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Abstract 

In this work, two approaches to predict the producer gas composition obtained by direct 

(air) biomass gasification in bubbling fluidized beds were developed and compared, 

namely empirical modelling based on reported experimental results in the literature and 

non-stoichiometric chemical equilibrium modelling. For this purpose, an extensive 

database containing a set of 19 published experimental results from the literature was 

compiled and a non-stoichiometric chemical equilibrium model developed. 

The prediction capability of the empirical and chemical equilibrium model was 

evaluated by comparison with experimental data obtained in an 80kWth bubbling 

fluidized bed direct (air) biomass gasifier. The empirical model shows moderate 

accuracy in the determination of the producer gas composition (CO, H2 and CH4), 

whereas the chemical equilibrium clearly overestimates the concentration of H2 and 

CO, and underestimates the concentration of CH4, leading to subpar accuracy in the 

determination of typical gasification efficiency parameters. Thus, the empirical model is 

suited for preliminary estimates of gasification products, while black-box chemical 

equilibrium modelling, without experimental knowledge integration, is considered as 

unreliable for these gasification conditions. 

Keywords: biomass; bubbling fluidized bed; gasification; producer gas; chemical 

equilibrium; empirical modelling.  
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Abbreviations and nomenclature 

Latin symbols 

ANN Artificial neural network [-] 

BFB Bubbling fluidized bed [-] 

C Carbon (monoatomic) [-] 

C(s) Char as unconverted solid carbon [-] 

CCE Carbon conversion efficiency [%] 

CEM Chemical equilibrium model [-] 

CFD Computational fluid dynamic [-] 

CGE Cold gas efficiency [%] 

CH4 Methane [-] 

C2H4 Ethylene [-] 

C2H6 Ethane [-] 

C3H8 Propane [-] 

CO Carbon monoxide [-] 

CO2 Carbon dioxide [-] 

daf Dry ash free [-] 

db Dry basis [-] 

ER Equivalence ratio [-] 

H Hydrogen (monoatomic) [-] 

H2 Hydrogen [-] 

H2S Hydrogen sulfide [-] 

H2O Water [-] 

i Gaseous compound CO2, CO, CH4 and C2H4 [-] 

LHV Lower heating value [MJ/Nm3] 

LHVF Lower heating value of the biomass [MJ/kg db] 

LHVG Lower heating value of the dry gas produced [MJ/Nm3] 

MC Molar mass of Carbon [kg/mol] 

mF Biomass (dry basis) mass flow rate [kg db/s] 

N Nitrogen (monoatomic) [-] 

N2 Nitrogen [-] 

Nm3 Refers to m3 at normal pressure (1.013×105 Pa) and temperature (273 K) [-] 

O Oxygen (monoatomic) [-] 

PCC Pearson-R correlation coefficient [-] 

PG Absolute pressure of the dry gas [Pa] 

R Ideal gas constant [J.mol-1.K-1] 

RFB Residual forest biomass [-] 

S Sulfur [-] 

SO2 Sulfur dioxide [-] 

TG Absolute temperature of the dry gas [T] 
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VG Dry gas volumetric flow rate [Nm3/s] 

WCF Mass fraction of total Carbon in the biomass [kg C/kg biomass db] 

Ygas Dry gas specific production [Nm3 dry gas/kg dry biomass] 

yi Molar fraction of CO2, CO, CH4, C2H4, in the dry gas produced [-] 

%v Volume percentage [%] 

%wt Weight percentage [%] 

 

Greek symbols 

ɛC,I Molar fraction of Carbon in i [mol C/mol i] 
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1. Introduction 

Biomass gasification modelling is recognized as a promising approach for 

designing, up-scaling and operating gasification processes and technologies [1–3], 

serving as an useful complement to experimental research [1,4–6]. This technique 

allows the evaluation of the impact of operating parameters, such as equivalence ratio 

(ER), feedstock composition and temperature on the producer gas quality and overall 

process efficiency [7]. The desired composition of the producer gas is a major 

parameter that defines the configuration and design of the gasifier and the selection of 

the process operating parameters. Thus, numerical modelling is a relevant supporting 

tool for the configuration and design of gasification plants, including equipment size, 

startup and shutdown requirements, process control and the determination of the 

necessary infrastructures to handle the feedstock and the gasification agent [2]. During 

the gasification plant operation, modelling tools can also be important to predict the 

impact of unintended operating parameters modifications, such as the variation of 

feedstock characteristics, to interpret the causes behind gas composition changes [2], 

to assist in reducing problems related to tar and char formation [3] and to be able to 

continuously optimize the process. 

In this respect, several mathematical modelling approaches have been under 

research and were proposed in the literature to characterize and predict this complex 

process [3,5,8–10]. Generally, these can be classified into the following main groups 

[3,11]: 

i) Kinetic models; 

ii) Computational fluid dynamic (CFD) models; 

iii) Artificial neural network (ANN) models; 

iv) Chemical equilibrium models (CEM). 

Kinetic models study the progress of reactions in the reactor, giving the products 

composition in distinct locations along the gasifier [3]. It is argued that these models 
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provide accurate and reliable results, however, they are complex and computationally 

intensive and have limited application for distinct gasification plants with different 

design and characteristics [10,11]. CFD models can simulate physical phenomena, 

solving equations of balance of mass, momentum and energy over a discrete region of 

the gasifier, providing an accurate prediction of temperature and gas yield in the whole 

reactor [3,11]. However, these models require large amount of information (detailed 

reactor design, material properties, etc.,) and high computational resources [11]. ANN 

models are relatively novel for modelling gasification processes [3]. These models do 

not require a mathematical description of the phenomena associated with the system 

[5] but require large amount of consistent experimental data to train the network to be 

able to predict the behavior of the gasifier with accuracy [3]. A more detailed 

explanation and in-depth review of these models is out of the scope of this work. 

Readers can refer to other published works [4,8,10,12]. 

CEMs are the most common modelling approach for biomass gasification [4,13]. 

These models can predict the products of gasification by assuming that the reactants 

are allowed to react in fully mixed conditions for an infinite period of time [14], 

reproducing ideal gasification performance and predicting the maximum yields 

attainable by the reagent system [3]. The main advantages are the possibility of 

running the model without knowing the gasifier design [1,10] and the simplicity and 

reduced computational time [3]. CEMs are promising to determine first estimates of the 

composition of the producer gas, taking in account the influence of the process 

operating parameters (e.g., ER, temperature and pressure) and the feedstock 

characteristics (e.g., the chemical composition) [14] and to perform concept studies, 

preliminary analysis and optimization procedures [1]. These models are commonly 

used as a first approach to predict the producer gas composition from biomass 

gasification and to determine the optimal biomass feedstock for specific applications 

[3,15–18]. 
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There are two main types of CEMs: stoichiometric models, which are based on 

equilibrium constants and require knowledge regarding the reactions paths and 

reactions equations, and non-stoichiometric models, which are based on minimizing 

the Gibbs free energy in the system and do not require knowledge of the process 

reactions mechanisms [9,10,14]. Puig-Arnavat et al., [10] argues that the two 

approaches are equally suitable to model biomass gasification processes. Sikarwar et 

al., refer that stoichiometric models can present significant deviations from real life 

scenarios if important reactions are neglected, and that the non-stoichiometric 

approach is more suitable for biomass gasification processes due to the uncertainty of 

gasification reaction mechanisms [7]. These modelling techniques can also have 

different approaches, for example by integrating experimental knowledge [19,20] and 

kinetics [10] or considering that only part of the process attains equilibrium [1]. In this 

respect, modified CEMs [21–23] and restricted CEMs [13,24] are under research. 

