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Abstract

The chemistry involved in the propagation of pulverised biomass flames is not well understood. All biomas:
fuels release volatiles at a much lower temperature than coal and the proportion of volatiles is much great
than for coal, typically 80% comparén 30%. Thus, the rate of release of volatiles from biomass fuels is
much more important in the pulverised fuel flame propagation than it is for coal, where the rate of cha
oxidation is more important. The rate of release of volatiles from dry biomass follows three stages: the firs
stage for typically 10% of the volatiles occurs over 2@DCC, the second stage of about 70% of the total
volatile mass occurs over the temperature range-3900°C. Finally, there is a slow loss of viilas,
accounting for remaining 20% of volatiles, over the temperature range- 8WT’C. Stagg’s quick
approximation method was used to determine the kinetics for the rate of volatile yield. Biomass sample
were found to have lower activation energies and higher rate of release of vlatilegparison with coal
samples, up to 300 400°C. Similar realease rates were found for tifes@age of volatile release. The
release of volatiles at low temperatures potentially makes the biomass pulverised fuel more reactive at
one consequencis shown in the measurement of minimum explosion concentration, MEC. A good
correlation was found between activation energies and the MEC, determined on the Hartmann equipmel
There is currently little understanding of the compaosition of the volatiles released at low temperatures fror
biomass, as most publications are for pyrolysis conditions at high temperature. It is possible that th

volatiles are a mixture of mainly2HCO and CH and the likely proportions of these were calculated from
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the elemental and thermo-gravimetric analysis. This was done for a range of bmamasthis shoed

that the most important volatile gas is likely to be CO andGlhtyield is very low. This means that the
conventional model used in coal combustion of char plus methane combustion is not applicable to bioma
combustion.

Nomenclature

A Pre-exponential factor LFL Lean flammability limit

AlF Area to fuel ratio m Normalised volatile yield

CVv Calorific value (MJ/Kg) MEC  Minimum explosible concentratior
daf Dry ash free basis Mtoe  Million tonnes of Oil Equivalent
dm/dt Rate of normalised volatile loss A T Activation temperature

dP/dt  Rate of pressure rise (bar/s) ¢ T Characteristic temperature

E Activation energy (KJ/mol) ATc Characteristic temperature range

FC Fixed carbon (%) s T Solid material temperature

GHG  Greenhouse gas VF Volatile fraction

HC Hydrocabon VM Volatile matter (%)

k Rate constant

Special characters

¢ Equivalence ratio

1 Introduction

Pulverised biomass combustion in existing pulverised coal power stations is one of the most co
effective routes to greenhouse ga&$iG) reductions in electric power supply. In 2014 5.8% of the
UK’s supplied electricity was generated from pulverised biomass mainly used in existing coal fired
power stationﬂl]. This was a 25.7% increase on 2013 and in 2014 was 19.6E’Mto&a[ﬂ the
fastest growing renewable electricity soubsgween 2013 and 2014. In spite of its growing use,
the mechanism of combustion of pulverised biomass has recedladvely little study. The
properties of biomass are quite different from those of coal and these will result in difiem@ing

mechanim. Perhaps the greatest differermtween the two fuels is the much higher proportion of



volatile matter in biomass. The rate at which volatiles are released from biomass glubahe
kinetics of this volatile release are studied in the present work, with the aim that thekglebes

can be incorporated into CFD modelling of biomass combustion.

Biomass fuels have a lower bulk density, higher volatile content, lower calorific value aed high
moisture content than coal and a greater fire and explds. Woody biomass fuels have a

more variable composition than cqgal 1?[ and they are also more difficult to mill due to their

fibrous structure.

A wide range of biomass sources from wood to agricultural wastes are studied in the ppdsent w
some of which were suppligd pellet form but wererushed to extract the original pulverised
biomass. The agricultural biomass was milled and sieved in the laboratory. A characteristic o
biomass is itdibrous structure, which makesdonass difficult to mill in equipment designed for

the milling of brittle coal.

Thermally treating the biomass by heating at ar@6®320°C, is a process known as torrefaction
This causes (among other changes) the biomass to become brittle and easier to mill. Analternati
thermal treatment process that also destroys the fibrous stristtateamexplcion” treatment
which involves heating to similar temperatures with hot steam at high pressure and @mngele
this pressure so that the water absdiibehe biomass ‘explodes’ out shattering the biomass. Steam
exploded biomass is often referred to as ‘black pellets’ as the final fuel pellets are black. Both types

of thermally treated biomass were included in the present study for caompailiihe parent wood

was yellow pine and this is also included in the st. [

The high volatile content of biomass and thermally treated biomass and its ease of release ma
biomass more reactive than coal. One measure of this increased reactivity is the leahifigmma
limit or minimum explosion concentration (ME [4] and this was the method used inedenpr
work using the Hartmann dust explosion equipment. This equipment was modified to enable th

flame propagation speed (another reactivity parameter) to be determined.



