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Abstract: In the present work, the air-steam biomass gasification model with tar has been developed
based on the equilibrium constants. The simulation results based on two different models (with and
without tar) have been validated by the experimental data. The model with tar can well predict the tar
content in gasification; meanwhile, the predicted gas yield (GY), based on the model with tar, is much
closer to the experimental data. The energy exchange between the gasifier and the surrounding has
been studied based on the dimensionless heat transfer ratio (DHTR), and the relationship between
DHTR and the process parameters is given by a formula. The influence of process parameters on
the syngas composition, tar content, GY, lower heating value (LHV), and exergy efficiency have
been researched.
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1. Introduction

Biomass gasification is a thermochemical conversion method [1,2], which converts biomass into
combustible gases through partial oxidation. Decomposition, partial oxidation, and various other
chemical reactions occur during gasification, involving heat and mass transfer processes. Biomass
gasification has gained attention worldwide due to its capacity to handle a wide range of biomass
feedstocks and its high efficiency of energy conversion [3–5].

Due to its inherent complexity, simulating the gasification process and predicting the process
performance is still at a preliminary stage [6]. In the simulation of gasification, thermodynamic
equilibrium modeling does not consider the mechanism of transformation; meanwhile, it is
independent of gasifier geometry and not limited to a specified range of operating conditions.
Equilibrium model represents the gasification process as a single reaction, so it is useful to predict
the exit gas composition and estimate the trend of the gasifier output with variations in process
parameters [7].

Equilibrium models can be categorized into stoichiometric models based on equilibrium constants
of the most important reactions [8] and non-stoichiometric models based on minimization of the
Gibbs free energy [9–13]. Some researchers [14–16] simulated the gasification process based on
non-stoichiometric models, whereas other researchers [17–19] paid more attention to stoichiometric
models. However, both the approaches are essentially equivalent [20]. Air, steam, and air-steam
are the generally used gasifying agents in gasification. Air is comprehensively used [21,22], since it
is cheap. Steam gasification was found to produce gas with a high heating value [23,24] compared
to air gasification due to the high content of H2 in the syngas. The pure steam gasification process
requires an indirect or external heat supply for endothermic gasification reaction, which increases the
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cost of gasification. Alternatively, air-steam gasification [25,26] decreases the cost, since the partial
combustion reaction provides the heat. Meanwhile, the heating value of the syngas is still acceptable,
so this process has received a lot of attention.

In the air-steam gasification process, when the energy balance equation is introduced to the
equilibrium model, the value of energy exchange between the gasifier and the surrounding should
be given. If this value is inaccurate, the simulation results are very likely to be misleading. However,
this value is usually determined through experiments, which causes the data to be insufficient. If the
relationship between the energy exchange and the process parameters can be determined by a formula,
the value will be obtained accurately and conveniently. Tar is generally neglected in the simulation
study based on the stoichiometric models [18,27]. In fact, tar is invariably present in the gasification
process, especially at low gasification temperatures [28,29]. The components of tar are very complex,
and the primary tars are generally obtained at temperatures below 973 K. As temperature increases,
primary tars continue to decompose with the formation of secondary tars, comprising phenolics and
olefins [30]. In some simulations of gasification, phenol was used as the model compound for tars [31].

Hence, in this study, the air-steam biomass gasification model with tar has been developed based
on the equilibrium constants, and phenol is used as the model compound for tars. The effects of
process parameters on the syngas composition, tar content, gas yield, the lower heating value of the
syngas, and the exergy efficiency of gasification have been studied. Moreover, the relationship between
the energy exchange and the process parameters has also been researched.

