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Zusammenfassung

Gräser und andere landwirtschaftliche Halmgüter wie z.B. Miscanthus, welche zur

Energienutzung oder zur Beseitigung von Ernteabfällen verbrannt werden, emittieren

im Unterschied zu Holz bedeutend höhere Flugaschefrachten und hinterlassen

wesentlich mehr Ablagerungen auf den Innenwänden der Feuerungen. Die

gegenüber Holz massiv höheren Chlorgehalte solcher Pflanzen Hessen vermuten, dass

dieses Element aufgrund seiner hohen Flüchtigkeit bei der Emissionsbildung eine we¬

sentliche Rolle spielt. Ziel dieser Dissertation war dementsprechend die Identifikation

der wichtigsten Chlorverbindungen in Emissionen und Rückständen bei der Ver¬

brennung sowie deren Bildungsmechanismen.

Entsprechend der Vielfalt an erwarteten Chlorverbindungen wurden verschiedene

Analyseverfahren angewandt: HCl wurde mittels FTIR-Spektrometrie bei 200°C im

feuchten Abgas bestimmt, eine Methode, welche die simultane Bestimmung weiterer

infrarotaktiver Gase erlaubte, wobei die Auswahl auf die Gase ILO, C02, CO und S02

beschränkt wurde. Organische Chlorverbindungen wurden mittels CARBOSIEVE

und TENAX Teströhrchen beprobt, und nach anschliessender Extraktion mittels GC-

MS quantitativ bestimmt. Neben der gravimetrischen und radiometrischen Bestim¬

mung der Flugaschekonzentration im Abgas wurden Chlorverbindungen in der

Flugasche durch Röntgen-Diffraktionsanalyse nachgewiesen und der elementare An¬

teil des Chlors in der Flugasche durch chemischen Aufschluss bestimmt. Das gleiche

Analyseverfahren wurde für Ablagerungsproben aus dem Kessel angewandt, welche

jeweils nach Abschluss der Verbrennungsversuche an verschiedenen Stellen

entnommen wurden. Charakteristische, morphologische Merkmale von Flugaschepar¬

tikeln und -ablagerungen wurden nach der Verbrennung mittels Raster-Elektronen¬

mikroskop untersucht.

Der Schwerpunkt der Untersuchung galt der Verbrennung von sieben verschiedenen

Pflanzen: Wiesengras, Futtergras, Timothe, Segge, Weizenstroh, Miscanthus und Hanf

auf einer 450 kWth Rostfeuerung der Firma Schmid AG in Eschlikon. Holz diente als

Vergleichsbrennstoff. Diese Versuche zeigten sehr deutlich, dass mehr als 50% des

Brennstoffchlors als KCl aus dem Brennstoff entweicht und rund 10% davon in den

Ablagerungen auf den Kesselwänden liegen bleibt. Mit einem Massenanteil von 20%

tritt K2S04 als weitere, mengenmässig wichtige Verbindung in der Flugasche auf. Die

Flugaschepartikel nach dem Kessel zeigen die charakteristische kubische Form der
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festgestellten, kristallinen Verbindungen und erreichen eine typische Grösse von 100

nm. Die gleichen charakterischen Merkmale gelten für die Ablagerungen der

Rauchrohre, wobei die typische Partikelgrösse zwischen 200 und 500 nm liegt.
Der Rest des Brennstoffchlors verteilt sich gleichmässig auf HCl (15%), welches in

maximalen Konzentrationen von 115 mg/Nm3 auftrat, und auf die Bettasche (10%).

Geringe Mengen an organischen Chlorverbindungen trugen mit einer Rate von nur

0.03% nur wenig zum Chlortransfer bei. Die organischen Hauptanteile waren chlori¬

erte, aliphatische Kohlenwasserstoffe (10 p,g/Nm3) und chlorierte Phenole (1 u.g/Nm3).

Zur Abklärung des HCl Bildungsmechanismus wurden Versuche mit einem Modell¬

brennstoff für grasartige Biomasse durchgeführt: Holzschnitzel wurden mit KCl und

Mefhionin gemischt (Max. Chlorgehalt: 1%, max. Schwefelgehalt: 2%) und auf einer

100 kWth Unterschubfeuerung der Firma Müller AG in Baisthal verbrannt. Wie er¬

wartet trat HCl in ähnlich geringen Konzentrationen auf wie bei der Verbrennung der

untersuchten Pflanzen und zeigte ähnliche Beziehungen zum Brennstoffchlorgehalt

sowie zu S02 und H20 auf. Versuche mit Holz-PVC Gemischen haben die Nachweis¬

güte der angewandten HCl-Messmethode bestätigt: Entsprechend der bekannten,

hohen Chlortransferrate für HCl aus PVC (> 90%) wurden bei Brennstoffchlorgehal¬
ten von 1% wesentlich höhere HCl Konzentrationen (500-600 mg/Nm3) festgestellt

als bei den verschiedenen Pflanzen.

Die beschriebenen Versuche haben die vermuteten Bildungswege der Emissionen

und Rückstände insgesamt bestätigt, wobei v.a. die Bildung von HCl und chlorierten

Kohlenwasserstoffen aber weiterer Abklärungen bezüglich ihres Chemismus bedür¬

fen.

Als wahrscheinlichste Ursache der marginalen HCl-Bildung wurde die Verflüchtigung
während der Entgasungphase zu Beginn des Brennstoffabbrands sowie die Bildung

von K2S04 aus KCl in Gegenwart von S02, H20 und 02 erkannt. Chlorierte Kohlen¬

wasserstoffe werden höchstwahrscheinlich ähnlich wie Dioxine im Abgas bei Tem¬

peraturen unterhalb von 400°C gebildet. Verdampfung von KCl aus dem Brennstoff

führt zu Flugasche im Abgas, wobei KCl dort teilweise zu K2S04 umgewandelt wird

(HCl-Bildung). Der hohe Temperaturgradient in Wandnähe führt bedingt durch

Thermodiffusion sowohl zur Kondensation von Flugasche auf Schamottwänden (T„

> 700°C) als auch zur Ablagerung von festen Partikeln auf Metallwänden im Kessel

und Kamin (Tg < 700°C) bedingt durch Thermophorese.
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Abstract

Grasses and other agricultural herbs, e.g. miscanthus, which are burned for energy

generation or disposal of harvest biomass refuse, emit significantly higher fly ash

loads than wood, and cause a much more intensive deposit growth on the walls of the

combustion system. The relatively high chlorine contents of such plants and the high

volatility of chlorine led to the assumption that this element plays a crucial role for the

emission formation. The aim of the presented thesis is therefore to identify the most

important chlorine-compounds in combustion emissions and residues and to under-

stand the corresponding formation mechanisms.

With respect to the variety of physical and chemical properties associated with the

expected chlorine-compounds different analysis methods were applied. HCl was de-

tected in the humid fluegas at 200°C using FTIR-spectrometry. This method allowed

the simultaneous detection of other infrared active gases. Using this advantage also

the gases H20, C02, CO and S02 were examined. Organic chlorine-compounds were

detected by means of caustic soda and adsorption tubes filled with CARBOSIEVE or

TENAX adsorbents and quantitatively analysed by GC-MS after extraction in the

laboratory. Besides gravimetric determination of the fly ash concentration in the flue¬

gas also its chemical composition was detected. Chlorine-compounds in the fly ash

were detected by means of X-ray diffractometry and its composition determined by

chemical disintegration. The same analysis procedure was applied in case of smoke

pipe deposit samples, which were collected at different locations in the boiler after the

combustion experiments. Morphological characteristics of Fly ash particles and

smoke pipe deposits were investigated after the combustion using scanning electron

microscopy.

The main attention was focused on the combustion of seven different plants:

herbage-grass, a feedgrass mix, timothe, sedge, wheat straw, miscanthus and hemp.

They were burned on a 450 kWth grate furnace from Schmid AG in Eschlikon. Wood

served as reference fuel. These experiments revealed, that more than 50% of the fuel

chlorine content are emitted from the fuel as KCl, and that about 10% of this load set-

tles on the boiler surface. K2S04 is the second most important fly ash component

comprising a mass fraction of 20%. Fly ash particles after the boiler have the charac-

teristic cuboid shape of the detected, crystalline Compounds and a typical size of 100

nm. The fine structure of smoke pipe deposits shows the same morphological charac-
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teristics, but with a typical particle size between 200 and 500 nm with increasing ten-

dency for decreasing excess air ratio.

The remaining fuel chlorine is transferred to HCl (15%) and to grate ash (10%). Or¬

ganic chlorine-compounds contributed only little to the chlorine transfer, having a

negligible transfer rate of 0.03%. The main representatives for organic chlorine-com¬

pounds were chlorinated, aliphatic hydrocarbons (10 n.g/Nm3) and chlorinated phe-

nols(l ng/Nm3).

To clarify the HCl formation mechanism, experiments with a model fuel for herba¬

ceous biomass were executed on a 100 kWth underfeed stoker furnace from Müller

AG in Baisthal. Wood chips were mixed with KCl and methionine (Max. chlorine

content: 1%, max. sulfur content: 2%). As expected, similarly small HCl concentra-

tions can be detected as for the examined plants. Parallely, similar relationships be¬

tween HCl and the fuel chlorine content as well as between HCl and S02 respectively

H20 can be observed. Experiments with wood-PVC mixtures confirmed the detection

reliability of the HCl-analysis method used. Burning such mixtures (chlorine content:

up to 1%) significantly higher HCl concentrations (500-600 mg/Nm3) are measured

than for the different plants. This corresponds to the known high chlorine transfer

rates of PVC combustion (> 90%).

The assumed formation paths for the chlorine-compounds in emissions and residues

were confirmed by the executed experiments. However, further experiments will have

to be done in order to understand the crucial chemism of the HCl formation and the

formation of chlorinated hydrocarbons.

HCl is most probably formed during the initial fuel devolatilization phase but also as

by product of the formation of K2S04 from KCl in the presence of S02, H20 and 02.

Chlorinated hydrocarbons are presumably formed in the fluegas at temperatures be-

low 400°C. Evaporation of KCl from the fuel produces fly ash, where KCl is partly
transformed to K2S04 in the fluegas (HCl-formation). Due to the high temperature

gradient near the walls, thermodiffusion causes deposit formation on brick walls due

to condensing fly ash (Tg > 700°C) and thermophoresis causes deposit formation in

the boiler and the chimney (T. < 700°C).



Symbols

A. Latin symbols

Symbol Description Sl-Unit |

b Thickness of buffer layer in turbulent parallel streams [m]

c Concentration [kg/m3]
d Diameter [m]

D Diffusion coefficient [m2/s]

ER Excess air ratio [-]

Ft Thermophoretic force [N]

I Intensity [W/m2]

Kvs Standard flow coefficient [mVh]
L Optical layer thickness [m]

*

m Mass flow [kg/s]
t Particle residence time [s]

T Temperature [K]

u Free flow speed (fluegas) [m/s]

B, Greek symbols

X Heat conductivity [W/mK]

n Dynamic viscosity [Pas]

V Kinematic viscosity [m2/s]
V Wave number [cm1]

P Density [kg/m3]
X Residence time [s]

C. Dimensionless groups

Kn Knudsen number

Re Reynolds number

D. Subscripts

a Turbulent flow core

AM Alkali metals

f Fluid phase
F Fly ash

g Gaseous phase
r Radial

s Solid phase (particles)
w Wall

0 Reference value
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Glossary

Black liquor

Black liquor is the concentrated byproduct of the production of chemical pulp fibers

for paper making. It consists of about 60%-80% dry solids and contains about half of

the wood used for pulping along with the residual pulping chemicals such as about

20% sodium, 3% of sulfur and about 0.5%-1% of potassium [23].

Cytoplasm

The protoplasm in a cell exclusive of that within the nucleus (nucleoplasm). Includes

the various organelles and membranes present in a cell [61]

EDX

Energy Disperse X-ray analysis (EDX) during Scanning electron microscope analysis,
restricted to elements between Na and Ur (because of Beryllium window in front of

nitrogen cooled detector, as dirt shelter (Beryllium absorbs X-ray quants from ele¬

ments like C, N, etc.)

Essential elements

Elements required by plants for normal growth and development [61]

European spruce

Latin name: Picea abies

Feedgrass-mix

In contrast to herbage-grass the feedgrass-mix includes grass mixtures from different

cultivation areas where the individual growing conditions were not traced back. The

name expresses the purpose of such mixtures: the feedgrass-mix was stored for horse-

feeding purposes (army). Also the origin of the mixture components could not be

traced back, it seemed quite clear, that they were harvested from cultivated areas with

higher nutrition offer than in case of herbage-grass. Higher potassium, phosphorus
and chlorine values are definitely a sign for this circumstances [49].

Foliage trees

Trees, which bear leaves. Typical forests in Switzerland are cultivated mixtures of

52% fir trees (silver fir, spruce fir) and 39% foliage trees (Beech, ash-trees, maple and

other foliage trees) [84].
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FTTR

Fourier Transformation Infrared Spectrometer. The instrument is used to detect char-

acteristic rotational spectra of the infrared absorption by the sample material. The

FTIR Measures the interference intensity of a broad band infrared beam within a se-

lected wavelength ränge after its passing through the infrared absorbing medium in

question. The measured intensity represents a Fourier series of Single, monochromatic,

coherent infrared beams, from which the Fourier transformation of the amplitude-time

signal, the amplitude-frequency signal, is contributing through application of a

Michelson Interferometer to the resulting superposition signal. With this method, one

instrument can serve simultaneously for the detection of different materials, with suf-

ficient infrared activity and with infrared energy absorption levels which allow an

unique identification of the interesting material among all coexisting material species.

Hearth

Primary oxidation zone of an underfeed stoker furnace.

Hemp

Lat.: Cannabidaceae [61], colloquially called "Cannabis'
,
was examined as a fast

growing plant, which is ideally adapted to the climatic and nutritious conditions of

Switzerland.

Herb

A nonwoody plant (annual, biennial or perennial) whose aerial portion naturally dies

to the ground at the end of the growing season [61]

The name 'herb' is here used as collective expression for the fuels, which have been

tested during the combustion experiments. All these fuels belong to one of the fami-

lies in the following, summarizing description of grasses and grasslike species:

Any of many low, green, nonwoody plants belonging to the grass family (Poaceae or

Gramineae), sedge family (Cyperaceae), and rush family (Juncaceae). There are many

grasslike members of other flowering plant families; but only the approximately 6'000

to 10'000 species in the family Poaceae, which constitutes the order Poales, are true

grasses. They are economically the most important of all flowering plants because of

their nutritious grains (all cereal species belong to the Poaceae) and soil-forming func¬

tion, and they also have the most widespread distribution and the largest number of

individuals. Grasses provide forage for grazing animals, shelter for wildlife, construc-

tion materials, furniture, Utensils, and food for man. Most grasses have round stems

that are hollow between the joints, bladelike leaves, and extensively branching fi-

brous root Systems [90]. More precise confirmation about the membership of the
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plants, which are subject of this report, in the family of the grasses was got from [86]

and [80]

Herbaceous

Soft and green, radier than woody [1] and: A plant having the characteristics of a

herb; having the texture and colour of a foliage leaf [61]

Herbage-grass

Mixture of different grasses, growing on Swiss agricultural areas. Fertilizer was used

extensively, meaning in minimum or zero quantities. Herbage-grass was cut twice a

year, where the second cut delivered overseasoned grass, which is known to have a

higher degree of lignification and lower contents of minerals [49].

Metabolism structure

This expression is not a common expression used in the nomenclature of biology. It

was anyway used to cover all structural parts of a plant, which help to maintain nutri-

tion transport by means of water, the transport media. Naturally the structure leads to

all zones, where plant life needs the offered substances from the bottom and the air.

Parenchyma

Tissue composed of parenchyma cells [61]

Parenchyma cell

The most common cell type of plants, found in cortex tissue of stems and roots, in the

pith of stems, in leaf mesophyll, in the flesh of fruits, and other areas; they are charac-

teristically alive at maturity, usually thin-walled and exhibit a variety of sizes and

shapes. Functions include photosynthesis, storage, secretion, movement of water and

transport of food substances [61]

PCDD/PCDF

Polychlorodibenzo-p-dioxin and polychlorodibenzofuran

PCP

Pentachlorophenol

PAC

Polyaromatic hydrocarbons
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Phloem

The principle food-conducting tissue of a vascular plant which is usually composed

of sieve elements, various kinds of parenchyma cells, fibers and selereids [61]

Primary oxidation zone

Physical location in the furnace where the primary oxidation happens, which means

where the fuel is mixed with air and heated by the preceding, already burning fuel. In

an underfeed stoker furnace this is the hearth zone, in a grate furnace the entrance

section of the grate

PVC

Polyvinyl chloride

Sedge

Lat.: Carex. Grass sort which grows on mostly sour, marshy ground

SEM

Scanning electron microscope

Silver fir

Latin name: Abies alba

SNCR

Selective non-catalytic reduction

3-D-View

Some pictures in this report were arranged in pairs to give the viewer a depth impres-

sion of the two dimensional displayed Information. This impression is produced by the

observer's visual power itself if the eyes are allowed to see only the one picture,

which lies straight ahead if both pictures are oriented perpendicular to the visual axis

of the eyes. This corresponds to a typical view during landscape Observation (both

eye centrelines are parallel) but the oculars have to be focused on the rather near pic¬

ture surface. This "unnatural" muscle combination doesn't belong to the general abili-

ties of any human eyes and the three dimensional impression requires anyway an

equally good power of vision for both eyes. As starting help two circles are arranged

above the centres of the pair pictures. They help train the landscape view of close

objects: hold the pictures at least 25 cm distant from the eyes. The landscape view is
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achieved if you believe seeing only one Single circle and there is no further obstacle

to move your look down to the pictures if you see the Single circle sharp and with

good contrast. If the Single circle looks vague or only partly sharp, try to improve the

quality by changing the picture distance from the eye. If you can't achieve a clear

view of the Single circle and don't believe seeing any further impression of the pair

pictures than without your 'eye-gymnastic' then better renounce on the 3-D-view

than getting headache from the unsuitable effort of your eye muscles. The additional

Information from the depth view is also described in the text.

TCDD equivalency

The toxicity of the 17 most important isomers of the PCDD/PCDF group is usually

expressed in relation to the toxicity of the most dangerous isomer, the 2,3,7,8-TCDD,

where the unit of this factor is called I-TEF (TCDD equivalency factor, standardized

by NATO-CCMS (1988)). The TCDD equivalency, shortly 'TE', is the sum of the

product of the Single isomer concentration and its corresponding I-TEF value.

Timothe

Lat.: Phleum pratense, colloquially called 'timothe', was planted as example for a

fieldgrass monoculture for energy purposes [49].

VOC

Volatile organic carbon: total, organic bound carbon in the emission

Xylem

The principle water- and mineral-conducting tissue in vascular plants; a complex tis¬

sue composed of nonliving, lignified tracheids, vessels, and fibers, and their associated

parenchyma cells. Xylem may also provide mechanical support, especially in plants

with secondary xylem (wood) [61]
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1. Introduction

1.1 Significance of herbaceous biomass for energy supply

The worldwide potential for heat and power generation from biomass like wood and

parts of other plants is today estimated to be about 10% of the total primary energy

consumption [65]. Both groups of biomass, trees and other plants, would contribute

each about 50% to this estimated amount. With respect to the principal use of plants
for alimentation, only biomass refuse, such as residues from harvesting, food proces-

sing and garden wastes are considered as potential fuels for energy conversion.

However, agricultural areas becoming unnecessary for food production can be used

for the cultivation of energy crops, such as fast growing plants or plants rieh in oil or

starch. Herbaceous plants are ideal as energy crops for such areas, requiring minimum

care and technical harvesting support. Miscanthus or hemp, two fast growing plants

promise 2 to 3 times higher mass production on the same area, but need fertiUzer and

special harvesting equipment.

Compared to wood from forests herbaceous plants and fast growing plants grown on

agricultural areas tend to contain significantly higher amounts of chlorine along with

increased alkali and earth alkali metals. The main effects of the combustion of this

kind of biomass are increased fly ash emission, grate ash, plus wall residues and inten-

sified corrosion of metal surfaces. This requires appropriate counter measures. Since

chlorine is known for its high volatility it is suspected to play a crucial role in the ob-

served effects.

Chlorine is an element of very high activity, reacting with almost all elements and in-

creasing the volatility of otherwise stable elements. Gaseous chlorine emissions, like

HCl and chlorinated hydrocarbons, especially PCDD/PCDF, are well known for en-

dangering human and animal health. Fuels with high chlorine levels like munieipal
waste (up to 3%) or wheat straw (up to 2%) have demonstrated their harmful poten¬

tial for combustion Systems by causing severe high temperature corrosion damage or

low-temperature corrosion damage in the presence of water.

The use of herbaceous plants for energy purposes depends therefore on the progress

which is achieved in the knowledge about the processes which cause the mentioned

effects, and especially about the role of chlorine.
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12 Specific differences of wood and herb combustion

Since 1992 different furnaces in the power ränge of 50 to 450 kWth were tested by
the Laboratory of Energy Technologies at the Swiss Federal Institute of Technology

(ETH) in Zürich, using about 10 sorts of herbs. The aim of these experiments was to

point out the effects throughout the combustion system which require adequate ad-

aptations of the present wood combustion technology to the new fuel. Main differ¬

ences from wood combustion are:

NOx Herbs emit considerably higher amounts of nitrogen oxides according to

the nitrogen content in the fuel [11]

HCl Important hydrogen Chloride concentrations are predicted to exist com-

pared to negligible HCl emission during wood combustion

VOC Important amounts of chlorinated, organic emissions of the same Order of

magnitude as the non-chlorinated, organic emissions from wood are as-

sumed to exist in the fluegas

Fly ash Herbs emit up to 8 times more mineral matter than wood during combus¬

tion and KCl is the main Compound in the fly ash

Deposits Deposits on furnace and boiler walls are already known to exist from

wood combustion but appear at alarmingly higher intensity during herb

combustion

Corrosion Fly ash deposits on steel surfaces (general-purpose construction steels)

clearly cause corrosion; the Observation indicates, that the corrosion hap¬

pens due to low temperature mechanisms in the presence of water. The

same occurs on steel surfaces, which are in contact with the fly ash free

fluegas at low temperatures. High temperature metal corrosion can be ob-

served at the boiler entrance. Destruction of brick wall surfaces is another

problem which is most probably also connected to high temperature cor¬

rosion

Grate ash Herb ash tends to melt partially during combustion, causing slaggy be-

havior of the char-ash mixture on the grate; this is a phenomenon, which

is not appearing during combustion of untreated wood. Furthermore in

some cases herb pellets are not burned-out at the end of the grate, leaving
ash with high (up to 25%) carbon contents. The reason for this is clearly

an insufficient residence time on the grate.
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Besides these effects, which demand appropriate Solutions to assure a safe furnace

Operation and a small environmental impact, the general combustion parameters de-

pend on similar relationships as those known for wood combustion, [68], [11].

Certain process boundary conditions require additional preparation efforts: Herbs

have got to be agglomerated in order to fit the fuel transport system for the available

furnace types. Pellets were found to be an acceptable shape for furnaces which are

designed to burn wood chips. Compared to wood chips, pellets have a higher density

requiring that the forward feed of the grate has to be reduced. This experience was

discussed in detail in [55]. Biollaz [11] summarizes the furnace Operations of the

tested Systems, focusing on the combustion process. He discusses possible measures

for the corresponding problems. The slagging tendency of the grate ash, its deactiva-

tion, as well as the observed NOx emissions are discussed in detail in this report.

As listed above, chlorine became a central problem compared to wood combustion. Its

mass fraction in the fuel seemed to have an influence primarily on the amount of fly

ash in the fluegas. First composition analysis results have led to the assumption that

KCl and K2S04 made an important contribution to the fly ash mass. Selected experi¬

ments led to the assumption that besides KCl in the fly ash there were also inorganic

gaseous Compounds like HCl and chlorinated, organic hydrocarbons emitted with the

fluegas. However, the available sampling and measurement equipment didn't give

more precise Information about the specific chlorine-compounds, and were unsuitable

to indicate the formation paths for the mentioned Compounds. Referring to existing

environmental regulations for such emissions originating from other fuels, it was plau¬

sible that chlorinated gaseous emissions would also have to meet similar limits. Subse-

quently the necessity for measures against the emission of these Compounds had to

be examined.

