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Abstract

Adequate tar removal is a recurrent challenge for biomass gasification. Materials such as char and 

activated char are promising catalysts for tar reforming because of their activity, inexpensiveness and 

constant production during gasification. Although the behaviour of char and activated char as catalyst 

has been previously studied, an evaluation of the thermodynamic efficiencies of the tar reforming 

process using char as a catalyst still lacking. This work analyses the performance of a two-stage system, 

where gasification is followed by tar reforming using char catalysts. For the study, a model based in a 

combination of equilibrium thermodynamics and chemical kinetics was developed. The first stage, 

where gasification occurs, was simulated with a thermodynamic equilibrium model. Gasification 

equilibrium models available in literature only predict the fractions of H2, CO, CO2 and CH4; the model 

developed for this work also predicts the formation of three model tar with different characteristics 

(benzene, toluene and naphthalene), providing information on the stability of formed tar. The second 

stage, simulated using kinetics from literature, consists on reforming the tar with catalysts made of 

residual char. The effects of the reactor temperature, equivalence ratio, and residence time were assessed 

via the gas quality, based on the gas lower heating value and tar concentration, and process efficiency, 

based on the energy and exergy efficiencies. Results showed that using char or activated char catalysts 

increases the heating value of the gas while reducing its tar concentration. Moreover, the process 

benefits thermodynamically (i.e. less exergy is destroyed) from low gasification temperatures and high 

reforming temperatures. Simulations indicate that a tarless gas with a lower heating value of more than 

8 MJ/Nm3 can be produced from gasification at 1023K with an equivalence ratio of 0.15 and subsequent 

reforming at 1123K with a residence time in the catalyst bed of 1 second.

Keywords: Thermodynamic equilibrium model, Tar reforming, Char catalyst, Gasification, Exergy 

analysis

Number of words: 4535

1. Introduction

During biomass gasification a feedstock is partially oxidized with steam, oxygen or CO2 to produce 

an energy-dense gas consisting on H2, CO, CO2, CH4 and other species in a lesser (but not negligible) 
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extent1. The produced gases can be either used for power generation or upgraded via processes such as 

Fischer-Tropsch synthesis or methane synthesis2,3. Gasification has been a subject of study for decades, 

leading to the development of different types of gasifiers varying from simple designs, such as fixed 

bed gasifiers, to advanced designs, such as plasma gasifiers, each with their own advantages and 

disadvantages4. However, for most of the commercially available technologies, a recurrent problem lies 

in the formation of tar, a mixture of condensable hydrocarbons that cause operational issues and needs 

to be removed. 

Even if high gasification temperatures prevent the formation of tar, some operational problems arise 

under such conditions, as for example pollutants such as HCN are formed, and in the case of fluidized 

bed gasifier, high temperatures lead to bed melting and fluidization problems, making alternative 

treatments necessary5,6. While tar can be catalytically reformed at moderate temperatures (around 700 

°C) with commercial catalysts such as nickel, the catalysts are prone to deactivation and require constant 

replacement, leading to increases in operation costs and decreases in efficiency7–9. 

On the other hand, biochar is a byproduct from gasification, whose yield normally varies between 1 

and 30 g per Nm3 of produced gas10. Biochar (referred to as char from here onwards) and related carbon-

based materials can be used as catalyst for tar reforming11. Under adequate conditions, chars can reform 

the tar into H2 and CO, effectively upgrading the quality of the gas. Studies have shown that at 

sufficiently high temperatures, char can provide tar conversions as high as those provided by 

commercial catalysts12, and under an adequate atmosphere e.g. steam, chars are not deactivated as 

quickly as commercial catalysts during reforming13. Moreover, since the chars would otherwise end up 

as waste, their cost as a catalyst is much less than that of commercial counterparts12–14. Therefore, 

incorporating the residual chars as a catalyst to upgrade the syngas can potentially improve the overall 

biomass gasification process. 

Although extensive research has been undertaken to explore the potential of char as a catalyst for tar 

reforming, so far no work has been conducted that systematically evaluates the performance of a two-

stage reactor for biomass gasification and catalytic reforming of tar using char or activated char. This 

work contributes to knowledge by providing an analysis of a two-stage gasifier with catalytic tar 

reforming in terms of gas quality and process efficiency, with the aim of improving the performance of 

biomass gasifiers using char catalysts, and ultimately increasing the economic feasibility of the process. 

Simulations were conducted to theoretically analyze the effect of gasification and reforming parameters 

in the lower heating value and tar contents of the gas. For the analysis of the process efficiency, the first 

and second law efficiencies were calculated as an indicator of the process performance. From the 

analysis, a set of effective operation conditions where the process is thermodynamically favoured is 

presented. Finally, closing words come in the form of a summary of the work and conclusions from the 

findings.
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2. Model description

The theoretical reactor simulated in this work is portrayed in Figure 1. Compared to the conventional 

gasifier design (Figure 1a), the theoretical reactor simulated in this work incorporates char particles 

after gasification for tar reforming (Figure 1b). The two stages of the reactor were simulated separately. 

