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Abstract

This study investigatethe thermal and kigtic analysis of sixliversebiomass fuelsin order

to provide valuable information for power and energy generalgrolytic, combustion and
kinetic analysesf barley strawmiscanthuswaste woodwheat strawshort rotation coppicing
(SRC)willow andwood pellet vereexaminedoy non-isothermalthermogravimetryanalyser
(TGA), differential thermogravimetric (DTG) andlifferential scanning calorimetryDSC)
techniques. Biomadsiels were thermally degraded undéy, air, CO» andthe selectecoxy-

fuel (30% Oz 70% COy) reaction environmentd he thermal degradatiaimderinert N> and
CO; atmosphereshowed analmostidenticalrate ofweight losg(R), reactivity (R x10°) and
activation energy (k&) profiles. Similar profiles for R, Rv and & were observed for the
environmentainderair (21% O/ 79% N>) ard the oxyfuel combustionResults indicated that
the thermal decomposition eafor biomass fuels in an oxithig condition was faster than in
an inert atmosphere, favourable effect on thermal degradation of biomass fuels was observed
when oxygen content increased from 21 to 3®igher activation energiewith lower
reactivitywere observed for the biomass futtlat have low cellulosic contents as compared
to the other fuelsRegression analysis confirmed thié reaction order 0.5 modelled fitted
well for all biomass sampleall these findings will provide valuable information and promote

the advancememif future researches in this field.

Keywords: Renewable energyBiomass Oxy-fuel combustion Activation energy Heat

flow kineticsand Carbon emissions
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1. Introduction

There isa crucialrequisiteof global alteration from coal enerdgg renewablebio-energy
souces [1]. As carbonrnegativeand renewablerigin of bio-energy biomass fuelgan play a
chief role Biomass energya form of solar energy stored in plant matieiconsideredo be
environmentafriendly and carbomeutralif the consumption and growth of the bissare
kept in balancéNVhenCO, emissions producddom biomassitilisationis captured and stored,
negative carbon emissions can be achieBeamass fuels aralsooften regarded as the cleaner
fuel for power generation dkey tend to havappreciably lowesulphurcontens than fossil
fuels[2]. Furthermore, biomass fueteinbe used taleliver controllable energthatis free

from the problenof intermittencywhichis inherenwith thewind and solar energs

Therefore biomasss are the potential major future renewableenergy resources with
developedbio-energy systemseing considered awital contributos to future sustainable
energy productiof3, 4]. Pyrolysis is an importa fundamental process that canused to
studythe thermochemical conversion of biasses into the biomass char gadeous or liquid
fuels [5]. It is also used to improvgasification, fixed carbon content, calorific value and
combustion process The combustiomprocess is of great significance in boilers and furnaces,
t hat 6 s whnpwledge sfdhis prdcess is required to determine ehsilbility of the
biomass fuel6, 7]. In addition kinetic study is considereasan important criteria for the
measurement of reactivity and combustibility potentials of the biomass fuels. Pyrolytic and
combustion characteristics of the biomass fuels have besdodied mostly with
thermogravimetric analyser (TGA) in Iriegure with a focus oa range of working reactant
envionment for thermal degradatid®]. TGA has also been usedo identify different
polymeric lignocellulosidractionspresent irbiomasgesiduesandto determine theeactivities

of char residuem the presence @lctive atmospheres interesf9].
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The kinetic parameterderived from TGAanalysisare used to desigcombustos, pyrolysis
reactorsand gasifiersMansaray and Ghal{10], investigated the thermaecomposition
profile of four rice huskselectionsusingTGA, under N at three differenheating ratesDirect
increasan thermaldegradation withncreasing heatates was observed in their resear€n
the other handower the cellulosiamountof the biomassthe lowerthetemperatureoted for
its decompositionMoreover the greaterthe cellulose amount the greatéermal degradation
rate andthe higher theinitial degradation temperatureMunir et al. [11] studied non
isothermaldegradatiorand devolatikation kineticof four biomasduelsincludingshea meal,
two differentsugarcane bagassesiduesnd cotton stalkunderaninert N> andoxidising(21%
02/ 79%N2) environmentonditions They found that theotton stalkvasthe reactive biomass
in comparison to other, under bathvironmentswhereasShea mealvasthe least reactive
biomass in iert environmentecausef its low amount of volatile mattendlow oxygen to
carbon ratiovalue. Howeverthe generation ofomplex chamunder oxidant combustion by
Shea mealwas indicaive of differenttypes & char resulting from fibrous and woody

constituentsn the original biomass.

When the reaction gas environment is J@2] or oxy-fuel combustion which is mainly
composed of @and CQ. The CQ-char gasification reactiohas been studied by various
researcherfl3-17] is a chief reaction in # biomassherma decompositionespecially in the
high temperatureone. The mostimportant CQ-char gasification reaction is tiBoudouad
reactionEq. (1):

# O#HIP cHl (1)

Where C representleactivesite of reactionand C(O) represembmplexformation between

carbon and oxygeriThe carbon monoxide (CO) presence genewmatasnstrainingnfluence
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by dropping the C(O%teady stateamount Different studieq13, 18-20] aboutpyrolysis and
combustion otoal and/or biomass blends using thermogravimetric analysayailable but
few haveexaminedthe effects of different gas mixtures, especialky-fuel gaseson the

thermochemical 100% conversions of biomassgseciallynonwoodybiomasduels

In order to provide valuable information for biomass fuetha UK for power and energy
generation, this study investigatéde thermal and kineti behaviour of different local
biomassesBiomass fuelshermaly degraded in different atmosphecenditions such as GO

N2, air and oxyfuel (30% Q/ 70% CQ). Pyrolysisand combustion analyses wgerformed.
Impact of reactant gas mixtures on biomass
rate of weight loss peak temperature, acéitton energy etc.) waseasured by TGA,
differential thermogravimetr{DTG), differential scanning calorimetrypSC) and Arrhenius
equation In addition to all these, quantitative assessment of polymgmocellulosic
components of biomasses walso examined usin@TG plots of biomassesPreviously
researchersxamined thehermal characteristics of the faeising just one or itherarecase
under two experimental conditisnwhile herein the biomass samples wesamined under
four different reaction conditiong§No, oxy-fuel, CO; and aij ranges from inert to highly
oxidant,for the identification of best fuels ftheU K éesergydemandsA detail kinetc study

of the biomass fuels wasarried out by the calculation of reactivity, activation energy, heat

flow and mass transfer rates.

