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ﬁrstract

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 using 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 (64.78%), liquid/tar (?.M), solid/char (27.94%), and all of these are then
oxidized with 100% excess air to form flue gas. From the calculation, about 2.6 MJ/kg of specific combustion energy is
produced. The maximum combustion tapcraturc in the furnace is up to 1457 °C for perfect insulation and up to 1400 °C if
there is a 5% heat loss due to radiation. Furthermore, the thermodynamics simulation expressed that NOy, emission amount
from rice husk combustion is negligible and there is still a probability for CO and H, to bdiroduced at above 500 °C due to
Boudouard reaction and homogeneous water gas shift reaction (WGSR). It is found that combustion equipped with larger
excess :ncould quench the heat produced and reduce the combustion efficiency but could maintain the temperature at
700 °C. Supplying excess air of about 180-200% is advantageous to keep the combustion temperature at 700 °C to avoid
silica crystalline formation which harms human health, as wenﬂs suppressing NOy emission and reducing CO emission
from the simultaneous reaction of Boudouard-WGSR. Finally, the study concluded that a realistic decomposition approach
could predict the rice husk combustion performance with reasonable and logical results.
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Statement of Novelty

So far, many established studies have proposed a simple
approach to the devolatilization stage. This is unrealistic
because biomass decomposition is assumed to form C, H,
O, N elements before entering oxidation. In the realistic
decomposition approach, biomass decomposition is not to
form C, H, O, N elements but gas, liquid/tar, and carbon as
solid/char. Interestingly, there is still a lack of study on it
and therefore, this study disssed the rice husk combus-
tion simulation 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
combustion energy, adiabatic flame temperature, and flue
gas composition.

Introduction

Recently, biomass utilization for alternative fossil fuel and
chemicals surrogates has become a major concern due to
its positive impact on humans and the environment [1, 2].
One of the abundantly available biomass in Indonesia is rice
husk [3]. They have several superior properties, i.e. mostly
occupies approximzay 20 wt% from straw-free rice plant
[4], have a calorific value in the range of 12-17 Ml/kg [5].
have an ash content in rice husk of nearly 20 wt% [6-8],
and contain silica in ash as much as 80-98 wt% [9, 10]. The
high calorific value, as well as the rich silica content in ash,
make them important and inlerﬂng to be valorized. The
valorization can be implemented through 1'in husk combus-
tion in a furnace to produce energy and ash then followed by
rice husk ash extraction to accn'c silica [4, 9-11]. There are
several stages occurred in the rice husk combustion, namely
drying, devolatilization, char formation, further oxidation,
and ash formation [5, 6, 12, 13].

Over the past few decades, studies on thermodynamics
simulation have been able to 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 to 1.15 MW gave a specific rice husk
consumption of 1.2-1.7 kg/kWh [14] or recalculated as spe-
cific energy produced in the range of 2.12-3.00 MJ/kg. Apart
from that, the case study from Pakistan stated that as much
as 4947.28 MWh of energy could be generated from the
combustion of 6432 tonnes of rice husk [15] or equal to spe-
cific combustion energy of about 2.77 Ml/kg. Besides, the
energy balance evaluation on 2.8 g/s rice husk combustion
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for steam and hot air generation resulted in 21.09 kJ/s of uti-
lized energy [16] and it is equal to approximalelyaSF; M/
kg of specific energy released. Meanwhile, the rice husk
combustion modelling study in a grate bed furnace showed
a maximum combustion temperature of 1407 °C and flue gas
exhaust temperature of 694 °C with the composition of N,,
CO, CO,, H,0, and remaining O, [17].

In addition, the detailed investigation of biomass com-
bustion performance in a more complex furnace type was
mostly done with the aid of computational fluid dynamics
(CFD) study. Biomass combustion in a simple grate furnace
1s widely applied for domestic application but the harmful
emission is imperative to be minimized by numerical opti-
mization [18]. The packed bed furnace is also utilized to
upgrade the combustion performance but is also believed
to be challenging both in experimentation and in data col-
lection [2, 19]. Due to the high problem complexity, normal
CFD codes are not even able to model the solid (biomass)
behavior and transformation in the furnace [2]. Hence,
the inclusion of user-defined functions or sub-routines for
modelling biomass drying, biomass devolatilization, char
oxidation, solid—gas contact, should be embedded manually
[18-201].

