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Abstract

The high calorific value of rice husk and rich silica content in rice husk ash make its valorization becomes attractive.
This study presents the thermodynamics simulation performance of rice husk combustion nsing a realistic decomposition
approach. A non-ideal gas approach and fugacity coefficient were also considered in the calculation. In this study, devola-
tilization of rice husk is simulated to form gas (64785, lguidfiar (7.28%), solidfchar (27.94%), and all of these are then
oxidized with 100% excess air to form flue gas. From the calealation, aboat 2.6 MUkg of specific combustion energy is
produced. The maximum combastion temperature in the furnace is wp o 1437 °C for perfiect insulation and ap to 1400 °C if
there is a 5% heat loss dwe to radiation. Purthermore, the thermodynamics simulation expressed that MO, emission amount
from rice husk combustion is negligible and there is still a peobability for OO and H; to be prodoced at above 500 °C due to
Bouwdonard reaction and homogeneous water gas shift reaction (WGSE). Tt is found that combustion equipped with larger
excess air could quench the heat produced and reduce the combustion efficiency but could maintain the temperature at
TO0 °C. Supplying excess air of about 180-200% is advantageous to keep the combustion temperature at 700 °C 1o avoid
silica crystalline formation which harms human health, as well as suppressing N0, emission and reducing CO emission
from the simolianeous reaction of Boudouard-WGSR. Finally, the study concloded that a realistic decomposition approach
conld predict the rice husk combustion performance with reasonable and logical resulis.
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Statement of Novelty

Eo far, many established smdies have proposed a simple
approach to the devolatilization stage. This is unrealisiic
hecause biomass decomposition is assumed to form O, H,
O, M elements before entering oxidation. In the realistic
decomposition approach, biomass decomposition is not o
form C, H, 0, N elements bot gas, liquidftar, and carbon as
solidichar. Interestingly, there is still a lack of study on it
and therefore, this study discussed the rice husk combus-
tion simualation performance with a realistic decomposition
approach on the devolatilization stage. The results perform
that this approach gives a reasonable agreement with the
other researchers” results in terms of the amount and com-
position of devolatilized product, the amount of specific
combusiion energy, adiabatic flame temperaiore, and floe

£85 COmposition.

Introduction

Recently, biomass utilization for alternative fossil foel and
chemicals surrogates has become a major concern due io
iis positive impact on huomans and the environment [1, 2]-
One of the abundantly available biomass in Indonesia is rice
husk [3]. They have several superior properties, e, mostly
occupies approximately 200 wi% from straw-free rice plant
[4], have a calogific value in the range of 12-17 MIkg [5],
have an ash content in rice husk of nearly 20 wi's [6-58].
and contain silica in ash as much as 30-98 wi% [9, 10]. The
high calorific value, as well as the rich silica content in ash,
make them important and interesting to be valorized. The
valorization can be implemented through rice husk combys-
tion in a furnace to prodece energy and ash then followed by
rice husk ash extraction to acquire silica [4, 9—11]. There are
several stages ocourred in the rice husk combustion, namely
drying, devolatilization, char formation, further oxidation,
and ash formation [5, &, 12, 13].

Ower the past few decades, studies on thermodynamics
simulation have been able o predict combustion perfor-
mance which mainly focused on specific combustion energy
calculation, rice husk combustion temperature monitoring,
as well as flue gas composition prediction and analysis. A
study on combined heat power fuelled by rice husk with
electricity output up o 115 MW gave a specific rice husk
consumption of 1.2-1.7 kg/kWh [ 14] or recalculated as spe-
cific energy prodoced in the range of 2.12-3.00 MIkg. Apart
from that, the case study from Pakistan stated that as much
as 494728 MWh of energy could be generated from the
combusiion of %432 tonnes of rice husk [15] or equal 1o spe-
cific combustion energy of abowt 2.77 MUkg. Besides, the
energy balance evaluation on 2.8 gfs rice husk combustion
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for steam and hot air generation resalied in 21.09 kIfz of uiti-
lized energy [16] and it s equal to approximately 753 MIS
kg of specific energy released. Meamwhile, the rice husk
combaustion modelling study in a grate bed furnace showed
a maximum combastion temperature of 1407 °C and flue gas
exhaust emperature of 694 °C with the composition of M,,
COy, ©0,, HyO, and remaining O, [17].

In addition, the detailed investigation of biomass com-
bustion performance in a more complex furmace iype was
mostly done with the aid of computational fluid dynamics
{CFDY) study. Biomass combustion in a simple grate fornace
i5 widely applied for domestic application but the harmiful
emission is imperative to be minimized by numerical ogdi-
mization [18]. The packed bed furnace is also otilized to
upgrade the combustion performance but is also believed
io e challenging both in experimentation and in data col-
lection [2, 19]. Due to the high problem complexity, normal
CFD codes are nod even able to model the solid {bicmass)
behavior and transformation in the fumace [2]. Henee,
the inclusion of user-defined functions or sub-routines for
modelling biomass drying, biomass devolatilization, char
oxidation, solid—gas contact, should be embedded manually
[18-20].

