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Abstract—The paper deals with a high efficiency process for biomass gasification based on the concept of the internal
circulating fluidized bed (ICFB). A modeling tool has been developed for the prediction of theoretical values for the
main species in a syngas produced by ICFB gasification. A thermodynamic sub-model has been utilized and integrated
with a simplified lumped model of the gasifier. The model predicts H, concentration up to 61% on water free basis.
The comparison with calculations for one stage gasification demonstrates ICFB process is preferable, no dilution with
inert gas occurring. Among the studied variables, the steam/fuel ratio and the fuel moisture exert the largest influence
on the hydrogen yield with percentage changes up to 15% in the explored range of the variables.
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INTRODUCTION

The use of renewable fuels in high efficiency processes is strongly
promoted worldwide and particularly in Europe as a consequence
of the application of the Kyoto protocol on CO, reduction, Euro-
pean Union legislation targets, and the rising oil and natural gas prices.
Among the objectives of the European Union policy, the effective
use of biomass and wastes, particularly biodegradable wastes, as
fuel sources, for power generation, for transport, or storage as an
alternative fuel has a high priority [1]. The gasification of biomass
or waste produces a syngas consisting of a mixture of carbon diox-
ide, carbon monoxide, methane and hydrogen. It can be directly
used for powering internal or external combustion engines for elec-
tricity generation in the range 0.1-10 MW,, [2]. Furthermore, bio-
mass gasification is greatly appealing for hydrogen generation and hot
fuel cell application, where waste heat can be used for the endo-
thermic gasification process [3]. So far, a hydrogen-rich syngas with
very low nitrogen content is beneficial for the process efficiency,
since heat losses are minimized.

Atmospheric fluidized bed gasification is a viable and flexible
technology for biomass and wastes, since different fuels can be pro-
cessed even with large differences in chemical and physical prop-
erties, including biomass, municipal wastes, industrial residuals,
and food wastes [4-6]. Nevertheless, relevant issues have still to be
addressed, namely purification of the syngas with regard to tar and
particulate matter, the achievement of a high conversion rate and
gas heating value, the maximization of hydrogen content, the con-
version of poorly reactive char [7-9].

The Internal Circulating Fluidized Bed (ICFB) concept has been
successfully applied for biomass gasification [10,11]. The major
advantage of this option is the possibility of carrying out the pro-
cess in two separate but interconnected chambers, where different
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operating conditions can be set. The two vessels are normally oper-
ated under reducing, meaning gasification, and oxidizing, meaning
combustion, atmospheres, respectively. Thus, two distinct gas streams
are generated: the flue gas exiting the oxidizing/combustion cham-
ber and the syngas exiting the reducing/gasification chamber. The
heat transferred from the former to the latter chamber enhances the
endothermic fuel conversion in the reducing zone. The main ad-
vantage is the production of syngas with potentially high heating
value and rich in combustible species, since dilution with nitrogen
is avoided. Furthermore, in the combustion zone, where an excess
air condition is maintained, the conversion of char particles readily
occurs, limiting carbon comminution and elutriation that is huge in
single-stage atmospheric FB gasification [9,12].

The general objective of the research deals with the production
of alternative fuels from biomass and waste, with particular focus
on hydrogen. The present paper reports on a modeling tool for the
prediction of limit values for the main components of a syngas pro-
duced by ICFB gasification. The study focuses on a biomass fuel
to be processed in a gasification rig on laboratory scale. A thermo-
dynamic sub-model has been used and integrated with a simplified
lumped model of the gasifier. Thus, this study is preparatory for an
experimental activity on biomass gasification in the course of de-
velopment at JRC/IE. The outcomes of the modeling activity are
reported and discussed in the paper.

