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Abstract

A gasification model is developed and implemented in Matlab to simulate a downdraft gasifier
using wood as feedstock. The downdraft gasifier was conceptually divided into three zones:
the pyrolysis zone, the combustion/oxidation zone and the reduction zone. A typical tar
composition and its mole fraction, as reported in the literature was supplied as an input
parameter in the model. The concentration of syngas and profiles of temperature along the
reduction zone length were obtained by solving the mass and energy balances across each
control volume and taking into account the rate of formation/consumption of the species
according to different gasification kinetics. The simulation results from the model agreed
closely with the experimental results. The syngas concentration was found to be about 1.1%,
17.3%, 22.8%, 9.0% and 49.8% for CH4, Hp, CO, CO2, and N> respectively and the
corresponding LHV, CGE, CCE and yield were 4.7 MJ/Nm®, 59.9%, 85.5% and 2.5 Nm®/kg-
biomass respectively at ER of 3.1 and fuel moisture content of 18.5% wt. Sensitivity analysis
was carried out with this validated model for different air-fuel ratios, moisture contents and
inlet air temperature. The analysis can be applied to produce specific design data for a
downdraft biomass reactor given the fuel composition and operating conditions.
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Nomenclature

a  specific heat constant (Jmol™1K 1)
b specific heat constant ((Jmol 1K ~1) B
C  Weight percent of carbon in fuel (%) F
E  Activation energy (kJkmol™1) i
FF  Frequency factor for reaction(s™!) j
h™  Molar specific enthalpy (Jmol 1K ~1) mc
hf, 5 Heat of formation of biomass (Jmol™*K~!) mh
H  Weight percent of hydrogen in fuel (%) mo
HV  Heating value (MJ/kg) 0X
Ahy  Enthalpy of formation (Jmol™) p
Ah, Heat of vaporization of moisture (Jmol™) R
k°  Pre-exponential factor (s') R
MC  Fuel moisture content (% wt.) w
Mm  Molar mass (gmol™1) X
n  No of moles or molar flow rate
N  No of moles
0] Weight percent of oxygen in fuel (%)
P Partial pressure (Pa)
Qur  Flow rate of air (m%/s),
Qary Heat to dry away moisture (Jmol™1)
Q.p Heatloss in pyrolysis zone (Jmol™?1)
Quox Heat loss in oxidation zone (Jmol™?1)
R Gas constant(Jmol 1K ™1)
rzi Rate of reaction ( molm™3s™! ) for
i*"reaction
Rt  Rate of production (molm=3s~1)
\% Gas velocity (m/s)
w  Amount of moisture (mol~?! of wood)
yi  molar ratio of the respective gases
y4 Reduction zone length (m)
Abbreviations
CGE Cold gas efficiency
En  Energy
ER  Equivalent ratio
HV  Heating value
MC  Fuel moisture content
Mm Molar mass
Oz  Oxidation zone
PZ  Pyrolysis zone
RZ  Reduction zone
Mm Molar mass

subscript

Biomass

formation

oxidation product species
Pyrolysis product species
No of atoms of carbon
No of atoms of hydrogen
No of atoms of oxygen
oxidation

pyrolysis

Reduction zone

Reaction

moisture

Reaction number



1. Introduction

The utilisation of fossil fuel, which accounts for over 75% of the world energy source, has been
implicated as the main cause of global warming [1]. Within the last decade, there has been a
growing concern towards global warming and the depletion of fossil fuels in the future [2]. To
guarantee security of energy supply while reducing the carbon footprints of energy generation,
the energy policy globally is shifting towards renewable based power generation. Among the
renewables, biomass is one of the promising renewable energy sources of the future because
they are largely available globally. Biomass is ranked the fourth highest primary energy
resource globally after crude oil, coal, and gas, representing about 10.6% of the global primary

energy supply [3].

Biomass energy is the most viable form of energy for developing countries [1, 4]. However, in
the years past, the developed European countries have recognised the importance, biomass
energy holds for their energy economy in terms of converting wastes to energy, chemicals and
combined heat and power (CHP) applications [5]. Biomass is projected to contribute about
56% of the renewable energy supply in the EU27 by 2020 [5, 6]. Biomass can be converted to
energy through combustion or gasification. Gasification of biomass has been suggested to be
the most cost effective route to realize biomass energy [7]. It involves heating biomass to a
high temperature in the range of 1500-1600 K in a reactor with oxygen less than the
stoichiometric requirement for complete combustion of the fuel to form volatile compounds
(gases) and solid residues (char) [8]. Numerous biomass gasification reactors have been

designed including moving (fixed) bed, fluidized bed and entrained-flow gasifier [9-11].

In fixed bed reactors, the biomass feed travels either counter-current or co-current to the flow
of gasification medium (steam, air or oxygen) as the fuel is converted to fuel gas [8, 9]. The
fixed bed reactors are comparatively simple to operate and largely experience minimum
erosion of the reactor body. There are three basic fixed bed designs — updraft, downdraft and
cross-draft gasifiers [9]. Different from fixed bed reactors, fluidized bed gasifiers (bubbling or
circulating) have no separate reaction zones and drying, pyrolysis and gasification happens
concurrently during mixing. They are complicated and use expensive control systems. As a
result, fluidized bed gasifiers tend to be commercially viable at bigger sizes (> 30 MW thermal
output) [8, 9]. In an entrained-flow gasifier, the biomass fuel particle is fed into the gasifier
from the top in a coaxial flow of the gasifying medium (oxygen and steam, in some instances,
carbon dioxide or a mixture of them). They are usually operated at pressures of 20-70 bar and

at a temperature around 1400 °C. Tar production is negligible, since the gases released pass
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through the very high-temperature (1000 °C) zone and are therefore nearly all converted into
tar free syngas but with the penalty of oxygen consumption. Detailed analysis of the various

types of gasifiers can be found in the literatures [9, 11, 12].

The downdraft gasification process possess several advantages. The synthesis gas leaves the
gasifier from the end and carries significantly less tar than from updraft gasifier, which reduces
the need for cleaning; making it more appropriate for a wider range of applications[9].
Although it has little flexibility for different feedstock, fuel moisture content and size, it is the
technology for small-scale processes with electrical output not more than 500 kW, [9]. Other
advantages of downdraft gasifier include simple design, very good carbon conversion, low
capital cost and good compatibility with internal-combustion engines [10]. Additionally, the
time needed to ignite and bring the downdraft gasifier to working temperature is shorter (20-

30 minutes) compared to the time required by an updraft gasifier [12].