The existence of chlorinated hydrocarbons also raised the question, whether

PCDD/PCDF, commonly known as 'Dioxins', would be formed during herb combus¬

tion. Little experimental data exist on this subject, but up to now dioxin measure-

ments during herbage-grass [10] and wheat straw [100] combustion haven't indi-

cated levels above 0.4 ng I-TEQ/m3.1

From scanning electron microscope views of Single fly ash particles, concerns have

grown that the released fly ash may consist of respirable particles. Such particles, with

diameters below 10 (im are today classified as harmful to human healfh. The same

concerns about very fine particles were already expressed in the context of wood

combustion [4], [28], [68].

1 TE/m3 is the TCDD equivalency
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Intensive deposit formation, mainly on the boiler walls, caused rapidly increasing

pressure drop in the flow of the fluegas through the boiler and decreased the heat ex-

change efficiency of the deposit covered surface. Additionally, as mentioned above,

the deposits revealed to be corrosive, if water Condensed on the wall. All three effects

had an important impact on the operability of the original process design, especially
since no experience on the prevention or reduction of these fly ash layers on the

boiler walls was available at this time.

13 Thesis object

Experiments on different wood furnaces have confirmed that the effects from herb

combustion are generally similar to those of wood combustion. Nonetheless there are

differences. Increased nitrogen, mineral matter and especially chlorine are obviously

responsible for the important differences between emissions from herbs and wood.

Because of the demand for high operational reliability and growing environmental

protection, the effects caused by the increased chlorine content, received the greatest

attention.

This thesis was therefore primarily initiated to record and quantify the main chlorine

emissions and residues from the combustion of herbs. A further goal was to investi-

gate the possible mechanisms of formation of these Compounds in order to find effi-

cient countermeasures for their prevention or reduction. Thus, primary chemical and

physical properties of the deposit were intended to build a base for further investiga¬
tions of this subject.

Previous fundamental knowledge about chlorine appearance in herbs (see Chapter
2.2) revealed early enough, that the chlorine release would possibly be connected to

the release of minerals such as alkali, earth alkali metals or metals, which coexist in

plants. It seemed therefore advisable to search not only for chlorine but also for re¬

lated Compounds. This would give assistance in recognizing the formation processes.

Because of the similarity between wood and herb combustion, wood was chosen as

reference fuel for the adjustment of the combustion parameters and as Standard for

the comparison of emissions and residues.
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2. Fundamental knowledge

2.1 General combustion characteristics

As mentioned in the introduction, combustion of herbs has similar characteristics as

wood combustion. Subsequently, adjustment of the combustion parameters could be

based on the corresponding broad knowledge. Nussbaumer and Biollaz [11] have

published in a review article the overall experience concerning combustion charac¬

teristics. They especially indicated the relationship between the combustion of herbs

and wood and suggested possible measures to be taken for recognizable operational

problems. This report, therefore, refers to their publication and connected literature

with regards to general combustion characteristics of herbs.

22 Appearance of chlorine in herbs and wood in context with

related substances

The plants timothe, herbage-grasses, wheat straw, miscanthus, sedge and hemp, which

were included in the combustion feasibility study [49], have all been grown on agri¬

cultural cultivation areas with minimum fertilizer input. They are all members of related

botanical families. Any grasses from herbages, timothe, wheat straw and miscanthus

belong to typical seed-plants (Higher class: mosses and vascular plants) the family of

the Poaceae (colloquially called "true grasses"). At our degree of latitude the main

representatives of this family are generally herbage grasses and cereals [86], [80],

Sedge belongs to the Cyberales family and hemp to the Moracea family.

Knowing that the examined plants do have a similar structural Organization of the me-

tabolism in spite of the morphological differences for the examined plant species, the

following assumption can be made for the combustion process:

If the structure and metabolism in the plants are similar in different species, it may well

be supposed that their thermal decomposition is also similar. Consequently, in this re¬

port, if general Statements were made, all examined plants were collectively called

'herbs'.
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Picture 2 2 1 Cross sectton view of a cork tree stem A xylem ray, B- tangential surface, C

heartwood, D. radial surface, E sapwood, F vascular cambium, G phloem ray, H

phloem (inner bark), I Cork (penderm) (Little, [61])

When searching for chlorine in herbs, the metabolism network is the central reservoir

inside the plant. Chlorine is usually absorbed through the xylem, the water distribu¬

tion system, as part of the water soluble salt KCl. It is subsequently finely divided into

the cells by the phloem, the intermediate tissue (Picture 2.2.1 and Picture 2.2.2).

Whereas potassium is essential for the plant, enabling for instance the regulation of

osmotic pressure in cells and acting as an important element in carbohydrate metabo¬

lism, the anion chlorine is of no special use. Anyway, it is present due to its high affin-

ity to potassium. The regulation of the turgor (osmotic pressure) inside and outside

the plant cells is necessary for the molecular exchange of water soluble Compounds

through the semipermeable cell walls between xylem and cytoplasm (liquid Substrate

inside cells). Chlorine is therefore ubiquitous in all plant sections which show high
metabolic activity. As such it is found mainly in sections of intensive cell growth but

not in sections of high lignification degree (woody sections). Chlorine is known to

undergo no chemical reactions with the surrounding organic structure in the plant

[86], [86]. The KCl in the plant is due to the use of potassium fertilizers which consist

of KCl from the mining industry. Manufacturers usually indicate KCl as KjO, due to

standardization Conventions for approved fertilizer analysis methods. However, K20
is not known to be formed under ambient conditions in advance to the assimilation

by the plant [95].
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Picture 2.2.2 Parallely to the stem oriented axial system in secondary vascular tissues (e.g. pe-

riphery of grass stems) : a: fusiform initial, b: periclinal division, c: phloem, d: xy¬

lem (Little, [61])

Similarly to chlorine, all other absorbed inorganic elements such as alkali metals, earth

alkali metals, metals, nitrogen and phosphorus, to list die most important ones, are pre-

sent in the xylem and also in the adjacent cells [86], [95]. This coexistence of chlorine

together with other inorganic elements manifests a potential for physical or chemical

interactions and suggests an extended examination of the released products. Not all

elements are assimilated by the cells and subsequently involved in chemical reactions

which result in the formation of molecules with specific functions for plant life.

Sulfur is introduced as sulfate and used for different functions in this form or built

into the organic structure.

Calcium is indispensable for carbohydrate metabolism and very important for the

permeability of the cytoplasm. Calcium, being integrated mainly in the organic struc¬

ture of the middle lamella between the cell walls, also appears in older plant parts,

such as in lignified parts.

Nitrogen is derived from micro organisms in the bottom which transform air nitrogen

into nitrates. Nitrogen is a structure element of amino acids and proteins, ribonucleic

acids (RNA), deoxyribonucleic acid (DNA) and other organic (mostly aromatic) Com¬

pounds. Therefore it appears in all plant cells. Natural release of nitrogen from the

cells occurs again with the help of micro organisms, which decompose biomass in hu-

mus.
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The two elements calcium and nitrogen indicate clearly that not all inorganic elements

in the plant are as mobile as chlorine and potassium. This fact will be reflected in sug-

gestions for appropriate countermeasures to be taken against the impacts on the

combustion process for the two latter elements.

In wood, the above mentioned inorganic elements appear at levels clearly different

from the levels in herbs. Differences are mainly caused by a different mass specific

demand of inorganic elements. The smaller demand by trees is primarily due to the fact

that trees are perennial plants, whereas herbs are mostly monocyclic plants: the

growth of tree cells occurs between die bark and the heartwood in the cambium

(Picture 2.2.1) and in the branches. Each year the lignification of the grown cells con-

tributes a small amount to the total mass of the dead heartwood, which serves as sup¬

port structure and distribution network for nutrition.

Another important difference is related to the local source of inorganic elements,

which are assimilated by trees and herbs. Whereas herbs usually grow in areas, which

are mostly upgraded with fertilizer used to replace inorganic elements lost by whole

crop harvesting, careful exploitation of forests allows natural rotting of leaves

(needles), bark and residue wood from naturally fallen trees and thus enables a reassi-

milation of inorganic elements at the place of origin.

23 Comparison with chlorine appearance in other fuels

In the literature about combustion, inorganic chlorine fuel Compounds are much less

discussed than organic chlorine-compounds. This is due to the usually negligible con-

tribution of such Compounds to chlorine emissions in the fluegas. Fuels, which con-

tain important amounts of inorganic chlorine are usually civilization residues such as:

• Municipal waste (MW)

• Demolition wood (DW)

• Residue wood from the furniture industry (RWF)

• Medical waste (MeW)

• Black liquor (BL)
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Municipal waste shows a big variety of inorganic chlorine-compounds. Average

composition data from German municipal waste [91] show that chlorine occurs in re-

markable quantities in almost all residue classes (The percentage numbers indicate the

chlorine mass fractions referring to the total chlorine mass in municipal waste): Plastics

(35.9%), paper (23%), kitchen refuse (without packings) (17%), gum/leather (14.2%).

To a lesser degree chlorine also occurs in the remaining residue classes: garden-resi-

dues (3.7%), textiles (5.6%) and wood (0.7%). Whereas chlorine found in plastics,

gum, textiles (fibres and remains from bleaching), leather (fungicide, insecticide and

degreasing agent) and paper (due to bleaching) is mostly bound to the organic struc¬

ture, it is mainly inorganically bound in garden-residues and kitchen refuse (mineral

salts). Main reason for the presence of chlorine in plastics is its Optimum suitability as

flame proofing agent over a broad temperature ränge. Chlorine from garden-residues

and wood is principally inorganically bound as explained in the preceding chapter.

In demolition wood, including wood which was used for structure elements and for

styling purposes in the building trade, inorganically bound chlorine often exists as

part of inorganic wood preservatives, for instance as HgCl2 or ZnCl2 [63]. Residue

wood from the furniture-industry contains important amounts of NH4C1 and NaCl,

both of which were used during the application of aminoaldehyde resin. This was

quantitatively the most important fixing agent used for the production of derived

timber products up to the middle of the eighties.

Medical waste refers to residue from medical activities, including all commodity goods

and their packaging. The same combustion conditions are applied to the cremation of

human and animal bodies. Whereas chlorine in medical waste is mainly present in the

form of PVC, human and animal bodies contain chlorine in the form of NaCl (Blood

and in uric acid), KCl (Liquid Substrate in flesh) and HCl (gastric acid) up to levels of

0.18% [35]. As in the case of plants, organically bound chlorine hardly exists in such

bodies. In crematories therefore chlorine is released mainly from the mentioned inor¬

ganic Compounds.

Black liquor, the concentrated by-product of the pulp fiber production for paper

making, consists of about 60%-80% dry solids. It contains about half the wood used

for pulping along with residual pulping chemicals, such as about 20% sodium, 3% sul¬

fur and about 0.5%-l% potassium. Chlorine appears in the form of salts, mainly NaCl

and KCl, with an elemental chlorine contribution of about 0.5%-l% to the black liq¬

uor mass. Recycling of black liquor in recovery is favoured since the twenties in order

to improve the economy of the pulp production process using the steam for electricity

generation by means of turbines or as process steam. The thermal recycling is accom-
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panied by a severe deposit formation on the heat-transfer surfaces, endangering an

Optimum boiler Operation [81].

The presented fuel list demonstrates that the inorganic appearance of chlorine in

herbs finds several parallels in fuels derived from domestic sources. Chlorine in salts

are used in the manufacturing of derived timber products, found in garden or kitchen

refuse, and are byproducts of the pulp production. Further, in the case of cremation,

chlorine is present in a similar way in human and animal bodies.

2.4 Gaseous chlorine emissions from fuels with organic or

inorganic chlorine-compounds

HCl

Fuels with organic chlorine-compounds: Main source of hydrogen Chloride emis¬

sions in fuels are chlorinated hydrocarbons, in other words mostly plastics. Such plas¬
tics are combined during or after the polymerization step with chlorinated aliphatic-

or cyclo-aliphatic hydrocarbons (to a lesser degree also with aromatic chlorine-com¬

pounds) in order to achieve resistance to fire. HCl from these Compounds is released

between 200°C and 300°C [93]. Rigid PVC inherently possesses fire resistance be¬

cause of its chlorine content of 57%. Subsequently it is not surprising that PVC com¬

bustion is often used as a means of investigating chlorine-release from plastics; almost

100% of the PVC chlorine content is irreversibly transferred to HCl in the fluegas

[93], [64]. The formation of HCl from chlorinated hydrocarbons is generally due to

thermal decomposition combined with depolimerization of the plastic, a well known

behavior of chlorinated hydrocarbons in fire [93], [33]:

PVC->HC1 + C2H2 (2.1)

Fuels with inorganic chlorine-compounds: With regards to HCl formation from in¬

organic fuel Compounds, Green [34] reports experiments with mixtures of wood

(sawdust) and rock salt on one hand and with wood-PVC mixtures on the other

hand. These have shown that HCl release from wood-PVC was appreciably higher

than from wood-rock salt, whose HCl release wasn't higher than from wood alone.
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Marutzky [64] supposed that inorganic Compounds like NaCl or NH4C1, existing in

fixing agents of derived timber products in the furniture-industry, hardly lead to

alarming HCl emissions. He further supposed that these emissions would not compel-

üngly involve fluegas treatment measures. Also during Sublimation of NH4C1 HCl is

formed above temperatures of 340°C due to partial dissociation of NH4C1. It is also

known to be rebound to the same structure when the temperature falls below the

'Sublimation' point. Due to its physical and chemical properties, NaCl is not expected

to release gaseous chlorine-compounds but rather to remain as a solid substance in

the grate ash. Marutzky supposed further, that important HCl release from the com¬

bustion Chamber will only occur in the presence of acids, and additionally only be of

concern when the fuel also contains high amounts of sulfur or Silicon dioxide.

Concerning HCl release from medical waste, Green concludes from measurements in

the fluegas of crematories that not more than 20% of the originally inorganically

bound chlorine is transformed to HCl.

HCl-relevant important experiments have been done in case of the NaCl containing

black liquor, whose combustion was known to cause HCl emissions up to 100 ppm

(8% 02). Someshwar [79] observed a relationship between HCl and S02 emission,

which could be adjusted mathematically by a fitted Langmuir-adsorbtion-type curve,

as suggested by Boonsongsup et al. [16]. They suggested, based on adequate labora¬

tory experiments, that HCl formation included a rate limiting S02 adsorption step.

Their contribution remains hypothetical as long as the nature of the adsorption sur¬

face remains unknown.

Warnqvist and Bernhard [98] were the first to postulate a secondary reaction for the

formation of HCl during black liquor combustion. Their Suggestion corresponds to

the Hargreaves-process for HCl production which is presented in Eq. (2.2.). They

further suggested that the reaction was running below 800°C. Someshwar had based

his conclusions on this assumption and on laboratory experiments from Henriksson

and Warnqvist [43] and also from Boonsongsup. Interesting experiments involving

the same reaction were also analysed by Fielder [27]. He too suggested that the rather

low HCl freight was formed below 900°C because of the heterogeneous reaction be¬

tween NaCl and S02 in presence of H20 and 02 (Eq. 2.2):

2NaCl + SO2+H2O + 0.5O2 o Na2S04+2HCl (2.2)

the analogous reaction expected for KCl and S02 is also [81]:

2KCl+SO2+H2O+ 0.5O2 <-* K2S04+2HC1 (2.3)
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With respect to the very slow reaction speed of the S03 formation from S02 and 02

below 900°C, which prevents its predominance in spite of an accordingly favourable

equilibrium [9] rather negligible HCl production rates are expected. However, since

the formed HCl is immediately diluted in the surrounding fluegas, it is expected to be

present in minimal amounts. This is in agreement with the small transformation effi-

ciency (< 2%) of the chlorine transfer from the alkali metal to HCl as reported by [81].

Very informative results came from Dayton and Frederick [23], who analysed by
means of a mass spectrometer molecular beams from burning switchgrass. Switchgrass

samples of 40 mg were burned in a mixture of He/02/H20 (5-20 VoI% 02, 0 and 20

Vol% H20) at an oven temperature of 800°C or 1100°C. After the combustion, a mo¬

lecular beam was split off and analysed through mass spectrometry. It appeared dur¬

ing the biomass combustion that most HCl and S02 devolatilized at the biomass vola¬

tilization Step. However, HCl release could also be observed during the whole com¬

bustion process, but in much smaller intensity as compared with the volatilization

Step. Even after the combustion, when the ash was kept at a temperature of 1100°C

HCl could still be detected!

Formation paths for HCl from thermally stressed inorganic chlorine-compounds can

be summarized as follows:

• Formation during the drying- and volatilization step of the fuel combustion

due to reaction between ionic chlorine and the surrounding hydrogen offer.

The formation possibly profits from water and oxygen, which are generally
available in abundance at this step.

• Formation during the evaporation of entrained liquid droplets in the fluegas
due to similar reactions as suggested for the release from the fuel

• By-product of the reaction of alkali metals with S02 in presence of water and

oxygen

HCl formation due to chemical reactions between the available fuel components and

under the prevailing conditions are known to have their chemical equilibrium on the

input side or to occur not spontaneously. However, it is clear that minimum amounts

of HCl are formed during combustion. The reason for this effect might be that the ref-

ormation of HCl back to its educts might partly be prevented because some of the

formed HCl devolatilizes due to the high temperatures. The listed reaction paths de-
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scribe therefore probable formation paths, which might lead to marginal HCl emis¬

sions, observed during combustion of fuels with high inorganic chlorine content, also

only the third Suggestion is known to play a certain role in this matter.

C12

Elemental chlorine, Cl2 is generally treated as non-existent in the fluegas from chlo-

rine-containing fuels, because of its low stability under environmental conditions. It is

supposed to be formed by at least two mechanisms during the thermal decomposition

and subsequently consumed by the formation of chlorinated hydrocarbons. Griffin

[36] and later Vogg [96], [97] based on laboratory experiments with MW-ash pro-

posed that during the combustion of municipal waste Cl2 would be formed. This

would result from transformation of HCl by the Deacon-process because of the pres¬

ence of CuCl2 acting as a catalyst in the ash:

2HCl + l/202 < Ca--»C12+H20 AG = 29.5 kJ/mol (1027°C, 1 bar) ( 2.4)

With increasing temperature or abundance of water the chemical equilibrium shifts

towards the predominance of HCl. The formation of elemental chlorine is therefore

favoured at lower temperatures and for abundance of oxygen [40], [60].

Gullet [38] supported the formation of Cl2 through the Deacon-process based on

laboratory experiments for the chlorination of phenol in a simulated fluegas contain-

ing oxygen, HCl and Cl2. He added the possibility that Cl2 might also be formed by

side reactions involving CuCl in the absence of HCl. Tilly [92] had already suggested

that this might be due to the following mechanism:

2CuCl + l/202<->Cu20Cl2 (2.5)

Cu2OCl2+l/202o2CuO+ Cl2 (2.6)

Gullet also suggested Cl2 formation due to a more direct breakdown of Cu2OCl2:

Cu2OCl2oCu20 + Cl2 (2.7)
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Chlorinated organic Compounds

The formation of volatile hydrocarbons during combustion processes is known as a

complex process. This involves a multitude of possible reactions between the avail¬

able elements. The broadest, but still incomplete, information concerning this subject
exists for the formation of dioxins, due to the high environmental risk potential con¬

nected to some chlorinated structures from this group. This knowledge also allows

some general conclusions concerning the formation of other chlorinated organic hy¬

drocarbons. Basically, hydrocarbons occur in the fluegas of all fuels, which have or¬

ganic structure like fossil fuels and the above mentioned fuels. Consequently this sec-

tion presents firstly the relatively well known formation paths in such fuels followed

by the Situation in biomass.

Fuels with organic chlorine-compounds: Organic hydrocarbons are known to de-

compose at increasing temperature starting usually above temperatures of 200°C

[93]. As mentioned above, this also means, that chlorine bound to organic structures

dissociates as HCl. In the case of PVC, Green [33] suggests, that organic fragments

from thermal depolymerization, (pyrolysis), Single chlorinated ethane structures,

PVC->H2+C2HC1 (2.8)

may react with each other, forming larger organic structures like C3H3-nCln, C4H4-

nCln and also C6H6-nCln. Based on several laboratory experiments it seems quite

clear today, that the chlorination of organic Compounds happens in the presence of

Cl2 rather than in the presence of HCl [38], [96], [97], [2]. Yet it is still unclear if the

same process happens in commercial combustion plants. This lack of information is

mainly due to the non-ideal local distribution of the reaction agents combined with

non-ideal local temperature conditions during the combustion process.

However, these laboratory experiments have shown that several parameters enhance

the formation of aromatic chlorine Compounds like chlorobenzenes and chlorophe-

nols:

• Existence of Cl2 formed according to the Deacon-process (Eq. 2.4) or to other

reactions involving CuCl

• Existence of aromatic precursors like benzenes or phenols (which might also

be formed from smaller, aliphatic hydrocarbons [33]).

• Metal Chlorides like CuCl2 have a catalytic effect on the chlorination of aro¬

matic hydrocarbons.



25

• Important amounts of chlorinated aromatic hydrocarbons were primarily de¬

tected at temperatures below 400°C.

It seems most probable that similar boundary conditions are also valid for the forma¬

tion of other hydrocarbons and not only aromatic Compounds.

As to the formation of polychlorinated di-benzo dioxins and polychlorinated di-

benzo furans, abbreviated as PCDD and PCDF respectively, broad research has led to

the following experience. Aromatic chlorine-compounds, including for instance also

PCB's, are supposed to be precursors for the dioxin formation in municipal waste in-

cinerators [38], [96], [97], [2]. Ballschmiter [3], and Blessing [14] have revealed that

PCDD/PCDF's are formed in the waste heat section of the combustion system below

400°C by the so called "de-novo" synthesis. It results in the formation of

PCDD/PCDF from non-extractable carbon in the fly ash. Other authors added a sec-

ond theory: the formation by homogeneous reactions in the fluegas [38], [2], [33] in-

stead of the de novo synthesis. Generally, the PCDD/F formation itself seems to be a

heterogeneous process, not showing many indications that homogeneous gas-phase

reactions lead to important amounts of PCDD/F in incinerators [25], [38].

Somewhat irritating are the analysis results from dioxin measurement taken of fluegas

and ash of municipal waste incinerators outside the laboratory. Füll scale experiments

with MW and representative fuels as Substitutes for municipal waste couldn't im-

prove very much the knowledge about the relationship between dioxin formation

and combustion parameters. They confirmed the importance of the above listed

boundary conditions for the PCDD/F formation [74], [32].

Interestingly, significantly lower PCDD/F emission resulted from coal combustion

compared to MW combustion. This was traced back to the high sulfur content of

coal. Griffin [36] and Vogg [97] suggested that the minor emission might be linked to

the following two reactions involving the role of sulfur (Eq. 2.9 respective 2.10):

Cl2+S02+H20o2HCl + S03 (2.9)

CuO + S02+0.502oCuS04 (2.10)

Laboratory experiments from Gullet [39] with simulated MW combustion fluegas and

particle environment led to the conclusion that gas-phase S02 had little apparent ef-

fect on the production of PCDD. PCDD production was reduced by two Orders of

magnitude in the presence of chlorophenol precursors using CuS04 as catalyst com-
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pared with using CuO. Gullet suggested that this inactivity was as a result of reduced

ability of Cu(II) to promote a second catalytic step of biaryl synthesis rather than of

decreased Cl2 formation. However, it seemed quite obvious that the reduced PCDD/F

emission from coal combustion might be due to the relatively high concentrations of

so2.