The first stage (gasification) was modelled based on a pseudo-stoichiometric thermodynamic 

equilibrium model. The model was deemed pseudo-stoichiometric because of the two steps undertaken 

for the calculation of the product gas composition: (1) an stoichiometric calculation based on mass and 

energy balances, used to predict the yield of H2, CO, CO2, CH4, tar, char and steam (from moisture), 

and (2) a non-stoichiometric calculation based on the minimization of Gibb’s free energy, used to 

predict the tar distribution. Reported equilibrium models for gasification use a reaction scheme that 

either neglects the formation of tar15–17 or incorporate tar as a single model compound (usually 

benzene)18,19; these studies only present a general guidance on the amount of tar formed during 

gasification and any information on the relative stability of the tar species can be very inaccurate. In 

contrast, the model developed for this work is able to predict the distribution of tar into three species 

representative of different tar classes: benzene (C6H6), toluene (C7H8) and naphthalene (C10H8)20. The 

output from the first stage was set as the input for the second stage (tar reforming) which was simulated 

using a kinetic approach. 

Figure 1. Scheme outlining the two-stage reactor. a) is a conventional downdraft gasifier while b) is the theoretical reactor 

modelled in this work.

A detailed description of the models for gasification and tar reforming is found in sections 2.1 and 

2.2, respectively. The two stages were validated separately by reproducing experiments to an 

agreement. Calculations of the gas quality and the process efficiency were done based on mass, energy 
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and exergy balances, as portrayed in Figure 2. Mass and energy balances are found in Figure 2a, 

whereas Figure 2b shows the exergy balance. As seen in Figure 2, the unconverted char formed during 

gasification can be used as a catalyst during reforming, therefore the shown diagram does not reflect 

the mass balance in the case where no catalyst is employed.

Figure 2. Mass, energy and exergy balances for the modelled reactor. Sub-indexes “gas” and “ref” stand for gasification and 

reforming, respectively. (a) are the mass and energy balances, and (b) is the exergy balances of the system.

2.1. Gasification model. The theoretical limits of the chemical species distribution during chemical 

reactions can be determined at thermodynamic equilibrium. Thermodynamic equilibrium can be 

assumed in gasifiers with a sufficiently long residence time, such as downdraft and some fluidised bed 

gasifiers7. Some simplifications and assumptions were accounted for during the simulations:

 In every simulation (excluding the validation cases, where the composition was that of the 

biomass from the respective study), the composition of the biomass was based on values for 

wood from a reference21: 51.0, 6.0, 42.4 and 0.1 % wt. for C, H, O, and N, respectively, while 

the moisture content was set as 7.4% wt.

 Since the amounts of nitrogen and sulfur in the biomass are negligible when compared to 

carbon, hydrogen and oxygen, related species were not considered as products from 

gasification. Moreover, the ashes were also ignored in the reactions.

 The tar formed was a mixture of three popularly employed model compounds: benzene, toluene 

and naphthalene20. 

 The gases produced during gasification were considered ideal gases.

 Devolatilization of the biomass occurred instantaneously.
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 As the system was assumed to be at thermodynamic equilibrium, the reactor was considered 

isothermal and any pressure drops were neglected. The heat losses through the reactor walls 

were considered as 20% of the total heat in the reactor as an inefficient scenario to simplify the 

simulation of heat transfer through reactor walls22.

The stoichiometric calculation was performed using Python scripting, whereas the non-stoichiometric 

component was handled by the computational chemistry suite Cantera23. While the stoichiometric 

calculation largely defines the product composition, it only works with a single tar species due to the 

algebraic nature of the methodology. Hence, the intermediary species benzene, which is always present 

in tar lumps, was assumed to be produced during gasification and led to the formation of toluene and 

naphthalene20. The percentage composition of the three tar was calculated using the well-documented 

Gibb’s free energy minimization method24. The methodology to simulate the two-stage reactor, 

illustrated in Figure 3, has the advantage of providing more information on the physicochemical 

properties of the produced tar than models employing a single tar species18,25.

Figure 3. Flowchart of the methodology followed for the simulations.

2.1.1. Stoichiometric calculation. The stoichiometric calculation was done by solving a system of 

equations defined from the mass and energy balance as well as equilibrium constants. 

