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a b s t r a c t 

Millet chaff constitutes one of the most abundant agro-residues in the sub-Saharan Africa and its utilisation as a 
feedstock in developing sustainable bioenergy solutions is very sketchy. This study presents the first comprehen- 
sive physicochemical and combustion characteristics of millet chaff via thermogravimetric analysis and process 
simulation using Aspen Plus. The millet chaff sample was collected and assessed as received for proximate and 
ultimate analyses. The results showed the biomass has 71.25 wt%, 15.35 wt%, 13.40 wt% and 13.15 MJ/kg for 
volatile matter, fixed-carbon, ash content and higher heating value respectively. The material consists of low 

nitrogen and sulphur content with potassium, aluminium, magnesium, calcium, iron and sodium as the inorganic 
components. Kinetic study using distributed activation energy model (DAEM) revealed an average frequency fac- 
tor and activation energy of 1.41 × 10 18 (s − 1 ) and 149.39 kJ/mol. Ignition and burnout temperature in the range 
of 232-244°C and 430-489°C were recorded. The average combustion thermodynamic parameters; ΔH, ΔG and 
ΔS were found to be 144.75 kJ/mol, 167.12 kJ/mol and -40.08 J/mol. The combustion process analysis coupled 
with steam turbine cycle via process simulation revealed an excellent combustion efficiency at air-fuel ratio of 
5.14. (stoichiometric air). The power generation and electric efficiency of 0.7kWh/kg and 21.07% respectively 
were recorded at 24% excess air with minimal environmental impacts. This suggests that millet chaff is a good 
biomass feedstock suitable for clean bioenergy production. 
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. Introduction 

Fossil fuels remain the major source of energy globally despite the
nvironmental challenges such as emission of greenhouse gases (GHG)
rom its utilisation. This trend will continue for decades to come as there
re currently no viable alternatives that are competitive in terms of cost
Abbreviations: DAEM, Distributed activation energy model; AFR, Air-fuel ratio; GH
onfederation for Thermal Analysis and Calorimetry; C, Carbon; H, Hydrogen; N, Ni
arbon monoxide; NO2, Nitogen dioxide; NO, Nitric oxide; N2O, Nitrous oxide; MC
alm frond; PNS, Peanut shell; AZP, Adzuki been pod; DCMP, Decomposed product
ue gas; HPSTM, High-pressure steam; LPSTM, low-pressure steam; CWTER, Cold w
hermogravimetric; ΔH, Change in enthalpy; ΔS, Change in entropy; ΔG, Change in G
hermogravimetric; Na, Sodium; Ca, Calcium; K, Potassium; Mg, Magnesium; Al, Al
ass spectrometer; VL, Vertical line; TL, Tangential line; T ign , Ignition temperature
ctivation energy; 𝛽, Heating rate; k 0 , Pre-exponential factor; NRTL, Non-random t

urbine; W-COND, Condenser; W-PUMP, Pump; CHP, Combined heat and power; CE,
∗ Corresponding author. 
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nd meeting the requirement of the existing fossil fuel processing fa-
ilities. To achieve drastic reduction in energy contribution from fossil
uel, agricultural diversification has been identified as part of the mea-
ures in terms of developing opportunities for green energy and sustain-
ble production systems. Pearl millet is one of the most grown cereal
rops in Africa. It is a C4 plant with high drought tolerance and can be
G, Greenhouse gases; SDG, Sustainable development goal; ICTAC, International 
trogen; S, Sulphur; O, Oxygen; SO2, Sulphur dioxide; CO2, Carbo dioxide; CO, 
HF, Millet chaff; NG, Napier grass; BGS, Bambara ground nut shell; OPF, Oil 

s; CMBPD, Combustion products; ASFHFG, Ash-free hot flue gas; CFGAS, Cold 
ater; FTIR, Fourier transform infrared; TGA, Thermogravimetric analyze; TG, 
ibbs free energy; K B , Boltzmann constant; h, Planck’s constant; DTG, Derivative 
uminium; EDX, Energy dispersive X-ray; ICP-MS, Inductively coupled plasma 
; T bnt , Burnout temperature; f(E), Activation energy distribution function; E A , 
wo-liquid; CYCL, Cyclone; FGHX, Flue gas heat exchanger; S-TURBIN, Steam 

 Combustion efficiency; EE, Electric efficiency. 
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ultivated with little to no nutrient input or grown on marginal lands
 Nematpour et al . , 2020 ). In 2016, global production of millet was 28.4
illion tonnes, led by India with 36% of the world total production.
igeria is the fifth producer of millet in the world as at 2016 with an
nnual tonnage of 1.5million tonnes (FAOSTAT of United Nation). Millet
haff is one the agro-residues from millet cultivation. It is the husk after
he millet grains are removed from the millet bunch. This material has
imited application as a large chunk of it is regarded as waste at dump-
ites undergoing open burning. The current Nigerian government policy
n Agricultural Promotion (2016-2020) on food sufficiency, which is in
onsonant with sustainable development goal (SDG2), suggests that a
olossal amount of millet chaff will be generated. This will add to the
urrent challenges of solid waste management in the country. 

Generally, utilisation of agro-waste for energy generation can be
onsidered sustainable since the materials are regarded as a zero-cost
eedstock. In terms of the processes available to obtain energy and en-
rgy derivatives, thermochemical conversion technologies such as com-
ustion, pyrolysis and gasification can be adopted to harness the en-
rgy potential of the wastes particularly in the rural areas where the
gro-waste is available in large quantities. This could be principally ad-
antageous towards attaining the SDG7 in addition to offering environ-
ental and financial benefits to rural communities. Consequently, pre-

iminary evaluation of bioenergy potentials of millet chaff via thermo-
hemical conversion will provide useful details for sustainable design of
onversion facilities and suitable conversion pathways. Currently, mil-
et chaff has been grossly underutilised for energy recovery. Only re-
ently, Ryden et al . (2017) reported bioethanol production via biochem-
cal pathway using spent millet chaff from mushroom cultivation. Their
ndings revealed that the spent millet chaff compost could yield up to
3.9 g of bioethanol/kg dry matter at concentration of 19.6 g/L. The au-
hors further stated that the result obtained from this material is quite
ower relative to the bioethanol from sorghum-derived compost with
oncentration of 45.8 g/L. This observation was attributed to higher
ellulose content in the sorghum feedstock. Boubacar Laougé and Mer-
un (2020) reported thermochemical evaluation of millet chaff under
nert and oxidised environments in a thermogravimetric analyser. This
echnique is quite robust as it allows acquisition of data related to the
ample weight loss and decomposition rate with respect to temperature,
ime, or both under a controlled atmosphere. Data from such assessment
rovides useful information regarding sample decomposition and mech-
nisms, which is important for the design of thermochemical conversion
ystems. The authors established the kinetics and thermodynamics us-
ng isoconversional models. Their results indicated that the material has
ow activation energies under both conditions. However, considerable
igh heating rates (10, 20, 30, 40, and 50°C/min) were employed in the
tudy which do not allow segregation of individual biomass components
ecomposition profiles to be established. Vyazovkin et al . (2011) re-
orted that doubling of heating rate typically causes the kinetic curve
o shift by approximately 15°C, which in turn affects the activation en-
rgy and frequency factor values. Therefore, further investigations of
inetics and thermodynamics of millet chaff at moderate heating rates
s recommended by the International Confederation for Thermal Anal-
sis and Calorimetry (ICTAC) need to be carried out. 

Biomass fired power plant is considered one of the promising options
or power generation with high possibilities of having economic benefit
n addition to meeting environmental requirements ( Afgan et al . , 2007 ).
his technology has a wide application ranging from small-scale boil-
rs to industrial furnaces dedicated to heat and/or power generation.
t also fits well in regions without traditional fossil resources for meet-
ng the electricity demand. However, increase in nitrogen oxides (NO 2 ,
O and N 2 O, known as NOx) and carbon monoxide (CO) levels in the
ue gas remains a challenge. NOx emission largely depends on burner
esign and fuel quality. This suggests that individual biomass material
eeds to be investigated to determine its suitability as a fuel in com-
ustion process since new burner designs suitable for biomass firing are
eing developed ( Bermúdez et al . , 2020 ). Design of combustion equip-
2 
ent normally involves a laborious trial design approach to identify the
ost suitable configuration, which is very expensive ( Bermúdez et al . ,
020 ; Smith et al . , 2020 ). Application of process modelling, and sim-
lation plays a very important role in process development. It allows
valuation of process performance and dynamics in addition to gen-
rating realistic thermodynamic data, equipment design specifications
nd process efficiency prior to the practical implementation. This to
 larger extent reduces commercialisation risk as production facilities
re generally very difficult to modify once they have been implemented
 Mohammed et al . , 2019 ). The objective of this study was to evaluate
he potentials of bioenergy production from millet chaff through com-
rehensive physicochemical evaluation, thermogravimetric analysis and
ombustion process simulation using Aspen Plus®. 

. Material and methods 

.1. Sample collection 

Samples were collected manually from a static lot using a sampling
coop from a dump site in Bauchi state. Samples were taken from the top,
iddle and bottom of the material alternately. The samples as received
ad high moisture content and were sun pre-dried to avoid problems of
ecomposition by micro-organisms ( BS EN 15442:2011 ). The material
as ground to an average particle size of 1.0 mm and stored in air-tight
lastic bags for further studies. Thereafter, the samples were sent for
roximate, ultimate and thermogravimetric analyses at the Washington
tate University. The relatively small particle size of the biomass used
n this study is to avoid heat transfer limitations during thermogravime-
ry studies, a phenomenon generally associated with larger sample size
 Thoharudin et al . , 2022 ). 

