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Abstract. Double fluidized bed gasification is based on the circulation of an inert bed between 

two reaction sections: the gasification reactor, where a solid feedstock, generally biomass. is 

converted into a syngas by steam or air oxidation; the combustor or riser, where residual char 

from the thermal decomposition of the feedstock is oxidized by air (in some cases with additional 

fuel) to provide the energy contribution for the gasification reactions and ensure autothermal 

operation of the system. In this work, detailed modelling of a dual fluidized bed steam gasification 

reactor is performed in Aspen Plus by incorporating: (1) gas, char and tar production during 

thermal decomposition of the feedstock according to experimental correlations developed and 

taken from the literature, (2) heterogeneous and homogeneous reaction kinetics in the gasifier 

bed and in the freeboard. The model has been validated by comparison with experimental results 

on different mixtures containing solid recovered fuels and woody biomass. The model is quite 

accurate in predicting the gas products composition for different feedstocks mixtures (root mean 

square error of 12% for CO, CO2, H2 and CH4) and enables coupling with different downstream 

liquid fuels synthesis processes (synthetic natural gas, methanol, dimethyl-ether, Fischer-Tropsch 

products etc.).  

1. Introduction  

The global energy crisis, intensified by the depletion of fossil fuels and environmental issues 

related to climate change, has prompted a shift in focus towards renewable energy sources [1]. 

Biomass, the fourth largest energy source worldwide, is regarded as the main alternative to 

replace fossil, offering the potential to produce clean and uninterrupted energy [2]. Unlike other 

renewable sources, biomass can be converted into a diverse range of energy carriers [3], 

underscoring its pivotal role in the energy transition.  

Given the controversy surrounding the use of biomass from agriculture for non-food 

purposes, such as biofuel production, attention has shifted towards utilising solid waste, 

particularly municipal solid waste (MSW) [4,5]. Solid waste gasification offers several advantages, 

including lower costs, energy recovery from non-recyclable materials, and improved waste 

management compared to landfill [6]. However, the utilisation of solely MSW or products derived 

from them, such as solid recovered fuel (SRF), as a feedstock presents several challenges that 

affect the process efficiency and syngas quality [7,8]. An alternative solution to these challenges 

https://creativecommons.org/licenses/by/4.0/


The 79th ATI Annual Congress
Journal of Physics: Conference Series 2893 (2024) 012015

IOP Publishing
doi:10.1088/1742-6596/2893/1/012015

2

is to utilise a combination of solid waste and biomass. This approach enhances syngas yield and 

improves process efficiency and economics. By adjusting the mixing ratio of the feedstock, the 

syngas composition can be tailored to specific needs, thus making co-gasification a flexible and 

efficient energy conversion approach [7]. 

Among the various gasification technologies, fluidised bed (FB) reactors are well-suited for 

this process due to their ability to deal with biomass of different types [5]. Double fluidised bed 

(DFB) reactors stand out due to their ability to produce high-energy syngas without the addition 

of pure oxygen compared to an autothermal gasifier [9]. A DFB gasifier is comprised of two 

interconnected fluidised bed reactors. The first reactor (gasifier) is employed for biomass steam 

gasification, while the second reactor, combustor or riser, provides the heat duty to drive the 

gasification reactions by the combustion of residual char and/or additional fuel. The heat transfer 

from the combustion reactor to the gasification reactor is achieved by circulating a solid carrier, 

i.e. an inert bed material [10], via a loop seal [11].  

Numerical models presented in the literature predominantly focus on fixed bed and bubbling 

fluidised bed (BFB) reactors [12], with limited attention given to DFB reactors and different 

feedstocks than biomass. Most of these models neglect some process variables to reduce the 

complexity of the simulations and limit the analysis to 100% biomass. For instance, Zhu et al. [13] 

have developed a kinetic model of DFB biomass gasification without including any hydrodynamic 

effect. The predicted CO, CO2 and H2 concentrations are in good agreement with the experimental 

data, however the CH4 concentration is lower than the experimental value since not all tar species 

have been considered. On the contrary, Abdelouahed et al. [14] have proposed a DFB biomass 

gasifier model using Aspen Plus with dedicated Fortran calculators. Because of the suitability of 

the selected pyrolysis correlations and the semi-detailed kinetic approach relating to tar 

conversion, the model predictions for CH4 and tar concentration agree with experimental data 

from the TNEE and FERCO processes. However, the model is applicable to 100% biomass.  