The adversity of biomass combustion CFD modelling can
be overcome by replacing the biomass input stream with its
decomposed products [21, 22]. The ability to calculate the
biomass decomposition products at a certain temperature,
thus, becomes important. Unfortunately, many studies and
well-established textbooks proposed that at the devolatili-
zation stage, biomass decomposes to C, H, O, N elements
prior to being oxidized [23-25]. This approach is simple but
imprecise so 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, liquid/tar, and solid/char [23]. To avoid mis-
interpretation, the term “realistic” is not about emphasizing
the realistic product composition compared to the experi-
ment results, but in terms of its realistic decomposition
behavior.

The study by Thunman et al. has succeeded to build the
model using mass and energy balances for predicting actual
volatile gas composition from wood devolatilization [26].
However, the discussion still lay on the volatile gas composi-
tion and no further examination about the thermodynamics
aspects of biomn combustion. Therefore, this study intends
to discuss the thermodynamics simulation performance
of rice husk combustion with a realistic decomposition
approach. The discussion comprises of problem preliminary
analysis, devolatilized products prediction, specific energy
calculation from rice husk combustion, adiabatic flame
temperature determination, air supply strategy for main-
taining rice husk combustion temperature, and the flue gas
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composition analysis due to the attendance of Boudouard
reaction and homogeneous water gas shift reaction (WGSR).

Methods
Degree of Freedom (DoF) Calculation Procedure

The DoF calculation aims to state the number of unknown
variables and equations involved to solve the mass and
energy balances problem until a unique solution is acquired.
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. Afterward, the known and unknown variables
should be identified before DoF calculation was executed
[25]. The DoF calculation follows Eq. 1a for mass balance
and Eq. 1b for mass-energy balance.

Table 1 Ultimate and proximate analysis of rice husk (dry basis)

Ultimate analysis Proximate analysis

C 3795 wit% Moisture -

5.41 wt% Volatile matter 63.86 Wit
(8] 36.56 Wit Fixed carbon 17.02 wi%
N 0.96 wt% Ash 19.12 wt%

measured from proximate analysis (¥,,) and the actual vola-
tile produced (Yyy). The ratio between Yy and Yy, is defined
as volatile enhancement factor (V) which plays a role to
correct the amount of devolatilized products at a temperature
other than 900 °C. The value is commonly in the range of
0.8-1.3 [23].

In order to determine V, the biomass type number (Ngy)
should be calculated first as in Eq. 2a. The N value was
then applied to determine the predicted volatile matter mass
fraction (¥, ), Eq. 2b. Subsequently, Eq. 2c is a tempera-

) = _ _ _ . VM
DoF (mass balance) = SVy — LIE — KDy — SE (1) fyre correction function, f5(T) in °C unit, which was later
DoF(mass — energy balance) = SV, + SV — LIE — EE — KDy, — KDy — SE (1b)

where SV, is the total number of mass stream variables,
LIE is the number of linearly independent equations, KD,
15 the number of known data for mass stream, SE 1s the
number of supplementary equations, SV is the number of
energy stream variables, EE is the number of energy equa-
tion (always 1), and KDy, is the number of known data for
energy stream.

The number of stream variables consists of the total of
inlet and outlet streams (include energy stream variables for
mass-energy balance DoF calculation). The linearly inde-
pendent equations are the total elements involved in the
problem (include energy equation for mass-energy balance
DoF calculation). The stream which contains pure concen-
tration (100%) no need to be involved in DoF calculation.
If there is a calculation basis or known flowrate, they have
to be involved in the DoF calculation as known data (also
include known energy variables for mass-energy balance
DoF calculation). Additionally, supplementary equations
are equations besides mass and energy balance equations.

Realistic Decomposition Calculation

The rice husk used in this study has a calorific value of
14.95 MI/kg whereas the properties comprised of ultimate
and proximate analysis in dry basis condition are given in
Table 1. The proximate analysis is performed at 900 °C for
7 min following ASTM 3175-07 procedure [24], whereas the
actual decomposition in this study occurred at T=700 °C.
This will lead to the distiction between the volatile matter

employed in Eq. 2d to obtain the predicted devolatilized
products mass fraction (Y;.Y), Afterward, V; was calculated
following Eq. 2e [23, 24]. The devolatilized products consist
of gas, liquid, and solid. Gas was represented with CO, H,,
CO,, CH,, H,0, and NH, [27, 28], liquid or tar is assumed
to consist of C;yH 40, (2-methoxy-5-propyl-phenol), C;HgO
(cresol), and CyH4N (quinoline) [29], and solid/char was pre-
sumed to contain only carbon [28]. Each product amount
was determined from Eqs. 3a-3e and should be consistent
with the value from dry-ash-free basis of proximate and ulti-
mate analysis [23, 24].