The stoichiometric calculation followed the global reaction: 

(1)𝐶𝐻𝛼𝑂𝛽 +𝛾(𝑂2 + 3.76𝑁2)⇌𝑥1𝐻2 + 𝑥2𝐶𝑂 + 𝑥3𝐶𝑂2 + 𝑥4𝐶𝐻4 + 𝑥5𝐶6𝐻6 + 𝑥6𝐻2𝑂 + 𝜙𝐶 + 3.76𝛾𝑁2

where α and β were defined from the ultimate analysis of biomass, γ is the molar quantity of air 

introduced to the gasifier, xi are the molar quantities of products from gasification and ϕ is the molar 

amount of unconverted char, calculated from a relationship proposed by Lim et al16:

 (2)𝜙 = 0.901 + 0.439(1 ― 𝑒 ―𝐸𝑅 + 0.0003𝑇𝑔𝑎𝑠)

where ER is the equivalence ratio in the gasifier, defined as the ratio of actual fuel/air and the 

stoichiometric fuel/air ratio, and Tgas is the gasification temperature, in K.

Elemental balances for carbon, hydrogen and oxygen, as well as equilibrium reactions were used to 

calculate the stoichiometric coefficients of the species. Due to the operation temperatures (Tgas ≥ 700 

°C), the water-gas shift, carbon gasification and methanation reactions were suitable20.

2.1.2. Non-stoichiometric calculation. Based on the principles of thermodynamics, the mass of the 

single tar species (benzene), calculated from the stoichiometric model, reacts to form toluene and 
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naphthalene. Cantera was employed for the free energy minimization calculations23. The Gibb’s free 

energies were calculated from its thermodynamic definition and the Shomate relationships24,26.

2.1.3. Energy balance. The energy balance for the gasification reaction was defined as:

(3)∆𝐻0
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 +𝛾(Δ𝐻𝑂2 + 3.76Δ𝐻𝑁2

) = ∑6
𝑖 = 1𝑥𝑖Δ𝐻𝑖 + 𝑄𝑙𝑜𝑠𝑡

where ΔHi are the changes in enthalpy of species i,  is the heat of formation of the biomass at Δ𝐻0
𝑏𝑖𝑜𝑚𝑎𝑠𝑠

298 K and Qlost is any heat lost through reactor walls. The changes in enthalpy for species i were defined 

as:

(4)Δ𝐻𝑖 = Δ𝐻0
𝑖 + 𝐶𝑝,𝑖(𝑇𝑔𝑎𝑠 ― 𝑇𝑎𝑡𝑚)

where Cp,i is the specific heat at constant pressure for species i and Tatm is the ambient temperature. 

While the   for the products can be found in tables and textbooks27, the heat of formation for the Δ𝐻0
𝑖

biomass,  , can be calculated following the relationship16:Δ𝐻0
𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(5)Δ𝐻0
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = Δ𝐻0

𝐶𝑂2 +
𝛼
2Δ𝐻0

𝐻2𝑂 + (12 + 𝛼 + 16𝛽)𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(6)𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 34.835𝑤𝐶 +93.87𝑤𝐻 ―10.8𝑤𝑂 +6.28𝑤𝑁 +10.465𝑤𝑆

where LHVbiomass is the biomass lower heating value (MJ/kg) and wC, wH, wO, wN and wS are the mass 

fractions of carbon, hydrogen, oxygen, nitrogen and sulfur from the biomass, obtained from the ultimate 

analysis of the biomass.

2.1.3. Process performance parameters. The syngas LHV was calculated as a function of its 

components, while the Cold Gas Efficiency (CGE) was calculated from the lower heating values:

(7)𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 = 4.18 (2.57𝑦𝐻2 + 3.0𝑦𝐶𝑂 + 8.54𝑦𝐶𝑂2 + 15.13𝑦𝐶𝐻4
) 

(8)𝐶𝐺𝐸 =
𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

where yi is the dry mole fraction of species i. 

On the other hand, the Carbon Conversion Efficiency (CCE) was calculated by dividing the moles of 

carbon in the outlet of the reactor by the moles of carbon in the biomass:

(9)𝐶𝐶𝐸 =
𝑥𝐶𝑂 + 𝑥𝐶𝑂2 + 𝑥𝐶𝐻4

𝑥𝐶,𝑏𝑖𝑜𝑚𝑎𝑠𝑠

where xi are the moles of species i.
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2.2. Tar reforming model. The tar reforming was simulated as a fixed-bed reactor in one dimension 

using Cantera23, with steam as the reforming agent. The reactor was assumed as a plug-flow isothermal 

reactor. The kinetics were simulated following the Arrhenius equation:

(10)ii kCr 

(11)RT
Ea

ekk  0

where ri and Ci are the reaction rate and concentration for tar species i, respectively, k is the apparent 

reaction rate constant, k0 is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 

constant and T is gas temperature. Species conversion and the apparent rate constant as a function of 

conversion were calculated as:

(12)
ini

outiini
i C

CC
X

,

,, 


(13))1( i
i Xk

dt
dX



where Xi is the conversion of the species it, Ci, in and Ci, out are the concentrations of species “i” at the 

inlet and the outlet of the reforming stage, respectively, and t is the gas residence time inside the 

catalyst bed, defined as:

(14) 


outiX

i

i
ini r

dXCt
,

0
,

where Xi,out is the conversion of the species i at the outlet of the reactor.  

