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This paper presents process simulation and optimization of coal gasification process
in a moving-bed reactor using Pittsburgh No. 8 coal as feed. The system of differential
equations for the mass and energy balances was solved using 4th-order Runge-Kutta
method and optimized by non-dominated sorting genetic algorithm-II (NSGA-II) meth-
od. The simulation was used to predict solid and gas temperature profile and gas compo-
sition along the reactor. The simulation results were compared successfully with experi-
mental data relevant to Westfield plant in Scotland. In addition, the effect of operating
parameters such as coal-to-oxygen molar ratio, steam-to-oxygen molar ratio, inlet gas
temperature, reactor pressure, and oxygen mole fraction in inlet air on amount of synthe-
sis gas (syngas) production, hydrogen to carbon monoxide molar ratio (HCMR) in pro-
duced syngas, and coal conversion was investigated. Finally, the reactor performance
was optimized to produce the highest syngas production with a HCMR of two using
NSGA-II method.
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Introduction

Gasification is considered one of the most effi-
cient technologies for the conversion of low-cost
coal into clean and highly priced chemicals, fuels,
and power'?. The major product of the coal gasifi-
cation process to coal gas is hydrogen and carbon
monoxide, known as synthesis gas (syngas)**. In
recent years, the considerable increase in the price
of crude oil and natural gas has focused attention on
whether fuel for power production and feedstock
for the chemical industry could be obtained from
the gasification of coal®®. The syngas produced by
coal gasification contains H, and CO to produce
methanol. Methanol can be used directly as auto-
motive fuel or converted to gasoline or light ole-
fins™ 1, Gasification is performed in different types
of reactors, depending on the type of solid-gas con-
tact: moving-bed reactor, fluidized-bed reactor or
entrained-flow reactor. The higher residence time
and countercurrent flow in moving-bed reactor fa-
vor higher carbon conversion as compared to fluid-
ized-bed and entrained-flow reactors'!'. In these
reactors, the coal is fed through the top of the reac-
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tor and flows downward under gravity. Moving-bed
reactor is usually operated below the ash fusion
temperature (AFT) to avoid clinkering of the coal.
The gasifying agents are fed in from the bottom and
come into contact with the solid as they move up-
ward'?. As the coal flows downward, it undergoes a
series of different reactions that include drying, de-
volatilization, gasification, and combustion (Fig. 1)".
The gasification and combustion of char involves a
series of heterogeneous reactions with oxygen and
steam.

The following reactions occur during this
stage':

Combustion:
L C+0,— 2(-1) CO + (2-)) CO, (1)
Char gasification reaction:
C+HO—->CO+H, ()
Boudouard reaction:
C+CO,—2CO 3)
Methanation reaction:

C +2H, — CH, )
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Water-gas shift reaction:
CO+H,0— CO,+H, (5)

where A in reaction (1) is equal to 1 for particles
larger than 1 mm. For fast reactions, diffusion is the
rate-controlling step, while the rate-controlling step
for slow reactions is the surface reactions within the
pores of particles'.

Yoon et al.® modeled a moving-bed reactor
with a coal gasification process in a steady state, at
which gas temperature was considered equal to sol-
id temperature, and Illinois coal was considered as
feed. They found that the maximum temperature in-
side the reactor was significant, and was determined
by the ratio of steam to oxygen at the entrance to
the reactor. Wen et al.'* developed a complex com-
puter model to simulate their experimental work
performed earlier on the gasification of coal in a
moving-bed reactor, and they assumed the solid and
gas temperatures to be equal. Composition of outlet
gas from the gasifier was compared with the exper-
imental data. Kulkarni and Ganguli' simulated the
same system with system of Wen et al., to study the
effect of variables such as reactor pressure and
steam-to-carbon ratio using subbituminous coal in
the Aspen program, and concluded that with in-
creasing reactor pressure, the gas composition of
the product remained constant, but with increasing
steam-to-carbon ratio the carbon monoxide mole
fraction had reduced and carbon dioxide mole frac-
tion had increased. Singh et al.'® developed a math-
ematical model of coal gasification process in Lurgi
gasifier. The validated model was used to study the
effect of operating parameters such as mole fraction
of oxygen in air stream, steam flow rates, and pres-
sure of the gasification system. Results indicate that
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Fig. 1 — Sections of coal gasification moving-bed reactor’’