In practical gasifier plants, the chemical interactions inside the gasifier take place in 

a finite time, and the CEM predictions have mixed success depending on the reaction 

temperature and residence time [7]. Therefore, assumptions of infinite reaction speed 

and that all reactions will be complete can be far from realistic for several practical 

gasifiers [14]. In fact, it is argued that chemical equilibrium may not be achieved when 

the gasification temperature is lower than 900ºC and only a finite time is available for 

the reactants to react in the gasifier [1,3,25]. Besides, it is also suggested that CEMs 

are not reliable when the ER of the gasification process is between 0.10 and 0.30 [26]. 

Unfortunately, the common operating conditions for biomass direct (air) gasification in 

bubbling fluidized beds (BFB) fall between these ranges (Bed temperature: 600-900ºC 

and ER: 0.20-0.30 [27]). Accordingly, it has been argued [7,11] that CEMs typically 

present better results for entrained flow gasifiers and downdraft gasifiers than for 

fluidized beds. In fact, reasonable agreement has been reported by some authors 

regarding CEMs predictions and experimental biomass gasification data obtained in 
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these type of gasifiers [11,28–33]. Nonetheless, CEMs have also been intensively used 

for biomass gasification in fluidized beds [10,13,24,34–36]. 

Furthermore, several assumptions are also reported to lead to deviation between 

experimental observed values and predicted values [7]. For example, assuming ash as 

inert [7], neglecting tar production, even though tar is one of the major barriers of 

biomass gasification [14,27], and considering char as pure solid carbon [7]. Thus, 

CEMs determine ideal yields [3] that may not be attained in practical gasifiers (e.g., H2 

and CO overestimation [14] and hydrocarbon underestimation [25]), consequently 

leading to deviations in the prediction of the lower heating value (LHV) of the producer 

gas and the process efficiency parameters. These aspects need to be analyzed to 

determine the suitability of CEMs to support and model direct (air) gasification of 

biomass in BFBs. 

In this work, two models to predict producer gas composition from direct (air) 

biomass gasification processes in BFBs were developed, compared and evaluated, 

namely a non-stoichiometric CEM and an empirical model. For this purpose, an 

extensive database regarding direct (air) gasification experiments of biomass in BFB 

reactors, including experimental data obtained in previous works performed by the 

authors [27,37], was compiled and organized. First, the CEM predictions were 

compared to the experimental database to identify deviations. Afterwards, correlations 

were derived from this experimental data and from the CEM predictions. The objective 

of both these correlations is to be used as tools for determining first estimates of 

gasification products from direct (air) gasification processes in BFBs. The empirical and 

CEM correlations prediction capability was addressed briefly by comparison with 

experimental data obtained in an 80 kWth BFB gasifier with different operating 

conditions.  

The comparison and evaluation of these two types of modeling approaches can 

help in determining weaknesses and strengths, and consequently in guiding 

researchers to adopt and develop more suitable and integrated modelling approaches. 
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This may contribute for the successful development of these numerical prediction tools, 

which represents an important step for the up-scale, demonstration and commercial 

breakthrough of biomass gasification technologies, potentially diminishing the gap 

between existing theoretical and practical knowledge in the estimation of gasification 

products and process efficiency parameters. 
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2. Methods and literature data collection 

The database was compiled by collecting and organizing published experimental 

results from the literature (Tables 1 and 2), regarding direct (air) gasification processes 

in BFBs reactors with distinct biomass types and different operating conditions 

[16,27,38–53].  
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Table 1 – Experiment references and operating conditions of BFB direct (air) biomass 

gasification studies reported in the literature. 

Experiment reference Biomass type BFB scale T [ºC] ER Ref 

AE 

AE0.17 Woodchips Pilot 718 0.17 [46] 

AE0.18 Woodchips Pilot 722 0.18 [46] 

AE0.23 Woodchips Pilot 733 0.23 [46] 

BC 

BC0.22 Rice husk Pilot 784 0.22 [47] 

BC0.24 - 790 Rice husk Pilot 790 0.24 [47] 

BC0.24 - 828 Rice husk Pilot 828 0.24 [47] 

BC0.28 - 821 Rice husk Pilot 821 0.28 [47] 

BC0.28 - 823 Rice husk Pilot 823 0.28 [47] 

BC0.28 - 846 Rice husk Pilot 846 0.28 [47] 

BC0.28 - 874 Rice husk Pilot 874 0.28 [47] 

BC0.28 - 781 Rice husk Pilot 781 0.28 [47] 

BC0.32 - 812 Rice husk Pilot 812 0.32 [47] 

BC0.32 - 866 Rice husk Pilot 866 0.32 [47] 

BC0.34 Rice husk Pilot 864 0.34 [47] 

CP CP0.35 Wood pellets Pilot 812 0.35 [48] 

GE-CE 

GE-CE-1 RFB eucalyptus type A Pilot 804 0.22 [27] 

GE-CE-2 RFB eucalyptus type A Pilot 798 0.24 [27] 

GE-CE-3 RFB eucalyptus type A Pilot 812 0.25 [27] 

GE-CE-4 RFB eucalyptus type A Pilot 810 0.26 [27] 

GE-CE-5 RFB eucalyptus type A Pilot 818 0.28 [27] 

GE-CE-6 RFB eucalyptus type B1 Pilot 706 0.28 [27] 

GE-CE-7 RFB eucalyptus type B1 Pilot 714 0.30 [27] 

GE-CE-8 RFB eucalyptus type B1 Pilot 700 0.36 [27] 

GE-CE-9 RFB eucalyptus type B2 Pilot 736 0.17 [27] 

GE-CE-10 RFB eucalyptus type B2 Pilot 709 0.18 [27] 

GE-CE-11 RFB eucalyptus type B2 Pilot 719 0.20 [27] 

GE-CE-12 RFB eucalyptus type B2 Pilot 800 0.25 [27] 

GE-CE-13 RFB eucalyptus type B2 Pilot 813 0.35 [27] 

GE-CP 

GE-CP-1 RFB pine Pilot 786 0.23 [27] 

GE-CP-2 RFB pine Pilot 811 0.26 [27] 

GE-CP-3 RFB pine Pilot 830 0.30 [27] 

GE-CP-4 RFB pine Pilot 824 0.29 [37] 

GE-CP-5 RFB pine Pilot 786 0.24 [37] 

GE-CP-6 RFB pine Pilot 798 0.19 [37] 

GE-WP 

GE-WP-1 Wood pellets Pilot 816 0.22 [27] 

GE-WP-2 Wood pellets Pilot 802 0.24 [27] 

GE-WP-3 Wood pellets Pilot 854 0.25 [27] 

GE-WP-4 Wood pellets Pilot 833 0.30 [27] 

GE-WP-5 Wood pellets Pilot 793 0.24 [37] 
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Table 1 – (continued) 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

GE-WP GE-WP-6 Wood pellets Pilot 828 0.21 [37] 

IPE IPE0.29 Torrefied woodchips Bench 760 0.29 [50] 

IPP IPP0.24 Straw pellets Bench 780 0.24 [50] 

IPPC IPPC0.21 Softwood pellets Bench 760 0.21 [50] 

KC 

KC0.25 - 650 Rice husk Pilot 650 0.25 [16] 

KC0.25 - 675 Rice husk Pilot 675 0.25 [16] 

KC0.25 - 700 Rice husk Pilot 700 0.25 [16] 

KC0.25 - 725 Rice husk Pilot 725 0.25 [16] 

KC0.35 - 600 Rice husk Pilot 600 0.35 [16] 

KC0.35 - 650 Rice husk Pilot 650 0.35 [16] 

KC0.35 - 700 Rice husk Pilot 700 0.35 [16] 