The high reactivity of biomass is also shown in the large number of explosion and fire incidents ir
pulverised biomass production, storage and utilisation in power plants. Many biomass
fire/explosion incidents have occurred in the past and are still happﬁ. The detailed
investigations of these biofuels need to be assessed properly before their adoption and getrofittir
of the plants. The present work gives both reactivity information in the form of the rate of
volatile release and the MEC.

Biomasgsare more reactive and have different chemical characterisation thaﬂﬁﬂ[ﬁey

have higher volatile yield and l@xfixed carbon content compared to coﬂ@. The adoption

of biomass as a partial or complete replacement for coal requires the measurement of the chemi
and physical properties and the chemistry involved in their conversion. Particle size araditige he
rates greatly affect the rate of release of volatiles due to the thermal inertigafttbkes. The rate

of release of volatiles is a critical parameter for the stability of the pulverised fuekflan burners.

It has been observed that decreashegparticle size and increasing the heating rate resulis in
increase in the rate of release of volatiles up to a critical ﬁglt was observed that biofuels

of coarse particle size range of 3800 um were still explosible in contrast to coals of similar

particle sizg13-16]. Woody biomasses showediecrease in the MEC witndecrease in particles

size However, the ash derived crop residues when milled enriched the finer fraction wathshor
contents. The enhanced yield of ash in the finer fraction aas iaert and counterbalances the
effect of particle size on the lean flammability li :

The minimum explosive concentrations of the biomasses are found to be much leanerabaln for

and even hydrocarbon gases in terms of equivalence 17-20]. Most of the data on

the MEC in the literature are expressed in terms of gitnich when converted to equivalence ratio

helps to compare the results with equivalent LEL data for other ﬁ lsMost hydrocarborfuels
have their lean flammability limits at half of their stoichiometric concentration. Oxygenated fuels

such as biomass were found to have their MEC much leaner than the LEL for gaseowshydsoc



17-21). It was also observed that coal and biomass fuels have no upper flammability

limit. Deguingand & Galan employed weak spark ignition for the determination of the upper
flammable limit and found apparent upper flammable limit of coal dust to be ~ 4, kghich is

more an ignitability limit rather thaa flammability limit because of the weak ignition source.
Wolanski found that increasing the concentration reduces the flame temperature below its limit
value and also observed that the dusts do not have upper flammability limit.

The kinetics for volatile yield and their chemical characterisation will help to understand the
mechanism of flame propagation in pulverised biomass. A range of biomass samples includin

woody and agricultural biomass were investigated for the release of volatiles using therma

gravimetric analysis (TGA) and their devolatilisation kinetics were derived using Stagg’s |[24-26|

quick approximation method. Two different models, as developed by S@&486|[ were applied

for the kineticstudy of these biomasses: Series Reaction Model and Competitive Reaction Model.
2 Experimental Techniques

The elemental analysis of biomass and coal used a Flash 2000 Thermo Scientific Analyser.
consists of a single reactor with temperature of 1800°C for the detection of Carbon, Hydroge
Nitrogen and Sulphur (CHNS) with O found by subtracting the mass of CHNS from theabrigin
mass. At this extreme temperature, the material is converted into carbon dioxide, watexidis

and sulphur oxides. These combustion products are separated by a chromatographic column &
detected using a Thermal Conductivity Detector (TCD).

Proximate analysis (water content, volatile mafi#ed carbon and ash) was carried out using a
Shimadzu TGA-50 thermo-gravimetric analyzer. It consists of a mass balance attacherhtuic
sample pan in a furnace. It records the weight loss with time and temperatlirem this the

moisture, volatile, fixed carbon and ash content can be determined. The operating procedure wa:



1. The sample was heated in nitrogen from ambient temperatured afl8 rate of 1T/min and
maintained at 11 for 10 minutes so as to completely dry the sample. This determined the
water content.

2. The temperature was increased to“@l@t a rate of 2%/min and held for 10 min to stabilise
the weight after the volatile loss. This determined the volatile content.

3. Air was introduced at 92C to react with any fixed carbon. The mass loss was the fixed carbon
content. The remaining material left after this was inert ash.

Calorific values were determinga the Parr 6200 bomb calorineeand are thus on an as received

basis and include the CV reduction due to the water and ash content. They can be convearted inte

CV on a daf basis by dividing by the proportion of the total mass that is not water or ash.

The combustion reactivity of the pulverized biomass mixtures was determined using the Hartmanr

explosion tube equipme 19]. The apparatus used was originally a Group A/B flammability

screening apparatus comprising a 1L vertical perspex tube with 322 mm length and 61 mm iateetaf di

mounted on a base that contained the compressed air dispersion control system. A remote control hand

operates the ignition arc and air dispersion. The continuous arc was achieved from a high voltage pow

supply and the spark was on before the dispersion of dust in the tube.