Consequently, the downdraft gasification process has received considerable attention in the
literature recently. Qualitative downdraft gasification models have been reported by Melgar et
al. [13], Giltrap et al. [14], Morten, [15], Zainal et al. [4] and Babu et al. [16]. Sharma [17]
carried out a comparison of equilibrium and kinetic modelling of char reduction reactions in a
downdraft biomass gasifier. An equilibrium model for predicting the syngas composition in a
downdraft gasifier fed by solid waste was developed by Jarungthammachote and Dutta [18].
Melgar et al. [13] predicted the reaction temperature and final syngas composition using a
combination of chemical equilibrium and thermodynamic equilibrium approach. Experimental
studies have been published by Sheth and Babu [19], Zainal et al. [20] , Jayah et al. [21], Sarker
and Nielsen [22], and Ratnadhariya and Channiwala [23]. Sharma [24] experimentally
obtained temperature profile, gas composition, calorific value and trends for pressure drop
across a porous gasifier bed. Ratnadhariya and Channiwala [25] developed a detailed model of
a three-zone equilibrium and kinetic free model of biomass gasification in a downdraft gasifier.
Qualitative agreement with experimental data is established. In another study, Di Blasi [26]
developed a comprehensive dynamic model for studying the behaviour of stratified downdraft
gasifiers. Their results showed that the predictions of the gas composition are in agreement

with experimental data.

Gao and Li [7] modelled the combined pyrolysis and reduction zone of a downdraft gasifier.
Their model was made up of three parts: the pyrolysis, oxidation and reduction zone. In the
model, it was assumed the products of pyrolysis were only CO, CH4 and H20 and only the

pyrolysis and reduction zones were considered leaving out the combustion zone. The main
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weakness of their model is the inability to predict gas concentrations at the two zones and the
omission of H; and tar in the assumed pyrolysis gas. Hence, an improvement to the model is

necessary to extend its application and make it more robust.

In this work, the prediction of the pyrolysis and oxidation zone temperature are included. The
reactor consists of three zones; pyrolysis, combustion and gasification zone where different
reactions take place. The method adopted by Ratnadhariya and Channiwala [25] is used in the
estimation of the pyrolysis and oxidation product species. One of the differences between this
model and Ratnadhariya and Channiwala’s model is in the treatment of the water-gas shift
reaction and tar. Ratnadhariya and Channiwala did not account for tar in the pyrolysis product
composition and water gas shift reaction. Different from the work from Ratnadhariya et al., tar
in the composition of syngas was considered in this work. According to Cho and Joseph, [27]
water-gas shift reaction is catalysed by the mineral matter in coal. Extending this to biomass,

kinetic equations for this reaction have been incorporated in the model as well.

Furthermore, energy and material balances around the pyrolysis and oxidations zones are
applied with some simplifying assumptions to obtain a more accurate representation of the
temperature in the various sections of the reactor. Then a parametric study of the effect of
operating conditions and fuel properties on the cold gas efficiency, gas yield, heating value

and carbon conversion efficiency was carried out.

2. Model development

The downdraft biomass gasifier under consideration is schematically shown in Figure 1. It
consists of three distinct partitions where distinct chemical and physical events take place: heat
up/drying/pyrolysis, combustion and gasification. Biomass fed into the reactor reacts with
air/oxygen/steam at atmospheric pressure to generate fuel gases made up of mainly hydrogen

and carbon monoxide and small amounts of methane.

At the pyrolysis zone, the dried biomass is first thermally cracked into volatile products (VPs1),
char and active tar (Tar,;iye) In a primary reaction [28]. The VPs1 consist of the gases (CO,
CO2, CH4, H2 C2H4, and H20). The active tar simultaneously undergo secondary pyrolysis to
yield secondary volatile products (VPs2) like CO, CO», H> , some hydrocarbons like C,Hs,
C,H4, and C3He, and inert tar [28, 29].

The products of the primary and secondary pyrolysis reactions make up the final pyrolysis

product species. These species pass through the high temperature oxidation/combustion zone
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where further reactions happen. These reactions occur very fast and release a large amount of
heat, which provides the energy needed to sustain the endothermic gasification reactions [8].
To estimate the temperature profile of the various zones of the gasifier, energy and material
balances were written for the thermochemical processes taking place in each section of the
gasifier and with the aid of some simplifying assumptions, the molar concentration and

temperature of the volatiles in each zone were determined.

2.1. Drying Zone

The temperature attained in a biomass gasifier is affected greatly by the moisture content of
the raw biomass. The moisture content of fresh cut wood biomass is very high, ranges from 30
to 60 percent by weight (% wt.) [30, 31]. In order to produce a product gas with considerably
high heating value, gasification system make use of biomass whose moisture have been
reduced to the range of 5-20 % wt. [30]. In the drying zone, the moisture in the wet biomass is
removed using the heat generated by the partial combustion of some part of the fuel wood in
the combustion zone. To model the drying process, a simplified approach was adopted. The

quantity of energy required to dry out moisture, Qqry 18 the sum of the sensible heat (Qy)

required to heat moisture to drying temperature and the heat required to evaporate moisture

(Qevap):
ery =wx* [Cp,w (AT) + Ahv,w] (D

Where w represents the amount of moisture per mol of wood, C, ,, is the specific heat of water,
AT 1is the temperature difference between the initial and final state of moisture in the wood and

Ah,,,, is latent heat of vaporization of water.

The amount of moisture per mol of wood was obtained as follows: [13].

_ MmgMC @)
B Mmy,o x (1 —MC)

w

Where Mmp represents the molar mass of the biomass, MC is the biomass moisture content

by weight and Mmy_ , is molar mass of water.