N
Y(.'.m‘f

Y

Chaelt

Nep= (2a)

Y,

H .t

Y, = exp[(),o31 — 0.0291nN - — 0.038( !nN(_--‘,-)Z] (2b)

_ T\ T \*
T)= 3,8'}’(—) - 28,28(—)
55D 900 900
T 3 T 2
+8(),8?(—) - 112,3(_) 2%
900 900 (2c)
+ ?7,07(i ) ~20.26
900
Yyy = Yy.explfs(T)] (2d)
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i

Y,

JAr
N, N
Yo = ) (—A',,r_ ) (3e)
I

where Yy is the actual devolatilized products mass frac-
tion, ¥\, is the volatile matter mass fraction from proximate
analysis on dry-ash-free basis, ¥; is the ith component of
actual delalilized products mass fraction, Y, . is the char
fraction, YCJ- is the number of C atoms in ith component,
YH_,. 15 the number of H atoms in ith component, Yo_,. 15 the
number of O atoms in ith component, Y, ; is the number
of N atoms in i component, ¥, is the CéI—D—N content
ultimate analysis in dry-ash-free basis, Ar is the atomic
weight for C-H-O-N, and Mr; is the molecular weight of
i'" component.

In the rice husk combustor, all devolatilized products will
react with oxygen from the air. The air amount was varied
under stoichiometric and excess conditions. The excess air
(EA) is calculated from Eq. 4 and the O, and CO, percent-
ages in the ﬂa gas are acquired from Eq. 5, respectively.
The exit flue gas temperature was also vala] from 200 to
700 °C. All the inputted data for calculation are summarized
in Table 2.

Table2 Inputted data for realistic decomposition calculation

Parameters Values
Temperature at proximate analysis 900 °C
Decomposition and combustion temperature J00°C

0%, 10%, 20%,
40%, 80%,
100%, 150%,
and 200%

200 °C, 300 °C,
400 °C, 500 °C,
600 °C, and
700 °C

Excess air

Exit flue gas temperature
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where n,, is the actual air amount; n_ is the stoichiometric
air amount; ng_,, is the actual oxygen amount; ng_ s the
stoichiometric oxygen amount; and 1, is the carbon diox-
1de amount; and g, is the flue gas amount.

Combustion Efficiency and Adiabatic Flame
Temperature (AFT) Calculation

Combustion efficiency and AFT determinations require inlet
and outlet enthalpy calculations. The enthalpy calculation
considered residual enthalpy ( H®) from Pitzer-Lee-Kesler
generalized correlation which involves acentric factor (w)
and critical temperature (T,) properties [30]. Inlet enthalpy
(H;,) was derived from biomass and air inlet enthalpy, fol-
lowing Eq. 6. Outlet enthalpy (H ) calculation was given
in Eq. 7 which considered ash and flue gas sensible heat.
Heat loss (H,,,) due to radiation occupied as much as 5%
from inlet enthapy. This percentage of heat loss due to radia-
tion is chosen following the rule of thumb for combustion
efficiency improvement in industrial boilers and furnaces
[31]. The heat capacity for each component (Cp;) was a tem-
perature-de pendent polynomial function and the reference
temperature (T,,) was set at 25 "C. All properties constant
were adapted from common databanks [30, 32, 33].

Combustion efficiency (5,) 1s derived from the difference
between inlet and outlet enthalpy including heat loss, Eq. 8
[8, 31]. Apart from that, the AFT calculation on various
excess air was performed with two types of assumption, i.e.
no heat loss (perfect insulation) and 5% heat loss due to
radiation. The AFT with no heat loss was iteratively calcu-
lated by finding T, until inlet enthalpy (Eq. 6) is equal to
outlet enthalpy (Eq. 7). AFT calculation with 5% heat loss
is to find T, , until Eq. 6 has the same value as Eq. 7 and
heat loss amount.

i Tin
”J'Ji = (m."u'e.urm.\'.f‘” V."u'e.uim.\'.f} + My, i [{ Z /T ij"d.r} + ”Iﬁj| (6)
i=1 nf