2. Thermodynamic Equilibrium Model

For the present air-steam thermodynamic equilibrium model, some assumptions have been made
for the biomass gasification process: (1) temperature of the products is equal to the gasification
temperature; (2) oxygen is consumed completely; (3) the gas mixture is in equilibrium and is
homogeneous; (4) the residence time is long enough, and all the chemical reactions can reach an
equilibrium state; (5) nitrogen does not take part in the reactions; (6) the biomass is composed of C, H,
and O; (7) the solid products include only the char, which is composed of entirely of carbon; (8) ash is
not considered in the simulation; (9) phenol is regarded as tar; (10) atmospheric pressure is assumed in
the gasifier.

The overall gasification reaction with air and steam can be written as follows:

CHxOy + m(O2 + 3.76N2) + nH2O = x1CO + x2CO2+

x3H2 + x4CH4 + x5H2O + 3.76mN2 + x6C + x7C6H6O
(1)

where x and y are the number of atoms of hydrogen and oxygen for each atom of carbon in the biomass,
respectively. m and n are the molar amounts of air and steam, respectively, fed per mole of biomass.
x1, x2, x3, x4, x5, x6, and x7 are the number of moles of the corresponding products, respectively.

The element balances of carbon, hydrogen, and oxygen elements are given below:

1 = x1 + x2 + x4 + x6 + 6x7 (2)

x + 2n = 2x3 + 4x4 + 2x5 + 6x7 (3)

y + 2m + n = x1 + 2x2 + x5 + x7 (4)

2.1. Equilibrium Constants and Non-Equilibrium Factor

When biomass is added to the gasifier, the pyrolysis reactions occur instantaneously. This is
followed by a number of competing intermediate reactions, including both heterogeneous reactions
and homogeneous gas phase reactions. Char, tar, and other gases (CO, CO2, H2O, H2, and CH4)
are produced during the gasification process. The three independent equilibrium reactions used for
equilibrium calculation are considered to be:
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C + H2O↔ CO + H2 − 131 kJ/mol (5)

C + 2H2 ↔ CH4 + 75 kJ/mol (6)

CO + H2O↔ CO2 + H2 + 41 kJ/mol (7)

The above three reactions are water gas reaction, methane generation reaction, and water gas shift
reaction, respectively. The equilibrium constants for these three reactions can be shown as follows:

K1 =
(PCO/Ptotal)(PH2 /Ptotal)

(PH2O/Ptotal)
=

x1x3

x5
· 1
xtotal

(8)

K2 =
(PCH4 /Ptotal)

(PH2 /Ptotal)
2 =

x4

(x3)
2 ·xtotal (9)

K3 =
(PCO2 /Ptotal)(PH2 /Ptotal)

(PCO/Ptotal)(PH2O/Ptotal)
=

x2·x3

x1·x5
(10)

where K and P are equilibrium constant and pressure, respectively. xtotal is the total number of moles
of syngas.

The equilibrium constant can be calculated based on the Gibbs free energy; meanwhile, the
standard Gibbs function of the reaction is dependent on the standard enthalpy change. Through
mathematical conversion, the equilibrium constant is associated with the standard enthalpy change
and a constant of integration, which can be found from the related reference [32]. From the data of
standard enthalpy of formation and standard Gibbs function of formation, also shown in that paper,
this constant of integration can be calculated. Thus, the correlations between the equilibrium constants
and the temperatures for the Reactions (5)–(7) are obtained shown below:

ln K1 =
−15702.01

T
+ 1.384 ln T − 0.000621T +

39900
T2 + 7.642 (11)

ln K2 =
7082.848

T
− 6.567 ln T + 0.003733T − 3.60667× 10−7T2 +

35050
T2 + 32.541 (12)

ln K3 =
5872.461

T
+ 1.86 ln T − 0.000269T − 58200

T2 − 18.014 (13)