KC0.35 - 725 Rice husk Pilot 725 0.35 [16] 

KC0.35 - 750 Rice husk Pilot 750 0.35 [16] 

KC0.45 - 600 Rice husk Pilot 600 0.45 [16] 

KC0.45 - 650 Rice husk Pilot 650 0.45 [16] 

KC0.45 - 700 Rice husk Pilot 700 0.45 [16] 

KC0.45 - 725 Rice husk Pilot 725 0.45 [16] 

KC0.45 - 800 Rice husk Pilot 800 0.45 [16] 

KCA 
KCA0.36 Cotton stalk Bench 770 0.36 [51] 

KCA0.71 Cotton stalk Bench 770 0.71 [51] 

KCS 
KCS0.25 Hazelnut shell Bench 775 0.25 [51] 

KCS0.68 Hazelnut shell Bench 775 0.68 [51] 

KE 

KE0.32 Rubber woodchip Pilot 750 0.32 [54] 

KE0.36 Rubber woodchip Pilot 770 0.36 [54] 

KE0.38 Rubber woodchip Pilot 790 0.38 [54] 

KE0.41 Rubber woodchip Pilot 810 0.41 [54] 

KE0.43 Rubber woodchip Pilot 840 0.43 [54] 

KP 

KP0.19 Wood pellets Pilot 775 0.19 [45] 

KP0.24 Wood pellets Pilot 775 0.24 [45] 

KP0.27 Wood pellets Pilot 775 0.27 [45] 

KP0.32 Wood pellets Pilot 775 0.32 [45] 

KWP 
KWP0.19 Pistachio shell Bench 770 0.19 [52] 

KWP0.37 Pistachio shell Bench 770 0.37 [52] 

KWS 
KWS0.19 Walnut shell Bench 770 0.19 [52] 

KWS0.37 Walnut shell Bench 770 0.37 [52] 

MC 

MC0.25 - 670 Rice husk Pilot 670 0.25 [53] 

MC0.25 - 700 Rice husk Pilot 700 0.25 [53] 

MC0.25 - 665 Rice husk Pilot 665 0.25 [53] 

MC0.30 - 744 Rice husk Pilot 744 0.30 [53] 

MC0.30 - 750 Rice husk Pilot 750 0.30 [53] 
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Table 1 – (continued) 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

MC 

MC0.30 - 766 Rice husk Pilot 766 0.30 [53] 

MC0.35 - 811 Rice husk Pilot 811 0.35 [53] 

MC0.35 - 822 Rice husk Pilot 822 0.35 [53] 

MC0.35 - 828 Rice husk Pilot 828 0.35 [53] 

MM 

MM0.18 Miscanthus Pilot 750 0.18 [38] 

MM0.26 Miscanthus Pilot 800 0.26 [38] 

MM0.27 Miscanthus Pilot 750 0.27 [38] 

MM0.30 Miscanthus Pilot 800 0.30 [38] 

MM0.31 Miscanthus Pilot 850 0.31 [38] 

MM0.37 Miscanthus Pilot 850 0.37 [38] 

NS 

NS0.26 Pine sawdust Bench 800 0.26 [39] 

NS0.32 Pine sawdust Bench 800 0.32 [39] 

NS0.36 Pine sawdust Bench 790 0.36 [39] 

NS0.37 Pine sawdust Bench 800 0.37 [39] 

NS0.47 Pine sawdust Bench 810 0.47 [39] 

SB SB0.27 Sugarcane bagasse Bench 800 0.27 [40] 

SC 

SC0.30 Rice husk Pilot 850 0.30 [41] 

SC0.40 Rice husk Pilot 860 0.40 [41] 

SC0.50 Rice husk Pilot 870 0.50 [41] 

SCT 

SCT0.26 Bana grass Bench 800 0.26 [40] 

SCT0.27 Bana grass Bench 800 0.27 [40] 

SCT0.30 Bana grass Bench 800 0.30 [40] 

SCT0.33 Bana grass Bench 800 0.33 [40] 

SF 

SF0.30 Coir pith Pilot 750 0.30 [41] 

SF0.40 Coir pith Pilot 760 0.40 [41] 

SF0.50 Coir pith Pilot 770 0.50 [41] 

SP 
SP0.25 Alfalfa pellets Pilot - 0.25 [42] 

SP0.30 Alfalfa pellets Pilot - 0.30 [42] 

SS 

SS0.30 Sawdust Pilot 840 0.30 [41] 

SS0.40 Sawdust Pilot 860 0.40 [41] 

SS0.50 Sawdust Pilot 880 0.50 [41] 

VC 

VC0.20 - 750 Olive kernel Bench 750 0.20 [43] 

VC0.20 - 800 Olive kernel Bench 800 0.20 [43] 

VC0.20 - 850 Olive kernel Bench 850 0.20 [43] 

VC0.30 - 750 Olive kernel Bench 750 0.30 [43] 

VC0.30 - 800 Olive kernel Bench 800 0.30 [43] 

VC0.30 - 850 Olive kernel Bench 850 0.30 [43] 

VC0.40 - 750 Olive kernel Bench 750 0.40 [43] 

VC0.40 - 800 Olive kernel Bench 800 0.40 [43] 

VC0.40 - 850 Olive kernel Bench 850 0.40 [43] 
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Table 1 – (continued) 

Experiment reference Biomass type BFB Scale T [ºC] ER Ref 

XM 

XM0.23 Miscanthus Pilot 639 0.23 [44] 

XM0.26 Miscanthus Pilot 645 0.26 [44] 

XM0.28 Miscanthus Pilot 693 0.28 [44] 

XM0.37 Miscanthus Pilot 723 0.37 [44] 
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Table 2 – Proximate and ultimate analysis of the biomass samples used for the models 

development 

 
 
daf – dry ash free 
db – dry basis 

  

 % wt, daf % wt, db  
Biomass C H N S O Ash Reference 

CEM        
Cellulose (C6H10O5) 44.45 6.22 0.00 0.00 49.34 - - 

Lignin 63.77 5.99 0.27 0.32 29.45 - [18] 
Miscanthus 49.20 6.00 0.40 0.15 44.20 3.00 [55] 
Rice husk 49.30 6.10 0.80 0.08 43.70 18.00 [55] 

RFB from eucalyptus 49.66 6.53 0.07 0.00 43.74 1.19 [27] 
Empirical model        

Alfalfa pellets 50.10 5.90 2.88 0.30 40.88 16.98 [42] 
Bana grass 49.33 5.54 0.46 0.17 43.89 4.50 [40] 

Coir pith 47.18 3.60 1.01 0.01 48.20 6.00 [41] 
Cotton stalk 52.80 5.62 1.00 0.18 40.71 6.91 [51] 

Hazelnut shell 56.96 5.05 0.43 0.13 37.42 2.60 [51] 
Miscanthus-1 44.50 5.20 5.30 0.00 45.00 - [38] 
Miscanthus-2 47.63 6.19 0.40 0.00 45.78 4.47 [44] 
Olive kernel 48.59 5.73 1.57 0.05 44.06 2.17 [43] 

Pine sawdust 50.42 5.75 0.20 0.03 44.47 0.85 [39] 
Pistachio shell 50.03 5.93 0.40 0.10 43.55 0.27 [52] 

RFB from eucalyptus-1 47.08 6.29 0.36 0.00 46.00 2.60 [27] 
RFB from eucalyptus-2 49.66 6.53 0.07 0.00 43.74 1.19 [27] 