2.2. Pyrolysis zone



In the pyrolysis zone, by means of the heat from the combustion zone, the biomass was first
cracked down to primary pyrolysis products (gases and char) including primary tar [32].
According to Radmanesh et al. [33], 60% of the primary pyrolysis product accounts for primary
tar. The primary tar compounds react further in a secondary reaction to yield volatiles
(€C0O,C04,H,,CH,), heavier hydrocarbons (e.g.,C,Hg, C,H,, C3Hg) and inert tar [34] . The
process is complicated involving complex reactions and it is difficult to capture all the complex
reactions and their parameters in one model. In this work, rather than try to capture all the
parameters, the most important parameters such as temperature, concentration and heating
conditions were considered [35]. Using the above parameters, the overall pyrolysis process was

modelled by the global one-step pyrolysis model reaction of Eq.3 [32].

ConcHmnOmo = Nepar- Char + neg,.CO; + 1. CO + ney,. CH, ... 3)
+ne, . CoHy + iy 0. Hy0 + iy, Hy + rar (Conep o Hmig g Omoray.)

Where mc, mh and mo are the number of atoms of carbon, hydrogen and oxygen in the biomass,
n is the number of moles of species of the respective pyrolysis product species and mcrg;.,
Mhrq, and morg, is the number of atoms of carbon, hydrogen and oxygen in the tar

respectively.

The yields of the pyrolysis product species were estimated by forming a set of seven
simultaneous equations, with the final mole of char and the six volatile matter species as
unknowns. Predicting the specie of tars formed in pyrolysis reaction is challenging since the
process involves very complex chemical reactions. Tar yield varies with the composition of
biomass and temperature. In downdraft biomass gasification, maximum tar yield is negligible
and does not vary much with temperature [36]. Hence for simplicity and since tar is a less
important variable to be predicted, tar was considered as an input variable. Tar yield was
assumed to have constant representative elemental composition of CH; (30433 [37] with a

maximum inert tar yield of 4.5% by mass as reported by the authors [37, 38] in their experiment

The first three equations are the elemental balance equations for carbon, hydrogen and oxygen
respectively. The fourth and fifth equation are used to express water and hydrogen yield from
the available oxygen and hydrogen in the biomass after tar formation respectively. It is assumed
that 80 % of the available oxygen in the fuel is evolved in water formation in the pyrolysis zone

[25, 39] while half of the available hydrogen after water and tar formation is evolved as



hydrogen gas [25]. The remaining two equations were used to express the molar yield of CO,
CO2 CH4 and C2H,. The yield of the first two were related to the available oxygen content of
the biomass after water and tar formation while the yield of the last two is related to the biomass
hydrogen content. It is assumed the remaining oxygen is evolved in the formation of CO and
CO> with the mole of the species formed related according to the inverse of their molar mass

ratio [25, 40, 41].

The remaining hydrogen in the fuel is assumed to have evolved in the formation of CH4 and
C2H> with the moles of each specie related according to the inverse ratio of their molar masses

[25, 40, 42]. Other simplifying assumptions include the following:

e All the elemental hydrogen and oxygen in fuel is released during de-volatilisation; and

hence the char formed is modelled as pure carbon [43, 44]

e Char yield in the gasifier is insensitive to pyrolysis temperatures encountered in the
pyrolysis zone[43, 44]
e Temperature of the volatiles is the same as char temperature at every point in the

gasifier (i.e. transfer of heat between gas and solid is instantaneous)[44]

Finally, the seven simultaneous equations were solved to obtain the moles of the formed
pyrolysis product species n;(n¢o,, Nco, New, Ne,Hy NMHy0 ANA Ny, ). The final mole of char
(ncnar) was calculated by elemental balance on the constituents. To determine the temperature
attained in the pyrolysis zone of the gasifier, an energy balance across the zone was carried out

as follows:

hf,B + ery = Z nj [hj(Tp) - hj(To) + Ahf,j(To)] + Ql,PZ (4)

j,out

Where Q; pz is the heat loss in the pyrolysis zone. The heat of formation of the biomass (flf,B)
is the difference between the molar specific enthalpies of the products and reactants assuming
the biomass fuel reacted with a stoichiometric amount of air (y) [45]. In the model, hf' p Was

calculated using Eq.5

hf,B =mec * kf,COZ (To) + 0.5 * mh * h’f,HZO(TO) - (y * h’f,oz (To)) — LHV * MmB (5)



Where y is the stoichiometric amount of air for biomass combustion. In the gasification
process, the temperature attained is sufficiently high such that any water formed exist only as
vapour. Thus, the lower heating value was used in the heat of formation estimation. The LHV
was calculated from the expression LHV = —HHV * Mmg,, + O.SmhAfl,,,W where the HHV
was calculated using the empirical correlation by Seyler based on ultimate analysis [46] as cited

in Channiwala and Parikh [47].
HHV = 0.519 * C + 1.625 * H + 0.001 * 02 — 17.87 (MJ/Kg) (6)

Heat loss takes place in the gasifier due to unrealized heats of combustion because of un-
combusted char, endothermic heats of reaction and losses through the walls of the gasifier
vessel. Heat loss is dependent on the temperature attained in the combustion zone and by
extension the pyrolysis zone. Since temperature attained in the gasifier depends on the heating
value of the fuel and the equivalent ratio [25], the heat loss in the pyrolysis zone was calculated
as 12 % of the product of the LHV and reciprocal of the equivalent ratio (ER). For example, at
ER of 4, HHV of 21kJg~1, the heat loss in the pyrolysis zones is 13.83 kJ/mole, representing
11% of the heat of formation of the biomass. The unknown temperature of the species within
the pyrolysis (T},) and oxidation zone (T,,) were estimated by solving Eq. 4 using a developed

Matlab computer code.

2.3. Oxidation zone

In the oxidation zone, some of the combustibles volatiles and char from the pyrolysis zone
react with limited oxygen leading to combustion reaction. The reaction is exothermic resulting
in a rapid rise of temperature to about 1200 °C. The heat developed is then used to drive the

endothermic gasification reactions including drying and further pyrolysis of the feed.

Oxygen is limited in the oxidation zone, and as a result, the main reactions taking place in the
oxidation zone are the hydrogen oxygen reaction (Eq.7), acetylene oxidation (Eq.8) and char
oxygen reaction (Eq.9)[48]. Hydrogen having a higher level of affinity for oxygen than carbon
1s assumed to first react with all the oxygen it requires to form water [25, 49, 50] as in Eq.7.
Hydrogen oxidation is followed by acetylene oxidation as in Eq.8 before char oxidation takes

place to consume whatever oxygen is left.

nHZ-H2+Y(02) - ny,.H,0 (7



The char-oxygen reactions (Eq.6) are fast and are affected by diffusion resistance [27].