In the actual gasification system, it is a fact that methane generation reaction is not at equilibrium
state. Some researchers [17,27] found that the methane yield was underestimated in the simulation
based on the conventional thermodynamic equilibrium model. Hence, it is necessary to consider the
non-equilibrium behavior. According to the linear regression analysis of many experimental data sets,
the dependency of CH4 with respect to the process parameters was obtained [17]. It was observed
that the methane yield had a significant relationship with ER, and that was consistent with the results
in the literature [33,34]. Meanwhile, the tar is formed in pyrolysis stage accompanied with H2, CO,
CO2, H2O, and CH4, and it can also convert to these gases according to the decomposition reactions.
So, it is reasonable to believe that the equilibrium relationship between these gases will not change,
and the effect of the tar on these gases is just revealed from Equation (9). Hence, the non-equilibrium
modification is needed to apply to K2, which is shown below:

K∗2 = (38.75− 30.7·ER)·K2 (14)

where ER is equivalence ratio, and it is defined as the ratio of the actual amount of air fed to the gasifier
to the stoichiometric amount of air necessary for the combustion of biomass.

Meanwhile, the Equations (8) and (9) can be combined to give the Equation (15) as shown below:

K1·K2 =
x1·x4

x3·x5
(15)
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In the gasification process, the carbon in biomass gets partially converted into gas and the rest is
converted into char. Hence, the carbon conversion ratio is defined as the ratio of total number of moles
of carbon in syngas to the number of moles of carbon in the biomass feed. Many studies [34–36] have
found that carbon conversion ratio cannot be calculated directly, and the empirical formula obtained
based on experimental data sets will be suitable. Generally, the carbon conversion ratio can be fitted
as a function of process parameters, such as ER [34], or both ER and temperature [17,37]. It has been
found that the temperature has a small effect on carbon conversion ratio. An empirical formula was
proposed by Lim et al. [17] based on many experimental data points under different experimental
conditions, and the temperature influence had been considered. So, this formula can be considered as
a representative one, and it is shown as follows:

f = x1 + x2 + x4 + 6x7 = 0.901 + 0.439(1− e(−ER+0.0003T)) (16)

2.2. Energy Balance in the Gasification Process

Based on the first law of thermodynamics, the equation for energy conservation of the reactants
and products of gasification can be written as follows:

Q = ∑ (wout·H0
out) +

T2∫
298.15

(∑ (wout·Cp,out(T)))dT

−∑ (win·H0
in)−

T1∫
298.15

(∑ (win·Cp,in(T)))dT
(17)

where Cp is the specific heat at constant pressure, and T1 and T2 are the inlet temperature of reactants
and the outlet temperature of products, respectively. H0 is the standard enthalpy of formation, and the
value for the gas can be found in the literature [8,32]. Q is the energy exchange between the gasifier
and the environment, which is positive for the endothermic reaction and negative for the exothermic
reaction. w is the molar amount of the corresponding material. The subscript “in” corresponds to the
reactants and the subscript “out” corresponds to the products.

The equation for the complete combustion reaction of biomass is shown below:

CHxOy + (1 +
x
4
− y

2
)O2 → CO2 +

x
2

H2O + LHVbiomass (18)

The standard enthalpy of formation for biomass can be calculated as follows:

H0
f,CHxOy

= H0
f,CO2

+
x
2

H0
f,H2O + LHVbiomass (19)

where LHVbiomass is the lower heating value of the biomass in MJ/kg.

2.3. Exergy Efficiency of Gasification

Exergy is the maximum amount of theoretically available energy, which is used for evaluating the
quality of energy. The conversion of exergy before and after gasification is controlled by the second
law of thermodynamics, which considers the loss due to increase in entropy. The quality of energy
could not be considered in the first law of thermodynamics during the gasification process. Hence, it is
highly necessary to analyze the exergy efficiency.

Exergy includes two components [8]: chemical exergy and physical exergy.
The chemical exergy of the compound is calculated as follows [38]:

Echem,CHO = wCEchem,C + 0.5wH2 Echem,H2 + 0.5wO2 Echem,O2 (20)

The chemical exergies for pure components are given in the literature [39,40].
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The physical exergy of a component is calculated as follows [41]:

Ephy =

T∫
T0

CpdT − T0

T∫
T0

Cp

T
dT = (h− h0)− T0(s− s0) (21)

where h and s are the enthalpy and entropy, respectively.
The exergy of biomass is calculated from its lower heating value as follows:

Ebiomass = β·LHVbiomass (22)

where β is a multiplication factor [8], which is expressed in terms of oxygen-carbon and
hydrogen-carbon ratios.