Fuels with inorganic chlorine-compounds: Little is known about the formation of

chlorinated hydrocarbons from fuels, which contain important amounts of inorganic

chlorine-compounds like black liquor, wood or herbs. Their mainly organic structure

suggests that the formation would happen analogous to the mechanisms as explained

above for the fuels which contain plastics. From pyrolysis and gasification experi¬

ments of wood, it's well known that the organic structure decomposes at tempera-

tures above 150°C, producing a very rieh variety of organic hydrocarbons also in¬

cluding aromatic Compounds [72], [69]. Analogously to the Situation for plastics, still

marginal concentrations of organic hydrocarbons can be detected in the fluegas after

the combustion of such fuels.

A major difference to the derived fuels from plastic containing waste, is the appear¬

ance of inorganic chlorine-compounds, which are usually not connected to the or¬

ganic structures as in case of plastics. Green [33] assumed that the formation of com-

plex chlorinated benzenes, phenols, dioxins or furans due to the conversion of inor¬

ganically bound chlorine (in medical, pulp mill and kraft mill wastes) makes dioxin re¬

lease from such fuels very unlikely. Also Marutzky [64] expressed similar doubts

concerning the formation of chlorinated hydrocarbons from fuels with mainly inor¬

ganic chlorine-compounds.

Only little fundamental research was done concerning the formation of chlorinated

hydrocarbons from biomass combustion. Björkman [13] for instance, reported the ap¬

pearance of chlorobenzene in the cooling section (250°C-300°C) after the gasifica¬

tion of lucerne in a fluidized bed furnace at Studsvik in Nykoeping, Sweden. Differ¬

ent chlorinated aromatics were detected from trichlorobenzenes up to hexa-

chlorobenzenes and additionally also tetrachloroethylene. The gas residence time

seemed to have an important influence on the formation of the detected aromatic

Compounds. Whereas the order of magnitude of chlorobenzenes lay for short resi¬

dence time at 1 |ig/m3, the analogous values reached a dimension between 10' and 102

iig/m3 in case of long residence times. Tetrachloroethylene seemed to reach a dimen¬

sion of 10' (Jg/m3 independent of the residence time.
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Slightly more interest was attributed to the formation of PCDD/PCDF. Most publica-
tions concentrate on dioxin emissions from the combustion of wood in commercial

furnaces, very few others on the emission from the combustion of further biomass.

Hasler [45] concludes that dioxin emissions from untreated lumpy wood and chip
boards don't exceed 0.1 ng TE/Nm3 and that waste wood can release dioxin concen¬

trations up to 14 ng TE/Nm3. He also indicates that dioxin formation, as observed in

his own experiments but also reported in literature, seemed to be dependent on the

type of furnace. This effect couldn't be thoroughly examined due to the sparse in¬

formation which was available for the reported füll scale experiments.

The ASME review [74] also summarizes experience with dioxin formation during the

combustion of fuels with partial fractions of inorganic chlorine-compounds. Similar

PCDD/F loads were emitted from waste wood fuels, containing chlorine salts, as well

as from straw. Yet, other experiments with waste wood and straw [17], waste wood

with PCP (Northwood Pulp Mill, British Columbia) and salt-contaminated (mainly

NaCl) wood plus a mixture of bark together with pulp mill Sludge (Elk Falls Division

of Fletcher Challenge, Canada), didn't confirm results from laboratory and pilot sites

(as mentioned above). No relationship between chlorine in the fuel and the PCDD/F

concentrations in the fluegas could be determined. Even PCP contaminated wood

didn't appear to affect PCDD/F concentrations. However, it has to be taken into ac-

count, that the sampling of PCDD/F was done mostly during normal furnace Opera¬

tion. These are not optimum conditions for reliable consistency of the sampling condi¬

tions or for achieving Statistical significance. Additionally, important parameters like

the fuel chlorine content and the gaseous chlorine-compounds were often not moni-

tored both for either of the experiments, leading to a lack of information for the inves-

tigation of possible relationships.

PCDD/PCDF emissions and residues from experiments with herbage-grass and wheat

straw on a 3 MW cigar-burner in Germany have been between 0.02 and 0.17 ng

TE/m3 [100]. The authors have also observed that only about 50% to 60% of the

PCDD/F was detected in ashes where the analogous fraction is known to reach 90%

after the combustion of wood. Interestingly enough, the analysis of the grate ashes

didn't show any dioxins above the lower analysis limit.
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2.5 Solid chlorine emissions and related solid emissions from the

combustion of fuels with inorganic mass fraction

Solid emissions are well known to be an undesired inorganic by-product of plant

biomass combustion. Usually such emissions are collectively called 'dust' or 'fly ash',

where the second expression corresponds better to the chemical composition of this

particle emission. Knowledge about particle formation in combustion plants for

biomass fuels is based mainly on research which has been done on coal combustion.

Coal is the partly decomposed organic structure of former biomass, which is the result

of exposure to high pressure and heat in an oxygen free environment over a period of

about 70 million years. Consequently fly ash formation can be traced back to similar

mechanisms for both types of fuels.

The following presentation of the principal fly ash formation mechanisms is based on

the corresponding knowledge about fly ash formation during biomass combustion

from Baxter e.a. [5], [6], [7], including also experimental data from other investigators

in the same field. General agreement was expressed concerning the main elements ap-

pearing in the depositions which were potassium, sulfur, chlorine and silica. Baxter

distinguishes, based on experiments with different agricultural biomasses, three main

release mechanisms for fly ash formation during combustion (Figure 2.5.1):

• Evaporation from the fuel

• Disintegration from the fuel by chemical inorganic reactions

• Convective disintegration due to organic reactions or rapid devolatilization

The first mechanism is strictly related to the physical properties of inorganic sub¬

stances in biomass. Because of its microstructure, plant biomass can be treated as a

good mixture of inorganic and organic structure elements. Release of fly ash then

means release from a mixture of inorganic Compounds with different volatilization be-

havior.

The vapour pressures of the pure Compounds present in such mixtures may serve as

good indicators for their phase change ränge (Figure 2.5.2). Prevailing Compounds in

the plant with low melting temperatures such as KCl (750°C) will evaporate easily

with typical combustion temperatures. The evaporation already Starts during the heat

up of the fuel, as observed by Dayton [22]. His analysis data revealed that KCl is

definitely released during the combustion of the residue char from switch grass, which

was burned in a laboratory furnace as reported in Chapter 2.4. Baxter reports that

KCl deposits from fly ash were found on the walls throughout the convective passes.
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Release Mechanisms
1. Vaporization
2. Inorganic Reaction

3. Organic Reaction

Residual Ash
1. Fragmentation
2. Coalescence

3. Chemical Transformations

Figure 2 5 1 Fly ash and grate ash release mechanisms for biomass and coal (Baxter, [5])

The observed, very high volatility of this potassium salt is due to the propensity of

chlorme to facihtate alkali evaporation

Another well known physical property of morgamc Compounds is the enhancement

of their volatility when such Compounds are mixed Inorganic mixtures have melting

temperatures which are generally lower than the highest melting temperature of the

participating components They often even have melting temperatures below the

rmmmum melting temperatures of the pure components The mixture State of mimmum

melting temperature of the specific Compound combination is known as eutectic

Figure 2 5 3 shows the melting temperatures of the eutectics from the KC1-K,S04 Sys¬

tem (690°C) [52] and the NaCl-Na2S04 system (625°C) [26]

Subsequently the different inorganic Compounds in biomass can be look at as parts of

mixtures which show lower melting temperatures (supposed minimum melting tem¬

peratures are expected between 600°C and 700°C) than the pure Compounds Silica,

for instance, is supposed to form low melting eutectics together with the alkali metals

potassium and sodium in oxide, hydroxide or metallo-organic form But even low

melting mixtures of such Compounds still have rather high melting temperatures be¬

tween 750°C and 800°C This explams their restricted appearance in deposits along

the refiactory bnck walls of the furnace



30

1

I

io-i

10-2

10-'

10-4

10-5

10-6

10-7

10-8

1

s# - /-
^^ sAt

rs

'V
-"Na ^^ //

KOH^ /

/'
^NaOlv/

/
/

/

• K2S04/ A/\
's

'A
/Na2su4

1

/ /

i—i r--44-r
500 700

Temperature [°C]

1000 1500 2000

Figure 2.5.2 Vapour pressures of alkali Compounds (Hannes, [42])

KCl-KjSO«

1100

0 20 40 60 80 100

K2S04 Mol. V. K,CI,

NaCl-NajSO,

800

600

400

aoo

Liquid Liquid <

NqCI*

(3 No2S04

O 20 40 60 80 100

°2C,2 Mol. V. No2SO„

Figure 2.5.3 Chloride-sulphate system for potassium (Jänecke, [52]) and sodium (Fedorov, [26])

The second mechanism mainly covers heterogeneous reactions between inorganic

constituents in the fuel, such as alkali and earth alkali metals, with gas phase compo¬

nents, forming gaseous components which volatihze with the fluegas flow. Among

the 15% to 40% of volatilized fuel potassium, mainly released by evaporation, a cer-



31

tain amount was bound to organic structures, and thus supposed to have not only
been released in form of Chloride salt, but also in the form of oxides, hydroxides and

sulfates. Another relevant element is sulfur, which appears in agricultural biomass

principally in connection with the organic structure. Sulfur is typically transformed

into S02 during the combustion process [23]. Gaseous sulfur Compounds are known

to react with earth alkali metal Compounds such as CaO, forming sulfates at tempera¬

tures above 900°C. Also they react to form sulfates with alkali metals below 900°C

(manly with fly ash deposits on cooled walls). As already mentioned in the context of

the HCl formation, Someshwar [81] examined the sulfation of NaCl and KCl and

found it to have rather a marginal effect, transferring not more than 2% of the existing

chlorine salts into Na2S04 or K2S04.

Not much knowledge is available about the extend of the third mechanism, which

simply describes the fact that parts of the fuel containing inorganics may leave the

grate before they are fully decomposed. In an actual publication Baxter e.a. [8] report

that coal devolatilization products convectively remove a fraction of the non-volatile

components of inorganic material atomically dispersed in the coal matrix. The same

also is likely to happen during devolatilization of biomass. Such products may be in

solid form, such as solid fragments of the organic structure, in liquid form, such as

droplets from the cell Substrate, or in gaseous form, such as gaseous fragments from

the organic structures. This mechanism also remains in discussion with respect to its

possible contribution to the formation of HCl, as supposed above.

2.6 Deposit formation on boiler and furnace surfaces

Deposit formation is a well known side effect of combustion processes. It leads to

thick inorganic layers creating an unacceptable impact on heat exchange (boiler sur¬

faces), pressure drop, and corrosion (metal and brick surfaces). Coal, black liquor or

municipal waste cause greater deposition growth as compared with other fuels. This is

due to their comparatively higher content of inorganic Compounds. Similar effects are

also known from biomass such as rice and wheat straw and Shells of fruit seeds [5],

[66]. Whether the deposit formation goes back on particle Sedimentation or gas con-

densation depends on the development of the temperature field and the flow field

throughout the combustion system.
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Deposit formation due to gaseous Compounds happens when gases condense on

wall surfaces, as for instance in the furnace, where the fluegas temperature is high

enough for the gaseous State of inorganics. Brownian diffusion and thermodiffusion

cause the necessary molecular stream to the wall. Thermodiffusion happens if heavy
molecules exist in parallel to light molecules: Due to the temperature gradient heavy

molecules, like most inorganic Compounds, experience an unequal momentum transfer

from the surrounding light molecules. These light molecules, typically molecules of

substances, which are gaseous at environmental conditions, consequently push the

heavier molecules in the opposite direction of the temperature gradient (towards the

colder side).

The deposit formation due to solid or liquid particles underlies different mecha¬

nisms. Particles in the micrometer ränge appear almost immediately, if the surrounding

temperature drops below the solidification or condensation temperature (Order of

magnitude of the response time in cooling gases: 1 tis). The following list includes all

mechanisms, which can be of importance in furnaces:

• Thermophoresis
• Eddy impaction
• Inertial impaction
• Electrophoresis
• Gravity settling

• Chemical conversion

Thermophoresis is similar to thermodiffusion, a mechanism which causes deposits in

the presence of temperature gradients on the wall surfaces [75], [9]. Particles in the

viscous sublayer along cooled walls are attracted to the wall due to the unequal mo¬

mentum transfer by the non-uniform, but directed energy distribution of the sur¬

rounding gas molecules represented by the thermophoretical force:

Ft = -6;ciigdpf(Kn)VTg ( 2.11 )

Thermophoresis is also influenced by the mean free length of path, or equivalently by
the particle size: For slip flow (Kn < 1) the thermophoretical attraction will be much

stronger than near the continuum ränge (Kn »1). The factor f(Kn) depends on par¬

ticle diameter, Knudsen number and several material-specific properties and is dis¬

cussed elsewhere[88], [75].
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Inertial impaction becomes effective when the influence of the flow friction on the

particle movement becomes ineffective as it happens with increasing particle mass.

Inertial impaction already happens at particle diameters above 10 um, if obstacles like

pipes and edges lie across the flow Channel [31].
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Picture 2.6.1 Flow regions in a turbulent parallel flow and distribution of the mean velocity and

the mean particle concentration

Eddy impaction is the transport of particles through the viscous sublayer (Picture

2.6.1) due to the momentum imparted by turbulence. It leads to considerable mass

transport for particles with diameters above 10 um In consideration of the decaying
turbulence in the sublayer, particles small enough to follow the turbulent movement

of the gas phase only reach the wall, if their momentum at the boundary to the

sublayer is great enough to allow inertial impaction through this laminar flow region.

Electrophoresis, the particle deviation in an electrostatic field becomes important

with increasing potential difference between walls and fluegas particles. Particles in

the fluegas of combustion Systems will most likely be charged by ion diffusion,

meaning the diffusion of ions in the fluegas to the particle surface. Another possibility

is by electrolytic mechanisms, meaning the electron exchange at a fluid solid interface

followed by Separation of the two phases [24]. Yet, the precipitation on the walls due

to natural charging is rather negligible as compared with the precipitation due to

forced charging in an electrostatic filter [57].
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Gravity settling, the Sedimentation due to the influence of gravitation, can be ne-

glected analogously to inertial impaction as long as the particle size doesn't exceed

10 pjn. Below this limit the gravitation force becomes considerably smaller than the

friction force of the fluid [31].

Chemical conversion includes chemical reactions in the fluegas, which form Com¬

pounds of lower volatility than the source molecules and heterogeneous reactions

between the solid phase on the wall and fluegas molecules. This mechanism is rather a

transformation mechanism and therefore always combines with the above mentioned,

physical Sedimentation mechanisms.
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3. Test design

3.1 Hypothetical formation of chlorine-compounds

Taking into account that the combustion of biomass is a three-step process: drying

(above 100°C), devolatilization of hydrocarbons (T > 150°C) and oxidation (T >

400°C), the expected formation of chlorine-compounds during herb combustion

(Figure 3.1.1) is based on the fundamental knowledge in Chapter 2.

Grate

Marginal amounts of HCl release mainly during the heating up of the fuel due to the

spontaneous reaction between Cl" and water and subsequent evaporation. The emis¬

sion is expected to be at least proportional to the fuel chlorine content. Parallely S02
is emitted due to the reaction between oxygen and sulfur in the fuel. Above 150°C

thermal decomposition of the organic matrix leads to emission of hydrocarbons.

After ignition around 400°C, the fuel is oxidized and heated to temperatures between

1000°C and 1500°C. Above 600°C alkali- and earth alkali metal Compounds con-

tribute significant amounts of vapour to the fluegas, representing the main part of the

fly ash. In herbs and wood chlorine and its coexistence with potassium and sodium

will naturally favour KCl and NaCl in the fluegas.

Reaction Chamber

In the reaction Chamber, fly ash condenses on the cooling brick walls and fly ash be-

gins to solidify, forming particles at fluegas temperatures below 800°C. Additionally

HCl, again in marginal amounts, is formed below 800°C in the reaction Chamber due

to the transformation of KCl or NaCl to K2S04 or Na^O,, respectively in presence of

S03 (Hargreaves process, Eq. 2.2). Both heterogeneous reaction between solid fly ash

and gaseous reagents and homogeneous reactions between vapour State fly ash and

gaseous reactants are principally possible. Thus HCl from this section is fhought to be

formed from fly ash in the fluegas and from fly ash deposits on the walls. With the fuel

contents of potassium and chlorine in abundance compared to sulfur the latter is sup¬

posed to control the HCl production. According to this process, increasing S02 con¬

centrations should therefore be accompanied by increasing HCl concentrations. In
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Distance from grate [m]

Figure 3.1.1 Hypothetical formation of chlorine-compounds during combustion of herbs and

wood with detail projection (A and B) of the deposit formation. Furnace designa-

tions refer to the description in Chapter 3.3.2

addition, increasing ratio of the sulfur content to the chlorine content should increase

the HCl concentration at constant chlorine content.

Boiler

Similar reactions between fly ash and S03 run in the boiler smoke pipes at decreased

conversion rates due to temperatures below 700°C. In this temperature ränge fly ash

exists in solid State, having particulate shape. Settling particles form deposit layers on

the water cooled boiler wall.



37

Incompletely decomposed hydrocarbons from the fuel heat up zone are chlorinated

below 400°C due to the reaction with HCl or Cl2. Chlorine is produced in marginal

amounts due to reaction between HCl and oxygen below 1200°C (Deacon process).

32 Selected experiments

Different combustion experiments on commercial wood furnaces were planned to

provide a data set for the investigation of the formulated goals (Chapter 1.3):

• Detection of the main chlorine-compounds and of related Compounds in flue¬

gas, deposits and ash.

• Designation of the most probable formation paths for the detected chlorine-

compounds

• Determination of the mechanisms causing deposits in the combustion system

• Examination of selected secondary measures against fly ash related problems

Most experiments were done with herbs and a few with wood as reference fuel but

also with mixtures of wood and PVC or wood, KCl and methionine to investigate

isolated hypothesis. The following text lists the executed experiments. Details of the

development of the Single experiments are reported in Chapter 4.

Detection of chlorine-compounds and related effects from herbs and wood

During herb and wood combustion, the fluegas composition was analysed for HCl,

S02, C02, CO, H20, organic chlorinated hydrocarbons and fly ash. In one case the

concentration of PCDD/PCDF was also measured. A sample stream was split off the

fluegas flow and led through two Standard type single bag cloth filters. Deposits from

five selected boiler smoke pipes were periodically blown off to test the cleaning

power of pressurized air. After the experiments deposits were sampled from selected

smoke pipes for analysis in the laboratory.

The feedgrass mix (see Chapter 3.5) was also used to investigate the influence of the

fluegas flow direction in the combustion Chamber on the formation of chlorinated

Compounds. Three fluegas flow directions above the grate may be distinguished [11]:

co-flow, main-flow and counter-flow. This expressions designate the flow direction of
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the fluegas in relation to the flow direction of the fuel on the grate (Picture 3.2.1).

Two configurations, co-flow and counter-flow were tested. Due to restricted design

change possibilities of the grate furnace, co-flow was arranged by simply skipping the

first pass after the combustion Chamber.

Picture 3.2.1 Illustration of co-flow, main-flow and counter-flow in a grate furnace [70]

Parameter test for the HCl formation from KCl sulfation

To test the HCl formation due to the second formation path, as formulated in Eq. 2.3,

experiments with a model fuel, which served as 'artificial herb fuel', were executed. It

consisted of a mixture of wood, methionine, as a sulfur containing amino acid which

appears in plants, and KCl. The ratio between potassium and sulfur was varied ex-

pecting higher sulfur contents in the fuel to increase the HCl formation.

Deposit formation on cooled steel surfaces parallel to the fluegas flow

Succeeding experiments with herbage-grass combustion (see Chapter 3.5) in a com-

mercial furnace were designed to examine the deposit formation in smoke pipe and its

dependency on the excess air ratio.

Reliability test of the HCl measurement technique

To test the reliability of the HCl measurement technique, mixtures of wood and PVC

were burned. The intensive HCl emission of such mixtures is well cited in literature

(see Chapter 2.4), including corresponding measurement data. Based on this knowl¬

edge the wood/PVC mixtures were used to show that the chosen gas sampling

method and analysis method were suitable to measure adequate HCl concentrations

from biomass combustion.
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33 Test equipment

3.3.1 Sampling and analysis instruments

This chapter Usts sampling and analysis methods only briefly. Detailed information

can be get from Chapter 6.

Gaseous chlorine-compounds in the fluegas were detected by two methods. FITR

spectrometry was used to detect HCl in the humid fluegas stream, which was kept at

200°C. The analysis of the infrared absorption spectrum was done based on evalua¬

tion techniques from Moschalsky [67].

Chlorinated organic Compounds were detected in fluegas samples, whose organic

content was partly absorbed in caustic water (0.2 n sodium hydroxide Solution) and

afterwards partly adsorbed on CARBOSIEVE and TENAX.

PCDD/PCDF concentrations were detected by Standard sampling and analysis tech¬

niques.

Gravimetrie measurement using glass fibre filter packages was applied to detect the

fly ash concentration in the fluegas after the boiler. The fly ash concentration after

the cloth filter was determined through measurement of the ß-radiation absorption by
the collected fly ash. Additionally this fly ash concentration was also determined

gravimetrically by means of plane paper filters.

The chemical composition of ash and deposit samples was determined by Standard

disintegration methods and also by X-ray fluorescent analysis.

X-ray diffraction analysis was applied to detect crystalline structures in ashes and de¬

posits.

Morphologie characteristics of deposit samples were investigated by means of scan-

ning electron microscopy.
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3.3.2 Experimental combustion Systems

Gratefurnaces

The main experience was achieved on an experimental 450 kW,h grate furnace from

Schmid AG in Eschlikon, Switzerland. Picture 3.3.1 shows a cross sectional view of

the furnace and the boiler with adjacent cyclones. The grate elements were cooled by

the primary air flow which was blown (primary air Ventilator) through the grate ex-

cept for the fuel entrance section, which was designed for the initial fuel drying of the

combustion process. Every second grate step was movable horizontally, in order to

push the fuel over the grate. Secondary air entered the burning Chamber above the

grate along the wall through circular holes.

Picture 3.3.1 Cross section cut of the 450 kW,h-furnace

The burning Chamber was followed by a reaction Chamber, which was originally de¬

signed for low-NOx purposes. The end of the reaction Chamber lead into the boiler,

which consisted of two horizontal passes, each bundling 28 smoke pipe with an inner

diameter of 60 mm. The flow inversion Chamber between the two passes was accessi-
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ble by a front door which fitted the cross sectional size of the boiler A group of 6 cy¬

clones was arranged after the boiler. At the outlet of the cyclones, an additional fan

was used as speed controlled fan foi the adjustment of the negative pressure m the

burning Chamber (5-10 mbar).

Picture 3 3 2 Boiler front panel and chosen smoke pipe for the air blower test (black marked)

Smoke pipe numbenng Starts at the top pipe row on the left (No 1) and ends at the

bottom pipe row on the nght (No 56) Intermediate numbenng goes from the left

to the nght

Picture 3 3 3 Air blower nozzles arrangement in the senice door of the boiler front panel
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To examine the deposit removal efficiency of air blowers, five nozzles were placed

directly in front of five selected smoke pipe of the two passes. Two nozzles were

blowing inversely to the fluegas flow (first pass) and three in direction of the fluegas
flow in order to clarify the dependency of the cleaning efficiency on co- and counter-

flow of fluegas and cleaning air. Picture 3.3.2 and Picture 3.3.3 show the arrangement

of the blower nozzles and their placement in the service door in front of the two

passes. The Kvs-value of the fast acting solenoid valves allowed air outlet speeds
around 50 m/s.

For filtration experiments, a partial fluegas stream was isolated from the chimney and

led to an experimental cloth filter (Picture 3.3.4). Two independent bag houses were

designed for cylindrical cloths with a surface of 0.31 m2 and surface loads of 0 to 3

m/min. The fluegas pipe and the whole bag house were equipped with resistance

heatings over the external surface to hold wall temperatures of up to 300°C. The filter

cloths could be cleaned by air pressure shocks from the installed storage vessel (8 bar

overpressure). The blower release was coupled to the pressure drop over the filter

cloths. The fluegas flow was controlled by a speed controlled fan. For this purpose

the dynamic pressure at the filter outlet was measured by means of a pitotstatic tube

and subsequently used to pilot the power of the fan.