Waste and Biomass Valorization (2022) 13:2735-2747

2739

Tow
Hom‘ = mﬁr.s'}t‘/ Cptr.s'}t‘dT
T,y
. %
+m01rf.r" Z/ CprdT + Hffm‘
i=1 Ty
H, .+ H,
"= (1 - ”7“) X 100% (8)
in

where my;,,...c 15 the mass of biomass, HV ;... 15 biomass
calorific value, m;, ; is the inlet mass of ith component, T;,
1s air inlet temperature, 47 is temperature difference, m,,, is
the mass of ash, T, is gas outlet temperature or exit flue gas

temperature, n 1s the number of components.
Thermodynamics Calculation Procedure

The calculated flue gasnm]posilion from biomass oxida-
tion was then corrected due to the Boudouard reaction and
homogeneous water gas shift reaction (WGSR). The inter-
action between flue gas with remaining biomass through
Boudouard reaction and WGSR were assumed ideal and the
thermodynamics calculation was carried out using the Gibbs
energy minimization as seen in Eq. 9 which considers the
temperature-dependent of equilibrium constant (K) and the
stoichiometric coefficient of each component (v;) [30]. The
iterative calculation should be addressed until the error toler-
ance is below 107°.

[[osr =k ©)
i=l

The calculation entangled fugacity coefficient (¢) and
was determined using a generic cubic equation of state, as
served in Eq. 10. The equation involved the compressibil-
ity factor (Z) which was calculated using Redlich-Kwong,
Soave—Redlich-Kwong, and Peng-Robinson models [30].
The coefficients of f#, g, 1, Q, ¥, a, ¢, and € for Z calcula-
tion were taken from state parameters assignment [30, 34].

p=exp(Z—-1—1InlZ—-p)—ql) (10)

Result and Discussion

Problem Preliminary Analysis: Degree of Freedom
(DoF)

In this study, rice husk combustion is assumed to occur at
1 bar and feed inlet 1s assumed at 25 °C. Also, the combus-
tion is considered to be complete, that is when the product
has no unburnt carbon content but only rice husk ash [10].

COMBUSTION
(Excess Air = 100%)
Air
(... kg/h): Ash (19.12%-wt
0, =2 21% mol from rice husk)
Ny = 79% mol (1912 kg/hy
T=23"C I=700rc
Degree of freedom analysis
Mass balance Mass-energy balance

Mass stream variables (12) (12)

Energy stream variables 1] (6)

Linearly independent equations (-5) (-5)

Energy equation (0] (-1}

Known compositions (-4) (-4)

Known energy vanables (U] (-5)

Basis (-1) (-1)

Known flowmtes (-1) (-1)

Supplementary equations (-1} (-1}

Degree of freedom 0 0

Fig. 1 Rice husk combustion block diagram with DoF analysis

The flue gas produced from the combustion, hence, is com-
posed of CO,, H,0, NO, N,, and the remaining O, [17]. NO
compound, as one of the NOy, constituents, is chosen due to
the process condition tends to form NO than NO, or N,O
[4, 5]. The preliminary analysis in the form of DoF is con-
ducted to determine the problem completion criteria. DoF
1s 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
stream variables (C, H, O, N, O, and N,) and 6 outlet stream
variables (CO,, H,0, NO, O,, N,, and ash). This problem
has 1 basis (100 kg/h rice husk) and the number of linearly
independent equations is 5 (C, H, O, N, and ash). The known
compositions are 4 (C, H, O, and O,) while the known flow-
rate is only 1 (ash flowrate). There is also 1 supplementary
equation used in this study, i.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 stream, temperature in air stream, tem-
perature in flue gas stream, temperature in ash stream, heat
loss, and heat released). The known energy variables are
5, composed of 4 known temperatures and 1 known value
of heat loss. It can be seen that DoF value is equal to 0 for
both mass balance and mass-energy balance, which implies
the problems are well-specified and able to be solved either
separately (decoupled) or simultaneously (coupled) [25].
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Calculation Result Using Realistic Decomposition

The calculation for air inlet condition should utilize the real
(non-ideal) gas approach and for the exit flue gas condi-
tion is permitted to fulfill the ideal gas approach. Flue gas
pressure and temperature conditions neglect the intermo-
lecular interactions due to the high kinetic energy, which
reflects 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-
molecular interactions [32, 34, 35]. Consequently, a real
gas approach for inlet state should be considered. Despite
the method developed by Thunman et al. can calculate the
decomposed products amount, the element balances were
only validated with ultimate analysis [26]. In contrast, this
study pronounces the necessity to meet mass balance with
ultimate and proximate analysis. This concept becomes a
novel finding for predicting the actual decomposed products.

According to the realistic decomposition approach calcu-
lation, the N, for rice husk is 7.3 and the decomposition at
700 °C (Vj value =0.91) leads to the production of 64.78 %
gas, 7.28% liquid/tar, and 27.94% solid/char, as schemed in
Fig. 2. Since the decomposition occurs at 700 °C, the vola-
tile gas and liquid product are mostly obtained and result in
less amount of char [28]. Furthermore, the secondary crack-
ing of the liquid 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 temperature
from 400 to 800 °C by Scott et al. declared that gas yield
increased approximately from 5 to 60%, solid yield lessened
approximately from 28 to 2%, and liquid yield increased
initially from 70 to 82% but further diminished to about
38% [37].

