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Abstract: A chemical equilibrium model was developed to predict the product composition
of a biomass gasification system using highly preheated air and steam. The advantages and
limitations of this system were discussed from a thermodynamic viewpoint. The first
and second law analyses have been conducted for various preheating temperatures and
steam/biomass mass (S/B) ratios. The results demonstrated that the chemical energy
output of the produced syngas is highest when the S/B ratio is 1.83 under the conditions
used in this study. However, higher S/B ratios have a negative effect on the energy and
exergy efficiencies. Higher preheating temperatures increase the chemical energy of the
produced syngas and the two efficiencies. The peak values for the energy and exergy
efficiencies are 81.5% and 76.2%, respectively. Based on the calculated limitation values,
where the highest chemical energy (exergy) of the produced syngas and maximum achievable
efficiencies are determined, a thermodynamically possible operating region is suggested.
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1. Introduction

As one of the most promising technologies for the thermochemical conversion of biomass fuels,
high temperature agent gasification (HTAG) using highly preheated oxidizing agents such as oxygen,
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air, steam, or a combination thereof has been studied for decades and has been proven to produce a
fuel gas with relatively high chemical energy content [1-6], where additional heat provided into
the gasification process enhances the decomposition of solid fuel and the cracking of volatiles.
Among oxidizing agents, steam gasification provides fuel gas with medium lower heating values (LHV)
of 10-16 MJ/Nm’ [7], which is higher than those from air gasification, while being less costly than
oxygen gasification. A high H, yield could be obtained by supplying steam, but it would be at the cost
of system efficiency, as the steam gasification is endothermic and consumes large amounts of energy.
Using air mixed with steam as a gasifying agent is a common technique for replacing pure steam
gasification, where energy required for gasification can be supplied by the partial combustion of
biomass with air [8].

Past research has focused on the thermodynamics of HTAG process to determine whether biomass
can be gasified efficiently from an energy-saving perspective. Apart from energy, exergy is another
key factor to evaluate the potential efficiency of a process. For example, the energy efficiency of
electric motors can reach up to 90%, and thus it is impossible to achieve further improvement [9].
Theoretically, exergy analysis based on the second law of thermodynamics could give a better
explanation, that the performance of engineering systems is degraded by the presence of irreversibility.
Therefore, for industrial applications, exergy conscious utilization is an essential method in
resource-saving and efficient production. A detailed investigation of the energy and exergy
efficiencies of HTAG process was presented for air gasification [10,11], revealing that the optimal air
preheating temperature causes the gasification to occur at the carbon boundary point (CBP), where all
carbon is consumed. Ponzio et al. [12] discussed the advantages and limitations of an auto-thermal
HTAG system using biomass and air, noting that the use of an additional preheating system to preheat
the gasification air beyond what is possible by the heat exchange between hot syngas and air allows a
denser syngas to be produced in terms of both energy and exergy. Zhang et al. [13] concluded that
steam gasification is superior by comparing the energy and exergy efficiencies with air gasification in
HTAG process from 800 °C to 1200 °C; meanwhile, higher efficiencies can be achieved for both
technologies by increasing the gasification temperature. However, more research is still needed on
steam/air mixture gasification, such as the determination of peak values for preheating temperature and
steam feeding (if they exist) and their effects on efficiency in terms of energy and exergy.

An industrial scale gasifier constitutes a large financial investment, and may cause safety problems
in some cases. Therefore numerous models have been developed to cost-effectively evaluate design
parameters. These models can be classified into 0-D (dimension), 1-D, 2-D and 3-D models, in terms
of dimensional coordinates used. Among these models, 1-D models are the most commonly used by
researchers [14,15]. 2-D and 3-D models involve spatial variables considering the flow fields inside in
addition to kinetic mechanism, which require huge computational effort, making them a harsh choice
for gasifier design. In contrast to 1-D, 2-D and 3-D models, 0-D one is independent of gasifier geometry.
It is referred to as a thermodynamic equilibrium model, where the examined system is assumed to have
reached a stable composition, with minimizing Gibbs free energy. It has been proven to be reliable to
predict the complete conversion of biomass and the theoretical efficiency by many researchers [16-21].
The equilibrium model is applicable in the present work, since high operating temperature permits fast
reaction chemistry during the residence time. Therefore, a five-step equilibrium model was built for a
downdraft fixed-bed gasifier in HTAG process using ASPEN PLUS process simulation software
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(Burlington, MA, USA). Both first and second law analyses have been conducted by modeling the
gasifier as an equilibrium reactor for various steam/biomass mass (S/B) ratios and preheating temperatures.
Finally, a thermodynamically possible operating region was suggested by calculating the thermodynamic
limitations of the HTAG process.

