a viable energy and energy carrier’s production source.

7.1 Resources

Biomass wastes, but also municipal solid waste [Antal 1983], are a humongous and often
cheap material source for pyrolysis. The biomass feedstocks available are diverse:

e Forest wood residues. About 60% of a harvested tree is left in the forest during
logging [Parikka 2004]. However, collection may be a serious economical,
logistical and environmental issue.

e Agricultural residues (rice husks, bagasse, animal manures, etc). The exploitation
of biomass residues is of particular relevance in agricultural areas where the
intensive production of a plant will generate huge amounts of by-products such as
cherry stones in Spain [Gonzalez 2003], coffee husks in Kenya [Saenger 2001],
rice husks in China [Fang 2004], cottonseed cake in Turkey [Ozbay 2001], coffee
grounds in Brazil [Silva 1998] and grape residues in Italy [Di Blasi 1999].

e Urban and industrial wood waste (e.g. yard trimmings, pallets, demolition wood,
etc). Residues from processing of biomass such as Brewer Spent Grains or coffee
roasting waste [Becidan 2007a] (P-111) are widely available at food and beverage
industries. In many cases the residues collection, and even direct use, can be done
at the processing plants, reducing the transport and collection costs.

e The organic fraction of municipal solid waste (MSW) is also a possible source.
However, variation in MSW properties and the presence of heavy metals may be

an hindrance [Antal 1983].

Pre-treatment (drying, grinding, etc) may be necessary before further utilisation even
though this will have a non-negligible economical and logistical cost.
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7.2 Pyrolysis products: applications

Pyrolysis produces energy carriers in three forms: bio-oil (liquid), charcoal (solid) and
gas. The potential utilisations of those products are diverse.

The bio-oil, composed of aliphatic and aromatic hydrocarbons along with more than 200
identified compounds [Gonzalez 2003] is a very flexible energy carrier. It can be
transported and stored for use in energy and heat generation in boilers as a fuel-oil
substitute (or in co-firing) and has the potential to be employed as a liquid transportation
fuel for internal combustion engines. However, several properties (see Table 7.1) of the
bio-oils such as high water content, low pH, high viscosity, corrosiveness, poor ignition
ability and instability due to the oxygen content have to be ameliorated or existing
equipment have to be modified to meet competitive standards [Encinar 1996; Gonzalez
2003; Czernik 2004]. The establishment of standards for the specification of bio-oil is an
important step for its commercialisation.

Upgrading of the bio-oil can be done by different means [Oasmaa 1999]: deoxygenation
(by high-pressure hydrogenation in the presence of metal catalysts for example) to
increase the heating value, hot vapour filtration to remove char, solvent addition to
homogenise and reduce viscosity, use of surfactants to allow bio-oil/hydrocarbon fuel
emulsification. Novel concepts to improve bio-oil characteristics such as catalytic
conversion with the help of mesoporous materials [Adam 2005] or mild oxidation with
ozone are promising [TN 2006]. Upgrading of bio-oil has proven not economically sound
so far.

Bio-oil also contains valuable chemicals such as acetic acid, levoglucosan, food
flavourings (commercially available, i.e. barbecue sauce flavour), resins, adhesives, etc.
Their recovery is technically feasible but problematic due to low concentrations [Encinar
1996; Gonzalez 2003].

Table 7.1. Properties of bio-oil and Diesel oil.

Bio-oil from wood Bio-oil from wood Diesel no.2
[Gonzalez 2003] [Bridgwater 2003] [Gonzalez 2003 ]
Moisture content 17.0-18.9 15-30 n.a.
pH 2.4-2.8 2.5 1
Specific gravity 1.20-1.25 1.20 0.847
Elemental analysis C (wt%) 44.0-46.5 55-58 86
H 6.9-7.2 5.5-7.0 11.1
(0] 46.1-49.0 35-40 0
N n.d. 0-0.2 1
S n.d. n.d. 0.8
HHV (MJ/kg) as produces 10.0-13.9 16-19 44.7
Viscosity 13.5-28 ¢St (50°C)  40-100 cp (40°C, 25% H20) <2.39 (50°C)
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The charcoal, basically a carbon-rich solid residue, can be upgraded to activated carbon.
Activate carbon is characterised by a very high surface area and has the ability to adsorb
a vast array of components. It is widely used in metal extraction, water purification,
medicine (poison absorption), gas cleanup (SO, dioxins and Hg removal), and food
industry (organic impurities removal).

The dry pyrolysis gas mixture contains the main components CO,, CO, CHy4, H; and C,
hydrocarbons [Figueiredo 1989; Williams 1996; Encinar 2000; Becidan 2007a (P-111)]
and can be used for heat production and power generation, but is usually used to produce
energy to sustain the pyrolysis process in a biomass waste pyrolysis plant [Encinar 1996;
Gonzalez 2003] or to dry the feedstock.

Each fraction can have a commercially viable interest but a specific pyrolysis installation
will almost always aim at the optimal production (yield, composition and properties) of
only one of the principal products bio-oil or charcoal. However, it is important to keep in
mind the inherent limitations associated with biomass use (costs associated with small- or
medium scale power production, corrosion problems) [Leppélahti 1991].

7.3 Pyrolysis products: influence of operating parameters

Many studies have been carried out in order to determine the operating parameters
influencing the product yields but also their composition, i.e. quality. Fuel type,
temperature, heating rate, pressure, moisture content, initial sample weight and reaction
time (residence time) are all variables that can affect the yields and properties of the
products formed.

The most important parameters are temperature and heating rate. Under fixed bed
conditions, with biomass as fuel, the bio-o0il yield is exhibiting a peak value (55-75%) at
moderate temperatures (400-550°C) and high heating rates [Encinar 2000; Gonzalez
2001; Onay 2001; Acikgoz 2004; Schroder 2004]. Char formation is minimised by high
heating rates and high temperature [Williams 1996; Gonzalez 2003], while the carbon
content in the charcoal and its heating value (based on the carbon content) are increasing
with increasing temperature and slow heating rate [Encinar 2000]. The optimal conditions
for char production will have to take into account the conflicting effect of temperature in
order to produce a satisfying amount of charcoal with acceptable properties. The yields of
each and every gas species of the pyrolysis gas-phase mixture are enhanced by increasing
temperature and high heating rates [Zabaniotou 1994; Encinar 1996; Williams 1996;
Barbooti 1998; Schroder 2004; Becidan 2007a (P-111)], except carbon dioxide which is
often reported to reach a plateau at high temperatures (800-900°C) [Encinar 1996;
Becidan 2007a (P-111)].

It is important to keep in mind that pyrolysis is not only a thermal conversion technique
but also the preliminary step of combustion and gasification. Its investigation can
therefore bring information about the early chemistry of these processes.
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7.4 Technologies: situation and perspectives
Two classes of pyrolysis exist and differ by the heat transfer:

e The slow heating rate pyrolysis, aimed at producing charcoal (also referred to as

carbonisation).

Charcoal production technology is of two kinds: batch process (brick kiln and rotary

retort furnace, see Figures 7.1 and 7.2) and continuous carbonisation process [BioNett
20001].
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e The flash/fast pyrolysis where the sample is heated at high heating rates
(typically several hundreds degrees per minute) or suddenly exposed to a high
temperature in order to produce bio-oil.

Flash pyrolysis reactor designs include: Bubbling Fluidised Bed, Circulating Fluidised
Bed, transported bed, ablative pyrolysis, entrained flow reactor and rotating cone (vortex)
pyrolysis reactor [Bridgwater 2003]. The three most important features of these reactor
systems are: prompt heat transfer from reactor to fuel (small particles are therefore
necessary), followed by efficient char removal (by means of a cyclone), before rapid
condensation of the vapours (bio-oil). All this is done in order to maximise bio-oil
production (and its quality) and reduce cracking.

However, besides the previously mentioned issues surrounding pyrolysis products
quality (including gas cleaning), several technical challenges such as system integration
for energy production and the lack of experience due to few pilot plants have severely
limited the market attractiveness of pyrolysis hitherto. It does not mean that pyrolysis
does not have a potential, especially in niche applications. One concrete example of the
feasibility and potential of biomass pyrolysis may be demonstrated by the recent
construction of a Dutch-designed fast pyrolysis plant for the palm oil industry in
Malaysia. With the capacity to process 50 tons of empty fruit bunches per day, it is one of
the largest fast pyrolysis plants ever built [BI 2005].
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8 Thermal degradation characteristics and kinetic study of MSW
fractions and biomass by TGA

8.1 Presentation

Thermogravimetric Analysis (TGA) is a well know experimental technique in which the
mass of the sample is recorded while the temperature of the sample, in a controlled
atmosphere, is programmed.

The sample is no more than a few milligrams to ensure that decomposition is taking place
in the kinetic regime. The sample is loaded in an inert crucible (platinum, alumina),
placed on (or attached to) a balance. The experiment is usually carried out with a gas
flow (inert or reactive). Different types of equipment exist with different positioning of
the sample (holder and eventual reference holder) and different positioning of the
thermocouples. The positioning of the thermocouple is a crucial feature of TGA as very
significant temperature shifts/errors may occur [Stenseng 2001; Grenli 1999]. TGA
coupled with analytical equipment such as FTIR or MS is increasingly common.

In order to investigate the degradation characteristics and kinetic of decomposition of
MSW fractions and/or materials, pyrolysis conditions are used (N, or Ar gas flow) at a
low heating rate (typically 1-40°C/min). It may be argued that these conditions (kinetic
regime) do not correspond to realistic thermal conditions but this simplification are
necessary to be able to analyse, interpret and understand the experimental results as
the reality is far more complex [Becidan 2007d] (P-VI). TGA is an essential first step to
the thermal study of MSW materials.

In this section, an overview of the results for different materials relevant for MSW will be
presented. Kinetic parameters are reported as E, (activation energy) and log A (A is the
frequency factor, specific to a reaction). Degradation characteristics are described in
terms of characteristic temperatures and decomposition rates [Grenli 2002].

TGA studies have focused on three main groups of MSW products: the organic fraction
(biomass residues and food waste), paper and plastics.

8.2 TGA study of the organic fraction of MSW

This study can be divided into two: (1) MSW organic compounds, i.e. cellulose,
hemicellulose, lignin, and proteins/amino acids and (2) MSW fractions per say, i.e. paper
products (paper, cardboard and food container) and plastics.

TGA pyrolysis study of cellulose

Gronli has extensively studied [Grenli 1999; Grenli 2002] cellulose pyrolysis under a
variety of experimental conditions (different gas flow, sample mass, sample holder, TG
equipment and heating rates). Cellulose decomposition can be described as a single peak.
The maximum degradation intensity (rate of mass change as a function of time or
temperature) and temperature occurrence are dependent mainly on the heating rate (as
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long as the sample weight is small enough i.e. some milligrams depending on the set-up).
Figure 8.1 shows the DTG curve of Avicel cellulose (5 mg) at a heating rate of 10°C/min
(using a SDT 2960). Thermal degradation starts at about 280°C and ends at about 380°C,
with the highest decomposition rate located at 337-338°C. With the same fuel and the
same weight a Round-Robin study of cellulose pyrolysis located the peak temperature at
327°C (average of 8 laboratories) and 358°C (average of 8 laboratories) for respective
heating rates of 5 and 40°C/min, clearly showing the shift towards higher temperature
range with increasing heating rate. It is probably due to the fact that a high heating rate
shortens the exposure of the sample to a given temperature [Grenli 1996].

It is important to notice that one can not talk of “one” cellulose but several celluloses,
depending on its origin. Different celluloses will have slightly different degradation
characteristics and therefore decomposition kinetics [Antal 1998; Yang 2006].

The cellulose pyrolysis kinetics is well described by a single-step, irreversible, first order
rate law. The kinetic parameters of this reaction have been evaluated at 228 kJ/mol [Antal
1998], 222-244 kJ/mol [Grenli 1999], 216 kJ/mol [Grenli 1996] for the activation energy
and 13.4-18.9 [Antal 1998], 17-19 [Grenli 1999] and 16.1 [Grenli 1996] for logA for a
variety of celluloses at different conditions (sample weight and heating rates).

0.3
0.25 |

<

E 02

Z

T 0.15

2

ZE/ 0.1 1

o

" 0.05 1

0

270 280 290 300 310 320 330 340 350 360 370 380 390

Temperature (°C)

Figure 8.1. DTG curve of A-cellulose. 5Smg, 10°C/min.

Cellulose pyrolysis will produce numerous volatile products and a carbonaceous residue.
59 volatile products were isolated and 37 identified by [Antal 1983]: aldehydes, ketones,
furans, alcohols, phenols, etc. This reveals the complexity of its decomposition paths
described as “complete series of concurrent and consecutive pyrolysis reactions”. A
review of cellulose degradation mechanisms can be found in [Antal 1983].
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TGA pyrolysis study of hemicellulose

Like cellulose, one standard hemicellulose does not exist. Moreover, hemicellulose is
more various and complex than cellulose and accurate elucidation of its complete
structure is difficult. A TGA curve of hemicellulose (extracted from wood) exhibits
several differences with cellulose: (1) hemicellulose starts to decompose at lower
temperature (about 150-175°C at a heating rate of 5°C/min with a peak value at 250-
275°C [Grenli 1996; Yang 2006]); (2) two overlapping peaks or a major peak and a
minor one at higher temperature (400-450°C) are visible. However, kinetic data should be
looked upon cautiously as its extraction induces structural changes [Grenli 1996;
Stenseng 2001].

TGA pyrolysis study of lignin

Lignin decomposition occurs at a low rate over a wide temperature range, starting at
about 150°C and continuing above 500°C [Grenli 1996; Yang 2006] with a (minor) peak
value located around 300-400°C. Extraction of lignin, like extraction of hemicellulose,
affects its chemical structure (hence decomposition), making it difficult to provide kinetic
data for pure lignin.

TGA pyrolysis study of naturally occurring amino acids

Proteins are natural polymers of naturally occurring a-amino acids. The nature of proteins
is therefore extremely diverse and is dependent on the amino acids composition. The
decomposition patterns of proteins are also greatly affected by the amino acids makeup.
This was clearly shown by the study of a-amino acids by Rodante [1992] and Rodante et
al. [1992]: the decomposition ranges, peak temperatures, decomposition stage(s), char
amounts and kinetics of decomposition are covering a very large scope of values.