the value of oxygen mole fraction around 0.42 in air
stream can provide optimum performance in oxy-
gen-based gasification systems. Longitudinal pro-
files of solid and gas temperatures, and particularly
the peak temperature in the reactor, are basic pa-
rameters for operating a Lurgi gasifier, since the
solid peak temperature in the reactor must not at
any time go as high as the ash softening point'2. The
AFT for Pittsburgh No.8 is 1366 K, therefore it is
necessary to simulate Lurgi gasifier with discrete
temperature profiles to obtain exact maximum tem-
perature of solid phase and check the possibility of
reducing steam consumption while maintaining the
ash state in order to optimize the reactor’s perfor-
mance. After simulating the reactor, the reactor per-
formance was optimized to produce the highest syn-
gas yield with a defined hydrogen to carbon
monoxide ratio (HCMR) of 2 or maximum syngas
yield.

The main objective of the present study was
process simulation and optimization of coal gasifi-
cation process in a moving-bed reactor to produce
synthesis gas suitable for methanol production unit.
The differential mass and energy balance equations
were solved using 4th-order Runge-Kutta method,
and optimized by non-dominated sorting genetic al-
gorithm-II (NSGA-II) method. Firstly, the simula-
tion results were compared with experimental data
relevant to Westfield plant in Scotland. Next, the
effect of operating parameters such as coal-to-oxy-
gen molar ratio, steam-to-oxygen molar ratio, inlet
gas temperature, reactor pressure, and oxygen mole
fraction in inlet air on mole fraction and HCMR of
produced syngas and coal conversion was investi-
gated. Finally, the reactor performance was opti-
mized to produce the highest syngas production
with a HCMR of 2 using NSGA-II method. Al-
though there are published articles in the field of
simulation of coal gasification in moving-bed reac-
tors, the main novelties of the present study are:

— Investigation of the effect of operating pa-
rameters on the reactor performance

— Consideration of separate temperatures for
gas and solid phases to determine the maximum
solid phase temperature

— Application of the kinetics of all possible re-
actions

— Simultaneous use of shrinking core and vol-
ume models in the different reactor areas

— Calculation of the distribution of gas compo-
nents in the pyrolysis zone

— Optimization of coal gasification in mov-
ing-bed reactor to produce synthesis gas suitable for
methanol production unit.
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Model description

In this study, a simulation of a stationary state
system with temperature distribution for both the
solid and gas phase is performed. Shrinking unre-
acted core model and volume reaction model were
used to describe the solid-gas reactions. Assump-
tions in the model were as follows.

a) Steady state is assumed.
b) Plug flow is assumed both for coal and gas.

c¢) Residence time of coal in drying and pyroly-
sis section is assumed to be negligible as compared
to combustion-gasification section.

d) The pressure drop in the gasifier is neglected.

e) Bulk reaction is assumed for all gas-solid re-
actions except char combustion, which is treated
according to shrinking unreacted core model.

Due to the porosity of coal particles and the
slowness of the gasification reactions, these reac-
tions were carried out in the bulk of the solid parti-
cless. However, due to the rapid combustion reac-
tion, this reaction was performed on the surface of
the solid particles only, thus the oxygen molecules
could not penetrate the particles; so solid particles
from top to bottom come up with two types of reac-
tion model (bulk reaction model in gasification
zone and shrinking unreacted core model in the
combustion zone); this is one of the differences
with other models. The model was used to predict
the composition of product gas, temperature pro-
files for both solid and gas phases, and effect of
process variables on the syngas composition.

Table 1 — Kinetics of reactions occurring inside the reactor

Reaction kinetics

The kinetics of reactions occurring inside the
reactor is listed in Table 1'+1°,

Mass and energy balance

The differential equations derived from the
mass balance based on molar flux are as follows:

dgzz =—R, +2R, +R; (6)
%:#Rl +R, +2R, — R, (7
dl;};o =—R, — R, (®)
%ZMRI — R, + Ry ©)
To.. Lk (10)

dr,
dzz =0 (11)
dzczm _R, (12)
%:—R1 ~R, - R, R, (13)

where F' is molar flux, and z is height of reactor.
The following equations are obtained from balance
of energy considering radiation and convection as
mechanisms of heat transfer'>22!.