The exergy balance of the reaction process is as follows:

∑ Ereactants + W =∑ Eproducts+Eloss (23)

where the exergy of reactants, Ereactants, comprises biomass exergy and the exergy of the inlet gas
mixture. The exergy of products, Eproducts, comprises syngas exergy and unconverted carbon exergy.
Eloss is the exergy loss during the gasification process. W is the exergy accompanying the energy
exchange, which is positive for the endothermic reaction and negative for the exothermic reaction.

Exergy efficiency (η) corresponding to the endothermic reaction is defined as follows:

η =
∑ Eproducts

∑ Ereactants + W
(24)

Exergy efficiency corresponding to the exothermic reaction is defined as follows:

η =
∑ Eproducts −W

∑ Ereactants
(25)

2.4. Other Parameters

Steam to biomass ratio (SBR) is defined as the ratio of the steam mass flow rate to the biomass
mass flow rate on dry basis.

Gas yield (GY) is calculated by dividing the rate of production of dry syngas, excluding nitrogen,
by the biomass feeding rate, and its unit is Nm3/kg.

When the combustible components of the syngas are CO, H2, and CH4, the lower heating value
(LHV) of the syngas is calculated as follows [42]:

LHV = 12.64φCO + 10.8φH2 + 35.8φCH4 (26)

where LHV is expressed in MJ/Nm3. φ is the corresponding molar fraction of combustible gas species
in the dry syngas, which includes nitrogen.

3. Model Validation

In order to validate the equilibrium model, the experimental results reported by some researchers
have been used as comparison, and the operating conditions of the samples chosen to validate the
model are presented in Table 1. The validation results are shown through Figures 1–6.
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Table 1. Operating conditions for the experimental runs of gasification.

Expt. Sample No. Author(s) Gasification Agent T (◦C) SBR ER

1 Campoy et al. [43] Steam + Air 752 0.18 0.23
2 Campoy et al. Steam + Air 727 0.28 0.19
3 Campoy et al. Steam + Air 786 0.23 0.27
4 Campoy et al. Steam + Air 755 0.43 0.27
5 Campoy et al. Steam + Air 804 0.22 0.33
6 Campoy et al. Steam + Air 789 0.45 0.33
7 Jarungthammachote et al. [44] Steam + Air 909 0.17 0.34
8 Jarungthammachote et al. Steam + Air 903 0.21 0.34
9 Jarungthammachote et al. Steam + Air 887 0.28 0.34

10 Jarungthammachote et al. Steam + Air 937 0.12 0.37
11 Jarungthammachote et al. Steam + Air 911 0.26 0.37
12 Jarungthammachote et al. Steam + Air 878 0.33 0.37
13 Salami et al. [45] Steam + Air 770 0.23 0.29
14 Salami et al. Steam + Air 770 0.4 0.29
15 Salami et al. Steam + Air 770 0.51 0.29
16 Salami et al. Steam + Air 770 0.6 0.29
17 Salami et al. Steam + Air 770 0.67 0.29
18 Salami et al. Steam + Air 770 0.7 0.29
19 Salami et al. Steam + Air 770 0.75 0.29
20 Salami et al. Steam + Air 861 0.23 0.29
21 Salami et al. Steam + Air 861 0.4 0.29
22 Salami et al. Steam + Air 861 0.51 0.29
23 Salami et al. Steam + Air 861 0.6 0.29
24 Salami et al. Steam + Air 861 0.67 0.29
25 Salami et al. Steam + Air 861 0.7 0.29
26 Salami et al. Steam + Air 861 0.75 0.29
27 Cheng et al. [46] Steam 714 0.15 0
28 Cheng et al. Steam 788 0.15 0
29 Cheng et al. Steam 863 0.15 0
30 Cerone et al. [47] Steam + Air 702 0.233 0.19
31 Cerone et al. Steam + Oxygen 742 0.3 0.18
32 Ruoppolo et al. [48] Steam + Oxygen + Nitrogen 1 732 0.23 0.22

