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Abstract—This study presents a simulation model for converting
coal to methanol, based on gasification technology with the
commercial chemical process simulator, Pro/II® V8.1.1. The methanol
plant consists of air separation unit (ASU), gasification unit, gas
clean-up unit, and methanol synthetic unit. The clean syngas is
produced with the first three operating units, and the model has been
verified with the reference data from United States Environment
Protection Agency. The liquid phase methanol (LPMEOH™) process
is adopted in the methanol synthetic unit. Clean syngas goes through
gas handing section to reach the reaction requirement, reactor
loop/catalyst to generate methanol, and methanol distillation to get
desired purity over 99.9 wt%. The ratio of the total energy combined
with methanol and dimethy] ether to that of feed coal is 78.5% (gross
efficiency). The net efficiency is 64.2% with the internal power
consumption taken into account, based on the assumption that the
efficiency of electricity generation is 40%.

Keywords—Gasification, Methanol, LPMEOH, System-level
simulation.

1. INTRODUCTION

METHANOL is a chemical with formula CH;OH and often
simply abbreviated as MeOH. It is also named as methyl
alcohol, wood alcohol, wood naphtha or wood spirits. It is a
toxic, light, volatile, colorless and flammable liquid with a
distinctive odor that is very similar to but slightly sweeter than
ethanol material. People will suffer blindness with drinking 10
ml and death with 100 ml [1].

MeOH may be applied in three directions, i.e. hydrogen
carrier, fuel and chemical synthesis. It can be a hydrogen carrier
for direct methanol fuel cell or fuel-cell-powered vehicle in the
future. For fuel and power applications, it can be mixed with
conventional petrol to feed vehicle without technical
modifications. This mixture fuel has advantages in improving
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security of energy supply and reducing the dependency on
importing crude oil. For the power industry, fuel-grade MeOH
is a back-up and clean alternative fuel for gas turbine. For the
chemical synthesis, various processes can be implemented for
the production of formaldehyde, methyl tertiary-butyl ether
(MTBE), acetic acid, dimethyl ether (DME) and so on [2]-[4].

The global MeOH demand is increasing, from 31,447,000
metric tons in 2001 to 44,763,000 metric tons in 2008. It means
that the market for MeOH is growing. Formaldehyde is still the
major demand of MeOH, and it takes about one-third global
demand. MTBE is the second after the formaldehyde, but the
demand is decreasing, form 27.69% in 2001 to 13.33% in 2008.
The third is the acetic acid, which increases from 8.78% in
2001 to 11.69% in 2008. Formaldehyde, MTBE and acetic acid
take over 70% and 60% world-wide demand in 2001 and 2008,
respectively. The reason is the decreasing demand of MTBE,
which is taken by others, such as fuels and DME. MeOH for
fuel and DME application has a great increase over 10 times
from 2001 to 2008. For fuel, it is from 0.94% to 10.02%. For
DME, it is from 0.47% to 5.14%. The combination of fuel and
DME is over 15%, it means that MeOH has a potential to be an
alternative fuel in the future [5], [6].

Fossil fuels still play a major role of energy generation and
chemical production in the 21% century. British Petroleum
estimated that the world reserves of oil, natural gas, and coal
are 1,258 trillion barrels, 185.02 trillion cubic meters and
826,001 million tons in the end of 2008, and the
reserves-to-production ratio for oil, natural gas and coal are 42,
60.4 and 147 years, respectively [7]. The whole world is trying
to find other ways to avoid the shortage of fossil fuels in the
future. There are several ways to reduce the dependence on
fossil fuels, such as renewable energy, multiple fuel supply,
alternative fuel, efficiency improvement of fuel utilization, etc.
Conversion of solid fuel to gas fuel, liquid fuel or chemical
products by adopting gasification technology is a better way to
achieve the replacement of oil and natural gas by solid fuel.

The ratio of global syngas output from gasification by
feedstock of coal, petroleum, gas, petcoke and biomass are
55%, 32%, 8%, 3% and 2%, respectively. The production of
world gasification capacity in 2007 consists of chemicals
(45%), liquid fuel (30%), power (19%) and gaseous fuel (6%)
[8]. It shows that although coal is the major part of feedstock,
while the major product is chemicals. It is possible to replace
oil by coal with gasification technology.