The adversity of biomass combusiion CFD meodelling can
be overcome by replacing the biomass input stream with its
decomposed prodacts [21, 22]. The ability to calculate the
biomass decomposition products at a certain temperatune,
thus, becomes important. Unfortunately, many studies and
well-established textbooks proposed that at the devolatili-
zation stage, biomass decomposes o C, H, O, N elements
priof to being oxidized [23-25]. This approach is simple bt
imprecise 0 it should be corrected with another approach.
The proposed approach is realistic decomposition, where
rice husk devolatilization products are not C, H, O, N ele-
ments but gas, liquidftar, and solidfchar [23]. To avoid mis-
interpretation, the term “realistic” is not abont emphasizing
the realistic produoct composition compared to the experi-
ment resulis, but in terms of its realistic decomposition
hehavior.

The study by Thunman et al. has succeaded o build the
misde] wsing mass and energy balances for predicting actual
viplatile gas composition from wood devolatilization [26].
However, the discussion still lay on the volatile gas composi-
tion and no further examination abowt the thermodynamics
aspects of biomass combustion. Therefore, this study intends
to discoss the thermodynamics simulation performance
of rice husk combustion with a realistic decomposition
approach. The discossion comprises of problem preliminary
analysis, devolatilized producis prediction, specific energy
calculation from rice husk combuostion, adiabatic flame
temperaiure determination, air supply sirategy for main-
taining rice husk combustion temperature, and the flue gas



composition analysis due to the attendance of Boodouard
reaction and homogensous water gas shift reaction (WGSR).

Methods
Degree of Freedom (DoF) Calculation Procedure

The DoF calculation aims io state the number of unknown
wariabled and equations involved 1o solve the masi and
energy balances problem untll & uslque solution is scquised.
It was done for mass balance and mass-energy balance. To
simplify the problem, it is recommended to create a simple
block diagram complete with flowrate symbol and compo-
nent symbol. Aferward, the known and unknown variables
should be identified before DoF calculation was executed
[25]). The DoF calculation follows Eqg. 1a for mass balance
and Eg. 1b for mass-energy balance.

DoF (maxs balance) = 5V, — LIE = KD,, - SE (18)

Def{mass = energy balanee) m SV, 4 5V, = LIE = EE = KD, = KD), = §E

Table 1 Ubimate and prosimate analysis of rice busk (dry basis )

C 37.55 wit's Motsture -

H 541 wa® Volatile matter 6356 wi%
(4] 16,36 wi Flasd carbin 17.02 wi
M 096 wih Aaly 19,12 wi'

s tred fromm prosamate analysas (¥, and the actual voli-
tile produced (¥Fype), The rtio between ¥y and ¥y, is defined
as volatile enhancement factor (V) which plays a role o
correct the amount of devolatilized products at a temperaiure
other than 900 “C. The value is commonly in the range of
0.8-1.3 [23].

In order 1o determine V., the blomais type number ( Vo)
should be calculated first as in Bg. 2a. The Vo value was
then applied o determine the predicted volatile matter mass
fraction {‘r"w:, Eq. 2b. Subsequenily, Eq. 2c is a tiempera-
ture correction fonction, fo{T) in “C unit, which was later

L]

where SV, is the total number of mass stream variables,
LIE is the number of linearly independent equations, Ky,
is the number of known data for mass stream, SE is the
number of supplemeniary equations, 5V, is the number of
energy siream variables, EE is the number of energy equa-
tion (always 1), and KD, is the number of known data for
ENErgY sineam.

The number of strenm variables consists of the total of
imbet and cutlet streams (include energy stream variables for
mass-energy balance DoF calculation). The linearly inde-
pendent equations are the total elemenis involved in the
problem (inclede energy equation for mass-energy balance
DoF calculation). The stream which contains pure concen-
tration | 100} so need to be iovolved in DoF calculstion.
If there s a calculation basis or known Mowrate, they have
o be involved in the DoF calenlstion a5 known data (also
include knowsn energy variables for mass-energy balance
DoF calculation). Additionally, sapplementary equations
ane equations bedides muss and energy balance equations.

Realistic Decomposition Calculation

The rice husk used in this stady has a calorific value of
14.95 Mg whercas the properties comprised of ultimate
and proaimate asalyiis in dey basis condition are given in
Table 1. The proximate analysis is performed st 900 “C for
7 min following ASTM 3175-07 procedure [24], whereas the
aciual decomposition in this sindy occorred ai T=T00 *C.
This will lead to the distiction between the volatile matier

employed in Eq. 2d 1o obtain the predicted devolatilized
products mass fraction (¥, ). Afterwand, V; was calculated
following Eq. 2e [23, 24]). The devolatilized products consist
of gas, liquid, and solid. Gas was represented with CO, H,,
CO0,, CH,, H,0, and NH, [27, 28], liquid or tar is sssumed
to consist of C,H, /0, (2-methoxy-5-propyl-phenol), C,H,0
{eresol), and CoH,N (quinoline) [29], and solidichar was poe-
sumed 1o contaln only carbon [28). Bach product amount
was determined from Bgs. 3a-3¢ and should be consistent
with the value from dry-ash-free basis of proximate and ulti-
mate analysis [23, 24].
Yo