For the investigation of the dioxin level one experiment was executed on a 200 kWft
furnace from TIBA, Buebendorf, Switzerland. The equipment was principally similar

to the one of the grate furnace, presented in the text above, but the design of the

boiler was totally different. First of all, the reaction Chamber arranged between the

combustion Chamber and the boiler was totally enclosed by water cooled metal walls.

Secondly, the succeeding four smoke pipe passes were oriented vertically and finally
the smoke pipe diameter was bigger than that of the 450 kWlh furnace. This, however,

didn't decelerate the fluegas flow speed dramatically as compared with the speed in

the boiler of the latter furnace due to the number of smoke pipes (12 pipes) compen-

sating the increased cross surface.



43

Pressurized air (8 bar

Resistance

heating
Shells

Butterfly valve

Collection cone

Sphencal valve

Picture 3.3.4 Experimental twin-hne bag house filter with air blower

Left filter: cross section view of the housing

Right filter: outer look of the housing (without thermal isolation).
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Underfeed stokerfurnace

Selected experiments for the investigation of HCl formation and the microscale ap¬

pearance of smoke pipe deposits were executed on a 100 kWft underfeed stoker fur¬

nace from Müller AG in Baisthal, Switzerland. Picture 3.3.5 shows a cross sectional

view of the furnace and the boiler. Primary air was blown (primary air fan) through
slots in the square-shaped hearth zone into the fuel pile, which was fed from under-

neath by a feed screw. Secondary air entered the burning Chamber above the hearth

along the wall through circular wholes. The combustion Chamber was followed by a

relatively long reaction Chamber (Tg approx. 0.5 s at füll load). The end of the reac¬

tion Chamber lead into the boiler, which consisted, analogously to the boiler of the

grate furnace, of two horizontal passes and a flow inversion Chamber between the

two passes. The inversion Chamber was similarly accessible by a front door, which fit-

ted the size of the boiler cross section. Each pass bundled 16 smoke pipe with an in¬

ner diameter of 35 mm. About 7 m behind the boiler, a Single cyclone was arranged
for fly ash precipitation. The negative pressure in the furnace was adjusted by a speed
controlled fan directly after the boiler.

For investigating the fine structure of smoke pipe deposits, a sampling technique was

applied, which guaranteed minimum handling and environmental disturbance during

transport to the laboratory. As explained in detail in Chapter 6.2, a close fitting cylin-
drical body was used in the smoke pipe. This allowed the deposit collection on Stan¬

dard sample carriers used in scanning electron microscopes, which were mounted in

this cylindrical body (Picture 6.2.2).

Tochimney J

**—L

Second draft

First draft

Ash discharge screw

Placement of the deposit
sampling probe

Secondary air mlet holes

Service doors

Hearth with primary air mlet

Picture 3 3 5 Cross section cut of the 100 kW,h underfeed stoker
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3.4 General adjustment of experimental parameters

The aim of this report is firstly to cover the whole variety of chlorine appearance and

related effects during herb combustion. It is of minor interest to show the dependency
of these results on the combustion conditions. Consequently, the experimental design

was based on a fixed adjustment of the combustion parameters. The excess air ratio

was kept between 2 and 2.3 for herb combustion, and between 1.5 and 1.8 for wood

combustion. These two ranges guaranteed that the fuel burn-out was at its maximum

[11], [68], Consequently, the fluegas temperature reached 800°C to 900°C at the

outlet of the combustion Chamber. About 1/3 of the total air consumed for the primary

combustion of the solid fuel entered the furnace through the grate elements. The re-

maining air flow entered the furnace above the grate, serving as oxidant for the sec¬

ondary combustion of the gaseous products from the primary combustion. The flue¬

gas flow in the combustion Chamber was usually fixed to counter-flow but in one

case varied for co-flow (see above).

With respect to the uncertainty about the dependency of the chlorine release mecha¬

nisms on the specific herb, the herb sort was the primary parameter for experimental

variations leading naturally to a Variation of the chlorine content in the examined

fuels.

3.5 Fuel

3.5.1 Examined herbs

The examined herbs were selected in consideration of their availability and suitability

as renewable energy sources. The assortment included:

• grass from herbages, referring to the widely available, extensively cultivated (low

or zero fertilizer application) grass, which is called herbage-grass in the following

text

• a mixture of feed grass from different herbages with different fertilizer application,

usually used for animal feed purposes in the army and here called feedgrass-mix

• timothe, as example for pure grass sorts (monoculture)

• wheat straw, from wheat, which was harvested in late August due to a rather rainy

summer
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• sedge, grown on marshy ground

• miscanthus, extensively cultivated

• hemp, cultivated in experimental areas for the present tests. The whole plant was

burned.

Wood from surrounding forests, mostly a non-specific mixture of European spruce,

silver fir and beech, was used as reference fuel. Such wood mixtures were also used as

matrix fuels for mixtures with different additives according to the specific experi¬

ments, presented above.

3.5.2 Preparation for fuel purposes

Previous combustion experiments have confirmed that herbs, with their blade struc¬

ture, are preferably compressed in order to form agglomerates. These are of bigger
thickness than that available in the form of plant fragments. Consequently, customary

feeders can be used and the mass density on the grate is about 2 to 3 times higher

than that of wood chips. The herbs were cut to a length of 10 to 30 mm and then

compressed to pellets with an average length of 30 to 40 mm and a diameter of 8 to

10 mm. Fortunately, the herb humidity is usually high enough to allow compression

without viscous additives like molasses from the sugar industry. The working pres¬

sure of the pellet mill isn't the same for all plants. For the majority of the plants, the

applied pressure was too high but in the case of herbage-grass it was to small, deliv-

ering pellets with very low cohesion between the blade pieces. The forest wood was

chopped into chips with a general dimension of 1 to 3 cm.

In addition to the pure fuels, two mixtures based on wood were prepared for specific

experiments:

The preparation of the model fuel wood/KCl/methionine was done in two steps:

Wood chips were spread out and sprayed with KCl dissolved in distilled water. The

powdery methionine was strewn on the wood chips after each spraying step. This

process was repeated multiple times. Thus KCl and methionine were primarily located

on the surface of the wood chips. Whereas the KCl content was adjusted in order to

raise the fuel chlorine content to a mass fraction of 1%, the methionine content was

varied according to fuel sulfur contents between 0.2% and 2%.
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The wood/PVC mixture consisted of wood chips and PVC pellets. PVC pellets, with a

chlorine content of 52%, and air dried wood chips were mixed by the feed screw

which has a mixing section length of 5 m. Feed screws are the common feeding de-

vice for the tested furnace types. With a diameter of 3 mm and a length of 4 mm, the

PVC pellets were made ideally small for mixing purposes.

3.5.3 Fuel composition

Whereas the mass fraction of carbon, hydrogen and oxygen remains relatively con¬

stant for biomass like herbs or wood, trace elements like alkali metals and heavy met¬

als show a large Variation. It is a well known fact that the mineral contents of field

grasses, wheat straw and miscanthus differ according to the nutritional contents of

the cultivated area [11]. Reports from different Scandinavian countries also confirm

this experience, and particularly affirm the strongly increased mass fractions of potas¬

sium, sodium and chlorine in wheat straw, which grew near the sea cost [29].

Fuel Wood Miscan

thus

Sedge Hemp Wheat

straw

Herbage-

grass

Feed-

grass

mix

Timothe H/PVC

Label 1 2 3 4 5 6 7 8 9

Composition:

[weight % DS]

Humidity 23 61 8 11 10 98 6 38 8 93 10 62 10 25 5 93 (1)

Ash 0 83 3 09 5 56 5 01 5 69 9 01 6 19 (1)

Ca 0 26 0 21 0 72 0 71 0 28 0 39 0 63 0 34 (1)

K 0 12 031 0 58 0 6 1 36 1 54 2 26 1 67 (1)

Mg 0 054 0 078 0 16 0 095 0 083 0 156 0 159 0 092 (1)

Na 0 002 0012 0 02 0 464 0 019 0 037 0 025 0013 (1)

P 0 01 0 03 0 2 0 06 0 1 0 2 0 26 0 18 (1)

Cl 0 002 0 029 0 104 0 069 0 223 0 348 0 982 0 447 (2)

s 0019 0 057 0 177 0 061 0 083 0 095 0 178 0 105 (I)

Fe 0 01 0 027 0 033 0 045 0 019 0 076 0 113 0 024 (1)

N 0 26 0 39 1 79 0 46 0 53 0 82 1 43 0 88 (1)

C 46 47 3 (3) (3) 43 5 43 4 45 (3) (1)

H 5 5 5 8 (3) (3) 5 2 6 2 6 3 (3) (1)

(1) Principally the same values as for wood, (2) Different values, (3) not examined

Table 3 5 1 Fuel composition and correspondence table (Labels) for the fuel identification in

figures of Chapter 4
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Table 3.5.1 presents the elemental composition of the examined fuels and Figure 3.5.1

presents the same data in relation to the potassium content in the fuel. In spite of the

fact, that herbaceous biomass can't be treated as homogeneous matter, but as grown

structure with its cultivation specific composition all examined elements show similar

progression with increasing potassium content. Potassium was chosen as the refer-

ence element due to its importance among the mass fractions of the trace elements

and not because of any supposed dependency between potassium and other stated

elements.

As expected the diagram illustrates also a certain dispersion of the elements: straw

and hemp for instance, represented two fuels with exceptional contents of two ele¬

ments: In straw, chlorine and potassium contents can reach levels up to 1% and 16%

respectively. These exceed the corresponding values for the straw used in the present

investigation by a factor of 4 for chlorine and 1.2 for potassium. In hemp an excep-

tionally high sodium content of 0.46% and a rather low chlorine content of 0.069%

were detected. Usually in hemp sodium contents reach average values of 0.003% and

chlorine contents 0.44%. Most probably, the sodium content of the cultivation area

exceeded the nutritional needs of the plant, but led anyway to an increased sodium

absorption due to its solubility in the water consumed by the plant.
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4. Results

4.1 Gaseous chlorine-compounds

4.1.1 Scope of the considered Compounds

Results of the fluegas analysis for organic chlorine-compounds are based on the grate

furnace experiments. The fluegas sample flow was taken from the chimney. Specific

search for polar and nonpolar Compounds led to a Separation of the organic Com¬

pounds from the sample gas according to their specific affinity to water: Phenols, as

polar, aromatic Compounds with high affinity to water, were collected in caustic soda

(0.2 n Sodium hydroxide Solution), whereas the rest of the detected, aromatic Com¬

pounds and also the aliphatic Compounds were collected by adsorption on CAR-

BOSIEVE and TENAX (see Chapter 6.3.1).

After the combustion of herbs and wood/PVC mixtures non-chlorinated species were

the most frequent organic Compounds in the fluegas. A comparison is seen in Figure

4.1.1, Figure 4.1.2 and Figure 4.1.3. The most frequently identified Compounds were

toluene and xylene structures at an order of magnitude of 100 p:g/Nm3. These concen¬

trations are bigger than the detected chlorinated Compounds by a factor of 10 for ali¬

phatic and nonpolar, aromatic Compounds and 100 for phenolic Compounds.

Benzenes also were present, though at lower concentrations, comparable to the de¬

tected chlorinated, aliphatic Compounds (see below).

The search for gaseous, inorganic chlorine-compounds was restricted to hydrogen

Chloride. Gaseous elemental chlorine was not expected in the fluegas. It was assum-

ing that this gas due to its low stability wouldn't exist in detectable concentrations at

the prevailing fluegas conditions in combustion Systems (see Chapter 2.4.).

The Volumetrie fractions of the detected Compounds are presented as a function of

the chlorine contents of the corresponding fuels (Figures in Chapter 4.1.1 and 4.1.2).

To allow a simple, indirect comparison between the chlorine species and the fuel,

number-labels are used along the top of the figures. Table 3.5.1 shows the number-

labels with the associated fuel and chlorine content.
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Figure 4 11 Important amounts of non chlorinated organic hydrocarbons from gramineous

fuels and wood/PVC mixtures (Labels on the top refer to the fuel type, see Table

3 5 1)

4.1.2 Aliphatic and aromatic hydrocarbons

Combustion of herbs

Fluegas samples were taken during the combustion of all herbs, with the excepüon of

hemp. The sampling medium CARBOSIEVE was found to be unnecessary since no

detectable amounts of organic Compounds could be extracted from this adsorbent

Chlonne was mainly detected m aliphatic and phenohc Compounds Relatively impor¬

tant mass fractions of the chlorinated, aliphatic Compounds were perchloroethylene

and tetrachloromethane (Figure 412) Highest fluegas concentrations of aliphatic

Compounds were detected during combustion of herbage-grass

As a major difference to aliphatic Compounds, the aromatic gases didn't appear m all

fuels (Figure 4 13) As in the case of HCl emission herbage-grass again clearly caused

aromatic chlonne emissions whereas no emission could be observed for fuels with

lower chlonne content (with the excepüon of miscanthus) The list of the detected

phenols goes from Single chlorinated Compounds (Chlorophenol) to quintuple chlo¬

rinated Compounds (Pentachlorophenol) According to the measured concentration

of chlorinated, organic Compounds (Aliphatic Compounds 10 tig/Nm3, aromatic com-
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pounds: 1 u.g/Nm3), not more than 300 ppm of the fuel chlorine mass fraction was

transferred into gaseous, organic chlorine-compounds.

The relation between fuel chlorine content and emission of aliphatic chlorine-com¬

pounds seemed to reach a maximum for a fuel chlorine content of 0.25% to 0.5%. In

case of herbage-grass this tendency culminated in a chlorine transfer rate up to 2000

ppm. About 99.95% of the transferred chlorine was found in simple, aliphatic struc¬

tures and not in aromatic Compounds.
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Figure 4.1.2 Chlorinated aliphatic fluegas Compounds from herbs and wood/PVC mixtures

Interestingly, chlorinated benzenes (Dichloro- and trichlorobenzenes) appeared only

in one case, where the feedgrass mix was burned in the co-flow configuration of the

furnace. In the counter-flow configuration, the Standard arrangement, no chlorinated

benzenes were formed. The presence of chlorinated benzenes in co-flow at an order

of magnitude of 1 |Xg/Nm3 was accompanied by an increased emission of other or¬

ganic Compounds as compared to the emission during counter-flow configuration.

The formation of chlorinated benzenes may be due to the changed flow direction of

the primary fluegas through the combustion Chamber. However, it may also be attrib-

uted to the shortened fluegas residence time after the combustion Chamber. The

shortage is due to the fact that the first pass after the combustion Chamber had to be

skipped in order to realize co-flow.
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PCDD/PCDF

In one case the dioxin formation was tested on a grate furnace during the combustion

of herbage-grass at an excess air ratio of 2 to 2.3. At a level of 0.1 ng TE/Nm3, the di¬

oxin Ievel was at the lower limit of detection with an uncertainty of ±50%. The ex¬

isting data set was screened for the appearance of known parameters for dioxin for¬

mation:

• Existence of precursors

• Existence of carbon (solid or gaseous)

• Existence of cooper or other heavy metals in the fluegas

• Optimum temperature window for "de novo synthesis"

• Residence time

Chlorophenols, and to a lesser degree chlorobenzenes, (both known as dioxin precur¬

sors, see Chapter 2.4) could be detected during the experiments with herbs. Addi¬

tionally, non-chlorinated benzenes were not rare in the fluegas. In spite of the exis¬

tence of precursors, their effect may not be of great importance. Together with the

relatively low carbon content in the fly ash (generally < 0.5%), the carbon source in

the fluegas has been very small compared to the analogous carbon offer from incom-
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plete combustion, which however wasn't examined detailed. The third parameter is

the existence of cooper or other heavy metals to serve as catalysts. These were de¬

tected in all fly ash samples from all gramineous fuels but at relatively low mass frac¬

tions of the order of magnitude of 0.001% to 0.01%. A temperature window between

200°C and 450°C, necessary for de novo-synthesis, existed between the outlet re-

gion of the boiler and the chimney for an average fluegas residence time of 1.2 s.

Even if dioxin formation couldn't be definitely excluded with respect to the men¬

tioned parameter states during combustion, the amount of produced dioxin will most

probably not exceed the amount from the combustion of wood. Herbs don't emit sig-

nificantly higher amounts of hydrocarbons in either gaseous or solid State as com¬

pared to wood. Additionally the temperature conditions are similar as long as the

combustion plant design doesn't deviate strongly from typical wood furnace con-

structions. Heavy metals with catalytic potential make up only a very small fraction of

the fly ash, as compared to the predominating solid potassium Compounds. In addi¬

tion, S02 was detected up to concentrations of 80 to 100 ppm/Nm3, as reported in

context with the HCl measurements. This raises the question as to whether the low

dioxin level in the present experiments and the reported values from straw and

grasses (Chapter 2.4) might have been caused by the same mechanism as proposed

for coal combustion (see fundamental knowledge).

Therefore, in spite of the higher chlorine content in the fluegas, conditions for dioxin

formation don't seem to be better during the combustion of herbs than of wood. Thus

dioxin levels are not expected to be significantly higher than from untreated wood

(<0.3ng TE/Nm3, [45])

Combustion of wood

Emission of organic chlorine-compounds could not be measured during the combus¬

tion of wood, despite the presence of aromatic hydrocarbons. More than 100 |Xg/Nm3
aromatic Compounds were detected during combustion at Optimum conditions and at

counter-flow configuration. Benzene and xylene were the most frequent substances.

The tremendous deterioration of the burn-out of hydrocarbons in co-flow configura¬

tion, as described for the feedgrass mix, was also observed for wood combustion. No

other organic structures apart from aromatics appeared in the fluegas, but the de¬

tected benzene and styrene concentrations reached a total value of more than 4500

iig/Nm3.
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4.1.3 Hydrogen Chloride

Combustion of herbs

The fluegas concentration of hydrogen chloride increased with increasing fuel chlo¬

rine content as expected in Chapter 3.1 (Picture 3.2.1). Highest HCl concentrations of

about 80 Nppm (114 mg/Nm3) were detected during combustion of the feedgrass mix

(1% Cl). Biomass from high growing plants, with their chlorine contents characteristi-

cally below 0.1% (like miscanthus, hemp and sedge) didn't emit HCl in concentra¬

tions above 30 to 40 Nppm. Results below 35 Nppm have an error rate of more than

±50% due to the infrared evaluation method (see 6.3.2). Therefore the results for mis¬

canthus and hemp may be higher than the actually existing concentrations.

As for the influence of the KCl reaction with S02, H20 and 02 (Eq. 2.3) on the HCl

formation the observed relations supported the assumptions made in Chapter 2.4. At

constant fuel chlorine content, the HCl concentration rose underproportionally with

increasing S02 concentration (Figure 4.1.6 a). This conelation was obtained from the

emission data of 90 minutes steady-state Operation with the feedgrass-mix. Figure

4.1.7 illustrates this general trend, showing the correlation between the HCl and S02

mean values of each fuel type in comparison to the fluegas of black liquor (dashed

line) [81]. The progress of the HCl concentration resembles the one during combus¬

tion of black liquor, which is assumed to correspond to a fitted Langmuir-adsorbtion-

type curve. This type of curve shows a clear trend to an Upper limit for the HCl-re-

lease at simultaneously unlimited concentration of S02.

Also, the relation between HCl and H20 confirmed the expectations based on this

process: increasing water concentration in the fluegas was accompanied by super-

proportionally increasing HCl concentration (Figure 4.1.6 b).

However, these two relationships have to be adjusted for the single fuels, using statis-

tically more significant data. Therefore, they have not been generalized mathemati-

cally for herbs.

The concentration of S02, the decisive gaseous fluegas agent of the Hargreaves-proc-

ess and the related process with KCl, is presented in Figure 4.1.5 a. The sulfur transfer

rate from fuel to S02 in the fluegas reaches typical mean values of 50%-60% (Figure

4.1.5 b). This rate tends to decrease with increasing fuel sulfur content, so that the

concentration of S02 grows underproportionally with increasing sulfur content in the

fuel. The feedgrass mix and hemp break this trend with transfer rates as low as 10%-

20%, with the rest of the sulfur found in the fly ash and primarily in the grate ash.
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Generally, chlorine transfer rates reach up to 20%. Below a fuel chlorine content of

0.1% the rate seems to increase up to 50%. This is due to the systematically excessive

HCl concentrations for these fuels (see explanation above), which led to excessive

transfer rates. For fuels with more than 0.1% chlorine the differences in transfer rates

are most probably due to the method of data collection. HCl was detected during a

limited period of about 30 to 60 minutes. Fuel chlorine content however, was ob-

tained by random sampling of the pellet mixture during the entire combustion period

(up to 50 h) and succeeding chemical analysis of the sample mixture. Thus, only the

average fuel chlorine content is known during the HCl period.

The important conclusions from the experiments with different herbs are:

Burning herbs emit HCl concentrations linear to their fuel chlorine content.

HCl and S02 show the typical adsorption-type relationship, suggested by

Langmuir, as known from the combustion of black liquor [81] and led back to

the Hargreaves-process (Eq. 2.2), which is analogously responsible for the

sulfationofKCl.

HCl is growing superproportionally to the water content in the fluegas,
which corresponds again to the sulfation theory.

The chlorine transfer rate for the majority of the examined herbs lies between

10% and 20%.

The observed relationships principally confirm a marginal HCl production and

support the suggested formation paths (Chapter 3.1). They also don't allow a

quantitative weighting of the two paths..

Combustion experiments with a model fuel for herbs have confirmed the HCl emission

results from herb combustion and especially pointed out the effect of increasing ratios

between sulfur and chlorine contents in the fuel on the HCl release, as described in

the following section.

Combustion of wood plus potassium chlorine and methionine

The experiments with mixtures of wood, KCl and methionine were carried out on the

underfeed stoker furnace at an average thermal power of 60 kW. The fuel consisted

of wood chips from local forests. The fuel mixtures with chlorine- and sulfur-additives
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were prepared about half an hour before the feeding started (see Chapter 3.5.2).

3 85g distilled water was necessary to dissolve lg potassium chloride, which in¬

creased the water content of the wood chips about 7.7% per 1% added chlorine. The

mixture charges guaranteed a steady-state running time of 1 to 1.5 hours at an excess

air ratio of 2 to 2.3
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In most cases the experiments were done with chlorine levels of 1%, as found in herbs

from cultivated areas. Sulfur levels were up to five times higher than that found in

herbs (typically < 0.15%). The excess sulfur was chosen to emphasize the supposed

effect of the S02 on the HCl production.

Similar to the HCl emission from herbs, HCl emission from the model fuel showed a

general trend to increase linearly with increasing fuel chlorine content (Figure 4.1.8

a). This again confirmed the importance of fuel chlorine content on HCl emission. As

for herbs, the chlorine transfer into HCl remains below 20% (Figure 4.1.10).

The general correlation trends between HCl and S02 on the one hand and HCl and

H20 on the other are similar to herb combustion (Figure 4.1.9); however, the small da-

tabase leaves the final shape of the data curve open.

Interesting data about the influence of the ratio between sulfur and chlorine in the

fuel as displayed in Figure 4.1.8 b were obtained. As already for herb combustion

supposed and confirmed for the model fuel, HCl emission clearly decreases with in¬

creasing ratio, although equilibrium considerations would suggest the opposite

(Chapter 3.1). Maximum HCl release seems to lie near 0.5% for the examined ratio

and reaches negligible concentrations for ratios below 0.01%. Because of the small

number of experiments this relationship demands further investigation for confirma-

tion.

The higher water content in the fuel manifested itself in a correspondingly higher wa¬

ter concentration in the fluegas as compared to the combustion of air dried wood

alone. A possible influence from the combustion temperature, which is known to de-

crease with increasing water content of the fuel, is negligible. The maximum added

water mass was less than 10% of the dry wood mass and thus decreased the theoreti-

cal combustion temperature by less than 50°C. The theoretical combustion tempera¬

ture was calculated according to the adiabatic combustion temperature suggested by

Nussbaumer [68].