.2. Proximate and ultimate analyses 

Proximate analysis was carried out to determine the moisture con-
ent, fixed carbon, volatiles, and ash content of the sample. This test
as conducted in a thermogravimetric analyser (TGA) SDTA851e (Met-

ler Toledo, US). Known amount of sample was placed in a crucible,
eated to 120 °C in the nitrogen atmosphere for 3 min and the mois-
ure content was determined as the weight loss. The volatile matter
as determined by heating the sample to 950 °C under nitrogen for
 min and later cooled to 450°C. The volatile matter content was com-
uted as the percentage weight difference before and after the heat-
ng. Ash content was determined as the remaining mass after the char
as subsequently heated to 600°C and held for 8 min under oxygen
ow ( Ayiania et al . , 2019 ). Ultimate analysis was performed using a
RUSPEC-CHN® (LECO, US) elemental analyser. Briefly, the instrument
as calibrated as outlined in the instrument operating manual by run-
ing blanks and control samples for CHN. The calibration samples were
rapped and sealed in tin aluminium foil cups (LECO®) and fired at 950

C in an ultra-high pure oxygen (99.993% purity) atmosphere using he-
ium as a carrier gas for combustion products. This procedure was used
or the biomass sample with approximately 0.15 g oven-dry sample.
he experiment was repeated in triplicates for reproducibility. The oxy-
en (O) mass fraction was determined by difference (Pelaez-Samaniego
t al., 2014). The structural analysis of the biomass was performed ac-
ording to the procedure outlined in NREL/TP-510-42618. The inor-
anic composition analysis was conducted using an inductively coupled
lasma mass spectrometer (ICP-MS Agilent 7500cx) instrument as out-
ined in Ayiania et al . (2019) . Briefly, 100 mg sample was mixed with
oncentrated nitric acid (HNO 3 :69–70%) (3 mL), followed by addition 2
L hydrogen peroxide (H 2 O 2 : 30%) in a microwave digester (SP-D, CEM

orporation) at 300°C and 250 psi for 5 min using a 5-min ramp to attain
igestion conditions. Internal standard (Accustandard, Inc.) (1 mL) was
dded to each digested solution and subsequently diluted to 100 mL us-
ng deionised water. Argon was used as a carrier gas at 0.90 L/min and
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.25 L/min for the nebulizer and makeup respectively. Calibration graph
as developed using a multi-element standard. The nature of chemi-

al bonds and functional groups was evaluated by Fourier transform
nfrared spectroscopy (FTIR) on Agilent Cary 630 FTIR Spectrometer.
bout 2 mg homogenised samples were placed on the crystal surface
t the centre (window) right above the hammer and subsequently, the
ammer was closed to liquefy the crystal into a clear window to obtain
he infrared (IR). The spectra were recorded with the Agilent MicroLab
C software within the wavenumber range of 400–4000 cm 

− 1 at 140
cans and 4 cm 

− 1 resolutions. 

.3. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted in the oxygen at-
osphere (20 mL/min) with the aid of simultaneous thermal analyser

TGA) SDTA851e (Mettler Toledo, US). The decomposition profile was
valuated from ambient temperature to 850°C at 5, 10 and 15°C/min
eating rates. Sample size of approximately 7.0 mg (particle size of 0.2
m) was used. The sample weight loss and derivative weight loss with

espect to temperature were recorded simultaneously during the tests
nd used to produce the TG and DTG curves respectively. 

.4. Kinetics and thermodynamics 

Kinetics of thermal decomposition of lignocellulosic materials have
een studied using different models such as single step global model
SSGM), Flynn–Wall–Ozawa method (FWO) and Kissinger–Akahira–
unose (KAS) ( Islam et al . , 2016 ) and distributed activation energy
odel (DAEM) ( Mohammed et al . , 2018a , b ; Navarro et al . , 2018 ;

z ű cs et al . , 2020 ; Yan et al . , 2020 ). The DAEM is considered to be more
ccurate since it can mathematically represents the physical and chem-
cal heterogeneity of the solid fuel ( Várhegyi et al . , 2002 ), thus widely
sed to model complex decomposition processes of lignocellulosic mate-
ials. It assumes that the decomposition process proceeds via several in-
ependent, parallel first-order reactions with each exhibiting individual
requency factor and activation energy. In addition, unlike other mod-
ls, DAEM requires no mathematical model fitting to describe the kinetic
arameters, instead a set of experimental data that relate weight loss to
emperature/time at three different heating rates ( Parthasarathy et al . ,
021 ). It also suggested that at the same conversion rate (V/V 

∗ ), the ac-
ivation energy has a continuous distribution represented by a function
(E). All the parallel reactions are considered to be irreversible first-
rder with respect to the remaining volatile content and according to
iura and Maki (1998) is given by: 
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∞
∫
0 
𝑒𝑥𝑝 

{ 

𝑘 0 

( 

𝑡 

∫
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here V 

∗ is the effective volatile content, V is the volatile content at
emperature T, 𝛽 is the heating rate, k 0 is the pre-exponential factor, E is
he activation energy and f(E) is the distribution function for activation
nergy and is given in normalised form as: 

∞
∫
0 
𝑓 ( 𝐸 ) 𝑑𝐸 = 1 (3)

Let ∅ be function of activation and temperature such that: 
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𝑇 

∫
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Then, Eq. (2) becomes: 
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From Eq. (4) , 

( 𝐸, 𝑇 ) = 𝑒𝑥𝑝 

{ ( 

− 𝑘 0 
𝛽

) 

𝜑 

} 

(6)

Where 

 = 

𝑇 

∫
0 

( 

𝑒 
− 
(

𝐸 

𝑅𝑇 

)) 

𝑑𝑇 (7)

Integrating Eq. (7) gives: 

 = 
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∫
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( 

𝑒 
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𝐸 

𝑅𝑇 
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𝐸 
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𝐸 

𝑅𝑇 
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(8)

Substituting Eq. (8) in Eq. (6) we have: 

( 𝐸, 𝑇 ) = 𝑒𝑥𝑝 

{ ( 

− 𝑘 0 
𝛽

) 

𝑅𝑇 2 

𝐸 
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(

𝐸 

𝑅𝑇 

)} 
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𝛽𝐸 

) 

𝑒 
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(

𝐸 

𝑅𝑇 

)} 

(9) 

Substitution of Eq. (9) and Eq. (3) in Eq. (2) gives: 
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 − 
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𝛽𝐸 

)
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(

𝐸 

𝑅𝑇 

)} 

.𝑓 ( 𝐸 ) 𝑑𝐸 ≅ 𝑒𝑥𝑝 
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− 𝑘 0 𝑅𝑇 2 

𝛽𝐸 

)
𝑒 
− 
(

𝐸 

𝑅𝑇 

)}

 − 

𝑉 
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≅ 𝑒𝑥𝑝 

{ 

− 

(
𝑘 0 𝑅𝑇 2 

𝛽𝐸 

)
𝑒 
− 
(

𝐸 

𝑅𝑇 

)} 

(10) 

Replacing the V/V 

∗ by ∆V and ∆V 

∗ in the Eq. (10) above where ∆V
nd ∆V 

∗ is the number of volatiles evolved and the effective volatile
ontent for a certain number of reactions. We have: 

 − 

Δ𝑉 

Δ𝑉 ∗ 
= 𝑒𝑥𝑝 

{ 

− 

( 

𝑘 0 𝑅𝑇 2 

𝛽𝐸 

) 

𝑒 
− 
(

𝐸 

𝑅𝑇 

)} 

(11)

Taking the natural logarithm of both sides of the Eq. (11) gives: 

 𝑛 

(
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Δ𝑉 

Δ𝑉 ∗ 

)
= 𝑙 𝑛 
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{ 
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) 
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𝐸 

𝑅𝑇 
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𝑛 
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Δ𝑉 
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𝑘 0 𝑅𝑇 2 

𝛽𝐸 

) 

𝑒 
− 
(

𝐸 

𝑅𝑇 

)} 

Taking the natural logarithm of both sides again: 

 𝑛 
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(
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{ 

𝑙 𝑛 

(
𝑘 0 𝑅𝑇 2 

𝛽𝐸 

)
− 

(
𝐸 

𝑅 

)
1 
𝑇 

} 

 𝑛 

[
𝑙 𝑛 

(
1 − 

Δ𝑉 

Δ𝑉 ∗ 

)]
= − 𝑙 𝑛 

(
𝑘 0 𝑅 
𝐸 

)
− 𝑙 𝑛 

(
𝑇 2 

𝛽

)
+ 

(
𝐸 

𝑅 

)
1 
𝑇 

 𝑛 

[
𝑙 𝑛 

(
1 − 

Δ𝑉 

Δ𝑉 ∗ 

)]
= − 𝑙 𝑛 

(
𝑘 0 𝑅 
𝐸 

)
+ 𝑙 𝑛 

(
𝛽

𝑇 2 

)
+ 

(
𝐸 

𝑅 

)
1 
𝑇 

 𝑛 

(
𝛽

𝑇 2 

)
= 𝑙 𝑛 

(
𝑘 0 𝑅 
𝐸 

)
+ 𝑙 𝑛 

[
𝑙 𝑛 

(
1 − 

Δ𝑉 

Δ𝑉 ∗ 

)]
− 

(
𝐸 

𝑅 

)
1 
𝑇 

 𝑛 

(
𝛽

𝑇 2 

)
= 𝑙 𝑛 

(
𝑘 0 𝑅 
𝐸 

)
− 𝑙 𝑛 

[
− 𝑙 𝑛 

(
1 − 

Δ𝑉 

Δ𝑉 ∗ 

)]
− 

(
𝐸 

𝑅 

)
1 
𝑇 

(12) 

Subsequently, Miura and Maki (1998) approximated ( 1 − 

Δ𝑉 

Δ𝑉 ∗ 
) to be

.58 and substituting into the equaton (12) gives: 𝑙𝑛 ( 𝛽
𝑇 2 

) = 𝑙𝑛 ( 𝑘 0 𝑅 
𝐸 

) −
 𝑛 [ − 𝑙 𝑛 ( 0 . 58 ) ] − ( 𝐸 

𝑅 
) 1 
𝑇 

 𝑛 

( 

𝛽

𝑇 2 

) 

= 𝑙 𝑛 

( 

𝑘 0 𝑅 

𝐸 

) 

+ 0 . 6075 − 

(
𝐸 

𝑅 

) 1 
𝑇 

(13)

Eq. (13) takes the form of a straight line and both E and k 0 we can
e obtained from gradient and intercept by following the steps (i-iv) as
ummarised below: 

i) Establish a graph of conversion versus temperature using TGA data
from at least three different heating rates. 

ii) Evaluate ( 𝛽/T 

2 ) at selected conversion from the relationship ob-
tained in (i) above for the different heating rates. 
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ii) Develop a graph of ln( 𝛽/T 

2 ) with respect to (1/T) at the selected con-
versions and compute the activation energy and the pre-exponential
factor from the gradient and intercept according to the Eq. (13) . 

v) Construct a graph of activation energy values obtained in (iii) above
against the conversion and differentiate the model to obtain the dis-
tribution function for activation energy. 