Fig. 1 Modified Hartmann tube



Known masses of powder were loaded into the dispersion cup. The top of the tube was always covered w
a busting vent (20 um thickness aluminium foil secured with a locking ring). When the tube was securely
positioned vertically onto the base; 7 bar (g) compressed air was supplied to an internal 50 mL reservoir
air. The dust was dispersed by opening a solenoid valve that started the flow of compreRse dedgrased

air impinges on the dust at the bottom of the vessel raising into a cloud that is ignited by the sphrgt The
concentration is the mass of dust used divided by the total volume of air in the vessel at the start of the te
plus the injected air expanded to the same atmospheric conditotzgal volume of 1.35 litres.

The modifications introduced to the apparatus included the fitting of a piezoelectric Keller PAA-1lepressur
transducer to record the pressure histories during each test; three bare bead type-K thermocouples w
mounted at 50 mm, 100 mm and 150 mm above the igniter in order to record the time at which the flam
arrived to each of the thermocouples; the air dispersion pressure was adjusted to 7 bar (g) to achieve be
repeatability of tests, by forcing a more even distribution of the powder within the tube. The modifications
introduced, facilitated the determination of ignition of the powder in near limit mixtures so that reliable
minimum explosion concentrations (MEC) could be determined. The MEC is a measure of the mixture
reactivity, but other measures of the mixture reactivity could also be determined as a function of the
concentration. The measurement of the rate of pressure rise just before the vent burst is proportional to 1
mass burning rate and the determination of flame speeds between thermocouples is related to t
fundamental mixture burning velocity. These additional data, in turn, allowed the charting of reactivity with
concentration and determination of most reactive mixtures.

An explosion was deemed to have taken place if the overpressure due to reaction was >100 mbar, or if the

flame travelled to the thermocouple fitted at 100 mm distance from the ignition source. This made the
equipment similar to the EU gas Lean Flammability Limit determination standard od [27]. This has ar
80mm diameter tube that is 300mm long with ignition 60mm from the bottom and a limit flame propagation

criteria of the flame moving 100mm from the spark.



3 Determination of the Stoichiometric A/F

A consequence of the variable composition of biomass is that the stoichiometric A/F by mass fc
biomass is variable. This has important consequences for burner control of excess air. In tr
literature on biomass combustion, particularly that relating to the explosion hazards, pulverize
biomass concentrations are always expressed in units dfaginuntil the work of Andrews and
Phylaktou there was no conversion of concentration into equivalence ratio or the mixture
concentration relative to the stoichiometric concentration. In contrast all publications on
combustion for gas/air mixtures express the mixture concentration in terms of equivalence rat
The stoichiometric A/F can be computed by carbon and oxygen balance from the elemen
composition of the biomass. The stoichiometric A/F can be converted t@agambient volumetric
corditions using the density of air as 1200 g&nd the conversion from the stoichiometric A/F is
given in Eq. 1.

Concentration ge/m3air = 1200 / A/Rtoichiometric [1]
Forexample for a typical wood with a stoichiometric A/F of 6 the concentration is 2601g/m
contrast, a pure hydrocarb¢gas, liquid or solid) has a stoichiometric A/F of about 15 and a
concentration of 80 g/AThe stoichiometric A/F of the selected samples were calculated by
carbon and oxygen balance utilizing the elemental H/C (y) O/C (z), N/C (w) and S/C (k). The
stoichiometric F/A is given by Eq. 2.

CH, 0,N,, S + a0, = bCO, + cH,0 + dNO, + eSO,

F) _ (12 +y+ 16z + 14w + 32k)

A (@ +2) -Z+w+k]-1379

Stoichiometric (

2]

The stoichiometric actual A/F can be calculated from the stoichiometric A/F on a daf basis using
Eq. 3.

Actual( A/F) = Stoichiometric( A/F)[1 — (x,, + x,)] [3]

Where % and x are the mass fractions of the moisture and ash contents in the sample respectivel



4 Chemical Characterisation

The chemical characterisations of selected biomass samples are shown in Table 1. Thighecludes
elemental analysis, the proximate analysis, the calorific value and the stoichiometric A/F on a de
and actual basis.

Figure 2 shows the H/C ratio against O/C for different bioamasses and coals. Propbttess o
components of biomass vary from one biomass to another and as they have quite difteeard H
O/C ratio the variability of biomass is mainly due to the variability of the constituent cemison

of biomass. Also included in Fig. 2 is the composition of the main constituents of biomass:
cellulose, hemicellulose and lignin (based on chemical formulag-abGs, CsH100s and a mixture

of CoH1002, C1oH1203, C11H1404 for lignin respectivel).