TGA pyrolysis study of biomass

Biomass pyrolysis decomposition has been widely studied mainly because of the
potential offered by bioenergy production through thermal methods (pyrolysis,
combustion and gasification). Biomass is made of cellulose, hemicellulose, lignin,
extractives and minerals. A look at a biomass DTG curve shows that the different
constituents’ decompositions are (partially) overlapping (Figure 8.2), complicating the
kinetic analysis. The resulting biomass DTG curves have therefore to be decomposed into
partial curves.

A successful method has been developed by Varhegyi [Varhegyi 1979; Varhegyi 1989;
Varhegyi 1996; Varhegyi 1997; Varhegyi 2002] and is assuming parallel, independent
reactions. It is assumed that the products from a reaction are originating only from one
reactant. The overall reaction rate is a linear combination of these reactions. For each
reaction (reactant) a conversion (reacted fraction) and a reaction rate are defined with
their own kinetic equation with its own parameters. Overlapping of curves mean that
more than one (mathematical) solution is possible; ambiguity can be reduced by
evaluation of series of experiments under different experimental conditions (the same set
of kinetic parameters should fit for all conditions) and/or proper input data such as known
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kinetic parameters for single components or peak temperature values. The evaluation of
the parameters is done by the method of least squares method (Hook-Jeeves) [Meszaros
2004]. An example of the decomposition into partial curves of a wood DTG curve is
shown on Figure 8.3.

Biomass samples are all constituted of hemicellulose (often two types), cellulose, lignin,
extractives and minerals (ash). It is therefore natural to expect each of this reactant to be
attributed a decomposition reaction for the evaluation of DTG curves. However, severe
overlapping (or complexity of the biomass structure) often calls for the use of the notion
of pseudo-component, i.e. a group of reactants with similar reactivity, rather than
component [Meszaros 2004].

Besides the pseudo-reactant concept, several approaches can be adopted to describe
biomass decomposition but will not provide similar results and will have to be interpreted
accordingly. The different kinetic evaluation methods include: determination of the
number of partial reactions required, order of the reactions (first order, n® order) and
distributed reactivity models [Burnham 1999]. A kinetic study of complex biomass
residues according to different models can be found in [Becidan 2007c] (P-V).

The choice of the evaluation methods and its characteristics will be dictated by the nature
of the biomass but also the desired accuracy. For example, assuming n"-order
decomposition reactions instead of first-order reactions requires fewer pseudo-
components [Meszaros 2004].

550
500 +
450 +
400 +
350 +

300 +
250 +
200 +
150 +
100

Temperature (°C)

Lignin Hemicelluloses Cellulose Extractives

Figure 8.2. Main decomposition range of biomass constituents: overlapping [Grenli 1996;
Yang 2006].
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Figure 8.3. Partial curves constituting the DTG curve of pine (10°C/min, 5 mg, SDT
2960). Dotted line: experimental curve. Full line: simulated curve.

TGA pyrolysis study of paper

Paper is produced from wood but the different types of paper have significantly different
compositions (cellulose, hemicellulose and lignin content, mineral content) due to
different production processes. These different compositions respond to the specific
applications of a given product. Serum [2000] studied 4 types of paper products:
newspaper, cardboard, recycled paper and glossy paper. TGA will evidently reveal those
differences: newspaper has a low ash content and a (relatively) high lignin content
(causing yellowing), recycled paper is made of a variety of waste paper and exhibit an
intermediary thermal behaviour, glossy paper has a high mineral content influencing its
decomposition pattern through catalytic effects. However, the different paper products all
decompose between 200 and 450/500°C, like wood.

The major products from paper pyrolysis are CO, CO,, H,O, H, and hydrocarbons [Wu
2002].

8.3 TGA pyrolysis study of plastic

Thermal decomposition of most plastics (HDPE, LDPE, PS, PP) can be described by a
single step reaction [Serum 2001] occurring at 400-500°C (HDPE, LDPE, PP) or 350-
450°C (PS). This simple thermal behaviour can be explained by the very homogeneous
structure of plastics. PVC is of special interest as it represents a significant share of MSW
plastic (about 1% [Minnesota 2000]) and is responsible for the formation of many chloro-
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compounds during MSW incineration. Furthermore it exhibits a significantly different
thermal behaviour. Two overlapping decomposition steps are observed at 225-350°C
followed by a third peak at 350-550°C. The first steps were associated with chlorine and
Cl-containing compounds release while the third one is mostly due to hydrocarbon
decomposition. Pyrolysis of HDPE in a fluidised bed show that the main decomposition
products are CHy4, C;H4, C;Hsg, Cs, Cq4, aromatic and Cs-Cg [Mastral 2003]

8.4 Other MSW fractions

The thermal behaviours (Kinetics and/or emissions) of other MSW fractions have been
studied: rubber, latex, tire, packaging film [Kim 1994; Lin 1998; Serum 2001; Liou
2003]. Two important aspects are of interest: the degradation characteristics (temperature
range, char amount, reactants identification, Tpex, etc) and the nature (chemical
composition) of the different products in order to identify the potentially harmful or
valuable chemical products.

Attempts have been made to study “simulated” MSW by blending 2 or more MSW
fractions [Serum 2000]. Possible interactions between MSW materials have been
suggested but seem limited. RDF can be seen as a homogenised and pelletised version of
MSW. Cozzani et al. [1995] and Lin et al. [1999] concluded that the pyrolysis rate could
be predicted by the weighed sum method of the RDF components. This appears to
confirm the limited effect of possible interactions between MSW fractions. However, it is
not a definite piece of evidence as no chemical information is provided.

8.5 Non-kinetic regime

As previously mentioned, TGA is limited to the study of purely kinetic regime
conditions. The reality encountered in industrial applications is far more complex with
the occurrence of heat and mass transport phenomena. The effects of these phenomena on
temperature profile in the sample and the degradation pattern have been investigated in
our in-house designed macro-TGA (study of 75 g samples) and compared with TGA (to
determine the so-called “scaling effect”) [Becidan 2007d] (P-VI).
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9 Conclusions and recommendations for further work

MSW and biomass residues management. Waste management is a complex and
growing issue because it involves a complex and heterogeneous product but also societal
choices. Trends go towards more fraction-specific treatments together with development
of technologies at a large industrial scale such as advanced combustion and gasification.

Pyrolysis. Knowledge of the pyrolysis process as the first step in combustion and
gasification is of major importance. Furthermore, pyrolysis investigation of scarcely
known biomass residues demonstrates their potential for energy production through this
thermal process. This shows that no biomass resources should be overlooked and that
tailor-made niche pyrolysis processes based on specific residues can be efficient.

Further work should focus on modifying the experimental set-up to obtain a complete
picture of the amount and properties (physical and chemical) of tar and char but also to be
able to operate with continuous feeding of the fuel, as done in most real systems.

N-chemistry before and after thermal degradation. Nitrogen in biomass is usually
considered to be of protein origin by the bioenergy world. It was shown that this is quite
inaccurate as non-protein nitrogen is diverse and may represent a substantial proportion
of nitrogen for many biomasses. The most significant compounds are: free and non
protein amino acids, alkaloids, inorganic nitrogen and chlorophyll. Their relative weight
will vary substantially and depend on biological factors.

A discussion about the intricate biomass structure reveals that possible
reactions/interactions/linkages between N-compounds and non N-compounds have to be
taken into account to elucidate the biomass-N pyrolysis mechanisms. Model compounds
studies can not render this complexity and should therefore be looked upon carefully.
Release trends of HCN and NHj3; were experimentally studied. It was shown that N-
chemistry is a complex issue and that biomass pyrolysis studies do not provide clear
mechanistic insights. Biomass compounds and model compounds studies should
accordingly be studied hand in hand to obtain a more complete picture.

Further work should focus on comparative studies, in order to try to assess the N-
chemistry during decomposition of biomass. For this purpose, “simulated biomass” (one
main biomass compound + one N-functionality), N-model compound and main biomass
component (with no N) should be studied alongside.

Degradation characteristics. Two different types of studies were carried out: a kinetic
study of small particles and an investigation on thermally thick biomass samples.

TGA studies of small particles provide kinetic data about the decomposition of biomass
materials. The evaluation method had to be adapted to the studied fuel. The biomass
residues studied exhibited complex decomposition patterns due to their heterogeneous
structure.

Macro-TGA studies of thermally thick particles show the complex temperature history
inside large samples but also the exothermic step of pyrolysis. Study of the scaling effect
(comparative study of TGA and macro TGA experiments) confirms the complexity of
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heat and mass transport processes in industrial applications. They will have an effect on
the main features (pyrolysis rate and pyrolysis time) of the thermal process.

Further work should aim at collecting more experimental data at various operating

conditions and feedstock properties to thereafter use them for improved modelling of
fixed-bed systems for conditions relevant for waste and biomass applications.
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An experimental study of nitrogen species release
during municipal solid waste (MSW) and biomass
pyrolysis and combustion

Michaél Becidan, @yvind Skreiberg and Johan E. Hustad
Norwegian University of Science and Technology
Department of Energy and Process Engineering

N-7491 Trondheim, Norway

ABSTRACT: In this paper an experimental set-up and preliminary experimental results
are presented. The set-up is composed of a fixed bed reactor with heaters, a quartz-
made probe and a FTIR analyser. The release rate of CO, CO,, NO, NO, and N,O has
been measured during combustion of MSW fractions and biomass species; the release
rate of NH; and HCN has been studied during pyrolysis of sewage sludge. The
parameters studied in this paper are final reactor temperature and fuel nitrogen content
(fuel type). The main results from this study are: the higher the fuel-N content, the
lower the N-conversion to NO, and N,O during combustion; NH; is the main N-
containing pyrolysis product at all temperatures; conversion of fuel-N to NH; and
HCN increases with increasing temperature; and, the NH3/HCN ratio increases with
decreasing temperature.

INTRODUCTION

Combustion, eventually with energy recovery, is one of the MSW conversion methods
very common today. However, combustion leads to harmful emissions, NO, involved
in the formation of photochemical smog and acid rain being one of them. A detailed
knowledge of the release rate of nitrogen species from MSW fractions and various
biomass species during pyrolysis is important in connection with improved strategies
for NOx emission reduction. MSW management is an increasing challenge as waste
production per inhabitant is steadily growing all over the world. However, greater
ecological awareness amongst the population has led to implementation of complex
waste management systems by the authorities in many countries. One of the most
important features of those systems is the separate collection of reusable waste, i.e.
glass, paper, cardboard and textiles, and dangerous toxic waste. The remaining
combustible waste is most often combusted. The main advantages of this technique are

[1]:

1)  The reduction of 70-75% of the mass of the waste.
2)  The reduction of 90% of the volume of the waste.
3) A sustainable alternative to fossil fuels as a source of energy.



However, combustion will produce a variety of gaseous emissions that can have a
negative impact on our environment (water, air and soil) if not avoided in the
combustion process (by primary measures) or cleaned by secondary measures.
Together with dioxins, heavy metals, chlorine compounds and carbon dioxide, N-
containing compounds (NO, NO, and N,O) are amongst the most harmful emissions
from waste combustion as they are involved in:

1) The generation of ground-level ozone (O;). This ozone has a noxious effect on
the human respiratory system and the ecosystem development.

2)  The formation of acid rain that damage forests and also human and animal health.

3) The depletion of Earth’s protective ozone layer. N,O is a key intermediate in the
ozone destruction cycle in the stratosphere. This ozone is protecting the Earth
from aggressive UV solar radiation.

4) The increase in the greenhouse effect known as global warming. N,O is a very
powerful greenhouse gas as it is about 310 times more powerful than carbon
dioxide on a per molecule basis [2].

The requirements for waste combustion NOx emissions control have become
stricter recently; the European Union Standard emissions limit (EU directive
2000/76/EC) was 500 mg/Nm” (at 11% O,, dry flue gas, 24 hour average) in 1986 and
is now 200 mg/Nm’ (at 11% O,, dry flue gas, 24 hour average). This waste combustion
emissions directive is more draconian than for any other fuel like natural gas, oils and
virgin biomass. To control and reduce efficiently NOx (NO and NO,) and N,O
emissions, it is primordial to understand the mechanisms leading to their formation and
the parameters influencing their yields.

Numerous studies have been carried out to study nitrogen release during pyrolysis
and combustion of waste fractions, biomass or model compounds under various
conditions. A brief review of the studies relevant in nitrogen release during combustion
or pyrolysis of waste fractions and biomass under fixed-bed/grate conditions will be
presented.

LITERATURE REVIEW

For the combustion conditions studied (low temperature (i.e. 600-900°C), waste
fractions and biomass combustion) NOx is almost exclusively formed through the fuel-
NOx mechanism [3]. Nitrogen contained in the fuel is primarily released during
pyrolysis as NH; and HCN. NH; and HCN may then be oxidised to NO, NO,, N,O and
N, through a number of reaction paths. A simplified description of this mechanism is
shown in Fig. 1, which also includes NO and N, formation from the char fraction of a
solid fuel. Several theoretical studies [4] show that the main oxidation routes of NH;
lead to NO and N, while HCN is the main precursor for N,O. The operating parameters
having an influence on N-release are: pyrolysis temperature, excess air ratio, heating
rate, fuel-N content, nitrogen functionality and residence time in the
pyrolysis/combustion zone in addition to pressure.



HCN ———» NCO ———»NO,, N,O, N,

Volatile-N

NH3 ———» NH; ————» N, NOy
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Fig.1 The fuel-N mechanism (simplified).

The experimental data from literature concerning NH3 and HCN level, and
NH;/HCN ratio, in the pyrolysis gases are quite diverse. NHj; is often reported [5, 6, 7]
to be the main N-containing component in the pyrolysis gas. However in other studies
[8, 9, 10] HCN appears to be released in equal amounts as NH; or even to be the main
N-compound in the pyrolysis gas.