The experimental combustion series with the model fuel had several unsuccessful at-

tempts since mixing and feeding suffered from teething troubles. These first few ex¬

periments have shown that mixing has to be done very carefully in order to cover the

chips homogeneously, and the feeding screw has to be monitored continuously in Or¬

der to prevent fuel breaks. Even succeeding combustion runs can be improved if the

superficial distribution of the additives is exchanged by a Saturation of the whole

wood matrix with the additives.
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The important conclusions from the experiments with the model fuel are:

Burning a mixture of wood, potassium chlorine and methionine leads to simi¬

lar HCl concentrations as burning herbs, tending to increase with increasing

fuel chlonne content

Analogously similar relationships exist between HCl and S02 and between

HCl and H20 respectively, again supporting the influence of the Hargreaves

process (Eq. 2.2) and KCl sulfation (Eq. 2.3)

The HCl formation rate shows a maximum for sulfur to chlorine ratios in the

fuel near 0.5, reaching maximum chlonne transfer rates below 20%.
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Combustion of wood

HCl analysis during combustion of wood on both furnace types tested suffered from

the same uncertainty level as during combustion of miscanthus, hemp and sedge.

Typical emission levels of 0 Nppm were accompanied by levels up to 30 Nppm. How¬

ever, the trend to emissions around 0 Nppm confirms the Observation made during

earlier research experiments by other institutes.

Combustion of wood plus PVC

Mixtures of wood from local forests and PVC (PVC-chlorine content: 52%) were

burned on the grate furnace as well as on the underfeed stoker. The thermal power of

the grate furnace was hold at 200 kW and on the underfeed stoker at 60 kW. PVC

was fed during 1 to 1.5 hours of steady-state combustion at an excess air ratio of 1.5

to 1.8.

Relating to the duration of the PVC feeding time the HCl emission developed immedi-

ately after the wood/PVC mixture reached the primary oxidation zone on the grate or

in the hearth. The chlorine transfer rate into HCl reached about 50% to 95% of the

chlorine, introduced with the fuel (Figure 4.1.10). This corresponded to the observa-

tions from Marutzki and Green and others, who suggested that almost all chlorine in

the fuel is transformed into HCl during combustion.

In the underfeed stoker, the HCl release was reduced to 50%-60%, which is most

probably related to the lower temperature in the primary oxidation zone compared to

the grate furnace. The fluegas temperature immediately after the two oxidation zones

was 500°C-600°C in the underfeed stoker furnace, while it was 800°C-900°C in the

grate furnace. The lower HCl release may also be due to the different fuel transport

into the hearth zone, where not all PVC-pellets may have reached the flame zone.

Typical Volumetrie HCl concentrations for a fuel chlorine content of 1% lay between

500 and 550 Nppm (Grate furnace) and between 300 and 350 Nppm (Underfeed

stoker). In contrast to the rather low HCl emissions during biomass combustion and

the combustion of wood with KCl and methionine, the HCl level during the

wood/PVC experiments reached values which were 10 to 20 times higher than the

noise level of the FTIR background signal.
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42 Volatile, solid Compounds and solid residues

4.2.1 Fly ash

Combustion of herbs

The Volumetrie fly ash mass fraction in the fluegas was detected at the outlet of the

grate furnace boiler for all examined fuels. The gravimetric determination was realized

quasi-isokinetically during steady-state conditions (see Chapter 6.2).

Figure 4.2.1 shows that the fly ash emission clearly correlated with the potassium

content in the fuel. However, in the case of hemp, the fly ash mass fraction deviates

relatively strongly from this general tendency in spite of the fact that the hemp potas¬

sium content was similar to miscanthus and sedge.

This confirms, that not only potassium can increase the emission of solids from herbs.

Besides potassium, sodium was in question as another element present in the exam¬

ined fuels with major contribution to fly ash release due to its similarly high volatility

at typical combustion temperatures (Chapter 2.5). The fuel composition analysis

showed that the hemp used contained unusually high amounts of sodium and calcium

as compared to typical hemp qualities (see also Chapter 3.5.1). If the values on the x-

axis of Figure 4.2.1 were replaced by the sum of potassium, sodium and calcium, then

the hemp fly ash mass fraction would shift closer to the neighbourhood of the herb¬

age-grass fly ash mass fractions. Although the fuel potassium content seems to be a

good Surrogate for the prediction of fly ash freights from gramineous fuels, the sum of

the present alkali and earth alkali metals is probably a more generalizing Surrogate for

the same purpose.

The chlorine mass transfer from the fuel into the fly ash, shown in Figure 4.2.2, gen¬

erally reaches 30% to 50%. A similar transfer rate (41%) was also calculated for chlo¬

rine in fly ash from wood, as mentioned below. This confirms the assumption made in

Chapter 3.1 that fly ash carries the main chlorine load among all detected chlorine-

compounds from the combustion of herbs and wood.
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sum of the most important alkali metals in the fuel (b)
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(top curve) including trend lines

Detailed Information about the composition and chemical structure of fly ash from

herbage-grass and hemp was obtained from the collected samples Main Compounds

in the fly ash are KCl and K2S04, as detected on the intensity pattern of the X-ray dif-

fraction analysis

Herbage-grass Figure 4 2 3 shows the measured diffraction hne spectrum for herb¬

age-grass together with the characteristic diffraction hne spectra of the two potassium

Compounds Together with the quantitative values of the chemical composition, de-

livered by chemical disintegration (Table 4 2 1), the share of KCl in the fly ash was

calculated to be about 70% in this case The amount of carbon is defmitely negligible

compared to the tremendous potassium mass Only about 0 05% carbon could be de¬

tected by chemical disintegration, and no carbonates could be identified in the hne

spectrum from structural analysis

Hemp In addition to the detected potassium Compounds hemp shows further struc¬

tures with sodium Na^Oj has been identified in the mixture (Figure 4 2 4) contrary

to NaCl, from which no characteristic lines appear in the sample spectrum Another

unique sign for the presence of important amounts of carbonates is the rather high

carbon mass fraction (5 3%) in hemp fly ash With this fraction value hemp fly ash
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contains about 10 times more carbon than that of the other four examined fuels This

carbon did not account for biomass char or soot because the combustion conditions

guaranteed a good burn out This was furthermore confirmed by the fact that organic

fluegas Compounds from hemp didn't exceed usual concentration values of the com¬

bustion of herbs (See Figure 4 1 1-Figure 413)

Elements Herbage- Feedgrass Miscanthus Hemp Wood

grass mix fly ash fly ash Hy ash «>

fly ash fly ash

[weight %] [weight %] [weight %] [weight %] [weight %]

C 0 05 0 046 0 094 5 266 nd

K 30 6 50 141 36 213 28 972 13 86

S 6 04 2 118 4 092 2 655 n a

Cl 23 84 30 03 19 029 431 0 61

Si 0 069 0 112 1 87 0 07 1 18

Ca 0 122 0 021 0 94 0 15 24 95

Na 0 96 1 639 1 427 21 217 n a

P 0 209 0 82 0 256 0 249 1 67

Mg 0 012 0 006 0 246 0 2 94

Zn 8 51 nd nd nd 0 369

Ti 0 005 0 0 185 0 n a

Fe 0 024 0 042 0 835 0 049 0 46

AI 0 013 0 0 118 0 0 65

Cu 0 01 nd nd nd 0 029

Pb 6 59 nd nd nd 0 0122

Sum 77 05 84 98 65 31 62 94 46 18

nd not detected na not available (1) Data from [76]

Table 4 21 Elemental composition of fly ash from herbage grass,

feedgrass mix, miscanthus, hemp and wood

Miscanthus In spite of incomplete analysis Information about fly ash from miscan¬

thus, it is possible to describe the same pnncipal properties as for herbage-grass and

hemp The structure of fly ash from miscanthus is again dominated by KCl and KjSO^

which corresponds to its elemental composition This structural Information is taken

from the analysis of miscanthus boiler deposits based on following analogy

Fly ash and boiler deposits from herbage-grass (see Chapter 4 2 2) show very close

relationship with respect to chemical composition and structure Taking this and the



67

general phenomenological similarity between fly ash and deposits into account, it is

most hkely, that miscanthus fly ash also resembles its boiler deposits very closely.

Therefore, initial Information about miscanthus fly ash may be obtained from Chapter

4.2.2, where Table 4.2 2 (chemical composition) and Figure 4.2.9 (XRD-Intensity)
contain the necessary data from the boiler deposits.
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Figure 4 2 4 X-ray diffraction intensity of fly ash from hemp
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5000

29 [°]

Figure 4.2.5 X-ray diffraction intensity of fly ash from wood

Combustion of wood

Wood, having a similar total alkali metal content as miscanthus and sedge, produces

similar fly ash mass fractions in the fluegas as these fuels. Reported average rates for

chlorine transfer into fly ash of about 41% (Figure 4.2.2) are comparable with the

transfer rates for herbs [47]. Chemical composition data of wood fly ash were taken

from Ruckenbauer [76] in the absence of own measurement data (Table 4.2.1).

In spite of the fact that calcium and potassium dominate the elemental mass distribu¬

tion of wood fly ash, only crystalline structures with potassium, mainly KCl and

KjSC^ (Figure 4.2.10), are detectable in the X-ray diffraction spectrum. The reason for

this apparent coincidence with fly ash from herbs lies in the limited information con¬

tent of the X-ray diffraction method. Only crystalline Compounds due to their regulär

structure create characteristic diffraction patterns (see Chapter 6.2). Amorphous

structures, on the other hand, create a diffuse non-resolvable X-ray intensity pattern.

This indicates that calcium, as the main mass fraction in wood fly ash, must exist in

amorphous structures, as already observed by others [48].

In consideration of the minimal amounts of chlorine in trees, the clearly identified

emission of KCl usually doesn't contribute an important fraction to the fly ash from

wood combustion. Normally KCl is therefore negligible in the fly ash of wood; Higher

rates are only expected, when mainly 'metabolism structure' parts (leaves, needles,

roughly peeled bark) are burned. These parts naturally contain higher chlorine frac¬

tions during their lifetime.
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4.2.2 Fly ash deposits

A.) Deposits on boiler smoke pipe walls

Combustion of herbs

The formation of deposits was examined in the horizontally oriented boiler tubes of

the grate furnace after the combustion of each herb species. After stationary furnace

Operation of 40 to 44 hours for each fuel and at least 5 hours pause the total boiler

deposition was collected and prepared for analysis (see Chapter 6.2).

After this Operation period, the deposition thickness in the smoke pipes had grown to

1.5 to 3 mm, depending on the burned fuel. For the thickness measurement the

smokepipes were accessible from the flow inversion Chamber (Picture 4.2.1),.

Picture 4.2.1 Front panel and longitudinal section view of the grate furnace in Eschlikon with

deposit sampling locations for morphological examination (A-C)

The thickness of the layer and the fluegas fly ash mass fraction correlate similarly with

the alkali and earth alkali metal content (Sum of K, Na and Ca) in the fuel (Figure

4.2.6). The mean thickness growth may decrease with increasing Operation interval

due to abrasion caused by impaction of particles from the fluegas, whose flow im-

parted momentum is growing with increasing deposit thickness. Visual inspection of
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the deposit distribution on the pipe surface has shown that the deposit thickness di-

minishes about 10% to 15% from the boiler entrance to the boiler end No signs of

unequal ash distribution over the penmeter of the pipe were visible, suggesting that

the influence of gravity is not very important for the shape of the deposit formation

on the pipe surface This is a phenomenon, which is discussed in detail using micro-

view pictures (see also Chapter 4 2 3 B)
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Figure 4 2 6 Mass specific deposition growth in smoke pipe, displayed in function of the sum-

marized alkali and earth alkali metals in the fuel Average values after 45-50h

combustion at ER 2 3

Typical mass transfer rates from the dry fuel mass to the deposited fly ash mass üe be¬

tween 0 05% and 0 2% The mass transfer rates for the individual fuels are calculated

by dividing the total deposit mass (including deposits from boiler smoke pipes plus
the front panel between pass 1 and pass 2) by the total, dry mass of the burned fuel

The results are plotted in Figure 4 2 7 against the fuel specific sum of alkali and earth

alkali metals

For purposes of companson Figure 4 2 7 also presents mass transfer data for the grate

ash, which was assumed to be equal to the fuel ash mass fraction, and its relation to

the deposit mass transfer rate The visible trends of the data groups lead to the as¬

sumption that the transfer rates reach a constant value with increasing levels of alkali
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and earth alkali metals in the fuel. The comparison between grate ash and boiler de¬

posit shows further that only about 1% to 2% of the mineral matter in herbs remain as

deposit in the boiler. Together with measurement data from the fly ash emission, a

summanzing rule can be formulated out of this: The inorganic matter of herbs is parti-
tioned during the combustion by factors of 10:

• 100% of the mineral matter is introduced into the furnace

• 10% of the mineral matter is emitted with the fluegas
• 1 % of the mineral matter is deposited in the boiler

The chlorine transfer shows a general rate of 7% and a slightly decreasing trend for

increasing fuel chlorine contents as displayed in Figure 4.2.2.
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Figure 4.2.7 Mass transfer rates for boiler deposits and grate ash versus the sum of K, Na and Ca

fractions in the fuel
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For chemical composition analysis, deposits from three boiler locations with different

distances from the entrance, have been sampled 5 hours after the furnace shutdown.

The first sample was taken at the entrance of the boiler (Pos. A), the second sample at

the entrance of the second pass [Front panel, half-way from the boiler entrance, (Pos.

B)] and the third sample at the end of the second pass (Pos. C), see also Picture 4.2.1.

Füll analysis was done for herbage-grass, as the main representative of the examined

botanical species. Only samples from position B were analysed for the feedgrass mix

and miscanthus. The corresponding elemental composition data are listed in Table

4.2.2.

Elements Herbage-

grass

fly ash

(Pos A)

Herbage-

grass

fly ash

(Pos B)

Herbage-

grass

fly ash

(Pos C)

Feedgrass

mix

fly ash

(Pos B)

Miscanthus

fly ash

(Pos B)

Wood

fly ash "'

(Pos B)

C

K

S

CI

Si

Ca

Na

P

Mg

Zn

Ti

Fe

AI

Cu

Pb

Sum:

[weight %\

0 060

46 986

4 966

20 46

1 286

0 829

0 838

0916

0 205

nd

0 054

0 420

0 037

nd

nd

77 06

[weight %]

0 027

43 251

3 296

23 9

4 174

1 958

0816

1 519

0 663

nd

0012

0 595

0 153

nd

nd

80 36

[weight %]

0 055

40 677

4 725

22 95

1 758

2 673

1 009

0 908

0 338

nd

0 120

1 203

0 302

nd

nd

76 72

[weight %]

nd

42 62

3 92

32 74

0 13

0 28

1 12

0 81

0 028

0 13

0 002

0 045

0 004

0016

0 16

82 01

[weight %]

0 055

21 086

2 383

11 08

13 089

5 475

0 831

1 492

1 435

nd

0 108

4 861

0 688

nd

nd

62 58

[weight %]

5 95

13 08

1 44

0 08

0 63

34 38

0

1 5

2 5

0 11

0 12

0 29

0 14

0 023

0 007

54 3

nd not detected, n a not available, (1) Data from [76]

Table 4.2.2 Elementary composition of smoke pipe deposits
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Since deposits have a very dose chemical relationship to the fly ash collected after

the boiler, they don't appear to have been transformed by further chemical reactions

with the ambient fluegas. In other words, no distinct influence of the residence time

can be observed for the chemical composition of fly ash particles.

This is also confirmed by the herbage-grass data which don't reveal any significant
location dependency for the deposit composition. With mass fractions up to 43% for

potassium and up to 24% for chlorine, these two elements dominate the physical and

chemical properties of the boiler deposits.

The general resemblance between fly ash and deposits is also confirmed by their chlo¬

rine transfer rates. Average rates for the boiler deposits are not greater than 5% to

10% (Figure 4.2.2). This factor, of course, underestimates the real chlorine "storage"

by deposits due to its exclusion of the rest of all observed, but not further analysed

wall residues in the combustion system. These were deposits between the grate and

the boiler (brick walls) but also deposits after the boiler in the chimney. The following

chapter will give more information about the brick wall residues.

Structure analysis by X-ray diffraction identifies KCl and K2S04 as almost exclusive

chemical structures in the deposits from herbage-grass (Figure 4.2.8) and miscanthus

(Figure 4.2.9). Similarly to the observed relationship in chemical composition, the dif¬

fraction intensity distribution caused by deposit samples resembles the distribution

from fly ash samples, as can be concluded from the herbage-grass samples. Com¬

pounds like carbonates but also Silicates and phosphates cannot be identified

uniquely. Carbonates are very likely to exist in such deposits although not in impor¬

tant amounts (see also 'fly ash' results in Chapter 4.2.1).
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Figure 4.2.8 X-ray diffraction intensity of herbage-grass fly ash deposits (Pos. B)
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Figure 4 2 10 X-ray diffracüon intensity of wood fly ash deposits (Pos B)

Combustion of wood

Deposits from wood combustion grow much slower than those from herbs Even after

a combustion penod of 30 hours only a thin layer of deposit is visible The deposit's

thickness was estimated to be about 0 1 mm In contrast to the white deposits from

herb combustion, deposits from wood appear hght-grey The colour of the wood fly

ash deposits even becomes black, when the excess air ratio is reduced below 1 5 De¬

posits from herbs only become dark-grey if the process turns to incomplete combus¬

tion This colour change is most probably due to increasing amounts of unburned hy-
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drocarbons, or in short, an amorphous soot, which can't be analysed by XRD, but by

thermogravimetric analysis of the deposit samples.
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Figure 4.2.11 EDX intensity spectrum of boiler wood fly ash deposits

from the underfeed stoker furnace (Platinum is the sample covering material)

The chemical composition analysis of fly ash deposits from wood revealed a dramati-

cally higher calcium content compared to fly ash deposits from herbs. Apart from the

clearly dominating calcium, Potassium, magnesium and sulfur, detected by chemical

disintegration analysis are the important elements in deposits from the smoke pipe sur¬

face at (Pos. B).

Analogously to the analysis of fly ash from herbs, X-ray diffraction in deposit samples

doesn't identify any other structures than KCl and KjS04 (Figure 4.2.10). However,

X-ray diffraction analysis delivers additional peaks with rather low intensity. With re-

spect to the relative high calcium mass fractions, these peaks are most probably

caused by crystalline calcium-compounds, even if they can't be definitely identified.

Samples of deposits from wood combustion in the underfeed stoker furnace confirm

the results from grate furnace boiler deposits. Qualitative, elementary composition in¬

formation of such deposits, a side result of the scanning electron microscope analysis

(EDX, see Chapter 6.2), indicates relatively high amounts of potassium, chlorine and



76

sulfur (Figure 4.2.11, the platinum peak corresponds to the sample covering material,

applied for SEM-analysis).

Carbon occurs at roughly 10 times higher levels than in deposits from herbs, where

the adjusted excess air ratio ränge (1.6-1.8) guaranteed that only marginal carbon

amounts were emitted as unburned hydrocarbons in the fluegas during the combus¬

tion of wood. This carbon is most probably bound as calcium carbonate in the fly ash.

More precisely in an amorphous shape as the missing, characteristic intensity lines in

the X-ray diffraction spectrum let assume.

B.) Deposits on combustion and reaction Chamber walls

Analogously to the Situation in the boiler, fly ash deposits are also formed on the

brick walls between the grate and the boiler. These deposits tend to melt during the

process. A layer thickness up to 5 mm can be measured in cross sectional cuts. Even if

no physical or chemical analysis of these deposits were done during this project, the

general colour and the shape of partly melted parts of the latter indicate, that the

chemical composition probably resembles the composition of fly ash and boiler de¬

posits. Also the observed melting of the brick wall deposits during the combustion

process, meaning at temperatures above 700°C, supports the assumed existence of

KCl and K2S04.

One sequel of the brick deposit formation is a slow abrasion of covered brick parts.

Severe damages were observed in the grate furnace after an Operation time of ap-

proximately 1000 hours, where herbs were burned for 300 hours and the remaining

Operation time was reserved for combustion of untreated wood, demolition wood and

some test-fuels (The results of these experiments are not the subject of the thesis).

Whether by thermal tensions, caused by different expansion coefficients of brick and

deposit material, or due to corrosion of the brick material, the wall was slowly disinte-

grating, falling apart step by step into pieces of a size up to a few centimeters.
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4.2.3 Morphological characterization

A.) Fly ash

Morphological characteristics of fly ash from herbs and wood were determined using
instruments for size Classification as well as microscopic investigation of fine struc¬

ture. The methods applied are explained in detail in Chapter 6.2. Assuming the fly ash

characteristics do not diverge severely among the different herb species, the examina¬

tion was restricted to herbage-grass and wheat straw.

Combustion of herbs

Fly ash particles from herbage-grass and wheat straw, collected with the plane filter,

show typical diameters between 100 and 500 nm and reveal their regulär, geometric

shapes, favouring cubic to rhombic structures (Picture 4.2.2). Supplementary informa¬

tion from size analysis (DMA, Anderson impactor) has shown that the majority of the

sampled particles have diameters below 100 nm. Impactor results reveal that the me¬

dian particle size must be below 200 nm. The size difference between collected parti¬
cles on plane filters and particles analysed by DMA or Anderson impactor goes back

to the influence of the sampling location: The plane filter samples were taken rela¬

tively near to the furnace collecting rather big particles and the size analysis samples

were taken in the chimney far away from the furnace collecting the remaining small

particles. The environmentally interesting, typical particle size is therefore most

probably about 100 nm.

Combustion of wood

In contrast to the combustion of herbage-grass and wheat straw, wood combustion

doesn't lead to fly ash particles of clear geometric shape, as observed on SEM-pic-

tures of the plane filter surface (Picture 4.2.3). The collected particles, with typical di¬

ameters around 200 nm, are rather agglomerates of smaller particles without regulär

shape, resembling the shape of sintering products. In-line size distribution analysis

doesn't reveal important amounts of bigger particles than the ones presented below.

The methods applied rather confirm that fly ash from wood consists of particles with

typical diameters below 100 nm. Impactor data suggest that typical diameters are

smaller than 200 nm and data from DMA analysis even classify the general size be¬

tween 50 and 100 nm (Figure 4.2.12).



78

(a) (c)

\j:::M

(b) Cd)

Picture 4.2.2 Fly ash particles from herbage-grass (a, b) and wheat straw (c, d)

collected on plane filters at ER 2.2
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(a) (b)

Picture 4 2 3 Fly ash paiticles from wood collected on plane filters at ER 1 7 (a b)

0 010°

Figure 4 2 12 Representati\e particle size distribution for the case of wood combustion measured

by Huglin [SO] using a new sampling and analysis method based on application of

DMA and CNC The curves were standardized to an excess oxygen concentration

of 13%
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B.) Deposition in horizontal smoke pipes

Combustion of herbs

Macro-view

The grate furnace boiler and its smoke pipe tubes were inspected visually after the

combustion of each fuel. For timothe, the covered walls of selected tubes were addi¬

tionally supplementarily examined along their füll extension with the help of an en-

doscope.

Deposits in the horizontally oriented smoke pipe tubes cover the metal walls

smoothly with equal thickness around the perimeter but slightly decreasing thickness

along the tubes towards their outlet. The colour of the deposits ranges from white for

mineral-rich biomass (Feedgrass mix), to white with an increasing brown tone for

biomass with intermediate mineral contents, to grey for mineral-poor biomass (wood).

By means of an endoscope, the entrance section of the first pass became accessible

(Pos. A, Figure 4.2.1). Picture 4.2.4 (a), filmed after the combustion of timothe in pipe
56 of the first pass, demonstrates the smooth surface of the deposit structure and indi-

cates indistinctly its tendency to flaking (white spots). At the pipe entrance of the

first pass, fly ash accumulates and forms hard deposits on the order of magnitude of

the pipe wall thickness, as can be derived from Picture 4.2.4 (b) and (c). The surface

shape of this deposition resembles the shape of partly molten, viscous glass. And the

fact, that the fluegas temperatures reach up to 900°C at this point, allows the conclu-

sion, that this deposit indeed must be partly molten during the combustion process.