The gas product is dominated by H,0 (34.62%), CO,
(30.03%), and CO (26.69%) while minor compounds are
found in the form of H, (4.76%), NH,; (2.12%), and CH,,

Gas (64.78 kg/h):
CO =2 26.69%

i ) . H: —=>4.76%
];lfeo?-?l\ (100,00 kg/'h) CO, > 30.03%
£ CHy > 1.78%
NH; = 2.12%

H,O = 34.62%
REALISTIC

T2 ol
DECOMPOSITION Liquid/Tar (7.28 kg/h):

CyHy0; = 72.80%
C:HiO = 20.06%
C‘)H‘?N 9 .. m'.'-'n

Solid/Char (27.94 kg/h) —

(1.78%). Methane has the lowest composition and this value
15 still within the typical composition range of agricultural
residue pyrolysis at 400-700 °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 consists of 18-21% H,0,
20-25% CO, 18-22% CO,, 6-12% H,, and the rest is light
hydrocarbon [26]. The difference of temperature (850 °C
from their study vs. 700 °C in this study) as well as dissimi-
lar assumptions of volatile gas constituents provokes a slight
discrepancy in results. Hernowo has compared the gas yield
from prediction using a realistic decomposition approach
and from other researchers’ experiments for several types
of biomass, i.e. corncob (Npy = 15.2), beech wood (N =
8.6), and rice straw (N = 6.5). Interestingly, the predicted
gas yields were closely fit to the experimental results [39,
40] thus ensuring a realistic decomposition approach has
well performance in predicting the decomposed products
composition.

The gas product also contains NH, (2.12%) which is gen-
erated from the partial oxidation of N-content in biomass
under low-temperature combustion [41]. The NH, composi-
tion in this study is much 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-
5-propyl-phenol and followed by cresol. Quinoline has a
composition of 7.13% which is close to typical heterocyclic
compounds composition in tar, 6.5% [28]. Hereafter, the lig-
uid product composition result is still plausible since tar is
majorly occupied by one-ring aromatic hydrocarbons such
as benzene and phenol derivates [28, 29].

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

Specific energy:
2.6 MJ/kg rice husk
His = 3%.H;,

Flue Gas (125694 kg/h):
CO, > 13.69%
H.0 = 4.79%

NO = 0.20%

0, =2 10.72%

COMBUSTION N, = 70.60%
(Excess Air =100%) ALY

Ash (19.12 kg/h)
Air (1156.94 kg/h): T=700C
0, =2 21%-mol

N> = 79%-mol

T=25C

Fig.2 Rice husk combustion calculation based on realistic decomposition approach
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for rice husk combustion, 40-100% [42]. The calculated air
amount is 1156.94 kg/h and as much as 1276.06 kg/h of
flue gas is generated with the composition of 13.69% CO,,
4.79% H,0, ()n% NO, 70.60% N,, and 10.72% remaining
0,. Likewise, about 2.6 Ml/kg specific combustion energy
from rice husk 1s released at exit flue gas temperature of
700 °C with 5% heat loss. The value is still in the range as
stated by Chang et al. (2.12-3.00 MJ/kg) [14] and also quite
similar to the research conducted by Memon et al. (2.77 MJ/
kg) [15]. Interestingly, Kwofie et al. observed that 7.53 MJ/
kg of specific combustion energy from rice husk was able to
be generated due to the direct application of cogeneration by
means of steam generator and hot air generator [16]. All of
the results imply the calculation using a realistic decomposi-
tion approach has reasonable and logical performance when
compared 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 CO, concentration in the flue gas and excess air used
in the combustion process [16]. Usually, the combustor is
equipped with O, or CO, detector which is installed at the
outlet pipe to record the concentration. In absence of gas
detector, the flue gas could also be analyzed through gas
chromatography to ensure the O, and CO, amount [43]. The

—0—2000C —0—3000C —Ar—4000C
=0—3000C =—26000C —+—7000C

—_— .
“““—*0-——0\0\0
_‘:__;_ta\ﬂ\a
_M WL\D‘\D

Flue gas temperature

o
=1

-
o o o o

s
=1

Combustion Efficiency (%)
ra
o

32 - Exces

W

0y in Flue Gas (%)