Reaction Kinetic
. F
Carbon-oxygen reaction R = 1 2 ;
+
kﬁlm ka.vh

Carbon-steam reaction

Boudouard reaction

Methanation reaction
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CpF, +24_07§3 %: ~hpnpdp (T, —Tg)‘iAHinTs ‘iZN:“v‘Rf L#,n)-,(1)]as
< i=1 i=1 j=1
e

where e equal to 0.9 is emissivity of coal, ¢ is Ste-
fan-Boltzmann constant, a, is stoichiometric coeffi-
cient of gas reactant j in reaction of , h, is gas-solid

dT. 1
Eg:@ honp A, (T, =T, )~ AH R (T, ) +

where b, is stoichiometric coefficient of products in
gas phase. The above mathematical model of the
coal gasification moving-bed reactor leads to a set
of nonlinear ordinary differential equations with a
set of split boundary conditions. These differential
equations were solved using a Runge—Kutta method
called shooting method. Shooting method trans-
forms the boundary value problem into an initial
value problem, and then the resulting equations are
solved by the Runge—Kutta method.

Optimization method (genetic algorithm)

The classical methods, such as Goal-Program-
ming Method and Goal-Attainment Method or evo-
lutionary methods including genetic algorithm
(GA), particle swarm optimization (PSO), and ant
colony (ACO) algorithm can be used in optimiza-
tion?2. In recent years, evolutionary algorithms have
been much more effective in solving complex prob-
lems compared to the classic methods, with the GA

Table 2 — Properties of GA used in this study

heat transfer coefficient, n, is number of solid parti-
cles in unit of volume, 4 is surface area of a parti-
cle, and H is enthalpy”’zol’]”.

iZN:bini[Hj(E)_Hj(Tg)]_hS(Tg_Tw) (15)

being one of the most important and most widely
used fields of evolutionary methods?. GA is one of
the random search algorithms, the idea of which has
been derived from nature and Darwin’s theory.
These algorithms are widely employed in solving
optimization problems. In nature, more suitable
generations are formed from more suitable chromo-
somes. Meanwhile, some mutations occur in the
chromosomes, which may result in better future
generations. GA is used to solve problems using
this idea®*. Table 2 indicates the characteristics ap-
plied in the GA code of this study.

Results and discussion

Model validation

The model utilized operating parameters of
Westfield plant in Scotland for Pittsburgh No. 8 coal
as feed (Table 3)'*. The simulation results compared
with the experimental results on Pittsburgh coal are
presented in Table 4.

Parameter Value Parameter Value
Number of generations 20,000 Crossover method Arithmetic method
Population size 100 Crossover probability 0.75

Parent selection method Tournament selection

Tour size 15

Mutation method Gaussian method

Mutation probability 0.25

Table 3 — Lurgi gasifier operating conditions of Westfield unit in Scotland for Pittsburgh No. 8 coal

Parameter Value Parameter Value
Flow rate of coal (kg s™) 1.02 Temperature of inlet gas (K) 644
Flow rate of steam (kg s™) 3.29 Temperature of inlet solid (K) 298
Flow rate of oxygen (kg s™) 0.63 Temperature of reactor wall (K) 644
Oxygen mole fraction in air 0.94 Bed voidage 0.4
Bed pressure (kPa) 2500 Bed diameter (m) 3.05
size of solid particle (m) 0.02 Bed height (m) 3.05
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Fig. 2 — Mole fraction of gas components along the reactor on dry gas basis

Fig. 2 shows the mole fraction of gas compo-
nents on dry gas basis as a function of reactor
length. In other reports, a diagram on wet gas basis
has been shown throughout the reactor, which could
hardly distinguish the areas of combustion and con-
version of coal to gas. However, in this figure, the
combination of dry gas basis diagram with the max-
imum point for carbon dioxide content can be con-
venient to distinguish the different sections of the
reactor. However, the most fundamental difference
between this figure and gas concentration diagrams
in previous studies is in displaying the pyrolysis
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Fig. 3 — Effects of SOR on outlet solid conversion and syn-
thesis gas composition

Table 4 — Comparison between simulation and plant data for
Pittsburgh No. 8 coal

Plant | Simulation Relative
Parameter data results error
(%)
Flow ra}te of dry product gas 971 952 1.95
(mol s™)
Carbon conversion 0.989  0.987 0.20
Flow rate of oulet steam (mol s™') 149 155 4.02

H, (% mol basis on dry gas) 39.20  38.75 1.14
CO (% mol basis on dry gas) 16.80 17.23 2.55
CO, (% mol basis on dry gas) 31.30  31.25 0.16
CH, (% mol basis on dry gas) 10.30 10.40 0.97
N, (% mol basis on dry gas) 1.60 1.65 3.12

H,S (% mol basis on dry gas) 0.70 0.72 2.85

stage at the top of the reactor. This figure also com-
pares the composition of the simulated output gas
with the experimental output gas composition (hol-
low circles) to validate the results of the simulation.
The results indicate a good agreement between sim-
ulation results and experimental data.