2. Experimental

2.1 Materials and sample preparation
Six different biomasguel sampleswere usedbarley straw (BS), miscanthus (MIS) waste

wood (WD), wheat strawfWS), willow SRC (SRChand wood pllet (WP). Thebiomasduels
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were obtaineds pelletdrom different suppliers in the UKThesefuels were produced and

processedintheURLhe wood pell et was a ¢ Gavesktdand al pr

commerciallyused in domestic boilersvhile the other biomass pellets we@reduced by the
suppliers agpotential alternative biomass fudts commercialuse Beforeanalysisall fuel
samples were ground to siz€12 em using a Retschltra centrifugalmill ZM 200 as the
relevantanalytical standardsequirethe particle size<212 em [21]. The fuel samples were

ground tothesame particle size tludetheir effects on thermal degradati¢é.

2.2 Fuelanalyses

Flash EA 1112 elementabnalyserand TA Instruments TGA @&00 thermogravimetric
analysemwereused for ultimate and proximate analysis respectivdgximate analysis was
obtainedby heating the sample unddp at a rate of 10C/min and temperaturEL0°C. To get
the moisturecontentmaintained these condition for up to 10 min. The temperature was then
increased from 110 to 70C and the heating rate incredseom 10 to 20°C/min. Sd these
conditions for half an hour to get the weight lossdbyolatilisationafter this theemperature
was ramped at the same rate 20/min to 950 °C. After that, the reaction environmewis
changed from Blto air inside théurnace chambeand kepit isothermal for 40 miro oxidise
the charcompletely to obta the fixed carborand askcontens [22]. Channiwala and Parikh
(2002) suggested Eq. (Avasused for calculating thaigh heatingvalue (HHV) of each

selected samplevhich gives 1.45%absolute error and 0.00Btaserror[23].

HHV = 0.3491C+1.1783H+0.10$8.10340 0.0151N 0.0211A 2

The HHV value is also depeedt on ash (A) contents of biomassébe elemental and
proximateanalyses along withigh heating values (HHMpr these samplearerepresenteth
Tablel along with the results reported elsewhdiee overall analysishows that all biomass

samples have lower moisture content < 8.9%, and high volatiles and oxygen contents. On the

6



154  other hand, tair nitrogen contents are low (0i@®P%). It is also noticethatthese samples have
155 sulphur contents 0.00%, below the detection linAll. the biomassfuel samples contain
156 moisture < 8.9%Therefore, it is verifiech correlation from literatureghat thee samples could
157 become the goofiiels forthe UK power industrylt is reported thabiomass having moisture
158 content < 10 % is consideradjood fuel forpyrolysis and combustidr2].

159

160 The amount of elemental and proximate contenthef studiedbiomass fuel sampleare
161 compared with other biomass{18], coal [18] and lignite [ow rankcoal)[24]. Thecarbon
162 content of biomass samples ranges (4387/02%). The C contenféble 1) values of BS,
163 MIS and WS are comparahbiéth otherswhile those of SRONW and WP are highéhan the
164 reported biomasses (40198.19%) and lignite (44.82%)Vheat straw \VS) contairs the
165 highest fixed carbomt 18.22%, whereasSRC has the highest amount of volatile madier
166 85 %. Bi omas $romH546804<8.88 83/ kJ he highelC andH content and lowe
167 O contentof wood pellet (WP)in comparisorwith other samplesesuls in higher calorific
168 value.lt has beemescribedhat HHVs increas&vith anincreasan cellulosic content othe
169 biomassfuel, correlate with the polymeric lignocellulosic analysis of these samples as well
170 [25).

171
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Table 1. Ultimate, proximate analysis and calorific values of bionsamsothefuels.

Fuels

Barleystraw (BS)
Miscanthus (MIS)
Wastewood (WW)
Wheatstraw (WS)
Willow SRC (SRC)
Woodpellet (WP)
EFB[1§

PMF [1§]

Lignite [24]
(brown coal)

Coal[18]

Ultimate analysig Proximate analysis HHV ¢
C H N QP S (%) M VM FC Ash (MJ/kg)
%) (%) (%) (%) (%) (%) (%) (%)
40.87 5.78 0.55 52.80 0.00 8.95 78.15 14.70 7.15 15.46
42.67 5.86 0.44 51.04 0.00 6.91 78.29 16.33 5.38 16.40
4578 6.05 0.34 4784 0.00 5.80 84.48 14.06 1.46 18.12
4132 569 118 5181 0.00 6.41 72.28 18.22 9.50 15.56
4518 5.99 0.32 4851 0.00 5.97 85.00 13.24 1.77 17.77
47.02 6.17 0.07 46.75 0.00 6.34 84.94 14.28 0.79 18.83
4093 542 1.56 51.78 0.31 - 70.5 15.4 4.5 16.8
43.19 524 159 4979 0.19 68.8 15.2 10.2 19.0
4482 2.98 0.81 50.21 1.60 - -—-- 16.38
5437 5.29 175 38.34 0.25 ———- 42.2 48.8 5.8 24.6

M: moisture, VM: volatile matter, FC: fixed carbon, HHV: high heating vatleB: empty fruit bunches, PMF: mesocarp fibre
a. Ondrybasis except as denoted in the table.
b. Calculated byhedifference
c.  Ondry basisexceptmoisture which is oms receivedasis.
d. Calculated based on Channiwala and Pafik§.