CO; in Flue Gas (%)

W
A

Fig.3 Rice husk combustion efficiency nomogram

rice husk combustion nomogram in Fig. 3 has a similar pat-
a'n with the combustion efficiency charts for natural gas,
No. 2 fuel oil, and No. 6 fuel oil [44]. Nomogram in Fig. 3
exhibits that combustion efficiency alleviation under higher
flue gas temperature is somewhat significant rather than
under large excess air supply. Combustion efficiency repre-
sents the effective heat utilized in the combustion process
where its value is lower at a higher excess air and flue gas
temperature [7, 8, 31]. The red line describes that about 10%
of O, or 9% of CO, in the flue gas will be detected if 50% of
excess air 1s 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 contains higher oxygen content (blue line), 18% of O,
or 8.2% of CO,, it means that the combustion takes place
using 100% of excess air. At this condition, the combus-
tion efficiency is 74% at flue gas temperature of 200 °C and
reduce to 15% at 700 °C.

To conviﬂe the results, the combustion efficiency using
natural gas, No. 2 fuel oil, and No. 6 fuel oil at flue gas tem-
perature of 200 °C and excess air of 100% were 83%, 86%,
and 87%, in a successive term [44]. It is realized that No.
6 fuel oil has the highest calorific value and then followed
by No. 2 fuel 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 to the three fossil fuels
aforementioned. In addition, as much as 21% of combus-
tion energy loss is dominated by the high flue gas sensible
heat (known as flue gas loss) and 5% due to radiation since
this calculation ignores the incomplete combustion loss and
unburnt carbon loss. This argument is strengthened by the
study of heat balance for boiler efficiencies calculation car-
ried out by Patro where energy loss at flue gas temperature
of 180-183 °C occupies as much as 28.88-25.98% [46].

At higher excess air, nitrogen as an inert gas absorbs the
heat from combustion and carries it out from the combus-
tor [47]. This impacts on reducing combustion effective
heat and lead to low combustion efficiency. The higher flue
gas temperature at a constant excess air amount will also
lead to poorer combustion efficiency because high flue gas
temperature indicates the heat has already flown out from
the combustor before it is used for combustion purposes.
Accordingly, it is important to utilize the flue gas sensible
heat through cogeneration or combine cycle to enhance the
combustion efficiency [14, 48, 49], as proven by Kwofie
et al. [16]. Yet, the minimum allowable exit flue gas tem-
perature is usually at 200 °C to prevent flue gas condensation
[50]. This exit flue gas temperature also complies with the
rule of thumb which normally ranges from 175 to 260 °C
[31].
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Fig.4 AFT for rice husk combustion at various excess air

Adiabatic Flame Temperature (AFT) and Air Supply
Strategy for Rice Husk Combustion

AFT is the highest theoretical temperature achieved at per-
fect insulation of the combustion process which is unique
for 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 up to 1457 °C under per-
fect insulation. This value is slightly higher than the highest
temperature of rice husk combustion under stoichid@etric
condition from Anshar et al. which was 1407 "C. This is
due to the lower calorific value of biomass in their study,
13.44 Ml/kg [17].

Subsequently, this study expresses that heat loss due to
radiation gives a quite lower AFT with a discrepancy around
30-60 °C as notified in Fig. 4. Up to now, there is still a lack
of studies that directly observe the effect of heat loss due to
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 quite close
to rice husk, which is 13.36 MI/kg. They measured the heat
loss due to a 5% moisture increase in wood combustion
lowering the AFT by a value of 40-70 °C [53]. Agn, 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
promotes more significant convective heat flow and impacts
on reducing AFT [53], Fig. 4. It turns out that nitrogen in
excess air also dilutes and cools down the flue gas tempera-
ture due to the sensible heat absorption [47]. The identical
pattern is found that AFT from wood combustion changed
from 1377 to 1307 °C under higher excess air from 21 to

@ Springer

33% [53]. This figure also announces that under 100% excess
air, the adiabatic flame lem]ﬁalure for rice husk combustion
15 903-943 °C. If rice husk combustion temperature exceeds
700 °C, the silica in ash tends to be crystalline which could
threaten lanan respiratory systems [5, 54]. Hence, it is
important to maintain the rice husk combustion temperature
at 700 °C by supplying 200% excess air or air to fuel ratio
(AFR) of 17.35 in the combustor under perfect insulation. If
there is a 5% heat loss due to radiation, the excess air supply
of about 180% 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 CO, H,, CO,, H,0, NO,
N, and remaining O, [6, 13]. The calculated fugacity coef-
ficient is 1 for ideal gas and between (-1 for real gas, which
means that there is an intermolecular force attraction [35].
Nevertheless, there is a condition that the fugacity coeffi-
cient value is more than 1 which informs that there is an
intermolecular force repulsion [34, 35]. The fugacity coef-
ficient 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. It is also
shown that the gas acts more ideal at a higher temperature,
which is characterized by the average fugacity coefficient
that is closer to 1 [30, 34]. The fugacity coefficient value
1s then used for Gibbs Energy minimization calculation to
predict the flue gas composition.