The reactions considered in the simulations in the reforming stage along with their respective kinetic 

parameters are found in Table 1. 

Table 1. Chemical kinetic parameters involved in the reforming simulations. 

Reaction k0 Ea, 
kJ/mol

Ref.

𝐻2 + 𝐶𝑂2⟶𝐶𝑂 +  𝐻2𝑂 1.263x104 473 28

𝐶𝑂 +  𝐻2𝑂⟶𝐻2 + 𝐶𝑂2 2.778x102 126 28

𝐶𝐻4 + 𝐻2𝑂⟶𝐶𝑂 +  3𝐻2 3.1x103 125 29

𝐶6𝐻6 + 6𝐻2𝑂⟶9𝐻2 + 6𝐶𝑂 4.4x108 220 30

𝐶6𝐻6 + 6𝐻2𝑂
𝑅𝐶

9𝐻2 + 6𝐶𝑂 9.79x107 162 31

𝐶6𝐻6 + 6𝐻2𝑂
𝐴𝐶

9𝐻2 + 6𝐶𝑂 1.98x107 144 31

𝐶7𝐻8 + 𝐻2𝑂⟶2𝐻2 + 𝐶𝑂 + 𝐶6𝐻6 3.3x1010 247 30

𝐶7𝐻8 + 𝐻2𝑂
𝑅𝐶

2𝐻2 + 𝐶𝑂 + 𝐶6𝐻6
2.51x108 160 31

𝐶7𝐻8 + 𝐻2𝑂
𝐴𝐶

2𝐻2 + 𝐶𝑂 + 𝐶6𝐻6
3.27x106 118 31
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𝐶10𝐻8 + 4𝐻2𝑂⟶5𝐻2 + 4𝐶𝑂 + 𝐶6𝐻6 5.6x1015 360 30

𝐶10𝐻8 + 4𝐻2𝑂
𝑅𝐶

5𝐻2 + 4𝐶𝑂 + 𝐶6𝐻6
2.21x108 159 31

𝐶10𝐻8 + 4𝐻2𝑂
𝐴𝐶

5𝐻2 + 4𝐶𝑂 + 𝐶6𝐻6
2.68x105 95.7 31

RC: Catalysed by regular char. AC: Catalysed by activated char

2.3. Exergy analysis. The exergy analysis provides information on the maximum available work from 

a determinate process while accounting for irreversibilities. The exergies of the species were calculated 

from the following equations27:

(15)𝐸𝑡𝑜𝑡𝑎𝑙,𝑖 = 𝐸𝑝ℎ𝑦𝑠,𝑖 + 𝐸𝑐ℎ𝑒𝑚,𝑖

(16)𝐸𝑝ℎ𝑦𝑠,𝑖 = 𝑥𝑖((ℎ ― ℎ0) ― 𝑇0(𝑠 ― 𝑠0))

(17)𝐸𝑐ℎ𝑒𝑚,𝑖 = 𝑥𝑖(𝑒𝑐ℎ𝑒𝑚
𝑖 + 𝑅𝑇0𝑙𝑛[𝑛𝑖])

where Etotal,i, Ephys,i and Echem,i are total, physical and chemical exergies of species i, respectively, h is 

the enthalpy, s is the entropy,  is the standard chemical exergy of species i, and ni is the molar 𝑒𝑐ℎ𝑒𝑚
𝑖

fraction of species i; the sub index 0 denotes reference state. The exergy of the biomass was calculated 

as a function of its composition following the relationship reported by Szargut32:

(18)𝐸𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝜃𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(19)𝜃 =
1.0414 + 0.0177(𝐻

𝐶) ― 0.3328(1 + 0.0537(𝐻
𝐶) + 0.0493(𝑁

𝐶))
1 ― 0.4021(𝑂

𝐶)

The exergy efficiency of the process was calculated for each stage by dividing the exergy of the 

product gas at the outlet of the reactor by the exergy streams at the reactor inlets. In other words,

(20)𝜂𝐸 =
𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 + 𝐸𝑔𝑎𝑠 + 𝐸ℎ𝑒𝑎𝑡

(21)𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐻2 + 𝐸𝑡𝑜𝑡𝑎𝑙,𝐶𝑂 + 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐶𝑂2 + 𝐸𝑡𝑜𝑡𝑎𝑙,𝐶𝐻4 + 𝐸𝑡𝑜𝑡𝑎𝑙,𝑡𝑎𝑟 + 𝐸𝑡𝑜𝑡𝑎𝑙,𝐻2𝑂 + 𝐸𝑡𝑜𝑡𝑎𝑙,𝐶

Egas refers to either the exergy of air or steam, depending on the stage, Ereactants is either the exergy of 

the biomass (in the gasifier) or the syngas (in the reformer) and Eheat is the physical exergy added when 

external heating is necessary to achieve a certain temperature. Eheat changes in sign (i.e. physical exergy 

is extracted) whenever the reforming stage occurs at a lower temperature than gasification.

