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Abstract

This paper is an experimental study of the kinetics of gasification of olive kernel by using a thermogravimetric fluidized bed
reactor technique. Gasification of ‘as received’ and torrefied olive kernels were investigated in a lab-scale bubbling fluidized
bed gasifier, operating at up to 3.2 kg/h. The effect of bed temperature between 550 and 750 °C in 50 °C increments on the
gasification product gas at mass-based equivalence ratios of 0.15 and 0.2 was studied. To explore the potential of torrefied
biomass, the gasification results were compared to that of the ‘as received’” biomass. The product gas from torrefied biomass
produced higher H,, CO and CH, concentrations at identical oxidant flow rates in addition to higher cold gas efficiency and
higher product gas heating value. The influence of equivalence ratio in gasification was also investigated at reactor tempera-
tures of 750 °C and five equivalence ratios (0.15, 0.2, 0.25, 0.3, and 0.35). The results revealed that the torrefied biomass
has the highest HHV at an equivalence ratio of 0.2 with a value of 6.09 MJ/Nm?, while ‘as received’ biomass 4.72 MJ/Nm>.
Kinetic experiments under isothermal conditions were performed for the gasification of the materials in continuous mode.
A mass balance model was successfully used to provide the capability of separately determining the rate constant of the
reactions taking place. The kinetic parameters were calculated by a first order reaction model giving activation energies for
‘as received’ olive kernels of 84 kJ/mol and for torrefied olive kernels of 106 kJ/mol.

Keywords Gasification - Olive kernel - Torrefied - Biomass - Bubble fluidized bed - Kinetics - Mass balance model

Introduction Biomass can be processed into a refined solid biofuel

through torrefaction, whose characteristics are intermedi-

Gasification is an oxidizing process that converts a solid fuel
into an energy-rich gaseous product, and it is accomplished
by providing less than the stoichiometric oxygen require-
ment for complete combustion. It is an intermediate stage
between combustion and pyrolysis, occurring at tempera-
tures ranging between 600 and 1500 °C [1]. Gasification is
considered a viable route by which solid biofuel can be con-
verted partially into gases [2]. Product gas quality is influ-
enced by composition and energy content, which depends
mainly upon factors including gasifier configuration, feed-
stock origin and operating conditions such as equivalence
ratio (ER) and temperature [3].
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ate between biomass and coal [4]. The torrefaction process
is a mild thermal pre-treatment that is carried out in an inert
environment at a temperature between 200 and 300 °C.
Under these conditions, the biomass properties are altered
through limited devolatilization. Lower moisture, higher
energy density, improved ignitability, reactivity and grind-
ability are the characteristics of torrefied biomass when
compared to its parent (as received) biomass. However there
still remains inadequate information on the gasification per-
formance of torrefied biomass over a range of gasification
temperatures. Furthermore, limited published data concern-
ing gasification of torrefied biomass and its impact on syn-
gas composition have been published so far [5]. In addition
to this the gasification kinetics of torrefied biomass under
continuous operation has not been investigated, since kinet-
ics research has focussed on single-batch tests. Fluidized bed
gasification of biomass has the ability of being scaled-up to
medium and large scales, overcoming the limitation found
in fixed bed designs [6]. In addition to this, fluidized beds
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provide approximately isothermal conditions with the sand
bed and a high heat transfer rate to the reacting fuel mass [7].

Kinetic research is crucial in understanding the thermo-
chemical processes in gasification. The determination of the
kinetics of gasification is essential for modelling the gasifi-
cation process and extrapolating this to an industrial scale
and performance optimisation [8], because the gasification
rate is not only influenced by a number of process variables,
such as temperature and composition of reactant material,
but also by the physical effects such as reactant diffusion and
heat transfer. The gasification performance mainly depends
on the gasification parameters such as ER, temperature, and
the reactivity of a particular sample. For example, the rate of
diffusion of material (reactant) may play an important role
in the behaviour of reaction. Thus, the successful design of
a gasifier, as well as its modelling, requires reliable kinetic
data [9]. Fundamental to the combustion or gasification rate
are the rates of pyrolysis and char oxidation. The standard
method of measuring these rates is via thermogravimet-
ric analysis (TGA) under inert and oxidizing conditions,
whereby a small sample of the feedstock (5-15 mg typi-
cally) is heated at a certain rate while simultaneously record-
ing mass, time and temperature. TGA is used extensively to
study the kinetic parameters of gasification of biomass with
CO, as a function of mass loss [9—11]. TGA can be con-
sidered to be a fixed reactor technique with a relatively low
heating rate compared to larger scale systems where biomass
is added directly to the reactor at the reaction temperature so
the particle heating rate is significantly greater. Meanwhile,
the chemical processes in TGA are affected by the interfacial
gas diffusion between the reactor space and the solid sample
inside the TGA cell [12]. According to Miura and Silveston
[13], TGA is suitable for the measurement of slow reaction
rates in stable materials. Therefore, there is scientific value
in developing apparatus for the kinetic study of biomass
gasification that has the same principle of measurement, but
utilises a fluidized bed, operating under a high heating rate
with a continuous biomass feed.