Nep = {2a)

?a,-n--ra.-

Vs = €p[0.031 — 0.0290nN ., — 0.038 (1N )| (2m)

fel Ty = 3.31(%}1' - u.u[% }'

+m.n(%]1-uu{%] {2e)
+ T.r.m( %} — 3036
Yip = lrlw.i""“F'[-”S'-T"l (2d)y
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=y = (2¢)
Yow =1 =¥ip=1-3 ¥, {3a)
Youss = Yorur + 3, (}JE;;:EJ {3h)
D) (r”;;::” ) (3c)
Vo = }:( r";}:” ) (3d)
35

where ¥ is the actual devolatilized products mass frac-
Lioam, ¥, is the volatile matter mass fraction from proximate
analysis on dry-ash-free basis, ¥, is the ith component of
actual devolatilized products mass fraction, ¥, is the char
fraction, ¥ is the number of C atoms in ith component,
¥y, is the number of H atoms in ith component, ¥, is the
number of O atoms in ith component, ¥, is the nomber
of M atoms in i component, ¥, is the C-H-0-N content
ultimate analysis in dry-ash-free basis, Ar is the alomic
weight for C—H-0-M, and Mr, is the molecular weight of
i™ component.

In the rice husk combustor, all devolatilized prodscts will
react with oxygen from the air. The air anvount was varied
umder stoichiometric and excess conditions. The excess air
{FA) is calculated from Eq. 4 and the Oy and OO, percent-
ages in the flue gas are acquired from Eq. 5, respectively.
The exit flue gas temperaiore was also varied from 200 to
TO00 “C. All the inputted data for calculation are summarized
in Tahle 2.

Table 2 Inpuited data for realistic decompasition caloalation

Parameders Values

Temperature al proximabe analysis GOy "

Decomposition and oombustion fempemtune O

Expess ar %, 109, 20°%:,
4%, BOE,
100, 1500,
amd 2%

Exil flue gas tempershare 200 =C, 300 *C,
400 =, 500 7,
&0 ", amd
Wi
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nﬂ HJ’

Mo~ Mg
0y in flue gas = *T‘* » 100 {5a)
" ”ml. T
£y in flue gas = —= X LIV {5h)

B

where n_ is the actoal air amoant; », is the sioichiometric
air amount; n, _ is the actoal oxygen amount; n, | is the
stpichiometric oxygen amount; and n, ,,, is the carbon diox-
ide amount: and ny, is the flue gas amoont.

Combustion Efficiency and Adiabatic Flame
Temperature (AFT) Calculation

Combustion efficiency and AFT determinations require inbet
and outlet enthalpy calculations. The enthalpy calculation
considered residual enthalpy (7%} from Pitzer-Lee-Kesler
generalized correlation which involves acentric factor (w)
and critical temperature (1) properties [30]. Inlet enthalpy
{H, ) was derived from biomass and air inlet enthalpy, fiol-
lowing Eq. 6. Ouilet enthalpy (5} calcolation was given
in Eq. T which considered ash and flue gas sensible heat.
Heat loss {#,,, ) due to radiation occupied as much as 5%
from inlet enthapy. This percentage of heat logs due to radia-
tion is chosen following the role of thumb for combustion
efficiency improvement in indusirial boilers and furnaces
[317. The heat capacity for each component {Cp, ) was a tem-
perature-dependent polynomial function and the reference
temperature (7, ) was set at 25 “C. All progeerties constant
were adapied from common databanks [30, 32, 33].

Combustion efficiency {y_} is derived from the difference
between inlet and outlet enthalpy including heat loss, Eg. £
[8. 31]. Apart from that, the AFT calculation on various
excess air was performed with two types of assumption, e,
no heat loss (perfect insulation) and 5% heat loss doe o
radiation. The AFT with no heat loss was iteratively calcu-
lated by finding T, until inlet enthalpy (Eq. &) is equal io
outlet enthalpy (Eg. 7). AFT calculation with 3% heat loss
is to find T_, until Eq. 6 has the same value az Eq. 7 and
heat loss amount.

Hie = (Mo H Vo | "-'-l.'rJ'I{ ij‘r:‘ 'C:Fl'-dr} "H::-J {6}
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F.l.-'
Haul= (m"ﬁ./r fﬁuﬁﬂr)
L

" T {7

+m,, CpdT & + HE

e [{E ) e}
,T:=(1—F‘T""‘;¢)xlmfi {8}

where w08 the mass of biomass, BV, is blomass
calorific value, e, | ia the inlet mass of ith component, T,
iz air inlet temperature, @7 is temperature difference, m,, is
the mass of ash, T, is gas outlet temperature or exit floe gas
temperature, « is the number of components.