RFB from pine 51.42 6.58 0.25 0.01 41.75 1.20 [27] 
Rice husk-1 45.41 7.23 4.11 0.01 43.24 19.40 [47] 
Rice husk-2 47.00 6.78 0.48 0.04 45.70 20.00 [53] 
Rice husk-3 49.07 3.79 0.63 0.01 46.42 21.68 [16] 
Rice husk-4 38.92 5.10 2.17 0.12 53.69 19.33 [41] 

Rubber woodchip 46.40 5.70 0.20 0.00 47.70 1.10 [54] 
Sawdust 51.33 6.13 0.12 0.02 41.97 1.80 [41] 

Softwood pellets 54.61 5.83 0.00 0.03 39.53 0.57 [50] 
Straw pellets 52.86 6.11 0.82 0.14 40.07 6.32 [50] 

Sugarcane bagasse 49.15 5.59 0.13 0.05 45.01 5.80 [40] 
Torrefied woodchips 58.77 5.53 0.15 0.01 35.50 0.18 [50] 

Walnut shell 54.84 5.50 0.44 0.12 39.10 1.95 [52] 
Wood pellets-1 47.65 6.22 0.09 0.00 46.04 0.32 [27] 
Wood pellets-2 51.02 7.16 0.09 0.00 41.73 0.80 [45] 
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The database information was processed for equivalent units and basis, namely: i) 

biomass composition was expressed by mass fractions in dry ash-free fuel basis 

(C,H,O,N,S, kg i/kg daf fuel) and by mass fractions in dry basis (ash content, kg ash/kg 

dry fuel), ii) gas composition was expressed in volumetric dry basis (%v, dry gas). 

Conversions between basis were performed as deemed necessary. The recorded data 

comprises the following parameters: 

1. Biomass feedstock characteristics: 

a. Category (woody or non-woody) and type (miscanthus, rice husk, wood 

pellets, sawdust, bagasse, etc.,); 

b. Elemental composition (C,H,N,O,S); 

c. Ash content. 

2. BFB characteristics and operating parameters: 

a. Scale (bench or pilot); 

b. Average bed temperature (600-880ºC); 

c. ER (0.17-0.71). 

3. Experimental results: 

a. Producer gas composition (CO2, CH4, CO and H2); 

b. Producer gas LHV; 

c. Efficiency parameters (Ygas, CGE and CCE). 

Additional operating parameters, such as the fluidization velocity, residence time of 

gases and biomass, particle size of the biomass or heat supply, were not considered 

for the empirical model development because they are seldom detailed in the literature. 

Furthermore, the CEM approach, whose comparison with empirical modelling was the 

main focus of this work, only requires the knowledge of the feedstock and gasifying 

agent composition and the definition of the temperature, pressure and most common 

products. Accordingly, the strict CEM approach is a function of these parameters and is 

independent of the reactor design, and its hydrodynamics. 
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The methodologies used in the studies organized in this database were also briefly 

addressed for comparison purposes. In the analyzed literature, distinct measurement 

techniques are referred for determining the producer gas composition, for example 

infrared analysis for determination of CO, CO2 and CH4 concentration, thermal 

conductivity measurement for determination of H2 concentration and paramagnetic 

analysis for determination of O2 concentration [27,40,50,51]. N2 concentration 

determination by mass balance is referred in some works [27,37,50,51]. Collection of 

gas samples in sampling bags, such as Flexfoil bags [27], with the objective of 

determining the producer gas composition (H2, CO2, CO, CH4, etc.,) in GC-TCD 

equipment is also commonly referred [16,27,37,40,42,44]. Chemiluminescence 

analysis for detection of nitrogen oxides as NO was referred by one author [40]. The 

flow rate of the producer gas is determined by mass flow meters by some authors, 

such as Coriolis mass flow meters [44], and by calculation methodologies by other 

authors, namely nitrogen mass balances [27,37,42]. Regarding the necessary producer 

gas conditioning measures for sampling and equipment analysis, it is commonly 

referred tar condensation and particle removal by moisture traps, impinger bottles filled 

with isopropanol, ceramic filters, among other equipment [27,43,44]. 

Some parameters were not reported in all the analyzed studies; thus, their 

determination was performed as necessary when the required data was available. The 

LHV of the distinct types of biomass was determined according to the correlation 

developed by Parikh et al., [56]. The LHV of the producer gas was determined based 

on the relative abundance of combustible gases components (H2, CO, CH4 and C2H4) 

and their respective LHV (at reference conditions, 273K and 101 kPa) [57]. Some 

deviations can occur due to some authors including other combustible gaseous species 

in the LHV calculation formula (e.g., propane). In this work, the gaseous species 

considered for the determination of the LHV were CO, H2, CH4 and C2H4. The 

reasoning behind this consideration results from the concentration of other minor 

components (e.g., propane) seldom being available in the published works and their 
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abundance being relatively low, consequently presenting low contribution to the LHV 

value. Efficiency parameters, namely Ygas, CGE and CCE, were also determined when 

the data necessary for their calculation was accessible in the published works. The 

following equations were used: 

Y��� =
��

	

     (Equation 1, [39]) 

CGE [%] =
�� × ����

	
 × ���

× 100   (Equation 2, [58]) 

CCE [%] =
��×

��
�×��

 ×��×∑ � ,"×#",$%"

	
×&�

× 100 (Equation 3, [59]) 

The CEM was developed considering the biomass and gasifying agent composition 

(CHNOS) and the chemical products of the process containing these elements; the 

products selected are the most commonly reported in biomass gasification processes. 

Other minor elements, such as Chlorine, were not considered. Thus, a total of 13 

compounds in the products of gasification were considered:  N2, H2O, CO2, CO, O2, H2, 

CH4, C2H4, C2H6, C3H8, H2S, SO2 and unconverted solid carbon (C(s)). All products were 

assumed to act as ideals gases, except for C(s). Steady state conditions of operation 

were assumed. Tar formation was neglected and ash in the feedstock was assumed to 

be inert. All the reactants were assumed to enter and leave the reactor at process 

temperature. The process temperature is assumed as homogeneous inside the 

gasifier, which is a common procedure in other non-stoichiometric thermodynamic 

models [11]. Hydrodynamics and kinetics were not considered. 

The CEM was applied to calculate the composition of the producer gas for distinct 

direct (air) gasification parameters. Then, the respective efficiency parameters were 

calculated based on the obtained compositions. The software tool used for the model 

development was GASEQ (http://www.gaseq.co.uk/). The following parameters were 

used as input in the model: 

- Feedstock: RFB from eucalyptus, rice husk, miscanthus, cellulose (C6H10O5) 

and lignin (Table 2); 
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- Bed temperature: 600ºC, 700ºC, 800ºC and 900ºC; 

- ER: 0 (pyrolysis), 0.10, 0.20, 0.25, 0.30 and 0.40; 

- Pressure: 1 atm. 

The compiled experimental database and the CEM predictions were analyzed 

using multiple regression tools in Microsoft Excel. This type of regression describes the 

relationship between the analyzed data and outputs functions for the determination of 

process parameters. Linear empirical and CEM correlations were developed due to 

finding similar coefficients of determination (R-Squared and adjusted R-Squared) for 

distinct regressions (e.g., linear, polynomial) for the experimental and CEM data. Thus, 

linear correlations were adopted due to their simplicity and easier interpretation. The 

prediction capability of the correlations was briefly addressed by comparison with 

experimental biomass gasification data obtained in an 80kWth BFB direct (air) gasifier. 

Pearson’s correlation test was used to measure the strength of the correlation 

between two variables. It is important to note that correlation does not imply causation 

[60]. Pearson-R correlation coefficient (PCC) was determined between inputs and 

outputs for both experimental and CEM results and between actual and predicted 

outputs for both empirical and CEM correlations.  
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3. Experimental and CEM results comparison 

In this section, the experimental results reported in the literature and the CEM 

predictions are compared, and correlations based on these data were developed and 

evaluated. The objective of these correlations is to serve as simple and immediate 

tools for determining first estimates of gasification products. The main parameters of 

the gasification process were considered, namely the reactor bed temperature and ER. 