The thermogravimetric fluidized bed reactor (TGFBR)
designed and developed in previous work has been applied
to studying the kinetics of biomass gasification with continu-
ous feeding [14]. The design idea of the TGFBR was: (1)
to take account of heat and mass transfer using a fluidized
bed, (2) providing a rapid heating rate compared to conven-
tional TGA, (3) real time dynamic measurement of biomass
conversion. This paper deals with the study of gasification
kinetics of as received olive kernels (AROK) and as received
torrefied olive kernels (ARTOK) at atmospheric pressure
under a continuous feeding rate. The purpose of this study
is to explore the kinetics of biomass gasification (raw and
torrefied) in a bubbling fluidized bed gasifier. The gasifica-
tion performance of raw and torrefied biomass are compared
across a range of temperatures and ERs.
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The product gas composition in the gasifier was the result
of the combination of a series of competing reactions, as
given in reactions (R1)-(R10). Bed temperature is one of the
most significant parameters affecting all the chemical reac-
tions included in the combustion and gasification process. In
order to simplify the gasification mechanism, the proposed
reaction scheme was used to explain biomass gasification in
the fluidized bed as follows [15, 16]:

Pyrolysis biomass — char + tar + gases (H,, CO, CO,,

CH,, C,H,) RD)
Tar - CO, + CO + H, + CH, + lightH/C (R2)
Water gas
C+H,0-CO+ H, +131 kJ/mol (R3)
Boudouard
C+CO, - 2CO +172 kJ/mol (R4)
Oxidation reaction
C+050,->CO —111kl/mol (R5)
C+0,—-CO, -394 klJ/mol (R6)
Water gas shift reaction
CO+H,0 < CO,+H, —41.98 kl/mol (R7)
Dry reforming
CH, +CO, & 2CO+2H, + 247 kJ/mol (R8)
Methanation reaction
C+2H, - CH, —75 kl/mol (R9)

C,H,,(tar) + nCO, —» (m/2)H, + 2nCO  Endothermic
(R10)

Materials and Methods
Olive Kernel Biomass

Olive kernel biomass, a widely available agro-industrial
residue of Mediterranean origin, were received as coarse
particles with an approximate size of less than 5 mm. The
initial moisture content of the olive kernel was measured as
13.3%. The samples were dried to 5.3% moisture content and
stored in sealed sacks.

According to ISO DIS 18134 (14774-3) (moisture con-
tent), BS EN ISO 15148:2009: (volatile matter content) and
BS EN 14775:2009 (ash content) the proximate analysis
was determined. Fixed carbon (FC) is defined as the solid
residue left after determination of the above, and hence was
calculated ‘by difference’. The high heating value of biomass
was measured using a Parr 6100 bomb calorimeter. Table 1
illustrates the proximate and ultimate analysis (determined
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Tablg 1 Higher h(;ating values., Proximate analysis (wt%, wet basis)
proximate and ultimate analysis
of AROK and ARTOK AROK ARTOK
Fixed carbon 18.0 Fixed carbon 26.8
Volatile matter 76.0 Volatile matter 68.9
Ash 0.7 Ash 2.0
Moisture 5.3 Moisture 2.2
HHVMI kg™ ") 19.20 HHV (MJ kg™ 1) 20.8
Ultimate analysis (wt%, dry basis)
AROK ARTOK
C 50.93 C 56.93
H 6.16 H 6.32
N 0.01 N 0.14
S 0.02 S 0.02
(6] 42.11 O 35.66
Ash 0.77 Ash 0.93
Tiow 50 mi/min Two of the most important parameters in evaluating tor-
Pressure Atmospheric refaction are the mass and energy yield of the process. The
:.e""" 280 mass and energy yields of the biomass were calculated,
ime 30 min. ! .
To the extraction Tamp. N based on equations cited by Poudel et al. [19] as:
system controller
Mass after torrefaction
2 Mass yield (Y, ) = x 100 %
i yield (Yoas;) < Mass of raw sample
Nitrogen (1)

v

-

Flow meter

Fig. 1 Schematic setup of the bench torrefaction unit

using a Vario cube Elemental Analyser) of biomass and
higher heating values.

Torrefaction Experiments

A lab-scale Carbolite furnace and nitrogen supply was
used to torrefy the olive kernel samples. A batch of 50 g
of AROK sample was loaded into a steel tray, and inserted
into the furnace at pre-set temperature of 280 °C and 30-min
residence time under a nitrogen flow. The nitrogen flow was
used to keep the system inert by eliminating the presence
of oxygen and to sweep volatile products from the furnace.
The torrefaction temperature and residence time of 30 min
were selected to be optimal for torrefaction experiment from
preliminary studies [17, 18]. Figure 1 illustrates a schematic
view of the experimental setup.

Energy yield (Yenergy) =Y, TV

raw sample

HHVorre ed sample
mass(&) % 100 %
)
Experimental Setup of Fluidized Bed

A pilot scale TGFBR, designed and fabricated in the School
of Engineering at Cardiff University was used in this study.
A schematic diagram of the TGFBR is illustrated in Fig. 2.
The system essentially consists of six parts: biomass feed-
ing system, gasifier (which is consists of an air box section
and perforated distributor plate), air delivery system, heating
system, downstream gas cleaning, and product gas analysis.

The vertical stainless-steel reactor was 83 mm i.d. and
1250 mm tall. A perforated diffuser plate was made from
stainless steel of 5 mm thickness and uniformly perforated
with 151 holes of 1 mm diameter in a triangular pitch; this
plate was used to retain the bed fluidization material. A per-
forated plate was used in this study because it improved the
mixing significantly (less segregation tendency) compared
to a porous plate [20]. The fluidizer was surrounded by a
split tube furnace (3-zone) with maximum set point tempera-
ture of 1200 °C. The fluidizing nitrogen was preheated by
passing it through a 50 mm i.d. 670 mm long tube contain-
ing impervious alumina porcelain (IAP) as a heat transfer
medium. The tube was surrounded by electrical preheater
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Fig.2 Schematic of thermo- —
gravimetric fluidised bed reactor
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Control Valve
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supplied by Linton tube furnaces. The preheater can adjust
the outlet gas up to 650 °C.