Predicting the number of moles of the CO (N¢, ) and CO2 (N, ) formed by the reaction is a

major difficulty.
Ne,m,- CoHy + 5/2 ne,u,(02) = Neo,.COy + o H,0 ®)
Nenar- Char + (y = 0.5n, = 5/5 ¢, )(02) = Neo,- €05 + Neo. CO ©)

The molar quantities of the CO2 and CO formed from char oxidation are assumed to proceed

inversely according to the inverse ratio of their heat of reaction (Eq.10) in the form

Nco/Nco, = [AHRr]co/[AHR]co,[25].

1
Char + 502 - CO [AHR = —110.6k] /mole]
(10)
Char + 0, — CO, [AHgr — 393.8k] /mole]

The final moles of the product species of the oxidation zone (/) is estimated by implementing

a mass balance of the constituents under the assumption that all the un-used constituents from

the pyrolysis zone contribute to the final constituents in the oxidation zone.

The energy balance for the oxidation zone was written as in Eq.11

D i [1(Tp) = by(T) + B ;T = > i [T = hi(Ty) + By i (T)] + Q7
Jjin i,out

(11)
Where T, is pyrolysis zone temperature, T,, is the oxidation zone temperature, n is the number
of moles, h is enthalpy and the subscript j and i represents the respective species of the pyrolysis
and oxidation zone respectively. Q, o7 is the heat loss from the oxidation zone which has been

estimated as 0.5LHV/ER based on the experimental results of study of temperature profiles of

gasifier by Jayah et al. [21].
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The enthalpy of formation data for each of the species was taken from Flagan [45] while the

sensible enthalpy term in Eq.11 was evaluated as in Eq.12:

BT~ h(T,) = ay(T —T,) + 2 (1% ~ 1) 2

The specific heat of the tar (Cp’Tar) was approximated using the expression of Eq.13 [51]

C

rar = —0.10 + 4.40 % 1073T — 1.57 * 107672 [k//kg ¢l (13)

The unknown temperature of the species within the oxidation zone (7,,) was estimated by

solving Eq. 11 using a developed Matlab computer code.

2.4. Reduction Zone

The reduction zone was modelled as an adiabatic cylindrical section with uniform cross
sectional area. The products of the oxidation zone forms the initial concentration of the species
present in this zone. In this zone, the remaining char from the oxidization zone is gasified with

CO», Hz and H2O in a complex set of heterogeneous gas-solid reactions (R1-R3) [52]:
Boudougard reaction
Char + CO, & 2C€0 (AH) 395 = 171 KJmol™? (R1)
Water gas reaction
Char + H,0 < CO + H, (AH) 395 = 130.5 KJmol™?! (R2)
Methane formation
Char + 2H, & CH, (AH) 595 = —75 KJmol ™1 (R3)

The thermodynamics and kinetics of these reactions regulate char conversion to gas and the

consequent gas composition at any point in the gasification zone [53].

Reactions R1 and R2 are first order in the CO, and H,O partial pressures(Pcozand PHZO),
respectively and both reactions proceed in parallel. The energy released from the exothermic
char combustion in the oxidation zone and that contained by the hot combustible gases from
the zone is used to drive the two reactions (R1 & R2) since they are endothermic. As the char
conversion takes place, the temperature of the species increasingly decreases, thus decreasing
the rate of the reactions until they are no more significant at temperature below about 1000K

[53].
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The volatiles from the pyrolysis zone and products from char gasification are redistributed in

the gas phase in accordance with the following homogeneous gas-gas reactions (R4-Re) [7, 54]:
Water gas shift reaction
CO + H,0 < CO, + H, (AH) 395 = —41.2 KJmol™? (R4)

Methane steam Reforming

CH, + H,0 < CO + 3H2 (AH) 59 = 201.9 KJmol™? (R5)
Methanation
2CO0 + 2H, & CO, + CH, (AH) 495 = —247.3 KJmol™?! (R6)
CO, + 4H, & 2H,0 + CH, (AH),9g = —164.7 KJmol™?!

The methane produced by the reaction between the char and hydrogen is reduced by the
methane steam reforming reaction. Any unconverted char is deposited as carbon. The water
gas shift reaction and methane-steam reforming reaction can progress in both direction

depending on gas composition and temperature as determined by equilibrium.

The reactions (R1-R6) proceed at different rates and representing them with a general equation

of the form nygA + ngB < n.C + npD, their speed (1z) was expressed in Arrhenius form as:

"C.[Pp]™D

Tx = RF % FFy  exp (" "R/ oy s ([P, 174, [P ] — 26 ) x=12..5 (14)

K Rx

where RF, FF, E, R, P, T and K, A, E, R, P, T and K are the char reactivity factor, frequency
factor for reaction , the activation energy, universal gas constant, Partial pressure |,
Temperature and equilibrium constant respectively for each reaction / species. The partial

pressure of the char specie (P.p4r) is is zero. The subscripts R,x represents Reaction number.

The partial pressure of the char specie (Pepar) is zero. The values for the frequency factor (FF)
and activation energy (E) for the reactions were taken from Wang and Kinoshita [55] as cited
in [7] while FF and E for the fifth reaction are calculated following the method described in
the work of the authors [4, 7]. The RF is a char reactivity factor that accounts for the different
reactivity of various char types [16, 54]. In the model RF of 500 was used. The temperature
profile and concentration of species along the length of the reduction zone (RZ), was

determined based on the method contained in studies by Gao and Li [7] and Giltrap [54].