The comparison between reported experimental results and CEM predictions is 

performed for similar operating conditions: ER between 0.20 and 0.40 and bed 

temperature between 600 and 900ºC. Accordingly, both empirical and CEM 

correlations were developed for those conditions. Reported experimental results with 

other conditions and CEM predictions for pyrolysis conditions (ER=0) and gasification 

under unsuitable low ER (ER=0.10) are shown for comparison purposes, but not used 

in the correlations development. The CEM results for lignin and cellulose were not 

included in the correlations development and are analyzed separately. Pearson’s 

correlation test was performed to measure the strength of the correlation between 

operating parameters and results. 

3.1. Properties of the producer gas 

3.1.1. Combustible gases yield (H2, CO and CH4) 

The influence of the reactor bed temperature and ER in the hydrogen concentration 

in the producer gas is shown in Figure 1. For similar operating conditions, the 

experimental H2 results (2.0 to 24.0%v) are lower than those predicted by the CEM 

(12.9 and 29.1%v). Furthermore, the relation between H2 concentration and reactor 

bed temperature or ER is distinct for both CEM and experimental results. The CEM 

shows that H2 concentration is dependent on the employed ER, while the experimental 

results do not show any evident relation for both ER and temperature. Accordingly, 

PCC was found close to -1 for the relation of H2 concentration and ER in the CEM 

results (Table 3).   
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Table 3 – PCC values for the correlation between operating conditions (temperature (T) 

and equivalence ratio (ER)) and the producer gas composition (H2, CO and CH4), LHV, 

Ygas, CGE and CCE, for the experimental results reported in the literature and CEM 

predictions. 

 H2  CO  CH4 LHV Ygas CGE  CCE 

PCC Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM Exp CEM 

T -0.2 0.2 -0.4 0.8 0.2 -0.9 -0.2 0.6 0.3 0.4 -0.2 0.8 0.0 0.8 

ER 0.0 -0.9 -0.3 -0.4 -0.4 -0.3 -0.5 -0.7 0.5 0.7 0.1 -0.3 0.3 0.3 
*- Exp refers to the experimental results reported in the literature; CEM refers to the chemical equilibrium model predictions. 
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These differences may be justified by the impact of other parameters that were not 

analyzed in this work and are not related to chemical equilibrium, e.g., the physical 

properties of the biomass feedstock. 

For pyrolysis conditions (ER=0) and gasification conditions with ER=0.10, the CEM 

results show H2 concentration values between 32.0 and 54.9 %v for the range of 

temperatures considered (600ºC to 900ºC). Thus, higher production of H2 is expected 

for pyrolysis conditions and gasification conditions with lower ER than that typically 

employed in practical gasifiers. The maximum value of H2 concentration was found for 

pyrolysis of RFB from eucalyptus (T=700ºC). 

The CEM results for lignin conversion indicate higher H2 concentration values in the 

producer gas than those predicted for the biomass feedstocks studied (miscanthus, 

rice husk and RFB from eucalyptus), predicting a maximum of 61.4%v for pyrolysis 

condition (T=700ºC, Figure 1).  
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(a) 

 

(b) 

Figure 1 – Influence of the ER (a) and bed temperature (b) on the H2 concentration in 

the producer gas for the experimental results reported in the literature and CEM 

results.  
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In Figure 2, it is observed that the CO concentration values predicted by the CEM 

are higher than the CO concentration values found in the experimental results. For 

similar operating conditions, experimental results show CO concentration values 

between 7.2 and 26.6%v, while the CEM results show CO concentration values 

between 11.3 and 38.6%v. Furthermore, the CEM results show that CO concentration 

increases significantly with temperature increase, which is a phenomenon not observed 

in the experimental results (Figure 2 (b)). The PCC value for the relation between the 

predicted CO concentration value in the CEM and the process temperature is close to 

0.8, showing positive correlation between these variables (Table 3). On the other hand, 

the PCC value for the relation between the CO concentration value found in the 

experimental results and the process temperature is close to -0.4, showing a slightly 

negative correlation. The reasoning behind this difference may be associated to the 

fact that in practical autothermal direct (air) gasifiers, the increase of bed temperature 

is associated to the increase of ER, which is known to lower CO concentration in the 

producer gas. In fact, in the developed database in the present work, the average ER 

for experimental studies with bed temperature above 800ºC is 0.32 (Table 1). 

Nonetheless, it is observed a similar tendency for the decrease of CO with the increase 

of ER in both experimental and CEM results (Figure 2 (a)).  
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(a) 

 

(b) 

Figure 2 – Influence of the ER (a) and bed temperature (b) on the CO concentration in 

the producer gas for the experimental results reported in the literature and CEM 

results. 
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Analogous to the observations previously made regarding H2 concentration, higher 

concentration values of CO were predicted by the CEM for pyrolysis conditions and 

gasification with ER=0.10. For these conditions, the CEM results show CO 

concentration values between 13.8 and 47.3 %v, with the maximum value found for the 

pyrolysis of miscanthus at 900ºC. Nonetheless, a higher CO concentration value (49.21 

%v) was predicted for the pyrolysis of cellulose at 900ºC. 

In contrast to the observations made regarding the concentration of CO and H2, the 

concentration of CH4 is typically higher in the reported experimental results than in the 

CEM results (Figure 3). For similar operating conditions, experimental results show 

CH4 concentration between 0.7 and 8.4%v, while the CEM results show CH4 

concentration between 0.0 and 2.6%v. A similar negative correlation between CH4 

concentration and ER is observed in both experimental and CEM results (Figure 3 (a)). 

However, CEM results shows a significant decrease of CH4 concentration with 

temperature increase, which is not observed in the experimental results (Figure 3 (b)). 

The determined PCC values are in accordance with this analysis (Table 3).  
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(a) 

 

(b) 

Figure 3 – Influence of the ER (a) and bed temperature (b) on the CH4 concentration in 

the producer gas for the experimental results reported in the literature and CEM 

results. 
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CEM results for biomass pyrolysis conditions shows CH4 concentration values 

between 0.3 and 10.2 %v, with the highest value predicted for the pyrolysis of RFB 

from eucalyptus at 600ºC; this concentration value is higher than the values typically 

found in the experimental results analyzed. Furthermore, CEM results for lignin 

conversion show even higher values of CH4 concentration, attaining a maximum value 

of 12.7%v for pyrolysis conditions at 600ºC (Figure 3). 

The developed empirical correlations based on experimental results reported in the 

literature (Equations 4, 5 and 6) show a significantly lower R2 and observable 

deviations from the correlations developed using the CEM results (Equations 7, 8 and 

9). This shows the high variability of the values reported in the literature regarding the 

composition (e.g., H2, CO and CH4) of the producer gas obtained in biomass direct (air) 

gasification processes in BFB reactors, and their significant differences from chemical 

equilibrium predictions, for similar operating conditions. 