Just enough to sinter, but not enough to show typical flow patterns of for instance

molten ceramics.

The deposition further in direction of the fluegas flow doesn't sinter, but remains

powdery. The relative importance of the deposition thickness compared to the smoke

pipe dimension is illustrated in Picture 4.2.5, showing the covered front panel of the

flow inversion Chamber with partly removed deposits.

To show the dependency of boiler deposit build-up on the burn out quality of the

fuel and to perform detailed morphological examination of the deposit structure, fur¬

ther experiments were done on the underfeed stoker furnace with herbage-grass and

wood. Boiler deposits were sampled on 13 mm aluminium discs in a sample carrier,

which was fitted into a boiler smoke pipe halfway through the boiler of the underfeed

stoker furnace (see Chapter 6.2, Picture 6.2.2 and for the sampling location Picture

3.3.5). In this way, deposits were collected for 20 to 30 minutes at low and high ex-
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cess air ratio. Macroscopic view of the deposit surface shows it's generally white,

smooth appearance, as already observed in the grate furnace boiler.

a.) Deposit in the pipe b.) Pipe entrance c.)Pipe entrance edge

(0° offset from pipe axis (0° offset) (90° offset view)

Picture 4.2.4 a.) General deposit shape in pipe 56 (pass 1) and b.) at the entrance

Picture 4.2.5 Deposition on the front panel (Flow inversion Chamber)

The excess air ratio doesn't have a significant effect on the appearance of the herb fly

ash deposits. This is in contrast to the deposits from wood, which are black for low

ER and can hardly be seen if collected during combustion at high ER. For gramine¬

ous fuels, the only colour difference between high and low excess air ratio is a light
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grey touch at low ER compared to the white colour of deposits from combustion at

high excess air ratio

Fuel ER

[-1

Disc

location

Dp«

[um]

Principal shape Colour

(Macrov)

Herbage-grass 22 A 200-300

100-200

50-150

Fractal agglomeration

of cubic particles

hght-grey

to

white

B

C

1 7 A 300-500

200-300

grey

B

Wood 1 8 A 100-300'"

50-200'"

Aggl of cubic particles

and amorphous structures

dark-grey

B

14 A 300-500

300-500

Fractal agglomeration

of cubic particles

black

B

(1) Exclusively refernng to particle size amorphous structures had extensions up to 1 5 (im

Table 4 2 3 Morphological parameters of particles in boiler fly ash deposits (Sampling device)

from herbage-grass and wood dependent on their setthng location on the sampling

disc and the excess air ratio (ER) Deposit ongin A Centre, B Detached flow

zone, C Centre, disc bottom up (Picture 4 2 6)

Micro-view

Microscopic view increases the available Information Analysis of the pictures from

the scanning electron microscope resolve the fine structure of the fly ash deposits
with the necessary precision Table 4 2 3 summanzes the observed charactenstics All

examined samples show a chaotic distribution of otherwise crystalline particles This

raises the question of whether the deposit formation might be formulated as diffusion-

hmited growth of a fractal structure Such a diffusion-hmited growth of a fractal struc¬

ture was for instance suggested by Sander [78] for ion deposition An overview of

the fine structure shows a coral-hke pattern (Picture 4 2 7), which is also known for

particles which settle on surfaces due to diffusion mechanisms

The photos don't show any mdication for an important influence of the flow direc¬

tion on the deposit formation, as would be expected if lmpactmg particles form the

deposit Particle deposits in detached flow zones (area B, Picture 4 2 6) only show a
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loose collection of Single particles of the same local distnbution and the same general
size distribution as the much more dense particle accumulation on disc areas with at-

tached flow (Picture 4 2 10 a, b) With increasing magnification, the rough structure

appears as accumulation of Single particles with diameters below 0 5 um SEM-analy-
sis also visuahzes the ramified, chain-hke accumulations of fine particles due to com¬

bustion

Area B Detached flow zone

Fluegas flow

Picture 42 6 Shape of the 13 mm sampling disc and mdication of the zones of attached and

detached fluegas flow contact during deposit sampling with the 13 mm disc (see

Picture 6 2 2)

Three dimensional views of the deposit surfaces clanfy the deposit depth structure (

Picture 4 2 8, for 3-D-View Instruction see glossary) The smallest particles can

be found at the top of the deposit and the bigger the particles are, the nearer to the

wall are they located This raises the question, whether the collected particles sinter

together, forming bigger particles Another observed structure pattern (Picture 4 211)

supports this assumption, showing accumulated fine particles with already indistinct

surface lrmits, just as if they would have been in a melting process However, if sin-

tenng occurs in the deposits, it doesn't strongly affect the adherence between the

particles The deposits have powder quality and therefore don't show good structure

stability, as would be typical for sintered matenals

To see a possible influence of the excess air ratio on the deposit structure, the particle

collectives sampled under different excess air ratios were inspected for specific shape
differences Picture 4 2 9 (a) and (b) are typical views of deposits in area A Picture (a)

for low excess air ratio (ER 1 7) and Picture (b) for high excess air ratio (ER 2 2) The

SEM-analysis clearly shows that the median particle size is shifted to bigger diameters

(300-500 um) with decreasing excess air ratio An almost cubic shape (round edges)

is predominant for the majonty of all deposit particles from herbage-grass Distinctly
cubic or cuboid shapes can be detected in deposits taken after low ER combustion

These are typical crystalline structures of KCl and K2S04
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An interesting result was obtained from SEM-analysis of samples collected on a probe

oriented upside-down during combustion at high ER (Picture 4.2.12). This clearly

showed that gravity has a selective effect on the particle transport to the cooled wall.

The median particle diameter is clearly shifted to a smaller value around 100 nm. This

effect is rather surprising with respect to the macro view impression of a uniformly

distributed deposition (see above), which suggests that gravimetric influence is negli¬

gible for the formation. It seems that gravitation has a selective influence on the me¬

dian size of the settled fly ash particles but only a negligible influence on the visual

appearance of the deposition.

Combustion of wood

Macro-view

Boiler deposits from wood are quite unremarkable with their slow growing, light-grey,

smooth appearance. 30 minute sampling time for the particle collection in the under¬

feed stoker furnace at high ER (1.8) is not enough to produce this grey deposit. In

fact, only a transparent, thin deposit is formed during this time. But there is enough

material on the probe surface to compare the deposit with those from herbage-grass.

On the other hand deposits appear very clear during the collection at low ER (1.4);

The black colour indicates the presence of unburned carbon.

Micro-view

The microscopic information of boiler deposits from wood is quite similar to that from

herbage-grass deposits. The overall microscopic patterns are analogous to the ones

from herbage-grass (Picture 4.2.7 and Picture 4.2.10) and the excess air ratio is again

parameter of a distinctive differentiation (Picture 4.2.13). For low ER, (1.4) the median

particle size lies in the ränge of 300 to 500 nm, whereas for high ER, (1.8) the ränge is

100 to 300 nm. Among the typical cubic particles which appear at the surface, ad-

hering to each other and forming complex ramified or fractal-like structures, additional

particles appear during combustion at high ER. Their shape is rather irregulär and

dendritic, with maximum extensions up to 1.5 um. Again the origin of these particles is

most probably due to sintering and melting effects between settled particles.
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(a)

00008 IOppi

(b)

Picture 4.2.7 Deposit from herbage-grass combustion at ER 2.2 (a) and wood combustion at ER

1.7 (b)



86

Pictuie 4 2 8 Fly ash deposits from herbage grass displayed for 3 D view
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(a)

(b)

Picture 4 2 9 Fly ash deposits (Area A) from herbage grass combustion at ER 17 (a) and ER

2 2(b)
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(a)

(b)

Picture 4 2 10 Deposit tiom herbage-grass combustion at ER 2 2 (a) and wood combustion at ER

1 7 (b) in detached flow zones (Area B)



89

500 hm

Picture 4 2 11 Amorphous agglomeration of fine fly ash particles from herbage grass

»

r

^^je»

* l*r-

S3*

Picture 4 2 12 Fly ash deposit on area A from upside down sampling at ER 2 2
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(a)

(b)

Picture 4 2 13 Fly ash deposits (Area A) from wood combustion at ER 1 4 (a) and 1 8 (b)
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4.2.4 Formation mechanisms of deposits

Formation on cooled surfaces at fluegas temperatures below 700°C

The investigation of boiler deposits has brought detailed information about their ori-

gin and formation mechanism. The chemical composition confirms that fly ash is the

source material where carbon appears only as carbonate. The main mass fraction of

the resolvable particle fine structure of the smooth layers is obviously of crystalline

nature, showing typical cubic and rhombic shapes of the detected Compounds KCl

and K2S04.

With respect to the irregulär, chaotic accumulation of crystalline particles, the result-

ing conclusion is that the deposition is formed by settling particles, which solidify in

the fluegas. This is also supported by the fact that the fluegas temperature beyond the

boiler entrance is lower than the melting temperature of the main substance (KCl,

750°C). The deposit formation mechanism is therefore a particle settling mechanism,

where the initial fly ash solidification is much faster than the secondary precipitation

step. In the absence of particles with diameters above 10 um, gravity settling, inertial

and eddy impaction can be excluded. This is also confirmed by the visual examination

of the deposits. Electrophoresis seems to be very improbable too, with respect to the

negligible electric charge of such small particles [24] and the restricted possibilities for

charging mechanisms in a combustion system.

Thermophoresis is therefore definitely the important mechanism for particles of this

size under the prevailing temperature conditions. These results were especially con¬

firmed by systematic laboratory experiments at Sandia National Laboratories

(Livermore, California), investigating the deposit formation on a Single cylinder in a

laboratory plug flow combustor, burning herbage-grass and miscanthus [54].

Formation on cooled surfaces at fluegas temperatures above 700°C

Based on visual examination in the case of deposits on the brick walls, surface struc¬

ture patterns clearly confirm the existence of molten states during the combustion

process. This allowed a delimitation of the causing mechanisms.

From the combustion Chamber to the boiler the fluegas temperature sinks from about

900CC to about 800°C. In this temperature ränge KCl, the main substance of fly ash,

is in vapour State, whereas substances like KjSO,, and other inorganic substances al¬

ready solidify due to their lower volatility (Melting temperature of K2S04: 1069°C).

Although the brick walls are simply cooled by air, the wall surface temperature must

be low enough to let fly ash vapour condense on it. Consequently the decreasing

concentration of fly ash Compounds towards the walls must cause diffusional fly ash



92

transport from the fluegas flow core to the walls. This effect is certainly increased by

thermodifrusion.

Whereas the deposit surface in the reaction Chamber is rather smooth and glass-like,
the surface in the combustion Chamber is rather rough, showing at some places coral-

like, sintered superstructures. Referring to Obemberger and Biedermann [71] these

specific appearance can be traced back to the entrainment of grate ash particles due to

the increased flow speed in the fuel bed.

Elements Herbage-grass

Calcmed

grate ash

Miscanthus

Calcuved

grate ash

Wood

Calcined

grate ash

C

K

S

CI

Si

Ca

Na

P

Mg

Zn

Ti

Fe

AI

Cu

Pb

Sum:

Ignition loss

[weight %]

0 134

22 331

0 537

051

21 092

6 975

0 734

3 452

2 321

nd

0 144

1406

2 038

nd

nd

6178

10 77

[weight %]

0 093

21003

0 501

011

2155

7 011

0 675

3 343

2 364

nd

0 144

135

1 99

nd

nd

60 13

5126

[weight %]

2 168

8 301

0 324

0 043

5 226

36 092

0215

2 339

4 565

nd

0 132

1944

0 916

nd

nd

62 26

0

Chlonne Mass

transfer

fuel to grate ash

[kg/kg DS]

0 101 0 118 0 095

(1) Elemental composition refers to the grate ash after its calcination nd not detected, n a not available

Table 4 2 4 Elemental composition of the grate ash and its chlonne transfer rate
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4.2.5 Grate ash

Grate ash residues from herbage-grass, miscanthus and wood have been analysed for

their elemental composition (Table 4.2.4). The type of fuel did not have much impor¬
tance on the chlorine mass fraction in the ash. Corresponding values in Table 4.2.4

have a general dimension of 0.01% to 0.1% of the ash mass. Such equal chlorine ac¬

cumulation in residue ash together with the big differences of the fuel specific ash

contents resulted in a general chlorine transfer rate of 10%.

The two solid freights from herbs and wood combustion, the fly ash and the residual

ash (deposits and grate ash), contain together about 70% of the chlorine mass intro¬

duced by the fuel. The chlorine transfer from the fuel to the grate ash was calculated

as the ratio between the amount of chlorine in the grate ash and the dry fuel mass.

43 Chlorine mass balance

According to the measurement data, the main chlorine transfer happens with the fly

ash flow: about 45% leaves the furnace as fly ash through the chimney, where about

7% settles on the boiler walls. HCl generally carries 15% of the fuel chlorine content.

Chlorinated hydrocarbons contribute only a negligible fraction to the whole chlorine

transfer (< 0.03%). The grate ash contains about 10% of the original fuel chlorine

mass (see Figure 4.3.2 a).

The decreasing tendency towards increasing fuel chlorine content in Figure 4.3.2

most probably goes back to an apparently oversized chlorine content of the

feedgrass mix due to the random collection of fuel samples for analysis (Chapter 6.1).

Not having sampled the deposits in the reaction Chamber and the combustion Cham¬

ber, the effective chlorine transfer to this residue is unknown. However, assuming a

similar deposit growth in these sections as in the boiler, the conesponding rate would

roughly make 7% too.

Considering both known and assumed transfer rates, a gap of 16% remains open. The

rate gap is most probably going back on underestimation of the real rates due to dilu-

tion of the real concentrations in the fluegas by excess air. With respect to the known

difficulty to seal a furnace gastight, minimum dilution by excess air has to be taken

into account for the applied combustion Systems. Assuming therefore, the incomplete

chlorine balance is not going back on undetected chlorine-compounds the general
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Undetermmed

Grate ash

HCl

(a)

Fly ash

(b)

Fly ash

Figure 4.3.1 Chlorine transfer: general trend of experimental results (a) and as assumed for the

effective transfer (b)
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cluding trend lines (dashed)
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conclusion for the effective chlorine transfer, as displayed in Figure 4.3.1, results con¬

sequently in:

• Almost 70% of the fuel chlorine leaves the furnace as fly ash whereas about

23% of this freight accumulates in deposits on brick walls (combustion and

reaction Chamber) and on metal walls (boiler).

• Almost 20% of the fuel chlorine is emitted as HCl.

• About 12% of the fuel chlorine is discharged as grate ash

4.4 Tested countermeasures

4.4.1 Fly ash precipitation by cloth filters

Polyethylene (PE), polytetrafluor ethylene (PTFE) and ceramic filter cloths were

tested during total Operation intervals of usually 45 to 50 hours for each of the fol¬

lowing fuels: feedgrass mix, miscanthus and hemp. For the rest of the available fuels,

just the PTFE cloth was tested during similar Operation intervals. In case of herbage-

grass, the PTFE cloth was submitted to a longer test interval, which lasted over 120

hours. The housing and the fluegas pipe from the chimney to the filter were heated up

to temperatures well above the fluegas temperature to prevent any condensation ef¬

fects during the determination of the efficiency of fly ash precipitation. With usual

fluegas temperatures of 120°C to 150°C (at the filter inlet) the reference temperature

of the metal surfaces was therefore held at 150°C to 180°C. To check the influence of

filter surface load variations on the filtration efficiency, the surface load was adjusted

at different levels between 0.5 m/min and 2.7 m/min. Pressurized air was used to clean

the filter surface by pressure shocks depending on the filter pressure drop, which was

adjusted to 1500 Pa. The Blow-off Operation interval was set to 300 ms, including the

opening period of the solenoid valve. To allow flow speeds up to 80 m/s, valves with

a Kvs-value of 9.8 mVh were chosen to expand pressurized air from 8 bar above at¬

mospheric pressure to environmental pressure. The fluegas Une was not interrupted

during the cleaning Operation.

The fly ash from all included fuels builds smooth, white filter cakes with a thickness of

1 to 1.5 mm This filter cake doesn't stick to the cloth surface but can be shaken off

very easily by pressure shocks. The filtration efficiency (Table 4.4.1) for all examined

fuels is higher than 99%. These values are calculated from the measured fly ash mass

fractions before and after the filter cloths.
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Slight differences can be observed between the application of polymer and ceramic

cloths. The ceramic cloth doesn't prevent the fly ash slip as perfectly as polymer

cloths. This is also apparent by a very smooth, and almost transparent fly ash deposit

(thickness < 0.2 mm) on the clean gas side of the filter when the ceramic cloth is used.

During further experiments, (not hsted) the filter pressure drop was increased up to

2500 Pa which resulted at equal surface loads in shorter cleaning intervals and con¬

sequently higher air consumption for the air blower. The surface loads in Table 4.4 1

represent optimum values. If the surface load is increased above 2 m/min the filter

pressure drop remains on a high level in spite of the air blower action Subsequently

the filter remains in a quasi permanent cleaning State. On the other hand, the filtration

efficiency lsn't reduced at increased surface loads. The application of polymer cloths

allows higher surface loads compared to the ceramic cloth: at the same maximum filter

pressure drop and similar cleaning intervals, the surface load of the PTFE cloth is

about 1.2 higher than for the ceramic cloth.

Filtration Fuel Cloth Surface load Air blower

efficiency consumption

[kg/kg] [m/min] [m3/m3]

99 5 Herbage-grass PTFE 1 5 0017

99 5 Feedgrass mix PTFE 1 5 0 017

99 1 Ceramic 1 2 0 022

99 5 Timothe PTFE 1 5 0 017

99 5 Hemp PTFE 1 0 017

99 1 Ceramic 1 2 0 022

99 5 Miscanthus PTFE 1 5 0 017

99 5 Sedge PTFE 1 5 0 017

99 5 Wheat straw PTFE 1 5 0 017

99 5 Wood PTFE 1 5 0017

Table 4 4 1 Filter efficiency for fly ash precipitation from different herbs with different cloth

quahties at a pressure drop maximum of 1500 Pa, fluegas temperatures between

150°C and 180°C and a wall temperature of 200°C The hsted results represent op¬

timum Operation states
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An important aim of the long-time filtration run during combustion of herbage-grass

was the Observation of eventual effects from extraordinary Operation conditions.

The first aspect is the heat-resistance of the chosen cloth qualities. No damages, espe¬

cially no holes in the fabric, can be detected when pelletized herbage-grass is burned.

But during a 6-hour-run with chopped, not compressed herbage-grass, the bottom

third of a PE filter bag was destroyed by fire. Most probably glowing particles must

have ignited the cloth, in spite of the long distance of the filter from the grate (10.5

m). Only one other fuel type leads to the same problem: combustion of saw dust with

a maximum grain size of 3 mm caused a similar partial destruction of a PE cloth by fire.

Obviously, even after having passed through different baffles and a cyclone some

particles still reach the filter with enough energy to thermally decompose the PE ma¬

terial. Such damage can be successfully prevented by burning the fuel in lumps with a

size dimension above 10"2 m (herb pellets or wood chips).

A second, rather uncomfortable aspect, is the clogging of the cloth due to hardening

of the filter cake. In one case, the filter cake on a PTFE cloth changed from a smooth,

powdery layer to a stiff, gypsum like layer which couldn't be removed just by pres¬

sure shocks. The reason for this turned out to be an incidental combination of two

effects: the filter cloth wasn't cleaned just before a longer break in the experimental

phase, and the fluegas line through the filter was not blocked as usual for non-opera-

tional states of the filter. On-going experiments with wood caused water condensa¬

tion in the unheated filter, a State, which lasted at least 16 hours. The filter cake, which

consisted of about 20% K2S04 was then hardened during drying after the combus¬

tion. The corresponding formation mechanism is similar to the hardening reaction for

CaS04, which forms gypsum together with water through formation of hydrates.

Alarmed by this filter clogging, water condensation was intentionally provoked in the

filter house (unheated filter house) at fluegas temperatures below 100°C (filter en¬

trance). This was done to see if the same effect would happen i.e. if the filter cake

would be cleaned before the shut down and to see if condensation would change the

filtration efficiency. The following procedure was done - After the last cleaning pres¬

sure shock, the filtration through the wet filter cloth was stopped overnight and re-

started after 17 hours. The start up was done without preheating the walls. This spe¬

cial restart didn't impair the Operation of the filter. Before and after the stop the filtra¬

tion efficiency was analogous to the efficiency during filtration without condensation

forming: The filter cake, which was formed simultaneously as the water condensation

on the filter cloth, splintered away similarly in small pieces of a general size up to 3

mm as during 'dry'-filtration.
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This test has therefore shown that during Operation the hardening of filter cake resi¬

dues has a negligible effect on the filtration efficiency and the cleaning practicability
of the air blower if the filter cake is cleaned off permanently (several times per hour).

Finally the herbage-grass experiments allowed a certain prediction of a probable filter

cloth life time. Two parameters are decisive for the duration of high efficiency fly ash

precipitation with the same cloth:

Filter cloths are under periodic, severe mechanical stress due to the pressure shock

cleaning system. Therefore, the endurance lirnit for the filter cloth at Operation tem¬

perature is one important parameter.

The second parameter is the filter clogging-up time i.e. the duration after which the

filter cloth has collected enough non-removable particles to produce a permanent

pressure drop above the designed lirnit. The expression 'non-removable' particles re¬

fers to particles which can't be removed permanently during filter Operation. These

are e.g. particles which may well be pushed off the filter cloth, but are small enough

not to sink down into the fly ash collection cone before the continuously flowing

fluegas has entrained them back to the cloth surface. Or these are particles, whose

adhesion to the cloth fibres exceeds the momentum, imparted by the pressure shock

induced movement of the cloth fibres, by far.

Although 120 hours are not a very long Operation time for precise predictions of the

clogging-up time, it seems that this time interval will not be much shorter than for

Standard cloths used for filtration. The Splintering filter cake emphasizes this impres¬

sion, showing that fly ash particles from herbs adhere much better to each other than

to the filter cloth. More uncertainty concerns the life time of the cloth material.

Longer test intervals will have to show if corrosion by chlorine and sulfur will accel-

erate the aging process under the prevailing thermal stress.
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4.4.2 Fly ash precipitation in cyclones after the boiler

The partition ratio of cyclones, defined as the ratio between the precipitated fly ash

quantity and the original fluegas fly ash quantity, sinks below 5% if the particles be-

come smaller than 0.5 um. This result is based on the calculation method of

Barth/Muschelknautz. Figure 4.4.1 from [62] presents their result for the partition ra¬

tio compared to suggestions from other authors. The figure presents the results of a

chosen cyclone design, which represents optimum precipitation characteristics.