The fluidized bed sat on a bespoke platform load cell
designed and built for this experiment by Coventry Scale
Company. The balance has a tolerance of +0.5 g and a
weighing range up to 25 kg. A multifunction weight indi-
cator model DFW06XP was connected to a load cell and
through a computer used to record the mass change continu-
ously at 1 s time intervals.

In order to monitor the temperature of the reactor, two
Type-K thermocouples were positioned in the reactor at
the location marked in Fig. 2. One of the thermocouples
was installed in the bed zone (30 mm above the distributor
plate) and the other was located in the freeboard (350 mm
above the distributor plate). Data acquisition hardware (from
Omega) was connected to the computer to continuously
record the temperatures in the bed and freeboard. DAQ cen-
tral data logging software was installed in the host computer.
A high-speed USB cable transferred the data from the Multi-
ple Channel Data Acquisition Module, model number (OM-
DAQ-USB-2401) to the computer. When data acquisition
was complete, the data was exported to Excel for analysis.

Experimental Procedure
Gasification Procedure
The minimum fluidization velocity U, was determined prior

to the gasification tests in previous studies and was found
equal to 20 1/min (0.06 m/s) for 500-600 um diameter silica
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sand at elevated temperature [14]. The superficial velocity
used in this study was 2U,; (0.12 m/s). For a particle to
be carried out of the bed, the local gas velocity needs to
exceed the particle’s terminal velocity, which is the speed
at which an object in free fall is no longer accelerating [21].
Therefore, one aim of this study was to keep the superficial
velocity lower than the terminal velocity to avoid elutriation
loss of bed material during experimental work. The terminal
velocity was calculated according to Kunni and Levenspiel’s
equations and found equal to 0.89 m/s, which is above the
superficial velocity of the gas (0.12 m/s) [22].

The ER was changed (0.15, 0.2, 0.25, 0.3 and 0.35) by
varying the biomass feed rate from 1.38 to 3.24 kg/h for
AROK and 1.14 to 2.7 kg/h for ARTOK. The biomass
samples were tested at temperatures of 550, 600, 650, 700,
750 °C and at an ER of 0.15 and 0.2. The main operation
conditions are summarized in Table 2.

At the start-up of each experiment, the required amount
of silica sand (400 g) [this being dependant on the static bed
height to bed diameter ratio (H¢/D) of 0.5] was added as bed
material to the gasifier. It is important to keep the weight
measurement away from the vibration effect of fluidization.
Therefore, for kinetic purpose study, Hi=0.5 D was used in
all experiments, because it gave a negligible vibration effect on
measurements. The heaters were set to the temperatures under
consideration (550, 600, 650, 700, and 750 °C) and the airflow
was activated before biomass feeding commenced. The bio-
mass was fed into the reactor through a pre-calibrated Fritsch
vibrating feeder connected at the top of the gasifier and the
split furnace was switched off. Valve B was opened and valve
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Table 2 Parameters used in gasification experiments of AROK and
ARTOK

ER 0.15 0.2 0.25 0.3 0.35
Biomass flow rate 3.24 2.46 1.98 1.62 1.38
with moisture (kg/h)
AROK
Biomass flow rate 2.7 2.04 1.62 1.38 1.14
with moisture (kg/h)
ARTOK
Air flow rate (I/min) 40 40 40 40 40

A closed (see Fig. 2) to provide ambient air to quench the heat
generated inside the gasifier during gasification. In order to
ensure the consistency of the biomass mass flow rate, a known
amount of biomass was filled into the vibrator hopper before
the gasification test, and after the test the leftover biomass in
the hopper was measured to provide a gravimetric check.

During the gasification test, the rig mass measurements
recorded the variation of mass inside the gasifier every sec-
ond, the gas compositions were recorded online by using gas
analyser during the gasification test. When the gasifier cooled
down, the bed material was removed from the fluidizer and
fresh sand added for next test.

Product Gas Analysis

The extracted gas sample was scrubbed of particulates and
volatile matter using four dreschel bottles filled with isopro-
panol at — 10 °C, then passed through a silica gel trap to avoid
slippage of solvent. The product gas was analysed using an
Emerson X-Stream analyser. Prior to the gasification test, the
gas analyser was zero calibrated on N, and then with a certi-
fied span gas mixture. The standard gas mixture used for gas
analyser calibration comprised of CO, CO,, H,, and CH, with
15, 15, 15, and 5% by volume concentration respectively. After
calibration, the gas sample from the gasifier was connected
to the gas analyser to record the volume concentration of the
gasification reactions. When the gasification test was finished,
the gas analyser was purged with N, and the same steps given
above were repeated for another run.

Gasification Effectiveness

The effectiveness of the gasification process was evaluated in
terms of higher heating value of the dry gas (HHV,), carbon
conversion (p ) and cold gas efficiency (n). The dry gas HHV
can be estimated from the gas composition by:

HHV, = (12.75[H2] + 12.63[CO] + 39.82[CH4] + ---)/100
©)

where the species contents are given in mol%, and their
heats of combustion, in MJ/Nm? [23]. The concentrations of

higher hydrocarbons were not measured since an analyser of
sufficient accuracy under these conditions was not available.

The biomass was shown to contain only 0.01% nitrogen,
so it was considered reasonable to use nitrogen as the tracer
for material balance calculations to calculate the dry gas
yield [24].

QX 79%
T WeN,% “)

where Q, is the volume flow rate of air (Nm’/h), W, is the
biomass mass flow rate (kg/h), and N,% is the volumetric
percentage of N, in the dry fuel gas.