In this work a thermochemical model has been developed to accurately capture the 

complexities of DFB steam gasification with particular focus to the chemical processes involved. 

Woody biomass steam gasification has been simulated first, followed by the addition of a 

percentage of SRF to the feedstock. The model has been validated by comparing the syngas 

composition with experimental data. The model flexibility to different biomass/SRF mixtures at 

the selected thermodynamic conditions facilitates the development of a broader biorefinery 

concept [15,16]. 

2. Method  

The thermochemical model of a DFB gasifier processing biomass and SRF mixtures has 

been developed using Aspen Plus. The Peng Robinson equation of state with Boston-Mathias 

modification (PR-BM) has been employed to calculate the thermodynamic properties of the 

streams. Gasification of woody biomass has been initially modelled and subsequently extended to 

the use of mixtures containing SRF. The model has been validated by comparison with 

experimental data from the literature. 

2.1 Biomass gasification 

The model has been built according to the operating parameters indicated in Ref.  [17] for 

the Nong Bua DFB gasifier located in Thailand. The Aspen Plus flowsheet of the DFB  steam gasifier 

processing woody biomass is given in Figure 1. The proximate and ultimate analysis of the 

feedstock is given in Table 1. 
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Figure 1. Aspen Plus flowsheet of the double bed fluidized gasifier processing woody biomass 

pellets 

Table 1. Proximate and ultimate analysis of the woody biomass  

Proximate wt.% dry 
Fixed carbon 18.4 
Volatile Matter 80.5 
Ash  1.1 
Moisture 7.5 
Ultimate Analysis  
C 48.8 
H 5.9 
N 0.5 
O 43.7 
S 0 

The reactor is composed of two zones: (1) the gasification zone, where biomass is subjected 

to subsequent drying, pyrolysis, and steam gasification under bubbling bed conditions; (2) the 

combustion zone, where the residual char in the inert bed is burnt by external air under 

pneumatic transport conditions.  

The gasification zone has been initiated with an inlet biomass flow rate of 0.88 t/h, as 

indicated in Ref. [17]. The feedstock flow rate sent into the gasifier corresponds to a power input 

of 3.8 MWth. The biomass is initially subjected to drying in the DRYER reactor of Figure 1, which 

has been simulated with a RStoic. The fractional conversion of the biomass has been set to reach 

the total loss of the moisture content. Subsequently, the liberated water content is separated (SEP-

1) and then dry biomass is evolved in a RYield block (DEVOL), where char, tar, and volatiles 

liberation has been modelled. Detailed modelling of the pyrolysis step is crucial to accurately 

reproduce the syngas composition and energy content, due to tar release and subsequent 

cracking/reforming reactions [18]. The yields of each product phase (char, tar, gas) have been 

calculated by a calculator block according to the procedure and empirical correlations from the 

literature (Table 2). For simplicity, the char has been modelled as Cs, while the light hydrocarbons 
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other than CH4 have been collected into a representative molecule C2H4. Since tar is composed of 

many different products, four representative molecules (C6H6, C7H8, C6H6O, and C10H8) have 

been selected to describe the tar concentration, in accordance with the results in Ref. [19].  

Table 2. Coefficients for calculating the mass yields (Yi, based on dry biomass) of pyrolysis 

products by the formula yi=ai⋅T2+bi⋅T+ci. with T in Kelvin [19] 

Product a b c 
CH4 −4.341 × 10−5 10.12 × 10−2 −51.08 
H2 1.362 × 10−5 −2.517 × 10−2 12.19 
CO −3.524 × 10−5 9.770 × 10−2 −24.93 
CO2 3.958 × 10−5 −9.126 × 10−2 64.02 
C2H4 −6.873 × 10−5 14.94 × 10−2 −76.89 
1C2H6 8.265 × 10−6 −2.105 × 10−2 13.38 
C6H6 −3.134 × 10−5 7.544 × 10−2 −42.72 
C7H8 −4.539 × 10−6 0.687 × 10−2 1.462 
C6H6O 1.508 × 10−5 3.662 × 10−2 −22.19 
C10H8 −8.548 × 10−6 1.882 × 10−2 −9.851 
H2O 5.157 × 10−5 −11.86 × 10−2 84.91 

The gasification reactor has been modelled by a series of three continuous stirred-tank 

reactors (CSTR), representing the reactions occurring at three different reactor heights. The 

implemented reaction kinetic parameters are collected in Table 3, while the operating 

temperature values and vapor phase residence time (retrieved from the experimental data in Ref. 