Figure 4.4.1 Calculated partition ratios for V* = 175 m3/h, Ds = 0.0125 m2/s and specific de¬

sign variables after: a) Leith/Licht (1972), b) Mothes (1983), c) Dietz (1981), d)

Muschelknautz (1972) and experimental values (A) (In: Löffler, [62])

The cyclone application in the grate furnace led to the following conclusion:

The cyclone collects only minimum mass fractions of the fly ash (< 1%). The precipita¬
tion efficiency will be increased considerably if the fly ash particle size can be in¬

creased to values above 1 um by further measures, such as measures for particle

growth increase or particle agglomeration. Otherwise, the typical cyclones in wood

furnaces are useless for precipitation purposes.
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4.4.3 Removal of smoke pipe deposits by air blowers

The powdery, very loosely adhering smoke pipe deposits can be easily blown off by

pressurized air. Three smoke pipes were cleaned by air nozzles in front of each pipe,

actuated by mdependently operating quick-acting closure valves and two further

smoke pipes were cleaned simultaneously, actuated by one valve (see also Chapter

3.3.2). In order to identify the optimum Operation method, the two parameters, which

can directly be influenced, the break interval and the operating time of the solenoid

valve, were varied for the different smoke pipes and for the different fuels. The

cleaning effect was judged by the following two criteria:

• Thoroughness of the deposit removal

• Depth action of the blowing power

As reported in Chapter 4.2.2 A the deposits from all plants seemed to have generally

similar adherence properties, and the thickness of the deposits varied in a rather nar-

row band of 1.5 to 3 mm The air blowing experience shows that the cleaning effect

for such fly ash layers is limited by low Operation times and high break intervals. For

Operation times smaller than 150 ms and break intervals over 2 h, the depth action of

the air blowers decreases severely. Beyond these limits deposit removal on the smoke

pipe wall remains almost perfect for all tested parameter settings. However, on rough

(mostly corroded) surfaces, formation of permanent deposits, with a thickness smaller

than 1 mm, can be observed independently on the parameter settings.
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4.5 Suggestion for primary measures

Fly ash reduction measures

An efficient control of the fly ash formation would be most preferable with respect to

the chlonne mass transfer rate mto fly ash as high as 30% to 50%, its effect on the

boiler Operation and its impact on health of particle sensitive organisms

Primary measures to reduce or prevent the release of inorganic Compounds from the

fuel are directly related to measures taken agamst high mass fractions of nutnhve, liq¬
uid Substrates These Substrates are mainly concentrated m the xylem and the phloem,
the water distribution network of the plant, and in metabohc active cell structures, such

as leaves and branches More generally, this is the whole penphery, which is re-

sponsible for energy transformation (photosynthesis) and mass exchange with the

surrounding atmosphere The Substrates contain the fly ash causing alkali and earth

alkali metal salts, which are principally transported mto the plant through the xylem
As reported earher (Chapter 2 2), these salts can be volatile above 500°C Primary
measures as summanzed in Table 4 5 1 are therefore designed to solve the problem

puor to or during the primary combustion on the grate

Measure AI is already achieved, if no other fuels than wood are burned, but can be

extended to herbs, if high growing plants, like miscanthus, sedge or hemp are used

These plants have a higher mass fraction of hgnified parts than low growing herbs, and

consequently a lower mass specific mineral demand

If herbs are harvested during chmatic seasons, which are not optimum for plant

growth, then the collected herbs contain minimal amounts of inorganic Compounds

(Measure B) Herbs usually reduce the metabohc activity during such seasons, con-

centrating their nutritive Substrates in the roots

Measure C leads to similarly low chlonne levels as the previous measure It is exclu-

sively important for high growing herbs, where increasing plant height is correlated to

increasing mass fractions of hgnified plant parts with low metabohc activity (mainly

stalks) In addition the Separation of the leaves (high metabohc activity) from the stalks

can be reahzed during harvesting with less handling effort
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Measures Effect on Effect on chlonne-

alkali metal compound

concentration concentration

Prior to combustion

AI) Selectionof plants with low mineral 2 2

demand for nutntion

A2) Cultivation on areas with low chlonne levels nc 1

B) Harvest ofthe plants during low 1 1

metabohc activity

C) Selection of plant parts with onginally 1 1

low metabohc activity

D) Reduction ofthe salt content in the fuel 1 1

by physical measures after harvesting

During combustion

E) Reduction ofthe vapour pressure of

inorganic Compounds by additives

2 3

F) Recirculation of fly ash and uyection

after secondary combustion (gas phase)

2 nc

G) Secondary oxidation at temperatures

above 1000°C, sufficient high residence

time and good mixing of fluegas and air

nc 1

H) HCl-adsorption on calcium based

adsorbents above 350°C

nc 1

(supposed)

n c not correlated

Table 4 5 1 Primary measures and their potential effects for the reduction of the fluegas con¬

centrations of undesired Compounds

Potential valuation 1 high, 2 medium, 3 low

Together, measure A-C offer minimum fly ash release with exclusively farming on-

ented measures. The last measure (D) is combined with rather high technical effort It

is a method which is not dependent on the sort of herb, its ongin and the harvesting

period The salt content can principally be reduced by osmotic extiaction in water with

lower salt concentration than present in the liquid plant substiate oi by pressurized
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dewatenng, a method, which flushes the liquid cell Substrate out of the plant structure

and with it also water-soluble salts

The pre-combustion measures allow nunimum design changes of commercial wood

combustion plants, but demand a rehable fuel supply service includmg quality assur-

ance In other words herbs used for commercial energy purposes would have to be

cultivated by cooperating producers who offer the necessary quality assurance

Concerning the pirmary measures during combustion, two principal measures carry the

potential to reduce the resulting fly ash emission or to allow a more efficient pre¬

cipitation of the fly ash particles

Measure E Expenments with mixtures of herbs and phosphorus-additives have shown

that the amount of fly ash can be reduced to 60%-70%, possibly due to the formation

of potassium-phosphorus Compounds, which have at the same temperature generally
lower vapour pressures than potassium- or sodium-compounds [20] This reduction

may not be sufficient at the first look, but it rndicates that the evaporation of alkali

metals from herbs can be governed by an optimized addition of vapour pressure

diminishmg substances

Another primary measure aims to increase the fly ash particle size by recirculation of

fluegas from the outlet of the boiler mto the combustion Chamber after the secondary

air mlet (measure F) The recirculated, entrained fly ash particles will then serve as

nuclei for the sohdifying salt phases, and thus dimimsh the concentration of particles

with diameters below 0 3 um If the particle size can be changed to diameters above 1

um, cyclones will presumably reduce the finally emitted fly ash mass to values below

the allowed limits Recent results from recirculation experiments executed by Hasler

[44] during wood combustion have confirmed that the emitted fly ash mass was at least

50% smaller than without recirculation'

Reduction measuresfor gaseous chlorine-compounds

Analogously to the case of fly ash, primary measures to reduce the release of gaseous

chlorine-compounds from the fuel are directly related to measures against high mass

fiactions of nutiitive Substrates, smce chlonne appears in plants principally as part of

these substances Unlike alkali metals, which have an important, nutritive value and

are therefoie essential for the plant, chlonne is not essential, i e plants would also

grow, if the anion chlonne were replaced by another anion in alkali metal Compounds

assimilated by plants
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Generally the same measures can be applied pnor to the primary combustion as sug¬

gested in measure A to D Chlorine-compounds can also be reduced if the heibs are

cultivated in chlonne poor areas (measure AI), even if this may be hypothetical for the

near future The high chlonne level in agnculturally cultivated areas is due to the

application of KCl as important mass fraction m many artificial fertilizers [95] Low

chlonne levels would only be reahstic, if new fertilizer quahties would offer minimum

chlonne levels, or if herbs for fuel purposes would only be cultivated in areas, which

have not been exposed to intensive fertihzation during the last decade

Once chlonne is present in the fuel, no efficient primary measure is known to reduce

or prevent the release of gaseous chlorine-compounds mto the fluegas This is due to

the combmed effect of high temperatures above 1000°C and the very high volatility of

chlonne However, it is possible to transform most gaseous chlonne species to HCl

which is a stable chlonne molecule at such conditions HCl is also a gas, for which

secondary measures are existing

Chnstill reported for instance, that the decomposition kmetics of chlorinated hydro¬

carbons are so fast, that they were reduced below the detection limits at a temperature

of 1000°C, a residence time of 2 s and usual gas mixing conditions in commercial fur-

naces [19] By measure G it will therefore be possible to disintegrate chlorinated hy¬

drocarbons to HCl, CO2 and H2O by oxidation, where the amount of additionally

formed HCl will be negligible compared to the already existing HCl mass fraction

Oxidation at this temperature would simultaneously destroy precursors of the

PCDD/PCDF formation But this measure will also lead to high thermal stress for the

hmiting brick walls

Expeiience from a similar measure for the reduction of NOx during combustion of

chip boards has shown that usual bnck quahties suffer from deformation by gravitation

and erosion/corrosion effects during shut down phases due to the different coefficients

of expansion of bnck and fly ash deposits [77]

Nevertheless, improved furnace design can prevent these effects All fluegas contact

surfaces in the hot bnck part can be sheltered against deposit formation by removable

heat resistant ceramic-hke thin plates, which may for instance be produced based on

grate ash from wood, which is known not to melt during the combustion A similar

application m case of pressunzed coal combustion was for instance suggested by

Hannes [42] The mevitable destruction of such plates during mamtenance Service

wouldn't make a big part of the Operation costs The bnck deformation on the other

hand can be controlled by local application of bncks with higher heat resistance



105

Measure H: Measure G alone may not be efficient enough, if the chlorination of sim¬

ple hydrocarbons happens again in the cooling fluegas below temperatures of 400°C,

analogously to the de-novo synthesis of PCDD/PCDF. Gullet suggested, based on

laboratory experiments for the investigation about the formation of chlorinated or-

ganics [38], that the favoured formation of such Compounds at such low temperatures

might be prevented, if the coexisting HCl would be adsorbed on calcium based

adsorbents at temperatures above 350°C. However, the reduction efficiency of meas¬

ure H in case of simple hydrocarbons will first have to be confirmed.
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4.6 Suggestion for secondary measures

Several methods for secondary measures, which may reduce the undesired emissions

from herb combustion are known, but most of them have been designed for commer¬

cial sized installations above 10 MWth. Similar methods on a smaller scale would cause

additional costs for re-design and development. In consideration of this assumption,

an emission reduction by secondary measures will probably not cost less than a re¬

duction by the suggested primary measures, if the concepts are based on contempo-

rary social and especially monetary criteria. In consideration of this Situation the fol¬

lowing text doesn't present all possible secondary measures but concentrates on a

Secondary-Measure-Based concept (SMB, Table 4.6.1). This concept results in

probably minimum costs, and is here compared with a preferable Primary-Measure-

Based concept (PMB), a selection based on the primary measure suggestions in

Chapter 4.5. The Primary Measure Based concept allows the application of State of

the art wood combustion plants, whereas the Secondary Measure Based combustion

concept accepts a richer fuel species list.

The SMB concept is based on dry adsorption mechanisms, which have the advantage

that only two phases, the solid and the gas phase are mixed, causing less effort for

succeeding treatment processes.

Using a cloth filter after the boiler, the fly ash can be collected with an efficiency

above 99.5% together with injected, activated carbon, coke or even charcoal, used

for the adsorptive collection of hydrocarbons, possibly including PCDD/PCDF.

Adsorption of HCl on carbon-derived media is insufficient [94], that's why it will

have to be reduced by adsorbates like Ca(OH)2, which again can be precipitated on

the cloth.

Absorption methods are excluded here for two reasons. Firstly, they involve a third

phase, the liquid, causing higher effort for succeeding recovery or other treatment

processes. Secondly, at least two absorption media would be needed to absorb such

chemically different substances like HCl and organic hydrocarbons. Absorption by

only one medium, preferably water, has high realization risk. Water may be an accept-

able, exclusive absorption medium for fly ash and HCl, only if the main part of the

present hydrocarbons is absorbed too. This is likely for polar hydrocarbons (e.g. phe-

nolic comp.) but not for nonpolar hydrocarbons (e.g. aliphatic comp.). If PCDD/PCDF

emissions are found to be critical in further investigations, their absorption in water

would only be sufficient, if these Compounds would hopefully be adsorbed by fly ash

particles in advance to the treatment with water [87].
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As main measure for the PMB concept limits for alkali metal and chlorine contents in

herbs are suggested as approximate values for orientation, based on the results of this

thesis. Secondary measures are also included in the PMB concept as already indi-

cated by the name of the concept. In consideration of the two aspects of wood com¬

bustion, mentioned in the following, a simply primary measure based concept is today
not realistic for herb combustion with its corresponding disadvantages concerning fly
ash release.

With respect to growing concern about airborne dust, especially respirable dust (but
also unburned hydrocarbons, with special focus on halogenated hydrocarbons), pri¬
mary measures against the emission of such Compounds will probably hardly be suffi-

cient in the near future to guarantee the emission limits even for the combustion of

wood.

During this investigation it became clear also that not only herb combustion causes

severe deposit formation. Boilers from several wood combustion plants were confined

in their Operation by deposits during an uninterrupted period of about 30 days of füll

load Operation requirement in winter 1996/97. Even if the crucial reasons for these

incidents are not fully understood up today, it seems quite clear that the boiler depos¬
its were just enhanced due to higher fuel mass flows and longer Operation intervals

without service stops compared to Standard Operation conditions, provoked by the

exceptionally hard winter.

These two aspects suggest that the PMB concept will anyway have to be supplied
with secondary measures in order to reduce the fly ash emission and the deposit for¬

mation in the process plant, because the same contribution to the environmental ac-

ceptability and Operation reliability of herb combustion plants will most probably also

have to be done in case of wood combustion.

Although the emission of nitrogen monoxide is not a topic of this report, it has to be

discussed here in terms of the suggested countermeasures in this section. The knowl¬

edge about primary and secondary measures for the reduction of NOx emissions from

wood is very rieh. Combustion experiments with herbs on the grate furnace [11] have

confirmed that the principally applicable measures are analogous to those for wood

combustion, but that the measures have to handle increased NOx loads from herbs

due to the higher nitrogen content in the fuel. NOx reduction by gradual air injeetion
and increased residence time in the fluegas at temperatures above 1100°C is consid-

ered as efficient primary measure. Alternatively, SNCR technology, which allows NOx

reduction at 800°C < T < 900°C in coexistence with NH-additives, is suggested as

secondary measure.
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Required effect PMB SMB

Fly ash emission below hmit

Hydrocarbon emission below lirnit

Emission of chlonnated hydrocarbons and

PCDD/PCDF below hmit

HCl emission below hmit

NOx

S02

Negligible deposit growth in boiler

Minimum corrosion and erosion of

bnck walls

Fuel alkali metal content

<1% <»

Secondary oxidation at

T >1000°C

Secondary oxidation at

T > 1000°C

Fuel chlonne content

<01% <2)

Staged combustion

Fuel sulfur content small

Fuel alkali metal content

<1% <"

Fuel alkali metal content

as low as possible

Precipitation in filters with

efficiencies higher than 99 5%

Adsorpüon on active carbon, coke or

char coal at T < 600°C

Adsorption on entrained active carbon,

coke or char coal particles

Adsorption and chemical reaction with

Ca(OH)2atT = 200°C

SNCR

Adsorpüon on Ca-compounds

Penodic removal by air blower

Removable shelter plates over the sen¬

sitive bnck sections

(1) Accepting corresponding effects from wood as upper hmit, (2) For an emission hmit at 10 mg/m3

Table 4 6.1 'Primary-measures-based' (PMB) and 'Secondary-measures-based' (SMB) con-

cepts as opposite extremes for a method selection for the reduction of undesired

emissions

However the authors expressed their concerns about a conflict between the demand

for low NOx-emissions on the one hand and for negligible deposit formation in the

corresponding reaction Chamber on the other hand. These concerns are justified with

respect to the here mentioned importance of the deposit formation:

With it's high volatility (melting temperature near 750°C), KCl will definitely be in a

vapour State in the combustion and reaction Chamber, and the vapour pressure of

K2S04, will be relatively high too. Thus, deposit formation from these vapours has to

be expected. Yet, in spite of its inevitability this effect will not be prohibitive for the

herb combustion when the following measures are taken (as already suggested for

measure G in Chapter 4.5):

The temperature difference between fluegas and wall will have to be small to minimize

condensation and thermophoretic particle transport. Additionally, the use of suitable

shelter plates and the selective application of brick quahties with high thermal stabil¬

ity will protect the bnck walls from severe corrosion and erosion.
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5. Conclusions

In herbs and wood chlorine appears principally as an anion of KCl. This Compound is

assimilated together with other minerals through the roots of the plant and distributed

through the primary water-conducting tissue (xylem) to the adjacent fine distribution

tissue (phloem). The phloem provides water and nutrients for metabolism in active

plant cells. Minerals appear in mass fractions corresponding to the mass fraction of

living plant cells relative to the total plant mass. High growing herbs, with their high

degree of lignification, show relatively low mineral content. Typical herbage-grasses
on the other hand, with their minimal lignification degree, show the highest mineral

content. In contrast to water, minerals don't evaporate intensively after harvest.

However, the volatilization of these Compounds increases dramaticaily and independ-

ently as soon as the plants undergo thermal decomposition at temperatures above

500°C. This thesis has especially examined emissions and effects related to the chlo¬

rine content of herbs and wood during combustion on a grate furnace in counter-

flow configuration at maximum burn out of the fluegas Compounds. Interrelationships
between the results, the fuel composition and the recognized formation paths can be

grouped into two categories: emissions and operational effects (see also Figure 4.6.1).

Emissions

• HCl was the major effluent among the gaseous chlorine-compounds, appearing at

concentrations up to 114 mg/Nm3 (11% 02). The formation of HCl must have hap-

pened under non-ideal conditions. No spontaneous chemical reactions are known,

which would lead to important amounts of HCl under the prevailing temperature

and pressure conditions of atmospheric combustion processes. Most probably HCl

forms either during the heating of the liquid cell substiate of the fuel or in the flue¬

gas due to reaction between KCl and SO2 in presence of oxygen and water. Ex¬

periments with a model fuel (wood, KCl and methionine) suggest that at constant

chlorine content increasing ratio between sulfur and chlorine in the fuel leads to

decreasing HCl emissions.

• Organic, chlorinated hydrocarbons were detected only in trace amounts. Chlorin¬

ated, aliphatic hydrocarbons (methane- and ethane-derivatives) appeared in the

fluegas from herbs at an order of magnitude of 10 ttg/Nm3, with a
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i r
0

Distance from grate [m]

Figure 4 6 1 Formation paths for chlonne-compounds from the combustion of herbs and wood

with detail projection of the deposit formation on bnck walls (A) and in boiler

smoke pipes (B) Flags indicate the assumed chlonne transfer rate for the different

emissions and residues

maximum for fuel with a chlonne content between 0 2% and 0 4% Multiple chlo¬

rinated phenols appeared at a dimension of 1 (Xg/Nm3 during combustion of herbs

having a chlonne content above 0 3% For fuels with a chlonne content below

0 3% (wood, miscanthus, sedge and wheat straw), chlonnated phenols generally

were not detected Chlorobenzenes appeared only during co-flow configuration of

the combustion Chamber, reaching concentrations up to 1 ug/Nm3 This effect was

consistent with the assumption that unburned phenols from heating-up of the fuel

would be reduced to the more stable benzenes if in longer contact with the heat

source
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Measurement data from our own furnace and from Weber [100] have up to now

confirmed that PCDD/PCDF fluegas concentrations from herb combustion were of

the same order of magnitude as die corresponding values from wood combustion.

The formation of chlorinated hydrocarbons is supposed to have happened mainly
in the cooling fluegas, with peak production below 400°C, similar to the formation

of dioxins. Formation during the initial devolatilization of hydrocarbons from the

fuel seemed improbable. Such chlorinated hydrocarbons are well known to be

thermally decomposed during the rather long fluegas residence time above tem¬

peratures of 500°C. The appearance of remarkable amounts of S02 in the fluegas
led to the assumption that PCDD/PCDF emissions from herbs might similarly have

been reduced as suggested for coal combustion, where the high sulfur content was

suspected to be responsible for this effect.

• Fly ash mass fractions up to 1000 mg/Nm3 were detected with increasing tendency

for increasing sum of alkali and earth alkali elements in the fuel. KCl, having the

highest vapour pressure compared to other mineral Compounds in herbs, was the

main Compound in fly ash. It was followed by K2S04 with a mass fraction of only

about a fifth of the total fly ash mass. Hemp combustion has shown that sodium

causes similar amounts of fly ash as potassium consistent with the similar volatiliza¬

tion behaviour of both elements. In the case of wood, with its low chlorine content

still the same potassium Compounds were detected in the fly ash as for herbs. How¬

ever amorphous calcium Compounds are supposed to be the most important mass

fractions in fly ash from wood. Neither herb nor wood fly ash contained important

amounts of unburned carbon structures showing only signs of carbon in carbonate

structures.

Morphological investigation revealed that fly ash particles from fuels with low lig¬

nification degree have cubic and to a lesser degree, rhombic shape (KCl, K2S04).

Particles from "woody" fuels contained both crystalline structures as well as ir¬

regulär shapes (amorphous structures). The typical average diameter of fly ash par¬

ticles in the chimney is about 100 nm. The size is shifted to bigger values with de¬

creasing excess air.

Fly ash formation during herb and wood combustion is primarily due to the evapo¬

ration of inorganic Compounds in the fuel, such as KCl. Fly ash Compounds are also

formed by chemical reactions in the fuel as for instance oxides or carbonates of dif¬

ferent mineral elements. Furthermore, fly ash Compounds in the fluegas undergo
also chemical transformation as for instance the transformation of KCl to K2S04 in

the presence of S02.
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• Due to the supposed influence of S02 on the release of hydrogen chloride and on

the prevention of dioxins, this emission was also measured for this thesis. The S02

concentration increases with increasing sulfur content in the fuel, reaching levels

up to 230 mg/Nm3. Sulfur dioxide is formed due to oxidation of sulfur, which is

mainly associated with the organic structure in the fuel.

Operational effects

• Steel walls corrode at high and at low temperatures, where low temperature corro¬

sion occurs mainly in the presence of liquid water. Erosion and high temperature

corrosion affect the brick walls of the combustion Chamber and the adjacent reac¬

tion Chamber.

• The specific size ränge of fly ash particles renders cyclones useless as secondary

precipitation devices. Better precipitation can be achieved using diffusional meth¬

ods rather than inertial forces. In fact, fly ash settled on PTFE and ceramic cloth fil¬

ter surfaces through brownian diffusion with an efficiency of at least 99.5% of the

fly ash content in the fluegas. Only negligible fly ash amounts were found in cy¬

clones.

• Severe deposit formation was observed on all walls. The observed average deposi¬

tion growth in boiler smoke pipes lies between 0.1 and 1.1 um/kg dry fuel sub¬

stance, showing increasing tendency for increasing sum of alkali and earth alkali

elements in the fuel. Fundamentals and earlier laboratory experiments with cooled

steel cylinders let assume that depositions on walls parallel to the general fluegas

flow direction are basically formed due to settling fly ash Compounds driven by the

temperature gradient over the cross section of the fluegas flow. This was confirmed

by the formation of deposits in boiler smoke pipes. Their close chemical and mor¬

phological relationship to fly ash supported the hypothesis that below 700°C,

solid fly ash particles are deposited on metallic walls by thermophoresis. Deposits

on brick walls forming at temperatures between 700°C and 1100°C are supposed

to be formed by condensing fly ash vapour, driven by thermodiffusion.

With respect to the detected emissions and the observed effects, appropriate primary

measures will have to be tested in order to develop an adequate combustion technol-

ogy. According to TA-Luft, the German air poUution regulations, HCl, S02 and fly ash

exceed the emission limits by factors, whereas the emissions of chlorinated hydrocar-
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bons, including dioxins, can actually be classified as "not alarming". Two paths are

suggested as primary measures to reduce the critical emissions and related effects:

• Reducing the mineral content of herbs prior to combustion. This can be achieved

in three ways: If only the herb parts with high lignification degree are burnt (e.g.
miscanthus and hemp). If herbs are harvested in their withering State, or if herbs are

bleached with water in advance of the combustion.

• Alternatively, the following primary measures during combustion can reduce the

observed emissions and effects: Phosphorous additives are known to react with

mineral components in herbs, forming Compounds with low volatility. Partial recir¬

culation of the fluegas is supposed to increase the average fly ash particle size and

thereby improves the precipitation efficiency of cyclones. HCl and S02 will have to

be adsorbed on injected particles, for instance made of calcium-compounds, and

precipitated on filters, or absorbed in water with eventually succeeding water

treatment.

Both paths will still have to include measures against the deposit formation such as an

automatic cleaning device for the boiler, e.g. air blowers, and a practical method to

deal with the deposit formation on brick walls, e.g. removable, heat resisting shelter

plates over the brick walls.