2. Facility and Feedstock
2.1. Experimental Setup

A demonstration scale HTAG test facility was constructed at KTH-Royal Institute of Technology,
(Stockholm, Sweden). The system was described in a previous publication [22], and a general
description is given here. The feedstock was filled from the top of a vertically cylindrical reactor by a
continuous feeding system with four synchronize screws. The gasifying agent (air/steam mixture) was
preheated to 1000 °C by a regenerative preheater and then introduced into the reactor from the side.
The grate stopped biomass/char particles, resulting in a charcoal bed. The pyrolyzed gases mixed with
the gases produced by combustion passed through the grate and generated produced gases, which were
sampled at the outlet of the gasifier. The temperatures were measured using thermocouple probes
located in the center line along the reactor’s height in different reaction zones. The gasifier was run at
the atmospheric pressure. The scheme of the HTAG system is presented in Figure 1.

Figure 1. Scheme of the high temperature agent gasification (HTAG) system at KTH-Royal
Institute of Technology.

-

Biomass
—|  feeding |-

Drying

~—
Pyrolysis
“-\‘_______.-'-'
Preheater| | steam+air .
Combustion
h-“--____________--—-""

Tar cracking

Online
Gas Analysis

Gasification @
U

2.2. Fuel Parameters

The biomass used for the experiment was wood pellets with a diameter of 0.008 m and an average
ratio of length/diameter, //d, of 4. The properties of the feedstock are shown in Table 1. The feedstock
was supplied and analyzed by an external supplier, Booforssjo Energi AB, Katrineholm, Sweden.
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Table 1. Characterization of the biomass feedstock.

Proximate analysis Ultimate analysis (dry basis)
Moisture (%) 8 C (%) 50
Volatile (%, dry basis) 84 H (%) 6.0-6.2
Fixed carbon (%, dry basis) 15.5 O (%) 4344
Ash (%, dry basis) 0.5 N (%) <0.2
- - S (%) 0.01-0.02

3. Methodology
3.1. Model Description

In this study, a steady-state model of HTAG process was developed with the chemical process
simulator ASPEN PLUS. Figure 2 shows the ASPEN PLUS flow sheet for the HTAG system.
Five different stages were considered in the ASPEN PLUS simulation: drying, pyrolysis, combustion,
tar cracking and gasification. The process was assumed to be adiabatic and under chemical equilibrium.
All gases were ideal.

Figure 2. ASPEN PLUS flow sheet for the HTAG process.
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3.1.1. Drying

The drying reaction occurs when the raw biomass meets the hot environment in the DRY-REA
reactor in the first stage. The moisture content is assumed to be removed completely and converted
into steam at 101 °C:

Biomass (wet) — Biomass (dry) + H,O (steam) (D)
3.1.2. Biomass Pyrolysis

An RStoic reactor was used to describe the pyrolysis of biomass. In this stage, dry biomass is
converted into char, ash, tar and small molecular gases: CO, CO,, H,, H,O and CHy:
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Biomass (dry) — char + ash + a;CO + a,CO; + a3H; + a4H,0 + asCHy + agtar (2)

Char is assumed to be pure carbon. The yields of char and ash were calculated by proximate
analysis of the biomass. a;, oy, a3, 04 and as are the stoichiometric coefficients of CO, CO;, Ha,
H,0O and CHy, respectively. They are estimated based on literature data [23] obtained for wood.
The composition of tar is determined by the tar cracking reaction, and the stoichiometric coefficient
of tar, as, 1s calculated by the elemental balance of the biomass pyrolysis reaction.

3.1.3. Combustion

The char content was partially oxidized to yield the combustion product CO, plus heat to the
endothermic reactions in the reactor. The RStoic reactor was used in this stage. It was assumed that the
oxygen was completely consumed:

char + O, — CO 3)

3.1.4. Tar Cracking

The RYield reactor was used to describe the tar cracking reaction. The residual tar continues to
decompose into small molecular gases: CO, CO,, H, and CH4:

tar — BlCO + BZCOZ + B3H2 + B4CH4 (4)

Tar is a complex mixture of hundreds of different organic species; however, the global composition
is used by calculating the elemental balance of the tar cracking reaction. B;, B2, B3, and P4 are the
stoichiometric coefficients of CO, CO,, H, and CHa, respectively. They were estimated using experimental
data taken from the literature [24].