1 The proportion of nitrogen is not presented in the experiment, so nitrogen is not considered for simulation.

The comparisons between the experimental results and numerical results for syngas composition,
LHV, and GY are shown in Figures 1 and 2. The molar fraction of individual component of syngas is
defined as the number of moles of individual component divided by the total number of moles of dry
syngas, which includes nitrogen.

The error between experimental results and predicted results is estimated using the statistical
parameter of root mean square (RMS) error, and it is defined as follows:

RMS =

√√√√√ N
∑
i
(Expi −Modi)

2

N
(27)

where Exp and Mod are the experimental molar fractions and the predicted molar fractions of syngas
species, respectively. N is the number of data.

The RMS errors are calculated for each set of data point, and the maximum value of RMS error is
0.041 for sample No. 19, as shown in Figure 3.
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Figure 2. Comparisons between experimental data and predicted data for lower heating value (LHV)
and gas yield (GY).

For the first 6 data points, the simulation values for syngas composition well fit the experimental
data. Only the molar fraction of H2 is slightly above the experimental data, so the predicted LHV
and GY are just above the experimental data, as shown in Figure 2. For the next 6 data points,
the predicted syngas composition also very well fits the experimental data. From sample No. 13 to 19,
it shows that there is a difference in composition between the model results and the experimental data,
as shown in Figures 1 and 3. However, at high gasification temperature, from sample No. 20 to 26,
the RMS error increases less obviously with increasing SBR, as shown in Figure 3. Meanwhile, it is also
observed that the predicted LHV is closer to the experimental data at high gasification temperature,
as shown in Figure 2. The effect of SBR on the accuracy of calculation depends on the gasification
temperature. When the same value of SBR is choosen, the difference between the simualtion result
and experimental result at low gasification temperature is greater than the value at high gasification
temperature. Through the present results, it is evident that the predicted molar fraction of CH4 well
fits with the experimental data at all the data set points.
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From Figure 6, the predicted total molar fraction of the combustible gases based on the model
without tar is larger than the predicted value based on the model with tar. From Figures 4–6,
the predicted values based on the model with tar are closer to the experimental data. This shows that
the gasification model with tar is reasonable and effective. At low gasification temperature with small
ER and SBR, the tar content is very high, as shown in Table 1 and Figure 4. In this case the simulation
result will be inaccurate if the tar is not considered in the gasification model.

Considering the effects of the process parameters on syngas composition, tar content, LHV,
and GY, the proposed equilibrium model with tar is suitable for the simulation of gasification at
relatively low gasification temperature with small ER and SBR.

4. Results and Discussion

In this study, gasification of woody biomass is studied with ER varying from 0.1 to 0.5, SBR from
0.15 to 0.6, and the gasification temperature from 900 K to 1100 K. The molecular formula for woody
biomass is CH1.4O0.64 on the basis of an earlier reference [43]. The temperature of the inlet biomass is
298.15 K, and the temperatures of inlet air and steam are 673.15 K. The LHV of woody biomass from
the same reference work is 17.1 MJ/kg, and the biomass is completely dry in the simulation study.