The main parameters controlling the composition of pyrolysis gas are
temperature and heating rate. They not only have a significant effect on the yield of
NH; and HCN but also on the NH3/HCN ratio. An increase in heating rate will induce
a higher yield of release of both NH; and HCN [9, 11]. Higher temperatures will lead
to increasing levels of HCN [10, 12] while reports on the NH; behaviour seem to vary:
NHj release is reported to be insensitive to temperature changes [13] but a decrease is
sometimes reported with increasing temperature [12]. This observed different thermal
behaviour may be explained by the nitrogen functionality in the fuel: HCN is mainly
originating from pyridine and pyrrole (cyclic compounds) while NHj is released from
proteins and amino acids (non-cyclic compounds); those different chemical compounds
are known to have different thermal behaviour [14]. Consequently the NH3/HCN ratio
will also vary with the thermal history of the fuel. Low heating rate will promote NH;
formation while HCN will be predominant when the heating rate is high [11, 12]. The
effect of temperature is also significant: it has been reported decreasing NH;/HCN ratio
with increasing pyrolysis temperature [12]. It seems that NH3/HCN ratio is a function
of H/N ratio: it has been observed for a variety of fuels that an increasing H/N ratio in
the fuel increases the NH3/HCN ratio [12]. This phenomenon has been explained so
[15]: HCN is the primary product and NHj is originating from two sources, the direct
evolution from the fuel-N and the secondary conversion from evolved HCN (primary
HCN that has reacted with the fuel-H to give NH;). Furthermore the importance of
HNCO in the pyrolysis gas has recently been demonstrated in an experimental study of
model compounds of biomass fractions [14].

Final N-compounds from combustion are NO, (NO and NO,), N,O and N,.
The most important factors controlling NOx formation are excess air ratio and
temperature [16]. NOx emissions increase with increasing excess air ratio [1, 4, 16, 17]
and increasing temperature [1, 3, 4, 6]. However, NOx is sometimes reported to show a



maximum value with temperature [12, 16]. A higher O, concentration will also
promote NOx formation. On the other hand, higher fuel-N will usually result in lower
fuel-N conversion to NOy [18]. This decrease indicate that the presence of other N-
compounds act to reduce NO, as in the Selective Non Catalytic Reduction where
ammonia reacts with NO to give N,, although this phenomenon is not always observed
experimentally [19].

The emissions of N,O are predominantly very low in biomass combustion
applications, e.g. wood stoves [20]. The main factor influencing N,O emissions is
temperature as N,O is destroyed at high temperature [12].

EXPERIMENTAL SET-UP AND PROCEDURES
TEST FUELS

In this study glossy paper, birch wood and sewage sludge pellets were selected as
fuels. The elemental analysis of these materials is presented in Table 1.

The glossy paper was taken from the same issue of a magazine. The paper was
cut as a 4 cm by 4 cm square.

Wood samples were taken from a single plank to ensure a N-content as stable
as possible. Pieces of 4 by 4 by 7 cm were used.

Sewage sludge pellets is produced from communal and small industries
sewage sludge, pre-processed by drying and pelletised into a cylinder-like shape, even
though the distribution in sizes is quite wide and the shapes diverse and irregular.

Table 1. Ultimate analysis of the fuels (dry ash free basis) and the ash content (dry
basis), performed at Vienna University of Technology (Institut fiir Physikalische
Chemie — Mikroanalytisches Laboratorium) and the moisture content of the fuels.

Birch wood Glossy paper " Sewage sludge

C (wt%) 48.57 45.60 49.18
H (wt%) 6.31 4.80 8.46
N (wt%) 0.114 0.070 5.47
S (wt%) <0.02 <0.05 1.31
O * (Wt%) 44.99 49.48 35.38
Cl (wt%) n.m. n.m. <0.10
Ash (wt%) n.m. 28.0 46.7
Moisture (wt%) 13.1 8.0 22.0

*Oxygen is calculated by difference
®From [3]
n.m.: not measured



APPARATUS AND PROCEDURE

A schematic diagram of the reactor is shown in Fig. 2. The experimental set-up is
presented in Fig. 3. The reactor is made of a stainless tube with a lining of Al,O;
ceramic to prevent catalytic reactions. The inner dimensions of the tube are a height of
1000 mm and a diameter of 100 mm. The reactor body is placed inside an electric
heating furnace constituting of 5 independent heating zones. The air (or any other
gases/mixtures of gases) is introduced into the reactor from the bottom through a grid
distribution plate. The inlet gas can be preheated. The maximum operative temperature
of the reactor and its pre-heater is 900°C.

Five thermocouples positioned in the middle of each heating zone are
recording the temperature profile along the wall of the reactor. The temperature of the
inlet gas is also recorded.

The sample can be placed on the grid plate or in a small basket (with a
diameter of 65 mm and a length of 130 mm) made of an inconel alloy netting. This
basket is hanging below a precision balance (Sartorius Competence-CP Series) to
record mass loss during the experiment (“macro-TGA”). A pressurised-air elevator
moves the system “balance-reactor top-basket” upwards and downwards.

Two types of experiments were carried out: “flash” experiments (or fast
heating rate) and slow heating rate (from 7.5 to 15 K/min) experiments (not presented
in this paper). During the “flash” experiments, the reactor and the gas stream were
heated to the set temperature before the rapid introduction of the sample from the top
with the elevator.

Heaters

Reactor

Gas Preheater

Fig. 2 The reactor, with heaters (dimensions in mm).



MEASUREMENTS AND CHEMICAL ANALYSIS

Only a slipstream of the volatiles is analysed (Fig. 3). After passing through a quartz
glass pipe, the heavy tar compounds present in the volatiles are removed by using a tar
trap constituted of a 3-extraction bottle system (one filled with glass spheres, one
empty and one filled with fine glass wool). The exhaust gases are then filtered through
a heated metal filter (SP 210-H from M&C). A part of the gas is then dried by passing
through a U-tube containing silica gel before going to an online O, analyser (Servomex
Oxygen Analyser 570 A). The rest of the sampled flue gases is being injected through
a heated Teflon line (176°C) into the heated cell (176°C, path length of 6.4 m, DTGS
detector, resolution of 1cm™) of an FTIR spectrometer (BOMEM Model 9100). The
levels of CO, CO,, NO, NO, and N,O has been measured during the combustion
experiments; the release rate of NH; and HCN was studied during pyrolysis
experiments. Analyses results were logged every minute approximately (56-59
seconds). To reach the best accuracy 12 scans are performed, each taking 4.5 to 5
seconds.

Absolute yields of compounds were calculated from their concentrations and
the total gas flow.

Heated Line Balance Exhaust gases
—
FTIR analyser Heated filter  [—— Tar trap [ —
Y
Silica gel Reactor »

A |  Basketfor

fuel sample
O, analyser

Heater :|<— Air

Fig. 3 The experimental set-up.



EXPERIMENTAL RESULTS

This section present preliminary experimental results and is intended to illustrate the
possibilities and limitations of the experimental set-up.

TEMPERATURE HISTORY DURING COMBUSTION

Temperature measurements were performed by six sets of two diametrically opposed
thermocouples at the wall of the reactor, and not directly at the sample surface where
the flame temperature may be significantly higher.
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Fig. 4 Temperature history (average wall temperature) during combustion for the set of
two opposing thermocouples located closest to the sample.

After an initial decrease in temperature of 70-80°C due to the introduction of
the fuel (and the basket), a rapid augmentation corresponding to the ignition can be
observed. The characteristics of the profile will depend on the fuel at otherwise equal
initial conditions.

Temperature profiles measured at combustion conditions for three fuels at an
initial reactor temperature of 750°C are presented in Fig. 4. The time necessary to
reach the peak temperature (from the lowest temperature) is respectively 210 seconds
for sewage sludge pellets, 225 seconds for birch and 290 seconds for glossy paper.

The wall temperature approaches its initial value of 750°C after 21 to 22
minutes for all fuels studied.



MACRO-TGA

The experimental set-up allows the reactor to be used as a macro-TGA (Thermo
Gravimetric Analyser) with a sample mass of up to 150 grams, with simultaneous gas
analysis.

The mass loss profile for a given fuel depends on the temperature and the
heating rate. Figs. 5, 6 and 7 present selected results.
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Fig. 5 Mass loss curves for sewage sludge pellets (75 g) at three temperatures.
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Fig. 6 Mass loss curves for the three fuels at 750°C (initial reactor temperature, the
corresponding temperature profiles are shown in Figure 4).



Pyrolysis
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Fig. 7 Mass loss curves for sewage sludge pellets pyrolysis at two initial reactor
temperatures.

At both combustion and pyrolysis conditions an increase in temperature will promote a
higher mass loss rate, as shown in Figs. 5 and 7. The temperature also, to a small
degree, influences the amount of char remaining in the basket in the pyrolysis
experiments, with increasing char fraction with decreasing temperature.

Every fuel has a unique mass loss profile under given conditions because of
its unique physical properties (particle size, particle shape, density, porosity, specific
area, ignition temperature) and chemical properties (elemental composition, heating
value, moisture content, volatile fraction, fixed carbon fraction and ash amount and
composition). The samples studied are rather large particles where a substantial
temperature gradient may occur inside the particle during heating and conversion. At
these conditions the mass loss rate is mainly controlled by heat and mass transfer. This
study is therefore relevant for grate/fixed bed combustion/pyrolysis of waste and
biomass as those fuels are rarely used in the form of very small particles having no heat
and mass transfer limitations.

During pyrolysis, the fuel will undergo different processes. First, the water
present in the fuel is evaporated, afterwards the temperature of the surface of the fuel
will reach a critical value where thermal decomposition will start and propagate inside
the particle. This will induce release of volatiles and formation of char. The structural
changes of the fuel result in an increase of porosity, increase of specific surface area,
decrease of bulk density and modification of the chemical composition. The proportion
and the composition of the volatiles are typically used to characterise the pyrolysis
process. The reactor can be used to test and develop models for drying and pyrolysis of
large biomass particles in grate/fixed bed combustion.

To analyse the mass loss rate both for combustion and pyrolysis, tso (the time
in seconds for conversion of 50% of the dry ash free fraction of the fuel) has been
calculated. The results, presented in Table 2, show that increasing temperature will



increase the mass loss rate at both combustion and pyrolysis conditions as mentioned
earlier; furthermore the mass loss rate of pyrolysis and combustion of sewage sludge
pellets are rather close at the same temperature, while for glossy paper, combustion has
a mass loss rate nearly 1.9 times higher than for the pyrolysis experiments at the same
temperature.

Table 2. Time (s) for 50% mass conversion, ts, (P: pyrolysis, CB: combustion). No
data available at pyrolysis conditions at 900°C.

CB P CB P CB

600°C 600°C 750°C 750°C 900°C
Glossy paper 280 n.a. 215 395 n.a.
Sewage sludge 365 385 220 220 135
Birch n.a. n.a. 145 n.a. n.a.

n.a.: not available
GASEOUS EMISSIONS

Gaseous emissions were measured with an FTIR analyser (Bomem 9100) that was
calibrated for the measurements of waste combustion emissions by the manufacturer.
However the built-in calibrations could not be used for the study of pyrolysis because
of interferences by typical pyrolysis compounds in the IR region. Therefore,
calibration curves were made to quantify NH; and HCN. The wave number ranges
selected for NH; quantification were 1142.26-1138.88 cm™ and 1124.30-1120.00 cm
! while HCN quantification was performed at 3374.70-3372.29 cm™'. At these wave
numbers no major interference from other gas species occurred in the sewage sludge
pellets experiments, due to the high N-content. An IR-spectrum from the pyrolysis at
600°C using sewage sludge pellets is presented in Fig. 8.
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Fig 8 IR-spectrum: Pyrolysis at 600°C of sewage sludge pellets (absorbance against
wave number in cm™).



Combustion

Flash combustion of glossy paper has been performed at three temperatures (600°C,
750°C and 900°C). During combustion fuel-N was released as NO, N, and to a minor
extent NO, and N,O. Fig. 9 presents the N-conversion to NO, and N,O against the C-
conversion to CO and CO,. It can be seen only a small difference in the conversions
between 600 and 750°C: 38 to 44 % of the initial fuel-N is released as NO, and N,O.
However when the reactor temperature is 900°C, the N-conversion decreases to 25-
29%. This is in accordance with the results from [3] where for the same fuel the
conversion factor of fuel-N to NO was 26% at 850°C. The decrease in the N-release
between 750°C and 900°C can be explained by the fact that N-conversion is showing a
maximum value with temperature, this phenomenon has already been observed [12] for
several biomass fuels like alder wood, peat or malt waste where the maximum
conversions were observed at approximately 800°C.

The N-conversions measured were 17% for birch and 7% for sewage sludge
pellets at 750°C. As commonly observed, the higher the fuel-N content, the lower the
N-conversion to NO, and N,O.

0,45 -

s
2 600C
g — a—-750C
c
3 — = 900C
P4

0 0,2 0,4 0,6 0,8 1

C-conversion

Fig. 9 N-conversion against C-conversion for glossy paper at three different initial
reactor temperatures (C-conversion not equal to 1 because of experimental
uncertainties)



Pyrolysis

The pyrolysis study has been carried out using sewage sludge pellets because of their
high nitrogen content (5.47 wt%, dry ash free basis). Nitrogen was released as NH; and
HCN during the pyrolysis, with conversion factors and NH;/HCN ratios according to
Table 3.

Table 3. Conversion factors of fuel-N to NH3; and HCN, and NH3;/HCN ratios, during
pyrolysis of sewage sludge pellets.

900°  750°  600°

C C C
NH; 0.507 0.408 0.365
HCN 0.086  0.057 n.d.

NH3/HCN 5.90 7.16 -
NH;+HC 0.593  0.465 -
N

n.d.: not detectable
The main experimental results are:

(1) NHj is the main N-containing pyrolysis product at all temperatures.
(2) Conversion of fuel-N to NH; and HCN increases with increasing temperature.
(3) The NH3/HCN ratio increases with decreasing temperature.

After pyrolysis, char (7.5-8% of the initial mass) combustion was carried out. At
all temperatures the conversion of the char-N to NO and N,O was less than 1% of the
initial fuel-N, indicating that a very small fraction of the initial fuel-N remained in the
char after pyrolysis. This is in accordance with [21]. The part of the sewage sludge
nitrogen released during pyrolysis reported in the literature (for the temperature range
600-900°C) varies from 27% to 90% depending on the temperature, the type of sewage
sludge and the heating rate [10, 22, 23]. The remaining part of the nitrogen is found in
the tar fraction (not analysed) and NH; may also be found in the product water (not
analysed) as reported by [24, 25].

CONCLUSION

This preliminary study has shown that the reactor can be used as a macro TGA,
providing valuable data for mass loss rate studies of thermally thick biomass particles.
Furthermore the FTIR has been successfully used in combination with the reactor to
investigate combustion of sewage sludge and biomass. However, the pyrolysis study
appeared to be possible exclusively for fuels with high N-content (the lower limit is not
yet established). The mass loss curves show a clear dependence on the temperature in
the reactor, with increased mass loss rate as the temperature in the reactor increases,
both for the combustion and for the pyrolysis experiments. The remaining ash content
in the combustion experiments confirms the laboratory proximate analysis. The N-
conversion to NO, and N,O show expected results based on earlier literature data,



which implies that, an increased N-content in the fuel decrease the conversion factor
for fuel-N to NO, and N,O.