Finally, the exergy destroyed is defined as the difference between the exergies that enter and exit a 

reactor:

(22)𝐸𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = 𝐸𝑖𝑛 ― 𝐸𝑜𝑢𝑡 ― 𝐸𝑙𝑜𝑠𝑡
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where Ein is the exergy at the inlet of the reactor, Eout is the exergy of the gas at the outlet of a reactor 

and Elost is the exergy lost to the surroundings. The Ein term accounts for all the exergy streams at the 

inlet of the reactor. For the gasification stage, the Ein term is the exergy of the biomass, externally added 

heat and the gasification agent. On the other hand, for the reforming stage, Ein includes the exergy of 

the produced gas, heat supply (if necessary) and the exergy contents of the supplied steam.

3. Model validation

3.1. Gasification model. To validate the gasification model, 20 experiments from 8 different 

references16,33–39 were simulated, each under its own set of conditions (e.g. biomass 

composition, gasification temperature, equivalence ratio, etcetera). The experiments simulated 

for validation included fluidised bed gasifiers16,33,36,37 and downdraft gasifiers34,35,38,39. Since 

the number of experiments replicated was relatively large, values for the mean absolute error 

were used for validation. Agreement was found between the simulations and references, as 

seen in Table 2.

Table 2. Error values obtained from simulations using the gasifier modela.

Species Mean Absolute Error Standard Deviation

H2 3.647 3.340

CO 1.835 2.324

CO2 2.771 3.882

CH4 1.985 2.263

Tar* 4.783 8.320

Char* 0.013 2.032
aIn % composition. *In g/Nm3

Although the error for the tar species appears larger than the rest, a larger error is unavoidable 

due to the variability in the composition of the tar species for each experiment. Additional 

simulations were undertaken to validate the non-stoichiometric component of the model. 

Experiments from references were simulated for this end37,40. The experiments from Kinoshita 

et al.40, where the tar composition as a function of temperature and equivalence ratio was tested, 

were reproduced. The results can be seen in Figure 4.
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Figure 4. Comparison between simulations and experiments reported by Kinoshita et al. 40. Tar distribution as a function of 

temperature (a), and equivalence ratio (b).

3.2. Reforming model. Validation of the kinetic mechanism for tar reforming was done by 

reproducing experiments documented elsewhere31. Briefly, simulated syngas with a mixture of benzene, 

toluene and naphthalene was injected into a drop tube furnace containing a bed of either char or 

activated char as and subject to reforming at 650, 750 and 850 °C and residence time of approximately 

0.5 seconds. The experiments were simulated and agreement was found between the experiments and 

simulations for every case, as shown in Figure 5. 

Figure 5. Conversion results from computational simulations. Comparison of experimental and simulation results using a) 

activated and b) regular char.

4. Results and discussion

The two-stage reactor was simulated under different operation conditions to determine the effect of 

thermophysical parameters in the process. Section 4.1 presents an analysis of the syngas quality (based 

on the gas LHV and tar contents) using char and activated char as catalysts, while section 4.2 assesses 

the process efficiency based on the CGE, CCE and exergy efficiencies. 

The parameters varied were gasification temperature (923-1123K), reforming temperature (923-

1523K), gasification equivalence ratio (0.15-0.45) and reforming residence time (0.1 – 1 seconds). The 

temperatures investigated in the simulations cover a range such that the theoretical catalyst bed should 

not suffer from sintering, while the equivalence ratios used are common operation values5,10. On the 

other hand, the values used for temperature and residence time in the reforming reactor are based on 
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experimental findings31. The amount of steam injected for reforming was not varied because studies 

have shown that it has a little effect in the reforming of tar13,41,42, and is thereby set at a constant value 

of 10% of the total gas volume in the reforming stage.

4.1 Analysis of the syngas quality

4.1.1 Effect of the reaction temperature and equivalence ratio. Results from simulations using char 

(RC), activated char (AC) and no catalyst are found in Figure 6. Figure 6a and 6b show the gas lower 

heating value and tar contents as a function of gasification temperature and reforming temperature, 

respectively. The simulations from Figure 6a were conducted with constant values for the equivalence 

ratio, reforming reactor temperature and residence time of 0.25, 1023K and 0.5 seconds, respectively. 