4.1. The Effect of Gasification Temperature

The effects of gasification temperature on syngas composition and tar content are shown in
Figure 7. The tar content in g/kg is the weight of the tar divided by the weight of biomass. The result
from Figure 7 reveals the expected strong effect of temperature on the gasification products. The molar
fractions of CO and H2 increase significantly as gasification temperature increases, whereas the molar
fractions of CO2 and CH4 show an opposite trend, as mentioned in the literature [35,42]. Meanwhile,
with increase in temperature, the tar content decreases with the value changing from 137 g/kg at 900 K
to 0 g/kg at 1050 K. The value of 0 shows that the tar cannot be predicted based on the proposed
model in some calculation conditions, which does not agree with the fact. Hence, from this perspective,
the model has a certain application scope, which is consistent with the conclusion of previous section of
this article. As the tar content decreases and the syngas volume increases with increase in temperature,
GY increases with increase in temperature, as shown in Figure 8. Meanwhile, LHV also increases with
increase in temperature due to the formation of large molar fractions of CO and H2.
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At high ER, the influence of the gasification temperature on the syngas composition is shown
in Figure 9. The varying trend of syngas composition shown in Figure 9 is similar to the trend
shown in Figure 7, with increase in gasification temperature. However, the total molar fraction of the
combustible gases decreases, and this results in the small value of LHV when comparing 4.04 shown in
Figure 10 with 6.86 shown in Figure 8 at the same temperature of 1100 K. Meanwhile, tar is not formed
throughout the range of temperature, so it is advisable to decrease the tar content by increasing ER.
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4.2. The Effect of ER

At the gasification temperature of 950 K, the effects of ER on syngas composition and tar content
are shown in Figure 11. The molar fractions of the combustible gases decrease with increase in ER due
to increase in N2 content, so LHV decreases, as shown in Figure 12. With the conversion of tar and
participation of oxygen in the gasifier, GY increases with increase in ER.
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At the gasification temperature of 1100 K, the influence of ER on syngas composition is shown
in Figure 13. The percentage of CO2 is defined as the ratio of the molar quantity of CO2 to the total
molar quantity of CO, CO2, H2, and CH4 products. The varying trend of the syngas composition
shown in Figure 13 is similar to the trend shown in Figure 11. The percentage of the CO2 increases
sharply with increase in ER due to combustion of more carbon into CO2, and this is consistent with
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previous reports [17,34]. The molar fraction of CO2 does not differ much with increasing ER, as seen in
Figure 13, and in some studies this value increases slightly [9]. At high temperatures tar is not formed
in the entire range of ER. This shows that temperature has an important effect on tar conversion in the
gasification process. The effects of ER on LHV and GY shown in Figure 14 are similar to that shown in
Figure 12. The GY increases as ER increases, whereas LHV decreases with increase in ER.

Energies 2017, 10, 2163  12 of 19 

 

in Figure 13, and in some studies this value increases slightly [9]. At high temperatures tar is not 
formed in the entire range of ER. This shows that temperature has an important effect on tar 
conversion in the gasification process. The effects of ER on LHV and GY shown in Figure 14 are 
similar to that shown in Figure 12. The GY increases as ER increases, whereas LHV decreases with 
increase in ER. 

 
Figure 13. Effect of ER on syngas composition at T = 1100 K and SBR = 0.5. 

 
Figure 14. Effects of ER on LHV and GY at T = 1100 K and SBR = 0.5. 

4.3. The Effect of SBR 

Due to the significant influence of Reaction (7), the molar fractions of H2 and CO2 increase as 
SBR increases, whereas the value of CO decreases at the same time, as shown in Figure 15. The tar 
content decreases as SBR increases, which shows the same trend as that reported earlier [45]. Since 
the trend for the decrease in molar fraction of CO is not evident when SBR is below 0.4, the LHV 
increases as SBR increases over a maximum range of SBR, followed by a slight decrease, as shown 
in Figure 16. The GY increases as SBR increases, since Reaction (7) is favored as also mentioned 
earlier [17]. 

 
Figure 15. Effects of SBR on syngas composition and tar content at T = 950 K and ER = 0.3. 

Figure 13. Effect of ER on syngas composition at T = 1100 K and SBR = 0.5.