The stoichiometric A/lssare shown as a function of H/C in Fig. 3 and this shows the wide variation
with biomass composition. Also shown is that the stoichiometric A/F of hemicellulose iar2l15
9.56 for Lignin and these cover the entire spectrurpiahass compositions. This again shows that
biomass composition variability is controlled by the varying cellulose, hemicellulose and lignin
proportions. The calorific values by bomb calorimetry in Table 1 are reduced for biomass with a high wate
and ash content such as agricultural waste material. If the water is removed and a process to rastove the
is used, such as acid water washing, then the higher calorific value on a daf results, which is also shown
Table 1. The increase in CV for agricultural waste biomass on a daf basis is considerable andnighthese
ash fuels, acid washing to remove ash components such as potassium will be essential; as the reductiol
flame temperature from the low CV will make good heat transfer in boilers difficult. It is known that the
CVuaf Of biomass is correlated to the elemental analysis and E| 4 [30] is a common relationship used fc
this.

CVhigher = 1.87%C — 144%C— 2820%H + 63.8%C%H + 129%N + 20147 kJ/kg [4]



Table 1: Chemical Characterisation of the selected biomass and coal samples

Biomass C H N O HO VM VM FC Ash (1Y) Stoich A/F daf. Stoich A/F
% % % % % % % % % MJ/kg a/g actual
daf daf daf daf daf actual daf glg

Rice Husk 498 64 11 427 7.7 623 837 122 179 152 20.4 6.15 4.58
Bagasse 556 7.3 13 357 72 671 923 56 20.1 156 21.5 7.46 5.42
Wheat Straw 506 64 14 415 6.8 60.7 86.2 9.7 228 145 20.6 6.35 4.47
Corn Cobs 459 60 12 468 7.1 694 825 148 8.8 14.8 17.6 54 4.54
Peanut Shell 537 66 15 382 70 664 781 186 8.0 18.2 21.4 6.9 5.87
Black pellet 528 58 04 410 44 73.0 786 199 27 195 21.0 6.28 5.83
Yellow pine 51.0 6.1 0 429 54 775 834 153 1.7 199 21.4 6.12 5.69
Pine 527 6.1 05 407 6.7 753 846 13.7 43 192 21.6 6.42 571
HW Sawdust 508 59 04 429 6.0 784 856 132 24 194 21.2 6.04 553
CWw1 565 60 06 368 49 738 899 83 13 183 22.3 6.98 5.73
CWWwW2 508 47 04 439 6.7 855 941 54 24 191 21.0 5.58 5.07
Kellingley Coal 821 52 3.0 69 17 292 369 50.0 19.1 250 31.6 11.6 9.19
Colombian Coal 817 53 26 96 3.2 337 413 478 153 264 324 11.2 9.13
2.5 1 ¢ Bagasse
M Rice husk
2 A Wheat straw
x Peanut shell
X Corn cob
15 * o A+. X ® Steam exploded wood
o ; + yellow pine wood
T = Pine wood pellet
1 - HW sawdust
- ® Kellingley coal
B Colombian coal
0.5 - Cellulose
Hemicellulose
Lignin
0 T 1
0 0.5 1
o/c

Fig. 2 H/C vs O/C plot for selected biomass samples
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* ©® Steam exploded wood
+ yellow pine wood
= Pine wood pellet
HW sawdust

Stoichiometric A/F (g/g)

4 - + Kellingley coal
Colombian coal
Cellulose
Hemicellulose
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0 0.5 1 1.5 2 2.5
H/C

Fig. 3 H/C vs stoichiometric A/F by mass
A consequence of Eq. 4 is that a high oxygen content of biomass, which reduces the teof all
other components, reduces the CV. Lignin has the lowest oxygen content at 21.3% witl
hemicellulose the highest at 55.0% and cellulose at 49.8%. A higk tBUs occurs for biomass
with high lignin content and a low CV occurs for biomasswigh hemicellulose content.
4.1 Volatile M atter Deter mination
Figure4 shows that the normalised TGA release of volatiles was similar for all biomasst dwadl y
significant differences, which are shown more clearly in the rate of mass loss plots in Fig. 5. The
release of volatiles for the coal samples was found to occur at ahiglner temperature compared
to biomass samples, as shown in Figs. 4 and 5. Biomass samples release 80-90% tHtilesir vo
in the temperature range of 3866°C, whereas for coal samples the release of volatiles was only
about 30%. Fig. 5 shows that the peak rate of release of volatiles from biomas®iighaghfor
coal and occurs at lower temperatures. Also for some biomass samples, there were tpeagkarp
observed showing the decomposition of haé&lulose at lower temperature wghbsequentdgnin
decomposition at higher temperature. Decomposition of these components depends on the

overlapping structure and level of ash contents in the sﬁ ad.



% Volatile yield

20

100

200 400 600
Temperature (°C)

—Bagasse
—Rice husk
——Wheat straw
——Corn cob
——Peanut shell

——Yellow pine wood

Steam exploded

Pine wood pellet

HW sawdust
Colombian Coal
Kellingley Coal

wood

Fig. 4: Percentage yield of volatiles vs temperature for biomass samples in comparison to coals
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Fig. 5: Rate of volatile loss vs temperature for biomass samples in comparison to coals

4.2 Correlations of Biomass Volatile Fraction

Table 1 shows that on a raw particulate basis the volatile fraction (VF) of all the biomass studied varie

from 60.7— 85.5% on an as received basis and on a dry ash free (daf) basis it varied fren®4.8%.