2.5 Performance parameters
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To gauge the performance of the reactor relative to variation in operating condition and fuel
properties, some performance parameters were analysed. They include the carbon conversion
efficiency (CCE), cold gas efficiency (CGE), syngas yied (SGY), and Calorific value of syngas
(LHV)[12].The parameters were estimated with the following equations [12]:

LHVpas = ) LHVi sy, (M]/Nm?) 13)
i
12 % YY, 16
CCE :T*gcas*b’co + Yco, +yCH4} (16)
22.4 % Qgqs (17)
CGE(%) = H—HV * LHV:qas

Vyas =22 (M), dry wood) (18)

9% Mwood kg
Qs (%) = Qair+0.755 (m3/s) (19)

YN,

Where Qi is flow rate of air (m?/s), y is the molar ratio of the respective gases (i) at the end
of the reduction zone , C is the % of carbon in dry wood and Y is dry gas yield in Nm? per

kg of dry feedstock

3. Model Validation

Initial validation of the model with experimental data from two authors [21] [56] was carried
out to test the assumptions and operating conditions. Jayah et al. [21] investigated a downdraft
gasifier fed with rubber wood with ultimate and proximate analysis as shown in Table 1 [21].
The experimental setup consists of an 80 kWth test cylindrical gasifier with an inner reactor
diameter of 0.92 m and1.15 m height. The chemical formula of the fuel, based on a single atom
of carbon, is CH; 5,0, 43 and the average chip sizes lie in the range of 3.3-5.5 cm and with
moisture content ranging from 11-18 % wt. (db). Sulfur and nitrogen content of the fuel was
neglected in this study. Air was supplied to the oxidation zone through 12 air nozzles, 6 mm in
diameter, positioned 0.1 m above the throat. Three experimental data from Jayah et al. [21] for
three different fuel sizes at various airflow rates were used to compare with the predicted results
in this work. The comparison is as shown in Table 2. It can be observed from Table 2 that the

predicted results from the model generally did not produce good agreement with the
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experimental results. Although the model predicted the concentration of CO and CO»> to a good
degree, it consistently under predicted the concentration of H, by a large margin. Hence, a

model modification was done to improve the accuracy of the prediction.

Char gasification and combustion (Eq.7) is the most important heterogeneous reactions taking
place during biomass gasification. Concerning these reactions, the conversion of char has a
large influence on the overall gasification efficiency and the yield of the product gas. To
improve the product gas quality and the overall gasification efficiency of the process, it is
necessary to effectively predict the ratio of (CO,/CO0) in char combustion. In the present
model, the split of reaction products of char combustion (C0O,/CO0)is determined from the
inverse ratio of their heat of reaction ([AHg]co/ [AHR]COZ). Different authors have used
different correlations to determine the ratio of the products [27, 57]. Ashman and Mullinger
opined that the molar ratio of (C0,/C0) might vary considerably for different chars, and the
ratio values recommended from the literature might be specific for the chars tested in the

literature [58].

Hence, to increase the accuracy of the model prediction results, modifications were done to the
(C0O,/C0) molar ratio (N¢o/Ncp,) by multiplying it by a coefficient (K) in the calculation
procedure. The coefficient was obtained through repeated trial and error basis until a better
result was obtained. A value 0.05 was used as the coefficient for modifying the ratio. The result
obtained using the modified model was then compared with Jayah et al.’s work. Table 3 shows
the results of the comparisons between the modified model and the experimental result. Based
on the root men square error of both the modified and the unmodified model, the predicted

results of the modified model were better compared to unmodified.

It can be observed from comparison between Tables 2 & 3, that the prediction of H,
significantly improved closer to the experimental values as compared to the predicted value
from the unmodified model. Although, the prediction accuracy for CO; in the modified model
is not as good as the first, the overall accuracy of the model prediction improved after the
modification. It can be noted that there is a fairly close agreement between model prediction
and experimental results. The difference in the results may have come from the assumptions
defined in simplifying the model, such as all gases are assumed ideal, constant tar yield etc. In
addition, the discrepancy could be attributed to the prevailing reaction conditions during the

experiment such as temperature, pressure and even the design of the gasifier.
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A further validity of the modified model and the accuracy of the computation results have been
confirmed by comparisons with experimental data on temperature profile of the gasifier.
Figure.2 presents the model and experimental temperatures along the length of the reduction
zone for 3.3m chip size at AF of 2.2 and MC of 16 % wt. The model predicted the temperature
profile with a maximum and minimum error of 22 % and 0.4 % respectively. Despite the error,
the general trend of temperature profile from the model is sufficiently good for engineering
purposes and can be successfully deployed to study the performance of the gasifier. A number
of factors could explain the cause of the difference between the experimental results and the
model temperature prediction; first, the gasifier operates in the unsteady regime in practical
applications because of the effect of vibrating mechanism. In addition, the various heat losses

taking place in the gasifier may not have been taken into account wholly in the model.

To test the applicability of the model to a different feedstock, the developed modified model
was compared to the experimental results obtained using sawdust as feedstock. The gasifier set
up consists a fixed bed downdraft, stratified gasifier with an open top. It has a capacity to
process approximately 12 kg/h of sawdust an hour. The biomass used on the tests was Pinus
Elliotis sawdust with ultimate analysis composition of 52.0%, 41.55%, 0.28%, 6.07% and
0.1% for C, O, N, H and Ash respectively[56].The experimental test was done at AF of 1.957
and moisture content of 11 % wt. at a reaction temperature of approximately 832 °C. Table 4
shows the comparison of the fuel gas composition predicted by the modified model and

experimental results [56]

The values from the modified model are reasonably close to the experimental results as shown
in Table 4. The predicted concentrations of H, and CO are higher but that of CH, and CO,
are lower than the experimental data. Another important measurable parameter of gasification
process is the syn-gas yield. In the experiment of Jayah et al.’s work, the syngas yield measured
from the experiment at AF ratios of 2.03 and 2.2 was 52.7 and 57.7 m3h~3 respectively while
the yield calculated from this model was 50.12 and 56.55m3h~3, further reinforcing the
reasonable agreement between the model and experimental results at different operating
conditions. Hence, the developed model can be applied to produce specific design data for a
downdraft biomass reactor given the fuel composition and operating conditions. The
comparison of performance was carried out at the following operating conditions: ER of 3.1
and fuel moisture content of 18.5% wt. Rubber wood is the representative biomass fuel used in
the study at fuel consumption rate of 20 kg/hr [21]. Its ultimate and proximate analysis is as

shown in Table 1 [21].
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4. Results and Discussion

4.1. Temperature profile of the downdraft Gasifier

The temperature attained in the combustion zone (CZ) of the gasifier depends on the level of
air present (ER) and the moisture content (MC) of the biomass. These factors determine the
heat released in the combustion zone and by extension the temperatures of the other two zones.
Figure 3 shows the obtained temperature profiles of the three zones of the gasifier at various

moisture contents.