When catalysts are used, the gas lower heating value increased and the tar contents decreased when 

compared with the case without catalyst. During reforming, the activated char performed better than the 

regular char, providing larger increases in LHV and reductions in tar contents. However, the difference 

between the catalysts becomes negligible at high temperatures when there are no tar in the gas produced 

from gasification.

During the simulations performed to develop Figure 6b, the gasification temperature and equivalence 

ratio were held constant at 923 K and 0.25, respectively; the values were chosen to ensure not all the 

tar was not decomposed by oxidation with air. When using char and activated char, the tar were almost 

completely reformed at around 1173K, whereas complete thermal cracking required more than 1523K. 

On the other hand, the LHV reached a maximum value (around 7.2 MJ/Nm3 under the studied 

conditions), which is a function of the equivalence ratio, regardless of the employed catalyst. 

Figure 6. Tar concentration (g/Nm3) and Lower Heating Value (MJ/Nm3) and as a function of temperature (a) gasification 

temperature during reforming at 1023K and (b) reforming temperature during gasification at 923K. For both cases the 

residence time and equivalence ratios were 0.5 seconds and 0.25, respectively.

The effect of the equivalence ratio in the LHV and tar contents in the produced gas using char and 

activated char is found in Figure 7. Figure 7a corresponds to the tar concentration while Figure 7b 

corresponds to the LHV of the gas. Increasing the reforming temperature decreased the tar contents and 

increased the LHV. On the other hand, although while increasing the ER decreased the contents of tar 

in the gas, the LHV also decreased significantly because the gas became diluted with the N2 from air. 
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Due to the abrupt decrease in the LHV with increasing the ER, high ERs are not desirable even if they 

result in lower tar yields.  

Figure 7. (a) Tar concentration (g/Nm3) and (b) Lower Heating Value (MJ/Nm3) as a function of equivalence ratio and 

reforming temperature at a gasification temperature of 923K and reforming residence time of 0.5 seconds, using regular char 

and activated char as catalysts.

Simulations indicated that the tar distribution changed according to the operating temperature and 

equivalence ratio; for this series of simulations, the equivalence ratio and gasification and reforming 

temperatures were varied, while the residence time was held constant at 0.5 seconds. The distribution 

of tar under different conditions is depicted in Figure 8. The toluene and naphthalene were almost 

completely reformed using a catalyst at reforming temperatures of 1173K, regardless of the gasification 

conditions; increasing the residence time can reduce the tar contents and required temperatures even 

further, as explained in section 4.1.2. The most stable tar was benzene, whereas the most easily 

decomposed tar was toluene. 

Figure 8. Tar concentration, in g/Nm3 at the outlet of the gasifier, outlet of the reformer using a char catalyst and outlet of 

the reformer using an activated char catalyst, with a residence time of 0.5 seconds. a) ER = 0.15 and b) ER = 0.25.
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The tar yields can be manipulated by changing the gasification temperatures, reforming temperatures 

or equivalence ratios. On one hand, the tar contents in the produced gas are reduced to values less than 

0.005 g/Nm3 when the ER is 0.25 at a gasifying temperature of at least 1123K. On the other hand, by 

incorporating a reforming stage with regular or activated char at 1173K, after gasifying at 1023K, the 

tar yields will consist only on benzene in low concentrations (less than 1 g/Nm3); this allows reducing 

the ER to 0.15, leading to increases in the LHV of the gas and process efficiency. Gasifying at 1023 K 

and reforming at 1123 K results in less than 3 g/Nm3 benzene as the only tar species. Although this is a 

relatively high tar concentration, when benzene is the only tar species, for some applications such as 

combustion, the produced gas might not require as intricate post-treatment, leading to some possible 

savings43. Moreover, alternative gas treatments such as those based on the mixture dew point may be 

utilized in these cases43–45. While it is clear that the incorporation of a catalyst and high temperatures 

are advantageous to the process in terms of syngas quality, the efficiency represent an additional pillar 

for process evaluation, as explained in section 4.2.

4.1.2. Effect of the reforming temperature and residence time. Results from simulations varying the 

residence time in the reforming reactor are found in Figure 9. For this group of simulations, the 

gasification temperature and equivalence ratio were held constant at 923K and 0.25. Figures 9a and 9b 

show the tar contents and LHV of the gas using regular char, while 9c and 9d show the tar contents and 

LHV of the gas using activated char. As expected, increasing the residence time decreased the 

temperature necessary to obtain complete tar conversion. This effect is most notorious at low residence 

times, where the temperatures required to achieve significant conversion are higher. Increasing the 

residence time from 0.2 to 1 second decreases the temperature necessary for complete tar conversion 

by about 200 degrees. 
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Figure 9. Effect of the residence time and reforming temperature in the tar contents and LHV of the gas. a) and b) are the tar 

contents and LHV, respectively, when using regular char as catalyst, while c) and d) correspond to the tar contents and LHV, 

respectively, using activated char catalyst. The gasification temperatures and equivalence ratios were 923 K and 0.25, 

respectively.