The frequency factor (pre-exponential factor) can be expressed as a
unction of activation energy according to Eq. (14) below: 

 0 = 𝑘 1 𝑒 
𝑘 2 𝐸 (14)

Where k 1 and k 2 are constants, depending on the reacting material.
his equation can further be linearised to give Eq. (15) , a straight-line
elationship and the value of k 1 and k 2 can be obtained from slope and
ntercept. 

 𝑛 
(
𝑘 0 
)
= 𝑙 𝑛 ( 𝑘 1 ) + 𝑘 2 𝐸 (15)

Thermodynamic parameters such as change in enthalpy ( ΔH), en-
ropy ( ΔS) and Gibbs free energy ( ΔG) are generally computed using the
ctivation energy, frequency factor and other constants like Boltzmann
nd Planks constants. According to Kim et al . (2010) , these parameters
an be computed using the following equations: 

𝐻 = 𝐸 𝑎 − 𝑅𝑇 (16)

𝐺 = 𝐸 𝑎 + 𝑅𝑇 𝑚 𝑙𝑛 

( 

𝐾 𝐵 𝑇 𝑚 

ℎ𝐴 

) 

(17)

𝑆 = 

Δ𝐻 − Δ𝐺 

𝑇 𝑚 
(18)

Where K B is the Boltzmann constant (1.83 × 10 − 23 J/ K), h is the
lanck’s constant (6.36 × 10 − 34 J.s), T m 

is the peak temperature at max-
mum weight loss in the DTG curve. 

.5. Process model development 

The combustion process coupled with power generation using millet
haff as a feedstock was first conceived in a Microsoft vision environ-
ent as shown in Fig. 1 . The process is made up of two sections, the

ombustion section and power generation section. The former consists of
 combustion reactor and solid-gas separation unit represented by a cy-
lone while the latter consists of a boiler, steam turbine, condenser and
 pump. In the reactor, combustion reactions are effected and generates
igh temperature flue gas. The gas is generally accompanied with fine
olid particles of inorganic components of the biomass feedstock, which
s separated in the cyclone. The high temperature, solid-free flue gas is
hen charged into the boiler in the power generation section where it ex-
hanges heat with water and generates high pressure steam. The steam
s sent to the turbine for electricity generation while a lower pressure
team from the turbine is recirculated into the boiler via a condenser
nd pump. 

. Results and discussion 

.1. Physicochemical characteristics of millet chaff

Physicochemical characteristics of the biomass are summarised in
able 1 . Proximate analysis results revealed that the millet chaff as re-
eived had moisture content of 7.9 wt% with ash content, fixed carbon
nd volatile matter (on dry basis) of 13.40, 15.35 and 71.25 wt% re-
pectively, and higher heating value of 13.15 MJ/kg. These character-
stics are similar to that of typical agro-residue biomass such as Almond
hell, Nut shell ( Ortiz et al . , 2020 ), Bambara groundnut shell (BGS), oil
alm fronds (OPF) peanut shell (PNS), and adzuki bean pods (AZP) as
eported in the literature. Recent studies by Boubacar Laougé and Mer-
un (2020) on millet chaff (MCHF) reported ash content of 34.51 wt%,
 c  

4 
hich is nearly three folds higher than the ash content recorded in the
urrent study. This variation could be attributed to cultural practices
uring the crop cultivation and biomass pre-processing handling, since
sh contents of biomass either originate directly from the fuel or incor-
orated during fuel handling ( Mohammed et al . , 2017a ). The volatile
atter of 71.25 wt% recorded is similar to that of BGS but 14% less than

hat of Napier grass (NG) and OPF, 7% lower with respect to that of AZP,
nd 8-14% higher than that of PNS and MCHF reported in the literature.
his is an indication that the millet chaff biomass reported herein would
e a suitable feedstock for the combustion process. A high volatile mat-
er content biomass is generally characterised with rapid and difficult
ombustion, which mostly requires a bigger reactor volume to prevent
igh rate of pollutant emissions during the combustion ( Adeleke et al . ,
020 ). Boubacar Laougé and Merdun (2020) reported the heating value
f MCHF with ash content of 34.51 wt% to be 17.53 MJ/kg compared to
he 13.15 MJ/kg with ash content of 13.40 wt% recorded herein. This is
ontrary to the general trend as a higher ash content biomass is expected
o have a lower calorific value. Compared with other agro-residues, the
eating value of millet chaff recorded in this study is 25-51% lower
han that of BGS, OPF, PNS, AZP and NG ( Table 1 ). These differences
ould be mainly attributed to disparities in the ash content in addition
o other physicochemical characteristics. The result of ultimate analysis
ndicated that the sample consists of 35.50 wt% carbon (C), 4.44 wt%
ydrogen (H), 2.05 wt% nitrogen (N), 1.05 wt% sulphur (S) and 56.99
t% oxygen (O). The ultanal attributes exhibited by the biomass is in

onsonant with the general trend of elemental composition of biomass.
ig. 2 shows the Van Krevelen plot of the millet chaff in comparison
ith another biomass. The H/C atomic ratio of the sample is similar to

hat of OPF, NG, PNS and MCHF. This characteristic signifies that the
iomass may be energy efficient fuel. On the other hand, the O/C ra-
io of the sample was higher due to higher oxygen content, which is
n good agreement with the lower magnitude of heating value recorded
 Fantozzi and Bartocci, 2017 ). This further suggests that the sample will
equire a lower equivalence ratio during the thermochemical conversion
ompared to the other agro-residues ( Ciuta et al . , 2018 ), an indication
f possible reduction of energy requirement of the thermochemical pro-
ess. 

The chemical composition such as the lignin and holocellulose (cel-
ulose and hemicellulose) analysis results of the sample showed that
olocellulose accounted for nearly 70% Table 1 ) while the lignin repre-
ents the remaining mass. The cellulose content (50.51 wt%) recorded is
n good agreement with that of MCHF in the literature. Boubacar Laougé
nd Merdun (2020) reported 48.93 wt% cellulose, 3.16 wt% hemicel-
ulose and 15.75 wt% lignin. The difference in the hemicellulose and
ignin may be attributed to divergent environmental and cultivation con-
itions. Compared with other biomass material, the millet chaff in this
tudy has 23% higher cellulose content than the NG biomass but com-
arable hemicellulose and lignin contents. The higher cellulose in the
illet chaff could be responsible for the higher oxygen content which in

urn affected the heating value ( Nazli, 2020 ). Mineral composition anal-
sis of the ash was conducted using inductively coupled plasma mass
pectrometer and the result revealed the presence of sodium (Na), potas-
ium (K), calcium (Ca), magnesium (Mg), iron (Fe) and aluminium (Al)
 Table 1 ) as the major element in the following decreasing order of pro-
ortion: K > Al > Mg > Ca > Fe > Na. Elemental composition of biomass ash
eported in the literature showed that K is mostly the dominant mineral
omponent, which is consistent with the result recorded herein for the
ample. The quantitative analysis of the minerals in the sample is critical
or unknown fuel like millet chaff to predict possible operational chal-
enges such as slagging, fouling and corrosion during combustion. Alka-
ine and alkaline earth metals particularly Na, K and Ca are generally
eleased into the flue gas during combustion, which may lead to depo-
ition on heat exchanger surfaces ( Mlonka-M ędrala et al . , 2020 ). Some
mpirical indicators such as slagging and fouling indices computed ac-
ording to Eqs. (17–19) have been used to evaluate the biomass ash
omposition in order to predict its severity on the combustion process
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Fig. 1. Schematic conceptual process flowsheet of millet chaff combustion coupled with steam turbine for power generation. 

Table 1 

Average characteristics of Millet Chaff ( o Present study; 1 Mohammed et al. 2015 ; 2 Mohammed et al. 2017; 3 Yakub et al. 
2015; 4 Kuprianov and Arromdee, 2013; 5 Mohammed et al. 2018; 6 Boubacar Laougé and Merdun, 2020 . 