MODEL DESCRIPTION

A mathematical model of the fluidized bed gasifier has been de-
veloped to estimate the syngas composition under thermodynamic
equilibrium conditions for an ICFB gasifier [13]. Fig. 1A shows
the concept of the ICFB gasifier, with two distinct vessels arranged
concentrically in the test equipment. The fluidized bed reactor (left/
outer side) accomplishes the gasification reactions, whereas the riser
(right/inner side) is the place where the combustion occurs. The pro-
cess is assumed at steady state and under adiabatic conditions. Steam
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Fig. 1. Concept of the internal circulating fluidized bed with the
two zones of gasification and combustion (A) and its lumped
model schematization (B).

as gasifying medium and preheated air for the partial fuel combus-
tion in the riser are considered. The bed circulation between the two
vessels allows for the heat transfer from the combustion chamber
to the gasification zone. Char particles are entrained with the bed,
burnt in the riser, and may be circulated several times before full
conversion. The ICFB has been modeled as a combination of two
continuous stirred tank reactors (see Fig. 1B), the first one for the
fuel pyrolysis and gasification, the second one for the char combus-
tion. Block 3 represents the separator of gaseous and solid streams;
this block does not contribute to chemical reactions. The two reac-
tors 1 and 2 exchange mass and energy as indicated in Fig. 1B. Total
char combustion is assumed, and thermodynamic equilibrium is im-
posed for the gasifier.

The Computer Program for Calculation of Complex Chemical
Equilibrium Compositions and Applications (CEA) of NASA [14]
has been used for thermodynamic calculations. It has been inte-
grated in an MS Excel worksheet for computing the heat and mass
balances in the whole system with an iterative procedure. The CEA
routine calculates the system temperature, the thermodynamic prop-
erties, and the molar fraction of the chemical species present at equi-
librium, when the mass flow rate, temperature and formation en-
thalpy of each species entering the reactor are assigned. For the bio-
mass under consideration, the chemical formula C,H; O, ,,N,,, has
been adopted, according to the ultimate fuel analysis of Table 1. In
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turn, the chemical formula of volatiles is C,H,;0; N, 1;, as obtained
from a stoichiometric balance based on both proximate and ulti-
mate analyses on dry basis. The molar formation enthalpy of the
volatiles is required as an input parameter for the CEA routine. It
has been calculated on the basis of the assumed composition of the
volatiles as the difference between the combustion enthalpy of one
mole of volatiles and the combustion enthalpy of total C and H con-
tained in its molecule. Further assumptions are:

(1) The fuel fed into reactor 1 forms a char and a volatile stream
upon drying and pyrolysis.

(i1) The char conversion in reactor 1 is negligible, whereas the
char is completely bumnt in the combustor/riser 2 where it is circu-
lated together with the sand.

(iii) The volatiles are converted by steam in reactor 1.

(iv) Heat transfer occurs between the two reactors by wall con-
duction and by the convection mechanism that is associated with
the bed circulation.

(v) The circulation rate for the bed material is a function of the
bed inventory and the riser fluidization velocity.

It is worth noting that the assumption ii) is justified by the in-
creased char reactivity during combustion, up to 3-4 orders of mag-
nitude higher than during gasification [15], as well as by the rather
similar residence times of char particles in the gasification and com-
bustion zones at high circulation rate.

The solution for the gasifier (reactor 1) is straightforward, once
all input variables are assigned to the CEA routine. Only the vola-
tiles are considered for CEA calculations, the char not being con-
verted in the gasifier. Other species entering reactor 1 are the water
(moisture in the biomass) and the steam, the gasification medium.
The mass flow rate of the char entering the riser (reactor 2) is cal-
culated based on the fuel proximate analysis.

Since the endothermic step associated with devolatilization oc-
curs in the gasifier, the heat needed for pyrolysis also has to be taken
into account [16]. The heat exchanged between reactor 1 and riser
2 must be considered as an additional input for the CEA program,
because it affects the enthalpy of the reactants. This enthalpy dif-
ference AH is the sum of the heat transferred by both convection
and conduction (Eq. (1)).

AH=W, (T, =T,)+SAT,—T,) M
The energy balance for the riser 2 reads:
Wt (Ti= T )+ Wt T,— T, )~ W el T,= T, )+ W,;, @, 7AH=0 (@)

The symbols W, % A, and @ are used for flow rate, specific heat,
coefficient of heat transfer, and fuel heating value. S is the internal
surface between reactor 1 and 2. The subscripts b, ch, a, and ex mean
bed, char, air, and exhausts, respectively.

The bed circulation rate W, is calculated via Eq. (3), where a lin-
ear dependence on the square root of the fluidized bed height h and
on the slip velocity U,—U, is assumed, U, is the fluidization velocity
in the riser and U, the particle terminal velocity [17].

