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ABSTRACT 

This paper investigates the heat supply to the fast pyrolysis 

process, by addition of oxygen in the fluidizing gas. Since the 

technology will be further developed, a solution for the heat 

supply in a large-scale reactor must be conceived, which is 

one option to achieve the primary target: to operate with as 

little extra heat as possible. 

Corrections for the granular bed material and the biomass 

particles are implemented in the simulation. User Defined 

Functions (UDF) is extensively used to describe interactions 

of heat and momentum between the phases and a chemistry 

model is employed to describe the chemical reactions after 

pyrolysis. 

The results are preliminary; however, the oxygen clearly reacts 

to provide heat. Primarily the secondary tar reacts and a loss 

of about 30% organic liquid yield is the result in this 

simulation, at an equivalence ratio of 0.026. 

If heat only can be recovered from the bed zone, through the 

bed material, then a higher equivalence ratio than what was 

investigated in this paper would be needed.  

If heat can be recovered from the whole reactor then a slight 

injection of oxygen would result in an autothermal system; 

which means the necessary heat to generate and pre-heat steam 

would be available.  

Temperature instability in the freeboard prevented 

investigation of higher equivalence ratios, which should be 

pursued in further work. 

Keywords: CFD, fast pyrolysis, pyrolysis oil.  

INTRODUCTION 

Fast pyrolysis of biomass implies pyrolysis with 

conditions maximized for production of liquids. The 

liquids are in vapour form in the process but when 

condensed outside the reactor they will typically form a 

dark, viscous, liquid called pyrolysis oil. A common 

reactor is the fluidized bed, which either is circulating or 

bubbling. 

The main idea of our previous work is to use steam, as 

fluidizing agent that according to (Kantarelis et al. 

2013) will produce deoxygenated oil, which in turn 

improves stability, acidity and calorific value. Dilution 

by water is a matter to be resolved; however, different 

separation methods exist by which chemicals can be 

extracted. 

This process has the potential to convert large amounts 

of woody biomass to various fuels or chemicals, if 

upgraded in-situ or ex-situ. The concept, which we 

investigated previously, involves a fluidized bed with 

sand as the bed material and steam as the fluidizing gas 

(Kantarelis et al. 2013). The use of catalytic bed 

material in combination with steam was introduced in 

two prior publications (Kantarelis et al. 2014, Kantarelis 

et al. 2014). The catalyst contributes to a much higher 

quality of the liquid product, requiring less post 

treatment.  

Constructing an industrial scale fluidized bed reactor for 

fast pyrolysis (or catalytic fast pyrolysis) of biomass 

requires consideration for sufficient heat supply. The 

fast pyrolysis can only be accomplished if high 

temperature in the bed material can be maintained; in 

this paper, we try to solve this by introducing oxygen 

mixed with the fluidizing gas. However, other solutions 

can be found in literature, these include: 

 Heat supplied by pre-heated fluidizing 

gases 

 Heat supplied by the reactor walls, through 

convection and radiation 

 Pipes or channels inside the fluidized bed, 

which supplies heat from a secondary 

reactor where pyrolysis char or gas is 

combusted 

Fluidized beds can also be used for heat exchange 

applications, meaning that the bed is a heat sink or heat 

source. This is typical in boilers where water-filled pipes 

generate high-pressure steam, with aid of the bed as a 

heat source. 

Heat by an oxidizer is another method, which could 

provide benefits of uniform heating and flexibility in 

operation. The temperature drop by using a moist 

feedstock could be counteracted with an extra oxygen 

supply, as an example.  

In order to the investigate potential, a model which takes 

into account the fluid flow of the reactor is needed. 

Hence, this paper uses CFD coupled with a pyrolysis-

oxidation model, to estimate the heat generation due to 

oxygen in the fluidizing gas and what pyrolysis products 

that primarily react with oxygen. With this information, 

the effect on product composition can be estimated.  

In previous modelling work (Mellin et al. 2013, Mellin 

et al. 2014), nitrogen was used as a fluidizing agent. 

In this work, we have utilized steam but nearly the same 

results should be obtained using any other inert 

fluidizing agent with the same molar flow rate.  