Property Value 
Proximate analysis (wt%) MCHF o NG 1 BGS 2 OPF 3 PNS 4 AZP 5 MCHF 6 

Moisture content 7.90 ± 0.44 75.27 ± 0.21 11.71 3.6 
Ash content a 13.40 ± 2.50 1.75 ± 0.01 10.10 ± 0.41 3.61 5.7 6.24 ± 1.21 34.51 
Volatile matter a 71.25 ± 2.12 81.51 ± 0.30 73.83 ± 1.39 80.88 65.4 76.10 ± 0.22 61.29 
Fixed carbon b 15.35 ± 0.38 16.74 ± 0.09 16.08 ± 0.71 15.51 19.6 17.66 ± 0.50 0.59 
Heating value (MJ/kg) a 13.15 ± 0.57 18.11 ± 0.10 19.19 ± 0.01 17.55 16.4 19.85 ± 0.01 17.53 
Ultimate analysis (wt%) a 

Carbon (C) 35.50 ± 1.30 48.61 ± 0.80 34.63 ± 0.92 45.05 56.59 39.41 ± 1.12 43.66 
Hydrogen (H) 4.44 ± 0.40 6.01 ± 0.14 11.28 ± 0.22 5.86 6.45 10.68 ± 0.15 6.3 
Nitrogen (N) 2.02 ± 0.10 0.99 ± 0.03 1.16 ± 0.04 0.23 1.53 2.95 ± 0.09 0.45 
Sulphur (S) 1.05 ± 0.00 0.32 ± 0.01 1.00 ± 0.01 0.04 0.09 0.93 ± 0.01 0.06 
Oxygen (O) c 56.99 ± 1.60 44.07 ± 0.66 51.93 ± 1.16 48.82 35.34 46.03 ± 1.10 49.54 
Chemical composition (wt%) d 

Cellulose 50.51 ± 2.61 38.75 ± 2.30 - - - - 48.93 
Hemicellulose 18.59 ± 1.22 19.76 ± 1.68 - - - - 3.16 
Lignin 30.90 ± 2.01 26.99 ± 1.29 - - - - 15.75 
Inorganic Mineral ICPMS (mg/g) (EDX wt%) 

Sodium (Na) 2.5 ± 0.14 0.27 ± 0.01 - - - - 
Potassium (K) 67.49 ± 0.13 64.77 ± 2.23 72.57 ± 2.10 50.22 9.34 73.06 ± 1.29 - 
Calcium (Ca) 13.30 ± 0.00 4.34 ± 0.13 - 19.68 4.43 13.16 ± 0.02 - 
Magnesium (Mg) 14.19 ± 0.55 2.34 ± 0.08 2.57 ± 0.07 1.51 1.96 1.13 ± 0.07 - 
Iron (Fe) 11.45 ± 0.71 - - - 8.11 1.52 ± 0.02 - 
Aluminum (Al) 22.56 ± 0.00 0.93 ± 0.03 4.15 ± 0.11 0.64 11.6 2.53 ± 0.10 - 

a Dry basis 
b by difference [100- (Ash + Volatile matter)] 
c by difference [O = 100 - (C + H + N + S)] 
d extractive and ash free basis 

(

𝐵  

𝑆  

𝐹  

 

t  

t  

w  

e  

i  
 Wang et al . , 2017 ). 

𝑎𝑠𝑒 ∕ 𝑎𝑐𝑖𝑑 𝑟𝑎𝑡𝑖𝑜 ( 𝑅 𝐵∕ 𝐴 ) = 

𝐹 𝑒 2 𝑂 3 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐾 2 𝑂 + 𝑁𝑎 2 𝑂 

𝑆𝑖𝑂 2 + 𝑇 𝑖𝑂 2 + 𝐴𝑙 2 𝑂 3 
(17a)

𝑙𝑎𝑔 𝑔 𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 ( 𝑆𝐼 ) = ( 𝑅 𝐵∕ 𝐴 ) × 𝑆 (18a)

 𝑜𝑢𝑙𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 ( 𝐹 𝐼 ) = ( 𝑅 𝐵∕ 𝐴 ) ×
(
𝐾 2 𝑂 + 𝑁𝑎 2 𝑂 

)
(19)
5 
Where S is the sulphur content. 

From Table 1 , using appropriate conversion factors as outlined in
he British standards BS EN 15290:2011 ) to obtain the oxide form of
he elements, the millet chaff ash slagging and fouling index recorded
as 3.52 and 282.64 respectively. This suggests that the sample has

xtremely high slagging inclination ( > 2.6) and extremely high fouling
ndication ( > 40). Considering the Eqs. (17) and ( (19) , the major contrib-
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Fig. 2. Van Krevelen diagram of millet chaff. 

Fig. 3. Averaged FTIR spectrum of millet chaff sample. 
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tors are the CaO, MgO, K 2 O and Na 2 O. These components are soluble
n water and could be leached out easily. According to Mohammed et al .
2017a) , 74-90% of Na 2 O and K 2 O could be leached out with water at
oom temperature in addition to significant reduction of CaO and MgO
t pre-treatment severity of 2.7, which corresponds to 6 hrs leaching
peration. Under this condition, the indices of the resulting sample will
rop from the extreme conditions to medium slagging inclination and
igh fouling indication, which is considerable for the combustion pro-
ess. Consequently, aqueous pre-treatment of millet chaff with water is
ecessary prior to its utilisation as fuel in the combustion process. 

Functional group analysis of the sample was performed using Fourier
ransformed infrared (FTIR). Accordingly, the FTIR spectrum of chem-
cal species in the millet chaff sample is shown in Fig. 3 . The sample
6 
xhibited peaks at 3269 cm 

− 1 , which is ascribed to different hydroxyl
roups ( 𝑂 − 𝐻 ) corresponding to mostly alcohol and phenolic com-
ounds in the sample. While the peak at 2922 cm 

− 1 is due to aliphatic
aturated 𝐶 − 𝐻 stretching vibrations of methylene group probably from
ignin components of the biomass ( Sajjad Ahmad et al . , 2020 ). The
eak at a frequency around 2089 cm 

− 1 is ascribed to 𝐶 ≡ 𝐶 functional
roup ( Mohammed et al . , 2017c ). The band at 1638 cm 

− 1 is due to
ing conjugated 𝐶 = 𝐶 bonds of lignin while the ones at frequency of
254 and 1151 cm 

− 1 correspond to 𝑂 − 𝐻 bending in holocellulose
 Mohammed et al . , 2015 ). The wave number 1019 cm 

− 1 is ascribed to
 − 𝑂 mainly in the cellulose and hemicellulose while the fingerprint
t 900 cm 

− 1 is attributed to aromatic 𝐶 − 𝐻 bending vibrations due to
he presence of lignin in the samples ( Reza et al . , 2020 ). Therefore, the
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Fig. 4. Thermogravimetric profile of millet chaff un- 
der oxygen atmosphere. 
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TIR result indicates the presence of hemicellulose, cellulose and lignin
n the sample, which is in good agreement with the chemical composi-
ion analysis result. 

.2. TG and DTG profile of millet chaff

TGA characteristics of millet chaff under oxygen atmosphere at three
ifferent heating rates is shown in Fig. 4 . The combustion process pro-
eeded in three stages. In stage one, two distinct regions were identified.
t temperatures under 90 0 C, a visible shoulder on the derivative ther-
ogravimetry (DTG) for all the heating rates were observed. This rep-

esents the initial evolution of moisture, which accounts for about 6%
eight loss. The second region under the stage one signifies further dry-

ng of the sample and devolatilisation of some very light components at
6.25-189.65 0 C, 107.07-192.36 0 C and 121.05-197.43 0 C for 5 0 C/min,
0 0 C/min and 15 0 C/min respectively with corresponding weight loss
f 0.78 wt%, 0.64 wt% and 0.55 wt%. The total weight loss recorded
or the individual heating rate is 6.78 wt%, 6.64 wt% and 6.55 wt%
s summarised in Table 3 . The stage two constitutes thermal degrada-
ion of hemicellulose, cellulose and lignin in the biomass through se-
uence of chemical reactions such as volatiles emission, volatiles igni-
ion, volatiles burning into flames and volatile flame extinction. These
hemical reactions were observed at 204.00-322.54 0 C, 217.05-324.46
 C and 222.30-348.68 0 C with respect to 5 0 C/min, 10 0 C/min and 15
 C/min heating rate. The corresponding weight loss noted from the TG
urve was 50.63 wt%, 50.65 wt% and 54.19 wt%. Comparing with the
iterature, it has been reported that decomposition temperature of hemi-
ellulose, cellulose and lignin under an oxidised atmosphere to be within
20–315°C, 315–400°C and 175–890°C respectively ( Bi et al . , 2020 ).
his suggests that the identified temperature range for the chemical re-
ction fully covered the decomposition temperature of hemicellulose
nd therefore, the weight loss noted can be attributed to full thermal
reakdown of hemicellulose and transformation of cellulose and lignin
nto residual carbon. The DTG curves under the stage two showed a
road peak with maximum reaction intensity of -0.005 mg/ 0 C, -0.009
g/ 0 C and -0.014 mg/ 0 C at 269.81 0 C, 279.84 0 C and 285.18 0 C cor-

esponding to 5 0 C/min, 10 0 C/min and 15 0 C/min heating rate. This
rend shows that increasing the heating rate at intervals of 5 0 C/min led
o decline in the reaction intensity by more than 50%, suggesting an in-
7 
erse relationship between the heating rate and the weight loss rate. The
igher reaction intensity (-0.005 mg/ 0 C) characterised by lower peak
emperature recorded at 5 0 C/min signifies faster combustion reactions
 Ahn et al . , 2020 ) due to efficient heat transfer between the individual
iomass particles. This observation is similar to the findings reported
y Boubacar Laougé and Merdun (2020) . The authors recorded maxi-
um weight loss rate at lower temperature under lower heating rates,
hich was attributed to efficient heat transfer between the biomass par-

icles. Similarly, Islam et al . (2016) reported that lower heating rates
rovide adequate residence time for heat to permeate steadily into the
iomass particles, which give rise to effective heat transfer between the
articles. Stage three represents the oxidation of residual cellulose and
ignin, and the resulting carbonaceous material with a peak observed
t 347.29-423.21 0 C, 363.28-426.27 0 C and 401.76-431.50 0 C corre-
ponding to 5 0 C/min, 10 0 C/min and 15 0 C/min heating rate. With
ncreasing heating rate, the fairly broad peak shrinks to a sharp peak,
ndicating the overlapping of the oxidation phase of carbon residues
rom both cellulose and lignin ( Maia et al . , 2020 ). From the TG curve,
7.55, 38.65 and 35.55 wt% were recorded with respect to 5 0 C/min, 10
 C/min and 15 0 C/min heating rate ( Table 3 ). The corresponding reac-
ion intensity was -0.0014 mg/ 0 C, -0.003 mg/ 0 C and -0.032 mg/ 0 C and
aximum peak temperature of 381.95 0 C, 396.92 0 C and 416.39 0 C. The

ower peak temperature (381.95 0 C) and the DTG value (-0.0014 mg/ 0 C)
ecorded at 5 0 C/min shows that the combustion of carbon residues is
ccomplished faster at lower heating rate with higher reaction intensity
 Chen et al . , 2020 ). Comparing this reaction intensity with that recorded
n the stage 2 (-0.005 mg/ 0 C) at 5 0 C/min, it revealed that the combus-
ion of residual carbon proceeded faster relative to that of stage 2, which
uggests a lower energy barrier for the reaction progression. This is also
rue for the other heating rates except that observed at 15 0 C/min, where
he combustion of residual carbon recorded lower intensity, which could
e attributed to complex decomposition pathways due to rapid heating
um the catalytic effect of the minerals present in the ash. This is in good
greement with the findings reported by Chen et al . (2020) . The authors
tated that the inorganic components in biomass ash particularly the al-
ali and alkaline earth metals are active in catalysing char combustion
eaction. Considering the overall weight loss for the entire combustion
rocess on dry basis, the average weight loss recorded was 89.07 ± 0.80
t% while the remaining mass (10.93 ± 1.57 wt%) represents the non-
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ombustible materials, which is comparable with the ash content earlier
btained in the proximate analysis. 