W,=K/h(U,-U,) €))

The bed height (h) in the gasification reactor depends linearly on
the total bed inventory B in the whole facility. This approximation
is acceptable in the limit the bed amount in the riser is negligible
with respect to B, as confirmed by fluid-dynamic experiments in a
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Table 1. Input variables of the model and relevant results
Fuel Base-case
Proximate analysis
% 2o 2o 12.0 12.0 12.0 12.0 120 150 200
% 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9
% 15.0 15.0 15.0 15.0 15.0 15.0 15.0 14.5 13.6
% 72.0 72.0 72.0 72.0 72.0 72.0 72.0 69.5 65.5
Ultimate analysis (daf)
% 42.0 42.0 42.0 42.0 42.0 42.0 42.0 42.0 42.0
% 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
% 51.0 51.0 51.0 51.0 51.0 51.0 51.0 51.0 51.0
% 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Thermochemistry data
kl/kg 15500 15500 15500 15500 15500 15500 15500 15500 15500
kJ/kg 1533 1533 1533 1533 1533 1533 1533 1533 1533
kJ/mol =505 =505 =505 -505 =505 =505 =505 -505 =505
W/m*/K 300 300 300 300 300 300 300 300 300
Combustion zone
mm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
_ m’ 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048
Combustor temperature °C 743 681 642 767 730 732 722 726 702
°C 25 25 25 25 25 25 25 25 25
_ kg/h 12 12 12 12 12 12
Air/fuel ratio 24 2.8 32 24 24 24 24 24 24
Internal circ. rate kg/h 279 583 918 250 290 244 213 224 150
kg/h 1.40 1.63 1.86 1.40 1.40 1.40 1.40 1.45 1.54
_ m/s 2.03 2.23 2.44 2.08 2.01 2.01 1.99 2.00 1.95
Pyrolysis Gasification zone
m’ 20 20 20 20 20 20
kg"m™ 2000 2000 2000 2000 2000 2000 2000 2000 2000
°C 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
Reactor temperature °C 638 620 602 628 644 618 599 613 575
~ Steam temperature kg 300 300 300 300 300 300 300 300
Fuel flow rate kg/h 5 5 5 5 5 5 5 5
Fuel comb. enthalpy kJ/h 68200 68200 68200 68200 68200 68200 68200 65875 62000
SEmloVEET ke [ 2 2 2 EEsamdE 2
Steam/fuel ratio kg/kg 0.4 0.4 0.4 0.4 0.4 0.6 0.8 0.4 0.4
Char flow rate kg/h 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.77 0.73
Volatiles flow rate kg/h 3.60 3.60 3.60 3.60 3.60 3.60 3.60 3.48 3.27
Fluidization velocity m/s 0.092 0.090 0.088 0.091 0.092 0.134 0.175 0.089 0.085
Syngas
CH, 0.007 0.011 0.017 0.009 0.006 0.006 0.005 0.011 0.019
CcO 0.079 0.072 0.064 0.075 0.08 1.053 0.036 0.064 0.043
CO, 0.158 0.162 0.167 0.160 0.156 0.153 0.145 0.161 0.164
H, 0.392 0.387 0.377 0.390 0.393 0.357 0.326 0.378 0.344
H,0 0.363 0.36 6.373 0.364 0.362 0.430 0.486 0.384 0.429
N, 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002
C(gr) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Syngas mol. weight kg/mol 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.017
H, yield kg/kg 0.069 0.068 0.065 0.068 0.069 0.072 0.074 0.069 0.065
Syngas comb. enthalpy kJ/h 47596 47275 46818 47419 47684 47174 46796 45532 41963
Efficiency 0.70 0.69 0.69 0.70 0.70 0.69 0.69 0.69 0.68
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cold ICFB model [13]. Thus, Eq. (3) can be replaced by Eq. (4)
W,=K'VB(U,-U)) O

Since the temperature T, is dependent on the reactor temperature
T, via Eq. (2), an iterative procedure is required for the solution of
the combined system of equations. A trial value of T, is assumed
in order to calculate T, and AH, to execute the CEA routine, and to
obtain an updated value for T,. The procedure rapidly converges.
The constant K has been experimentally determined in a scaled
cold model of the simulated ICFB gasifier [13].