(Li et al. 2014) have investigated the influence of the 

Equivalence Ratio (ER) in a previous paper. 
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Autothermal operation was achieved at an equivalence 

ratio of about 0.05, which consumed about 22% of 

pyrolysis oil (at 500°C).  

The purpose of this paper is to investigate the operation 

for our conditions, to see which reactions that primarily 

is responsible for heat release as well as the distribution. 

The equivalence ratios used for this paper is given in 

Table 1, the molar flow rate of the fluidizing gas is kept 

constant at 55.55 mol/h. The feeding rate of biomass 

was 5.7 kg/h, with a moisture content of 9.8 %wt.  

Table 1: Parametric study of oxygen addition as ER. 

ER [-] O2 [mol/h] H2O [mol/h] [gO2/gdry biomass] 

0 0.000 55.554  0.000 

0.0088 1.946 53.604 0.004 

0.0175 3.892 51.658 0.008 

0.0263 5.838 49.712 0.012 

 

Preferably, the exothermic and the endothermic 

reactions should balance each other at the same location 

in order to ensure temperature uniformity. In fact, 

uniformity in the bed is an important aspect when 

scaling up the technology.  

In the next section, the model is described together with 

the pyrolysis-oxidation model. Then results are shown 

for the four cases shown in Table 1.  

MODEL DESCRIPTION 

The model is based on an Euler-Euler multiphase 

framework. ANSYS Fluent 14.5 is used for the 

simulations, using the Ferlin cluster through the Swedish 

National Infrastructure for Computing (SNIC). A 

heterogeneous kinetically controlled sub model 

describes the chemistry.  

The main interest in this work is the oxygen, reacting 

with components in the gas phase. As a result, a 

simplified approach is considered adequate. Therefore, 

sand and biomass is modelled as one phase eulerian 

phase, which is a simplification introduced in a previous 

paper (Mellin et al. 2013).  

We have also developed another more comprehensive 

model with three phases to take better into account the 

solids flow (Mellin et al. 2014). The comprehensive 

model is more demanding in computational resources, 

which is prohibitive for parametric studies.  

Conservation equations are solved for each phase, the 

mixture phase and each specie at each iteration in every 

time step. The mass conservation equation for any phase 

is given in (1). The source term in the equation is due to 

reactions or any inlet.  

 

Mass equation 

 ( )i i i i i i iu m S
t


   


  

 
(1) 

 

The momentum (2) equation for the fluid phase is 

written in similar way. The stress tensor for the fluid 

phase and the granular phase is given in (4) and (5) 

respectively. The bulk viscosity of the granular phase is 

given in (6). The shear viscosity is given in (7), where 

the kinetic viscosity is assumed zero while collisional 

and kinetic viscosity is defined in (8) and (9) 

respectively. 

This momentum equation also considers the interaction 

between the phases, which is expressed by (10); 

following the work by (Syamlal and O’Brien, 1993). 

The umf is estimated to 0.08 m/s at room temperature for 

this bed material, see Figure 1. 

 

Figure 1: Pressure drop and fluidization velocity. (Mellin et 

al. 2013) 

The drag force is computed using coefficients defined in 

(11) and (12), tuning of the coefficients  

C1 and C2 has been done according to the measured 

minimum fluidization velocity, umf, and thus being set to 

9.19 and 0.28 respectively.  

 

Momentum equation for fluid phase 
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Momentum equation for granular phase 
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Stress tensor equation for fluid phase 
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Stress tensor equation for granular phase 
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Equation for bulk viscosity in the granular phase 
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Equation for solid shear viscosity 
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Collisional and kinetic viscosity respectively 
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Moment interaction coefficient between the phases 
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Equation (13) gives the energy conservation equation 

for the fluid phase; here another interaction term is used. 

The interaction term corresponds to the work (Gunn, 

1978); see (14) and (15).   

 

Energy equation  
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Energy interaction coefficient between the phases 

2

6 f s f s

sf

s

k Nu
h

d

 


 
(14) 

    2 0.2 1/3 2 0.7 1/37 10 5 1 0.7 1.33 2.4 1.2s f f s f f sNu Re Pr Re Pr         
 

(15) 

 

Equations are also solved for each specie (16), here 

taking into account creation and destruction due to 

reactions. A diffusivity of 2.88×10
-5

 m
2
/s is assumed for 

the gas phase and 1×10
-10

 m
2
/s for the solid phase. The 

species involved in this simulation is given in Table 3.  