Although all biomass have a high VF there is significant difference in the VF for different biomass. The

use of the daf VF was because the water and ash content were variable and considereditie have

influence on the volatile release.

Figure 6 shows the data of the volatile fraction against H/C molar ratio of the biomass and coal Bamples.

shows that biomass samples with higher H/C ratio produce higher volatile fraction in contradt to coa



samples. The data scatter for biomass is large and could not be correlated. Fig. 7 shows the votatile fracti
plotted as a function of the O/C molar ratio. This again shows that biomass samples have higher volati
fraction and O/C compared to coal samples. For biomass samples, thet@@@ominant factor in the
volatile fraction this would imply that CO was the main component of the volatile gases. Pyrolysis of
biomass samples also showed the major proportions of CO that increase further for fast/flash pyrolys
employing higher heating rate and higher temper3, 34]. The measured CV and the volatile fractic
are reasonably well correlated, as shown in Fig. 8. As the volatile fraction of biomass indgeassbdws

that the oxygen content also increases. A limiting condition of 100% volatiles that are all CO is shown ir
Fig. 8 to be not far below the extrapolated line. There would be some hydrocarbons as well, but GO is likel
to dominate the volatile gas composition.

4.3 Computation of Volatile Composition by Elemental Balance

If the composition of the volatiles is assumed to be exclusively C@a@tiH then the relative amounts

can be computed from the elemental and TGA proximate analysis. The results of this computation ai
shown in Table 2 for two different assumptions. The first computation assumes that under very rapid heatir
in flames all the biomass becomes volatile and the mean composition of the released gases is the same

the biomass elemental composition.
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20 X Corn cob © Steam exploded wood
+ yellow pine wood =Pine wood pellet
10 - HW sawdust Colombian coal
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Fig. 6 Correlation of %VM (daf) with KC
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Fig. 8 Correlation of CV with the % volatile matter

The second computation assumes that the fixed carbon determined by TGA does not appear in the gas pr

and hence the mean carbon content of the volatiles is reduced from that in the biomass.

The results are shown in Table 2 where there are negative amounts for a gas, this indicatelethanhtal

balance could not be achieved and hence there must be other gases present than the three assul

However, there are only a few cases of negative values and so in most cases the simpedhseenption

may be valid.

Table 2 shows that if the mean composition of the biomass volatiles is the same as the solid biomass (d.

then CO varies between 6383% by mass and GHaries between 15 and 39% with little hydrogen.



However, for coal the assumption results in impossible amounts of methane, high hydrogen and low CC

Thus, as is well known, this model is not realistic for coal but it could be for biomass. If the fixed carbon

IS not turned into volatile with rapid flame heating, then the predictions are much more sensible for cos

with 56% CO and 49% CHIn modelling of coal combustion the volatiles are often assumed to be methane.

For biomass the predicted CO is increased from the previous case &®@% roughly and lower CHs

predicted in the range 0-30%. Some hydrogen is also predicted for some biomass. Both cases could

reasonable for biomass. The low level of char in biomass combustion in explosions and furnaces indicat

that assuming the mean composition of the volatiles is the same as that of the biomass, may be reasons

and some CFD models of biomass combustion make this assumption.

Table 2Computation of the volatile composition based on elemental balance and the assumption of
CO, CH; and H as the only gases in the volatiles

Biomass Including FC with the Volatiles Volatile excluding FC
Formula Stoich. AlIF CO CHa H2 Formula Stoich. A/lF CO CHs4 H2
Rice Husk (RH) CHa1.5800.64 6.15 76% 24% 0%  CH2.100.97 4.85 92% 2% 7%
Bagasse (B) CH1.5100.48 7.46 63% 39% -2% CH17%0o0s7 6.96 70% 30% 0%
Wheat Straw (WS) CH1.5%00.61 6.35 74% 26% 0%  CHi900.85 5.29 87% 8% 5%
Corn Cobs (CC) CHa1.5100.77 5.40 83% 15% 2% CH2301.25 3.87 101% -12% 10%
Peanut Shell (PS) CH1.4600.53 6.88 68% 34% -2% CH2s501.15 4.46 98% -7% 10%
Steam exploded wood (BF CHa.3100.58 6.31 72% 29% -2%  CHi.4600.66 5.91 7% 22% 0%
Yellow pine wood CH1.4400.63 6.12 75% 25% 0%  CHi.8600.86 5.18 87% 8% 5%
Pinewood pellet CH1.4000.58 6.45 72% 30% -1% CH2.0%00.95 4.84 91% 2% 6%
Hardvxsgclj)sawdust CH1.4100.63 6.06 75% 25% 0%  CHi.900.03 4.90 90% 4% 6%
Kelligllzelgl) Coal CHo.7800.06 11.59 13% 109% -22% CHi.3d00.39 8.07 56% 49% -5%
Colgfnggil)Coal CHo.7700.09 11.18 17% 103% -20% CH1.3700.40 8.01 56% 49% -5%