At a temperature of up to 700 °C, the complete oxidation
of compounds based on C and H atoms are still spontane-
ous whereas an opposite pattern is found for N atom [7, 30].
‘When returning to the mass and energy balances calculation
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Fig. 5 Flue gas fugacity coetficient at various temperatures
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in Fig. 2, it is exhibited that NO in the flue gas occupies as
much as 0.20% or 25.4 g NO is generated from 1 kg of com-
busted rice husk. Meanwhile, thermodynamics calculation
reveals that NO (on behalf of the major NOy compound) has
a very low equilibrium constant, 3.88 x 10~ at 700 °C [4].
Moreover, biomass combustion is frequently undergone at
below 1000 °C because it uses a large amount of excess air
as well as biomass inferior calorific value compared to fos-
sil fuel, which leads to the negligence of the NOy emission
value [4, 5,7, 41].

On the other hand, CO, and H,O are spontaneously
formed and the CO produced from the decomposition will
immediately convert to CO, when air is supplied surpass-
ing its stoichiometric value. Under excess air conditions,
the reaction between excess O, and CO to form CO, is
more spontaneous rather than the reaction with H, to form
H,O (Gibbs free energy change comparison: — 257,190 kI/
mol vs. — 228,572 kJ/mol) [30, 33]. Also, Simonov et al.
affirmed that CO reaction with O, could swiftly undergo to
form CO, [55]. Nonetheless, the further reaction between
unburnt biomass and CO, in the combustor to form CO
again through Boudouard reaction could occur. Hereafter,

Fig.6 Equilibrium conversion

the CO produced from Boudouard reaction has a chance to
react with H,O to form H, through homogeneous WGSR
[55, 56]. This is suspected to be the cause of the CO and H,
formation even though the combustion is held using excess
air and takes place at a temperature of more than 700 °C.
In pursuance of the single reaction simulation, the Bou-
douard reaction is feasible only when the temperature sur-
passes 500 °C [55]. The equilibrium conversion of this reac-
tion is higher along with the increasing temperature, due to
the endothermic reaction. The opposite pattern is applied
for homogeneous WGSR, an exothermic reaction that could
spontaneously undergo at a lower temperature but the equi-
librium conversion decreases at a larger temperature [57].
For simultaneous reaction, WGSR occurs only when the
temperature is above 500 °C due to the CO compound being
produced above this temperature. The equilibrium conver-
sion for both single reactions is shown in Fig. 6a and the
conversion of the simultaneous reaction is plotted in Fig. 6b.
The mass and energy balances calculation could deter-
mine the flue gas composition of a completed oxidation reac-
tion (Fig. 2), but the composition should be corrected due to
the presence of simultaneous reaction of Boudouard-WGSR
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[28, 55, 56]. The corrected flue gas composition at various
temperatures can be seen in Fig. 7. The figure informs that
CO composition changes from 9.65 to 23.08% as well as
CO, composition diminishes from 10.65 to 0.02% as the
temperature rises from 500 to 1000 °C. Besides that, H,
composition also intensifies from 0.45 to 0.50% as well
as H,0 composition alleviates from 0.55 to 0.02% in line
with higher temperature. The CO and H, amount enrich-
ment are also discovered in the thermodynamics analysis
of biomass thermal decomposition conducted by Li et al.,
where at the operating temperature of 700-850 °C, CO yield
was obtained higher from 0.56 to 0.66 Nm*/kg, H, yield
was upgraded from 0.10 to 0.25 Nm?/kg, and CO, yield was
decreasing from 0.30 to 0.25 Nm%’kg [58]. Likewise, the
CO and H, composition from wood thermal decomposition
were also intensified along with temperature change from
400 to 600 °C [59].