 

Specie equation 

   f f i f f f f f fY Y v m S
t
   




   (16) 

 

The reactions used in this work are shown in Table 2, 

alongside the reference to mechanism and kinetic data. 

Stoichiometric coefficients are given in Table 3. 

Table 2: Reactions employed in this work. 

No. Reaction Mechanism 

1 Water gas shift (Zhang et al. 2011) 

2 Primary pyrolysis to gas and char (Mellin et al 2013) 

3 Primary pyrolysis to p.tar (Mellin et al 2013) 

4 Secondary pyrolysis to s.tar and gas (Mellin et al 2013) 

5 Drying of biomass (Mellin et al 2013) 

6 Steam gasification of char (Zhang et al. 2011) 

7 Volatile activation (Mellin et al 2013) 

8 Oxidation of CO (Wu et al. 2013) 

9 Oxidation of H2 (Wu et al. 2013) 

10 Oxidation of p.tar (Wu et al. 2013) 

11 Oxidation of s.tar (Wu et al. 2013) 

12 Oxidation of CH4 (Wu et al. 2013) 

13 Oxidation of char to CO(CO2) (Wu et al. 2013) 

14 Gasification of char (Wu et al. 2013) 

Table 3: Stoichiometric coefficients for the reactions. 

No. CO CO2 H2O H2 C2H4 C CH4 Tar1 Tar3 O2 

1 -1 1 -1 1       

2 0.32 0.19 2.65 0.02 0.08 6.14 0.15    

3        1   

4 2.90 0.36  1.25   0.80 -1 0.41  

5   1        

6 1  -1 1  -1     

7           

8 -1 1        0.5 

9   1 -1      0.5 

10  5.54 0.33     -1  3.3 

11  6 3      -1 7.5 

12 1  1    -1   0.5 

13 2 (1)    -2(1)    -1 

14 2 -1    -1     

Reactor geometry, mesh and time step 

The reactor is cylindrical with an initial bed height of 12 

cm, as the simulation progresses the fluidization results 

in a bed height of about 14 cm. In total, the bed material 

consists of 0.5 kg of SiO2. The geometry is shown in 

Figure 2. The walls are adiabatic in this model, while in 

previous work a fixed temperature was used. The mesh 

size is large, in order to enable parametric studies. Total 

cell number is 31,141 with a maximum cell volume of 

2.3×10
-7

, equivalent to side length of about 6 mm.  

The time step was kept at a fixed value of 7.5×10
-4

 s 

though during the starting seconds a lower value of 

1×10
-4

 s to 5×10
-4

 s was used. Until about 0.5 s, a Stiff 

Chemistry Solver was utilized to aid in the convergence 

of the simulation. 

 

Figure 2: Reactor geometry, inlet and outlet. 

RESULTS 

20 seconds of physical time was computed in total for 

all cases. The initial temperature in all cases was 500 

°C. At the end of the simulation, the average bed 

temperature was 455, 461, 463 and 464 °C respectively; 

this indicates that temperature so far only has a small 

effect on the reactions employed in this simulation. 

However, it will change as the conditions slowly 

stabilize. Figure 3 shows the mass fraction of O2 in the 

reactor, most reacts in the lower part.  

 

 

Figure 3: Mass fraction of O2 in cross section (Z = 0), at 20 s. 
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Table 4: Reaction rate in the reactor for different ER. 

No. Reaction rate 

 ER = 0 ER = 0.0088 ER = 0.0175 ER = 0.0263 

1 1.63E-08 2.16E-08 2.26E-08 2.20E-08 

2 4.94E-06 4.94E-06 4.95E-06 4.95E-06 

3 4.96E-06 4.95E-06 4.96E-06 4.95E-06 

4 1.34E-06 2.39E-06 2.54E-06 2.60E-06 

5 8.81E-06 8.61E-06 8.74E-06 8.81E-06 

6 1.01E-09 1.24E-09 1.67E-09 1.65E-09 

7 9.89E-06 9.88E-06 9.88E-06 9.89E-06 

8 0.00E+00 1.34E-07 2.45E-07 4.23E-07 

9 0.00E+00 2.78E-07 3.44E-07 4.27E-07 

10 0.00E+00 2.67E-11 8.99E-11 2.22E-10 

11 0.00E+00 4.74E-08 8.62E-08 1.26E-07 

12 0.00E+00 7.89E-12 2.77E-11 7.08E-11 

13 0.00E+00 7.33E-14 1.50E-13 2.35E-13 

14 6.58E-19 8.23E-19 9.37E-19 9.99E-19 

 