Thermodynamics Calculation Procedure

The calculated flue gas composifion from biomass oxida-
tion was then correcied due 1o the Boudoward reaction and
homogensous water gas shift reaction {WGSR). The inter-
action between flue gas with remaining biomass through
Boudouard reaction and WGSE were assumed ideal and the
thermodynamics calculation was carried out using the Gibhs
energy minimization as seen in Eq. 9 which considers the
temperature-dependent of equilibrium constant (&) and the
stoichiometric coefficient of each component {1 ) [30]. The
iterative calculation should be addressed wnitil the emror toler-
ance is below 107",

[l =k {9)

The calcolation entangled fugacity coefficient (£} and
was determined using a generic cubic equation of state, as
served in Eg. 10 The equation involved the compressibdl-
ity factor { £ ) which was calculated using Redlich-Ewong,
Soave—Redlich-Kwong, and Peng-Robinson models [30].
The coefficients of §, ¢, f, LY, o, o, and + for & calcola-
tion were taken from state parameters assignment [30, 34].

d = explf — | — Iz — ) — gl {10}

Result and Discussion

Problem Preliminary Analysis: Degree of Freedom
(DaoF)

In this stody, rice husk combustion is assumed to occur at
1 bar and fieed inlet is assumed at 25 °C. Also, the combuos-
tion is considered to be complete, that is when the prodoct
has no unburnt carbon content bot only rice hosk ash [10].
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Fg. 1 Rice husk combustion block diagram wiath Dol analysis

The flue gas produced from the combuostion, hence, is com-
posed of CO,, Hy0, NO, N,, and the remaining O, [17]. NO
compaound, as oneg of the MOy constituents, is chosen dae 1o
the process condition tends o form MO than MG or N0
[4, 5]- The preliminary analysis in the form of DoF is con-
ducted o determine the problem completion criteria. Do
is important and extensively used to give a good indication
of whether the material energy balance problem is able to be
solved or not [25)]. Figure 1 served the rice husk combustion
block diagram embedded with DoF analysis.

In accordance with the DoF calculation, there are 6 inlet
siream variables (C, H, O, N, 0, and N, ) and & outlet siream
variables (CO,, HO, MOy, O, N, and ash). This problem
has 1 basis (100 kg rice hosk) and the number of linearly
independent equations is 5 (C, H, O, M, and ash). The known
compositions are 4 (O, H, O, and 05) while the known flow-
rate is only 1 {ash flowrate). There is alao | supplementary
cquation used in this study, e excess air 100%, which is
utilized for determining air flowrate amount. On the other
hand, the energy stream variables appear as much as 6 {tem-
perature in rice husk strearm, temperature in air stream, tem-
peratare in flue gas stream, temperature in ash siream, heat
logs, and heat released). The known energy variables are
5, composed of 4 known temperatures and 1 known valoe
of heat loss. It can be geen that DoF value is equal to O for
hoth mass balance and mass-energy balance, which implies
the problems are well-specified and able to be solved either
separately {decoupled) or simultansowsly (coupled) [25].
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Calculation Result Using Realistic Decomposition

The calculation for air inlet condition should wtilize the real
{non-ideal) gas approach and for the exit floe gas condi-
tion is permitted to fulfill the ideal gas approach. Flue gas
pressure and temperaiure conditions neglect the intermio-
lecular interactions due to the high kinetic energy, which
reflecis the ideal gas characteristics [35]. When the tem-
perature becomes lower to resemble the inlet condition,
kinetic energy becomes low and allows for significant inter-
maolecular interactions [32, 34, 35]. Consequently, a real
gas approach for inlet state shoald be considered. Despite
the method developed by Thunman et al. can calealate the
decomposed products amount, the element balances wene
only validated with ultiniate analysis [26]. In conirast, this
study pronounces the necessity to meet niass balance with
ultimeate and proximate analysis, This concept becomes a
novel finding for predicting the actual decomposed prodacts,

Avcording to the realistic decomposition approach calou-
lation, the Nep for rice hosk is 7.3 and the decomposition at
TO0 =C [V value = 0091) leads to the production of 64.78%
gas, T.28% liquidi'tar, and 27.94% solidichar, as schemed in
Fig. 2. Since the decomposition occurs at 700 *C, the vola-
tile gas and liguid prodoct are mosily obtained and resuli in
less amount of char [28]. Furthermore, the secondary crack-
ing of the liguid product also contributes to tar composition
weakening and enriches gas composition, as a consequence
[36]. To reinforce the statement, the research on fast pyroly-
sis of cellulose and wood along with higher temperatare
from 400 to 800 °C by Scott et al. declared that gas vield
increased approximately from 5 to 609, solid yield lessened
approximately from 28 1o 2%, and liguid yvield increased
initially fromy 70 o 82% but further diminished to abowt
JE% [37].