RESULTS AND DISCUSSION

Table 1 reports the input variables for the model (highlighted in
the first column) as well as the most relevant results. The values
have been chosen with reference to the geometry of an ICFB gasifi-
cation facility under construction at JRC/IE (2.5 m high, 80 mm ID for
the internal riser and 234 mm ID for the external column). Chipped
wood has been assumed as fuel. The excess air ratio has been com-
puted on the basis of fuel char only. Calculations have been repeated
by changing one at a time (i) the bed inventory, (ii) the steam/fuel
ratio, (iii) the air/fuel ratio, and (iv) the fuel moisture content. These
changes are highlighted in the table. The process efficiency (z) has
been evaluated as the ratio between the combustion enthalpies of
syngas and fuel. An approximately constant value of z (around 0.70)
is shown in Table 1, even for changing the operating variables. A
slight decrease of the efficiency at higher fuel moisture is predicted
due to the increased heat required for drying the fuel.

Fig. 2 shows the composition of the syngas for the base-case set
of input variables that is reported in the third column of Table 1.
The molar fractions are also reported on H,O free-basis for com-
parison. It appears that the CH, concentration is very low, because
of the relatively high temperature in the gasifier (T,=638 °C), the
endothermic steam reaction CH,+H,O=3H,+CO being favored at
high temperature. In fact, the molar fraction of CH, at equilibrium
decreases from 0.182 to 0.049 when the temperature increases from
561 up to 717°C, for a 1 : 1 molar CH,/H,O system. As far as N,
concentration is concerned, the ICFB clearly attains a very low, rough-
ly zero concentration, because the biomass is gasified only by steam.
This is also reflected in the high value of the H, concentration that

oso0 - DICFB

WICFB dry basis
os00 - OBFB
W BFB dry basis
= 0.400
K=}
g 0.300
o
[=}
=
0.200
0,000 | = D
CH, co co, Hy Ny HO

Chemical species

Fig. 2. Major components in the syngas on wet and dry basis (base-
case of calculations) and comparison between ICFB and
BFB.
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Fig. 3. H, yield and gasifier temperature versus the bed inventory.

attains the noticeable value of 0.61 on H,O free basis. In the same
figure, the results of CEA calculations for single stage gasification
(bubbling fluidized bed BFB) are also reported for comparison. It
clearly appears that the ICFB gasification concept produces higher
concentrations of desired species (e.g., H,).

The dimensionless H, yield (7) and the gasifier temperature (T))
are reported in Fig. 3 as a function of the total bed inventory (B),
where h is defined as the mass ratio between the produced hydro-
gen and the fed fuel. In spite of the large increase of the bed inven-
tory from 5 to 30 kg, the gasifier temperature exhibits a limited in-
crease of around 30 °C, the bed circulation rate and, consequently,
the thermal exchange being improved. The temperature difference
between combustion and gasification zones also decreases, but not
enough to achieve similar values (T,=644 °C and T,=730°C at B=
30 kg), meaning that a very high circulation rate is required for a-
chieving isotherm conditions between the interconnected zones. In
turn, 77 also increases by virtue of the favorable shift in the thermo-
dynamic equilibrium of the gasification reactions at higher temper-
atures.

Fig. 4 shows the dependence of 77and T, on the steam/fuel ratio
(*P). The higher the steam/fuel ratio, the lower the specific enthalpy
of reactants entering the gasification stage, the lower is the result-
ing gasifier temperature. In contrast, the H, yield increases with #
since higher H,O concentration shifts toward the right the equilib-
rium of the steam reaction CO+H,0=CO,+H,. Equilibrium calcu-
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Fig. 4. H, yield and gasifier temperature versus the steam/fuel ratio.
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lations for the steam reaction show that the H, molar fraction in-
creases three times when the steam concentration is doubled at fixed
CO concentration, for conditions that are similar to those of Fig. 4.
At higher values of ¥ an asymptotic value is achieved for the H,
molar fraction.