2.3 Experimental techniques and kinetic analysis

The pyrolysis and combustion or gasification kinetics ofusls werestudiedunder dynamic

conditions in N, air (21% 0./ 79%N>), CO, anda typicaloxy-fuel (30% O2/70% CO), using

a nonrisothermal conditioned TGAThis methodhas distinct benefits over the classic

isothermal TGA Firstly, this analysiseduces théhermal induction periodrrors; secondly, it

allowsa rapid scan over the desired whole range of temperdtheeeforemany researches

have opted the neisothermal TGAo study pyrolysi®of manysolid fuels[26, 27].

The weight of eackamplewaslimited to 151 20 mgfor eachTGA test to avoidthe potential

effect of heat flonand mass conversioRor eachTGA test first the temperaturerasramped

from ambientto 110°C at 10 °C/min heating rate and maintained these conditfion£0 min.

Then it wasncreasedt 20 °C/min to 950°C andheld for 40 min A 100 mL/min constantate

of gas flow was applied for all gas conditioMgeight loss profiles and thailerivativecurves

8
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(differentialthermogravimetryDTG) were then obtaineas a functiorof time and temperature

for the reaction conditionsxamined

2.3.1. Error analysis

Between three and four repeat runs for each biomass fueperoemedo ensure appropriate

repeatability and statistical validity of the resLitee average difference between the repeated

runs was <2% for all type of fueldainly three sources aresgonsible for errors in TGA

measurement s: (a)

TGA

nstrument

(b)

mi

nor

by operator, and (c) environmental interference. Standard materials/chemicals with known

melting points were used to minisaithe effects of GA instrument erra: In addition to this,

TGA-instrument was preheated for 60 min to homaggerthe environment before

measurements were carried out. An electronic weigitance, was used to minimize the

operatod error, havinga maximum weighingcapacity of 60 g with 0.1 mg lower readability

efficiency[28].

2.3.2. Kinetic analysis

Several methods areavailablefor determining thekinetics of nonisothermalthermolysis

However themethod used in this researfoh the determinationf activation energy was based

on the Arrhenius equatidi 3, 29). This has been fourtd yield acceptable results by a number

of researchergl3, 30]. The formula used to calculate the daoposition reaction kinetics are

asfollows:

where K is the rate constamtisthe conversiorrate, t is timef(x) = (1-x)" andn is the order

of reaction

~

[0127)

According to the Arrhenius correlation, the rate constaaé¢scribed as

£

I Agb—

3)

(4)
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Where A is th@re-exponential factgrk, is the activation energy, R tlhwiversalgas constant

and T the reaction temperatufidwus,combiningEg. (3) and Eq. 4) gives:

— 1A@Pb— p @ (5)

Incorporatinghe nonrisothermal TGA heating rate dT/dtin Eqg. 6) gives

— -Agb— p © (6)

Takingnatural logarithrmof both side®f Eq. ) yields:

I1T— p @ - — (7)

According to Eq.7), a plot of In[(dx/dT)/(1-x) "] versus 1/Tshould yielda straight line with a
slope of(-E4/R) for different valies of n resultingn aregression coefficienmtearto unity. Eq.

(7) was usedo obtain kinetigparameter$or each experiment.

TGA and DTG profiles guide about the biomass faule¢ésmal stabilityand the overall kinetic
decompositia. Both these profiles were used to identiyher combustioncharacteristics
including averagerate of weight losgRavg), average temperature «§, peak temperature
(Tpeay and maximum ratef weight loss(Rmax) for all studiedbiomassfuels[11, 31]. Tpeak
corresponds tthe point at whichthe reaction is proceeding at itsaximumrate,and Rnaxis
theassociatetveight losgateat Tpeak The selectiomf viabletemperature ranges fanalysing
devolatilisationand combustiorreactions can have a significant impact on the calculated

values However there is no general consensus on which approdbk lest[32, 33]. In this

10



241 study,a formulationoriginally devised by Ghettt al.[34] represented in Eq8) has been

242 employedo calculate the reactivities tfe biomasduel samples

243 2 pmm— — —8888 — (8)

244 Where Ry and Tris the factor oimean reactiwy, height of DTG pealknd correspondingeak

245 temperaturgrespectively.

246

247 To more closely study the kinetics, heat flow profiles of the biomassdifigeential scanning
248 calorimetry (DSC) techniquender N and air reaction environment&s performedrhe DSC

249 analysis was performed by SDT TA Q6@8trument a0 °C/min heating rateDSC analyses
250 were performeda detect the endo arekothermic nature of the reactions, as heat transfer
251 during pyrolysis and combustigmmocesg35]. Furthermore, the mass transfer maitbiomass
252 fuelswerecdculated by using the method Bbttmaier et al[35].

253

254 3. Results and discussion

255 3.1 Van Krevelen Diagram

256 The biomass samples are congabwith other solid hydrocarbduelsin Fig. S1 using the Van
257 Krevelendiagram,across plotiagram of H: C as a function of O: Devised byDirk Willem

258 van Krevelenthe diagrampermits a betterunderstandingf the evolution path of organic
259 matter/ rankandis indicative of different regions associated wéiblid fuels.As can be seen
260 fromFig. S1 thebiomass samplestudied ardocalisedin the region typically associated with
261 biomass However, they were seen to be relatively uniform in their H/C ratio but varying by

262 30% in their O/C ratios from WP 6t99to BS at1.29.

263

11
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This likely evidences the higher proportion of mineral oxides present in straw and grass species
(Family: Poacag, known tobe effective gasification catalydt36], but with a propensity to

melt and sinter in the high temperatures of reactors, causing fused dgpdsiks general,

variows types of coal fuels are limited in the range efl/C < 0.1 and < O/C< 0.3 whereas
biomass fuels having a higher proportion of O/H are categorised in the limits o <

1.3 and 0.07x H/C < 0.25.