The carbon conversion efficiency to product gas was
determined on the basis of the gas analysis (volumetric per-
centage of the fuel gas composition of CO, CO,, and CH,)
as follows:

_ Y(CO% + CO,% + CH,%) x 12
- 224%C%

U, x 100% 4)
where C% is the mass percentage of carbon in the ultimate
analysis of biomass as shown in Table 1.

The cold gas efficiency is used to account for the per-
formance of biomass gasification. It is defined as the ratio
of chemical energy in the gas to that in the fuel [25]. This
definition excludes the heating value of the condensable
substances such as tars, therefore cold gas efficiency is the
percentage of the fuel heating value converted into the heat-
ing value of the product gas.

The cold gas efficiency was given by:

HHV, XY o
=——— %100
T= THRv, ¢ ©
where HHYV, is the higher heating value of the product gas
in MJ/Nm?, HHV, denotes the gross calorific value of the
fuel in MJ/kg.

Char Yield of Pyrolytic Biomass

Char yield, Y, refers to the char remaining after devolatili-
zation of biomass. Bio-char can be obtained from biomass
pyrolysis [26]. The char obtained from the gravimetric method
is closely analogous to the actual conditions in a fluidized bed
gasifier, because no cooling occurred between the devola-
tilization stage and gasification [27]. Therefore, this proce-
dure was used to investigate the char yield of biomass under
inert conditions (nitrogen gas) by using a similar superficial
velocity to that of a full-scale industrial system. Both AROK
and ARTOK were tested under 40 1/min N, at a temperature
of 525 and 550 °C under the assumption that the char yield
remains approximately the same, and to maintain consistency
of calculations.

@ Springer
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Zabaniotou et al. [28] reported that the olive kernel char
yield decreased with increasing temperature during pyrolysis
up to 500 °C after that the yield tends to be constant. Accord-
ing to Blasi, the final char yield is less affected when the tem-
perature is increased above 650-750 K (377-477 °C) for all
particle sizes. Consequently, even though for different reasons,
for both pyrolysis regimes, the char yield tends to a constant
value as the temperature is increased [29]. It is necessary to
calculate char yield during pyrolysis conditions to determine
kinetics later in the gasification experiments.

Kinetic Modelling Approach

A transient mass balance model as derived and evaluated by
Timmer [30] was used to predict the mass of the carbon in
the reactor at any time ‘t’. However, the rate constant of this
model was estimated by assumption that the steady state con-
dition was achieved and the amount of carbon accumulated is
also estimated by stopping feeding of biomass and observing
the rate of combustion in the reactor, since the system will
subsequently become air rich and hence the remaining carbon
can be quantified via mass balance of the produced CO,. In
this study, the same mass balance model was used for char to
determine the rate constant of biomass reaction in a continuous
gasification process depending on real steady state conditions
inside the gasifier and continuous monitoring of char build up
inside the reactor, neglecting solid particle elutriation [31].
Char conversion is a key factor governing the effective-
ness of fluidized bed gasification [27]. This method utilises a
mass balance of the char as it enters and reacts in the gasifier.
According to the same author, Eq. (7) was used describe char
conversion of biomass under fluidized bed gasification.

F = m}’Ych (7

where F is char feed rate in g/s, Y, is the char yield after
devolatilization (mass of char per mass of biomass), m‘f’ is
biomass feed rate (g/s).

The differential change in the mass of char solid particles
(d,,) in the gasifier during time (d,) was as follows:

dm = Fdt — R dt 8)
where R, is chemical reaction rate of char in g/s.

For a first-order reaction of biomass [32-36]
R, =km )
where k is the rate constant (s~ ') and m is mass of char solid

particles in the reactor. By substituting Eq. (9) into (8):

dm
— =F-k
dt m (10

Separation of variables yields:

dm
F —km

= dt (11)
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Given the initial condition, m(t:0)=0, Eq. (11) was inte-
grated and Eq. (12) was obtained.

m(t) = %[1 — exp (—k1)| (12)

where m(t) is the mass of char at any time t.

According to Timmer, given sufficient time under consist-
ent gasification conditions the mass of solid in the reactor
approaches steady state, hence Eq. (12) reduces to:

my, =L (13)

Equation (13) allows calculation of k if F and m_are
known. In this study, a steady state m , was measured experi-
mentally and the rate constant was evaluated at five different
temperatures.

The value of k was inserted into Eq. (12) to evaluate
theoretically the amount of char with time during the gasi-
fication. The theoretical and experimental work were then
compared. To evaluate the degree of fit of the predicted
values versus the experimental values, this study used the
coefficient of determination (also known as R?) function as
follows:

2

Z?:l (Yz - ?l)

e (14)
Yo Y=Y

RP=1-

where Y represents the measured char in the reactor, Y is the
corresponding value of the char predicated by the model, n is
the total number of data, and Y is the mean of the measured
char inside the reactor during the gasification run.

Chemical rate controlled reactions tend to increase with
temperature typically following the Arrhenius Equation (15),
where E, is the activation energy, A is the pre-exponential
factor and R is the universal gas constant.