The results obtained for pyrolysis of sewage sludge pellets have shown the
presence of NH; and HCN in the pyrolysis gas, and a clear temperature dependence of
the release of these two fuel-N species.

The experimental set-up is currently under improvement. A micro-GC (Gas
Chromatograph) will be installed to measure new species (N, and H,) and will also
provide a second set of results for some other species.

Further plans include the study of the release of fuel-N compounds at various
conditions for a large variety of fuels. This experimental study and further planned
studies will provide important input for gas-phase modelling.
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ABSTRACT: Staged air combustion is a well known method for reducing NOx
(primarily NO) to molecular nitrogen, either integrated in a combustion chamber by
separating primary and secondary air addition, or by applying a separate reduction
chamber. However, the details of the chemical kinetics responsible for the NOx
reduction are less well known, especially at moderate temperatures (below 1400 K),
e.g. in most biomass combustion applications. Several reaction paths are involved in
the reduction of NOx to molecular nitrogen, and a number of parameters influence the
relative importance of the various reaction paths and the final degree of NOx
reduction. Parameters of special importance are temperature, primary excess air ratio,
residence time in the reducing zone and the fuel-N content and N-species distribution.
However, also the overall excess air ratio and the final temperature level are of
importance if intermediate N-species, mainly NH; in biomass combustion applications,
exits the reducing zone. Additionally, the C/H/O pyrolysis/gasification gas
composition and speciation will to some degree influence NOx reduction by staged air
combustion, mainly through its influence on the radical pool.

In this paper a recently developed detailed chemical kinetics NOx mechanism,
regarded as especially suitable for biomass combustion applications, has been used in a
parametric study to reveal the influence of the most important parameters influencing
the NOx reduction by staged air combustion at moderate temperatures. Plug flow
reactor and perfectly stirred reactor conditions are used, representing two extremes of
mixing conditions. Detailed reaction path analysis is also carried out to explain the
influence of the parameters on the detailed chemical kinetics. From the parametric
study, recommendations on how to achieve an optimum NOx reduction by staged air
combustion at moderate temperatures are drawn.

INTRODUCTION

Staged air combustion has been identified as a primary NOx reduction measure with a
high NOx reduction potential [1, 2, 3], comparable to that of staged fuel combustion, at
optimum conditions. However, to achieve these optimum conditions there is a need for
a well controlled combustion process according to [1]. In reality the optimum



conditions may vary significantly depending on the fuel and the operating conditions
of the application in question. It is therefore interesting to reveal to what extent general
optimum conditions can be stated, if at all. It is also interesting to reveal the influence
of the fuel gas composition and the fuel-N speciation on the NOx reduction potential
by staged air combustion. Significant research effort is directed towards identification
and quantification of primary fuel-N species within the biomass research community
today [4, 5]. Hence, an important question is to which extent the fuel-N speciation may
influence the choice of optimum operating conditions.

The fuel-N release from solid biomass devolatilisation has traditionally been
thought to consist mainly of NH;, and to a lesser extent HCN, but the results reported
in the literature are scarce and partly contradictory. However, recent findings show that
the amount of HCN may be quite significant [4, 6, 7, 8, 9], and also that HNCO [4, 6,
7, 8] may be a significant fuel-N species. The ratio between these fuel-N species will
be dependent on the nitrogen functionality in the fuel and on different operational
parameters for the devolatilisation process, where temperature and heating rate are two
important parameters [4]. Karlsson et al. [7] found a HNCO/HCN ratio of about 0.3 at
700°C, decreasing to about 0.1 at 1000°C for three biomass species. They also found a
HCN/NHj; ratio of about 0.3 at 700°C, increasing to about 1.0 at 1000°C for the same
three species in the same experiments, and for two additional biomass species.

If the devolatilisation occurs without externally supplied oxygen, e.g. a
pyrolysis process, different fuel-N speciation in the pyrolysis gas can be expected
compared to a gasification process. For real biomass combustion units, as for grate
combustion, it is not necessarily easy to distinctly separate the processes occurring, and
also fuel-N species released from char oxidation will to some degree mix with the gas
formed from the volatile fraction of the fuel, which is especially important if a separate
NOx reduction chamber is applied. Hence, a fuel gas from a primary combustion
chamber may consist also of fuel-N contributions from the char oxidation phase, e.g.
NO, and also N,O, which will influence the nitrogen chemistry in the NOx reduction
chamber, and therefore also the NOx reduction potential.

METHODS

Detailed chemical kinetics modelling has been performed using a recent chemical
kinetics mechanism [10] regarded as especially suitable for biomass combustion
applications, e.g. moderate (below 1400 K) to low temperatures, fuel-rich conditions
and with NHj; usually as the main primary nitrogen species released from the pyrolysis.
The mechanism is to a large extent based on the mechanism by Glarborg et al. [11], but
with major updates to their NH; subset. The mechanism has been verified against an
extensive set of experimental data on NH; oxidation [12]. See [10] for further detailed
information about the details in the chemical kinetics mechanism used.

Two different ideal flow reactors have been used in this modelling study, a
plug flow reactor (PFR) and a perfectly stirred reactor (PSR). These reactors represent
two extremes of mixing conditions, and will as such give outer limit predictions
compared to real mixing conditions. However, the ideal flow reactors are useful tools
in analysing the influence of various process parameters on the degree of NOx
reduction at different conditions. The SENKIN code [13] and the AURORA code [14]
within the CHEMKIN Collection [15, 16] were used for respectively PFR and PSR
modelling.



The modelling matrix carried out in this work has been extensive, covering a
temperature range from 873-1373 K, using adiabatic and fixed temperature reactors; a
primary excess air ratio range of 0-1.5; overall excess air ratios of 1.5, 2.0 and 2.5;
single reactor residence times of 0.1, 0.5 and 1 s, and 2 s total residence time; and fuel-
N levels in the pyrolysis gas of 100, 500, 1000, 5000 and 10000 ppm. The initial fuel-
N species investigated includes NH;, HCN, HNCO and NO, alone or mixed with each
other in different fractions. The base case pyrolysis fuel gas composition used,
excluding the fuel-N species, is given in Table 1. It is an average of the pyrolysis gas
compositions measured by Chan [17], who performed pyrolysis experiments on
Oregon lodgepole pine wood pellets. The tar fraction is assumed to crack and give a
secondary gas composition equal to the primary gas composition. Measured pyrolysis
gas compositions for wood only includes the direct formation of pyrolysis gases, and
not the gases formed from secondary tar cracking. The pyrolysis gases accounted for
11-27 wt% in the study of Chan [17] while the tars accounted for 33-52 wt%. Grenli
[18] reported 30-50 wt% pyrolysis gases and 25-40 wt% tars (including water).
Finally, Di Blasi [19] reported a wide range of pyrolysis gas and liquid yields, for
different wood species and as a function of heating rate. However, in this work the
influence of each fuel gas species (except CO, and H,0), and in addition H,, was
investigated by mixing one fuel gas species alone with respectively NH;, HCN and
HNCO. Also the effect of multiple air stages was analysed with respect to achieving an
optimum degree of NOx reduction.

NOx reduction in this work means reduction of fuel-N to molecular nitrogen,
N,. This can be described by TFN/Fuel-N, which is the mass ratio between the nitrogen
content in the predicted total fuel-N emissions (excluding N,) and the content of
nitrogen in the initial fuel gas (excluding any Nj).

The modelling results have been analysed mainly through rate of production
analysis, showing the reaction path from fuel-N to final emissions, or N,. However,
through the modelling matrix TFN/Fuel-N sensitivities with respect to fuel gas species
selection and fuel-N species selection have been analysed. Radical availability is a key
factor in explaining the behaviour of TFN/Fuel-N at various conditions, and also for
explaining the difference in TFN/Fuel-N between a PFR and a PSR.

Table 1. Base case pyrolysis gas composition, excluding N-species.

Species CO C02 CH4 C2H2 C2H6 C2H4 HQO

Volume fraction 0.4474 0.2661 0.0893 0.0016 0.0111 0.0202 0.1643

RESULTS AND DISCUSSION

Fig. I shows TFN/Fuel-N as a function of primary excess air ratio in a PFR and a PSR
at a temperature of 1173 K and a residence time of 1 s for 1000 ppm NH; mixed with
different fuel gas species.

As can be seen, both the trends and the quantitative TFN/Fuel-N values
depend very much on the fuel gas species selection and on the mixing conditions.
While TFN/Fuel-N in general stays high for hydrocarbon fuel gas species, CO and H,
as fuel gas species yield very low TFN/Fuel-N values, especially for the PSR
conditions. The optimum primary excess air ratio in the PFR is about 0.8 for
hydrocarbon fuel gas species, while it is below 0.1 for CO and H,. In the PSR the
optimum primary excess air ratio is close to 1 for hydrocarbon fuel gas species, while



low TFN/Fuel-N values can be seen for a wide primary excess air ratio range for CO
and H,. For the PFR conditions the low values lies in a narrow primary excess air ratio
range, and CO gives a narrower range than H,. These results change as a function of
temperature, as illustrated in Fig. 2 for 1000 ppm NH; mixed with CO in a PFR and a
PSR at a residence of 1 s. For the PFR the lower temperatures of 973 K and 1023 K
give the widest operation window with respect to primary excess air ratios. For the
PSR the highest temperatures of 1173 K and 1223 K give the optimal conditions. This
picture will be different for other fuel gas species. In general, the presence of
hydrocarbon species in the fuel gas lowers the NOx reduction potential by staged air
combustion, while large amounts of CO, in pyrolysis gas, and additional H, in
gasification gas, increase the NOx reduction potential.
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Fig. 1 TFN/Fuel-N as a function of primary excess air ratio in a PFR (upper half) and a

PSR (lower half) at a temperature of 1173 K and a residence time of 1 s for 1000 ppm
NH; mixed with different fuel gas species.



For HCN or HNCO as fuel-N species the picture is similar. However, TFN/Fuel-N is
much higher for HCN with H, as fuel gas species, and also somewhat higher for the
other fuel gas species. Hence, the NOx reduction potential is lower. For HNCO
TFN/Fuel-N is rather similar to that of NH;, for all fuel gas species. Hence, HNCO
closely follows the fate of NH;. As for NHj; as fuel-N species, the results for HCN and
HNCO change with temperature.
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Fig. 2 TFN/Fuel-N as a function of primary excess air ratio and temperature in a PFR

(upper half) and a PSR (lower half) at a residence time of 1 s for 1000 ppm NH; mixed
with CO.

Fig. 3 shows TFN/Fuel-N as a function of primary excess air ratio in a PFR and a PSR
at a temperature of 1173 K and a residence time of 1 s for 1000 ppm fuel-N species
mixed with the base case pyrolysis fuel gas composition.
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Fig. 3 TFN/Fuel-N as a function of primary excess air ratio in a PFR (upper half) and a
PSR (lower half) at a temperature of 1173 K and a residence time of 1 s for 1000 ppm
fuel-N species mixed with the base case pyrolysis fuel gas composition.

TFN/Fuel-N decreases with increasing NH; fraction in the fuel-N content, and
increases with increasing HCN fraction. The difference is more significant in a PFR
than in a PSR. Addition of NO to the fuel-N content enhances TFN reduction at lower
primary excess air ratios, but slightly decreases TFN reduction at the optimum primary
excess air ratio. Also for the base case pyrolysis fuel gas composition there is a
significant influence of temperature on the TFN/Fuel-N trend as a function of primary
excess air ratio and the predicted NOx reduction degree. The optimum primary excess
air ratio lies somewhat below 0.6 in the PFR, and close to unity in the PSR. This
behaviour is closely connected to the hydrocarbon content of the fuel gas, and its
influence on the radical pool. At a primary excess air ratio of 0.6 in the PFR all
hydrocarbon species will be converted, while in the PSR this happens at a primary
excess air ratio close to unity. Hence, the amount of hydrocarbons present in the fuel



gas controls to a great extent the optimum primary excess air ratio and the NOx
reduction potential, together with the flow/mixing conditions. In the PFR a typical high
radical peak occurs when the hydrocarbons are completely converted, giving a rapid
reduction in TFN/Fuel-N until the radical pool is close to consumed, where after the
radical level stays very low and no significant further reduction of TFN/Fuel-N occurs.
In the PSR radicals will be available continuously, but in much lower amounts
compared to the radical peak levels in a PFR. Hence, both the main chemistry and the
fuel-N chemistry become more sensitive to residence time in a PSR compared to a
PFR, and this result in a significantly higher NOx reduction potential in a PSR
compared to a PFR. For HNCO as fuel-N species instead of NHj, alone or in the
mixtures, the picture is similar as for NH;. Hence, HNCO closely follows the fate of
NH;.
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Fig. 4 TFN/Fuel-N as a function of primary excess air ratio and fuel-N level in a PFR
(upper half) and a PSR (lower half) at a temperature of 1173 K and a residence time of
1 s for NH; mixed with the base case pyrolysis fuel gas composition.



Fig. 4 shows TFN/Fuel-N as a function of primary excess air ratio and fuel-N level in a
PFR and a PSR at a temperature of 1173 K and a residence time of 1 s for NH; mixed
with the base case pyrolysis fuel gas composition. As can be seen, TFN/Fuel-N
decreases with increasing NHj level, which is mainly an effect of an increasing
reaction rate, due to the increasing fuel-N concentrations, for the reactions involved in
the reduction of intermediate fuel-N species to N».
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Fig. 5 TFN/Fuel-N as a function of primary excess air ratio and residence time in a
PFR (upper half) and a PSR (lower half) at a temperature of 1173 K for NH; mixed
with the base case pyrolysis fuel gas composition.

Fig. 5 shows TFN/Fuel-N as a function of primary excess air ratio and residence time
in a PFR and a PSR at a temperature of 1173 K for 1000 ppm NH; mixed with the base
case pyrolysis fuel gas composition. An increasing residence time will to some extent
decrease TFN/Fuel-N, and the effect of an increasing residence is most pronounced in



a PSR reactor at optimum conditions. This is connected to radical availability, as
already discussed. For practical purposes the residence time needed for NOx reduction
by staged air combustion is rather short at higher temperatures, especially in a PFR,
and increases with decreasing temperatures.
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Fig. 6 TFN/Fuel-N as a function of primary and overall excess air ratio in a PFR
(upper half) and a PSR (lower half) at a temperature of 1173 K for 1000 ppm NH;
mixed with the base case pyrolysis fuel gas composition. Lp: TFN/Fuel-N after
primary air addition only, residence time = 1 s; Ls: TFN/Fuel-N, based on remaining
inlet fuel-N, in the second reactor for an overall excess air ratio of 1.5, 2 and 2.5,
residence time = 1 s; Lt: total TFN/Fuel-N for the overall excess air ratio of 1.5, 2 and
2.5 and a total residence time of 2 s.