3.2 Thermal degradation under N2> atmosphere

Fig. lashows the weight loss profile$ the selectediomasduels during the noisothermal
TGA testsunderNo. It is well known that cellulosehemicelluloseand lignin are thengor
natural polymeric components of the bioméssls. But dfferent kinds of biomasscontain
varyingtypes andgroportionsof cellulose, hemicellulose, lignin amdsmall amount obther
extractives.The thermal decomposition of the main organic components of the biomass
generates oxygenat®dy-products As the temperature gradually increases, thgsaroducts
reach their spontaneous ignition ahdreleased heat contributes to the decompositiaheof
remaining organic matt¢f1]. Suchbehaviourcan also be observedkig. 1laby means of a
continuous mass loss due to the sliglavolatilisationup to the end of the heating
programming.The weight losgwt% /min) of 7, 6.4, 4.8, 6, 5.3 and B4doccurred between 25
and 110°C for BS, MIS, WW, WS SRCandWP respectivelyThis initial weight losg< 110
°C) is associated with moisture evolution. DevitalizatioB8f MIS, WW, WS SRCand WP

is initiated atdifferent corresponding temperatures 10, 205, 210, 195, 21and 220°C
respectively.This variation indevolatilisationtemperatures could be related to different

elemental and chemical compositions of tHasenassuels[3§].

Quantitative assessment of polymeric components of biomasses was examined using

differential thermogravimetric (DTG) plots ofdshasses under2NPyrolysis of biomass under

12



289

290

201

292

293

294

295

296

297

298

299

300

inert atmosphere can be divided into three stages; first moisture evolutiodetiodatilisation

and finally continuous slight devolatilisatip89]. The DTG plots of biomassesmder N are
represented ifig. 1b. It is difficult to clearly distinguish between hemicellulose and cellulose
devolatilisation regions for WW in contrast to other fuels 8RC; BS; MIS). This islue to

the inhomogeneous tuae of this mixed original woodgiomass sample. At the end of the
major peak the slow degradation over a wider temperature range continues to produce pyrolysis
residue reachintp a constant ratio, sometime=ferred toas long tailing sectiofil1, 39]. The
maximum rates of weight lossv{% /min) were 16, 17.4, 17.7, 14.9, 19.3 and 19% for BS,
MIS, WW, WS,SRCand WP respectively. These weight loss rates were found to be higher
for the fuels with higher volatile matter and lower ash contdrifis The thermal degradation

results under Nare presented ihable S1
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Fig. 1. Thermal degradation profiles of biomdaslsunder N atmosphere: (a) TGA curves, (b) DTG

curves.

Usually, homassfuels having high cellulose contents are recommendable fothieional

conversion processes, whereas ¢hasth high lignin conterstare particularly suitable for

combustion and/or gasificatiaspplications The devolatilisation rateof the lignocellulosic

biomass under nitrogestmosphere depends on numbeptifer componentsuch ashigher

14
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324

the lignin content, the slower the biomdssolatilisation[40]. The temperature range of lignin
devolatilisation cannot be discerned fronwhich often has a broad peak temperature
overlapping that of cellulose decompositieri]. It is evaluated and report¢d?], that DTG
method gives comparable results ththae other available common methods (holocellulose
extraction, cellulosextraction, neutral detergent fibre, acid detergigméfind acid detergent
lignin). All experimentations were performed side by side for comparigianeover, the DTG
method is cost effective, easier to implement and faster than the above mentiocieeimvesl
analysesTherefore, in this studyhemicellulose and cellulose contents of biomass fuels are
calculated from DTG curves using a method showign 2 andpresentedn Table 2 along

with those reported elsewhere

20

18-
16
14 -
124

10 +

//.
\\\\\\\\\\»

"] \
1 . \\\\\ ///'

T .
150 200 400 450

Temperature (° C)

Fig. 2. Typical DTG profile fora biomasduel under N, weight loss under the first shoulder (shaded
blue) in the first DTG peak correspondsiemicellulose contents and the weight loss under the main
DTG peak (shaded red) corresponds to cellulose contents.
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The criteria for division of area under the DTG curve was the observed two shoulders. The

DTG plot in Fig. 2 shows the apparent twsiage (twoshouldes) release of thdirst

hemicellulose (low temperatur@nd then cellulos€high temperature)This temperature

dependent release of cellulosiomponents is in accordance wilie literature[42]. Weight

loss under the first shoulder (shaded blue) in the first DTG peak corresponds to hemicellulose

contents and the weight loss under the main DTG peak (shaded red) correspondose cellul

contentsDue to the difficulties to measure lignin content, an error-011% can be attributed

to this studyods

resul ts

as

compared wi

Table 2. Compositions ofnain lignocellulosic components different biomass fuels.

Fuels Cellulose Hemicellulose Lignin Reference

(from this study unless (wt9%0) (wt9%0) (wWt%)

stated)

BS 40.00 20.00 - This study

MIS* 40.00 21.00 - This study

WSs* 35.00 20.00 - This study

SRC* 60.00 12.00 - This study

WP 38.00 30.00 - This study

WS 33145 20i 32 8i 20 [43]
41.0 30.80 7.70 [44]

SRC 49.3 14.10 20 [44]

BS 33.342 20.4128.0 17.10 [43]

MIS 40.0 18.0 25.0 [43]
38.8 36.6 11.5 [45]

* Anticipated w#b loss attributed to hemédiulose and cellulose calculated from DTG.

While the comparisonwith other studies[44, 46-49] based ona common method for

t h

determination of polymeric lignocellulosic components, prievedthatthe values predicted

by usingpresentDTG technique were compaitabPrevious studiesn biomasshave shown

that cellulose comprises #80% compared to 280% of hemicellulose and 180% lignin

[50]. The relative proportions of cellulose and ligmire two of the determining factors in
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identifying the suitability of biomasfuelsfor the energyproductionprocesssince the ratio of
cellulose to lignin dictates the rates of thermal decompogdidnThe final pyrolysis residige

were in the range of 14.3 to 21.Zk@tcomprisedof unburnt char and ash.