 

'�(,)*+ = −0.01564 × 1 − 0.65738 × ER + 21.45107  (Equation 4) 

89 = 0.04 

':;,)*+ = −0.02735 × 1 − 15.3379 × ER + 41.0061  (Equation 5) 

89 = 0.23 

':�=,)*+ = 0.005132 × 1 − 9.99971 × ER + 2.401523  (Equation 6) 

89 = 0.26 

'�(,)> = 0.008173 × 1 − 49.5472 × ER + 30.2562  (Equation 7) 

89 = 0.93 

':;,)> = 0.060842 × 1 − 47.7011 × ER − 6.70893  (Equation 8) 

89 = 0.79 

':�=,)> = −0.00563 × 1 + −2.91807 × ER + 5.6700002  (Equation 9) 

89 = 0.81 
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3.1.2. Gas phase products yield ratios 

The relation between H2:CO molar ratios and the temperature and ER is shown in 

Figure 4. This ratio is relevant for the configuration of gasification processes for 

production of fuel gas for advanced applications that require specific H2:CO molar 

ratios, such as methanol production (2 mol.mol-1), synthetic fuels production through 

Fischer-Tropsch (FT) synthesis (0.6 mol.mol-1) and dimethyl ether (DME) production (1 

mol.mol-1) [61–64]. Figure 4 shows that the H2:CO molar ratios for the CEM results are 

typically higher than the H2:CO ratios found in the experimental results. This is a 

consequence of the H2 experimental yield being further away from equilibrium than the 

CO experimental yield, as observed in the previous section 3.1.1. 

For similar operating conditions, the H2:CO molar ratio was found between 0.1 and 

1.7 for the experimental results, which is in accordance with typical values referred for 

gasification processes in BFBs [63], and between 0.7 and 1.9 for the CEM results. 

Thus, concerning H2:CO molar ratio requirements, it can be observed that the producer 

gas from direct (air) gasification in BFB might be potentially used for FT synthesis but 

need further refinement to be used in other advanced applications, such as methanol 

synthesis. CEM results for pyrolysis conditions and gasification with ER=0.10 show 

higher H2:CO molar ratios, namely between 0.8 and 3.5, with the maximum value 

observed for the pyrolysis of RFB from eucalyptus at 600ºC. Furthermore, CEM results 

for lignin conversion show an even higher H2:CO molar ratio, with a maximum value of 

4.6 predicted for lignin pyrolysis at 600ºC (Figure 4). 
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      (a) 

 

      (b) 

Figure 4 – Influence of the ER (a) and bed temperature (b) on the H2:CO molar ratio in 

the producer gas for the experimental results reported in the literature and CEM 

results.  
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In Figure 4 (a), it can be observed a tendency for the decrease of the H2:CO molar 

ratio with the increase of ER for the CEM results, which is not observed in the 

experimental results. Furthermore, in the CEM results, it is also observed a significant 

decrease of this molar ratio with temperature increase, which is not observed in the 

analyzed experimental results (Figure 4 (b)). A decrease of H2:CO molar ratio with 

temperature increase has also been discussed in the literature [65] and can be justified 

by the occurrence of the exothermic water gas shift reaction (Equation 10); thus, high 

temperatures do not favor the CO conversion rate, leading to lower H2:CO molar ratio 

values [65]. 

?@ +  A9@ ↔  A9 +  ?@9  (Equation 10, [66]) 

The CO:CO2 molar ratio is shown in Figure 5, and although this ratio is not 

commonly referred in the literature, it can be used as an indicator of the efficiency of 

the process and the balance between the occurrence of gasification/combustion 

reactions [67]. It can be noticed that the experimental CO:CO2 molar ratio values are 

significantly lower than the ones predicted by the CEM (Figure 5). For similar operating 

conditions, experimental results show CO:CO2 molar ratios between 0.6 and 2.1, while 

CEM results show CO:CO2 molar ratios between 0.7 and 22.1. Furthermore, CEM 

results show higher CO:CO2 molar ratios, between 0.7 and 84.7, for pyrolysis and 

gasification with ER=0.10, with the maximum value obtained for gasification of RFB 

from eucalyptus at ER=0.10 and 900ºC.  
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(a) 

 

(b) 

Figure 5 – Influence of the ER (a) and bed temperature (b) on the CO:CO2 molar ratio 

in the producer gas for the experimental results reported in the literature and CEM 

results.  
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The influence of ER and bed temperature on the experimental CO:CO2 molar ratios 

is not evident (Figure 5). On the other hand, the CEM results show that there is an 

increase of this molar ratio with temperature increase and ER decrease. For similar 

operating conditions, it is also observed that biomass with higher total carbon content 

typically leads to higher CO:CO2 molar ratio in the producer gas for both CEM and 

experimental results. The reasoning behind this phenomenon may be related to a 

higher occurrence of carbon gasification by CO2 (Boudouard reaction, Equation 11). 

?(D) +  ?@(9) = 2CO    (Equation 11, [58]) 

3.2. Process efficiency parameters 

3.2.1. LHV and Ygas 

The LHV of the producer gas for the experimental results reported in the literature 

and CEM results is shown in Figure 6. It is observed that the experimental LHV values 

are slightly lower than the LHV values predicted by the CEM. For similar operating 

conditions, the experimental and CEM results show LHV between 2.4 and 7.8 MJ/Nm3 

and between 3.6 and 7.9 MJ/Nm3, respectively. Pyrolysis conditions and gasification 

with ER=0.10 show a higher LHV, namely between 6.7 and 11.7 MJ/Nm3, with the 

maximum value obtained for the pyrolysis of RFB from eucalyptus at 900ºC. For lignin 

conversion, an even higher LHV value (12.5 MJ/Nm3), is observed in the CEM results 

for pyrolysis conditions and 600ºC. 

Regarding the variation of LHV with the operating parameters, there is an evident 

trend for the decrease of LHV with ER increase for both experimental and CEM results 

(Figure 6 (a)). The influence of temperature on LHV is not evident for the experimental 

results (Figure 6 (b)). For the CEM results, there is an observable tendency for the 

increase of LHV with temperature increase. PCC values are in concordance with this 

analysis and indicate that the CEM results present less dispersion (Table 3). 

Accordingly, the empirical correlation (developed based in experimental data) for LHV 

(Equation 12) presents a lower R2 value than the correlation developed based in the 

CEM results (Equation 13). 
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GAH )*+ = −0.00299 × 1 + −8.87018 × ER + 9.637507  (Equation 12) 

89 = 0.24 

GAH)> = 0.006549 × 1 + −12.4161 × ER + 4.339622  (Equation 13) 

89 = 0.85  
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      (a) 

 

      (b) 

Figure 6 – Influence of the ER (a) and bed temperature (b) on the LHV of the producer 

gas for the experimental results reported in the literature and CEM results.   
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The Ygas for both experimental and CEM results is shown in Figure 7. For similar 

operating conditions, the experimental and CEM results show Ygas values between 1.2 

and 3.5 Nm3/kg biomass db and 1.4 and 2.9 Nm3/kg biomass db, respectively. CEM 

results for pyrolysis conditions and gasification with unusually low ER (ER=0.10), show 

significantly lower Ygas, namely between 0.6 and 1.8 Nm3/kg biomass db. Nonetheless, 

the maximum Ygas value (3.7 Nm3/kg biomass db) was found in the CEM results for 

lignin gasification with ER=0.40 and 800ºC. In the experimental results, a higher Ygas 

value is referred in the literature, namely 4.1 Nm3/kg biomass db during gasification of 

sawdust with ER=0.50 and T=880ºC [41]. However, these conditions are not suitable 

for typical direct (air) biomass gasification processes in BFB reactors due to the high 

ER employed, which leads to excessive combustion and low producer gas quality. 

In Figure 7 (a), it can be observed an evident tendency for the increase of Ygas with 

the ER for both experimental and CEM results. This can be explained by the higher 

ratio of gasifying agent per unit of biomass, which results directly from the increase of 

ER. A slight positive tendency is also observed between Ygas and temperature 

increase, for both experimental and CEM results (Figure 7 (b)). Accordingly, the 

developed empirical and CEM correlations for Ygas determination (Equations 14 and 

15) present closer R2 values than the correlations developed for other parameters. 