The gas product is dominated by H, 0O {34.62%), CO,
(30003% ), and CO (26.69%) while minor compounds are
found in the form of H, (4.76%), NH; (2.12%), and CH,

GaE (58 TK kp'hic

C1 = 20609 —_
l[:- = 4 T

O = 30,00%G

CHy =* | .TH%

MEly = 2

HaD) = 3627

Hice Husk | 000 ke b
T = 25

REALISTIC

Lﬂ-ﬂ.l'l T.28 k'l
DECOMPOSITION Liquid/Tar (7.28 kg

'-.NHHHC': * 1.' o
CHO 2 206%
CeH:M o = T3

Sodid W Char (27 04 L ) —

{1.T8%). Methane has the lowest composition and this valoe
is still within the typical composition range of agricultural
residoe pyrolysis at 400-T00 °C, 0.2-2.2% [36, 38]. The
volatiles gas yielded from wood thermal decomposition
through heat and mass balances modelling conducted by
Thunman et al. approximately consisis of 18-21% HJ0,
20-23% CO, 15-22% CO,, 6-12% H,, and the rest is light
hydrocarbon [26]. The difference of temperatore (830 °C
from their study ve, 700 “C in this study) as well as dissimi-
lar assumptions of volatibe gas constituents provolkes a slight
discrepancy in resulis. Hernowo has compared the gas yield
from prediction using a realistic decomposition approach
and from ofther researchers’ experiments for several types
of hiomass, i.e. corncob { ¥ = 15.2), beech wood { Ny =
.60, and rice straw { N = 6.3), Interestingly, the predicted
gas yields were closely fit o the experinvental results [39,
4{1] thus ensuring a realistic decomposition approach has
well performance in predicting the decomposed products
OO Lo,

The gas product alao containg NH; (2.12%) which is gen-
erated from the partial oxidation of N-content in biomass
unsder low-temperatare combustion [41]. The NH ; compsosi-
tion in this sody is muoch lower than from wood bark pyroly-
sis which was recorded in the range of 4.5-5 5% as well as
from bagasse pyrolysis {about 12%) [27]. Other than that,
the major components of liquid products are 2-methoxy-
S-propyl-phenol and followed by cresol. Quinoline has a
compeisition of 7.13% which is close to typical heterocyelic
compounds composition in tar, 6.5% [23). Hereafier, the lig-
uid product composition resalt is still plausible since tar is
majorly cocupied by one-ring aromatic hydrocarbons such
as henzene and phenol derivates [28, 29]).

The rate of biomass oxidation is much slower than
decomposition {io produce gas, liguid, and solid), so pro-
viding excess air in the combustion stage muost be applied,
as a consequence [28]. This study used 100% excess air
which iz still in the range of common excess air amount

Specific amergy: Floe Gans (125694 by hc

X “.-rJ.L'Fn'Jl'.I'IIr'.J. OO, =% 13,697

Mo = ¥l HAD =0 £ To%,

WO = 0,205

0, & 10.72%
CUOPMBLSTIO My = WL

(Excess Adr = 100%:) [EUSSEELS

Ash (19,12 kg'h)
= T

Fig. 2 Rice husk combustion calcalation based on realistic decomposition approach
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fior rice husk combustion, 40-100% [42]. The calculated air
amount is 1153694 ke/h and as moch as 1276206 ka/'h of
flue gas is generated with the composition of 13.69% C0,,
4.79% Hy 0, 0,200 MO, TO60% Ny, and 10.72% remaining
0,. Likewize, about 2.6 MI'kg specific combustion energy
from rice husk is released at exit flue gas temperature of
00 °C with 5% heat loss. The value is still in the range as
stated by Chang et al. (2.12-3.00 MIkg) [14] and alao quite
similar to the research condwcted by Memon et al. (2.77 M/
kgl [15]. Interestingly, Ewofie et al. observed that 7.53 MI
kg of specific combustion energy from rice hosk was able (o
be generated due o the direct application of eopeneration by
means of steam generator and hot air generator [16]. All of
the results imply the calculation wsing a realistic decomposi-
tion approach has reasonable and logical performance when
compEred to the several rice husk combustion experiments
from other researchers.

The mass and energy balances calculation is further able
to deliver a nomogram to interpret the relation between O,
or O0; concentration in the flue gas and excess air used
in the combustion process [16]. Uswally, the combustor is
equipped with O, or OO, detector which is installed at the
outlet pipe 1o record the concentration. In absence of gas
detector, the flue gas could also be analyzed through gas
chromatography to ensure the O, and OO, amount [43]. The
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Fg.3 Rice husk combustion efficiency momagram

rice husk combustion nomogram in Fig. 3 has a similar pai-
tern with the combustion efficiency charts for natural gas,
Mo, 2 fuel oil, and Mo, 6 fuel oil [44]. Nomogram in Fig. 3
exhibits that combustion efficiency alleviation under highes
flue gas temperature is somewhat significant rather than
under large excess air supply. Combustion efficiency repre-
sents the effective heat otilized in the combustion process
where iis valoe is lower at a higher excess air and flue gas
temperatare [T, &, 31]. The red line describes that abowt 105
of O or 9% of OO0, in the flae gas will be detected if 30% of
excess air is involved in the combustion. In this condition,
the combustion efficiency is about 77% at flue gas tempera-
ture of 200 “C and declining to 21% at 700 *C. When flue
gas containg higher oxygen content (bloe ling), 18% of O,
or 8.2% of COy, it means that the combustion takes place
using 100% of excess aie. At this condition, the combus-
tion efficiency is T4% at flue gas termperature of 200 “C and
reduce o 15% a1 700 °C.