(C Coal)




5 Stagg’s Quick Approximation Method for Kinetic Data from TGA

Stagg’s [24-26] quick approximation method sased to determine the kinetic data for the rate of volatile’s

yield from a solid that is applicable for low temperature TGA analysis. Two different models were
developed: the Series Reaction Model and the Competitive Reaction Model. The model assumption, f
both the series and competitive reaction models, were a first order reaction, as in Eq. A Bpe T,
where T is the characteristic temperature (temperature for 50% of the mass fracte.6¢and ATc=

Characteristic temperature range.
G4

Rate Constant 'k’ = Ae" Ts [5]

Where Ta is the activation temperature, A is pre-exponential factor aimgltiie solid material temperature

T, = —TCZ
S c.AT¢.log(c) [6]
<H X Exp (%))
A= - [7]

c X AT,
Here‘H’ is heating rate.
Tcand AT are adjusted until the integral of the residual error approaches zero using GRG non-linear
solving method in thé&Solver’ option in Microsoft Excel.
5.1 Series Reaction Model
Figure 4 shows that the rate of release of volatiles from dry biomass follows three #tagast
stage occurs over 20B00°C and accounts for typically 10% of the volatile loss. The second stage
is the rapid mass loss of about 70% of the total volatile mass over the temperatur@otange
40C°C. Finally, there is a slow loss of volatiles accounting for about 20% of the volatile loss over
the temperature range 40@0C°C. These three stages were present in the coal samples but at muct
higher temperatures. In this proposed simple model, the rate of release of volatilestvirat® spl
two stages and the first stage combines the initial first and second stages. Cellulose ar

hemicellulose in the biomass break down in the lower temperature range release the prima



volatiles. In the later stage, some remaining contents of cellulose and hemicellulose decompo
possibly to tar, but it is mainly hard lignin that partially decomposes, depending loeetingy rate

and temperature. This later volatile loss is due to the higher decomposition temperkdunia.of
The variability of cellulose, hemicellulose and lignin in biomass gives the variability in éhefrat
volatile loss in Figs. 4 and 5. With slow heating rate and low temperatures, there ishsme
residue left. It is possible that in propagating flames in pulverised biomass, where heatiagerates

much higher than in a TGA, that the fixed carbon will be less and the yield of CO will be higher.

Volatiles'm1’ Volatiles'm2"

Remaining
biomass
'm'=1-m1’

Biomass

Fig. 9: Series Model for Rate of Volatile release
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Fig. 10: Predicted % vyield of volatiles vs. temperature for two phases in comparison to experimental TG/
result



The ‘Series Reaction Model’ mechanism is shown in Fig. 9 and involves two routes to the release
of volatiles: directly from the original biomass and via low temperature pyrolysis thatqe
material, such as tar, that subsequently decomposes to release volatiles. Kinetic equdliens fo

release of volatile from these two phases are given by8Eg&I9. The production of char is given

by Eqg.10.

M _ 8
Fra m [8]
M k2w 9
Frak m [9]
m3 = (m' —m2) [10]

The rate of release of volatiles for the two phasas predicted using this model and compared
with the experimental TGA results for slow heating rate SC2%in as shown in Fig. 10, for one

of the biomass in Fig. 4. The fit to the data by the model was very good for thevdinghases of

the volatile release, showing that modelling them as one first order volatile release reaction we
valid. The fit to the last stage of volatile release was not as good, but was reasonatble.go ol

fit to the rapid volatile release phase that is important as this is most important in flaagpapicn
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Fig. 11: Correlation of MEC with activation energies based on the series reactiehfan
volatile’s loss of biomass samples



Table 3 Predicted Kinetics for two phases in TGA volatile’s loss in series reaction model

Materials Activation energy (KJ/mal)  Activation energy ‘E’ (MJ/kg) Rate Constant ‘k’ (1/s) MEC
1st phase 2nd phase 1st phase 2nd phase 1st phase 2nd phase Eq.
ratio
Bagasse 87.0 38.2 4.09 1.79 1.7E+5@d04688T ( g7g5>934T 0,27
Rice husk 83.1 38.9 3.45 1.62 1.2E+58%991T  0.66¢%821T  (0.35
Wheat straw 93.3 36.8 3.94 1.55 1.2E+681218T 0, 7¢4258T (.55
Corn cob 71.0 40.7 2.72 1.56 1.5E+4&>456 (0 639027 0.22
Peanut shell 63.0 355 2.82 1.59 1.5E+3&°784T  0,72¢2697M (.18
Yellow pine wood (YPW) 88.4 32.4 3.76 1.38 1.6E+5@063L.UT . 83g7162T (.35
Steam exploded wood (BF 68.2 35.3 3.00 1.55 3.7E+38%084T  (.73¢251VT 0.2
Pinewood pellet (BLZ) 98.5 31.9 4.32 1.40 1.0E+6@18544T 0. 8e8413T (.46
Hardwood sawdust (DFL) 85.7 34.2 3.63 1.45 1.0E+5@08103T 0 75¢1143T (.36
Colombian Coal 105.6 39.8 7.45 2.81 2.6E+5@27036/T  0,64¢790-9T (.39
Kellingley Coal 111.0 38.1 8.06 2.77 5.6E+5@33523T (675864 -