It can be observed that as the ER increased, the temperature attained in the three zones of the
gasifier reduced, with the temperature profiles in the pyrolysis and oxidation zones having
similar trend while that of the reduction zone is slightly different. At ER of 3.1, the highest
temperature of about 1300 K was observed in the oxidation zone for a fuel moisture content of
5% wt. because there is a supply of air in the zone and an exothermic combustion reaction of
the biomass with air takes place in the zone. The heat released in the oxidation zone diffuses
to the pyrolysis zone. In the pyrolysis zone, a temperature of about 917 K was attained
representing about 68% of the temperature attained in the oxidation zone whereas in the
reduction zone, a temperature of about 1000 K is attained representing about 77% of the
temperature attained in the oxidation zone. The rate of temperature drop with increasing ER in

the reduction zone depends on the rate of the reduction reactions, determined by their kinetics.

For a given ER, temperature of each of the zones reduced with increasing moisture content,
because more combustion heat is wasted to dry away moisture leading to reduction in the heat
supplied to both pyrolysis and reduction zones. The reduction of temperature with increasing
ER is more visible in the oxidation zone, followed by the pyrolysis zone and less observable in
the reduction zone. This is because the temperature attained in the combustion zone depends
on the heat of combustion and determines the temperature attained in the pyrolysis and
reduction zones respectively. A higher value of the ER represents a lower air flow rate for a
specific biomass consumption rate which leads to more incomplete combustion (less amount

of €0, production) in oxidation zone, thus leading to reduction in the heat of combustion.

4.2. Gas concentration profile
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For a fixed ER of 3.1 and fuel moisture content of 18.5 wt.%, the composition of the product
gases along the height of the biomass reactor in the reduction zone is as shown in Figure 4. At
the inlet (RZ =~ 0), where the temperature of combustion is highest, the concentration of all the
species change very rapidly. The concentrations of CO and H: increase rapidly while the
concentrations of H2O, CO; and CH4 sharply reduced correspondingly. While nitrogen is inert
in the reaction, its mole fractions sharply reduced because of the increase in the total number
of moles of the product gases as the char particles are converted. Observe that the process
attained equilibrium at about 1/5" the height of the reduction zone (RZ), very close to the
oxidation zone because of the high temperature in that zone. As can be observed, the
temperature in the reduction zone equally decayed rapidly between the point of entrance and
0.15m along the height of the reactor RZ length. This is because a large and rapid consumption
of the combustion heat takes place at the starting point of the endothermic char gasification
reaction. At the remaining length of the reactor height, the temperature gradient reduced to
almost constant value. This is because the rate of reaction slowed down as the concentration of
the char and gaseous reactants reduced since they are consumed very fast in the initial reactions
thus making the surface reactions inactive as more of the char surface is covered by the CO
and H> formed. Wang and Kinoshita [55] combined the oxidation and pyrolysis zone as one
in their model and obtained similar results using kinetic model based on the mechanism of

surface reactions.

The LHV of the syngas at different moisture contents are shown in Figure 5. As can be
observed, it followed the same trend with the syngas composition along the RZ length. At fuel
moisture contents of 5, 10, 15 and 20%, the LHV of the syngas along the RZ length (varied
from initial values of 3.01, 2.42, 2.0 and 1.72 at the entrance (1.4 mm) to final values of 6.02,
5.52, 5.04 and 4.57 MJ/Nm?3 at the end of the RZ height. The corresponding reduction zone
temperature varied from initial values of 1318, 1275, 1232, 1190 to final values of

1022,990,967 949 K respectively.

Figures 6 shows the CGE along the RZ length for four moisture contents values at ER of 3.1.
As expected, the CGE reduced with increasing moisture content but increased sharply at the
entrance of the reduction zone for each moisture content until at about 0.05m when it remained
steady. The observed trend can be explained thus; the heat required by the char+CO. and
char+H>O gasification reactions is supplied by the combustion of the volatiles with air. As the
volatiles are consumed rapidly at the entrance of the RZ, the char conversion correspondingly

increases rapidly until equilibrium is attained in the gasifier at which point the majority of the
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carbon has been consumed and the LHV and efficiency (CGE) peaks and remains steady. From
the general trend of the curves (Figure 5 and 6), it is clearly seen that in each case and for the
same ER, increase in gasification temperature as determined by the fuel moisture content
enhanced performance. This is because the extent of moisture in the biomass determines the
temperature attained in the combustion zone and by extension, the initial temperature in the
char reduction zone. Temperature reduced with increasing moisture content because energy is
required to dry out moisture and high moisture content denies the reduction zone some of the
energy from the combustion needed to drive the endothermic gasification reaction. The
resultant effect is the reduction in the reaction rate with the resultant effect of the reduction in

the LHV and CGE observed.

4.3. Influence of process parameters

4.3.1. Influence of Air preheating

The temperature of the inlet air plays a significant role in the performance of a gasification
system. Figure 7 shows the plot of concentrations of product gases against air inlet temperature.
As can be observed, increase in the temperature of the inlet air to the gasifier led to increase in
the concentrations of H, and CO respectively whereas the concentration of CO;, N2, and

CHa in syngas, decreased when the temperature of inlet air increased.

This trend of the result can be explained by the fact that a higher temperature of the input air
represents a higher value of the enthalpy of the reaction, which leads to an improvement of the
combustion reaction, and by extension, the increase in the temperature attained in the
combustion zone. The rate of reaction in the reduction zone is improved with the increase of
the combustion temperature. In the Boudouard reaction (Char + CO, = CO), which is
endothermic, the conversion of €0, to CO depends upon the rate of reactions taking place in
the reduction zone. With an increase in air inlet temperature from 25 to 250 °C, combustion is
enhanced and the increased concentration of C0- in the reduction zone is converted into more
CO and H,, and thereby the fraction of CO and H,increased. In addition, increase in the
temperature of the reduction zone shifts the equilibrium of the endothermic water gas reaction
(R,) towards the forward reaction; the formation of the products(CO and H,). The water gas
shift reaction (Rs) and the methanation reaction are exothermic. At low inlet air temperature,

their equilibrium are shifted towards the backward reaction; favouring reactant formation
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(primarily H,). Therefore, raising the temperature of the gasification process through inlet air
pre heating is not beneficial to the generation of methane but improves the production of

syngas(CO and H,).