To convince the results, the combustion efficiency using
natural gas, Mo, 2 fuel oil, and Mo, & foel oil at flue gas tem-
perature of 200 °C and excess air of 100% were 835, 36%,
and ETH, in a successive term [44]. It is realized that Mo.
& fuel oil has the highest calorific value and then followed
by Mo, 2 foel oil, natural gas, and rice husk, with declining
values [45]. This is the cause for the lowest combustion effi-
ciency of rice husk when compared o the three fossil fuels
aforementioned. In addition, as much as 21% of combuos-
tion energy loss is dominated by the high flue gas sensible
heat (known ag flue gas boss) and 3% due to radiation since
this calealation ignores the incomplete combuastion loss and
unburnt carbon loss, This argument is srengthened by the
studdy of heat halance for boiler efficiencies calculation car-
ried owt by Patro where eneegy loss at flue gas temperaiune
of 180—183 *C occopies as much as 28 38-23 98% [46].

At higher excess air, nitrogen as an inert gas absorhs the
heat from combustion and carries it out from the combus-
tor [47]. This impacts on reducing combustion effective
heat and lead to lowr combustion efficiency. The higher flue
£as temperature al a consiant excess air amount will alsoe
lead to poorer combustion efficiency becanse high flue gas
temperaturne indicates the heat has already flown out foom
the combustor before it is used for combustion purposes.
Aecordingly, it is important to utilize the flue gas sensible
heat through cogeneration or combine cycle to enhance the
combustion efficiency [14, 48, 497, as proven by Kwofie
et al. [16]. Yet, the minimam allowable exit flue gas tem-
perature is usually at 200 °C to prevent flue gas condensation
[50]. This exit floe gas temperature also complies with the
rale of thumb which normally ranges from 175 o 260 °C
[31].
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Adiabatic Flame Temperature (AFT) and Air Supply
Strategy for Rice Husk Combustion

AFT is the highest theoretical temperaiure achieved ai per-
fiect insnlation of the combustion process which is unique
fior each fuel and only depends on calorific value as long as
in absence of molecules dissociation [51]. The maximum
value of AFT is reached when the stoichiometric air is sup-
plied [52]. Based on the calculation, rice husk combustion
has a maximum temperature of ap to 1457 °C under per-
fizct insulation. This valwe is slightly higher than the highest
temperature of rice husk combustion under stoichiometric
condition from Anshar et al. which was 1407 °C. This is
due to the lower calorific valoe of biomass in their study,
1344 Mg [17].

Subsequently, this siudy expresses that heat loss doe to
radiation gives a quite lower AFT with a discrepancy around
3060 2C as notifeed in Fig. 4. Up to now, there is still a lack
of studies that directly observe the effect of heat loss doe io
radiation on decreasing AFT. However, a study carried out
by Li et al. could give a comparison since the combusted
biomass was wood with a calorific value that is guite close
to rice husk, which is 1336 MIkg. They measured the heat
logg due to a 3% moisture increase in wood combusiion
loweering the AFT by a value of 40-70 =C [53]. Again, the
realistic decomposition approach shows its ability to predict
the highest rice husk combustion temperature with a rational
result with other studies.

Similar to the previous explanation that larger excess air
promoes more significant comeective heat flow and impacts
on reducing AFT [33]. Fig. 4. It turns out that nitrogen in
excess air also dilutes and cools down the floe gas tempera-
ture due 1o the sensible heat absorption [47]. The identical
patiern is found that AFT from wood combastion changed
from 1377 o 1307 °C under higher excess air from 21 to

€ Springer

33% [53]. This figure also anmounces that under 105 excess
air, the adiabatic flame temperatare for rice husk combustion
i5 903043 20, If rice hosk combustion temperature exceeds
T00 =, the silica in ash tends to be crystallineg which could
threaten human respiratory systems [5, 54]. Hence, it is
impaortant to maintain the rice hosk combuostion temperatuns
at 700 “C by supplying 200% excess air or air to fuel ratio
{AFR) of 17.35 in the combustor under perfiect insulation. If
there is a 5% heat loss doe o radiation, the excess air supply
of about 1TR0% or AFR 16,19 is still allowable.