The final tar yield is controlled by the empirical relation [25] as follows:

Yiar = 35.98exp(—0.00297) (5)

In this equation, 7'is global temperature in the tar cracking zone in °C.
3.1.5. Gasification

The gasification section is expressed by a Gibbs reactor, which calculates the chemical equilibrium
by minimizing the Gibbs free energy.

Because the reforming reaction rate of CHy is slow, the CHy4 content in syngas is much higher than
what the methane equilibrium suggests, which corresponds to concentrations well below 1%. A sub-model
was set up in the Gibbs reactor to express the CHy yield by an empirical expression [26]:

~ CH,
%= CH, + CO + CO, ©)
3960
— 0.0052 - (—) . p0.149
« XP\T ¥ 27315 (7

where o is the mole fraction of CH4 relative to total CHs, CO, and CO,. T and P are the global
temperature and pressure in the gasification section, respectively.
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3.2. Energy and Exergy Balances
3.2.1. Energy Balance

According to the first law of thermodynamics, which describes energy balance, if the heat loss of
the HTAG system is neglected, the energy distribution in the system is:

le’lH = ZoutH (8)

where Xi,H and Z,,:H are the enthalpies of all streams entering and leaving, respectively.
Considering the chemical energy of the produced syngas as the target product, the global energy
efficiency of the HTAG process can be defined as:
MgasLHVgas

©)

Nenergy =
mbiomassLHVbiomass + Hagent

where mpiomass and mg,s are the mass flow rates of biomass and produced syngas, kg/s; LHViiomass
(17.76 MJ/kg) and LHV 4, are the lower heating values of biomass and produced syngas, respectively;
and Hgent 18 the energy flow supplied by the high temperature gasifying agent.

3.2.2. Exergy Balance

The exergy does not obey a conservation law due to irreversibility, which represents the quality
losses of materials and energy caused by dissipation. The corresponding exergy balance of a steady-state
process obeys the equation:

Exbiomass + Exagent = Exgas + Extar + Exash +1 (10)

where EXviomass, EXagents EXgas, EXwar and Ex,qn indicate the exergy of the biomass, gasifying agent,
produced syngas, tar and ash, respectively; and / represents the irreversibility.

The exergy in a material stream can be calculated as the sum of its chemical exergy Ex“" and
physical exergy Ex™:

Ex = Ex™ + Ex™ (11)

The kinetic and other types of exergies are neglected. The physical exergy of the gaseous material

and char are calculated as:
h
ExPh = inexlp (12)
i

where i indicates the gas component or char; x; and exip " are the mole flow rate and physical exergy of
component i, respectively.
For each component, the physical exergy is defined as:

Ex™™ = (h = ho) — To(s — s0) (13)

T
h—hO:f cp dT (14)
T

0
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T

c
2ar (15)

S_SOZ
TOT

where 4 and s are the specific enthalpy and entropy, respectively, in the specified state characterized
by temperature 7; hy and sy denote the enthalpy and entropy, respectively, under the environmental
condition with temperature 7 (298 K) and a pressure of 1 atm; and ¢, is the constant pressure specific
heat capacity, kJ/kmol-K, which is given in Table 2.

Table 2. Constant pressure specific heat capacity of some species.

Species ¢, (kdJ/kmol-K) Reference
T -1.5 T -2 T -3
N, ¢p = 39.060 — 512.79 (W) +1072.7 (W) —820.4 (W) [27]
0, ¢p = 2548 + 1.52 x 1072T — 0.7155 x 1075T% + 1.312 x 107°T3 [28]
H,0 (g) cp = 32.24 +0.1923 x 107T + 1.055 x 107°T2 — 3.595 x 10~°T* [28]
Cco ¢p = 28.16 + 0.1675 X 1072T + 0.5327 X 107°T% — 2.222 x 107°T3 [28]
CO, ¢p = 22.26 +5.981 x 1072T — 3.501 x 107°T? + 7.469 x 10~°T* [28]
H, ¢p =29.11 —0.1916 X 1072T + 0.4003 X 1075T% — 0.8704 x 107°T3 [28]
CH, ¢p = 18.89 +5.024 X 1072T + 1.269 x 1075T% — 11.01 x 107°T3 [28]
Char ¢p = 17.166 + 4.271 T _879x10° [29]
1000 T2

The chemical exergy can be calculated by:

h _ h Xi
Ex®" = Z xi(exi™ + RToanxi) (16)

l

where exl-Ch is the standard chemical exergy of gaseous component i; and R is the universal gas contant,
8.314 kJ/kmol-K.

