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Abstract
The energy resources diversification has been increased with the energy crisis, in
particular, the renewable energies and optimal management have become essential in the context of sustainable development. The conventional auto-thermal
gasification processes burn part of the carbonaceous compound in order to
supply the energy necessary to enhance gasification reactions. This energy could
be provided as well by a nuclear reactor of IV generation. The nuclear heat is
transferred from the VHTR to a He stream, which is mixed with the steam before entering the reactor. The syngas produced in this process has a high quality
which is applicable for Fischer-Tropsch processor for power generation in fuel
cells. The present work aims to develop a model for char steam gasification in
a fluidized bed, with nuclear heat as the source of energy for the gasification
reactions. The results of the model are compared with the data reported in
the literature.
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1. Introduction
Throughout the history of humanity, energy has been the basis of the human
technological development. The change of energy sources was mainly due to the
change in mankind’s perception of the safety and comfort. Initially, this perception was targeted toward individuality and freedom of personal mobility. HowDOI: 10.4236/oalib.1106155
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ever, with the technological advances in astronomy, the man realized that life as
we know it, is only possible on this planet, and at the same time, its resources are
limited. These technological advances created a strong environmental awareness,
we are still seeking technological development but the care for our resources of
life is now included.
Hydrogen economy appears to be the best sustainable solution for the actual
energy issues, including the depletion of fossil fuels and the vast amount of CO2
in the atmosphere causing global warming. The advantage of using hydrogen as
an energy source is that water is the only combustion product [1].
Although hydrogen is a secondary energy source (it is not easily found in nature), some authors have described it as a clean energy source, its molecule is the
simplest and the only product of its combustion is steam, therefore, zero carbon
dioxide emissions are made. At the same time, with advances in fuel cells, hydrogen can be considered as stored electric energy.
Biomass is the most frequently used biofuel in the world [2] because of its neutral CO2 cycle and its high potential for hydrogen production [3]. Additionally, the
low sulfur content and the high volatile matter in the biomass increase the advantages of the biomass gasification process. The latter is conducted in a steam-only
atmosphere in order to produce a maximum of hydrogen with the biomass char
as the carbon source. Moreover, only-steam gasification has the advantages of
efficient tar reduction and higher char conversion [4] [5].
Given that the gasification process demands energy [6], through history, it has
been designed to create an auto energy (auto-thermal) provider process. The first
attempts were concentrated in the reactors design with combustion inside the
gasifier, in this way, the combustion gases arise the temperature and the gasification reactions are enhanced. Nowadays, a large amount of the existing industry,
pilot or laboratory scale gasifiers design is based on the experimental optimization
of older models. As a consequence combustion is conducted in a great number
of them.
Combustion inside the reactor is not desirable, the CO2 and nitrogen (when
air is used) concentrations are increased and consequently hydrogen concentration is reduced. To solve this problem, some authors propose a dual system [3]
[7] [8] in which the gasification products do not mix with those from the combustion, thus the hydrogen will not be diluted by nitrogen and other undesirable
gases. This kind of reactors, in which the energy source is placed outside the gasifier main body, is known as allo-thermal. The main disadvantage is that part of
the feedstock is used for non-gasification purposes, which reduces de process efficiency.
The aim to develop reactors with no combustion conducted has attracted the
attention of the engineers responsible for the gasifiers design. The development
in the nuclear (e.g. [6] [9] [10]) and solar or concentrated radiative energy (e.g.
[12]-[18]) technologies for gasification in the recent years, made possible the design of several gasifiers, enhancing the hydrogen production and reducing the
DOI: 10.4236/oalib.1106155
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carbon dioxide yield, as well as, the process efficiency is increased as all carbon
source is used only for gasification.
Depending on the energy source, the gases or the solids can be the hot phase
inside the reactor. This is the phase that provides the energy to enhance the gasification reactions. For example, in auto-thermal gasifiers, the combustion gases
are the hot phase. On the contrary, the gases are the cold phase in concentrated
solar radiation or with external heating resistances gasifiers (allo-thermal processes).
The fluidized bed reactor seems to be the best solution for the gasifiers design.
The most common gasifiers recently proposed [10] [11] [19]-[34] are fluidized
bed reactors, because of their homogenous temperatures, high gas velocities which
ensure a high mass and heat transfer, besides, the ideal gas-solids interactions for
heterogeneous reactions enhancement. Nevertheless, depending on the energy
source, if it is an auto-thermal or allo-thermal gasification, the hot phase (solids
or gases), the ratio between phases and orientation of streams, a gasifier may be
designed in a very different way compared to another with similar dimensions,
especially if the gasifier is designed to optimize hydrogen production.
Currently, based on the parameters mentioned above, no items or articles are
available in the literature with basic rules that help the engineer in the decisions
for a good gasifier design.
This paper aims to present an alternative different than the conventional methods, i.e. fluidized bed with nuclear heat (Figure 1).