The effect of temperature of the inlet air entering the reactor on the LHV of the syngas, the
yield and the CGE is shown in Figure 8. The LHV of the syngas increased with the increasing
temperature of inlet air, because of the increase in the amounts of (CO and H,) in the process
with increase in the temperature of inlet air. The CGE, which depends on the LHV
correspondingly increased as the temperature of the inlet air, increased. For inlet air
temperature increased from 25 t0250 °C, LHV increased from 4.7 to 5.9 MJ/Nm3; yield
from 2.5 to 2.85 Nm3/kg and CGE from 60 to 81 %. Another factor which may have caused
an improvement of syngas production with increase in the temperature of inlet air include steam

reforming and more cracking of pyrolysis products at high temperature [58, 59].

4.3.2. Effect of moisture content

Fuel moisture content affects the way a biomass gasifier is operated including the quality and
composition of the resulting syngas. Commonly, low moisture content feed is preferred
because of its higher gross energy content [21, 60]. According to Dogru [61], the highest
allowable limit of fuel moisture content for use in a downdraft gasifier is usually taken to be
not more than 30% on wet basis. Using 38% as an upper limit, the effect of moisture content
on the gasifier operation is undertaken and the result is as shown in Figure 9. It is observed
that, as the moisture content of the fuel feed increase, there is an observed increase in the
formation of CH, and CO, while CO and H, reduced. For fuel feed moisture content in the
range of 3-30%, the percentage change in fuel gas composition (with respect to the final value)

for CO, H,,CH, and C0O, was obtained as -67, -58, 66 and 54%, respectively.

This trend can be explained thus the direct use of wet biomass will cause two different effects
on gasification: (1) reduction in the temperature of the oxidation zone due to the drying process
energy requirement and (2) steam auto-generation from moisture which acts as a reactant to
enhance the decomposition of the intermediate products (volatile and char). These two
opposing processes take place at the same time. At low moisture content, the temperature of
the oxidation zone is high and almost constant, the first process dominates and the relatively
high temperature of the reduction zone shifts the equilibrium of the endothermic water gas

reaction (R,) towards the formation of the products (CO and H,), thus leading to the
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production of moreCO and H,. As the moisture content increases, the temperature of the
reduction zone reduces drastically and the second effect dominates. The steam generated from
the moisture of wet biomass react with the intermediate products (volatile and nascent char) to
produce more hydrogen. The water gas shift reaction (Rg) is exothermic. At low reduction
zone temperature, their equilibrium is shifted towards the forward reaction; thus favouring the
production of CO. In methanation reaction, which is exothermic, CO undergo further reaction
with H, and at high moisture content (low temperature) its equilibrium is shifted towards the
forward reaction; thus favouring the production of CO> and CH4 and depletion of H,. In
addition, at high moisture content (low reduction zone temperature), the equilibrium of the
endothermic water gas reaction and the Boudouard reaction is shifted towards the formation of
the reactants, thus leading to the reduction on the concentration of (CO and H,) at high

moisture content. The trend observed is similar to results from previous studies [62, 63].

Figure 10 shows the impact of moisture content on CGE, LHV and gas yield. As can be
observed, the LHV, CGE and yield consistently reduced with increasing moisture content of
the fuel feed. This is expected given the consistently reduced amount of H, and CO obtained
during the simulation run for variation in moisture content as in Figure 9. At moisture content
in the range of 3-30%, the LHV varied from a high of 6.2 MJ/Nm3 to alow of 3.7MJ/Nm3 .
This lies in the range of the expected LHV (4-6 MJ/Nm?) for syngas produced from typical
gasification of woody biomass [20]. It can be observed from Figure 10 that for average moisture
content of 15%, the CGE, yield and LHV were 65, 2.5, and 5.04, respectively. These compare
reasonably well for range of values quoted in the literature for a downdraft biomass gasifier

using wood as fuel [9, 60].

The high value of the performance parameters at low moisture content indicates that
preliminary drying of the fuel feed to a low moisture content value is essential to produce
syngas of suitable heating value. The drying of the fuel feed could be carried out naturally
using the sun with no extra energy cost during the moisture removal or by artificial means
through the use of free or cheap waste heat recovered from various sources (such as furnaces,
or gas turbine flue gas, hot air from condenser or compressor etc.). Where free or very cheap
source of heat for drying is not available, it is not advisable to try to dry out all the moisture
since the value derivable from the syn gas owing to complete removal of moisture from the

feedstock will not be enough to match the energy cost of achieving it.
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4.3.3. Effect of ER

The air equivalent ratio (ER) is one of the most important variables that affect gasifier
performance. This is because ER fixes the actual air available for combustion and subsequent
formation of volatiles. The heat required to drive the two endothermic gasification reactions;
char + CO; and char + H>O, is supplied by the combustion of volatiles. Figure 11 shows the
composition of the product gases at ER values in the range of 2.6-5.2. The ER range selected
is the range where the gasifier operates well in. In other gasification related works, the
equivalence ratio has been considered in the range of 2—-5 [13, 17, 18, 64]. The range of ER
over which a gasifier operates is determined by the quality of the producer gas generated from

the gasifier and the stable operation of it.

The amount of concentration of the constituent species of the final product gas depends
primarily on the chemical equilibrium between the components. The equilibrium between the
component species is ultimately governed by the temperature of the reaction and, consequently,
by the ER and the moisture content in the biomass. On one hand, lower ER (more oxygen) will
cause more oxidation reaction, which leads to a deterioration of the gas quality. On the other
hand, lower ER means higher temperature of gasification, which can improve the gasification
and increase the quality of the syngas to a certain degree. Therefore, the overall composition
of the product gases is governed by the two factors of ER and temperature [58]. As can be
observed from Figure 11, the concentration of CO and H, shows a trend just opposite to that
of CH, and CO,. While the concentration of CO and H, decreased with increasing ER over
the range of ER considered, the concentration of CH, and CO,increased with increasing ER.
The increase in ER from a factor of 3 to 5 was found to decrease the mole fraction of H, from
17.66 to 12.28 %, while CO, increased from 8.55 to 12.47 %. The mole fraction of CO
concentration was also observed to decrease from 23.72 to 14.25 %. Moreover, the mole
fraction of CH, was found to increase from 0.97 to 2.83 %. The authors [13, 59] in their
predicted producer gas composition for wood reported similar trend of the concentration of the