The values of the specific enthalpy, entropy and standard chemical exergy of gaseous components
are given in Table 3. The chemical exergy of char is 410,260 kJ/kmol [30].

Table 3. Specific enthalpy, entropy and standard chemical exergy values of gaseous
components [28,30].

Component hy (kJ/kmol) 5o (kJ/kmol-K) exfh (kJ/kmol)
N, 0 191.61 668
0, 0 205.033 3,970
H,0 (g) —228,583 188.720 9,500
CO —137,150 197.543 275,100
CO, —394,374 213.685 19,870
H, 0 130.574 236,100

CH,4 —74,850 186.16 831,650




Energies 2014, 7 2114

As the biomass was fed in the environmental state, the physical exergy of the biomass can be neglected.
The chemical exergy of the biomass was proposed by Szargut and Styrylska [31]:

Exbiomass = mbiomassBLHVbiomass (17)
The formula of correlation factor  for wood pellets is given by:
1.0414 + 00177 (%) - 0.3328 (2) [1 + 0.0537 (1]

1—0.4021 (%)

B= (18)

where C, H and O are the molar fractions of C, H and O in wood pellets, respectively.
Similarly, the chemical exergy of tar can be calculated using the correlation for liquid fuels [32]:

H 0
Ex® = LHV,,.|1.0401 + 0.1728 (E) +0.0432 (E)] (19)

Similar to energy efficiency, the total exergy efficiency of the HTAG process can be defined as:
E xggs

20
Exbiomass + Exagent ( )

Nexergy =

4. Results and Discussion

4.1. Comparison with Experimental Data

The experimental data reported in our previous publication [33] are used for comparison with the
simulation results. For the comparison case, the feedstock mass flow rate is 60 kg/h, and the mass
flow rates of steam and air are 50 kg/h and 25 kg/h, respectively. The preheating temperature was
measured as 700 °C. The operating pressure was 1 atm.

Table 4 shows the comparison of the model-predicted produced gas parameters with the
experimental values. The gas composition, tar content and temperature after gasification were compared.
It can be observed that the predicted results fit well with the experimental data. This model is
acceptable for predicting the performance of the HTAG (air/steam mixture) process in such kind of

downdraft fixed-bed gasifier.

Table 4. Comparison between experimental and simulated results.

Parameters Experiment Simulation Errors

H, 24.80 24.95 0.61%

Gas composition CO 30.08 2991 0.55%
(mol% dry, inert free basis) CO, 38.26 38.35 0.25%
CH,4 6.86 6.78 1.18%

Tar content (g/Nm’) 1.85 1.70 8.11%

Outlet temperature (°C) 880 889 1.02%
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4.2. Parameter Study

The performance of the gasifier is directly influenced by the choice of operating conditions. In this
study, the examined parameters were S/B ratio and preheating temperature of the gasifying agent.
Each operating parameter was varied while the other one was kept constant. For all cases, the mass
flow rates of the feedstock and air were 60 kg/h and 25 kg/h, respectively.

4.2.1. Effect of Supplied Steam

The S/B ratio has a strong influence on both energy (exergy) input and output. Figure 3 illustrates
the energy flow from the HTAG process as a function of S/B ratio for 7= 1000 °C. As the S/B ratio
increases from 0 to 2.5, the total energy input increases from 1094 MJ/h to 1428 MJ/h. At low S/B
ratios (<0.53), the oxidized agent is not sufficient to supply energy for a complete gasification, and a
large amount of input energy was lost by unreacted char. Until the S/B ratio reaches 0.53, both the
chemical and physical energy of char are 0 MJ/h, indicating that complete char gasification was achieved.
In this range, the chemical energy of the produced syngas increases significantly from 659 MJ/h to
977 MJ/h. When the S/B ratio is increased from 0.53, the chemical energy of the syngas increases
quite slowly to a maximum value of 1008 MJ/h at S/B = 1.83, which is probably because of the
enhanced tar cracking reaction. After this point, the chemical energy of syngas remains constant,
while the physical energy of the product increases significantly. This finding indicates that the
gasification process reaches a maximum balance at S/B = 1.83. Beyond this value, the gasifier will be
overfed with steam, and the additional steam will contribute to only the physical energy of the product.