.3. Ignition and burnout temperatures of millet chaff

Combustion behaviour of fuel is generally characterised by two key
arameters such as ignition temperature and burnout temperature. Ig-
ition temperature (T ign ) is the least temperature when the combustion
eaction of the fuel becomes self-sustaining. It can also be defined in
erms of fuel safety and storage as the lowest possible temperature at
hich a fuel ignites freely in an environment devoid of external source
f ignition. While the burnout temperature (T bnt ) is the temperature at
hich the fuel is entirely exhausted ( Lu and Chen, 2015 ). These ther-
al properties can be evaluated from the TG and DTG profile of the

uel. Determination of T ign of biomass sample is carried out using in-
ersection method and deviation method. The intersection method is
ccomplished by using a vertical line (VL 1 ) through the DTG peak and
 tangential line (TL 1 ) on the TG curve where the vertical line inter-
ects (W). With another line (HL 1 ) parallel to x-axis on the TG curve
uring the constant weight before the decomposition begins, ignition
emperature is the temperature at the point of intersection (X) between
he TL 1 and HL 1 on the TG curve ( Ahn et al . , 2020 ; Guo et al . , 2020 )
s shown in Fig. 5 a. The deviation method of establishing T ign involves
omparing the DTG curves under inert and oxidised atmospheres and
 ign is the point at which the disparity between the two DTG curves
pproaches 3% ( Lu and Chen, 2015 ; Maia et al . , 2020 ) as presented in
he Fig. 5 b. Similarly, the T bnt is evaluated from the TG and DTG pro-
le of the fuel using the intersection method and conversion method.
onsider Fig. 5 a also, the T bnt following the intersection approach is
btained from the char decomposition peak instead of the volatile de-
omposition peak (first peak). In a similar manner to the determination
f T ign , a vertical line (VL 2 ) through the second DTG peak and a tangen-
ial line (TL 2 ) on the TG curve are drowned and intersect at point (Y).

ith another horizontal line (HL 2 ) drawn parallel to abscissa on the TG
urve after the char decomposition with nearly zero weight loss, T bnt 
s the temperature at the point of intersection (Z) between the TL 2 and
L 2 on the TG curve. On the other hand, T bnt by conversion method is

he temperature at which the conversion of fuel reaches 99% ( Lu and
hen, 2015 ). Accordingly, the T ign recorded for the sample was 232.94
 C, 240.75 0 C and 244.27 0 C ( Table 4 ) at 5 0 C/min, 10 0 C/min and 15
 C/min respectively following the intersection method while the values
ecorded through the deviation method was 220.33 0 C, 223.83 0 C and
31.25 0 C. The values of T ign recorded through the deviation method
re 5-7% lower relative to the T ign values obtained from the intersection
ethod. Increase in the heating rate increased the T ign values from both
ethods. This trend could be linked to inefficient heat transfer within

he individual particle and between the particles as rapid heating gener-
tes temperature lag between the particle surface and the core. Similar
bservations have been reported in the literature. According to Liu et al .
2019) , higher heating rates promotes rise in the decomposition temper-
ture of organic matter, which induces temperature difference between
he inside and outside of biomass particles. Maia et al . (2020) also noted
ariation in the ignition, which was directly linked to the heating rates.
onsidering the decomposition temperature of the biomass components
nder the oxidised environment, all the T ign values obtained from both
ethods are within the decomposition temperature of hemicellulose.
onsequently, the ignition temperatures of millet chaff evaluated from
he intersection and deviation methods are principally from hemicellu-
ose decomposition reaction due to its higher reactivity compared to the
ellulose and lignin. The T bnt noted from the intersection method was
29.56 0 C, 451.91 0 C and 462.59 0 C at 5 0 C/min, 10 0 C/min and 15
 C/min (4) compared to 446.43 0 C, 460.18 0 C and 489.06 0 C obtained
sing the conversion method. The observed values of T bnt from both
ethods are also shifted to higher temperature regions with increasing
eating rates. This is attributed to the heat transfer limitation propa-
ated by faster heating rates, which prolong completion of combustion
8 
eaction. The T bnt values are in reasonable agreement within 1.8-5.7
eviation. Therefore, both intersection and conversion methods could
e applied in determining the burnout temperature of biomass fuel. Ac-
ording to literature, the ignition and burnout temperatures of other
ignocellulosic materials and agro-residues in oxidised atmospheres are
etween 245–268 °C and 466–596 °C respectively ( Liu et al . , 2019 ).
hese values are somewhat comparable with the thermal characteristics
f millet chaff recorded herein. The lower value of ignition temperatures
f millet chaff relative to other biomass materials is attributed to dissim-
lar physicochemical properties such as volatile matter, ash content and
hemical composition (hemicellulose, cellulose and lignin) in addition
o disparity in the operating conditions. 

.4. Combustion kinetic parameters 

The degree of conversion of millet chaff in the oxidised atmosphere
t different heating rates with respect to temperature is shown in Fig. 6 .
t can be seen that the combustion process of the sample could be de-
ned (on a dry basis) at a conversion value between 10% and 90%
ith the corresponding temperatures represented as T 10 and T 90 . At
 

0 C/min, the T 10 recorded was 209.42 0 C compared to 226.77 0 C ob-
erved for both 10 0 C/min and 15 0 C/min. Conversion degree of 50%
as achieved at T 50 value of 284.10 0 C, 293.93 0 C and 298.52 0 C with

espect to 5 0 C/min, 10 0 C/min and 15 0 C/min while the correspond-
ng T 90 was 389.69 0 C, 409.78 0 C and 416.61 0 C. The value of T 10 
ecorded at 5 0 C/min is below the T ign (232.94 0 C /220.33 0 C) ear-
ier observed ( Table 4 ), suggesting the combustion mechanism could
e mainly volatile emission while the T 10 obtained for 10 0 C/min and
5 0 C/min is within the observed T ign values, which possibly indicates
imultaneous volatile emission and volatile ignition. The conceivable
echanisms towards 50% degree of conversion could be volatile igni-

ion and volatile burning into flame for 5 0 C/min while only volatile
urning into flame possibly dominates for 10 0 C/min and 15 0 C/min.
he value of T 70 recorded ( Fig. 6 ) for all the heating rates is within
20-346 0 C, which agrees with the end point of stage II earlier identi-
ed ( Table 3 ). This implies that flame extinction is probably the main
athway at 50-70% degree of conversion. While the decomposition of
esidual carbon is highly likely at a degree of conversion above 70%.
onversion of millet chaff with possible combustion mechanisms are
ummarised in Table 5 . Fig. 7 shows the millet chaff combustion linear
lot developed from ln( 𝛽/T 

2 ) with respect to (1/T) at the selected con-
ersions according to the Eq. (13) . Imaginary lines through the points
t each of the heating rates showed a parallel relationship, suggest-
ng equal gradient and similar characteristics. A linear fit to the set of
hree different heating rates with the same conversion exhibited a very
ood relationship between ln( 𝛽/T 

2 ) and (1/T) with R-squared value of
.82-0.99 ( Table 6 ). Gradient and intercept of the linear fit is used for
omputation of activation energy and the pre-exponential factor. Ac-
ordingly, the trend of activation energy of millet chaff combustion at
arious conversions showed five (A-E) distinct regions ( Fig. 8 ). At con-
ersion between 0.1-0.2 (stage A), a direct positive relationship is ob-
erved, an indication of similar activities/mechanisms. The correspond-
ng activation energy changed from 91.95 kJ/mol to 164.44 kJ/mol,
robably due to increasing activation of molecules for chemical reac-
ion. According to Barzegar et al . (2020) , during biomass combustion,
ctivation energy values of around 175 kJ/mol is as a result of hemi-
ellulose decomposition, usually within 10-20% degree of conversion.
etween 0.2 and 0.5 conversion (stage B), a second positive correlation

s also observed and the change in activation energy was 164.44-189.55
J/mol. The raise in the value of activation energy is not as rapid as
n the earlier stage, which connotes larger reaction barrier attributed
o multiple reaction steps with probable interactions between the inter-
ediates from different pathways resulting from decomposition of the

emaining hemicellulose and commencement of full breakdown of cel-
ulose and lighter parts of the lignin. In addition, biomass cellulose con-
ists of amorphous and crystalline components. The latter has higher
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Fig. 5. TG and DTG profile of millet chaff for determination of 
thermal properties (a) ignition temperature (T ign ) and burnout 
temperature (T bnt ) using intersection method (b) ignition tem- 
perature using deviation method. 