Table 4 Particle size distribution in the MEC tests

Samples d(0.1) d(0.5) d(0.9)
Bagasse (B) 24.3 125.6 356.0

Rice husk (RH) 13.6 191.6 563.8
Wheat Straw (WS) 18.8 126.1 441.5
Corn cob (CC) 45.0 147.8 453.8
Peanut shell (PS) 254 147.8 453.8
Steam exploded wood (BP) 13.3 51.9 151.8
Yellow pine wood (YPW) 30.7 198.3 629.6
Pine wood pellet (BLZ) 33.0 180.4 569.2
HW sawdust (DFL) 28.0 184.2 576.3
Colombian Coal (C Coal) 6.8 28.1 85.2

Kellingley Coal (K Coal) 5.0 255 65.3




Activation energies and rate constants obtained from this Series Reaction model are gitsén in Ta
3 for all the biomass and the coal samples. The activation energies in Table 3 shoared low
activation energy for biomass fuels than coal. Higher activation energies reflect higher energ
requirements for the release of volatiles.

The lean limit MEC of theselected biomass samples as determined using the modified Hartmann
explosion tube are compared with these activation energies in the Table 3. Activation doergies
the first phase showed a good correlation with the MEC as shown in Fig. 11. Table 3 sttows th
activation energies for the second phase were almost similar and hence the late release®sf volati
is not contributng to the difference in the rate of volatile release and the MEC differdaces
different biomasss This is to be expected as it is the initial volatile release that is going to control
the flame propagation rate and hence the MEC.

Figure 11 shows poor agreement with the trend for wheat straw (high MEC) and Bagasse (lov
MEC) for similar activation energy. One explanation for this could be differences in thengéesitco

but Table 1 shows that there is little difference in ash. Bagasse has more volatilesrardvdHG

than would be expected. It is possible that there are particle size differences with the pulverise
bagasse being coarser than that for wheat straw in the Hartmann tests. All thedsamaessilled

and sieved below 63 um and the size distributions for the particles used in the MEC ssig/are

in Table 4. Previous works by the auth 17-19 have shown that particle size

doesaffect the MEC. However, Table 4 shows that the size difference between bagasse and whe

straw were small. Hence, the reason for these two bi@saes following the trend of the other
biomass in Fig.11 is not known and further work is required over a wider range of biompkssam

In addition to the rate of volatile release activation energiMEC as a reactivity parameter, its
impact on flame propagation parameters was investigated. In the Hartmann equipment th
concentration of biomass dust was varied to determine the peak reactivity concentration in terms

the rate opressure rise prior to ¢hbursting of the vent at the top of the vessel.
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The correlation of this with the volatile release activation energy is shown in Fig. 12. This show
no correlation between the rate of pressure rise and the activation energy. This was ethespect
the rate of flame propagation is often modelled as the release of volatiles followedhbaystom
It is likely that flame propagation is controlled by the rate of heating of the particles by conduction

and radiation from the flame front. The release of volatiles is a consequence of this heatiolg and

the cause fthe heating.

5.2 Competitive Reaction Model

In this reaction model, the slow heating rate in the TGA is assumed to results in the ceenpetiti
reactions shown in Fig. 13he model assumes that heating results in the release of tars with some
primary volatiles that form secondary volatiles with the build-up of some char. This modwl has
direct production of volatiles from the original biomass, which is a key feature of the Series
Reaction model. This model may be more applicable for crop residues with higher ash tuaitents
retard the release of volatil . Even at higher heating rate, the release of volatiles slows down
under the influence of ash. The net effect is the release of volatile matter with somd ofsidua
contents mainly composed of ash.