Figure 3. Energy balance of the HTAG process as a function of steam/biomass mass (S/B)
ratio for 7= 1000 °C.
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Figure 4 shows the exergy balance of the HTAG process as a function of S/B ratio for 7= 1000 °C.
The exergy balance has the same turning point as the energy balance, namely, S/B = 0.53, at which
point the added steam is just sufficient for complete char gasification and the chemical exergy of the
syngas is 974 MJ/h. The exergy balance differs from the energy balance in the exergy loss due to
irreversibility. The exergy loss by irreversibility decreases from 90 MJ/h to 59 MJ/h when S/B ratio
increases from 0 to 0.53. Beyond this point, irreversibility increases quite slowly until the system
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reaches the maximum balance at S/B = 1.83. When the S/B ratio continues to increase, the exergy loss
increases significantly, which is mainly due to the increasing internal entropy generation.

Figure 4. Exergy balance of the HTAG process as a function of S/B ratio for 7= 1000 °C.
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In the HTAG process, adding steam increases the chemical energy and exergy content in the
produced syngas. However, adding steam also demands additional energy (exergy). Figure 5 provides
the energy and exergy efficiencies as a function of S/B for 7' = 1000 °C to justify the cost of
supplying steam. It shows that both Nenergy and Nexergy 1Increase when the S/B ratio increases from 0
to 0.53, which is caused by minimizing incomplete char gasification due to an insufficient oxidized
agent supply. As the S/B ratio continues to increase, the two efficiencies begin to decrease.
Although the chemical energy peaks at S/B = 1.83, the efficiency loss is not completely offset by this
benefit. This finding shows that operating at very high S/B ratios may not be energy or exergy efficient.
Meanwhile, it can be seen that the exergy efficiency decreases slower than the energy efficiency.
It has been discussed that the chemical energy (exergy) has a slow increasing in a high S/B ratio range.
If pay attention to the denominator in the definition of energy (exergy) efficiency in the Equation (9)
(Equation (20)), it might be explained by the fact that the input chemical exergy of steam keeps
increasing while the input chemical energy of steam is always zero.

Figure 5. Energy and exergy efficiencies of the HTAG process as a function of S/B ratio
for 7= 1000 °C.
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4.2.2. Effect of Preheating Temperature

In Figure 6, the energy output from the HTAG process is described as a function of preheating
temperature of the gasifying agent under the condition S/B = 1.0 (completely char gasification).
This figure shows that the chemical energy of the produced syngas increases from 907 MJ/h to
1065 MJ/h with the increase in the preheating temperature of the agent from 650 to 1400 °C. The
increasing trend slows down when the preheating temperature reaches 1100 °C. Higher preheating
temperatures lead to higher gasification temperatures, which are the reason of the increasing physical
energy of syngas. However, the physical energy of tar shows the opposite trend, which is mainly because
of the enhanced tar cracking reaction at elevated temperatures, consequently, the tar content decreases.
It is also proven by the decreasing chemical energy of tar.

Figure 6. Energy balance of the HTAG process as a function of preheating temperature for
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Figure 7 describes the exergy flow of the HTAG process as a function of preheating temperature for
S/B = 1, which shows a similar trend as energy flow. Higher preheating temperatures result in higher
chemical exergy for syngas and lower exergy content for tar; therefore, HTAG could be considered to
improve the gasification process. However, higher preheating temperatures require more energy to
achieve and will make greater demands of the equipment as well. Therefore, a proper preheating
temperature should be selected based on the material limitations. As observed, there is a linear increase
in exergy loss due to irreversibility from 15 MJ/h to 121 MJ/h, which is due to the internal entropy
generation caused by higher temperatures.

The energy and exergy efficiencies as a function of preheating temperature are plotted in Figure 8.
In the range of 650 °C to 1150 °C, the energy efficiency increases with the preheating temperature,
reaching a thermodynamical maximum of 81.5%. After the maximum, the energy efficiency decreases.
The exergy efficiency increases from 650 °C to 1350 °C, with a peak value of 76.2% at 1350 °C.