Fig. 6 shows TFN/Fuel-N as a function of primary and overall excess air ratio in a PFR
and a PSR at a temperature of 1173 K for 1000 ppm NH; mixed with the base case



pyrolysis fuel gas composition. Some degree of TFN reduction may occur also when
adding the secondary air for final burnout. In the PFR this happens to a significant
degree if the primary excess air ratio is very low, while in the PSR this happens in the
whole primary excess air ratio range below unity. Increasing the overall excess air ratio
increases TFN/Fuel-N, hence reducing the NOx reduction potential. Even without air
staging PSR conditions gives rather low TFN/Fuel-N, and significantly lower than for
the PFR. Even though a significant additional NOx reduction may occur when adding
secondary air for final burnout the optimum primary excess air ratio remains quite
distinct, and no significant further decrease in TFN/Fuel-N occurs at the optimum
primary excess air ratio.
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Fig. 7 TFN/Fuel-N as a function of temperature and number of air stages in a PFR
(upper half) and a PSR (lower half) for 1000 ppm NH; mixed with the base case
pyrolysis fuel gas composition.



Fig. 7 shows TFN/Fuel-N as a function of temperature and number of air stages in a
PFR and a PSR for 1000 ppm NH; mixed with the base case pyrolysis fuel gas
composition. In the PFR air staging very much decreases TFN/Fuel-N in a wide
temperature range compared to no staging. However, it is not obvious that using two
primary air stages will improve the degree of NOx reduction. This can be clearly seen
for the PSR where one primary air stage is more optimal than two at higher
temperatures. As the degree of NOx reduction is sensitive to a number of not
necessarily independent factors the optimum procedure with regards to NOx reduction
for addition of air in two or more air stages depends very much on the combustion
application in question, and its operational characteristics. An extensive optimisation
procedure is in reality needed for each single application to achieve as low as possible
final TFN/Fuel-N.

Reaction Path Analysis (RPA) is a very helpful tool when analysing detailed chemical
kinetics mechanisms, revealing the main reactions paths and the most important single
reactions at the various conditions. In this work a large number of conditions have
been investigated and it is out of the scope of this work to discuss the main chemical
kinetics at all these conditions due to space limitations. However, the main reaction
paths at optimum conditions using the base case pyrolysis gas composition mixed with
NH;, HCN or HNCO at a temperature of 1173 K and a residence time of 1 s are
discussed below for both PFR and PSR conditions.

For NH; 88.9% of the initial NH; is converted mainly through the reaction
path NH3 +OH )NHZ +HO2 )HZNO +HO2 ,HNO +H,+02 N NO +NH 2 ,N2
in the PFR, yielding a TFN/Fuel-N of 0.53. The main reaction path in the PSR
is NH3—"— NH2—"— NH —"—> N —2""> s NO—"—5> N2, converting
99.2% of the initial NH; and yielding a TFN/Fuel-N of 0.12. This is shown in Fig. 8,
which clearly illustrates the complexity of fuel-N chemistry, and the many reaction
paths that may be involved in the conversion of fuel-N to emissions, or N,.

For HCN 43.4% of the initial HCN is converted mainly through the reaction
path HCN —°— NCO—"> HNCO—"— NH2—"> NH —2">5 NO—>> N2
in the PFR yielding a TFN/Fuel-N of 0.82. However, the reaction path picture is more
complex for HCN compared to NH;, and H,, OH and CH,4 are almost as important as
C,H; for the conversion of NCO to HNCO in this specific case. Conversion of HCN to
HOCN by reaction with OH was not found to be important. The main reaction path in
the PSR is the same as in the PFR, converting 92.6% of the initial HCN and yielding a
TFN/Fuel-N of 0.18. Also in the PSR the reaction path picture is more complex for
HCN compared to NH;.

For HNCO 99.5% of the initial HNCO is converted mainly through the initial
reaction path HNCO——> NH2 in the PFR, and then goes through the same main
reaction paths as for NHj, yielding a TFN/Fuel-N of 0.55. Some of the NH, is net
converted to NH; by reaction with H,, and the NOx reduction potential for HNCO
therefore becomes rather similar to NH;. The main initial reaction path in the PSR is as
in the PFR, and the fuel-N then goes through the same main reaction paths as for NHj,
converting 99.7% of the initial HNCO and yielding a TFN/Fuel-N of 0.12.

The relative importance of the various reaction paths at other conditions will
change quite significantly, making it impossible to propose general main reaction paths
for a wide range of conditions. Hence, global and reduced fuel-N chemistry often used




in combination with CFD will be valid only at specific and limited conditions, e.g. only

the conditions the simplified chemistry was developed, or optimised, for.
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temperature of 1173 K and a residence time of 1 s for 1000 ppm NH; mixed with the

base case pyrolysis fuel gas composition.



CONCLUSIONS

The potential for reduction of NOx emission formed from the nitrogen content in the
fuel by applying staged air combustion is significant. However, this potential is also
very dependent on a number of operational factors, which will vary from application to
application. Hence, it is not possible to state general optimum conditions, and an
extensive optimisation procedure is in reality needed for each single application to
achieve as high as possible NOx reduction.

Calculations, as performed in this study, can be used as guidelines in an
optimisation process, and the reason for a reduced NOx level can be explained through
chemical kinetics analysis. However, the flow conditions will influence the chemistry,
mainly through its influence on the radical pool, and will therefore also influence the
degree of NOx reduction achievable. Computational Fluid Dynamics (CFD)
calculations is needed for the best possible representation of the flow field in a real
application. However, the combination of detailed chemical kinetics and CFD demands
today very long calculation time, and even then a number of assumptions and
simplifications must be made. Reactor network modelling, using a number of ideal
reactors (PFR or PSR) can be used as a simplified CFD approach. However, as this
study shows, these two reactors behave quite different. Great care should therefore be
put on the proper selection of both the location and the number of ideal reactors to use
in such a simplified CFD approach. A combination of calculations and experiments,
and a detailed understanding of the chemistry involved, is potentially the most cost-
effective method of achieving a highest degree of NOx reduction by staged air
combustion as possible for a specific application. However, one also needs to keep in
mind that uncertainties are connected to the detailed chemistry also.

Changes with respect to fuel composition and fuel-N composition will change
the optimum conditions, while changes in the fuel-N level alone will change the degree
of NOx reduction achievable. Further complications are introduced in batch
combustion applications, where most of the fuel and operational parameters will
change as a function of time.

Even though, the following general recommendations are proposed as
guidelines to how to achieve a highest degree of NOx reduction possible by applying
staged air combustion:

e PSR mixing conditions are favourable compared to PFR flow, at optimum
conditions, in most cases. Increasingly well mixed conditions will shift the
optimum primary excess air ratio closer to unity

o Increasing fuel-N content will significantly increase the percentage NOx reduction
potential

e Increasing fuel-N fraction of NH3, or HNCO, compared to HCN will increase the
NOx reduction potential.

e Increasing amounts of CO, and H,, compared to hydrocarbons in the fuel gas will
increase the NOx reduction potential, but it depends also on the fuel-N speciation

¢ One primary air stage is for practical purposes sufficient, unless also the fuel supply
is staged. It is theoretically possible to further increase the NOx reduction
somewhat with more primary air stages at some conditions, but the increase is
rather limited

e Increasing overall excess air ratio will decrease the NOx reduction potential



Increasing residence time will only significantly increase the NOx reduction
potential until the main chemistry is, from a practical point of view, completed.
However, the time for completion of the main chemistry is significantly longer in a
PSR compared to a PFR, and the effect of an increasing residence time is much
more pronounced at optimum conditions in a PSR

Temperature is an important parameter. However, for a specific set of other
parameters there exists an optimum temperature. The temperature in the primary air
stage should be high enough to, from a practical point of view, complete the main
chemistry. The temperature needed to complete the main chemistry, and the fuel-N
chemistry, in a PSR is higher than in a PFR for the same residence time. The
temperature in the secondary air stage should be as low as possible, but high
enough to ensure complete combustion.

Finally, fuel-NOx reduction by staged air combustion is very application
dependent, and no general optimum conditions can be defined which cover all
applications, or all conditions. However, staged air combustion will always
contribute to reduced NOx emissions to some degree, a degree which through
optimisation can become very significant
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Abstract

The pyrolysis of thermally thick (approximately 75 g) biomass residues samples (i.e. brewer spent grains, fibreboard and coffee beans waste)
has been investigated in an in-house designed and fabricated macro-TGA both by rapid sample introduction at reactor temperatures from 600 to
900 °C and by applying a constant heating rate of 10 K/min. The composition of the product gas is determined by simultaneous online use of a
micro-GC and a FTIR analyser. The product yields (liquid, char and gas) and the gas composition show a clear dependence on temperature and
heating rate. The main gas products are CO,, CO, CHy, H,, C,H,, C,Hg and C,H,. The results show that a rise in temperature leads to increasing gas
yields and decreasing liquid and char yields. Lower heating rates favour liquid and char yields. The release patterns of the gaseous species are also

greatly affected by the temperature history of the sample.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Thermally thick particles; Pyrolysis; Biomass residues; FTIR; GC

1. Introduction

The present interest in biomass and biomass residues
generated energy is the consequence of the increased awareness
of the environmental, social and energy security challenges our
world is facing. The public is demanding sustainable
alternatives to the fast disappearing fossil fuels. Biomass is a
promising alternative to fossil fuels. The most common
thermochemical technologies for biomass conversion are
combustion, gasification and pyrolysis.

Pyrolysis produces energy carriers in three forms: bio-oil,
charcoal and gas. The utilisations of those products are diverse.
The bio-oil, composed of aliphatic and aromatic hydrocarbons
along with more than 200 identified compounds [1], can be used
in electricity generation as a fuel-oil substitute. However, several
properties of the bio-oils such as high water content or poor
ignition ability have to be ameliorated or existing equipment
modified to meet competitive standards [1-3]. Bio-oil also
contains valuable chemicals but their recovery is problematic
[1,2]. Charcoal, a carbon-rich solid residue, can be upgraded to

* Corresponding author. Tel.: +47 73 59 37 30; fax: +47 73 59 83 90.
E-mail address: michael.becidan@ntnu.no (M. Becidan).

0165-2370/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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activated carbon for use in chemical-, pharmaceutical- and food
industries, or as domestic fuel for cooking. The dry pyrolysis gas
mixture contains the main components CO,, CO, CHy, H, and C,
hydrocarbons [4-6] and can be used for heat production and
power generation, but is often used to sustain the pyrolysis
process in a biomass waste pyrolysis plant [1,2] or to dry the
feedstock. A specific pyrolysis installation will aim at the optimal
production (yield, composition and properties) of one of the
products. However, it is important to keep in mind the limitations
associated with biomass use (small- or medium scale power
production, corrosion problems) [7].

Fuel type, temperature, heating rate, pressure, moisture
content, initial sample weight and reaction time may affect the
yields and properties of the products formed. The most
important parameters are temperature and heating rate. Two
classes of pyrolysis exist: the slow heating rate pyrolysis and
the flash/fast pyrolysis where the sample is heated at high
heating rates or suddenly exposed to a high temperature. Under
fixed bed conditions, with biomass as fuel, the liquid yield is
exhibiting a peak value (55-75%) at moderate temperatures
(400-550 °C) and high heating rates [1,5,8—10]. Char forma-
tion is minimised by high heating rates and high temperature
[1,4], while the carbon content in the charcoal and its heating
value are increasing with increasing temperature and slow
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heating rate [5]. The yields of all the gas species are enhanced
by increasing temperature and high heating rates [2,4,9,11,12],
except CO, which is often reported to reach a plateau at high
temperatures (800-900 °C) [2].

Most studies have been focusing on small samples where the
heating of the biomass is assumed to be instantaneous [1,2,5].
However, the conditions encountered in industrial processes are
different and it is therefore important to investigate the thermal
decomposition of thermally thick samples to simulate practical
conditions better. In those “large” samples, heat and mass
transport mechanisms will influence the amount and the
composition of the gaseous components leaving the bed [9,13—
15]. The present investigation is therefore of substantial interest
to gather experimental data about the influence of temperature
and heating rate on pyrolysis of biomass residues, and
especially gas composition. Furthermore, pyrolysis is more
than just a conversion method as devolatilisation is a key step of
the gasification and combustion processes. These pyrolysis
experiments were carried out to investigate what may take place
in the fuel-rich zone of a gasifier or a combustor. This study of
thermally thick samples will therefore be relevant for industrial
processes such as biomass waste incineration and biomass
gasification.

The exploitation of biomass residues is of particular
relevance in agricultural areas where the intensive production
of a plant will generate immense amounts of waste/by-products
such as cherry stones [1], coffee husks [16], rice husks [17],
cottonseed cake [18], coffee grounds [19], grape residues [14]
or fruit bunches [20].

The biomass residues in this study have been selected
because they cause problems for their producers for a variety of
reasons (huge volumes, costs of treatment, non-satisfying
present management).

Brewer Spent Grains (BSG) is the most abundant by-product
of the beer brewing industry. Every litre of beer produced
generates 0.03 kg of BSG (dry matter) [21]. The water content
of BSG is typically 70-90% [21]. In this wet form, BSG
deteriorates fast and is given away to farmers as cattle feed, but
breweries are looking for more reliable and profitable solutions.

Heated line

Green coffee beans are covered by a thin skin until it is blown
away during roasting as the beans expand. This waste (designated
here as ‘““coffee waste”) represents 1.5 wt% of the green coffee
beans. In the example studied, coffee waste is roughly pelletised
before being thrown away as household waste.

The last selected biomass fuel is an urban wood waste,
fibreboard. Fibreboard is a processed biomass material com-
monly used in furniture. The sample studied is composed of
spruce and pine with a urea—formaldehyde (UF) resin as binder.

The present study focuses on the temperature and heating
rate dependence of the products yields and gas composition
during pyrolysis of thermally thick biomass residues samples in
an in-house designed and fabricated macro-TGA.