'IJD,)*+ = 0.001936 × 1 + 4.630323 × ER − 0.97472  (Equation 14) 

89 = 0.30 

'IJD,)> = 0.001246 × 1 + 3.400375 × ER + 0.31634   (Equation 15) 

89 = 0.62  
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      (a) 

 

      (b) 

Figure 7 – Influence of the ER (a) and bed temperature (b) on the Ygas for the 

experimental results reported in the literature and CEM results.  
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3.2.2. CGE and CCE 

The CGE and CCE are parameters typically used in the literature to evaluate the 

efficiency of biomass gasification processes [27,37]. 

Regarding CGE, the experimental results show significantly lower values than the 

CEM predictions (Figure 8). For biomass gasification processes under similar operating 

conditions, CGE values are between 23.5 and 78.8% for experimental results and 

between 45.1 and 98.7% for CEM results. The CEM results for pyrolysis conditions and 

gasification with unsuitable low ER (ER=0.10) show lower CGE values, namely 

between 24.8 and 93.6%. Nonetheless, a maximum CGE value of 105.9% was 

predicted by the CEM for cellulose gasification with ER=0.10 at 900ºC; this value 

means that the producer gas has higher energy content than the initial biomass, which 

is not possible according to the laws of thermodynamics. This inconsistency may be 

related to the equation used to estimate the LHV of the distinct biomass types [56] (see 

Section 2. Methods). 

The CEM results show a tendency for the increase of CGE with temperature 

increase, whereas no clear tendency is observed in the experimental results (Figure 8 

(b)). No evident tendency is observed between CGE and ER for both experimental and 

CEM results (Figure 8 (a)). This may be related to the fact that low ER favor the 

concentration of combustible gases in the producer gas but also favor a decrease in 

gas production, thus creating a trade-off between these parameters, as it has been 

previously suggested by the authors [27]. Accordingly, PCC values for the relation 

between CGE and the operating parameters typically indicate high dispersion (Table 

3), except for the PCC value found for the relation between the CGE predicted by the 

CEM and the process temperature (0.8). Thus, the developed empirical correlation 

(Equation 16) present a significantly lower R2 value than the correlation developed 

based on CEM results (Equation 17). 

 

?KL)*+ = −0.03761 × 1 + 15.64463 × ER + 73.98776  (Equation 16) 
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89 = 0.06 

?KL)> = 0.12096 × 1 + −59.3921 × ER + 0.916735  (Equation 17) 

89 = 0.71  
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(a) 

 

(b) 

Figure 8 – Influence of the ER (a) and bed temperature (b) on the CGE for the 

experimental results reported in the literature and CEM results.  
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The influence of temperature and ER in the CCE, for both CEM and experimental 

results, is shown in Figure 9. For biomass gasification under similar operating 

conditions, the experimental and CEM results show similar values for CCE, namely 

between 55.0 and 94.8% and 59.0 and 99.5%, respectively. The CEM results for 

pyrolysis conditions and gasification with unsuitable low ER (ER=0.10) show lower 

CCE values, namely between 22.9 to 86.3%, depending on biomass type and 

temperature. The CEM results for lignin and cellulose also show similar CCE values 

(20.5 to 99.5%). The highest CCE value (99.5%) was predicted by the CEM for various 

conditions, for example RFB from eucalyptus gasification with ER=0.20 and 800ºC. 

A tendency for the increase of CCE with ER is observed for both experimental and 

CEM results (Figure 9 (a)). A tendency for the increase of CCE with temperature can 

also be observed for the CEM results (Figure 9 (b)), which is in accordance with some 

other works [68]. For the experimental results, no evident tendency for the relation 

between CCE and temperature is observed. Accordingly, PCC values for the 

experimental results are significantly low and indicate high dispersion (Table 3) and the 

developed empirical correlation (Equation 18) has a significantly lower R2 value than 

the correlation developed based on CEM results (Equation 19). 

 

??L)*+ = 0.005378 × 1 + 45.36009 × ER + 58.86143  (Equation 18) 

89 = 0.07 

??L)> = 0.093148 × 1 + 52.28168 × ER + 5.825285  (Equation 19) 

89 = 0.7  
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(a) 

 

(b) 

 

Figure 9 – Influence of the ER (a) and bed temperature (b) on the CCE for the 

experimental results reported in the literature and CEM results.  
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4. Empirical and CEM correlations evaluation 

In this section, the empirical and CEM correlations prediction capability was briefly 

evaluated. For this purpose, direct (air) gasification experiments were performed in a 

pilot-scale BFB gasifier (80 kWth) with distinct biomass types and operating conditions. 

The pilot-scale gasifier was operated at atmospheric pressure, with superficial gas 

velocity around 0.27 – 0.30 m/s (depending on the bed temperature) and under 

bubbling fluidization regime. A more detailed description of the experimental 

infrastructure can be found in other works [27,37,69,70]. The operating conditions of 

the gasification experiments performed are detailed in Table 4. The correlations were 

evaluated by using these operating conditions (ER and bed temperature) as inputs and 

comparing the predicted results with the experimental results.  

In Table 5, the experimental results and the empirical and CEM correlations 

predictions are summarized and compared. The composition of the producer gas (H2, 

CO and CH4), LHV, Ygas, CGE and CCE are considered as parameters. Pearson’s 

correlation test was performed to measure the strength of the correlation between the 

empirical and CEM correlations predictions and the experimental results, thus 

characterizing the accuracy of the predictions. In this analysis, a PCC value of 1 

indicates that the values predicted by the correlations are perfectly linearly correlated 

with the observed experimental results [71]. 

The comparison between the empirical correlations predictions and the 

experimental results (Table 5) allowed the following general observations: 

• Prediction of CH4 concentration, H2/CO molar ratio, LHV, Ygas and CCE 

with low relative errors; 

• Overestimation of H2 and CO concentration and slight overestimation of 

CGE; 

• Maximum relative mean error associated to the prediction of H2 and CO 

concentration (16.9 and 13.2%, respectively), with the remaining relative 

mean errors being lower than 8.0% (CGE).  
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Table 4 – Operating conditions during the biomass gasification experiments performed 

in the pilot-scale BFB 

Biomass 
feedstock 

Average bed temperature 
[ºC] 

ER 
Biomass feed rate 

[kg/h] 
Air feed rate  
[L NPT/min] 

Eucalyptus RFB 747 0.26 11.1 200 
Eucalyptus RFB 754 0.26 11.1 200 
Eucalyptus RFB 775 0.26 11.1 200 

Wood pellets 814 0.33 8.7 200 
Wood pellets 815 0.32 8.9 200 

Eucalyptus RFB 816 0.28 10.5 200 
Eucalyptus RFB 816 0.20 14.8 200 

Wood pellets 817 0.33 8.8 200 
Eucalyptus RFB 825 0.26 11.1 200 
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Table 5 – Comparison between obtained results in direct (air) gasification of biomass 

experiments in a BFB reactor and predicted by the empirical correlations and CEM 

correlations for the same operating conditions (Table 4). 