t  

h  

v  

i  

(  

p  

l  

p  

t  

r  

n  

A  

a  

p  

t  

i  

d  

f  

s  

i  

c  

w  

r  

i  

e  

b  

a  

v  

t  

t  

fl  

s  

g  

m  

e  

a  

c  

k  
hermal stability ( Chen et al . , 2020 ), which may have contributed to
igher values of the observed activation energy. The activation energy
alues recorded under this conversion range is similar to that reported
n the literature, which was mainly attributed to cellulose degradation
 Barzegar et al . , 2020 ). Though, combustion of lignocellulosic material
roceeds with overlapping multiple components degradation particu-
arly at higher heating rate as rightly noted in the TGA analysis in the
revious sections. At 0.5 conversion (stage C), a plateau is observed in
he activation energy distribution profile of the sample, which can be
egarded as a transition state where molecules exist neither as reactants
or final products, but as a chemical intermediate (activated complex).
t this stage, more fuel consumption is expected, and the combustion re-
ction is fully developed. This observation strongly agrees with the pro-
osed combustion mechanism of volatile burning into flame. A declining
rend in the activation energy value (189.55 kJ/mol to 116.88 kJ/mol)
s observed at conversion beyond 0.5 until 0.7 (stage D), this is probably
ue to decrease in the residual volatile content of the fuel, particularly
rom the cellulose and lignin, which became exhausted at the conver-
ion of 0.7. Barzegar et al . (2020) reported that biomass decomposition
9 
n oxidised atmosphere at conversion between 0.5 and 0.7 results in de-
rease in the activation energy value down to nearly 90 kJ/mol, which
as attributed to lignin degradation. Studies on combustion of lignin

eported by Jianfei et al . (2020) also revealed lower activation energy
n the range of 60.02–73.42 kJ/mol. These lower values of activation
nergy reported for lignin combustion compared to holocellulose com-
ustion suggests that lignin combustion reaction progresses faster. In
ddition, the lignin degradation stage represents the single longest acti-
ation energy distribution ( Fig. 8 ), which is corroborated with the long
ailing observed in the DTG profile of the sample. This observation fur-
her suggests that the main combustion reaction in this stage is probably
ame extinction, a sustained combustion stage that results in a quasi-
teady vaporisation without any visible flame detected. This stage is
enerally accompanied with cool flame combustion characterised with
any flame regimes and dynamics ( Cuoci et al . , 2017 ). The activation

nergy distribution pattern exhibited in stage E ( Fig. 8 ) between 0.7
nd 0.9 degree of conversion represents residual char combustion pro-
ess. Under this regime, the activation energy value changed from 117
J/mol through 115 kJ/mol to 138 kJ/mol. According to Zou et al .
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Fig. 6. Conversion of millet chaff versus temperature at different heating rate. 
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2020) , catalytic activities of mineral elements in the biomass control
he decomposition reaction in the last phase of combustion process. It
as reported that CaO promotes formation of complexes, which hin-
ered the combustion reaction while Fe 2 O 3 on the other hand favours
he reaction. Consequently, the irregular trend observed in the activa-
ion energy value signifies a complex decomposition process, which can
e attributed to the catalytic activities of the mineral elements present
n the source biomass ( Table 1 ). This observation is in line with the
roposed residual carbon oxidation mechanism as stated in Table 5 . 

The distribution function f (E) of activation energy obtained from the
erivative of the conversion versus activation energy is shown in Fig. 9 .
he distribution function exhibited two visible peaks within the activa-
ion energy range of 91.95-116.88 kJ/mol and 171-189.55 kJ/mol. This
an be linked to the chemical composition of the biomass sample, which
s in good agreement with the DTG profile of the sample. Similar obser-
ations have been reported in the literature. Fang et al . (2018) reported
istribution function of activation energy with two visible peaks for a
atalytic thermochemical decomposition of biomass samples. The au-
10 
hors attributed this pattern to the nature of chemical composition in the
iomass sample. The pre-exponential factor (k 0 ), which is the frequency
f collisions between molecules during the combustion is summarised in
able 6 . The k 0 values exhibited two lower extremes with values within
0 10 -10 11 corresponding to 0.1, and 0.7-0.9 conversion and a central
one, having k 0 values between 10 16 and 10 18 under 0.2-0.6 conver-
ion. The lower values of k 0 recorded suggests low reaction barrier, low
olecular collision and easier conversion whereas the higher k 0 val-
es signifies more heat requirement for higher molecular collision to be
ransferred and higher energy barrier to be overcome for the reaction
o progress. These observations are strongly in good agreement with the
bserved activation energy values. Fong et al . (2019) reported that k 0 
alues within 10 9 is due to limitation in particle rotation of the activated
omplex relative to the initial reagent, which indicates a large surface
eaction while k 0 values above 10 9 signifies no changes during the ro-
ation of the active complex and reagent in the reaction. Recent reports
y Boubacar Laougé and Merdun (2020) on combustion of millet chaff
ndicate k 0 values within 10 2 -10 4 , which is far below 10 9 , suggesting
 major limitation in particle rotation of the activated complex during
he combustion process. Fig. 10 shows lnk 0 versus activation energy
elationship, which represents a linear fit for the compensation effects
etween k 0 and activation energy. The graph showed a positive linear
elationship (R 

2 = 0.9015) between the lnk 0 and activation energy in ac-
ordance with the Eq. (15) above. The value of k 1 and k 2 obtained from
he slope and intercept is 0.0041 and 0.2645 and the final relationship
etween k 0 and activation energy is represented in the form Eq. (14) be-
ow: 

 0 = 0 . 0041 𝑒 0 . 2645 𝐸 

This equation indicates a minimal compensation effect since there
s relatively no increase in the k 0 value at specific conversion with re-
pect to activation energy. This could be attributed to the slow heat-
ng rates applied during the thermogravimetric analysis of the sam-
les ( Boubacar Laougé and Merdun, 2020 ; Mohammed et al . , 2017b ;
ohammed et al . , 2018b ). 

.5. Combustion thermodynamic parameters 

The thermodynamic parameters (change in enthalpy- ΔH, entropy-
S and Gibbs free energy- ΔG) evaluated for the combustion of millet
Fig. 7. Millet chaff combustion linear plot at different conver- 
sion and heating rate. 
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Fig. 8. Plot of activation energy distribution against degree of 
conversion for combustion of millet chaff. 

Fig. 9. Distribution func6tion f(E) of activation energy versus 
activation energy (E a ). 
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haff are summarised in Table 6 . The enthalpy change is the energy re-
eased during combustion. It also provides details of which part of the
iomass releases the most energy during the combustion. The ΔH val-
es recorded in this study increased with conversion. At low conversion
 ≤ 0.1), ΔH value was 87.31 kJ/mol, which doubled as the conversion
ncreased from 0.2-0.6. This suggests that conversion of the most en-
rgy carriers within the biomass is achieved in this range. This is in
ood agreement with our earlier observation that suggested conversion
f residual hemicellulose, full breakdown of cellulose and some parts of
he lignin under similar conversion range. In addition, the trend exhib-
ted by the ΔH is similar to that of the activation energy with a differ-
nce of approximately 5.0 kJ/mol for all conversions. This indicates the
easibility of combustion reaction since a large difference connote un-
ikeliness of the reaction ( Ashraf et al . , 2021 ; Boubacar Laougé and Mer-
11 
un, 2020 ; Fong et al . , 2019 ). The positive values of ΔH recorded implies
hat external heat is required to generate the activated complex during
he combustion ( Xu et al . ). The entropy change ( ΔS) describes the course
f a process, whether it proceeds spontaneously and has a probability
f occurring in a defined direction, or non-spontaneously and does not
roceed in the defined direction, but in the reverse direction. The ΔS for
he millet chaff combustion showed positive values of lower magnitude
t conversion 0.1, 0.7,0.8 and 0.9. This infers that at these conversions,
he sample is much away from thermodynamic equilibrium, which may
urther result in reactivity to produce activated complex within short
eaction time. The low ΔS values indicate that the material just experi-
nced some changes which brings it to a state close to its thermodynamic
quilibrium. On the other hand, negative values were recorded for ΔS at
onversion between 0.2-0.6, signifies that the activated complex is char-
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Fig. 10. Relationship between K 0 and Activation Energy (Ea). 
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Table 2 

List of components used in the simulation. 

Component ID Type Component name Alias 

WATER Conventional Water H 2 O 

MCHF Nonconventional Millet Chaff
SULFU-01 Conventional Sulphur S 
NITRO-01 Conventional Nitrogen N 2 
OXYGE-01 Conventional Oxygen O 2 

SULFU-02 Conventional Sulphur-dioxide SO 2 

SULFU-03 Conventional Sulphur-trioxide SO 3 

NITRI-01 Conventional Nitric-oxide NO 

NITRO-02 Conventional Nitrogen-dioxide NO 2 

HYDRO-01 Conventional Hydrogen H 2 

METHA-01 Conventional Methane CH 4 

CARBO-01 Conventional Carbon-monoxide CO 

CARBO-02 Conventional Carbon-dioxide CO 2 

CARBO-03 Solid Carbon-graphite C 
CELLU Solid Dilactic-acid C 6 H 10 O 5 

HCELL Solid Glutaric-acid C 5 H 8 O 4 

LIG-H Solid Ethyl-benzoate C 9 H 10 O 2 

LIG-G Solid Propyl-p-hydroxybenzoate C 10 H 12 O 3 

LIG-S Solid C11h14o4 C 11 H 14 O 4 

POTAS-01 Solid Potassium K 
CALCI-01 Solid Calcium Ca 
MAGNE-01 Solid Magnesium Mg 
ALUMI-01 Solid Aluminium Al 
IRON Solid Iron Fe 
SODIU-01 Solid Sodium Na 
NITRO-03 Conventional DCS N 2 O 

l  

p  

(  

u  

a  

w  

b  

c  

b  

t  
cterised with high degree of arrangement and that the substance has
ust passed through some of the chemical process far from its thermody-
amic equilibrium ( Açı kal ı n and Gözke, 2021 ). These observations are
n good agreement with the activation energy, frequency factor patterns
nd the proposed mechanisms that suggested volatile burning to flame
xtinction at 0.2-0.6 conversion. Similarly, combustion studies of millet
haff reported by Boubacar Laougé and Merdun (2020) also showed neg-
tive values of ΔS and were attributed to lower degree of disorder prod-
cts relative to the source biomass. Similar observations have also been
eported in the literature ( Xu and Chen, 2013 ). The Gibbs free energy
hange ( ΔG) connotes the total energy change during the combustion re-
ction, which can be used to adjudge the reaction pathways. The ΔG val-
es recorded for the millet chaff spanned between 67 and 250 kJ/mol.
igher values above 200 kJ/mol were observed at 0.2-0.6 conversion,
hich can be attributed to high level of reactivity ( Karuppasamy Vikra-
an et al . , 2021 ) while the lower values recorded at 0.1, 0.7-0.9 con-

ersions connote low reactivity ( Açı kal ı n and Gözke, 2021 ). 