_Ea
k= Aexp [ﬁ] (15)

Results
Fuel Characterization

Data from the proximate analysis and ultimate analysis of
AROK and ARTOK are given in Table 1. From the ultimate
analysis reported, it can be seen that the oxygen content
decreased from 42.11% for AROK down to 35.66% for the
torrefied (ARTOK) biomass. In terms of the O/C ratio, the
value decreased from 0.82 for AROK down to 0.62 for the
ARTOK; which is in agreement with literature [37] and the
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mass and energy yield were 86 and 93% respectively (where
energy yield represents the ratio of actual energy conserved
after the torrefaction process to the initial energy content
of biomass). A typical mass and energy yield of woody
biomass torrefaction is that 70% of the mass is retained as
a solid product, containing 90% of the initial energy con-
tent [4, 38]. These results agreed with Prins et al. [39], who
found that during parent biomass torrefaction, the volatile
matter decreased from ca. 80 to 60-75%, while the heating
value increases by 5-25%.

Gasifier Operation

Figure 3 shows the recorded reactor temperatures during
the gasification experiments at reactor preset temperatures
of 550, 600, 650, 700, and 750 °C for AROK and ARTOK.
Time t=0 symbolises the start of biomass feeding into the
reactor. As each result shows, the process initially under-
goes a heating phase, where the thermochemistry within the
reactor is approaching equilibrium, generally considered to
be endothermic. When the heat generation rate matches or
exceeds the rate of heat loss, the process becomes thermo-
chemically self-sustaining [40]. The middle portion of the
figure represents the gasification reaction phase, and it is
clear that the initially unstable process has reached thermal
equilibrium. This resultant temperature is used in the cal-
culation of the reaction kinetics. Comparing the biomass
samples, the ARTOK generally reached steady-state con-
ditions at higher temperatures than the AROK at identical
preset temperatures. This is in agreement with other work
[41], where the same phenomena during the gasification
of raw and torrefied biomass was observed. According to
Bridgeman et al., there is possible explanation for this phe-
nomenon as follows. During gasification, the initial volatiles
released from AROK are low in calorific value being prin-
cipally composed of water and carbon dioxide, and that any

1000
AROK
900 Combustion
~
800 4/‘
© ——
P A T e m
2 _.‘ "-‘. = - -
700 ~
§ ......... T=550 *C
E ———T=600°C
= 600 T
Gasification  ____. T=650 *C
500 " — .. T=700'C
— o T=750 'C
400
0 200 400 600 800 1000 1200 1400
Time, Sec.

combustible gases are not particularly energetic. Therefore,
the energy required to release the water and carbon dioxide
is compensated by the energy produced from combustion of
the low energy volatiles, leading to marginal, if any, energy
gain. When the biomass has been torrefied, the energy inten-
sive water and carbon dioxide has been lost, as have any
low energy volatiles. Therefore, when ARTOK is gasified,
higher temperatures are achieved, as in Fig. 7a, b, because it
contains high energy volatiles and char which react directly
to produce higher temperatures [37].

Biomass feeding was halted when the mass variation
in the experiment was less than 1 g per second, with the
air flow maintained constant. The data in Fig. 3 show that
the response to the stop in feeding was a rapid temperature
increase (commencing within 5 s after the feeder stopped).
This is attributed to the reactor stoichiometry shifting into
the combustion regime, thus providing more exothermic
conditions as the remaining mass of biomass in the bed is
oxidised under excess air.

Effect of Bed Reactor Temperature on the Gas Yield

Figures 4 and 5 show the product gas composition (CO,
CO,) and (H,, CH,) as a function of the gasifier temperature
of AROK and ARTOK at ER=0.15 and ER =0.2. The major
gasification reactions R2, R3 and R4 are endothermic pro-
cesses while the methanation reaction R9 is exothermic. It is
known that the water gas and Boudouard reactions (R3 and
R4) are favoured at higher temperature [40]. Water vapour
and CO, promote H, production in the biomass gasification
process [42]. The influence of bed temperature on these reac-
tions likely explains the findings where, as bed temperature
was increased, the concentration of CO and H, increased
while the concentration of CO, decreased. CH, was pro-
duced at comparatively low concentrations (< 7 vol%) under
all test conditions. At atmospheric pressure, CH, from the

1000

g
{

}
y
'
t
\
\

Combustion

800
g
=2
E700
-4
§
2600 e s
. Gasification — _____ T=650 *C
- — .« T=700 'C
— —=T=750'C
400
0 200 400 600 800 1000 1200 1400
Time, Sec.

Fig.3 Stable temperature zone in the gasifier for gasification of AROK and ARTOK, including the initiation point of combustion just after the

biomass feed was stopped
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syngas is normally the product of biomass pyrolysis, i.e.
from reaction R1 [16]. At higher temperatures, the gas gen-
erated from biomass in the pyrolysis zone could undergo
further reactions (secondary reactions) such as tar cracking,
as described by reaction R2, which leads to an increase in
CH, concentration with bed temperature. Skoulou et al. [43]
demonstrated that methane was generally produced at low
concentration (CH, <5 vol%) under all test conditions from
olive kernels in a fluidized bed reactor and they explained
that methane was reforming at higher temperatures due to
reaction R2. The same result was obtained by Mohammed
et al. [44] and Lucas et al. [45]. The trends of CH, did not
show obvious variation with temperature; this could be due
to thermal cracking at high temperature as the char metha-
nation reaction rate for reaction R9 is relatively slow com-
pared with other reactions [46], or the generated CH, can
be consumed through methane dry reforming via R8. Thus,
it seems there was a balance between CH, generated and
consumption rate that kept the methane level approximately
constant even at high temperature. This trend of methane
not showing obvious variation is in agreement with results
published by Xue et al. [47] when torrefied Miscanthus X
giganteus was gasified in an air-blown bubbling fluidized
bed gasifier.