Flue Gas Composition Analysis

The biomass thermal process through combustion is a com-
plex set of reactions that produces OO0, Hy, OO0y, Ho0, MO,
N, and remaining O, [5, 13]. The calculated fogacity coef-
ficient is | for ideal gas and between 0-1 for real gas, which
means that there is an intermolecular force attraction [35].
Mevertheless, there is a condition that the fugacity coeffi-
clent value is more than | which informs that there is an
intermaolecular force repulsion [34, 35]. The fogacity coef-
fieient for all related gas is depicted in Fig. 5 and calculation
with Redlich-Kwong, Soave—Redlich-Kwong, and Peng-
Robinson models show slightly similar results. Tt is also
shown that the gas acts more ideal at a higher temperature,
which is characterized by the average fugacity coefficient
that iz closer to 1 [30, 34]). The fugacity coefficient valoe
iz then used For Gibbs Energy minimization calculation to
predict the floe gas composition.

At a temperature of wp o TO0 °C, the complete oxidation
of compounds based on C and H atoms are still spontane-
ows whereas an opposite pattern is found for W atom [T, 30].
When returning to the mass and energy balances caleulation
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Fig. 5 Flue gas fugacity coefficien al various lemperatures
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im Fig. 2, it is exhibited that MO in the flue gas occapies as
much as (L2005 o 254 g MO is generated from 1 kg of com-
busted rice husk. Meanwhile, thermodynamics calculation
reveals that MO (on behalf of the majoe MOy compound) has
a very low equilibeium constant, 3.88 x 107 at 700 *C [4].
Moreover, biomass combustion is frequently undergone at
below 1000 “C becanse it uses a large amount of exoess air
as well as biomass inferior calorific valoe compared to fos-
il fnel, which leads to the negligence of the MO, emission
value [4, 5, 7, 41].

On the other hand, CO, and H,0 are spontanecusly
formed and the CO produced from the decomposition will
immediately eonvert to C0, when air is sapplied surpass-
ing its stoichiometric value. Under excess air conditions,
the reaction between excess O and CO to form C05 is
more sponianesus rather than the reaction with H, 1o form
H A {Gibbs free energy change comparison: — 237,190 kKI/
maol ve. — 228 372 klimol) [30, 33]. Also, Simonov et al.
affirmed that CO reaction with O, could swifitly undergo io
form OO0, [55]. Monetheless, the further reaction between
unburnt biomass and CCr, in the combustor to form CO
again through Boudoward reaction could occur. Hereafier,

the CO produced from Boudouard reaction has a chance to
react with H, 0O o form H, through homogeneous WGSRE
[55, 56&]. This is suspected to be the cause of the OO0 and H,
formation even though the combustion is held using excess
air and takes place at a temperatuure of more than 700 “C_
In pursuance of the single reaction simulation, the Bou-
douard reaction is feagible only when the temperature sur-
paszes 500 °C [55]. The equilibriam conversion of this reac-
tiom is higher along with the increaging temperature, due to
the endothermic reaction. The opposite pattemn is applied
for homogeneous WGESE, an exothermic reaction that could
apontanecusly undergo at a loser temperature but the equi-
likriom conversion decreases at a larger temperature [57].
For simultanecus reaction, WGSR occurs only when the
temperatare is above 300 °C due to the CO compound being
produced above this temperature. The equilibrium conwer-
sion for both single reactions is shown in Fig. Ga and the
conversion of the simoltaneous reaction is plotted in Fig. Gb.
The mass and energy balances calculation could deter-
mine the flue gas composition of a completed oxidation reac-
tiom {Fig. 27, but the composition should be corrected due to
the presence of simolianesus reaction of Bondoward-WGESR

Fig. & Fquilibriium conversion 1 - OO0+ HO0=00.+H Co+ ={0,+H
for Boudouard and WGSE: sin- o0 | H, 7 m L HjﬂT b OO
gle reaction (a) and simultane. . 0 Pt
cus reaction (b AED- ok ...3"' I. - |
E T 4 E 0 1
&0 - "o E 60 4 \‘
50 4 - E 504
40 4 = ao 4
i, SO0y =200
E 3 4 4-"'-'_#_;' S 30 A ] ’
A C+C0,=200 20 - ;
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-| LI T T ! ¥ 1] ...-—- T T T T 1
10 250 400 55F TOF BSF 100 S ROy T RO 900 1060
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compisition afler comsidering 0.7 o
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[28, 55, 56]. The cormected flue gas composition at various
temperatures can be seen in Fig. 7. The figure informs that
Ci composition changes from 9.65 o 23.08% as well as
Ciy composition diminishes from 100635 o 000245 as the
temperature rises from 300 o 100 “C. Besides that, H,
composition also intensifies from 0,45 to 0.50% as well
as H, 0 composition alleviates from 0,55 to 0L02% in line
with higher temperatore. The CO and H; amount enrich-
ment are also discoverad in the thermodynamics analysis
of bionass thermal decomposition condocted by Li et al.,
where at the operating temperature of TO0-850°C, CO yield
was obtained higher from 0.56 to 0.66 Nm kg, H, yield
was upgraded from 0010 to 0.25 Nm kg, and Ci, yield was
decreasing from 0.30 to 0.25 Nm*/kg [58]. Likewise, the
Ci and H, composition from wood thermal decomposition
were also intensified along with temperature change from
A00 v GO0 “C [39].