In both situations, the exergy efficiencies are always less than the energy efficiencies because
the second-law efficiency is evaluated after considering the energy loss caused by irreversibility,
whereas the first-law efficiency merely considers the ratio of useful energy to total energy input.
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Figure 7. Exergy balance of the HTAG process as a function of preheating temperature for
S/B = 1.

1500

1200

1

uEXph.ash

B EXph tar
EXch,tar

m EXph syngas

Exergy (M.J/'h)

WEXch,syngas

650 200 950 1100 1250 1400
Preheating temperature (°C)

Figure 8. Energy and exergy efficiencies of the HTAG process as a function of preheating
temperature for S/B = 1.
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4.2.3. Operating Regions

The energy and exergy balances are calculated for 16 different preheating temperatures range
from 650 °C to 1400 °C. And at each preheating temperature, the S/B ratios at turning points are found
based on the previous discussion in Section 4.2.1. For examples, where the char is completed reacted;
the maximum chemical energy is achieved. The similar calculations are also made for 16 different S/B
ratios range from 0.5 to 3. Based on the discussion in the Section 4.2.2, the preheating temperatures at
where the maximum energy or exergy efficiencies are achieved are found. In total, more than 350 cases
for the combinations of different preheating temperatures with various S/B ratios are considered.
As a conclusion, Figure 9 shows the delimitation of the thermodynamically possible conditions for the
HTAG system in the preheating temperature-S/B ratio plane. Four curves are plotted:
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S/Bno char = f(T) shows the minimum S/B ratio of the HTAG system for complete gasification
(no char) for different preheating temperatures as determined by the equilibrium model.

S/Bmaximum Ech, syngas = f(7) shows the S/B ratio required to achieve the maximum chemical energy of

produced syngas for different preheating temperatures.

T maximum Nenergy = f(S/B) shows the preheating temperature required to reach the maximum energy
efficiency for different S/B ratios.

Tmaximum Nexergy = f(S/B) shows the preheating temperature required to reach the maximum exergy
efficiency for different S/B ratios.
Figure 9. Definition of possible operating regions for the HTAG system.
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In Region 1, the supplied steam is insufficient for complete char gasification. In contrast, the steam
is overfed in Region 3, which means that the efficiency loss cannot be covered by the high chemical
achieved energy due to the high S/A ratio in this region. Region 2 presents the possible operating
conditions for the HTAG system. The energy and oxygen supplied by steam are enough for the HTAG
process; although the efficiencies will decrease for the same preheating temperature with a higher
S/B ratio, the produced chemical energy increases. Furthermore, for the same S/B ratio, the chemical
energy content in the produced syngas has a growing tendency with the increasing preheating
temperature. Meanwhile, both of the two efficiencies will increase in Region 2(a). As the preheating
temperature continues to increase, the energy efficiency will begin to decrease in Region 2(b), and the
exergy efficiency will decrease in Region 2(c). Sum up, Region 2(a) is suggested for industrial operation,
from the cost-effective perspective, addition to the relatively high energy and exergy efficiencies.

5. Conclusions

A five-step chemical equilibrium model was built for the HTAG process in a downdraft fixed
bed gasifier. The simulation results were compared with the experimental data, revealing that the
model can predict the performance of the HTAG process with reasonable accuracy. Based on the model,
a thermodynamic analysis was conducted based on the first and second laws for various S/B ratios and
preheating temperatures of the gasifying agent.
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The S/B ratio has two contradictory effects on the HTAG system: the positive effect of increasing
the chemical energy and exergy contents in the product and the negative effect of decreasing the
energy and exergy efficiencies. It is important to consider that there is a thermodynamic limitation of
the chemical energy of the produced syngas when the S/B ratio reaches 1.83 under the conditions in
this study. After this peak point, additional increases in the supplied steam will contribute to only the
physical energy of product.

The preheating temperature has a positive effect on both chemical energy (exergy) output and
efficiencies. A maximum of 81.5% of the total energy input can be transferred to the chemical content
in the produced syngas when the preheating temperature is 1150 °C, and the peak exergy efficiency is
approximately 76.2% when the gasifying agent is preheated to 1350 °C.

Based on the calculated peak values, a thermodynamically possible operating region was determined.
And a practically operating region was suggested for industrial applications.
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