2. Fluidized Bed Reactor
The fluidized beds are complex systems in which the hydrodynamics are highly
influential; therefore, the hydrodynamics are treated simultaneously with the gasification process.

Figure 1. Hydrogen production with nuclear energy (VHTR plant with a bubbling fluidized bed gasifier) [10] [11].
DOI: 10.4236/oalib.1106155
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In the model development, a “complete” gasification is presumed, which
means that only CH4, CO, CO2 and H2 are the gases produced during the whole
process.
The nuclear heat as the source of energy has been described in detail elsewhere
[6] [9].

Reactor Description
The two-phase theory of fluidization is implemented. Therefore, the emulsion
and the bubble phases are separated and the mass and heat transfer occurs only
between the bubbles and the emulsion and the emulsion and the solids [9] [23]
[35] as shown in Figure 2.
The bubble diameter grows in relation to the reactor height. For bubbles in
the same level in the reactor, the diameter is uniform, this is known as effective
bubble size [36].
The following assumptions are made regarding the reactor operation:
-

No inert gas is used in the gasification process;

-

Ideal behavior of gases is considered;

-

The bubbles are free of solids;

-

The system parameters change only in the Z direction (see Figure 3).
The reactor simulation uses the reactions shown in Table 1.

Figure 2. The bubbling fluidized bed gasifier in detail [10].
Table 1. Considered chemical reactions.
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o
∆H 298K

o
∆G298K

(kJ/mol)

(kJ/mol)

CO + H 2 O ↔ CO 2 + H 2

−41.1

−28.5

Water-gas (primary) reaction

H 2 O + C ↔ H 2 + CO

131.3

91.2

R3

Methanation reaction

C + 2H 2 ↔ CH 4

−74.8

−50.8

R4

Boudouard reaction

CO 2 + C ↔ 2CO

172.8

119.8

R n˚

Name

Chemical reaction

R1

Water-gas shift reaction

R2

4
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Figure 3. Volume control in the reactor [10].

3. Gasifier Equations
Figure 3 shows a volume control ( AR ∆Z ) fixed in the fluidized bed.
 Heat balance for the solids:

1 dAS
∂
hse (Te − Ts )
(δ s ρ sCpsTs ) = m eCpsTs − m sCpsTs +
AR dZ
∂t
−

1 dAS
AR dZ

∑ j = 2 rj ∆H r , j +
4

∂Qr
∂Z

(1)

where Qr is the radiative flux density, which is given by the approximation [37]:

16σ Ts 3 ∂Ts
.
3K ∂Z
 Heat balance for the 𝒊𝒊th gas:
o In the bubbles
Qr ( Z ) = −

∂

∑i =1 ∂t (δ bCibCpi (Tb ) Tb )
5

=

(

)

∂
1 dAB
5
U B ∑ i =1 CibCpi (Tb ) Tb −
hbe (Tb − Te ) + δ b rb1∆H r ,1
∂Z
AR dZ

(2)

 Heat balance for the ith gas:
o In the emulsion

∂

∑i =1 ∂t (δ eCieCpi (Te ) Te )
5

= UE
−

∂
∂Z

(∑

5
i =1

)

CibCpi (Te ) Te +

1 dAB
hbe (Tb − Te )
AR dZ

1 dAS
1 dAS
hse (Te − Ts ) + δ e re1∆H r ,1 +
AR dZ
AR dZ

(3)

∑ j = 2 rj ∆H r , j
4

 Mass equation for the ith gas:
o In the bubbles

∂ (δ bCib ) ∂ 
∂Cib  ∂ (δ bU bCib )
=
− δ b K be ( Cib − Cie ) + δ bαi1rb1
 Dib
−
∂t
∂Z 
∂Z 
∂Z
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 Mass equation for the ith gas:
o In the emulsion

∂ (δ eCie ) ∂ 
∂ (δ eCie )
∂Cie 
=
+ δ e K be ( Cib − Cie )
 Die
 − Ue
∂t
∂Z 
∂Z 
∂Z
1 dAS 4
+ δ eαi1re1 +
∑ j = 2 αij rj
AR dZ