.6. Process model implementation in Aspen Plus 

The combustion process was implemented in ASPEN PLUS® V11
oftware. The process flow diagram was developed with non-random
wo-liquid (NRTL) thermodynamic property data based on the assump-
ions that the average composition of Millet chaff is according to the
hysicochemical analysis (proximate and ultimate) as summarised in
able 1 . Details of components used in the simulation from the Aspen
roperty environment are outlined in Table 2 . In the combustion sec-
ion, the combustor is represented by two reactors (RYield and RGibbs)
nd a flue gas cleaning unit (cyclone). The RYield block is used to sim-
late initial combustion steps of the biomass such as the release of light
olatile and decomposition into cellulose, hemicellulose, lignin and min-
ral composition (ash) as specified in the Table 1 . The RGibbs reactor
s based on the phase equilibrium and chemical equilibrium calcula-
ions through minimisation of Gibbs free energy of the system using the
igorous calculation option in the Aspen. Water vapor (H 2 O), hydro-
en (H 2 ), nitrogen (N 2 ), oxygen (O 2 ), sulphur dioxide (SO 2 ), sulphur
rioxide (SO 3 ), nitric oxide (NO), nitrogen dioxide (NO 2 ), nitrous ox-
de (N O), carbon monoxide (CO) and carbon dioxide (CO ) were se-
2 2 

12 
ected as the expected components at equilibrium. The inorganic com-
onents were treated as pure solid in the combustion product stream
flue gas). Cyclone (CYCL) was implemented in the Aspen environment
sing the modified Leith-Licht method (Clift et al., 1991) at 95% sep-
ration efficiency. The power generation section on the other hand,
as implemented using a flue gas heat exchanger (FGHX), steam tur-
ine (S-TURBIN), condenser (W-COND) and a pump (W-PUMP). The
ombination of these units represents a typical steam turbine for com-
ined heat and power (CHP), which operates on the Rankine cycle. Wa-
er (CWTER) is pumped with high pressure into FGHX and exchanged
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Table 3 

Combustion characteristics of Millet Chaff at different heating rates. 

𝛽 ( ̊C/min) Temperature intervals ( ̊C) weight loss intervals (wt%) DTG max (mg/ ̊C) T max ( ̊C) DTG max (mg/ ̊C) T max ( ̊C) 
stage I stage II stage III stage I stage II stage III stage II stage III 

5 96.25-189.65 204.00-322.54 347.29-423.21 6.78 50.63 37.55 -0.005 269.81 -0.0014 381.95 
10 107.07-192.36 217.05-324.46 363.28-426.27 6.64 50.65 38.65 -0.009 279.84 -0.0030 396.92 
15 121.05-197.43 222.30-348.68 401.76-431.50 6.55 54.19 35.55 -0.014 285.18 -0.0320 416.39 

Table 4 

Ignition and burnout temperatures of millet chaff. 

𝛽 ( ̊C/min) T IGNITION ( ̊C) T BURNOUT ( ̊C) 
Intersection method Deviation method Intersection method Conversion method 

5 232.94 220.33 429.56 446.00 
10 240.75 223.83 451.91 460.18 
15 244.27 231.25 462.59 489.06 

Table 5 

Possible combustion reaction pathways with respect to heating rates at different conversion. 

Heating rate ( ̊C/min) Degree of conversion (DoC) Possible Reaction Mechanism 

≤ 5 ≤ 10% Volatile emission 
≥ 10 Simultaneous volatile emission and volatile ignition 
≤ 5 < 10% DoC ≤ 50% Volatile ignition and volatile burning into flame 
≥ 10 Volatile burning into flame 
5, 10 and 15 ≤ 50% DoC ≤ 70% Flame extinction 
5, 10 and 15 > 70% Oxidation of residual carbon 

Table 6 

Kinetics and thermodynamic parameters of millet chaff combustion. 

V/V ∗ E (kJ/mol) R 2 k o (s 
− 1 ) ΔH (kJ/mol) ΔG(kJ/mol) ΔS(J/mol) 

0.1 91.95 0.8201 7.07 × 10 10 87.31 66.78 36.79 
0.2 164.44 0.9852 3.89 × 10 17 159.80 211.28 -92.25 
0.3 175.39 0.9887 1.76 × 10 18 170.75 229.23 -104.82 
0.4 182.37 0.9888 3.50 × 10 18 177.73 239.41 -110.53 
0.5 189.55 0.9957 7.03 × 10 18 184.91 249.82 -116.31 
0.6 171.00 0.9948 4.72 × 10 16 166.36 208.05 -74.72 
0.7 116.88 0.9848 1.23 × 10 11 112.24 94.28 32.19 
0.8 115.09 0.9861 1.96 × 10 10 110.45 83.97 47.46 
0.9 137.88 0.9789 4.46 × 10 11 133.24 121.25 21.49 
Average 149.39 1.41 × 10 18 144.75 167.12 -40.08 

Table 7 

Total mass balance result for the system. 

Component MCHF GAS DCMP CMBPD ASH ASFHFG CFGAS HPSTM LPSTM CWTER1 CWTER 

Temperature ( ̊C) 20.0000 20.0000 230.0000 1000.0000 1000.0000 1000.0000 55.0000 597.2173 191.5928 40.0000 47.7808 
Pressure (bar) 1.0130 1.0130 1.0130 1.0130 1.0060 1.0060 1.0060 100.0000 5.0000 5.0000 100.0000 
Mass Flows (kg/hr) 100.0000 525.0000 99.9999 624.9999 13.3291 611.6708 611.6708 200.0000 200.0000 200.0000 200.0000 
WATER 10.0000 - - 48.8603 - 48.8603 48.8603 200.0000 200.0000 200.0000 200.0000 
MCHF 89.8660 - - - - - - - - - - 
NITRO-01 - 402.7186 - 402.7186 - 402.7186 402.7186 - - - - 
OXYGE-01 - 122.2814 - Trace - Trace Trace - - - - 
NITRI-01 - - - Trace - Trace Trace - - - - 
NITRO-02 - - - Trace - Trace Trace - - - - 
HYDRO-01 - - - 0.0295 - 0.0295 0.0295 - - - - 
CARBO-01 - - - 0.8953 - 0.8953 0.8953 - - - - 
CARBO-02 - - - 159.1671 - 159.1671 159.1671 - - - - 
CELLU - - 45.6162 - - - 
HCELL - - 15.5095 - - - 
LIG-H - - 1.8246 - - - 
LIG-G - - 7.2986 - - - 
LIG-S - - 16.4218 - - - 
POTAS-01 0.0727 - 6.1126 6.1126 6.1126 - 
CALCI-01 0.0139 - 1.1860 1.1860 1.1860 - 
MAGNE-01 0.0160 - 1.4506 1.4506 1.4506 - 
ALUMI-01 0.0176 - 2.7552 2.7552 2.7552 - 
IRON 0.0134 - 1.0948 1.0948 1.0948 - 
SODIU-01 0.0004 - 0.7299 0.7299 0.7299 - 
NITRO-03 - - - Trace - Trace Trace - - - - 

MCHF: millet chaff; DCMP: decomposed product; CMBPD: combustion product; ASFHFG: ash-free hot flue gas; CFGAS: cold flue gas; HPSTM: high pressure 
steam; LPSTM: low pressure steam; CWTER: cold water; CWTER1: cold water stream-1; Trace: values < 10 − 4 
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Fig. 11. Process flowsheet of millet chaff combustion coupled with steam turbine for power generation. 
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eat with ash-free flue gas (ASFHFG), which produced high pressure
uperheated steam (HPSTM) at 597 ̊C and 10 MPa. The steam is then
hannelled into S-TURBIN where it expands and converts steam energy
o mechanical power that drives an electrical generator. Low pressure
team (LPSTM) (0.5 MPa) from the TURBIN contains some heat energy
hat can be used as utility within the system. The condensate, CWTER1
rom the condenser (W-COND) is returned to the pump for cyclic oper-
tion. The overall Aspen process flow diagram is shown in Fig. 11 . 

.7. Process analysis 

Effect of process parameters such as air/ fuel ratio (AFR: w/w) and
ombustion chamber temperature on the flue gas composition, combus-
ion efficiency, power generation and electric efficiency were evaluated.
he simulation result at combustion chamber temperature of 1000 ˚C
From Fig. 12 ) indicates that the main components of flue gas include
O, CO 2 , H 2 , H 2 O, O 2 with only NO as the main NOx component. At
FR of 1, as expected, incomplete combustion reaction dominates the
rocess, which can be referred to as pure gasification with flue gas con-
tituting 68% syngas (CO: 39 vol%, H 2 : 29 vol%) while CO 2 accounts
or only 7 vol%. As the AFR increased, the syngas content of the flue
as reduced significantly and became traceable at AFR of 5.14 ( Fig. 12 ).
nder the air deficient region (1 ≤ AFR < 5.14), NOx production is very

imited and concentration of combustion products (CO 2 and H 2 O) in the
ue gas increased considerably with the increasing AFR. The combus-
ion products attained maximum value (CO 2 :17 vol%, H 2 O: 13 vol%) at
FR of 5.14 with corresponding combustion efficiency (CE) of 99.90%
omputed as according to Eq. (20) ( Vallero, 2019 ). This suggests that
toichiometric combustion of millet chaff in the air atmosphere is at-
ained at AFR of 5.14 (w/w). Combustion studies of Napier grass bagasse
eported in the literature shows the stoichiometric AFR of around 4.76
ith similar combustion efficiency ( Mohammed et al . , 2019 ). Studies
y Barmina et al . (2012) also reveal that each biomass material has
n individual stoichiometric AFR requirement for complete combustion.
his results in specific combustion characteristics due to diverse physic-
chemical properties of the fuel. Consequently, determination of the
toichiometric AFR of biomass is necessary for assuring the complete
14 
ombustion of volatiles during the thermochemical conversion. 