The analysis indicates that the gasification of the ARTOK
produced more CO and less CO, than the parent AROK with
the exception of temperatures below 650 °C at ER =0.2.
The oxygen content of ARTOK was lower than that of
AROK and the FC content was higher, which enhanced the
Boudouard reaction (R4). According to Kuo et al. [48] the
gasification of raw biomass gives lower CO concentration
than torrefied biomass, which is stemming from the lower
carbon content of raw biomass. The marginal behaviour of
CO, concentration at ER =0.2 is likely due to the water gas
shift reaction (R7) being more dominant at this ER [49].

The gasification of AROK and ARTOK at different tem-
peratures indicated that the ARTOK produced more H, as
shown in Fig. 5, which implies that the hydrogen-producing

a AROK
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2
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reactions are being favoured at the higher temperatures pro-
vided by the ARTOK reactions. This was expected because
the gasification of torrefied biomass produced more CH, gas
compared to AROK thus promoting R8. The hydrogen con-
version into dry gas was higher for torrefied biomass since
the gasification of this feedstock results in higher yield of
CH, and C,Hg [50]. This is in an agreement with Taba et al.
[51], who stated that the biomass having low contents of
volatile matter is more suitable for significant H, production.

Effect of Equivalence Ratio

In addition to temperature, ER also had a significant con-
trolling effect on the gasification process including syngas
composition. The effects of ER were evaluated for product
gases for AROK and ARTOK through a set of experiments,
performed at T="750 °C and varying ER between 0.15 and
0.35 in 0.05 increments. Different ERs were obtained by
varying the biomass feeding rate and keeping the air flow
rate constant at 40 1/min.

For both biomass samples examined, the ER had a meas-
urable effect on the concentration of product gases. As the
ER was increased (by reducing the fuel biomass flow rate)
the CO, CH, and H, concentration decreased since less
product gas was being produced per second (see Fig. 6).
Given that the air flow was constant, higher concentrations
of oxygen were therefore available for gas phase oxidation
reactions to occur. This explains the visible reduction in CO,
CH, and H,, but a small increase in the CO, [46].

This profile of product gases is comparable to other pub-
lished results for fluidized bed gasifier rigs. In similar find-
ings, the H, and CO concentrations decrease and the CO,
content increases slightly with increasing ER during gasi-
fication of pine wood in a bubbling fluidized bed [52, 53].

At high ER, the reduced HHV of the product gas as
shown in Fig. 7 was obtained due to a lowering of the con-
centration of energetic (combustible) species. The carbon
conversion efficiency (p,) increases with increasing ER for

b 2 ARTOK
18
16
R
& 14
g
e 12
2 —a-C0
E 10
< 8 —— C02
g 6 M —e—CH4
a —A— H2
2
0
0.1 0.15 0.2 0.25 0.3 0.35 04

ER

Fig. 6 Effect of ER (0.15, 0.2, 0.25, 0.3, and 0.35) at 750 °C of a AROK and b ARTOK on concentration of product gas
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both biomass samples, which is attributed to the subsequent
gas phase oxidation reactions described above. As a result,
the carbon conversion efficiency increases over the range
tested for both samples, although this includes conversion
into CO,, hence the lowering of HHV. The results obtained
agree with an earlier study where biomass was gasified in
bubbling fluidized bed [54].

Gas yield is the volume of dry fuel gas generated in Nm?
per kg of fuel and is a significant parameter for evaluat-
ing the performance of the gasifier. As shown in Fig. 8, for
both biomass samples the gas yield increased with increas-
ing ER, but this is coupled with a decrease in HHV, which
is logical since the higher concentration of oxygen results
in more complete combustion. ARTOK exhibited more gas
yield compared to AROK for all ERs tested, which can be
accounted for by improved endothermic char gasification
reactions [47]. When the gasifier temperatures increase, the
carbon conversion increases hence gas yield also increases
[51]. The relatively small error bars in the product gas analy-
sis (see Figs. 6, 7, and 8) reflect that the biomass feeder
is assumed is reliable, based on calibration tests that were
undertaken in the laboratory.

Effect of Bed Temperature on HHV and Cold Gas
Efficiency

The effectiveness of the gasification process was evaluated
in terms of HHV of dry gas and cold gas efficiency. Fig-
ure 9a and b shows the HHV and n respectively of AROK
and ARTOK by varying the bed temperature between 550
and 750 °C in 50 °C increments and using an ER of 0.2.
Figure 9 a illustrates the effect of bed temperature on
HHYV of the product gas for AROK and ARTOK. An increase
of bed temperature from 550 to 750 °C measurably improved
the gas HHV from 3.96 to 4.72 MJ/Nm® for AROK and 5.08
to 6.09 MJ/Nm? for ARTOK. As explained earlier, higher
temperatures enhanced the evolution of combustible gases
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Fig.8 Influence of ER on gas yield of AROK and ARTOK at 750 °C

especially H, and CO which in turn results in an increase in
HHYV of the product gas.

The variation of cold gas efficiency with temperature
is given in Fig. 9b. The highest n values at T=750 °C of
AROK and ARTOK were 34.23 and 55.03% respectively.
The higher temperatures contributed to lower concentration
of char and heavy tars and led to higher gas yield due to
release of more volatiles [55].