3.3 Thermal degradation under air atmosphere

As shownin Fig. 3a and b most of the biomass fuefemonstratedhreestageweight loss
under oxidative environmesntthefirst stageof moisture evaluatiorthe second for oxidative
degradation anthe third relates to char combustianThe TGA and DTGprofiles obtained
under air were diffrent from those underoNshowing elevated reaction raiagheair. The

DTG peaks under air are showrHig. 3b, different peaks and mass loss stages are attributable
to moisture evolution andevolatilisationoccurred; but withdevolatilisation higher global
reaction rates are apparent, evidencing the predominaddéoént decomposition pathways.
The peaks between 215 to 3are attributed to theevolatilisationzone. In the firszone

BS started to react earliest from ZUbwith a weightloss of 53%, whereas WP started last

from 235°C with the highest weigHoss of 63% (seEig. 3a).

The thermal degradation results in the first and second reaction zones undesuairraegized

in Table S1 The maximunrate of weight loss (R of 39.7% at the peak temperatures)X

of 288°C was observed for® Devolatilisationunder air was occurred atower temperature
than under W The average rate of weight lo$&wg were 10.3, 11, 9.4, 9.4, 10.2 and 9.3% for
BS, MIS, WW, WS SRCand WP respectively. These valasalmost twice thaunder N,

also supported by previous reseafddi]. Higher decomposition ratewithin a narrow
temperature rangarealso observed in this region which is associated with cellulose chemical
decompositiorf40Q]. After devolatilisation char combustion begind8n apparent overlapping
between these two zonesobservedover temperature periods of 80, 45, 38, 20, 48 af@ 40

for BS, MIS, WW, WS SRCand WP respectively. It had previously been repdibdfl that
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366

367

368

369

370

371

char oxidation could be started during devolatilisaiiotnx y gen r eaches t he
The mass loss that wabservedo occur over a broad range, relatively higher temperature
region marked as region iA Fig. 3b, between 385 to 54%C. This is believed to correspond

to the char combustion zan€he anticipated char (also have ash) conteh2.5, 23.5, 30,
19.5 and 24% attributed between temperategions 360460, 390510, 340570, 410510

and 410540°C for MIS, WW, WS,SRCand WP respectively.
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373 Fig. 3. Thermal degradation profiles of biomdaslsunder air: (a) TGA curves, (b) DTG curves.
374

375 The rate of reaction for all type of biomass fuels during combustion becomes faster than that

376 of pyrolysis anddevolatilisation The maximum rate of weight loss during char combustion
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377 was found to be 9.47% for SRC. The SRC rate of wéagisiduring combuson is the highest

378 among all other fuels with the highest cellulose contents about 60%. The cellulose content in
379 the biomass may enhance the ignition characteristics and decomposition process of lignin since
380 cellulose compounds have a branching chainobfgaccharides rather than an aromatic ring,
381 whichareeasily volatilised.

382

383 Theresidue left at the end tfe combustiomctually comprises of asA.wide variation in the

384 ash content can be observed within wwaopdy biomassfuels and between othetypes

385 Irrigation andfertilizer usage in the growth of herbaceous plants leads to higher contents for
386 almost every inorganic species in comparison to wade. highest ash conteraf 9.4% is

387 found with WS. The alkali content is much higher monwoody biomasss (herbaceous

388 materials) in comparisowith woody biomasss In generalsilica and potassium are the two

389 major ash forming species for all of the agricultimamasduels[52].

390 3.4 Thermal degradation under CO. atmosphere

391 The thermabehaviourof biomasduelsunder CQ is shownin Fig. 4. It is evident fromFig.

392 1a thatwhenN: is used, the end point devolatilisationcannot be found after the residence

393 time of the isotherm condition. On the other hand, the use ef(EIQ. 4a) highly improves

394 the trend towards reaching a mass loss plateau in the isothermal step and enables the distinction
395 and quantification othe volatile material and fixed carbon contents in biomass samples.
396 According to Borrego and Alvargb3d], the use of C®as a carrier gas provides higher

397 resistance to thelevolatilisationof bulk components obiomassin relation to N. This

398 resistance may be due to the involvement ok @Othe crosslinking reaction on thechar

399 surface, which reduces the deformation and clumps its carbonaceous structure.

400
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401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

The onset oflevolatilisationwas seen to occur at higher temperatures in the pes¢rCQ
compared to Nwhich isshownin Fig. 4b. The average temperatures ti@volatilisation

region being higher under G@ow than N> (Table 4. The difference in the values of specific

heat capacity and thermal conductivity for £&@d N influences the degradatiocdmbustion
characteristics of the fuels. It has been found that combustion temperatures are substantially
affected by replacement bk with CO; with/ without the presence of oxygébd4, 55]. Thus,
replacing N with CO, would adverselyeffects the energy input required for biomass

combustion applications.

The third pealshownin Fig. 4b afterdevolatilisatiorat higher temperatures (>780 signifies
the gasification of pyrolysis char via tB®uduardreaction[31]. As illustrated inEqg. @), at
lower temperatures (< 70C), less stable compounds are released and char is formed by the

devolatilisationprocess shown in EQ)
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417 Fig. 4. Thermal degradation profiles bfomass fuelsinder CQ: (a) TGA curves, (b) DTG curve.
418

419 The char in contaawith CO, at higher temperatures (> 700) and with enough residence
420 time may undergo a Boudouard reaction, which leads to CO fornjathn

421
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<700°C

Biomass —_— Char + Gases —
......................................... — ©)
. > 700 °C .

: C(char) + CO; ———»  2CO i+ Ash — |

Boudouard reaction

Higher peak temperatures for char gasification under i€axtion atmosphere are indicative

of possible delayed combustion as compared to combustion in air.

3.5 Thermal degradation underthe oxy-fuel combustion condition

Recently one of themoststudied CQ capture and storage technology is -dugl combustion,
It is consideredhs technicallyeasille to capturaup to 95% of pure C&much higher thapure
CO, production fromair combustionand practicallyeadyfor sequestratiofb7]. Mass loses
of all tested biomadsiel samplesindertheoxy-fuel combustiorcondition(30% Q/70% CQ)
are shownn Fig. 5 thataresomewhat different from those air combustiorshownasin Fig.