 𝐸 = 

[
𝐶 𝑂 2 

]
{[

𝐶 𝑂 2 
]
+ [ 𝐶 𝑂 ] 

} (20)

Where [CO 2 ] and [CO] is concentration of the CO 2 and CO in the flue

as. 

Under the excess air condition (5.14 < AFR ≤ 10) ( Fig. 12 ), the O 2 con-
ent in the flue gas increased from 0.13 vol% to 9.0 vol%, which trans-
ated to 0.62% to 43% excess air while the combustion efficiency re-
ained at 99.9%. The CO 2 and H 2 O contents of the flue gas depicted a
ownward trend in a linear fashion from 17 vol% and 13 vol% respec-
ively at the theoretical air condition to nearly 10 vol% and 7 vol% at
3% excess air condition. This observation could be due to dilution of
ue gas by other non-combustion flue gas components emanated from
he excess air condition. Consequently, millet chaff combustor can op-
rate efficiently under excess air of up to 43% the stoichiometric air
equirement. Generally, combustion reactors are designed to operate on
pecific amounts of excess air typically in the range of 10-20%. This is
o prevent explosion and generation of high temperatures in the system
 Vallero, 2019 ). The NOx generation under the excess air condition in-
reased from 1.6 × 10 − 7 vol% to 2.3 × 10 − 2 vol% (at 1000 °C combustion
hamber temperature), which can be attributed to different combustion
arameters ( Khan et al . , 2009 ). According to Li and Chyang (2020) , NOx
missions are linked to the combined effect of combustion chamber tem-
erature and excess air owing to the improved oxidant and combustion
eaction rate. With fuel-nitrogen NOx mechanisms being the dominant
echanism in biomass combustion ( Ozgen et al . , 2021 ), the biomass
rst produces volatile-N and subsequently converted into NHi radicals
hrough gas phase combustion that is further oxidised to NOx in oxy-
en rich conditions as exhibited in Fig. 12 . The result further elucidates
hat increasing excess air during the combustion of millet chaff gener-
tes an increment in the NOx value. A clear approximation of this trend
howed that for 10, 20 and 30% excess air, the corresponding NOx value
ecorded was in 2-fold, 3-fold and 4-folds relative to the NOx value at
he theoretical air requirement while there were no significant changes
n the NOx value for excess air of 30-40%. This result is in good agree-
ent with NOx values generated during combustion of rice husk, peanut

hell, saw dust under the excess air conditions as reported by Li and
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Fig. 12. Effect of Air-fuel ratio on flue gas composition, power generation and process efficiency at combustion chamber temperature of 1000 ̊C (CE: combustion 
efficiency; EE: electric efficiency; PW: power generation). 
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2  
hyang (2020) . The authors revealed that when the excess air increases
here are corresponding increments in the NOx values for most of the
iomass fuels. Combustion of millet chaff under the excess air up to
3% generates NOx level of 282.2 mg/m 

3 . This value is extremely be-
ow the NOx limit value of 650 mg/m 

3 ( Silva et al . , 2021 ), suggesting
he biomass is a good feedstock for power generation. The power gen-
ration increased with increasing AFR due to corresponding increase in
he flue gas rate ( Fig. 12 ). At AFR of 2.44, 1.66 kW was recorded, which
ncreased to a maximum value of 70 kW at AFR of 7.12, corresponding
o excess air of 24%. Similarly, the electric efficiency (EE), which is the
atio of net power output or generated to the thermal input of feedstock
omputed according to the Eq. (21) increased with increasing AFR. At
heoretical AFR, 13.54% EE was recorded, which attained a maximum
alue of 21.07% under the excess air value of 24%. This result of elec-
ric efficiency is similar to the values reported by Godswill (2014) . The
uthor recorded 23% electric efficiency for biomass fired power plants
ith steam turbines. This suggests that millet chaff is a potential feed-

tock for power generation. 

𝐸 = 

𝑃 𝑔𝑒𝑛 

�̇� 𝑓 ∗ 𝐿𝐻𝑉 𝑓𝑢𝑒𝑙 

(21)

( Godswill, 2014 ) 
Where 𝑃 𝑔𝑒𝑛 : Net electricity generated, �̇� 𝑓 : mass flow of fuel and

𝐻𝑉 𝑓𝑢𝑒𝑙 :lower heating value of fuel 
The effect of combustion chamber temperature on the flue gas com-

osition at 24% excess air was also investigated. From Fig. 13 , the re-
ult showed that at 24% excess air, there is no significant changes in the
ombustion products (CO 2 and H 2 O) despite the increasing temperature
hile also maintaining 99.9% CE. Increase in temperature beyond 1030

C, results in the trace production of CO and H 2 in the flue gas from
 nearly zero concentration to 1.94 × 10 − 6 and 5.94 × 10 − 7 vol% re-
pectively at 1200 ̊C. This suggests a probable slow thermal reduction
f CO 2 into CO and water-splitting reaction of steam into H 2 . Studies
ave been reported on CO reduction by the reverse water gas shift
2 

15 
eaction ( Nakano and Bennett, 2014 ; Wenzel et al . , 2017 ; Zhao et al . ,
018 ). It was stated that this approach could only be sustainable if the
nergy for the process and H 2 production is supplied from renewable
ources as dissociation of CO 2 and H 2 O into CO and H 2 requires a large
mount of heat for the reaction to be spontaneous ( Nakano and Ben-
ett, 2014 ). With the exothermic nature of the combustion process,
he heat requirement to affect the reactions may be satisfied. There-
ore, emission of CO 2 associated with biomass firing for power gener-
tion via combustion process may possibly serve as another source of
ydrocarbon production. The NOx emissions increased exponentially
ith increasing combustion chamber temperature. This is not surpris-

ng as NOx emission is linked to combustion chamber temperature due
o the improved combustion reaction rate as earlier stated. This obser-
ation provides additional evidence that biomass combustion may not
nly be associated with NOx formation dominated by the fuel-N mech-
nism but also thermal NOx mechanism due to oxidation of nitrogen
omponents of air with increasing temperatures ( Ozgen et al . , 2021 ).
nder the excess air condition, the NOx concentration in the flue gas

ncreased from 1.68 × 10 − 2 vol% (206.13 mg/m 

3 ) to 5.23 × 10 − 2 vol%
641.72 mg/m 

3 ) within 200 °C raise in the combustion chamber tem-
erature. Studies by Ma et al . (2022) on the release of volatile during
iomass combustion in O 2 /air atmosphere revealed that NOx produc-
ion increased with increasing combustion chamber temperature. The
uthors recorded NOx value in the range of 99.34 mg/m 

3 at 700 °C,
hich increased to 255.21 mg/m 

3 when the temperature increased to
300 °C. Consequently, the values of NOx recorded under the 24% excess
ir condition are still within the threshold of 650 mg/m 

3 NOx emission
imit for biomass fired power plant despite the increasing chamber tem-
erature. The power generation increased by 17% per 200°C raise in
he chamber temperature with corresponding increase in the EE value
rom 21.07% to 24.70% under the excess air condition. This is probably
ue to the rise in steam temperature from the boiler, which translates to
ncrease in steam quality at the turbine inlet flow ( Ganjehkaviri et al . ,
015 ). Therefore, millet chaff combustion under the excess air condition
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Fig. 13. Effect of combustion chamber temperature on flue gas composition, power generation and process efficiency at 5.68 AFR (20% excess air), CE: combustion 
efficiency; EE: electric efficiency; PW: power generation. 
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ould improve the thermal efficiency of the power cycle without signif-
cant impact on the environment. Consequently, with 1tonne of millet
haff biomass, about 0.7 MWh of electricity could be generated, which
ranslate to additional income. The waste-to-energy strategy if imple-
ented would promote access to clean energy and improve the leaving

tandards of farmers. 

. Conclusion 

Millet chaff constitutes one of the most abundant underutilised agro-
esidues with zero to little known applications. Information on physic-
chemical characteristics and energy recovery from millet chaff is cur-
ently very limited. This study presents comprehensive physicochemi-
al and combustion characteristics of millet chaff via thermogravimet-
ic analysis and process simulation using Aspen Plus software V11. The
roximate analysis result showed 71.25 wt%, 15.35 wt%, 13.40 wt%
nd 13.15 MJ/kg for volatile matter, fixed-carbon, ash content and
igher heating value respectively. The major inorganic mineral elements
uantitatively detected in the ash were potassium, aluminium, magne-
ium, calcium, iron and sodium, suggesting possible slagging and fouling
endencies during combustion. However, these inorganic components
re soluble in water and could be leached out easily. The material exhib-
ted low nitrogen and sulphur content from the ultimate analysis. The
hermogravimetric analysis revealed an average frequency factor and
ctivation energy of 1.41 × 10 18 (s − 1 ) and 149.39 kJ/mol. The ignition
nd burnout temperature recorded were in the range of 232-244°C and
30-489°C respectively, which is neither too low nor too high, suggest-
ng a good quality fuel. The average combustion thermodynamic param-
ters recorded ΔH, ΔG and ΔS were 144.75 kJ/mol, 167.12 kJ/mol and
40.08 J/mol, indicating the characteristics of a good bioenergy feed-
tock for thermochemical conversion. The combustion process analysis
oupled with steam turbine cycle via process simulation revealed an
xcellent combustion efficiency, good power generation, and good elec-
ric efficiency with minimal environmental impacts suitable for clean
ioenergy production. 
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