[17]) are given in Table 4.  

In the gasifier bed, the pyrolysis products encounter an inlet superheated steam flow (400 

°C and 1 atm), that has been calculated according to a steam-to-biomass ratio of 0.5 (dry biomass 

based) as indicated in Ref. [17]. In the BFB gasifier model, the first reactor (CHAR-GAS in Figure 

1) represents the bed zone, in which the reactions of Eqs. (1)-(3) take place. The second and third 

CSTR blocks represent the lower and upper region of the freeboard (MID and FREEBOA in Figure 

1), respectively. Both reactors model the homogeneous reactions occurring between the product 

gases in the freeboard according to Eqs. (4)-(9).  

Table 3. Char gasification kinetic parameters inserted into the CSTR blocks where R is in 

[kJ/kmol], C in [mol/m3] 

Reaction Equation N. Ref. 

C + H2O → CO +  H2 r1(s−1) = 4.82 ∙  104 exp (−
211000

RT
)PH2O

0.51 [Pa] (1) [19,20] 

C + CO2 → 2CO r2(s−1) = 3.9 ∙  104 exp (−
215000

RT
)PCO2

0.38 [Pa] (2) [21] 

C + 2H2 → CH4 r3(s−1) = 4.31 ∙  10−5 exp (−
94800

RT
)PH2

0.93 [Pa] (3) [22] 

CO + H2O → CO2 +  H2 r4(mol m−3s−1) = 2.78 ∙  103 exp (−
12560

RT
) ∙ (CCO ∙ CH2O −

CCO2CH2

KWGS
) (4) [19,21] 

6C10H8   →   54C +  C6H6 +  21H2 r5(mol m−3s−1) = 3.4 ∙  1014 exp (−
350000

RT
)CC10H8

1.6 CH2
−0.5 (5) [17] 

C7H8 + H2 → CH4 + C6H6 r6(mol m−3s−1) = 1.04 ∙  1012 exp (−
350000

RT
)CC7H8CH2

0.5 (6) [17] 

C6H6 + H2O → 3C + 2CH4 + CO r7(mol m−3s−1) = 4 ∙  1016 exp (−
443000

RT
)CC6H6

1.3 CH2O
0.2  (7) [17] 

 
1 The yield of C2H6 has been incorporated into the C2H4 yields 
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C10H8 + 10H2O → 14H2 + 10CO r8(mol m−3s−1) = 1.81 ∙  104 exp (−
126900

RT
)CC10H8CH20 (8) [8] 

C7H8 + 7H2O →  11 H2 +  7 CO 
 

r9(mol m−3s−1) = 1.79 ∙  1011 exp (−
254500

RT
)CC7H8CH2O

−1  (9) [8] 

Table 4. Operating temperature values and residence time of the CSTR reactors 

 

Block CHAR-GAS MID FREEBOA 
Residence time [s] 0.6 1 1 
Temperature [°C] 855 830 810 

After the CHAR-GAS reactor, the unconverted char in the olivine bed is separated by a 

separator (SEP-2), which simulates a cyclone with unitary separation efficiency, and is sent to the 

combustion zone. An additional quantity of char, generated as a result of the tar cracking and 

reforming reactions, is separated from the product gas stream by a separator (SEP-4) and is 

conveyed to the combustion reactor. Here, complete char oxidation is achieved by interaction with 

stoichiometric air (0.17 t/h, preheated at 400 °C) in an adiabatic Gibbs reactor (COMB). Following 

combustion, the hot olivine is recirculated to the gasification section. The final gas stream is then 

separated from the impurities (tar, ash and inert gases) by a separator (SEP-4), to validate the 

final syngas composition with experimental data in Ref. [23]. 

2.2 Biomass and SRF gasification  

A second scenario, which incorporates a proportion of SRF within the conventional biomass 

feed, has been elaborated to extend the applicability of the DFB model. The proximate and 

ultimate analysis values of the SRF are collected in Table 5. The Aspen Plus flowsheet of the second 

scenario is presented in Figure 2. 