The corrected flue gas amount at 700 °C from thermody-
namics calculation now has a composition of 2.52% CO,,

0.34% H,0, 19.95% CO, 0.46% H,, 66.70% N,, and 10.13%
remaining O,. The CO, which was produced from the simul-
taneous reaction of Boudouard-WGSR. at above 500 °C, 1s
imperative to 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
form CO, [56, 60]. Thus, maintaining rice husk combustion
temperature at 700 °C, aside from preventing NO, forma-
tion and avoiding the silica in ash phase transformation into
crystalline, can also suppress the CO amount [5, 7, 12, 54,
61]. As a final summary, the calculation results from the
realistic decomposition approach in this study compared to
other studies are outlined in Table 3.

Table3 The results comparison between realistic decomposition approach (this study) and other studies

Variables

Results from this study

Results from other studies

Biomass decomposition products

H,0, CO,, CO, and H; composition in gas product

NH, composition in gas product

CH, composition in gas product

Quinoline composition in liquid/tar product

Rice husk specific combustion energy

Combustion efficiency at 100% of excess air and

200 °C of exit flue gas temperature

Flue gas loss

Maximum value of adiabatic flame temperature

(AFT) for rice husk combustion

AFT profile under higher excess air amount

The magnitude of AFT decrease

Rice husk, T=700°C
Gas: 64.78%
Liquid/tar: 7.28%
Solid/char: 27.94%

Rice husk, T=700"C
34.62%, 30.03%, 26.69%, 4.76%

Rice husk: 2.12%

Rice husk: 1.78%
T.13%

2.6 Ml/kg

Rice husk: 79% (only flue gas loss)

Rice husk combustor: 21%
Flue gas temperature: 200 °C

1457°C

Rice husk: Declining from 1313 °C to 1195 °C (excess

air from 20 to 40%)

Rice husk: 30-60° under heat loss due to radiation of

5%

Wood, T=800°C

Gas: 60%

Liquid/tar: 38%

Solid/char: 2%

Ref.: [37]

Wood, T=850°C

18-21%, 18-22%, 20-25%, 6-12%

Ref.: [26]

Wood bark: 4.5-5.5%

Bagasse: About 12%

Ref.: [27]

Agricultural residue: 2.2%

Ref.: [36, 38]

6.5%

Ref.: [28]

2.12-3.00 MI/kg Ref.: [14]

2.77 MI/kg Ref.: [15]

7.53 MJ/kg Ref: [16]

Natural gas: 83%

No. 2 fuel oil: 86%

No. 6 fuel oil: 87%

Ref.: [44, 45]

Boiler: 28.88-25 98%

Flue gas temperature: 180-183 "C

Ref.: [46]

1407 °C

Ref.: [17]

Wood: Declining from 1377 °C to
1307 °C (excess air from 21 to
33%)

Ref.: [53]

Wood: 40-70° under heat loss due
to moisture increase of 5%

Ref.: [53]
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Conclusion and Suggestion

The Ecrmodynamics simulation performance of rice husk
combustion with a realistic decomposition approach on the
devolatilization stage has been studied. From this study, the
results from this approach give a close comparison with
the other researchers’ results in terms of the amount and
composition of devolatilized products, the amount of spe-
cific combustion energy, adiabatic flame temperature, and
flue gas composition. Under calculation with the realistic
decomposition approach, rice husk devolatization produce
64.78% gas, 7.28% liquid/tar, and 27.94% solid/char which
are then oxidized by 100% excess air to produce flue gas
with the composition of 13.69% CO,, 4,'n’é H,0, 0.20%
NO, 70.60% N,, and 10.72% remaining O,. About 2.6 MI/kg
specific combustion energy from rice husk is also released
at a flue gas temperature of 700 °C with 5% heat loss. From
this study, rice husk with 14.95 Ml/kg of calorific value
could achieve the highest theoretical combustion tempera-
ture around 1457 °C for perfect insulation while under 5%
heat loss due to radiation could reduce the combustion tem-
perature by about 30-60 °C. According to the ln'modynam-
ics simulation, NOy, emission is extremely low as long as the
combustion temperature is still below 700 °C. Also, the CO
and H, emissions are still possible to exist even combustion
take place at more than 700 °C with 100% excess air as long
as CO, reacts with the remaining biomass through the simul-
taneous reaction of Boudouard-WGSR. The corrected flue
gas amount at 700 °C from thermodynamics calculation now
has a composition of 2.52% CO,, 0.34% H,0, 19.95% CO,
0.46% H,, 66.70% N,, and 10.13% remaining O,. Although
biomass combustion temperature is definitely lower than
fossil fuel combustion, maintaining rice husk combustion
below 700 °C is a necessity to reduce NOy and CO emis-
sions as well as preventing silica in ash phase change to crys-
talline which harms humans. Providing excess air of about
180-200% could be an alternative solution for the problems.
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