Thekinetic equations for the release of volatile for these phases are given below;



dt - klml

dm

d_tz = —(ky + k3)m,
dms

_dt = kym,

Biomass

'm'

Liquid/tar

'm1’

Secondary
gases
[Volatiles

Fig. 13: Competitive Reaction Model for Rate of Volatile release with the build-up of char

Table 5 Predicted kinetics for TGA volatile’s loss in competitive reaction model

Activation energy ‘E’ ‘KJ/mol’ (MJ/kg)

Rate Constant ‘k’ (s%)

Materials my mz ma k1 k2 ks
Bagasse 40 (1.9) 89 (4.2) 65.6 (3.1) 1.0605+4T 1 7TE+5&%E+4T 1 OE+3&5E+4T
Rice husk 411 (1.7)  84.3(3.5) 34 (14)  1.0&E4T 1 DE+5&% AT 1 gSaEHAT
Wheat straw 39.2(1.7) 945 (4.0) 326 (1.4) 1.08%4T 1 1E+6&%E4T 1 9@2E+4TT
Corn cob 39.8(1.5) 724 (2.8) 32.6 (1.3) 1.08%4T 1 AE+5@2EHT ] g@2EHT
Peanut shell 403 (1.8) 609 (2.7) 35 (1.6)  1.060E*T G 2E+280E-4m 1 7@5e+am
Yellow pine 384 (1.6) 86.4(3.7)  385(1.6) 1.08%4T 7 QE+4&8CE+T 1 g@8ewam
wood (YPW)

Steam exploded 41.8 (1.8) 65.6 (2.9) 36.7 (1.6)  1.0¢2E+4T 1 SE+3&6E+4T 1.867EH4T
wood (BP)

Pinewood pellet 36 (1.6) 100.6 (4.4) 384 (1.7) 1.08CE4T 1 DE+G&0EST 1 g@BEN
(BLZ)

Hardwood 39.2 (1.7) 84.4 (3.6) 38.4 (1.6) 1.0e3-98+4IT 6.0E+4&4E+4T 1.8 8847
sawdust (DFL)

Colombian Coal 62.4 (4.4) 332.6 (23.5) 80.2(5.7) 80.86ZE*™ 1484835 1.0 05T
Kellingley Coal  30.9 (2.2) 182 (13.2)  83.4(6.1) 0.1665*%T 1 0E+10&%E"5T 5 1E+3&3E+4T




An example of the data fit for the competitive reaction model to the TGA results is shown for pine wood
in Figs. 14 and 15. The fit to the volatile release is better for the competitive reaction model. The kinetic
data derived from the competitive reaction model fits to the TGA data for all the biomass and coal sample
Is shown in Table 5. However, the final stage of the volatile loss is not the critical contribution to the flame
propagation and Table 5 shows that the kinetics of this stage are similar for biomasarfdibut are
significantly different for k. This implies that the dominant route in first two stages of the volatile loss is
as good as for the series reaction model in Fig. 10. However, the fit to the final stage of this model t
volatiles is the same as for the series model, direct evolution of gases from the biomass with subseque
pyrolysis of these gases. The route via tar and char was not a major difference between the biomass.
The dominance of the direct release of volatiles from the biomass in the three stage process is shown
pine wood in Fig.16. This shows that the added complexity of the competitive reaction model is not justifiec
and the series reaction model is adequate for modelling the volatile release and for correlation of the ME(
The correlation of the MEC data with the volatile release kinetic fit to the TGA data for the competitive

reaction model is shown in Fig. 17.
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This is very similar to the results in Fig.11 and the results for wheat straw and bagasse behtheve

correlating line are also present.

Thermally-treated biomass, known as steam exploded biomass or a black pellet, that has more fines w

regular shaped patrticles like coal, was found to have lower activation energy for volatke rate

compared to most of the biomass samples. This was because the prime action of the thermal treatment i

break up the fibres in biomass to yield finer particles which facilitate the easier evolution of volatiles.

6 Conclusions

1. Biomass composition by elemental and proximate analysis is extremely variable and this leac
to significant variability in the stoichiometic A/F by mass.

2.1f CO, CH; and B were assumed to be the only gases released during low temperature heatin
of biomass then it could be shown through CHO balance that CO was the mostnigasta
Itis possible that for biomass with rafmdaing, a greater proportion of volatiles will be released
and the limiting condition of no fixed carbon in flame combustion was used to show that this
would decrease the CO and increase the {iélds, but this model would not be appropriate
for coal.

3. Correlations for the volatile proportion of biomass were investigated and the H/C and CV were
the best correlators, athough there was significant data scatter.

4. Two kinetic models based on TGA analysis showed that biomass fuels were more reactive the
coal due to the lower energy required to release the volatiles.

5. For the series reaction model, the activation energies of the biomass samples were lower th:
the coal samples due to fast release of volatiles.

6. The competitive reaction model also predicted low activation energies for biomass samples.

7. The low energy required to release volatile in biomass fuels was considered to be dsefto the

and porous structure of the agricultural biomass.



8. MEC data showdthat biomasssthat released volatiles more easily had leaner MEC and hence
were more reactive. However gfe were someanonalous results for bagasse and wheat straw
that did not fit this trend with no obvious reason for the differnce.

9. There was no correlation between the initial rate of pressure rise in the Hartmann explodions
the volatile release activation energy. This indicates that it is the heating of the particles by
conduction and radiation that controls the rate of propagation. The release of volatiles is ;
consequence of this heating and not the cause.
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