The combined influence of the air/fuel ratio (e) and the fluidization
velocity U,, on 77 and T, is illustrated in Fig. 5. It is worth noting
that in this diagram the fuel flow rate is fixed and e varies by chang-
ing the air flow rate in the riser. Both variables 7 and T, steadily
decrease with e because of the dilution effect in air and the lower
temperature attained in the combustion zone. The nonlinear behav-
ior, that is more marked for of T}, is due to the effect of approach-
ing the slip velocity. As e decreases by moving from the right to
the left of the diagram, the increase in the combustor temperature
is partly compensated by the lower bed circulation rate, the fluidi-
zation velocity U, decreasing and approaching the limit value U=
1.85 my/s, for a sand size of 2.0 mm.

The dependence of 77 and T, on the fuel moisture content (f) is
shown in Fig. 6. It appears that higher moisture content exerts a de-
trimental effect on both gasifier temperature and H, yield. In partic-
ular, T, linearly decreases with f, a larger energy being required for
the vaporization stage in the gasifier. Nevertheless, higher f leads
to an increased steam concentration upon evaporation that slightly
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Fig. 6. H, yield and gasifier temperature versus the fuel moisture
content.

compensates the energy loss effect on the H, yield, as shown on
the left side of the diagram.

Losses in efficiency could arise from mutual leakages in the two
interconnections between the combustor and the gasifier. In the bot-
tom section, gas from the gasifier enters the combustor together with
bed materials. Similarly, in the top section exhausts can pass to the
gasification vessel and, consequently, dilute/burn the syngas. In par-
ticular, the bottom leakage from the gasifier to the combustor is un-
avoidable, the gas being entrained together with the solid flow, and
plays a larger role with respect to the top leakage. Some calcula-
tions have been performed assuming that a fraction & of the steam
leaks from the gasifier to the combustor. Both combustor and gas-
ifier temperatures decrease at increasing leakage: for base case con-
ditions, T, decreases from 743 to 714 °C as &increases from 0.0 to
0.2. In turn, an effect on syngas composition is exerted because of
the lower gasifier temperature and the different mixing between
the reactants. The higher & the lower H, concentration and the higher
CH, concentration. However, a slight effect is noted on the whole
gasification efficiency.

CONCLUSIONS

The application of a thermodynamic model to a simplified scheme
of ICFB gasifier allowed the estimation of the syngas temperature
and its composition. The model predicts H, concentration up to 61%
on water free basis. The comparison between one-stage gasification
and the internal circulating fluidized bed scheme is notably favorable
for the ICFB process.

The dependence of the most important model results on a set of
operating conditions has been evaluated. Among these the bed in-
ventory, the steam/fuel ratio, the air/fuel ratio, and the moisture con-
tent in the fuel have been varied over a realistic range. The largest
changes for the hydrogen yield have been noted by changing the
steam/fuel ratio as well as the fuel moisture, since these variables
affect both the equilibrium temperature and H,O concentration.

Nevertheless, in a real system the achievement of thermodynamic
equilibrium is unlikely, particularly for the steam reforming reaction
of methane. Thus, the model estimates of H, concentration and yield
must be considered as optimistic and as a theoretical upper limit.

Losses in efficiency due to the mutual leakages in the intercon-
nections between the combustor and the gasifier can have detri-
mental effects on the temperature of combustion and gasification
zones, as highlighted by model calculations. The extent of leakage
(10-30%) strongly depends on the design of the gasifier as well as
on the operating conditions. The mechanism and minimization of
the leakage deserve further study, also in the modeling activity.
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NOMENCLATURE

B :total bed inventory [kg]
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: air/fuel ratio [kg/kg]

: fuel moisture content [%]

: coefficient for bed flow rate [kg m™'~]
: coefTicient for bed flow rate kg™ m™']
: bed height [m]

: surface of heat transfer [m*]

: temperature [K]

: fluidization velocity [m/s]

: terminal velocity [m/s]

: mass flow [kg/s]

: process efficiency [-]

cCCSuERRSO

N =

Greek Letters

y  :specific heat [J/(kg K)]
AH : heat transfer rate [W]

n  :Hyield [kg/kg]

@  :heating value [J/kg]

A coefficient of heat transfer [W/(m* K)]
& :leakage fraction [kg/kg]
¥ :steam/fuel ratio [kg/kg]
Subscripts

a : air

b : bed

ch :char

ex :exhausts

ref  :reference conditions

1 : bubbling FB gasifier
: combustor (riser)
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