The suggested measures will increase the financial Investment remarkably. Under the

prevailing contemporary social and especially monetary criteria, only larger plants (>

10 MWlh) would be economically interesting.

In spite of the adverse side effects of herb combustion, the process includes advan-

tages, which support on-going activities in research and development.

• Compared to fossil fuels, herbs and wood are almost C02-neutral, producing mini¬

mal surplus C02 due to energy consumption for harvesting and fuel preparation.

Further, the external costs of such biomass fuels are much smaller than those of fos¬

sil fuels.

• Based on these aspects, herbs like straw of cereals are already used today as fuels

for power production in Scandinavian countries and in the United States. Up to

now, these countries have broad experience with such fuels and are actually trying
to overcome similar problems as observed for this thesis.
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• Potassium Compounds can be extracted from the fly ash, allowing a partial recy-

cling of Compounds which were originally ingredients of the cultivation area. This

way the technical effort for potassium fertilizer production, which is usually done

by mining processes, can be reduced.

• Similar effects as observed during herb and wood combustion will also be valid for

other biomasses. All living organisms need minerals for their metabolism, thus

biomass combustion in general deals with similar problems as observed for herbs

and wood.

Further development and research will have to test the efficiency of the selected

measures. In order to measure the achievable reduction of HCl and S02 emissions, the

applied analysis method (FTIR-spectroscopy) should be improved in order to reach a

resolution as low as 5 ppm. Special concern should be focused on the development of

improved brick qualities, trying to improve the heat and conosion resistance of these

materials without increasing the production costs.

With respect to growing concerns about the environmental impact of organic hydro¬

carbons, the formation of these Compounds should be investigated in more detail in

order to prepare for counter measures. If the astonishingly low PCDD/PCDF emis¬

sions are confirmed, further research might help to understand the responsible mecha¬

nism. This would possibly help to find measures for the reduction of PCDD/PCDF

during combustion of other fuels, like municipal waste.
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6. Sampling and analysis

6.1 Fuel composition

Fuel pellet samples were collected during the combustion experiments from the feed

screw of the 450 kWth grate furnace. The collection was done by random sampling of

about 100 to 150 g every 2 hours during totally 40 to 50 hours running time. The

elemental composition of the mixed fuel was determined by chemical disintegration,

executed by the Federal Research Laboratory for Agriculture and Ecology FAL, in

Zürich (H. Stünzi). The elements included were: Ca, K, Mg, Na, P, CI, S, and Fe.

62 Solid emission and residues

The different solid products from the combustion were examined for their quantitative

and morphological appearance as well as for their elemental and structural composi¬

tion.

Fly ash from the fluegas after the boiler

The fluegas concentration of fly ash was determined gravimetrically after quasi isoki-

netic sampling in the chimney after the boiler (Picture 6.2.1). For quasi-isokinetic

sampling, the diameter of the entrance nozzle was adjusted according to the expected

fluegas flow of the furnace and to the fixed sample gas flow of 1.2 m3/h. The sample

gas passed through a heated filter package (Tw: 120°C) made of quartz glass wool,

leaving the fly ash in the wool. Subsequently the gas flow was cooled down to

25°C-30°C, dried with silica gel, and measured with a flowmeter. The sample gas was

transported by a sliding vane rotary pump at the end of the sampling Une. After the

sampling the filter package was dried at 120°C during 3 hours at least. Knowing the

weight of the initially empty and dried filter package, the fly ash mass fraction was

determined as ratio of the mass difference between the fly ash loaded and the empty

filter package to the dry sample flow volume.

Using a heated plane filter (Tw: 120°C) instead of the glass wool package described

above, thin fly ash layers were collected on polycarbonate filter foils with pore diame¬

ters of 25 nm (Nuclepore membranes, distributed by Sterico, Dietikon). The foils were

later prepared for morphological investigation by means of scanning electron micros-

copy as described further down.
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Fly ash from the fluegas after the cloth filter

To detect the very low fly ash concentration after the cloth filter, radiometric mass de-

termtnation (Radiation source Ki85) was applied (Picture 6 2 1) [12] The selection feil

upon the conünuously recording meter FH-62 from Fneseke & Hoepfner in Erlangen

(Germany) Analogously to the fly ash sampling after the boiler quasi-isokmetic sam¬

pling was arranged after the cloth filter The sample stream, which reached still 80°C

to 100°C at the entrance of the nozzle, was led through a heated (100°C) pipe to the

FH-62 The gas entered the Instrument over a 150 mm long connection pipe, in order

to cool down below the maximum Operation temperature of 90°C The fly ash was

collected during 10 minutes on a transportable paper tape and irradiated by beta ra-

diation The mass of the collected fly ash resulted from the proportionality between

the beta radiation absorption in the fly ash and the fly ash mass The sample gas flow

was fixed to 1 m3/h by means of a nozzle, whose diameter guaianteed constant mass

flow The maximum mass load on the filter tape was 2 4 mg

-*-\
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15 °C
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Cooling Drying 0 6 bar 2 m3/h

0 3 bar 1 m3/h

Picture 6 2 1 Sampling equipment and on-line analysis Instruments for fly ash collection after

the boiler (a), after the cloth filter (b) and for morphological investigations (c)

FI flowmeter, VI Volume Integrator PI pressure mdicator

Smoke pipe deposits

Deposits from the smokepipes in the grate furnace were scraped with aluminium In¬

struments from different locations (see Chapter 4 2 2) of the pipe surface and stored

in glass bottles with gas tight Covers The sampling usually was done after the mdi-

vidual combustion experiments The samples were later prepared tor structural or ele¬

mental analysis as explained in the following section
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Smoke pipe deposits for morphological investigations were sampled in the underfeed

stoker furnace using Standard sample carriers from scanning electron microscopes. For

this purpose a cylindrical steel body was used, which was machined for close sliding

fit in the smoke pipe to assure a good contact with the water cooled boiler wall

(Picture 6.2.2) [82]. The fluegas flow was led through a cylindrical drill-hole, which

couldn't be located co-axial to the smoke pipe centre-axis. This was due to the di¬

mension of the mounting pin of the disc-shaped SEM-sample carrier used for the

mounting in the body wall (Picture 6.2.2, Pos. 1). This method guaranteed minimum

handling and environmental disturbance between sampling in the boiler and examina¬

tion in the laboratory.

©0. 0
A LJ4.

Y///////////////////////M///<

View A

Picture 6.2.2 Sampling body for deposit collection on a SEM-analysis sample holder (disc

shaped). 1: Sample disc placement, 2: Centre axis fluegas flow, 3: Cylindrical sam¬

pling body made of stainless steel

Grate ash

Grate ash samples were taken three times during the combustion experiments on the

450 kWth grate furnace. 300 g ash were collected each time from the discharging

container after intervals of 15 to 17 hours. 1-2 g of the ash mixture were used for sub-

sequent analysis (see further down).
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Elemental composition of solids

Solid samples were usually examined for their elemental composition and crystalline

structures. The elemental composition, including Ca, K, Mg, Na, P, Si, CI, C, S, AI,

Fe and Ti, was determined by chemical disintegration after ASTM D-2795, executed

by Hazen Research in Golden, Colorado (C. Cvmningham). Parallely also elemental

analysis by means of X-ray-fluorescence was applied by Schweizerische Munition¬

sunternehmung in Altdorf, Switzerland (A. Gisler). Crystalline structures were

searched by X-ray-diffraction-analysis of manually pressed sample material by the de-

paitment of Nonmetallic materials at the ETH in Zürich (D. Buhl). The minimum sam¬

ple mass was about 1 g for each of the mentioned analysis methods.

Not all methods were applied for any solid samples:

Fly ash samples were taken from the cloth filter surface and analysed by all methods.

Ash depositions in the boiler were sampled punctually at different places and analo¬

gously fully analysed by all methods. The elemental composition of wall deposits was

additionally examined by X-ray-fluorescence measurement during SEM-microscopy

(Also known as Energy Disperse X-ray analysis, EDXA). Grate ash samples were

analysed by chemical disintegration and X-ray-fluorescence.

Morphological examination of solids

Based on the knowledge that fly ash from wood consists principally of accumulated

particles [24], [28], [4], information about the fine structure of fly ash from herbage-

grass and wood was get from three measurement techniques:

Firstly, fly ash was collected on polycarbonate plane filters (diameter: 25 mm) in the

chimney after the underfeed stoker furnace and examined by scanning electron mi¬

croscope analysis. At the same occasion, fluegas sample streams also were examined

for their particle size distributions by means of a Differential Mobility Analyser

(DMA, TSI 3071) [37]. This instruments samples particles after following physical

principle: After having been bipolarly charged by a neutralizer (85Kr) particles are

separated selectively in a cylindrical, electrostatic field. This effect is due to the

different, size depending mobility of the particles. By Variation of the voltage the

discrete size region used for the selection of fly ash particles can be shifted (see also

Picture 6.3.1).

Secondly, the diameter size distribution was analysed with the help of an Anderson

impactor in the chimney of the grate furnace [56].

In case of wood combustion in the grate furnace, a new method from Huglin [50] was

additionally applied and executed by the Oekozentrum Langenbruck (U. Wieser).
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This method has especially been designed for the high particle concentrations in the

fluegas from biomass ensuring a broad detection ränge of the particle diameter. After

dilution with air, fly ash particles bigger than 2 um were precipitated by impaction
and the remaining particles analysed for their number size distribution by combination

of DMA (TSI3071) and condensation particle counter (CPC, TSI 3025).

All three methods suffer from methodical restrictions for the ränge of the detectable

particle sizes: Where the plane filter guarantees the collection of particles with a di¬

ameter below 5 um (Filtration after preceding cyclone), the DMA allows the detection

of fly ash mass fractions of discrete particle diameter classes between 10 and 500 nm

and the Anderson impactor of the classes between 0.2 and 10 um. The last mentioned

combined method guarantees a detection ränge of 10 nm to 0.7 um.

Fly ash samples and smoke pipe deposit samples were examined by scanning electron

microscope (SEM) (Dr. P. Wägli, ETH Zürich) searching surface characteristics of their

solid State. The samples were usually covered with platinum and scanned at an accel-

eration voltage of 5 kV. Selected deposit samples were also investigated with a field

electron microscope (FEM) (P. Walter, ETH Zürich), which returned more detailed pic¬

tures of the surface. Best results were obtained using ash samples, which have been

formed directly on microscope sample carriers. For this purpose, the deposit sampling

had to be adapted to the special shape of the SEM and FEM carriers (Picture 6.2.2).

63 Gaseous emissions

The search for gaseous chlorine-compounds was focused on volatile, chlorinated hy¬

drocarbons (including also brominated hydrocarbons) and on hydrogen chloride. The

hydrocarbons served as representative group for the existence of organic Compounds

and hydrogen chloride as representative for inorganic Compounds. Parallely, the con¬

centrations of the typical combustion fluegas components C02, CO and of H20 as

well as of S02 were recorded to detect possible relationships between chlorine-com¬

pounds and simultaneously detected gases.
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Picture 6.3.1 Differential Mobility Analyzer [28]
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6.3.1 Organic hydrocarbons

A fluegas sample stream of 1 m3/h was taken quasi-isokinetically during 20 to 40 min-

utes from the main stream after the boiler and led to a series of three washing bottles,

from which the first two contained the absorbent 0.2 n caustic soda and the third was

kept empty as overflow vessel (Picture 6.3.2). This sampling section was used to col¬

lect polar hydrocarbons, which show in general increased water solubility compared
to nonpolar hydrocarbons. After the absorption section the sampling line was split
into two lines. One end was connected to a vacuum pump and the other end to a pair
of adsorption tubes switched in-line, the first in flow direction containing the adsorb-

ent CARBOSIEVE and the second one TENAX. Because of their very small collec¬

tion capacities the adsorbents were loaded with maximum 200 to 500 ml of fluegas.
For this purpose a 50 ml syringe was applied every five minutes at the outlet of the

TENAX-pipe during the sampling. Using this adsorption media after the washing bot¬

tles, mostly non-polar hydrocarbons, which passed the washing bottles without hav¬

ing been retained by the liquid, could be collected efficiently.

After the sampling at the experimental site, liquid collectives and adsorption tubes

were stored in adequate glass bottles with gastight covers and sent for analysis in the

laboratory (R. Gloor, Bachema, Zürich). The caustic soda was extracted at different

pH-levels with a mixture of organic Solutions. The extract subsequently was sepa-

rated by gas-chromatography and the separated Compounds identified by mass spec¬

trometry. Similarly, the collected gas Compounds on CARBOSIEVE and TENAX were

thermally decomposed at 330°C (CARBOSIEVE) respectively 230°C (TENAX),

separated by gas-chromatography (after cryo-focusing with liquid nitrogen) and

identified by mass spectrometry.

The applied analysis method for organic Compounds covered a representative selec-

tion of the entity of all potentially possible, organic Compounds in the fluegas after

biomass combustion.

PCDD/PCDF

The sampling of dioxins was executed by CIBA-Umweltanalytik from Basel (Dr. R.

Franke) according to the Standard procedure VDI Richtlinie 3499, Blatt 3 - Methode

A. The subsequent analysis of the Single congener was carried out similarly to the

EPA method 1613 using high-resolution gas-chromatography together with high-

resolution mass spectrometry.
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a.)

0 2 bar, 1 m3/h

Fluegas sample

IR-beam To detector

Long path gas cell (FTIR-spectrometer)
Tw 200°C

Opt path 6 m

b.)

Fluegas sample

0 2 bar 1 m3/h

HC CARBOSIEVE 3-lr~r^

50 ml synnge

»—>

Water, 3 3C 0 2 n caustic soda

Picture 6 3 2 Sampling equipment for inorganic (a) and organic (b). gaseous components The

indicated technical data are maximum values
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6.3.2 Inorganic Compounds

Parallely to HCl also H20, C02, CO and S02 were detected. H20 and S02 interested

because of possible relationships to HCl, whereas C02 and CO were used to adjust the

combustion process. Since all interesting gases were known to show characteristic

infrared activities, an instrument capable of analysing sunultaneously different gases of

this specific property was chosen to detect their Volumetrie concentration in the

fluegas. The selection feil upon an instrument having a so-called multiplexing ad-

vantage compared to other IR-spectrometers. This instrument works after the method

of the Fourier transform infrared spectrometry, physically ananged by a Galaxy 7000

from Mattheson Instruments (represented for Switzerland by Sarasin AG, Basel). The

multiplexing-advantage allows simultaneous evaluation of a broad IR-spectrum instead

of discrete spectral regions.

An FTIR-spectrometer analyses the gas specific, discrete absorption of infrared radia-

tion in the fluegas sample. The discrete energy absorption is going back on the

Stimulation of molecular vibrations and rotations, leading to characteristic vibrational

absorption spectra with a discrete rotational fine structure (Usually called 'rotational

spectrum', see Figure 6.3.1 and Figure 6.3.2). Picture 6.3.3 shows the basic disposition

of the beam path in the spectrometer [83]. The multiplexing part of the FTIR

spectiometer is a Michelson inteiferometer, which splits the beam of a broad band in¬

frared source into two coherent beams and lets them interfere depending on the phase

shift caused by the movable mirror. The interference signal, which is led through the

gas sample cell, represents for any position of the movable mirror in the inteiferometer

the Fourier transformation of the spectral intensity distribution of the infrared beam.

Through IR-absorption by fluegas Compounds the beam intensity is reduced at discrete

spectral regions. Using inverse Fourier transformation to calculate the frequency

dependent intensity signal from the measured interference signal, the gas specific

spectral absorption reveals by the characteristic, so-called absorption lines at discrete

fiequencies. For simplification the spectral information is commonly refened to the

wavenumber v, the inverse of the frequency.

The measured spectral intensities are usually indicated as transmission or absorbance

signal. The transmission T (Eq. 6.1) conesponds to the ratio of the spectral intensity

after partial energy absorption through the interesting gas, I, to the beam intensity

measured in presence of an IR-inactive gas (like e.g. N2), In.

T = f (61)
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A = -lg

lg

T
; (62)

=-0 434 c, La (6 3)

The absorbance A on the other hand represents the negative value of the common

loganthm of the transmission (Eq 6 2) This formulation of the energy absorption was

used for the here presented examination Lambert and Bouguer have shown that the

absorbance is proportional to the product of the optical layer thickness, here repre-

sented by the product of gas concentration c,, the path length of the infrared beam L

and a specific absorption coefficient a (Eq 6 3) However this Observation was re¬

stricted to small layer thickness and could therefore not be applied to calculate the

gas concentrations from the absorbance values of this mvestigation Individual cah-

bration of the relation between absorbance and the gas concentration was therefore

indispensable

Sampling and analysis procedure

The detection of gas concentrations with the help of an FTIR-spectrometer had to be

adapted to the dusty and wet fluegas mixture in order to protect optical surfaces from

deposition and condensate formation Further, other experimenters have reported HCl

detection to be rather difficult The reason was supposed to be due to the high solu-

bihty of HCl in liquid water, which caused negligible concentration Signals in spite of

obviously higher levels in the fluegas Therefore, the fluegas sample was led through
a senal package of coarse and fine gramed glass wool and then led to the long path

gas cell (optical layer thickness L 6 m) From the sampling location to the outlet of

the sample cell, the walls were heated up to 200°C in order to prevent any water

condensation (Picture 6 3 2)

To keep the infrared transmission through the long path gas cell stable, the optical

properties of the window matenal had to be constant up to water vapour concentra¬

tions of 30% at environmental pressure and 200°C Further the Instrument was con-

figured to analyse charactensüc spectra between 900 and 4000 cm' (wavelength
11 1-25 |jm), where the tiansmissibihty of the window material had to be better than

70% in order to receive a still resolvable signal after an optical layer thickness of 6 m

The optimum window matenal with respect to tiansmissibihty and water resistance

was BaF2, though its brittleness made cleaning and handhng always a delicate job
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The fluegas continuously flowed through the sample cell at a dry volume flow of 4

Nl/h. The pressure usually was lying approximately 5 to 10 mbar below the environ¬

mental pressure. The interference intensity was measured 15 times every 3 minutes

with a resolution of 0.5 cm'1. The measurement step took about 90 seconds and the

remaining time was filled by calculation and a short break. The concentration calcula¬

tion was done based on the average absorbance values.

The Volumetrie fractions of the interesting gases were evaluated, using the integrated
values of single absorbance peaks (HCl, S02, CO, H20) or absorbance regions (C02)

of the corresponding characteristic spectra. Analysing the wet fluegas the cross-inter-

ference caused by the broad absorption spectrum of gaseous water had to be dealt

with. The spectra of HCl and CO were only partially superimposed by parts of the

a.)

b.)
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Figure 6.3.1 Discrete rotational spectrum of a.) HCl (500 ppm) and b.) S02 (200 ppm) stimu-

lated by infrared radiation
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Figure 6.3.2 Discrete rotational spectrum of C02 (10 Vol%) (a.), H20 (10 Vol%) (b.) and CO

(200 ppm) (c), stimulated by infrared radiation
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Movlng mirror

cHS
Detector

Mirror optics

Picture 6.3.3 Schematic layout of the optical equipment and path of an FTIR (Staab [83])

water spectrum. Much more severe was the superposition in case of S02. In case of

C02 a further disturbance, the molecular interference with water lead to a systematic

deviation of the absorbance signal. This deviation had to be corrected depending on

the water content in the fluegas. Consequently, the analysis procedure included

measures which were already successfully applied by Moschallski [67] for gas analy¬

sis in municipal waste incinerators to diminish disturbances from water:

- After the determination of the average spectral absorbance, the water content was

determined using the peak at 1961 cm"1. A reference water spectrum was then fit-

ted to this peak and subtracted from the fluegas spectrum. For this purpose five

reference spectrums for water concentrations at 5,10,15,20 and 25 Vol% were de¬

tected in advance to the application of the instrument and chosen for subtraction

during the analysis according to the fluegas water concentration.

- After the spectral water subtraction, the fluegas spectrum was evaluated for the gas

specific absorbance lines (see Table 6.3.1), whose peak integral was used to calcu-

late the gas concentration in the wet gas. The finally used dry gas concentration

was calculated from the wet concentration using the known water content.

- The C02 concentration was calculated from the measured integral using coeffi-

cients which were corrected according to the water content.

The gas concentration was calculated based on the determined relationships between

the concentration and the corresponding absorbance integrals for reference mixtures

of the interesting gas and nitrogen. In most cases concentration and absorbance have

shown linear correlation (S02, C02, H20), in some cases also quadratic correlation

(HCl, CO). Table 6.3.1 contains the used equations for the concentration calculation

and Figure 6.3.3-4 display the calibration data plus best correlation fits.
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HCl, S02, CO and C02 have been cahbrated using gas cyhnders with mixtares of the

specific gas and nitrogen In case of H20, distilled water was evaporated in a pressure

vessel (Picmre 6 3 4) and expanded through an onfice of 0 5 mm at supercntical ratio

(> 0 5) between the pressure before and the pressure behind the onfice This ensured

a constant mass flow. After the expansion the water flow was split in two lmes One

hne was led to the specttometer after having been heated and joined with a nitrogen

hne whereas the other hne was used as outlet for the overflow Measunng the nitro¬

gen volume (mass flow Controller) and the condensing water flow after the spec¬

ttometer (weight of the individual bottles), the water concentration could be adjusted

by both the nitrogen and the water flow

To correct the dependency of the C02-absorbance from the water content, the refer¬

ence absorbance values were additionally measured in presence of H20 fractions of 5

Vol%, 16 Vol% and 26 Vol% The correction factors for the linear relationship are in¬

dicated in Table 6 3 1

Precision and fault liability of the analysis method

With exception for S02, the evaluated absorption hnes have been chosen at spectral

regions, where the water superposition is negligible The root mean square deviation

(RMSD or Standard deviation) of the concentration, displayed in Table 6 3 1 for all

gases, corresponds to the RMSD of the charactenstic cahbraüon curve In case of S02

the error of the cahbraüon absorbance data, sA = 0 02, has to be corrected for the ad¬

ditional uncertainty coming from the subtraction of the water absorbance Together

with the RMSD of the water absorbance at 1342 cm',

Gas Spectral evaluation

ränge

Correlation equation Parameters Standard

deviation
<2)

[cm1] a b c

H20 1961 ax + b 46 2 -0 01 1 62 (5 4%)

C02 2429-2394 ax + b 10 97 f, 1 58 f2 (i) 0 74 (3 7%)

HCl 2821 ax! + bx + c 8814 5 622 2 42 17 91 (3 4%)

CO 2102-2112 ax2 + bx + c 238 9 486 -11 9 27 15 (1%)

S02 1342 ax + b 580 6 12 9 17 4 (3 5%)

(1) Correction factors for water cross interference f, = 10 61 cH20 0 09 f2 = 1 44 cH20 0 02

(2) Values in parenthesis represent the Standard deviauon in relaüon to the end value of the cahbrated concen

tration ränge

Table 6 3 1 Evaluated absorption lines and regions plus parameters of the corresponding rela¬

tionship between absorbance and gas concentration
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Overflow

Evaporator
(water)

Dist. water

IR-beam

Long path gas cell (FTIR-spectrometer)
Tw: 200 >C

Picture 6.3.4 Calibration equipment for H20 spectra

sA = 0.01 (0 < cH20 < 15 Vol%). the Standard deviation of the S02 concentration cal¬

culation results in the Standard deviation sc = 17.4 ppm.

In spite of the applied filter at the fluegas sampling location the formation of a fly ash

layer in the sample gas cell couldn't be prevented. After about 10 hours Operation, or

examination of about 10 m1 fluegas the additional infrared absorption by the fly ash

layer on the Windows decreased the transmission below acceptable values. The nec¬

essary manual cleaning of the optical surfaces surely can be prevented by application
of better filter quahties and an automatic filter cleaning device. The mobile application
of an FTIR spectrometer demands special care for the adjustment of the infrared beam

in order to equalize possible shifts of the proper position of the optical elements.

However. if any Operation troubles oecurred, then they were mostly going back on

the carelessness of the experimenter, such as difficulties in the supply of media neces¬

sary for the Operation or incomplete preparation of the evaluation Computer and not

on systematic problems.
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