4.2. Assessment of the process efficiency. The Carbon Conversion Efficiencies (CCE), gas yield, 

Cold Gas Efficiencies (CGE) and exergy efficiencies of the process were determined under a range of 

conditions. Since the CCE and gas yield only depend on the gasification stage, these are presented first 

in a separate subsection.

4.2.1 Carbon conversion efficiency and gas yield. Figure 10 presents the effect of the gasification 

operation conditions (temperature and equivalence ratio) in the gas yield and carbon conversion 

efficiency. Because higher ER means more oxygen available for oxidation reactions (and increased CO 

and CO2 production), increasing the ER increases the gas yield and carbon conversion efficiency. 

Although it might appear that a high ER is beneficial, high low-quality gas yields are undesirable and 

costly46. 

Figure 10. a) Gas yield  and b) Carbon Conversion Efficiency (CCE) provided by the gasifier as a function of temperature 

and equivalence ratio.

4.2.2. First and second law analysis. Figure 11a displays how temperature and equivalence ratio 

affect the CGE of the process. The CGE decreases slightly with ER and increases with gasification 

temperature, because even if the gas has a lower LHV, the gas yield increases, leading to more energy 

produced per kg biomass; nevertheless, the production of a large amount of low-quality gas is not 

desirable.

Apart from calculating the CGE, an exergy analysis of the two stages under different gasification and 

reforming temperatures and equivalence ratios was conducted. Results are found in Figure 11b and 

11c, where the gasification and reforming exergy efficiencies, respectively, are shown. The gasification 

exergy efficiency increased with temperature and decreased with ER, while the reforming exergy 

efficiency increased significantly with reforming temperature, slightly with equivalence ratio, and 

decreased with increasing gasification temperature. 
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Figure 11. (a) Cold gas efficiency, (b) gasification exergy efficiency and (c) reforming exergy efficiency.

From Figure 12, it appears that the gasification temperature does not have an effect in reforming 

exergy. However, increasing the gasification temperature contributes to exergy destruction. This occurs 

because of irreversibilities associated with heat transfer. Since increasing the equivalence ratio increases 

the exergy destroyed during gasification but does not affect the exergy of the gas after reforming, in 

this regard, the lower the equivalence ratios, the higher the exergy efficiency.

Figure 12. Total (a and c) and destroyed (b and d) exergies calculated at the outlet of the gasifier and the reformer at 

different temperatures. The equivalence ratios are 0.15 for a and b and 0.45 for c and d.
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4.3. Effective operation conditions. As presented in sections 4.1 and 4.2, the activated char was the 

best catalyst; for that reason the results shown in this section are with that catalyst only. The criteria 

employed to determine operation parameters in the reactor was: (1) maximize the cold gas efficiency, 

(2) maximize the process efficiency and (3) produce the syngas with the highest LHV. 

Figure 13 shows the effect of gasification temperature and ER in the process CCE and CGE. The 

CCE increased with temperature and ER while the CGE only increased marginally with ER. The CCE 

and CGE in air-blown gasifiers normally varies between 60 and 90%, and 60 and 80%, respectively10. 

By this criteria, high equivalence ratios and gasification temperatures are desirable. However, 

increasing the ER decreased the LHV of the produced gas. Moreover, as described in section 4.1, the 

use of char catalysts increased the gas LHV while decreasing its tar contents, thus the ER becomes 

relevant for the CCE only. Figures 14a, b, c and d show the gas LHV and tar contents as a function of 

gasification and reforming temperatures at an equivalence ratio of 0.15, 0.25, 0.35 and 0.45, 

respectively. At the same time, from the second law analysis, the gas exergy after reforming was 

unaffected by the gasification conditions, hence, the process thermodynamically benefits from low 

gasification and high reforming temperatures.

Figure 13. Effect of the gasification temperature and equivalence ratio in the CGE and CCE. 

Figure 14. Effect of the gasification and reforming temperatures in LHV of the syngas and the tar contents, when gasifying 
at an equivalence ratio of a) 0.15 and b) 0.25. 
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Simulations indicate that, under the conditions studied in this work, a gasification temperature of 

1023K, an equivalence ratio of 0.15 and a reforming temperature high enough to reform the tar (1173K 

at a residence time of 0.5 seconds) leads to producing a virtually tar-free gas with a LHV of more than 

8 MJ/Nm3. Figure 15 shows the Sankey diagram representing the exergy flows under these operation 

conditions. A large amount of exergy is destroyed during gasification, due to differences in temperature 

and changes in the species composition. Contrarily, during reforming, the exergy loses are more 

significant than the exergy destruction. Some of the heat in the syngas could be used to dry the biomass 

and increase the process efficiency, as more than the 2.26MJ/kg necessary to vaporize the water in the 

biomass is available for recovery47. On the other hand, the exergy destroyed during gasification remains 

an engineering challenge. Technologies such as supercritical gasification aim to tackle losses in 

efficiency but still require further research; an overview of these technologies is outside of the scope of 

this work48.