syngas with ER

The reason for the trend can be explained thus; ER value do not only determine the amount of
air available for gasification of the fuel but also determines the gasification temperature. The
lower the ER value, the higher the air available for oxidation reactions and hence, the higher
the temperature attained in gasification because of more combustion. The Boudouard reaction
(R1) and water gas shift reaction (R2) are endothermic and at low ER the temperature is high

and the two reactions are favoured, so more char and €0, are consumed while more CO and
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H, are produced as observed in Figure 11[13, 59]. The concentration of H, reduced gradually
which may imply that the rate of H, consumption is larger than the rate of H, formation in
water-gas shift reaction. The increase in CH, with ER can be explained by the fact that the
methanation reaction (R3) is exothermic, and the presence of H, at low ER might favour
methanation reaction. Hence as the temperature decreases because of increasing ER, the rate
of formation of CH, is favoured [59]. Moreover, the steam reforming reaction is endothermic,
which means at low ER and high temperature, the formation of CO and H, is favoured while
the consumption of CHs and H»>O is increased. As the ER increases, the temperature drops and
the reverse reaction is favoured leading increased CH, Concentration. Even though N, is
assumed inert in the modelling, the increase in the concentration of N, observed in the graph

is because of overall decrease in the total concentration of the gases as the ER increased.

As the ER is varied (3-5), gasification parameters such as LHV, CGE, CCE and yield also
varied, as illustrated by Figure. 12. As it can be observed, the LHV decreased as the ER
increased because the production of the dominant combustible gas species (CO and H,) is
favoured more at lower ER and therefore the observable decrease in LHV. Moreover, the
dilution of the syngas by the nitrogen in the air and the improvement of the homogeneous and
exothermic water gas shift reaction as the ER increased, may have contributed to the observed

decrease in the LHV as ER increased [65].

The gas yield also decreased linearly as the ER increased. This trend agrees with the findings
of other authors [65-67]. High gas yield at lower ER was possibly due to the improved biomass
volatilization , which is more rapid at high ER [65], 1.e., at higher ER, temperature developed
in the oxidization zone is more which leads to the improvement of the endothermic char
gasification reactions. Furthermore, as the temperature increases, the steam reforming reactions
are favoured with the consequential increase in the gas yield. The simultaneous effect of both
the decreasing trends of the LHV and yield with increasing ER has been reflected in the
evolution of the CCE and CGE as can be observed in Figure. 12. At the ER range of 3-5.2
studied, the CGE, CCE and yield varied from 73.64.2-24.3%, 90.6-38.7% and 2.63-
1.3Nm3/kg, respectively.

5. Conclusions

A simplified downdraft biomass gasifier model was developed in Matlab. Based on first

principle for biomass gasification process analysis. Inputs to the model include flow rate and
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composition of feed wood, gasifier pressure, and temperatures of input air including nitrogen.
The model accounts for pyrolysis, oxidation, and char gasification reactions, including heat

losses from the reactor.

Results obtained from the numerical simulations of the gasifier process include the reduction
zone temperature distributions, syngas yield and composition, carbon conversion efficiency,
LHV and CGE. The model predicted temperature and concentration profiles were validated
against two sets of experimental data. The simulation results agree with experimental data.
Simulations were performed to analyse the influence of the following parameters on biomass
gasification process: (a) ER; (b) MC; (c) temperature of gasification air. The main conclusions

drawn are as follows:

= The predicted syngas concentration at ER of 3.1 and fuel feed moisture content of
18.5%, is about 1.1%, 17.3%, 22.8%, 9.0% and 49.8% for CH4, H,, CO,CO,, and N,
respectively. The corresponding LHV, CGE, CCE and yield were 4.7 MJ/Nm?, 59.9%,
85.5% and 2.5 Nm?/kg-biomass respectively.

= Asthe ER and MC increases, the LHV, CGE and CCE decreases and RZ length shorter
than 0.05m is insufficient to get maximum efficiency at a given ER.

= The performance of the biomass gasifier in terms of yield, LCV, CGE and CCE
increases with inlet air temperature.

= The temperatures in the pyrolysis, oxidation and reduction zone of the gasifier lie
between 654-510 K, 1221-1094 K and 964-862K respectively at ER range of 3-5.2 and
MC of 18.5.
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Table 1: Ultimate and Proximate analysis of rubber wood [23]

Parameter

Proximate analysis (% db.)

Volatile matter
Fixed carbon
Ash content

C
H
N

80.1
19.2
0.7

Ultimate analysis (%)

50.6
6.5
0.2
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Table 2

The comparison of predicted results with the experimental data from [23].

Run No Chip Water A/F co H, (€O, CH, N,
size  content % % % % % RMSE
(cm) %w.b
1 33 18.5 203 196 172 99 14 519 32
12.5 21.0 12.0 9.1 1.5 56.5
3 4.4 16 1.96 184 17 106 1.3 52.7 4.7
17.8 9.7 105 1.7 60.3
4 5.5 14.7 1.86 19.1 155 114 1.1 529 6.2
149 7.7 11.8 2.1 63.5
Experiment
Model
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Table 3

The comparison of results from modified model with the data from [23]

Run No Chip Water A/F CO H, (€O, CH, N, RMSE
size  content % % % % %
(cm) %w.b
1 3.3 18.5 203 19.6 172 99 1.4 519 1.7
22.8 173 9.0 1.1 50.0
3 4.4 16 1.96 184 17 10.6 1.3 527 2.7
23.0 17.8 8.9 1.1 49.2
4 5.5 14.7 1.86 19.1 155 114 1.1 529 23
220 17.6 94 1.3 49.8
Experiment
Model
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Table 4
The comparison of results from modified model with the data from [61]

AF MC ¢cO H, (O, CH, CH, CH;, N, RMSE
%) % % % (%) (%) %

Experiment | 1.957 11  20.14 14 12.06 231 057 0.14 50.79
Model 1.957 185 2048 150 105 1.1 - - 529 1.37
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Figure 1: Diagram of downdraft gasifier for model development
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Figure 3: Temperature profile of the zones of pyrolysis, oxidation and reduction of the reactor
using biomass with different moisture contents (5%, 10%, 15% and 20%)
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