Table 5. Proximate and ultimate analysis of the SRF [24] 

Proximate wt.% dry 
Fixed carbon 6.7 
Volatile Matter 60.1 
Ash  33.2 
Moisture 8.0 
Ultimate Analysis  
C 53.9 
H 6.4 
N 2.5 
O 35.6 
S 0.6 
Cl  1 
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Figure 2. Aspen Plus flowsheet of the DFB gasifier processing a mixture of SRF and biomass 

The flow rates of the biomass and the SRF have been set according to Table 6, with different 

fractions of the two components. The total flow rate is evaluated to keep constant the power input 

into the gasifier. 

 

Table 6. Flow rate variations related to the SRF/fuel mass ratio [17] 

SRF/fuel mass 
ratio 

SRF flow rate 
[ton/h] 

Biomass flow rate 
[ton/h] 

Gasifier Power Input 
[MWth] 

0% 0 0.88 3.8 
10% 0.08 0.75 3.8 
20% 0.16 0.62 3.8 
30% 0.22 0.51 3.8 

 

The model is sufficiently flexible to accommodate for a large range of SRF/fuel mass ratios 

with sufficient accuracy (0%, 10%, 20% and 30%, where fuel stands for the sum of the biomass 

and the SRF sent into the reactor). The SRF undergoes the same reaction steps as the biomass 

and, for simplicity, a parallel reaction pathway has been inserted into the Aspen Plus flowsheet. 

This approach does not consider the potential interaction between biomass and waste during the 

pyrolysis stage. However, as discussed in Ref. [25], the resulting error is deemed negligible and 

can be disregarded.  

The SRF is processed in a dryer reactor (DRYIER-2) to eliminate all the moisture content. The 

pyrolysis step has been modelled with another RYield (DEVOL-2), which incorporates a Calculator 

block (CALC-2) implementing correlations interpolated from the experimental yields shown in 

Ref. [24]. The correlations, collected in Table 7, account for char, tar, and gas total mass yields, as 

well as for the tar and gas mass concentrations. The tar compounds have been divided into four 

groups (light aromatics, phenols, light PAHs, heavy PAHs) represented by four molecules, namely 

C7H8, C6H6O, C10H8, and C16H10. For simplicity, the tar composition in the gas products has been 

set as the average value from the tests in Ref. [24]. The CO2 and C7H8 mass yields have been 

calculated by difference from unity. 
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The hot sand stream exiting the combustion reactor is redirected to the gasifier and split 

between the two feeding systems in proportion to the mass flow rate of each feed. After this step, 

the model follows the same reaction pathway described for biomass steam gasification.  

Table 7. Coefficients to calculate the mass yields (Yi, based on dry biomass) of SRF pyrolysis 

products by the formula Yi=ai*T2+bi*T+ci with T in °C 

Products a b c 
Char 1.0296 ⋅ 10−4 1.6144 ⋅ 10−1 8.3089 ⋅ 101 
Gas 2.8314 ⋅ 10−4 2.1009 ⋅ 10−1 6.2548 ⋅ 101 
Tar −4.066910−1 4.0108 ⋅ 10−1 5.5949 ⋅ 101 
𝐂𝐇𝟒 -1.471E-04 1.877E-01 -4.206E+01 
𝐂𝟐𝐇𝟒 6.370E-06 -4.545E-02 4.074E+01 
𝐇𝟐 -9.739E-05 1.833E-01 -6.414E+01 
𝐂𝐎 3.317E-04 -4.542E-01 1.764E+02 
𝐂𝟏𝟔𝐇𝟏𝟎 - - 5.20E-01 
𝐂𝟏𝟎𝐇𝟖 - - 2.13E+01 
𝐂𝟔𝐇𝟔𝐎 - - 2.49E+00 

Experimental results indicate that temperature profile in the gasification reactor vary with 

the SRF proportion in the feedstock. Therefore, appropriate temperatures of the three CSTR 

reactors have been selected according to the values collected in Table 8. Moreover, given that the 

quantity of char entering SEP-2 depends on the composition of the initial feed, the stoichiometric 

quantity of combustion air must be recalculated for each mixture. The remaining operating 

parameters (residence times and steam-to-biomass) have been set as in Table 4. 