Effects of operating parameters

Effect of steam-to-oxygen molar ratio (SOR)

Fig. 3 shows the effect of SOR on the conver-
sion of carbon at bottom of reactor and the mole
fraction of syngas at top of the reactor, respectively.
As it may be observed from Fig. 3, an increase in
the carbon conversion and syngas production may
be achieved by reducing SOR. In other words, the
rate of endothermic gasification reactions, and as a
result, carbon conversion, is reduced by increasing
SOR (decreasing oxygen ratio).

Effect of coal-to-oxygen molar ratio (COR)

Fig. 4 shows the effect of increasing COR on
the carbon conversion and produced syngas compo-
sition. As shown in Fig. 4, the increase in COR val-
ue, which is also representative of the reactor ca-
pacity, reduced the conversion efficiency (similar to
SOR effect), but had no effect on the syngas com-
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position of the product (because steam and oxygen
values had not changed). In the other words, the
increase in reactor capacity had no significant effect
on the composition of the produced syngas.

0.95 T T T T T 0.4

0.35

0.3

0.25

Coal conversion
Mole fraction

0.2

0.85 ' ' ' ' ' 0.15
23 235 24 245 25 255 26

Coal to oxygen molar ratio

Fig. 4 — Effects of COR on outlet solid conversion and syn-
thesis gas
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Fig. 6 — Effects of reactor pressure on outlet solid conversion
and syngas composition (inlet gas temperature =
644 K)

Effect of inlet gas temperature

At a temperature below the critical gas tem-
perature, the reactor does not function properly and
carbon exits as waste in its raw form, and is not
converted completely into gas'®. The increase in the
temperature of the inlet gas has a favorable effect
on the reactor’s performance, which increases the
conversion of solids and amount of syngas because
the reactions of coal gasification zone are endother-
mic. Therefore, inlet gas temperature is an import-
ant operating variable for estimating the process
efficiency and reactor performance. Therefore, it is
possible to compensate for the reduction of gas by
increasing the temperature, but it is costly and irra-
tional in comparison to SOR reduction. Fig. 5 shows
the effect of increasing the temperature of the inlet
gas temperature on the syngas composition, as evi-
denced by the increase in the temperature of the in-
let gas, which increases the syngas content, includ-
ing the content of hydrogen and carbon monoxide.

Effect of reactor pressure

The reactor pressure is usually chosen based on
the type o reactor and the final use of the gas prod-
uct. Fig. 6 shows the effect of reactor pressure on
the outlet conversion of solids and syngas composi-
tion. By increasing pressure from 18 to 25 atm, the
hydrogen and carbon monoxide content in the pro-
duced syngas is also increased.

Effect of oxygen mole fraction in inlet-air

In the production of medium-Btu gas (such as
that used for methanol production), pure oxygen is
used rather than air as combustion agent, and by de-
creasing oxygen mole fraction in oxidizer stream,
the produced gas goes to a hydrogen-rich composi-
tion. The oxygen mole fraction less than 0.6 results
in HCMR that is significantly higher than the opti-
mal value of 2, and therefore not suitable for meth-
anol production®. Fig. 7 shows the effect of oxygen
mole fraction in air stream on outlet carbon conver-
sion and components mole fraction in syngas. By
increasing the oxygen mole fraction, the rate of exo-
thermic combustion reactions also increased, thus in-
creasing the reactor temperature and providing the
heat of endothermic coal gasification reactions.

Optimization

If the product gas is to be used to produce
methanol, the molar ratio of HCMR in the dry gas
should be set to 2. Therefore, by optimizing the re-
actor’s performance, it is possible to achieve this
goal. A NSGA-II was used to optimize and obtain
Pareto-optimal solutions. A Pareto-optimal set is a
series of solutions that are non-dominated with re-
spect to each other. While moving from one Pareto
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Fig. 7 — Effects of oxygen mole fraction in inlet-air on outlet
solid conversion and synthesis gas composition

solution to another, there is always a certain amount
of sacrifice in one objective(s) to achieve a certain
amount of gain in other(s)?.