External mass transfer resistance is responsible for
restricting the flow of volatiles generated in a biomass par-
ticle from travelling outward from its surface [56]. From
the proximate analysis of the two samples (Table 1) it can
be inferred that the external resistance of ARTOK will be
less than the AROK. Hence, the volatile matter generated
from the AROK will form a comparatively large vapour field
around the particles, which displaces oxygen and results in a
diffusion-controlled zone around the particle, limiting oxida-
tion reactions with the char. In the case of the ARTOK, the
smaller quantity of volatile matter implies that this vapour
field is smaller and therefore greater contact with oxygen
is permitted, hence a higher reaction rate can be achieved.
This is in agreement with Chen et al. [57] who stated that
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Fig. 7 Effect of ER (0.15, 0.2, 0.25, 0.3, and 0.35) at 750 °C of a AROK and b ARTOK on carbon conversion efficiency and higher heating
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Fig.9 Effect of bed temperature on gasification output performance for AROK and ARTOK a HHV and b n
Table 3 Rate constant (k), AROK (ER=0.2) ARTOK (ER=0.2)
steady state temperature and
mass load of AROK and Reaction steady Mg (o) k(s™! x10% Reaction steady Mg (o) k(s™! x 10%)
ARTOK at the range of steady temperature (K) temperature (K)
reaction temperatures examined
973 75 1.96 1048 79 1.7
986 59 2.49 1073 49 2.7
1011 49 3 1097 38 35
1028 45 3.26 1148 26 52
1043 34 43 1173 20 6.8

torrefaction improves the physical and chemical character-
istics of biomass, hence the syngas quality and cold gas effi-
ciency are improved.

Influence of Superficial Gas Velocity on Gasification

Maintaining a constant ER between the biomass and air,
the superficial gas velocity was altered through the reac-
tor. Increasing the superficial gas velocity will lead to an
increase in the degree of agitation and gas-to-particle heat
transfer. In the gas—solid reaction, the mass transfer of the
gas first takes place from the main stream of fluid to the
external surface of the particle [58].

A series of five tests were achieved at temperature
750 °C and ER =0.2 to investigate the effect of external
diffusion on the gasification of AROK and are shown in
Fig. 10. This figure gives the calculated mass of instanta-
neous char remaining inside the gasifier during continu-
ous gasification. The data show that the rate of reaction
was affected by changing the superficial velocity up to a
velocity of 2U_;, where after the effect appeared to satu-
rate. In this gas—solid reaction system, the mass transfer
effects could be minimized when the system is operated at
sufficiently high gas velocity, so that the overall reaction
rate does not increase with further increase in gas velocity
[59]. Therefore, a superficial velocity of 2U, was selected
as the basis for all tests, representing the minimum air

0 50 100 150 200 250 300
Time, Sec.

Fig. 10 Mass of char build up in the gasifier at different superficial
velocity at 750 °C and ER=0.2

velocity required to reduce external diffusion. At high gas
velocity, the boundary layer thickness around the parti-
cle becomes sufficiently small that it no longer offers any
resistance to the diffusion of gas, eliminating external dif-
fusion from the reaction rate [60].

Kinetic Parameters
The controlling kinetic parameters were examined by

investigating the mass-time behaviour of the reactor. This
was undertaken at five preset temperatures (550, 600, 650,
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700, and 750 °C), 2U,¢ and one ER (0.2) for AROK and
ARTOK. All experiments were undertaken at isothermal
conditions for a sufficient time until steady state conditions
were obtained for each case.

Figure 11 illustrates the instantaneous mass of char in
the bed, from initial fuel feeding to steady-state conditions,
where there is no further increase in the measured mass of
char inside the reactor. The behaviour is shown for both
AROK and ARTOK samples, on identical axes scales to aid
in comparison. As the system approaches equilibrium during
continuous feeding of biomass, the amount of char builds
up in the reactor while the rate of devolatilization remains
constant. After sufficient time under consistent gasification
conditions, steady state char conversion is achieved. As can
be seen from the figure, the final equilibrium mass and time
are found to be dependent on temperature. The reaction rate
is shown to be faster at higher temperatures for both biomass
samples [61]. Note that above 550 °C the equilibrium con-
dition mass of ARTOK was always lower than the AROK,
since the oxidation of carbon in the char takes place parallel
to thermal decomposition and release of volatile matter [62].
Therefore, the equilibrium mass of char at steady state is less
for ARTOK. According to Sami et al. [63], the volatiles may
burn in jets or as a flame envelope. An enveloping flame acts
like a shroud, preventing oxygen from reaching the particle
surface and therefore preventing heterogeneous oxidation of
char. This in agreement with Hu et al. who stated that tor-
refied biomass had a more steady-state burning process and
a higher combustion efficiency compared to ‘as received’
biomass [64].

The reduction of the oxygen to carbon ratio in fuels
correlates with an increase in resistance to thermal degra-
dation (see the ultimate analysis of AROK and ARTOK),
which is one of the objectives of torrefaction and carboni-
zation, justifying the results observed on Fig. 12. It was
observed that ARTOK has a lower mass loss rate than
AROK due to a higher resistance to thermal degradation.
Fuels with higher contents of FC and low volatile matter
tend to decompose slowly and offer higher resistance to
thermal degradation [65]. This is in agreement with Ren
et al. [66] who noticed that the raw biomass lost mass
faster than torrefied biomass during the pyrolysis of woody
biomass. As shown in Fig. 12, the AROK released vola-
tiles faster during pyrolysis than ARTOK, the time differ-
ence being about 2-3 s. Hence, ARTOK has a lower vola-
tile loss rate than AROK, so there is less flow resistance to
outward gas diffusion during gasification (see proximate
analysis), which gave the ARTOK more opportunity to
react with oxygen. Figure 11 shows the mass change of
ARTOK, under the temperatures described at ER =0.2.
The data in Fig. 11 therefore demonstrates that the hetero-
geneous reaction is controlling the process. This explains
the findings where the mass rate of ARTOK varied with

@ Springer

temperature due to chemical kinetic control, while AROK
did not exhibit significant variation with temperature.
AROK did not exhibit significant variation because there
was a higher resistance to oxygen reaching the particle
surface for char oxidation, even as the temperature was
increased. The temperature dependence is high when
chemical reaction is the rate-controlling step and low if
the mass transfer is rate-controlling [67].