3. In devolatilisationzone WS starting earlier at temperature 2€CQbut BS was the earliest
fuel under air; while WP starting later at temgtere 230°C was similar to the air run but at
235 °C. The DTG profiles inFig. 5b show the biomassfuels decompose with high
decomposition ragein rather small temperature intervalShe biomassfuels with high
cellulose contents such as BS, MIS, and SRC produce sharp DT&witdak smallamount

of char residue.

The differences in initial degradation temperatures in the first zZtewelatilisaton) were 50
°C for BS, 18 °C for MIS, 12 °C for WW and 8 °C for SRIhe total weight losseduring
devolatilisationwere in the rage of 52to 70% for all studiedbiomasduels, 53% for BS, 58%

for MIS, 62% for WW, 52% for WS, 70% for SRC and 66% for WA&mong all the studied
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443

444

445

446

447

448

fuels,themaximumrate of weight loss (Rx); lowest 8% for WW andthe highest 47.4% for

MIS were observed in the first reaction zone. These weight losses were slightly higher than
underair condition (except BS and WW), e.g. 2.5% for MIS, 0.5% for WS, 3.5% for SRC and
3% for WP. The difference in the degradation temperatures and rate of weight loss is due to
the differencein cellulose, hemicellulose and lignin contents of biomass samiblis fact is

extensively reported in the literaturss)].
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450 Fig. 5. Thermal degradation profiles of biomdsels under oxyfuel environment: (a) TGA curves,
451 (b) DTG curves.

452

453 Similar overlapping zone as under aias observedout with highertemperature ranges. The
454  anticipated overlapping temperature ranges were found, &5,%D, 25, 80 and 65C for BS,

455 MIS, WW, WS, SRCand WP respectively. This higher degree overlapping may be attributed
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463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

to higher oxygen contents mxidising gas as compad to air. It is also supported by the
literature that char combustion time increases in relation to the pyrolysis under low oxygen
contents and relative time of overlapping reduces as undgslhirThe second weight loss
zone is attributed with char combustion within the temperature rangeid3%C. Similarly,

as inthefirst reactionzone WS char combustion is taking place befollettee other fuels at
315°C and WP on the end at 435. The differences ithetemperaturesf thesecondeaction
zonewere97 °C for BS, 53°C for MIS, 100°C for WW and 125C for SRC. The total weight
losses irthe secondreaction zone were in thrange of 151 33% for all studied fuels; 17% for

BS, 22% for MIS, 20% for WW, 33% for WS, 15% for SRC and 20% for WP. The maximum
rate of weight losgwt% /min) 12.8% for SRC was observed ithe char combustion zone.
These weight loss values (except WS in zone two) were lower than under air which is in

contrast with zone one, where weight loss values are slightly higher than under air.

The thermal degradation results of both reaction zones uhéeoxy-fuel combustion
conditionaresummarsedin Table S2 The comparative analysis of DTG profilesfog. 1b
andFig. 3brevealed close proximity of peak temperatures for bletrolatilisationand char
combustion zones. Thermal degradation analysis wmdand oxy-fuel also suggests that by
replacing N with CO, asthe diluent no unfavourableeffect onthe thermal degradation of
biomass fuels was observamovided Q concentration was increased from 21 to 30%. This
has also been confirmexh larger scale stud[54] that gas temperature profileveresimilar

to that of conventional air combigt. The studiediomasguelsburned at relatively reduced
temperatures ioxy-fuel as compared to aifhe residual left at the end of second reaction zone
consists oashwith 6.5, 5, 1, 9, 2 and 0.5% for BS, MIS, WW, WS, SRC and WP respectively.
As previously stated, the combustion characteristics and reactiondestesasdy simply

replacing N with CQ, in theair. Higher concentrations of oxygen are required to match these
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481 characteristics under oxfyel conditionsas compared to anombustioralthough parity can be
482 obtained by increasing oxygen concentration up to B&%o

483

484  Char combustion zones ohderboth air and oxyfuel environment arenentioned iffable S1
485 andTable S2respectively The values ofTpeak@and Rmax in this zone under both reactant gas
486 mixture arecomparabldo some extent bubr some biomassasmderoxy-fuel shown higher
487 values foboth TpeakandRmax thiscould be associated witligher oxygen ratio in this mixture
488 of reactangas The Tpeakfor oxy-fuel char combustion of different biomass found inT3722
489 °Crange withRmax 4.88 12.65wt%/min(Table S2, while for air char combustiofpeak ranges
490 from 387 483°C with 4.78 9.47 wt %/min Rnax (Table S). Thisdataindicatesthatunderoxy-
491 fuel aslight higher Rnaxwere observedOxy-fuel is bettetnoveltechnologyand used for C®
492  capture

493

494 Thermal degradation analys$ biomassunder this mixture (30% £¥0% CQ) of oxy-fuel
495 combustionshows equal and somewhat higher properties than air combustion also correlate
496 with thetheliterature[54]. Under different thermal degradation zonesxj-fuel combustion
497 Tpeakdnd Rnaxwereobserveadtomparable and high#ran air Moreover 95 % pure C@capture
498 suggestthat this technique could becorag one othe leading for combustion of biomass in
499 power plants witrevennegative CQ@ emission characteristicAmong all studied biomasses
500 under oxyfuel, air combustion the best biomass fuel with highgeBnd Rnaxwere observed
501 in this order SRC> BS>MIg&nd SRC>MIS>BSespectivelyThe Tpeakand Rnaxvalues of BS
502 and MIS differ slightly under air and oxyel that could bebecauseof the similar volatile
503 matter content.