The objective of optimization was to produce
syngas with HCMR ratio of near 2 for application
in methanol production with maximum yield.
Therefore, the objectives included:

Objective 1:
Minimizing|2 — HCMR| or (HCMR — 2) (16)

Objective 2:

C 1
Mll’llﬂ’llZlng( Kyngas yield ) (17)

or Maximizing (syngas yield)

where:
syngas yield = (1 —carbon conversion) :
18
- (syngas composition ) (18)
subject to:
8<SOR <12 (19)
2<COR<3 (20)

550 < Inlet gas temperature (K) <650 (21)
18 < Reactor pressure (atm) < 25 (22)

0.6 < Oxygen mole fraction in inlet air <1.0 (23)

Other parameters were the same as the base
case. The Pareto-optimal solution sets after 20,000
generations is shown in Fig. 8. Fig. 8 shows that
each solution is better than the other in one of the
objective functions. Thus, the user has to decide be-
tween these solutions based on ease of operation,
experience, the cost involved, and the quality of the
product®. As it was expressed in previous sections,
the HCMR ratio equal to 2 is suitable for methanol
conversion unit, so the solution number 1 from Pa-
reto-optimal solution set was chosen as the opti-
mum solution. The optimum HCMR ratio and the
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Fig. 8 — Pareto-optimal solution set after 20,000 generations

syngas yield are 2.00 and 0.56, respectively. At the
optimum condition, the SOR and COR ratio, inlet
gas temperature, reactor pressure, and oxygen mole
fraction in inlet air are 8.8, 2.3, 626 K, 23.6 atm,
and 0.88 respectively. As may be observed in Table
5 (plant data), the ratio is greater than 2, and there-
fore not optimal for methanol production. Table 5
shows the comparison between plant data and opti-
mum results of the present study for Pittsburgh No.
8 coal. As can be seen, the HCMR ratio is 2 and the
molar flow rate of dry product gas increased 15 %
in the oprimum condition relative to plant data.

Conclusions

In this study, the coal gasification process was
simulated in a moving-bed reactor to achieve a tem-
perature distribution and concentration distribution
throughout the reactor in a steady state. For this
purpose, the equations obtained from the mass bal-
ance and energy balance were solved, and the re-
sults compared with actual plant data that were
matched with them. This simulation was useful for
predicting performance of dry ash gasifier with
Pittsburgh No. 8 coal as feed, and used to study the
effect of SOR, COR, inlet gas temperature, rector
pressure, and oxygen mole fraction in inlet air as
main factors controlling the conversion and syngas
composition for production of methanol. The results
show that, if the reactor is to work at a higher ca-
pacity, the inlet gas temperature, reactor pressure,
and oxygen mole fraction in inlet-air should be in-
creased or COR and SOR reduced to maintain the
carbon conversion and syngas yield. Increasing
temperature and pressure or oxygen mole fraction
in feed is associated with costs; therefore, the ratio-
nal way is to reduce SOR. Finally, the reactor per-
formance was optimized to produce the highest syn-
gas production with a HCMR of 2, and maximum
syngas yield using NSGA-II method. The optimum
HCMR ratio and the syngas yield are 2.00 and 0.56,
respectively.
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Table 5 — Comparison between plant data and optimum results of the present study for Pittsburgh No. 8 coal

Parameter Plant data Singh et al. Wen et al. (opti?nlﬁfnvzgfﬁtion)
Flow rate of dry product gas (mol s™) 97.10 92.36 100.29 111.7
Carbon conversion 0.989 0.980 0.983 1.00
HCMR 2.33 1.89 2.5 2.00
H, (% mol basis on dry gas) 39.20 37.70 40.20 38.34
CO (% mol basis on dry gas) 16.80 19.92 16.00 19.17
CO, (% mol basis on dry gas) 31.30 29.09 31.00 28.85
CH, (% mol basis on dry gas) 10.30 10.60 10.30 10.67
N, (% mol basis on dry gas) 1.60 1.30 1.70 2.95
H,S (% mol basis on dry gas) 0.70 1.39 0.80 0.61
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