Figure 15. Sankey diagram for the exergy flows at Tgas = 1073 K, Tref = 1173 K and ER = 0.15. All the exergies are in 

MJ/kg. Elost and Edestroyed are the exergies lost to the surroundings and destroyed either during gasification or reforming. 

Egasification are the exergy contents of the air supplied for gasification and the exergy added from external heat, Ebiomass are the 

exergy contents of the studied biomass, Ereforming are the exergy contents of the reforming agents plus the externally added 

heat for reforming. Esyngas is the exergy of the syngas downstream of the reactor.

5. Summary and conclusions 

A model to simulate a two-stage reactor for gasification and tar clean-up was developed and validated. 

Simulations were conducted to analyze the effect of operation parameters in the performance of the 

reactor and gas quality: incorporation of a catalyst, gasification temperature, equivalence ratio, 

reforming temperature and reforming residence time. Further, a second law analysis was conducted to 

determine the maximum obtainable work from the proposed system. The following was concluded:
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 High temperatures, either during gasification or reforming, are beneficial for the syngas quality. 

According to results, the process gasification temperature should aim to provide a high carbon 

conversion efficiency and the reforming temperature should be adjusted to eradicate the tar. 

 When reforming tar using char catalysts, the required residence times for significant conversion 

at temperatures less than 1173K are at least 0.3 seconds. 

 Depending on the end use of the product gas, the extent of tar clean up can be adjusted to 

optimize the spent resources. For example, since benzene is not a tar as problematic as 

polyaromatic hydrocarbons (i.e. it does not condense at high temperatures), it can be combusted 

along with the produced gas for energy.

 In a two-stage reactor for gasification and tar reforming, the gasification process is an important 

source of irreversibilities. On the other hand, a large amount of exergy is lost during reforming. 

Although the loses cannot be completely avoided, the efficiency of the process can be improved 

with the incorporation of heat recovery or heat from sustainable sources.

The findings indicate the relevance of employing char catalysts during staged gasification, 

demonstrated by the increases in thermodynamic efficiency and should prove useful for scientists and 

engineers working in improving biomass gasification. Moreover, biomass residual char is shown as a 

competent catalyst to upgrade the gas produced during gasification. This represents a step forward in 

improving the sustainability of biomass gasification. 
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Figure 3. Flowchart of the methodology followed for the simulations. 
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Figure 4. Comparison between simulations and experiments reported by Kinoshita et al. [11]. Tar distribution as a function of 

temperature (a), and equivalence ratio (b). 
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Figure 5. Conversion results from computational simulations. Comparison of experimental and simulation results using a) 

activated and b) regular char. 
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Figure 6. Tar concentration (g/Nm3) and Lower Heating Value (MJ/Nm3) and as a function of temperature (a) gasification 

temperature during reforming at 1023K and (b) reforming temperature during gasification at 923K. For both cases the 

residence time and equivalence ratios were 0.5 seconds and 0.25, respectively. 
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Figure 7. (a) Tar concentration (g/Nm3) and (b) Lower Heating Value (MJ/Nm3) as a function of equivalence ratio and 

reforming temperature at a gasification temperature of 923K and reforming residence time of 0.5 seconds, using regular char 

and activated char as catalysts. 
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Figure 8. Tar concentration, in g/Nm3 at the outlet of the gasifier, outlet of the reformer using a char catalyst and outlet of 

the reformer using an activated char catalyst, with a residence time of 0.5 seconds. a) ER = 0.15 and b) ER = 0.25. 
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Figure 10. a) Gas yield  and b) Carbon Conversion Efficiency (CCE) provided by the gasifier as a function of temperature 

and equivalence ratio. 
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Figure 11. (a) Cold gas efficiency, (b) gasification exergy efficiency and (c) reforming exergy efficiency. 
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Figure 12. Total (a and c) and destroyed (b and d) exergies calculated at the outlet of the gasifier and the reformer at 

different temperatures. The equivalence ratios are 0.15 for a and b and 0.45 for c and d. 
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Figure 13. Effect of the gasification temperature and equivalence ratio in the CGE and CCE.  
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Figure 14. Effect of the gasification and reforming temperatures in LHV of the syngas and the tar contents, when gasifying 

at an equivalence ratio of a) 0.15 and b) 0.25.  
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