(5)

 Mass equation for the solids:

∂M
∂m
1 dAS
=
− s+
∂t
∂Z
AR dZ

∑ j = 2 αij rj

(6)

4

The initial and boundary conditions for the equation system (1 - 6) are:
Cib = Cio
Cib = Cio

=
at t 0 =
at Z 0 et t ≥ 0 
Cie Cio =
Cie = Cio

M = M o

 ∂Cib
 ∂Z = 0
=
at Z H et t ≥ 0 
 ∂Cie = 0
 ∂Z
=
Tb T=
Tb Tb 0
b0


and, at t = 0 Te = Tamb at Z = 0 and t ≥ 0 Te = Tamb
T T=
T T
=
 s
 s
amb
amb

 ∂Tb
 ∂Z = 0
=
at Z H and t ≥ 0 
 ∂Te = 0
 ∂Z

4. Results
Three pilot scale gasifiers [12] [38] [39] [40] [41] were simulated in order to see
the effect of the H/D ratio and the bed heating dynamics in the gasification kinetics, Table 2 shows their operational parameters.
For each gasifier, different input parameters (gas input superficial velocity, steam
input temperature, steam to biomass ratio S/C) are tested. A base was chosen for
each variable and it was independently changed around this base, Table 3 shows
the conditions simulated.
The steam temperature was limited by the output temperature in the exchange
process with the VHTR. In contrast, for higher gas input velocity problems like
Table 2. Operational parameters for the three gasifiers.
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Gasifier n˚

Diameter (cm)

Bed height (m)

H/D

Gasifier 1 (G1)

10

3.20

32.00

Gasifier 2 (G2)

15

1.90

12.67

Gasifier 3 (G3)

22

1.10

5.00

6
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Table 3. Conditions simulated.
Gasifier n˚

Steam Temperatures (K)

U/Umf

S/C ratio (mol/mol)

G1

1073 - 1123 - 1173

2.5 - 3.5 - 4.5 - 5.5 - 6.5

3.3 - 2.6 - 1.3

G2

1173

3.5 - 4.5 - 5.5 - 6.5

Minimum

G3

1073 - 1123 - 1173

3.5 - 4.5 - 5.5 - 6.5

3.9 - 2.2 - 1.6

slugging could be present especially for G1, thus the system hydrodynamics
would change and create problems in the mass and heat transfer. The system
pressure was fixed in 1 atm and 1 mm for the particles diameter.
The molar steam to biomass ratio (S/C) was limited by the minimum biomass
input rate in order to maintain the bed height constant; otherwise the system
would never achieve the steady state.
The increase in the steam input superficial velocity enhances the turbulence in
the system, thus, the heat transfer between the gases and the solids is favored. As
a consequence, the solids at the bottom of the reactor are heated faster (Figure
4) and R2 is privileged, hence hydrogen and carbon monoxide yields are increased as seen in Figure 5. The yield of the dry fuel increase with increasing the
input gas temperature as found by Kentaro et al. (2010) [42], Lucas et al. (2004)
[5], Corella et al. (1991) [41] and Yu et al. (1997) [43].
Given that the only source of heat throughout the reactor is the hot steam, this
is the sole source that provides the energy for the endothermic reactions and at
the same time to heat the solids; therefore the output gas temperature will be diminished, especially if the rate of R2 is increased (Figure 5). These trends agree
with those found by Velez et al. (2009) [39] and Ross et al. (2007) [44].
The carbon monoxide yield was almost constant for the conditions tested and
its concentrations are smaller than those of hydrogen and carbon monoxide.
This statement agrees with the results found by Pröll et al. (2008) [7], Z’Graggen
and Standifeld (2006) [15] and Kaushal et al. (2008) [8] where the primary product
in the steam gasification (or high steam concentrations) is hydrogen and the second
is carbon monoxide.
These results are highly dependent of the bed heating dynamics because R1 is
exothermic while R2 is endothermic, thus a higher heating rate throughout the
reactor will enhance R2 increasing both the hydrogen and carbon monoxide
yields, while a heating rate more gradual will let R1 to produce more hydrogen
and consume the carbon monoxide produced by R1 at the bottom of the gasifier
(Figure 6). These results are in good agreement with those found experimentally
by Piatkowski et al. (2009) [12].