  % vol, db Mol.mol-1 MJ/Nm3 Nm3/kg biomass db % 

  H2 CO CH4 H2/CO LHV Ygas CGE CCE 

Experimental results 
x̅ 7.3 12.9 3.8 0.6 4.6 1.8 44.5 73.2 

σ 1.0 1.7 0.4 0.1 0.5 0.2 7.8 10.2 

Empirical correlations 

x̅ 8.8 14.9 3.7 0.6 4.8 1.9 48.4 75.8 

Error x̅ [%] 16.9 13.2 -2.0 4.1 3.0 5.3 8.0 3.5 

σ 0.5 1.1 0.4 0.0 0.4 0.2 1.1 1.9 

Error σ [%] -114.8 -48.1 2.2 -142.5 -21.2 1.4 -602.5 -432.1 

PCC -0.9 -0.5 0.6 0.7 0.0 1.0 -0.3 0.9 

CEM correlations 

x̅ 22.9 28.5 0.4 0.8 6.2 2.3 85.7 94.7 

Error x̅ [%] 68.1 54.6 -926.0 29.7 25.4 22.0 48.1 22.8 

σ 2.0 2.3 0.2 0.1 0.5 0.2 3.5 3.8 

Error σ [%] 51.2 27.3 -76.2 -16.0 4.1 -36.3 -125.3 -166.9 

PCC -0.4 0.8 -0.2 -0.4 0.5 1.0 0.8 0.9 
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High positive PCC values were found for CH4, H2/CO molar ratio, Ygas and CCE, 

showing positive correlations between the experimental results and the empirical 

correlations predictions. However, a significantly lower PCC value was found for LHV 

(close to 0), despite this parameter prediction average relative error being low. 

Furthermore, PCC values were found negative for H2 (-0.9), CO (-0.5) and CGE (-0.4), 

showing negative correlations. These phenomena can be related to the high dispersion 

of values found in the literature for similar operating conditions, which were used in the 

development of the empirical correlations, as indicated by the low R2 values found 

previously (see Section 3. Experimental and CEM results comparison). Thus, for direct 

(air) gasification processes in BFB reactors, the developed empirical correlations show 

capacity to predict first estimates of gasification products and process efficiency 

parameters, specifically CH4 concentration, H2/CO molar ratio, Ygas and CCE, however, 

require further improvement for higher reliability. 

Regarding the comparison between the CEM correlations predictions and the 

experimental results (Table 5), the following general observations can be made: 

• Significant overestimation of H2 and CO concentration and CGE, and 

significant underestimation of CH4 concentration; 

• Overestimation of H2/CO molar ratio, LHV, Ygas and CCE. 

• Maximum relative mean error associated to CH4 prediction (-926 %) and 

minimum associated to Ygas prediction (22 %). 

The lack of accuracy of the CEM correlations to determine gasification products 

was expected due to the previously noticed difference between the producer gas 

composition predicted by the CEM and the gas composition reported in the literature 

regarding direct (air) biomass gasification in BFB reactors (see Section 3. Experimental 

and CEM results comparison). These combined observations prove that chemical 

equilibrium is not attained in practical BFB direct (air) gasifiers. Nonetheless, H2/CO 

molar ratio values obtained through the CEM are significantly closer to the values 

observed experimentally (relative mean error of 29.7%). A positive PCC value (0.8) 
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was found for the correlation between CO concentration found in the experimental 

results and predicted by the CEM, however, negative correlations were found for H2, 

CH4 and H2/CO molar ratio (PCC = -0.2 to -0.4). Positive PCC values (0.5 to 1.0) were 

also found for LHV, Ygas, CGE and CCE. 

Thus, these results indicate that the developed CEM correlations are not suited to 

characterize and predict gasification products from direct (air) biomass gasification 

processes in BFBs reactors. Nevertheless, these correlations present higher accuracy 

for the prediction of H2/CO molar ratios and efficiency parameters, than for the 

prediction of the volumetric concentration of major combustible gases (CO, H2 and 

CH4) present in the producer gas. The lack of accuracy of CEMs for the prediction of 

the producer gas composition under certain operating conditions has also been 

recognized in other works [7,10,11,25], nonetheless, chemical equilibrium modelling is 

still the most commonly used approach for determining producer gas composition in 

biomass gasification [4,13], and has been intensively used for fluidized beds in recent 

years [10,13,24,34–36,72]. Therefore, these results also indicate that the focus of 

modelling studies should be shifted from black-box chemical equilibrium modelling to 

other modelling approaches, such as approaches that integrate experimental 

knowledge. In this respect, integrating chemical equilibrium modelling with 

experimental knowledge, for example an integration between the CEM and empirical 

model developed in this work, may allow higher agreement between the model 

predictions and experimental data. These aspects are relevant to increase confidence 

in the predicted results from numerical tools and consequently facilitate the upscaling 

of biomass gasification technologies to the industrial level.  
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5. Conclusions 

This works shows that the producer gas composition reported in the literature 

regarding direct (air) biomass gasification in BFB gasifiers has significant deviations 

from the one predicted by chemical equilibrium. In fact, H2 and CO concentrations are 

grossly overestimated by the CEM predictions, while CH4 is largely underestimated. 

Furthermore, in some cases, the effect of temperature and ER on these concentration 

values is distinct for the reported experimental results and the CEM predictions. For 

example, the CEM predicted a significant decrease of H2 concentration with ER 

increase and this phenomenon was not observed in the reported experimental results. 

Regarding typical gasification efficiency parameters (LHV, Ygas, CGE and CEE), it was 

also observed deviations from the CEM predictions, however, these were not as 

significant as the ones observed for the producer gas composition. Thus, for the 

analyzed operating conditions, it is considered that non-stoichiometric chemical 

equilibrium modelling is not suited to predict gasification products and support the 

design and operation of BFB reactors in direct (air) biomass gasification. At most, 

black-box chemical equilibrium modelling should be used to obtain first estimates of 

LHV, Ygas or CCE. 

On the other hand, the empirical model development was hindered by the variability 

of the experimental results (for similar operating conditions) reported in the literature 

and by the lack of information regarding the specific design and operating conditions of 

the BFB gasifiers. Nonetheless, the empirical model showed moderate accuracy for the 

prediction of preliminary estimates of gasification products and process efficiency 

parameters, specifically CH4 concentration, H2/CO molar ratio, Ygas and CCE. However, 

further development is necessary to improve the accuracy of the model predictions 

(with special emphasis on the prediction of H2 and CO concentration), and 

consequently increase its reliability in the design, up-scale and operation of direct (air) 

BFB gasifiers. For this purpose, outlier exclusion, increase of database size and the 
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inclusion of the biomass feedstock elemental composition in the correlations 

development, may be beneficial. 

Currently, despite some studies revealing the flaws of the CEM approach, this is 

still the most commonly used technique to predict the products composition from 

biomass gasification and has been intensively used for simulating fluidized bed 

gasification in recent years. Accordingly, this work clearly shows that using CEMs to 

predict producer gas composition from direct (air) biomass gasification processes in 

BFBs can result in significant deviations from practical experimental results. Thus, 

alternative modeling techniques, for example approaches that integrate theoretical and 

experimental knowledge, such as integrating CEMs with empirical modelling, could be 

more reliable for the up-scale, design and operation of gasification technologies. 

Biomass gasification technologies still require significant improvements to be cost-

competitive and to be able to compete with conventional technologies based on fossil 

fuels. In this respect, modelling approaches are less expensive and time consuming 

than experimental research, and may improve the research progress of biomass 

gasification technologies and optimize the operation and design of gasification plants, 

leading to reduced costs. For this purpose, models based on suitable modelling 

approaches must be developed, for example by integrating practical knowledge from 

available experimental works. Accordingly, this paper results give a relevant insight on 

the variability of reported experimental results regarding direct (air) biomass 

gasification in BFBs and the applicability and accuracy of empirical and chemical 

equilibrium modelling approaches. In result, adopting and developing suitable 

modelling approaches is facilitated. 
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• Extended survey of experimental data on direct (air) biomass gasification 

• New empirical modelling approach to predict gasification process parameters 

• Literature data high variability is a barrier for empirical modelling 

• Nonstoichiometric chemical equilibrium is not reliable to predict gasification 

products 
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