2. Apparatus and experimental procedure
2.1. Reactor

The reactor is basically a vertical stainless steel tube with an
Al,0O5 ceramic coating to minimise the catalytic reactivity of the
walls. The reactor has an inner diameter of 0.1 m and a height of
I m. It is heated by five independent heating elements; each
heating element is regulated by two thermocouples installed at
the surface of the tube reactor (diametrically opposed location).
A pre-heater is used to heat the inert gas medium before entering
the reactor. A suspension system holds a cylindrical-shaped wire
mesh basket containing the sample. The basket is connected to a
Sartorius CP 153 precision balance to record the weight loss of
the sample during its thermal decomposition (not in focus in this
article). A schematic diagram of the pre-heater, the reactor and
the sampling line is shown in Fig. 1.

2.2. Procedures

Two types of experiments were carried out: ““fast” heating
rate pyrolysis experiments and ‘‘slow” heating rate pyrolysis
experiments.

In the slow heating rate experiments, the basket, loaded with
the sample, is first placed in the cold reactor. Then a N, (carrier

Balance

Heated filter |-

FTIR analyser |«

Exhaust gases

Tar trap -

y

Silica gel

Heater

O, analyser |- > GC

Sample

F_

Preheater

Fig. 1. Schematic diagram of the macro-TGA and the sampling line.
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gas) flow of 40 Nl/min is established and is maintained at least
70 min to remove air from any part of the system. After this
flushing period, the heating system is started (start of the run) to
reach the final reactor temperature (900 °C) at the pre-designated
heating rate (10 K/min). The final temperature is then held until
no significant gas release is measured (about 30 min).

In the fast heating rate experiments, the procedure is quite
different. A gas flow of nitrogen (40 Nl/min) is started to
remove any air from the system while the heating system is
connected to reach the appropriate reactor temperature. When
the set reactor temperature is attained and the reactor has been
flushed with nitrogen for at least 70 min, the basket containing
the sample is rapidly lowered into the pre-heated reactor.

2.3. Sampling and analysis

Only a fraction of the exhaust gases (about 6 Nl/min) is going
through a tar and water (ice + water)-cooled trap and a filtering
system before it is analysed by a FTIR analyser and a micro-GC.

The FTIR analysis of the gases was performed with a
Bomem 9100 analyser (sampling line and cell heated at 176 °C
with a volume of 51 and an optical path length of 6.4 m). The
instrument is equipped with a DTGS detector (and a MCT
detector, not used in this study) at the maximum resolution of
1 cm™'. The FTIR was used to quantify CO,, CO, CHy, C,H,,
C,H, (and HCN and NHj;, not presented here).

The gas samples were also quantified online using a Varian
CP-4900 micro-gas chromatograph equipped with two TCD
detectors and a double injector connected to two columns: a CP-
PoraPLOT Q column (10 m length, 0.25 mm inner diameter and
10 pm film thickness produced by Varian, Inc.) to separate and
quantify CO,, CHy, C,H, + C,H, (not separated) and C;Hg and a
CP-MolSieve 5 A PLOT column (20 m length, 0.25 mm inner
diameter and 30 pm film thickness produced by Varian, Inc.) to
analyse H,, O,, CH,4, CO and N,. Helium and argon were used,
respectively, as carrier gases in the two columns. Nitrogen (used
as inert medium during the pyrolysis) was also quantified so that
the volumetric flow rate of the other gas components at the exit
could be determined by relative comparison.

Table 1 summarises the characteristics of the two measure-
ment techniques used.

Complementary comments concerning FTIR and GC
measurements:

- Whenever possible more than one IR-wavenumber was used
for every species.

- FTIR gives one measuring point every minute (1 scan every
5's, averaging value over 12 scans).

- GC gives one measuring point every 2.5 min approximately.

- Error calculation according to Ref. [22].

2.4. Temperature in the sample

Four k-type thermocouples were placed in the sample in
order to measure the vertical (axial) and radial temperature
gradients in the biomass sample (separate runs from the gas
emission and weight loss experiments, not in focus in this
study). The temporal and spatial evolution of the temperature is

Table 1

FTIR and GC characteristics

0, N,

H,

C,He

C,H,

CH,

CH,

CcO

co,

Species

GC GC GC

FTIR GC GC

FTIR GC FTIR GC FTIR GC

FTIR GC

Detected by

0-2.1 vol%
0-3.02 vol%

0-9 vol% 0-12 vol% 0-6 vol% 0-8000 ppm
0-32.1 vol%

Range FTIR
Range GC

0-45.8vol%  0-5.66 vol%  0-100 vol%

0-1.51 vol%

0-3.02 vol%
>4090.72

0-14.1 vol%

0-100 vol%

>1081.85-1078.12

>2713.17-2710.25

2006.00-2001.00

3664.55-3662.55
2 baselines

Wave number (cm~') FTIR

>1857.31-1855.38
Height and area

>2744.00-2740.16
Height and area
2 columns used

Only height

Height and area

Height and area

Quantification methods FTIR

Comments GC

O, analyser

too

Measured with
C2H2
n.a.

Measured with
C2H4
n.a.

Slight interference
with CHy

8.5

22

4.7

Relative standard deviation® (%)

0.02°

04 0.08 0.01 0.02°

0.

Minimum standard deviation® (vol%)

n.a.: Not applicable.

? For FTIR analyser only.

® Standard deviation up to 1 vol%. Covers all the experimental points.
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Table 2
Thermal history of coffee waste

Table 4
Physical properties of the biomass samples

Fast heating Fast heating Slow heating Biomass Bulk density Particle size Sample height
rate (600 °C) rate (900 °C) rate (kg/m3) (mm) (mm)
Average sample 258 555 495 BSG 188 0.06-1 120
temperature (°C) Coffee waste 283 up to 15 x 15 x 5 80
Average sample 40 115 8.3 Fibreboard 226 10 x 10 x 100 100

heating rate (°C/min)
Sample temperature

at pyrolysis’ start (°C)
Sample temperature 460 850 859

at pyrolysis’ end (°C)

N a 131

? Pyrolysis process starts instantly after introduction. Not possible to deter-
mine a start temperature.

an important aspect of the pyrolysis process. The temperature
profile inside thermally thick samples will depend on the
physical and chemical properties of the sample and the
temperature of the gas medium (reactor temperature). Some
typical characteristic temperatures and heating rates are
presented in Table 2 for coffee waste. Average sample
temperature is the temperature between introduction of the
sample in the pre-heated reactor (or start of the weight loss for
slow heating rate experiments) and the end of the pyrolysis
process (determined by the end of weight loss). Average heating
rates are calculated similarly.

2.5. Biomass characteristics

The experimental setup aforementioned was used to study
the pyrolysis of three different biomass residues: BSG, coffee
waste and fibreboard. Table 3 shows the proximate analysis, the
ultimate analysis and the gross calorific values of the samples,
measured according to ASTM standards. The proximate
analysis reveals that the three selected residues are quite
similar except for the low ash content and higher volatile matter
of the fibreboard. The ultimate analysis shows a slightly lower
carbon and hydrogen content (and higher oxygen content) in
fibreboard compared to BSG and coffee waste. Furthermore,
the biomass residues studied have a very high nitrogen content
(3—4 wt%) compared to most biomass samples. The N-content

Table 3
Proximate analysis, ultimate analysis and heating values of the samples
BSG Coffee waste Fibreboard
Proximate analysis (wt%, dry basis)
Volatile matter 78.75 76.67 81.95
Fixed carbon 16.22 16.75 17.61
Ash 5.03 6.58 0.44
Ultimate analysis (Wt%, dry ash free basis)
Carbon 51.59 51.33 48.80
Hydrogen 7.07 6.79 6.33
Nitrogen 4.15 3.02 3.62
Sulfur 0.23 0.21 <0.02
Oxygen (by difference) 36.96 38.65 41.25
Gross calorific value (MJ/kg) 20.83 19.82 19.81

of wood stems is about 0.1 wt%, bark exhibits N-concentrations
up to 0.5 wt% and fresh peat up to 1 wt%.

Table 4 presents the main physical characteristics of the
samples studied: bulk density, particle size and height. The
BSG was acquired from a Danish brewery. Except oven-drying,
no pre-treatment before pyrolysis was applied. The coffee
waste was collected from a local roasting company and dried.
The sample size (diameter) was up to 15 mm and retains the
lamellar structure of the original collected material. The
fibreboard was collected from a local furniture store. It was cut
into a 10 mm x 10 mm x 100 mm parallelepiped and oven-
dried.

3. Results and discussion
3.1. Product yields and GCV: influence of temperature

Fig. 2 presents the total mass yield of the pyrolysis products
and the mass yields of the main gaseous products for the fast
heating rate experiments at different reactor temperatures. Only
FTIR results were used for integration of the gas measurement
results. GC results were not used for integration purposes
because of insufficient resolution.

In accordance with the literature [6,14,15,23], an increase in
temperature induces an increase in gas yield: from 30-35 wt%
for all biomass residues to 52-57 wt% for BSG and fibreboard
and 65 wt% for coffee waste.

Furthermore, temperature has not only a positive effect on
the total amount of gas generated but also on the individual
gases production. This behaviour reflects the fact that the main
pyrolysis gases are formed through thermally favoured
reactions such as cracking, depolymerisation, decarboxylation
or oxidation [1]. CO, and CO are always the main pyrolysis
products (CO contribution represents 45.9 wt% of the total
amount of gas released and CO, 37.2 wt% for fibreboard at
750 °C) but their temperature dependence differs. The CO yield
is increasing 2-3 fold between 600 and 900 °C from 5.7-
19.2 wt% for coffee waste for example, while the CO, yield is
only slightly increasing or stabilising at high temperature (825—
900 °C); e.g. the CO, yield is 18 wt% at 825 °C and 18.5 wt%
at 900 °C for BSG. The tendency of the CO, yield to stabilise or
decrease at high temperature has often been reported and
attributed to the fact that CO, is a product of the pyrolysis of
cellulose and hemicellulose by a path less favoured by
increasing temperature [14].

CH,4, C, hydrocarbons and H, are the minor products.
Methane yields range from 2.4 wt% (coffee waste and
fibreboard) at 600 °C to around 6% at 900 °C. C, yields are
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Fig. 2. Wt% of the various fractions at different temperatures (fast heating rate
experiments). Dry ash free basis. Liquid calculated by difference.

also increasing greatly with temperature from 1.6 wt% at
600 °C to 5.2 wt% at 900 °C for coffee waste. However, it is
important to notice that CH, yields reach a plateau, slightly
increase or slightly decrease depending on the fuel at 825-
900 °C because of increasing cracking at high temperature.
Between 825 and 900 °C, C, yields are: stable at 5.2 wt% for

- 20,

@

8 ./I—I—\.

3 181
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g 16 —e— Fibreboard
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Fig. 3. Calculated GCV of the pyrolysis gas at different temperatures.
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Fig. 4. Wt% (dry ash free basis) of the various fractions for coffee waste (slow
and fast heating rate experiments).

coffee waste, decreasing moderately from 3.9 to 3.6 wt% for
fibreboard and from 6.1 to 5.9 wt% for BSG. The H, yield, a
product of cracking, is increasing sharply with temperature
from less than 0.5 wt% at 600 °C to approximately 1.1-
1.2 wt% for BSG and fibreboard and 1.7 wt% for coffee waste
at 900 °C.

The increase in gas yield with temperature is coinciding
with a decrease in char and liquid yields. The results obtained
show a definite tendency of decreasing char yield with
increasing temperature. All the residues have comparable char
amounts. Char production will decrease from about 23 wt% at
600 °C to 17-19 wt% at 900 °C for the biomass residues
studied.

The maximum liquid yield has usually been evaluated to be
located in the temperature range 500-550 °C, so the liquid yield
measured in this study at 600 °C is probably not the highest
value accessible with this setup; however, the optimisation of
the liquid yields was not in the focus of this study. The liquid
yield generated from fibreboard decreases from 47 wt% at
600 °C to around 25 wt% at 900 °C.

The trends concerning the different products yields are
similar and the range of the results is in agreement with
literature [6,14,15,23].

Fig. 3 presents the gross calorific values (GCV) of the
pyrolysis gas (based on the gross heat of combustion of the
individual gases) for the ““fast” pyrolysis experiments. This gas
can be considered of low to medium heating value. As
mentioned earlier, it can be used for heat production (feedstock
drying), power generation or to provide the energy necessary to
support the pyrolysis process.

The GCV of the pyrolysis gas is increasing with temperature
between 600 and 750 °C before reaching a plateau to attain
approximately 19 MJ/kg for BSG, 15.7 MJ/kg for coffee waste
and 16.3 MJ/kg for fibreboard.

3.2. Product yields: influence of heating rate

Figs. 4-6 show the results obtained for the slow heating rate
experiments and the fast heating rates experiments at the two
extreme values of 600 and 900 °C (700 and 900 °C for BSG).

The integrated results obtained with the slow heating rate are
quite similar to those obtained at 600 °C with sudden
introduction of the sample in a pre-heated reactor, especially
when it comes to products distribution. However, compared to
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Fig. 5. Wt% (dry ash free basis) of the various fractions for BSG (slow and fast
heating rate experiments).

the results obtained at 900 °C with rapid introduction, it can be
seen that the slow heating rate promotes char and liquid yields
as gas formation is a thermal process [1]. The gas yield is
38.3 wt% at slow heating rate for coffee waste, while it is
65.3 wt% at 900 °C (fast sample introduction).

3.3. Gas dynamics (release profiles)

3.3.1. Slow heating rate (10 K/min)

Detailed studies of the gas release dynamics are important to
understand the processes going on during thermal decomposi-
tion of the residues. All the main components (CO,, CO, CHy,
H, and C, hydrocarbons) exhibit a double-maxima release
profile or a main release peak followed by a shoulder or lower
emissions over a long period of time (Fig. 7). This pattern can
be explained by the biomass structure [1,4].