5. Conclusions
A fluidized bed gasifier with nuclear heat for gasifying biomass char (biochar)
with steam based on the systems’ kinetics is presented as a new method is presented.
The reactor modeling is based on the gasification kinetics, mass and energy balances, predicts gas yields and temperature profiles.
DOI: 10.4236/oalib.1106155
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Figure 4. Solids temperatures dynamics for G2 with: (a)

U
U
U
U
= 3.5 ; (b)
= 4.5 ; (c)
= 5.5 ; (d)
= 6.5 .
U mf
U mf
U mf
U mf

Figure 5. Gas concentrations at their gasifier as a function of time and reactor height, for G2 with
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Figure 6. The reaction rate R1 and R2 at their gasifier as a function of time and reactor height: (a) R1,

U
= 4.5 ; (b) R2,
U mf

U
U
U
= 6.5 ; (d) R2,
= 6.5 .
= 4.5 ; (c) R1,
U mf
U mf
U mf

Hydrogen is found to be the principal product of the steam gasification, as
reported in the literature data. The carbon dioxide yield seems to be smaller than
the ones in other works, but these differences are due principally to the energy
source (no combustion is conducted) and that char (no oxygen in the solids) was
used as the carbon source.
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Nomenclature
AB : Bubble phase area in the cross sectional area (m2)
AR : Bed cross sectional area (m2)
Ar : Archimedes number
AS : Solid phase area in the cross sectional area (m2)
Cib : Concentration ith gas in the bubble phase (kg∙m−3)
Cie : Concentration ith gas in the emulsion phase (kg∙m−3)
C g : Total gas concentration (kg∙m−3)
Ci′ : Current value of concentration in the iteration (kg∙m−3)
Cpep : Specific heat of the emitter plate (kJ∙kg−1∙K−1)
Cpi : Specific heat of ith gas (kJ∙kg−1∙K−1)
D: Bed diameter (cm)
d b : Bubble diameter (m)
Dib : Diffusion of the ith gas in the bubble phase (m2∙s−1)
Die : Diffusion of the ith in the emulsion phase (m2∙s−1)
d p : Particle diameter (m)
g: Acceleration of gravity (m∙s−2)
∆Gio : Free energy of formation of compound i (kJ∙kg−1)
H: Bed height (m)
hbe : Convection heat coefficient between bubbles and emulsion gas (kJ∙s−1∙m−2∙K−1)
hse : Convection heat coefficient between solids and emulsion gas (kJ∙s−1∙m−2∙K−1)
∆H r , j : Enthalpy of the jth reaction (kJ∙kg−1)
K: Extinction coefficient (m−1)
K eb : Mass transfer coefficient between emulsion gas and bubbles (s−1)
k g : Mass transfer coefficient between emulsion gas and solids (s−1)
M: Total solid mass in the reactor (kg)
M ep : Emitter plate mass (kg)
m : Biochar mass flow rate (kg∙s−1)
m e : Biochar mass input flow rate (kg∙s−1)
m s : Biochar mass output flow rate (kg∙s−1)
Qr : Radiative flux density in the bed (W∙m−2)
Qr solar : Concentrated thermal radiation (W∙m−2)
R: Universal gas constant (kJ∙mol−1∙K−1)
rib : Rate of the ith reaction in the bubbles (kg∙m−3∙s−1)
rie : Rate of the ith reaction in the emulsion gas (kg∙m−3∙s−1)
rs : Rate of the ith reaction in the solids (kg∙m−3∙s−1)
t: Time (s)
Tb : Bubbles temperature (K)
Te : Emulsion gas temperature (K)
Tep : Emitter plate temperature (K)
Ts : Solids temperature (K)
To : Input steam temperature (K)
U: Gas input superficial velocity (m∙s−1)
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U B : Bubble rising velocity (m∙s−1)
U E : Emulsion velocity (m∙s−1)
U mf : Minimum fluidization velocity (m∙s−1)
Z: Axial direction inside the reactor (m)
Greek symbols
δ b : Volume fraction of bubbles (m3 bubbles m3 reactor)
δ e : Volume fraction of emulsion gas (m3 emulsion gas/m3 reactor)
δ s : Volume fraction of solids (m3 solids/m3 reactor)
ε mf : Bed voidage at minimum fluidization conditions
 : Solids emissivity
ρ g : Gas density (kg∙m−3)
ρ s : Solid density (kg∙m−3)
σ : Stefan-Boltzmann constant (W∙m−2∙K−4)
µ g : Gas viscosity (Pa∙s)
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