504
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505 3.6 Reactivity and kinetic analysis

506 In all DTG profiles excepNo, two combustion or gasification steps may be seen clearly, the
507 peaks differing in position and heigftherefore information on biomass samplesactivties

508 may be deduced. Thusactivities parametewerecalculated for each peak, adding the share
509 of any secondary peaks or shoulders present in the burning profile. lwdkia value

510 representing the mean reactiviBBv) was calculateavith thecorrespndingpeak temperature
511 (Tp) for all biomasssamples; the results apeesentedn Table 3. The reactivity parameters
512 under N focus on the temperature range of 8060 °C, wherethe maximum valueis

513 associated with SRCUnder air CO, and oxy-fuel there are additional reactionsom

514 devolatilisationchargasificationandcombustionTemperature ranges fron@2to 370°C and

515 315t0 570 °C areassociated with volatile combustion zones and char combustion zones under

516 air andoxy-fuelrespectively.
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517
518 Fig. 6. Reactivity pofiles of biomass fuelander different reaction environment.
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Under oxy-fuel, higher reactivity values were noticed as compared to all other reactive
environmentsTemperature range from 2@0 415 °C and 680to 950 °C are attributed as
devdatilisationand chaiCO; reaction zones respectivelfhe biomass$uelssuch as BS, MIS,

and WS with lower lignin content showed higher reactivities.

For comparative analysis based on the valueswftie fuel samples may be ranked as
SRC>MIS>WP>BS>WW>WS underMindCO; ,but under CQthe Rw values are slightly
higher than as underaNsimilarly these values are greater undgy-fuel as compared to air
and show a trend as MIS>BS>WS>SRC>WP>WW. For #ie trend is as
BS>MIS>WS>SRC>WP>WW. Undeabove mentionedonditions different trends were
observed but there issmalland comparable difference between theinRlues. As under N
SRC willow exhibited high R value of 0.53, whereas the next fuellwlitigh Rs is MIS (0.51)
and this biomass fuel is exhibited higk &nhder oxyfuel combustion reactivity analysismR
value of 1.60 is observed for BS under air, while this fuehafirst rank under air and at
second rank under oXyel analysis. R values undeoxy-fuel were observed to be higher than
those under aira phenomenowhich is also supported b§59], and one of the reasons this

process is valued as an alternative to conventional combustion.
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538

Table 3. Reactivity parametersf biomasguelsunder N, Air, CO, andOxy-fuel environments

Under N, Under Air (21%0,/79%N,) Under CO, Under Oxy-fuel (30%0,/70%CO5)
Peak Reactivity Peak Temp Peak Temg Reactivity Peak Temp Peak Temp Reactivity Peak Temp Peak Temg Reactivity
(from this study
Temp T, Ru x10? To Tz Ru x1C? Tt Tz Ru x1C? To T2 Ru %10
unless stated)
(°C) (wt% /min °C) (°C) (°C) (wt%/ min °C) (°C) (°C) (Wt%/ min °C) (°C) (°C) (Wt% /min °C)
BS 335 0.48 288 401 1.61 336 809 0.52 296 433 1.74
MIS 341 0.51 295 387 1.5 343 912 0.56 299 388 1.8
ww 371 0.48 330 456 0.97 370 909 0.50 335 465 1.02
WS 333 0.45 293 403 1.46 331 938 0.49 285 378 1.67
SRC 367 0.53 338 483 1.17 367 889 0.57 331 479 1.36
WP 376 0.50 346 477 0.97 379 945 0.54 340 474 1.14
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Under N, COp, air andoxy-fuel from pyrolysis to combustion, different reactivities have been
observed. The reasons behind differences in the reactivity profile of these biomasgBs are:
physical characteristics, (2) elemental and structural components, (3) moisture content, and (4)
char combustion rate. Different char combustion rate might be credited to the varied reaction
environment applied to the nagothermal TGA othebiomasss. Somewhat similaryrvalues

were noted for biomasses under air and-fwe}, might because of ZLomposition of these
environmentsas shown irFig. 6. As would be expected, an increase in char reactivity with
increasing @ concentration was also observed for botfiN2 and Q/CO, combustion

environments.

The kinetic parametexs all type offuelswere determined from TGA profiles usiadinear
form of the Arrhenius equationThe activation energy (Eaprder of reaction (n) and
correl ati ofcacuatedundeidéferent amBspherethektudied biomaskiels

The reaction kinetics wemaodelledat n = 0.5, n =1 and n =2 and it was found that values of
Ea increased by as much as twofold between n = 0.5 and TheZestine of fit for the
apparentenergy of activation values has been reported for 0.5 order of reaction and is
represented ifable4. There is no consensustime literatureas to reaction order, with some
studiessupporting these results [33] but othafrming that pyrolysiss best described as a
global first ordereaction[32]. For comparison afateconstantsArrheniusplots of all biomass
fuelsareshownin Fig. 7. In thedevolatilisationzone, there were nsignificantdifferences
amongthe rate constants of the samples. In the early stages of thdegedation,the WS
hada slightly higher rateconstanthan those of the othéuwels The BS maintained a high rate

constant, whereas the WP maintained a low rate constant until the end of the first zone. The
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563 rate constant of the BS reachtedts maximum athe end of the first zone under all reaction