The main constituents of biomass are lignin, hemicellulose
and cellulose [14,24,25], the proportion of each constituent
differs with the species. Moreover, BSG contains proteins (21—
32 wt%) [21,26] while the N-containing fraction of coffee
waste is not accurately identified, it includes proteins and
alkaloids residues [27]. Lignin is a very complex aromatic
structure, hemicellulose is a polymer of 5- and 6-carbon sugars
and cellulose is a polymer of glucose [24]. Those structural
differences have an influence on the thermal decomposition
behaviour of the biomass. TGA studies [1,4,14,23] have shown
that the decomposition of biomass components is happening
at different temperatures: hemicellulose is decomposing
between 200 and 375 °C, cellulose is decomposing at slightly
higher temperatures, between 275 and 380 °C, leading to the

Fibreboard

® 30 o 10 K/min
§ 25 m600°C
20 0 900°C
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-1l Hll =

0 "_I:i_l_v_ﬂ_'__.:_',
CcOo2 co CH4 c2 H2 Liquid  Char

Fig. 6. Wt% (dry ash free basis) of the various fractions for fibreboard (slow and
fast heating rate).
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Fig. 7. Gas release profiles for fibreboard (slow heating rate).

double-maxima release profile observed. Lignin is decom-
posing gradually over a wide range of temperatures (180-
550 °C), and is therefore producing low gas yields over a
long period of time often referred to as a tail [1]. The multi-
stage evolution of products for fibreboard can be characterised
by the early release of CO, and CO starting around 270-295 °C
and reaching a first peak around 445-460 °C, followed by
the release of hydrocarbons starting around 420445 °C with
the first peak around 470-495 °C, then lower concentrations
of CO and CO,, originating from lignin, are observed
during the remaining time of the heating period. The second
small CO, peak is located at 900 °C and the second CO
peak occurs at approximately 670 °C. Hydrogen is released at
high temperature because it is originating from cracking of
volatiles and therefore requires high temperatures (no
significant release before a reactor temperature of 600 °C)
and exhibits its peak value at approximately 820 °C; long after
all the other gas species. Furthermore, a very small hydrogen
release maximum, also observed by others, is visible around
470 °C [1]. The three samples exhibit very similar release
patterns except for the fact that the main CH, peak of
fibreboard happens earlier and faster than for BSG and coffee
waste.

3.3.2. Fast heating rate

At high heating rates (“‘fast” pyrolysis), the release patterns
(Fig. 8) of the main gases differ noticeably from the
experiments at slow heating rates; no double-maxima release
patterns is observed as decomposition of hemicellulose,
cellulose and lignin is occurring almost simultaneously.

5.
454
4
3.5 ——C2
- 34 —a—CH4
=
S 2.5 —a—CO2
> 24 ——CO0
1-15* —%—H2
0.54
0 v 4
0 5 10 15

Time (min)

Fig. 8. Gas release at fast heating rate for coffee waste at 750 °C.
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Fig. 9. CH, release during fast heating rate experiments at different reactor
temperatures for fibreboard.

The gas production release pattern of each gas is greatly
affected by the reactor temperature. The higher the reactor
temperature the higher is the maximum concentration and the
shorter is the time necessary to reach this maximum. The
release time of the gas is also drastically reduced by increasing
temperature; Fig. 9 shows CH, release at different temperatures
for fibreboard; its release is taking approximately 6 min at
900 °C, 8 min at 750 °C and 13 min at 600 °C.

4. Conclusions

Pyrolysis of thermally thick samples of three biomass
residues has been investigated. For all fuels, higher tempera-
tures favour gas yield at the expense of char and liquid yields.
High heating rate also promotes gas yield.

The main gas components, identified and quantified online
with the use of an FTIR analyser and a micro-GC, were CO,,
CO, CH4, H,, C,H,, C,Hg and C,H,. An increase in
temperature and heating rate leads to increasing yields for
all the gases up to 825-900 °C where CO, and hydrocarbons
yields show a clear tendency to stabilise, increase slightly or
decrease slightly depending on the fuel.

The gas release dynamics reveal important information
about the thermal behaviour of the various components
(cellulose, hemicellulose and lignin) of the biomass and are
consistent with previous literature studies using TGA. The
gross calorific value of the gas produced increases with
increasing temperature reaching a plateau at 750-900 °C. This
study provides valuable data of the thermal behaviour of
thermally thick biomass samples which is of interest for further
work in the area of combustion, gasification and pyrolysis in
fixed beds. The study confirms the potential of those
unexploited residues for production of energy carriers through
pyrolysis.
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Abstract

This study on thermally thick biomass residues (brewer spent grain, fibreboard and coffee waste) pyrolysis has been investigating two
aspects: temperature history and weight loss characteristics. Significant temperature gradients were measured and will affect the pyrolysis
chemistry. Three temperature regimes have been identified: (1) exponentially increasing temperature, (2) linearly increasing temperature
and (3) 2-slope increasing temperature with a flattening period. The regime at a given point will depend on the sample weight, the reactor
temperature and the location in the sample. The exothermic step of pyrolysis was shown. The comparative study of weight loss curves

obtained in a TGA and a macro-TGA shows that pyrolysis rate and duration are affected.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: TGA; Biomass pyrolysis; Temperature

1. Introduction

Thermal gravimetric analysis (TGA) is an experimental
technique recording continuous data of weight loss as a
function of time as the sample is heated at a given rate.
When studying samples of a few milligrams, the thermal
processes undergone by the material are controlled by
chemical kinetics. TGA studies are useful for the compre-
hension of pulverised fuel thermal conversion and to
acquire knowledge about the chemical structure and stabil-
ity of materials. Biomass thermal decomposition in an inert
atmosphere can be described as the sum of the decomposi-
tion of its main components, i.e. cellulose, hemicellulose
and lignin [1-3]. Calculation of reliable kinetic parameters
requires complex models. This is due to the complexity and
heterogeneity of biomass [4]. The fuels studied in this arti-

* Corresponding author. Tel.: +47 73 59 29 11; fax: +47 73 59 83 90.
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cle are biomass residues. When the samples studied are
large samples (thermally thick samples), a substantial tem-
perature gradient within the particle occurs during conver-
sion. The study of thermally thick particles is therefore
relevant for industrial fixed bed thermal conversion of bio-
mass as industrial applications rarely use solid fuels in the
form of small particles. Knowledge about the thermal
behaviour of large biomass samples is a key element to
optimise thermal treatment [5]. The set-up employed allows
the investigation of thermally thick samples while having
good control and monitoring the conditions. Modelling
of the thermally thick regime [1,6-9] requires the coupling
of chemical kinetics and transport phenomena. Pyrolysis is
of special relevance as it is a conversion technology and an
important phase in combustion and gasification. The two
goals of this study are to investigate: (1) temperature his-
tory: (a) qualitative and quantitative effect of temperature
(fast heating rate), (b) interpretation in terms of chemistry
of pyrolysis (slow heating rate); and (2) weight loss and
effect of sample weight: comparison between TGA and

doi:10.1016/j.fuel.2007.03.007
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macro-TGA to expose the practical effect of transport phe-
nomena (“‘scaling effect’”). This has never been done before
to our knowledge.

2. Experimental
2.1. Sample properties

Pyrolysis experiments were performed with about 75 g
of dry biomass residues (brewer spent grain (BSG), fibre-
board (FB) and coffee waste (CW) [10]) in nitrogen. The
chemical and physical properties of the samples are shown
in Table 1. Except oven-drying at 105 °C no pre-treatment
was applied to study the samples “as received”.

2.2. The macro-TGA reactor (and procedures)

The experiments were carried out in an in-house
designed and fabricated macro-TGA [10]. A suspension
system holds the cylindrical wire mesh basket (diameter:
6.5 cm, height: 11.5 cm). The basket is connected to a Sar-
torius CP 153 precision balance.

Two procedures were carried out and described in [10]:
“fast/high” heating rate pyrolysis (sudden introduction in
a hot reactor) and “slow/low” heating rate pyrolysis (appli-
cation of a 10 °C/min heating rate at the reactor walls). To
measure the temperature history, separate runs were neces-
sary as the thermocouples disturbed the weight loss record-
ing. Four k-type thermocouples with a diameter of 0.5 mm
were placed in the sample to measure the vertical (axial)
and horizontal (radial) temperature gradients (based on
the discrete temperature measurements). Their location is
shown in Fig. 1. Placing the thermocouples was done man-
ually each time and their location may vary slightly.

Table 1
Chemical and physical properties of the samples

BSG Coffee waste Fibreboard
Proximate analysis (wt%, dry basis)
Volatile matter 78.75 76.67 81.95
Fixed carbon 16.22 16.75 17.61
Ash 5.03 6.58 0.44
Ultimate analysis (wt%, dry basis)
Carbon 51.59 51.33 48.80
Hydrogen 7.07 6.79 6.33
Nitrogen 4.15 3.02 3.62
Sulfur 0.23 0.21 <0.02
Oxygen (by difference) 36.96 38.65 41.25

Physical properties
Bulk density (kg/m°) 188 283 226

Particle size (mm) 0.06-1 up to 10 x 10 x 100
15x15%5

Sample height (mm) 120 80 100

Main N-compounds Proteins  Alkaloids, UF resin
proteins

N-compounds concentration ~26 Not found ~10 [14]

(wt%, dry basis) [11-13]

115

2x

Fig. 1. Top view (left) and side view (right) of the basket sample and
location of the four thermocouples (A, B, C and D). Grey shade represents
the sample (Coffee waste, CW). Dimensions in mm (2x represents the total
height of the sample).

3. Results and discussion
3.1. Temperature history

3.1.1. Fast heating rate experiments: qualitative and
quantitative influence of temperature

The temperature history inside thermally thick samples
is, apart from weight loss, the most important characteris-
tic of pyrolysis. The temperature history is related to the
properties (physical and chemical) of the sample and its
interaction with the hot gas medium and the reactor. As
the conditions are not isothermal, temperature distribution
may reveal important gradients, which may affect funda-
mental features of the pyrolysis process, i.e. weight loss
and products distribution and composition [7,15].

Fig. 2 shows the temperatures measured at three loca-
tions (see Fig. 1 for exact location) in CW during fast heat-
ing rate experiments at 600 and 900 °C. At 900 °C, the
temperatures A, B (and D, not shown) are increasing very
sharply/exponentially right after introduction in the hot
reactor. However, deep in the sample (location C), the tem-
perature profile reaches a plateau, before increasing at a
heating rate close to the one at the outer locations. At
600 °C, in the innermost part of the sample (location C),
temperature flattens over a long period of time (longer per-
iod than at 900 °C) before increasing vigorously. Tempera-

900 P i rrrrpegry 600
800 . < ¥ EE E
700 =" o« 1 500
o z* K T E + TC-A 900°C
£ 600 - = £ 1 400
2 5001 . x LS = = TC-B 900°C
£ 10 = r=x = . F £ aTCC900°C T 300
] il x = o
g = = « TC-A 600°C
5 288: * = = I = s ¥ T ® -1o8 600 ] 2
= E_r = = oc |+ 100
100{ £& = +TC-C600°C
rELxF
0 0
0 100 200 300 400 500 600 700 800 900

Time (s)

Fig. 2. Fast heating rate: temperature distribution. Coffee waste (CW).
Bars show uncertainty. TC: thermocouple.
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tures A, B (and D, not shown) are increasing linearly,
which represent an intermediate case between the exponen-
tially increasing temperature of the outer part of the sample
and the 2-slope (plateau and increase) temperature profile,
since the heat flux from the gas medium is smaller at 600
than at 900 °C. The 2-slope temperature profile behaviour
observed deep in the sample can be explained by the ther-
mal history of the outer regions of the sample (retardation
due to endothermic decomposition) and by the different
thermal conductivities and heat capacities of the charring
layer and the unreacted substrate: the effective thermal con-
ductivity of the inner regions of the sample is changing as
the pyrolysis front is progressing [1,6,8,15].

Three main temperature regimes may be distinguished,
the importance of each regime depending on the external
temperature and the sample properties: (1) exponentially
increasing temperature (outer regions of the sample at suf-
ficiently high temperature), (2) linearly increasing tempera-
ture (at intermediate depths or lower temperatures) and (3)
2-slope increasing temperature (inner regions of the sam-
ple) with a flattening period/plateau for a duration increas-
ing with decreasing temperature.

In order to quantitatively describe the temperature his-
tory, several parameters were compiled in Table 2 and gra-
dients presented in Fig. 3. A maximum radial gradient of
167 °C/cm is observed at a reactor temperature of
900 °C. The higher the temperature, the higher the gradi-
ents in the sample but the difference (peak value) is not sig-

Table 2
Pyrolysis temperature history parameters (radial)

600 °C 900 °C
Fuel CcwW Ccw
Total duration of gradient (s) 1340 454
Average temperature during pyrolysis (°C) 241 (25) 523 (29)
Gradient: increase/decrease (s) 497/843 144/268
Max gradient (°C/cm) 143 (20) 167 (24)
Heating rate (°C/min) 40 121
Gradient: maximum (s) 513 150
Gradient: start/end (s) 16/1356 6/460
Duration of pyrolysis (s) 600 415

Fast heating. Uncertainty given in brackets.

X Radial gradient 900°C
A Axial gradient 900°C
= Radial gradient 600°C
« Axial gradient 600°C

5100 %I %
3 o ¥ ;
8w T grhs
40—§-gi £}
20 * « B
ohE ‘ L — ‘ LTPS N JO N
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Fig. 3. Fast heating rate: temperature gradients at different temperatures.
Coffee waste (CW). Bars show uncertainty.

nificant as an increase of 50% of the reactor temperature
only provokes an increase of about 10% for the gradient
peak value. Furthermore, the higher the reactor tempera-
ture, the steeper the increase and the shorter the total dura-
tion of the gradient, i.e. less time is necessary to ‘“‘balance”
the temperature in the sample. The end of the pyrolysis
process (determined by the end of weight loss) is accompa-
nied by an abrupt fall of the gradient at 600 °C while at
900 °C the sample temperature is homogeneous before
the pyrolysis process is over.

In order to study further the thermal history of the sam-
ple, a novel parameter was investigated: the intra-sample
heating rate which corresponds to the heating rates at the
locations A, B and C, i.e. dTA/dt, dTg/dt and dT/d¢t. By
studying the actual thermal field inside the sample, internal
phenomena may be disclosed. Fig. 4 presents the results for
CW at 600 and 900 °C. At 600 °C, several events can be
listed: very fast heating of the outer regions of the sample
(location A) to attain a heating rate of about 150 °C/min,
thereafter successive smaller “introduction peaks” can be
observed at locations B and C. However, the heating rate
at location B is stable (at 50 °C/min) until increasing to
almost 100 °C/min after 480 s, as the pyrolysis front is
reaching this point. As the pyrolysis front is propagating
deeper in the sample, the heating rate at C (centre of the
sample) is exhibiting a steep increase and reaches 250 °C/
min (after 630 s) for a short time. Fig. 4 also presents the
intra-sample heating rates at a reactor temperature of
900 °C. The general temperature profiles are similar to
the experiment at 600 °C. The intra-sample heating rates
observed at 900 °C are fourfold higher than at 600 °C.
The experimental noise is due to movements in the sample
(fall of matter, shrinking).