Table 8. Temperature conditions [°C] in the three CSTR block according to the SRF mass fractions 

[17] 

Block 0% 10% 20% 30% 
CHAR-GAS 855 870 860 875 

MID 830 835 820 845 
FREEBOA 810 815 800 815 

3. Results 

  The model validation for 100% woody biomass is presented in Figure 3 according to the 

experimental syngas composition from the Nong Bua plant [17].  
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Figure 3. Model validation for the biomass only case by comparison with the experimental syngas 

composition (% vol) from Ref. [17]  

In general, the model is in good agreement with the experimental data. The H2 and CO2 

concentrations are above the experimental values by around 10.3% and 5.2%, respectively. This 

can be attributed to the water gas shift reaction (Eq. (4) in Table 3) and better calibration of the 

residence times in the gasifier freeboard region is expected to reduce the error. A larger error is 

observed for the light hydrocarbons concentrations (14.5% for CH4 and 48.9% for C2H4). The 

model underpredicts the C2H4 concentration since this is a fictitious molecule that has been used 

to close to unity the experimental data values in Ref. [17]. As for CH4, a better calibration of the 

tar reforming reaction is expected to reduce the observed error, similarly to the CO and CO2 

concentrations. Moreover, the apparent variability in the experimental results provided by the 

Nong Bua plant can be responsible for larger relative errors in the final syngas composition, as 

discussed in Ref. [25].  

In Figure 4, the model has been extended and validated according to four different SRF 

mass fractions (0%, 10%, 20% and 30% wt) in the feedstock. It must be noted that the same SRF 

proximate and ultimate analyses used to build the pyrolysis model (Table 5) have been used for 

validation, although there might be differences with the composition of the Nong Bua plant 

feedstock [17]. In general, except for a more visible increase in the H2 concentration at low SRF 

mass fractions, the other gas species concentrations do not show significant changes with 

increasing SRF mass fractions. The model can reproduce this behaviour with a good degree of 

accuracy, although it tends to underpredict the C2H4, CH4 concentrations and to overpredict the 

CO and CO2 concentrations., as in the sole biomass scenario.  

 The root mean square error (RMSE) computed for all gas species except the light 

hydrocarbons is equal to 12%. By including C2H4 it rises to 34%, although it represents a 

negligible contribution to the total syngas concentration.  
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Figure 4. Model validation with different SRF mass fractions in the feedstock according to the 

syngas composition (% vol)  

4. Conclusions 

Steam gasification of biomass and solid waste is expected to play a key role in the future 

energy transition. The combination of biomass and solid waste as a feedstock enables economic 

competitivity of the technology and is therefore the objective of this work. Detailed modelling of 

double fluidized bed steam gasification of biomass/solid recovered fuels mixtures has been 

performed in Aspen Plus. Experimental correlations retrieved from the literature have been 

implemented to reproduce the biomass thermal decomposition in the bed. Similarly, polynomial 

correlations have been developed from experimental data on solid recovered fuel pyrolysis and 

implemented in the model. The gasification reactor has been divided into three reaction sections: 

the bed zone, the middle height, and the freeboard. Heterogeneous reactions of char gasification 

and char methanation have been implemented in the first zone in a continuous stirred tank 

reactor, while homogeneous reactions (water gas shift, tar cracking, tar reforming) between the 

volatiles have been inserted into two continuous stirred tank reactors in series with different 

operating temperature conditions dependent on the specific feedstock considered. In general, the 

model results reproduce correctly the trends of the experimental data with larger errors for CH4 

and light hydrocarbons. The root mean square error computed accounting for CO, CO2, CH4 and 

H2 (neglecting further light hydrocarbons) is equal to 12%, while by including C2H4 as a 

representative molecule of further non-detected gas species it rises to 34%. The model flexibility 

to large ranges of SRF/biomass ratios in the feedstock allows for optimal coupling with 

downstream processing units for liquid fuels production. Future development of this work is to 

reproduce bed hydrodynamics (for instance with a cold flow model) and calibrate accordingly the 

thermochemical model. Additionally, a more precise approximation of the gasifier reactor will be 
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performed by dividing it into the bubbling zone and the emulsion zone according to the void 

fraction values. 

Nomenclature 

 

BFB  Bubbling fluidised bed reactor 

CSTR  Continuous stirred-tank reactor 

DFB  Double fluidised bed reactor 

FB   Fluidised bed reactor 

MSW  Municipal solid waste 

PR-BM  Peng Robinson equation with Boston-Mathias modifications 

RMSE  Root mean square error 

SRF  Solid recovered fuel 
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