The corrected flue gas amount at 700 °C from thermody-
namics calealation now has a composition of 2.32% C0,,

0.34% H O, 19.93% CO, 046% H,, 66.70% N,, and 10.13%
remaining Cr,. The OO, which was produced from the simul-
taneous reaction of Boodovard-WGSR at above 500 °C, is
imperative o reduce the amount for it is toxic to humans.
Following Le-Chatelier principles, providing excess air
could allow the CO spontaneous reaction with oxygen to
fiormn 00, [56, 0], Thus, maintaining rice husk combustion
tempeerature at 700 °C, aside from preventing MO, forma-
tion and avoiding the silica in ash phase transformation into
crystalling, can also suppress the CO amoant [5, 7, 12, 54,
1], As a final summary, the calculation resalis from the
realistic decomposition approach in this stody compared to
other studies are outlined in Table 3.

Table 3 The resulis comparisan between realistic decomposabion approach (this study) and other studies

Vuriahles Fesults From this study Fesults From other studies
Biomass decomposition prodscis Fice husk, T=100 = Wcxd, T =8I °C
Chas: 6. 78R Chas: 6%
Licpuicfear: T28% Liguidftar: 38%
Saolidichar: 27.94% Salid'char: 2%
Ref.- [37]
HID.CD?ED.MH:mminmmF:m Fice husk, T=T00 = W, T =85 "C
34.62%, 0.03%, 260697, 4.76% 18=21%, 18=22%, 20=-25%, 6=12%
Ref.- [26]
MH composition in gas prduct Eice husk: 2.12% Wipod bark: 4.5-5.5%
Bagasse: About 12%
Ref.- [27]
CH, composition in gas product Rice hask: 1.78% Agricubural residue: 2.7%
ERef.- [36, 38]
Chimioline composition in lgquidftar procuct T.13% BA%
Ref.- [28]
Rice husk specific combusiion energy 2.6 Mltkg 2.12-3000 Mlkg Red - [14)

Combustion efficeency at 100% of excess air and
200 7 of exit flue gas. temperature

Flue gas lass

Mumimum wulve of adishabic flame temperatune
(AFT) Er rice husk combustion
AFT prafile under higher exoess air amaourd

1457 %

The magnitude of AFT decreas:
5%

ERice husk: 9% (only flue gas loss)

Rice husk combwstor: 21%
Plue gas temperabare: 20

Fice busk: M=60 under heat ks doe o mdiation of

277 MUkg Ref.: [15]
T.53 MUkg Ref.: [16]
Mitaral gas: B3%
M. 2 Fueld oil: 86%
M. 6 Fueld oil: 875%
Eef.- [44, 45]

Baoiler: 18 88-15.98%
Plue gas temperabare: 150183
Ref.- [46]

1407 7

Ref-[17]

Rice husk: Declining from 1313 °0 & 1195 "0 (excess Wiood: Declining from 1377 “C o
air From 2o 405

1307 L {excess air from 21 ke
3%

Ref.- [53]

Wood: 40=-T0F mnder beat lass due
o moisture menease of 5%

Ref- [53]
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Conclusion and Suggestion

The thermodynanics simulation performance of rice hosk
combustion with a realistic decomposition approach on the
devolatilization stage has been studied. From this stady, the
resulis from this approach give a close comparison with
the other researchers’ resulis in terms of the amount and
composition of devolatilized products, the amount of spe-
cific combustion energy, adiabatic flame temperatare, and
flue gas composition. Under calcolation with the realistic
decomposition approach, rice husk devolatization produoce
64 TE% gas, 7.28% liguiditar, and 27.94% solid/char which
are then oxidized by 100% excess air (o produce flue gas
with the composition of 13.69% C0,, 4.79% H,0, 0.20%
WO, 70.60% M, and 10.72% remaining O About 2.6 MIkg
apecific combustion energy from rice husk is also released
at a flue gas temperatare of TO0 °C with 5% heat loss. From
this study, rice husk with 14.95 MMWke of calorific value
coiald achieve the highest theosetical combustion tempera-
ture around 1437 °C for perfect insulation while under 5%
heat logs due to radiation could reduce the combustion tem-
perature by about 3050 °C. According to the thermodynam-
ics simulation, MOy emission is extremely low as long as the
combastion temperatare is still below 700 “C. Also, the OO0
and H, emissions are still possible to exist even combustion
take place at more than 700 °C with 1D0% excess air as long
as 0, reacts with the remaining biomass theough the simul-
taneous reaction of Bowdonard-WGSE. The corrected flue
gas ameount at T C from thermodynamics calcalation now
has a composition of 2.32% COy, 0.34% Ho0, 19.95% C0,
0.46% H,, 66.70% MN,, and 10.13% remaining 0, Although
biomass combustion temperature is definitely lower than
fosgil fuel combustion, maintaining rice husk combustion
below TOO °C is a necessity (o reduce MOy and CO emis-
sions as well as preventing silica in ash phase change 1o crys-
talline which harms humans. Providing excess air of about
180-200r% could be an alternative solution for the problems.
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