E-. dTA/dt
250 600°C CW §7~.. dTB/dt

dTC/dt

°Clmin

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900
Time (s)

dTA/dt
dTB/dt
------- dTCldt

900°C CW

0 60 120 180 240 300 360 420 480
Time (s)

Fig. 4. Fast heating rate: intra-sample heating rates.
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Fig. 5. Slow heating rate. Coffee waste (CW). Bars show uncertainty.

3.1.2. Slow heating rate (10 °Clmin) experiments: chemistry
of pyrolysis

Just like “‘traditional” TGA, macro-TGA studies at a
moderate heating rate provides more information than fast
heating rate experiments as the processes (drying, start of
pyrolysis, progression of the reacting front, decomposition)
are not happening (too) fast and/or simultaneously but, at
least partly, successively and may therefore be character-
ised (start and end, peak values, etc.) [1,2].

To describe the temperature history during slow heating
rate experiments, Fig. 5 shows the reactor temperature, the
average sample temperature (based on thermocouples A, B
and C), the horizontal gradient and CO, release (to show
pyrolysis advancement). The average temperature inside
the sample is significantly lower than the reactor tempera-
ture (measured at the reactor wall), the maximum differ-
ence is reached at a reactor temperature of about 370 °C
with a value of 170 °C. While the reactor temperature is
following a linear profile, the shape of the average temper-
ature in the sample exhibits different slopes (i.e. varying
intra-sample heating rates) during the heating period,
revealing the heat transfer limitations. The different heating
rates were caused, as previously mentioned, by the chang-
ing thermal properties of the sample during the progression
of the pyrolysis front and the thermal history of the outer
regions of the sample. Moreover the intra-sample heating
rates expose the steps of the pyrolysis process (quantitative
description in Table 3) which may be correlated to pyroly-
sis chemistry. Pyrolysis (of CW) may be described as
follows:

Table 3
Steps of the pyrolysis of a thermally thick sample

2700 3000 3300

Time (s)

Fig. 6. Slow heating rate: intra-sample heating rate. Coffee waste (CW).
Detail of the endothermic/exothermic pyrolysis. Trendlines (moving
average).

1. No process detectable (0-300 s).

2. Linear heating of the sample, no weight loss yet (300-
1800 s).

3. Weight loss is starting together with CO, release (Fig. 5)
as the endothermic pyrolysis is taking place. The heating
rate at the outermost thermocouple (A) is exceeding the
heating rate of the reactor after about 2100 s as exother-
mic pyrolysis is commencing at this location (2100-
2400 s, see Fig. 6) but not yet at locations B and C.

4. Progressive increase of the intra-sample heating rates at
the other locations after about 2400s (B and C, see
Fig. 6) as the exothermic pyrolysis has now propagated
inwardly. Pyrolysis is, overall, an endothermic process.
However, two distinct pyrolysis steps have been charac-
terised through DSC studies. The first step, or primary
pyrolysis, is endothermic and is characterised by the
release of volatiles. The second pyrolysis step has an
exothermic heat of reaction and is associated with
char-forming processes and/or further reactions of the
primary char [16-19]. A linear relationship between
increasing exothermicity and increasing final char yield
has been observed [16,18]. Tnig, 1.€. the turning point
from endo- to exothermic pyrolysis, was located at
around 380 °C by [20]. Ty Was evaluated at 350—
400 °C (2400-2700 s after start) for CW in the present
experiments. To our knowledge, it is the first time that
the exothermic pyrolysis is exposed experimentally
through intra-sample temperature measurements.

Step no. Step description Time (s) Average temperature Reactor temperature Intra heating rate Reactor heating
and fuel (A, B and C)* (°C) (°C) A/B/C (°C/min) rate (°C/min)

1 CW Start period 0-300 (21) 25-43 (30) 0 3.5

2 CW Linear heating 300-1800 21-131 (60) 43-293 (167) 5.8/4.2/3.1 10.0

3CW Endothermic pyrolysis 1800-2400 131-228 (176) 293-392 (342) 12.6/9.2/7.4 9.9

4 CW Exothermic pyrolysisb 2400-3000 228-428 (320) 392-491 (441) 15/20.7/24.3 9.9

5CW Exothermic pyrolysis end 3000-3100 428-446 (437) 491-508 (500) 11/10.9/10.6 10.0

6 CW Linear heating 3100-5400 446-859 (644) 508-885 (698) 10.4/10.8/11.1 9.8

7 CW End process 5400-6000 859-883 (875) 885-898 (896) 2.3/2.5/2.5 1.3

* Average temperature for a period given into brackets.
® Exothermic pyrolysis is starting at location A (outermost) after 2100 s but is starting after 2400 s at locations B and C.
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5. Abrupt end of the exothermic pyrolysis, the intra-sam-
ple heating rates go back to 10 °C/min (3000-3100 s,
see Fig. 6).

6. A heating rate of about 10 °C/min is persisting as gases
are still released (3100-5400 s).

7. Pyrolysis is completed, the reactor temperature is about
850-880 °C (54006000 s).

The same steps are present in FB with changes in time of
occurrence, duration and intensity.

3.2. Weight loss: comparison of TGA and macro-TGA
(10 °Clmin), the “scaling effect”

The different thermal behaviours exhibited by a fuel
heated at the “same” heating rate (applied at the reactor
walls for the macro-TGA) at different sample scales show
that the pyrolysis processes are different and/or controlled
differently. On the one hand, pyrolysis of small (powdered)
samples are strictly controlled by chemical kinetics, on the
other hand pyrolysis of thermally thick samples are limited
by transport phenomena. The kinetic investigation of the
fuels can be found in [21] and the study of gas release in
[10].

However, to our knowledge, no work has been done to
examine TGA results alongside macro-TGA results. It may
be argued that the different processes are complex and dif-
ferent but this study is limited to comparing and translating
general differences into practical outcomes. The different
phenomena occurring in thick and non-thick samples and
their practical effect will be discussed. This study is aimed
at supporting modelling approaches of thermally thick

Table 4
Conversion characteristics: temperatures (°C)
Parameters CwW FB BSG

Macro TGA Macro TGA Macro TGA
Tinitial’ 265 220 288 220 271 228
Tsart® 220 173 252 170 236 169
Tshouldcr - 275 - - - 293
Tpeak 360 329 364 362 360 351
Tso,S 563 523 430 458 603 560

& Tiitial corresponds to a rest mass fraction of 0.975.
® Tyar is the temperature at which d ¥/d¢ = 2% of (dY/dr) peak.
¢ Temperature at which d ¥/d¢ is back to a value of 5% of (d Y/d¢) peak.

samples. Two series of experiments were carried out: (1)
experiments in the macro-TGA, with the three biomass
samples presented in Table 1; (2) experiments in a “tradi-
tional” TGA (SDT 2960 from TA Instruments). The sam-
ple weight was about 5 mg with a particle size of 43-65 um.
A heating rate of 10 °C/min was applied up to 900 °C in
high purity N,.

In this study, the weight loss curves were synchronised
according to the measured temperature in the TGA and
the reactor temperature measured at the reactor walls in
the macro-TGA. The reactor temperature (rather than
intra-sample temperatures) was chosen because it translates
the effective heat effect provided by the reactor. In order to
describe and compare the TGA and macro-TGA weight
loss curves, 10 parameters commonly used to evaluate
TGA curves [2] were listed (Tables 4 and 5): characteristic
reaction temperatures, devolatilisation rates (dY/dr) and
mass fractions (V).

3.2.1. TGA experiments — comparison of the fuels

The degradation and kinetic investigation of the fuels
were done in [21]. Some further remarks can be proposed
here. The degradation temperature ranges are very similar
(200-500 °C) for the three fuels as they all are lignocellu-
losic materials. The different concentrations and composi-
tions of the various components will then affect the
pattern of the weight loss curves (devolatilisation rates,
number of peaks, Tpeax)

3.2.2. Macro-TGA experiments — comparison of the fuels

The factors influencing decomposition are not only the
operating conditions but also the intrinsic and physical
properties of the fuel, such as density, thermal conductiv-
ity, heat capacity, porosity and particle size [6,7,15,20,22].
These properties change as decomposition occurs and will
not be identical all over the sample.

The most significant difference for the decomposition
patterns is the peak devolatilisation rates ((dY/d?)pear; Y
is the rest mass fraction) with a ratio of 2 between BSG
and FB (Table 5). This may be due to the fact that FB
exhibits larger particles than BSG and the hot gas medium
can access them easier, accelerating the decomposition.
However, TGA experiments show that FB also exhibits
the highest (dY/df)peax (Table 5) at the kinetic regime
too; the respective influence of intrinsic and physical prop-

Table 5
Conversion characteristics: mass fractions and devolatilisation rates
Parameters CW FB BSG

Macro TGA Macro TGA Macro TGA
Yshoulder"l - 0.83 — — _ 0.77
Ypeak 0.63 0.57 0.63 0.38 0.69 0.49
Char fraction 0.28 0.23 0.25 0.16 0.28 0.21
(dY/d1)pea 0.0010 57! 0.0010 s 0.0016s7! 0.0014 57! 0.0008 s~ 0.0010 s
(dY/d0)snoutder - 0.0006 s~ - - - 0.0009 s

& Y: rest mass fraction.
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erties cannot be separated. Furthermore, the lower the (d Y/
d?)peak, the broader the decomposition range.

3.2.3. Comparison of fuels — macro-TGAITGA

The foremost difference is the shape of the DTG curves
(not shown). While TGA-DTG reveals the composition of
the fuels (presence of a shoulder for example), macro-
TGA-DTG exhibit a simple bell shape. The macro-TGA
curve represents the kinetic phenomena combined with
the transport processes. Fig. 7 shows the degree of conver-
sion (1 — Y) as a function of time for both scales (=0
when heating is starting) for CW. It can be said that
TGA studies yield successive component-decompositions
(according to their respective intrinsic properties), while
macro-TGA-DTG studies yield successive fuel-layer-
decompositions: while some parts of a thermally thick sam-
ple will be pyrolysing, others will be unreacted and some
others already charred with a variety of intermediary
states. Ty and Tiniga (Table 4) for a given fuel are shift-
ing towards lower values in TGA as devolatilisation is
starting earlier (Fig. 7). Tpeax are not shifting very signifi-
cantly. The peak devolatilisation rates (Table 5) are not
influenced by the change in scales and are sensibly the same
in TGA and macro-TGA for a fuel. The char fraction
increases from TGA to macro-TGA scales (see Table 5),
showing that larger particles favour char-forming reac-
tions. It also appears that materials in the TGA have
reacted to a greater extent when 7,..x has been reached
compared to macro-TGA (Table 5). For example, 51% of
the BSG has been vaporised in the TGA when Tpcai is
attained, while only 31% of BSG has done so in macro-
TGA. This is a direct consequence of transport processes
which are retarding decomposition towards higher reactor
temperatures (see also Fig. 7). Completion of the degrada-
tion at thermally thick conditions is therefore more time-
consuming.

3.2.4. “Scaling effect” — quantification

It can be assumed that the differences observed on the
weight loss curves are directly due to the heat and mass
transport phenomena. The “‘scaling effect” was investigated
for two central pyrolysis features: pyrolysis rate and pyroly-
sis time (duration).

0.8
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0.5
04
0.3
0.2
0.1

Macro-TGA

Degree of conversion

1000 1500 2000 2500 3000 3500 4000
Time since start of heating from room temperature (s)

Fig. 7. Degree of conversion as a function of time for coffee waste (CW).
Heating rate: 10 °C/min.

(m/m0)macro/(m/m0)TGA

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 8. Ratio of (m/my) ratios at the two scales for the three samples.
Heating rate: 10 °C/min.

Fig. 8 shows the ratio of (m/my) ratios for macro-TGA
and TGA experiments and is therefore a quantification of
the differential pyrolysis rate: a ratio higher than 1 shows
that the pyrolysis rate is lower in macro-TGA than in
TGA. The higher the ratio, the bigger the differential.
The profile exhibited in Fig. 8 is similar for BSG and
CW with a top value of about 1.5. FB exhibits a higher dif-
ferential peak value, most probably because of its large
particle size. The highest differentials occur between 300
and 400 °C.

Fig. 9 shows the temperature difference (between TGA
temperature and reactor temperature for macro-TGA) to
reach a given degree of conversion (1 — Y). The tempera-
ture difference is equivalent to a time difference and is
therefore a way of quantifying the differential pyrolysis
time (time necessary to reach a certain degree of conver-
sion) at the two scales. The “temperature difference’ curves
of the fuels are similar. During the main part of the pyro-
lysis, the temperature difference between the two scales is
stable at about 50 °C (i.e. 5 min) until a degree of conver-
sion of 0.6. After this point, the temperature difference/
time difference to reach the same degree of conversion
increases strongly. This shows that completion of pyrolysis
in the macro-TGA takes a longer period of time compared
to TGA. To reach a degree of conversion of 0.7, BSG and
CW in macro-TGA exhibit a time difference of 18-19 min
with TGA, while this difference was only 67 min to reach
a degree of conversion of 0.6. This translates the important
slowing down of pyrolysis conversion in macro-TGA com-
pared to TGA.
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Fig. 9. Temperature difference (macro-T — TGA-T) versus degree of

conversion. Heating rate: 10 °C/min.
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4. Conclusion

The main findings of this study can be summarised as
follows:

(a) Qualitative evaluation of the thermal history — three
temperature regimes have been identified: (1) expo-
nentially increasing temperature, (2) linearly increas-
ing temperature and (3) 2-slope increasing
temperature with a flattening period. The regime at
a given point will depend on the sample weight, the
reactor temperature and the location in the sample.

(b) Quantitative evaluation of the thermal history: signif-
icant temperature gradients were measured, with a
maximum radial gradient of 167 °C/cm for coffee
waste at a reactor temperature of 900 °C. This will
affect the pyrolysis process.

(c) The step-by-step pyrolysis chemistry was described
and discussed (10 °C/min heating rate). By use of a
novel concept, i.e. intra-sample heating rate, the exo-
thermic step of pyrolysis was shown. It is related to
char and/or char-forming reactions.

(d) The comparative study of weight loss in TGA and
macro-TGA (10 °C/min heating rate) was performed
to investigate the “‘scaling effect”. Pyrolysis time and
pyrolysis rate differences were characterised and
quantified.
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