The simulation results were evaluated based on the 

reaction rates in the whole reactor, which are given in 

are given in Table 4. The temperature field at the top 

maintained a high temperature; a limit was put on 

temperature not to exceed 850 K, as to have realistic 

yields. 

The oxidizing reactions, 8-13, increase steadily with 

higher ER. The reactions were used to determine what 

oxygen prefers to react with; Figure 4 shows the 

fractionation of oxidizing reactions, secondary tar is 

quickly consumed, after that H2 and then CO. A deeper 

investigation into the kinetics data should be made to 

determine why. 

 

Figure 4: The fraction of O2 towards different reactions. 

Figure 5 shows the resulting product distribution of the 

different cases, at the outlet of the reactor (except for 

char which was evaluated based on formation rate). The 

liquid yield decreases, which is a trade-off for an 

authothermal process. The gas yield is comparatively 

low for the first case; however, it quickly increases as 

with higher oxygen additions and increasing 

temperature. 

  

Figure 5: The pyrolysis products as function of ER. 

The higher gas yield with higher temperature is due to 

secondary tar cracking. See the temperature field in 

Figure 6. The water yield remains similar in all cases, 

the difference of a few 2-3 % may be attributed to 

temporary fluctuations in each case. 
 

 

Figure 6: Gas temperature in cross section (Z = 0), at 20 s. 

The momentous heat provided by the reactions is given 

in Figure 7. At this slightly elevated temperature, the 

organic liquid cracks and produce heat, which results in 

the first case having a positive net reaction heat. 

However, most of this heat is generated in the upper part 

of the reactor. Only a small net heat gain is evident in 

the lower part of the reactor.  

 

Figure 7: The heat generated by different reactions as 

function of ER, also net heat generation for the bed zone and 

the whole reactor. 
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The pre-heated gas provides, in all cases about 240 W of 

sensible heat and 628, 606, 584 and 562 W of latent 

heat; in the case of ER = 0, 0.0088, 0.0175 and 0.0263 

respectively. Thus to generate the same amount of 

preheated steam, the requirement is high, which is 

shown in Figure 8. The process could be autothermal if 

the heat were recovered from the whole reactor, with a 

very small amount of oxygen. If heat only can be 

recovered from the bed zone, then a higher equivalence 

ratio than what has been investigated in this paper of 

would be needed.  

 

Figure 8: The pyrolysis products as function of ER. 

These numbers are preliminary and higher ER should be 

investigated as well. Temperature stability could be a 

bigger problem in that case; as such, the model should 

be further investigated and developed to understand this 

complex phenomenon better. 

The char generated in the process could be used as well 

to generate heat for the process. This char is not a part 

of the estimates in this paper and should be investigated 

further. A secondary reactor with a separate heat balance 

would be needed to utilize this heat, which requires 

further considerations.  

Regarding the other reactions participating in the fast 

pyrolysis, it is interesting to note that the Water gas shift 

reaction is not so active. Neither is the steam 

gasification, which commonly results in high 

gasification efficiency. However, temperature is likely 

too low in this case, which makes the reactions occur 

very slowly. 

CONCLUSION 

The conclusions are: 

1. The results are preliminary; however, the 

oxygen clearly reacts to provide heat. Primarily 

the secondary tar reacts and a loss of about 

30% organic liquid yield is the result in this 

simulation, at an equivalence ratio of 0.026. 

2. If heat only can be recovered from the bed 

zone, through the bed material, then a higher 

equivalence ratio than what was investigated in 

this paper would be needed.  

3. If heat can be recovered from the whole reactor 

then a slight injection of oxygen would result in 

an autothermal system; which means the 

necessary heat to generate and pre-heat steam 

would be available.  

4. Temperature instability in the freeboard 

prevented investigation of higher equivalence 

ratios, which should be pursued in further 

work. 
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