Energies 2017, 10, 2163  12 of 19 

 

in Figure 13, and in some studies this value increases slightly [9]. At high temperatures tar is not 
formed in the entire range of ER. This shows that temperature has an important effect on tar 
conversion in the gasification process. The effects of ER on LHV and GY shown in Figure 14 are 
similar to that shown in Figure 12. The GY increases as ER increases, whereas LHV decreases with 
increase in ER. 

 
Figure 13. Effect of ER on syngas composition at T = 1100 K and SBR = 0.5. 

 
Figure 14. Effects of ER on LHV and GY at T = 1100 K and SBR = 0.5. 

4.3. The Effect of SBR 

Due to the significant influence of Reaction (7), the molar fractions of H2 and CO2 increase as 
SBR increases, whereas the value of CO decreases at the same time, as shown in Figure 15. The tar 
content decreases as SBR increases, which shows the same trend as that reported earlier [45]. Since 
the trend for the decrease in molar fraction of CO is not evident when SBR is below 0.4, the LHV 
increases as SBR increases over a maximum range of SBR, followed by a slight decrease, as shown 
in Figure 16. The GY increases as SBR increases, since Reaction (7) is favored as also mentioned 
earlier [17]. 

 
Figure 15. Effects of SBR on syngas composition and tar content at T = 950 K and ER = 0.3. 

Figure 14. Effects of ER on LHV and GY at T = 1100 K and SBR = 0.5.

4.3. The Effect of SBR

Due to the significant influence of Reaction (7), the molar fractions of H2 and CO2 increase as SBR
increases, whereas the value of CO decreases at the same time, as shown in Figure 15. The tar content
decreases as SBR increases, which shows the same trend as that reported earlier [45]. Since the trend
for the decrease in molar fraction of CO is not evident when SBR is below 0.4, the LHV increases as
SBR increases over a maximum range of SBR, followed by a slight decrease, as shown in Figure 16.
The GY increases as SBR increases, since Reaction (7) is favored as also mentioned earlier [17].
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Figure 16. Effects of SBR on LHV and GY at T = 950 K and ER = 0.3.

From Figure 17, the molar fraction of CH4 varies very less with increasing SBR, and the increase
in the molar fraction of H2 is not significant. However, at high gasification temperature the molar
fraction of CO decreases apparently as SBR increases, which is very different to the trend shown in
Figure 15. The result is consistent with earlier studies [9,43]. Meanwhile, in the formula for calculating
LHV (Equation (26)), the coefficient corresponding to the molar fraction of CO is larger than that of H2.
Therefore, the LHV decreases as SBR increases, as shown in Figure 18 for wide range of SBR. This is
different from the trend at low temperature, as shown in Figure 16. It can also be seen that increase in
H2 is always accompanied with a decrease in CO and an increase of CO2. Hence, the value of SBR
should not be too big, especially at high gasification temperature.
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4.4. The Effect of Process Parameters on Energy Exchange

In the air-steam gasification process, the dimensionless heat transfer ratio (DHTR), which can be
affected by the process parameters, is adopted to represent the value and direction of energy exchange
between the gasifier and the environment, and it is defined as follows:

DHTR =
Q∣∣∣∣∣∑ (win·∆H0

f,in) +
T1∫

298.15
(∑ (win·Cp,in(T)))dT

∣∣∣∣∣
(28)

A DHTR value of zero corresponds to an auto-thermal reaction, which means there is no energy
exchange between the gasifier and the environment. The value of more than zero corresponds to an
endothermic reaction, whereas the value below zero corresponds to an exothermic reaction.