Based on the recorded values during the batch pyrolysis
experiment at T=550 °C (see Fig. 12), the char yield was
found to be 21.5% for AROK and 24% for ARTOK. The
torrefied biomass formed more biochar in pyrolysis [66].
Putting the mass feed rate (from Table 2) at ER=0.2 for
AROK and ARTOK into Eq. 7 allowed the values of char
feed rate (F) to be calculated.

The values of steady state mass for AROK and ARTOK
were obtained with a MATLAB program using linear change
point models based on Eq. (16) [68]. This equation shows
the relationship between mass and time.

Y=p+5HX-B)" (16)
where B, is steady state mass, f3, is the slope, B; is critical
point time, X is the input time, (*) means that only positive
differences between X and f; are taken into account, and Y
is the output mass.

The rate constant k was evaluated experimentally at
steady state char loading in the reactor using Eq. (13). The
values of F and k are substituted into Eq. (12) yielding the
mass balance model for the char load in the reactor. The
predicted behaviour of AROK and ARTOK is shown in
Fig. 11 together with the corresponding experimental data
at different temperatures. It can be seen that this model is
also a good fit to the experimental data. ARTOK exhibits
higher regression than AROK (between 95 and 99%), which
means ARTOK obeys a first order reaction model more so
than AROK. The calculated value of k for different steady
state reaction temperatures (see Fig. 3) using the results of
Fig. 11 are included in Table 3; m, denotes the steady state
condition mass of char in the reactor.

From the results presented in Table 3 the Arrhenius equa-
tion can be plotted for k in terms of reciprocal temperature.
Linear regression of the data in Fig. 13 yields the best fit
line shown. From the In(k) versus 1/T plot, the slope (E,/R)
was used to obtain the values of activation energies for the
AROK and ARTOK, giving activation energies of 84 and
106 kJ/mol respectively. This means that a lower amount of
energy is necessary for the raw olive kernel to start reacting
than for torrefied biomass [69].

At present, there is limited information available in the
literature that focuses on the gasification kinetics of raw and
torrefied biomass. However, the activation energy of seed
corn biomass was found to be 78 kJ/mol during gasification
in a bubbling fluidised bed during continuous gasification
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Fig. 12 Mass loss with time of AROK and ARTOK under pyrolysis conditions at temperature 525 and 550 °C
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Fig. 13 Arrhenius plot for AROK and ARTOK

by using a transient model, and it was suggested that the
reactions are limited by pore diffusion, therefore this value
represented the apparent activation energy [30]. In many
gas—solid systems with comparatively fast reactions, the
overall rate is found to be controlled by mass transport
between the reaction surface and the bulk fluid [59]. Accord-
ing to the same author, in the experimental determination
of kinetic parameters, it is very important to ensure that the
measurements are carried out under conditions such that
the overall rate is indeed controlled by chemical kinetics,
where pore diffusion and gas phase mass transfer do not play
a significant role. The activation energy of ARTOK meas-
ured here suggests that the reactions are chemical reaction
controlled compared with AROK. However, the activation
energy of raw olive kernel under inert conditions (pyrolysis)
has been investigated in previous work and found equal to
60.8 kJ/mol; less than the activation energy of gasification
of AROK [14], which agreed well with results of others [70,
71], who found the activation energy in air was higher than
in a nitrogen atmosphere.
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Conclusions

Raw and torrefied olive kernels were gasified in a thermo-
gravimetric bubbling fluidised bed gasifier to investigate the
influence of temperature and ER on the gasification perfor-
mance. Such experimental results gave considerable infor-
mation about performance and potential scaling-up in order
to explore the possible benefits of ARTOK over AROK. The
use of torrefaction can be expanded if the product gas quality
as well as cold gas efficiency are improved through gasifica-
tion of pre-treated biomass. On the basis of the data obtained
for the gasification in the studied range of operating process
parameters the following conclusions are made:

e The raw and torrefied biomass showed different charac-
teristics, resulting in different gas composition and heat-
ing value. Torrefied biomass showed consistently higher
product gas heating value and cold gas efficiency, which
was attributed to higher production rates of CO, H, and
light hydrocarbons.
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e The first order reaction model was found to be appropri-
ate for both types of biomass (AROK and ARTOK) thus
providing a reasonable description of the biomass reac-
tion.

e The reaction characteristics of raw and torrefied biomass
in oxidative atmospheres at various temperatures have
been investigated and qualitative agreement between
model prediction and experimental data was achieved.
From the kinetic analysis carried out, the results suggest
that the reaction was controlled by mass transfer in the
parent sample, while char oxidation was the controlling
factor in the torrefied sample.

e External diffusion has the minimize test affect at high
superficial velocity.

e By comparing experimental results, thermal pre-treat-
ment of biomass before gasification is a promising con-
cept for the operation of full-scale processes.

e The kinetics of biomass gasification continues to be a
subject of concentrated investigation. However, the
results of such investigations to date, have only flowed
into the design procedures for commercial gasification
reactors to a limited extent. The suppressed external dif-
fusion limitations and higher heating rate prevailing in
the TGFBR were responsible for all these kinetic param-
eters. They demonstrate the capability and superiority of
the TGFBR for analysing biomass gasification, and it is
believed that this data provides a deep insight into the
gasification mechanism, and gasifier design, which could
help with future commercial reactors.
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