564 environments.
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565

566 Table 4. Kinetic parametersf biomasduelsunder N, Air, CO, andOxy-fuel environments
Under N, Under Air (21%0,/79%N,) Under CO, Under Oxy-fuel (30%0,/70%CO,)
Fuels Devolatilisationzone Devolatilisationzone Char combustion zone Devolatilisationzone  Char CQ reaction zone Devolatilisationzone Char combustion zone
(from this study n=0.5 n=0.5 n=0.5 n=0.5 n=0.5 n=0.5 n=0.5
unless stated) Ea R? Ea R? Ea R? Ea R? Ea R? Ea R? Ea R?
kJmole kJmole kJmole kJmole kJmole kJmole kJmole
BS 84.69 0.96 140.07 0.95 380.16 0.92 82.82 0.98 325.10 0.92 155.18 0.95 194.48 0.93
MIS 92.11 0.97 159.33 0.96 303.78 0.85 80.30 0.99 229.42 0.85 175.73 0.96 226.80 0.99
ww 86.72 0.97 110.88 0.96 197.58 0.83 85.46 0.97 334.71 0.87 111.40 0.97 339.73 0.83
WS 98.68 0.96 160.20 0.94 167.79 0.85 82.65 0.99 305.00 0.91 204.87 0.99 203.82 0.83
SRC 76.95 0.95 103.63 0.96 170.05 0.85 75.20 0.94 543.99 0.87 115.51 0.98 333.01 0.93
WP 81.67 0.97 102.45 0.95 198.85 0.83 80.57 0.96 428.22 0.88 112.52 0.92 417.21 0.94
567
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Theslopes ofArrhenius plotshelp in the determination of thevels of activation energies of
thesebiomassfuels. The highest slopeompatible withWS with activation energy 96.98
kJmole (under M), 160.20kJmole (under air) and 204.8&d/mole (underoxy-fuel). While

the lowest slopes belong to t8&C and WPboth of which have an activation energy’6f95
kJmole (under M), 75.20kJmole (under C@) and 102.4%Jmole (underir) respectively

The apparent activation energy values in devolatilisation zone under BN were
98.68>92.11>86.72>84.69>81.67>76.95 for WS>MIS>WW>BS>WP>SRC respectively.
Under @ Ea valueswere observed in the order of WW>BS>WS WP>MIS>SRC and
SRC>WP>WW>BS>WS>MIS indevolatilisation zone and cha€O, reaction zone
respectivelyHigheractivation enengswereobservednostly forsoft woody samples whereas

for comparatively harder ones lower activation energies were observed.

In the char combustion or gasification zonejchhigher rate constants weneticed for the
BS under air, SRC under G@nd WP undeoxy-fuel, whencompared tdhe othersAt the
beginning of the second zorike rate constant of the MIS under air waservecdigher than
that of the BSBoth of theséhada closer rate constantsthe end of that zone wamarer
Under air BS also had higher slope second zluedoits significantly high activation energy
(380.16 kJ/mol) as compared to WS (167.79 kJ/nfab)id the other sixsamplesthe wheat
straws hado some exterttigher rate constants in tearlyphase®f the second reaction zone.
This turned into even less significant towards the end of ttdactionzone. The apparent
activation energy values 160.20>159.33>140.07>110.88>103.63>102.45 for
WS>MIS>BS>WW>SRC>WP respectively were observed under aevolatilisationzone.
The calculated apparent Ea values under  oxy-fuel were as

204.87>175.73>155.18>115.51>112.52>111.40 for WS>MIS>BS>SRC>WP>WW in
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597

devolatilisatiorzone.The above trends of activation eneogyld beassociated witthenature

of soft anchardwoodresiduesinder different zones.
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Fig. 7. Arrhenius plots for biomass fuels undefa) No, (b) Air devolatilisationzone, (c)Air char
combustion zone, (d) COdevitalisation zone, (e) C® charCO;, reaction zone, (f)Oxy-fuel

devolatilisationrzoneand(g) Oxy-fuel char combustion zone.
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598

599 With an increase in oxygeroncentrationthe apparent energy barriers decrease resulting in
600 lower valuef Ea for both volatile and char combustion zones. Howeéwehe present case,
601 after replacing Nwith CO, underoxy-fuel the apparent barrier towards the volatile and char
602 combustion reaction zone increases resulting in relatively higher values of Ea. This could be
603 partly due tothe physical properties of C£n oxy-fuel. The rest of the apparent Ea values
604 found to be nearlgynchonisedwith existing literaturg11]. Therefore Table 4 values are
605 supported and verified frofiable3 values. According to Ea and reactivity filtrend under
606 N2, the most reactive biomass wite least activation energy is SRC and the least reactive
607 with high activation energy iWS. A significantly similar type of results under other
608 experimental conditionwere observed

609

610 Heat flow and masgansfer rateof the biomass fuels wemeterminedunder N and air

611 reaction environmestFig. 8 and Fig. show the experimental DSC thermogrambiomass
612 fuels under Mand air respectivelylTo detect the endothermic and exothermic nature of the
613 reactions heat transfer analyses were performed. B$@ results, it was observed that the
614 thermograms went from endothermic reactions to very minor exotthenes. The first region
615 of endothermic peaksagnoted up to 308C, then very minor exothermic peaksreobserved

616 upto 700°C. The peaks above 300 can be attributed to tlidegradation of the lignocellulosic
617 componentg2]. After this the fuels were degraded againtire endothermic regionThese

618 thermograms ensurddat all biomass fuels were degraded under endothermic region without
619 the effect of setheating[2]. Fig. 8b showsthe mass trangfr ratesof the fuels under N All

620 fuels show relatively slow (pyrolysis) mass conversion undethBih air (combustion)Hg.

621 9Db), these resultsra in agreement witli60]. Fig. 9a shows tlat thermograms went from

622 endothermic to exothermic reactions when the temperature indrabsge 280°C. Two
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623 exothermic peaks weneoted for alltype of biomass fued combustion from 280 to 50%C,

624 peak 1 was observed due to light volatiles combustion while peak 2 wesdnfur fixed

625 carbon combustiofi3, 61]. These significant exothermic peaks were considered in accordance
626 with the mass conversion profiles and verified fretudy[61]. The exothermic peaks were
627 exhibited because of the oxidant environment. After thisbtbmassfuels again degraded

628 under the endothermic region.
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629

630 Fig. 8. DSC analysi®f biomass fuelsinder N: (a) Heat flow, (b) Mass transfer rates
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631

632
633

634

635 Fig. 9. DSC analysi®f biomass fuelsinderair: (a) Heat flow, (b) Mass transfer rates

636
637 The rate of mass transfer of MIS, WP and SR&Ledetected higher than other fuels under N

638 while under air the rate of BS, WS and MIS mass transfer was higher than others. The mass
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