The distributions of DHTR are shown in Figures 19–22, and the air-steam biomass gasification
is not an auto-thermal reaction process for most of the process parameters that are shown in the
figures. At the same temperature and ER, the effect of SBR on DHTR is not evident, except when
the temperature is low and ER is high, as shown in Figure 19. The influence of ER on DHTR is
obvious, and the system changes from the endothermic state to the exothermic state as ER increases.
This is attributed to an increase in the released heat due to a more complete combustion reaction.
With increase in gasification temperature, the auto-thermal reaction zone moves from low ER area to
high ER area. ER corresponding to the auto-thermal reaction zone changes from about 0.15 at 900 K
temperature to about 0.3 at 1100 K gasification temperature.
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Based on 450 numerical data of DHTR, the relationship between DHTR and the process
parameters, which is evaluated in terms of the correlation coefficient, is determined as follows:

DHTR = −0.904090− 1.426036× ER + 0.179806× SBR + 0.001144× T (29)

The correlation coefficient is 0.983, which is a very high value, so it clearly shows that the
formula is accurate. According to this formula, the value of energy exchange can be determined
conveniently. In some cases, the energy balance equation is introduced to the equilibrium model.
Based on Equation (29), the energy exchange can change with the changes of the process parameters,
so the predicted results obtained by solving the simultaneous equations will be more reasonable.

4.5. The Effect of Process Parameters on Exergy Efficiency

The distributions of exergy efficiency are shown in Figures 23–25. The exergy efficiency decreases
slightly as SBR increases when both gasification temperature and ER are small. From the figures,
the exergy efficiency is between 0.8 and 0.9 under all simulation conditions. The effect of ER on exergy
efficiency is obvious, and the exergy efficiency decreases as ER increases.

In exothermic state, based on Equation (25), the exergy efficiency (η) can also be expressed
as follows:

η =
∑ Eproducts −W

∑ Ereactants
=

∑ Eproducts

∑ Ereactants
+

−W
∑ Ereactants

= ηp + ηe (30)



Energies 2017, 10, 2163 16 of 19

where ηp is the exergy efficiency of products, which is termed as the overall exergy efficiency in some
studies [9], and ηe is the exergy efficiency of energy exchange.
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For the exothermic reaction, the DHTR value decreases with increase in ER, as shown in
Figures 19–22. By comparing the formulas of these two parameters, DHTR and ηe, the trends are just
inverse as ER increases. So, the exergy efficiency of energy exchange increases with increase in ER.
However, the total exergy efficiency decreases, as shown in Figures 23–25. So the exergy efficiency of
products decreases rapidly, and this is the reason for the obvious decrease of exergy efficiency as ER
increases in some studies [9].

5. Conclusions

In the present work, the air-steam biomass gasification model with tar has been developed based
on the equilibrium constants, and phenol is used as the model compound for the tar. The simulation
results based on two different models (with and without tar) have been validated by the experimental
data reported in the references, and the model with tar can well predict the tar content in the gasification.
Meanwhile, the predicted GY and total molar fraction of the combustible gases, based on the model
with tar, agree better with the experimental data. So, the simulation results are much less accurate if
the tar is not considered in the gasification model. Considering the effects of the process parameters
on syngas composition, tar content, LHV, and GY, the proposed equilibrium model with tar is suitable
for the simulation of the gasification process at a relatively low gasification temperature with a small
ER and SBR.

The energy exchange between the gasifier and its surroundings has been studied based on DHTR.
The influence of SBR on DHTR is not obvious, whereas the effects of ER and temperature on DHTR are
evident. Moreover, the relationship between DHTR and the process parameters is given by a formula.

The influence of process parameters on syngas composition, tar content, GY, LHV, and exergy
efficiency has also been parametrically researched. With increasing gasification temperature, the total
molar fraction of combustible gases, GY, and LHV all increase, whereas the tar content and exergy
efficiency all decrease. GY increases as ER increases, whereas tar content, total molar fraction of
combustible gases, LHV, and exergy efficiency all decrease. With increasing SBR, the total molar
fraction of combustible gases and GY increase, whereas tar content and exergy efficiency all decrease.

Author Contributions: Xinjun Zhao did the simulation and wrote the paper. Qitai Eri and Wenzhen Wu analyzed
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