In the system-level simulation, Zhao et al. performed a
simulation model based on ASPEN Plus to compare with the
experimental study of co-gasification with coke and natural
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gas. Their results showed that the co-gasification reactions
operate at quasi-equilibrium [9]. Zheng and Furinsky built an
IGCC model to compare the effect of four gasification
technologies, i.e. Shell, Texaco (now GE), BGL, KRW, and
three coals, such as bituminous, sub-bituminous, lignite, on
efficiency [10]. Although the gasification phenomena are
complicated to get exact simulation, it is reasonable to mimic
final gas compositions with gasification reactions under higher
temperature by employing ideal thermodynamics in
system-level simulation models [11]-[15]. For detailed
simulation investigation and reactor design, it can be performed
by computational fluid dynamics coupling with chemical
reactions.

In the studies of chemical production, Kumabe et al.
discussed three process design cases of woody biomass
converting to methanol with PRO/II simulator. The better case
is a process independent of heat and power for CO, reduction in
the results of three cases [16]. Vaswani built a liquid phase
methanol (LPMEOH) model via ASPEN Plus, and utilized
syngas as starting material for MeOH production [17]. Ju et al.
used ASPEN Plus to simulate a single-step process of DME
synthesis with woody biomass gasification. The DME yield in
the study is 0.37 with assuming that the DME selectivity was
0.91 and that CO was totally converted. In summary, it is able
to produce power, chemical products and synthetic fuels
simultaneously or alternatively by employing gasification fed
with fossil fuels, renewable biomass and mixture of them. It is a
promising future prospect that is attracting increasing interest
[18].

The MeOH import in Taiwan is 978,524 metric tons, and
export is 7,202 metric tons in 2008. It means MeOH is almost
dependent on import. Thus, this study presents a feasible choice
to reduce the dependence on MeOH, i.e. converting coal to
MeOH. The purpose of this study is to simulate a MeOH plant,
based on gasification process shown in Fig.1, which illustrates
the main flow chart of gasification process and the applications
of syngas. The simulated results of the four process blocks will
be compared with several reference data [17], [19]-[20] to
verify the simulation model. Then, the MeOH production plant
will be performed to evaluate the MeOH production rate and
efficiency.
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Fig. 1 Block diagram of gasification process and syngas applications

II. PROCESS DEACRIPTION

The four major blocks for converting coal to MeOH with the
gasification technology are described in the following sections.

A. Air Separation Unit (ASU)

To produce large quantities of oxygen and nitrogen as
gaseous or liquid, cryogenic air separation is the most common
technology to reach the requirement with efficiency and
cost-effectiveness. A conventional, multi-column cryogenic
rectifying process, which produces oxygen from compressed
air at high recoveries and purities, is used in ASU. First, air is
introduced into an air pre-purification unit which located in the
downstream of the air compression and after cooling. The
process contaminants, including water, carbon dioxide, and
hydrocarbons are removed in the unit. Then, the air is cooled to
cryogenic temperatures and delivered to distillation processes
for separating oxygen and nitrogen. Numerous configurations
of heat exchange and rectifying equipment can separate air into
the required product streams [21].

B. Gasification Unit

Gasification is a manufacturing process that converts
carbonaceous solid fuel such as coal, biomass and mixture of
them into gas fuel which is called synthesis gas or syngas. The
gasifier operates at a high temperature in the range of 800 °C to
1,800 °C. The exact temperature depends on the characteristics
of the feedstock and gasifier types [22]. In general, gasification
technology consists of three chemical reaction processes:
pyrolysis, combustion and gasification. The volatile materials
are released from coal in pyrolysis procedure. Combustion is
oxygen burning with volatile gas generated from the pyrolysis.
It is an exothermic reaction, and the generated heat is supplied
to the endothermic gasification reaction to convert solid fuel to
gas fuel.

The oxygen demand in gasification reaction is in the range of

1/5 to 1/3 as the stoichiometric value with complete combustion.

In other words, it is a partial-oxidation process and sometimes
called incomplete combustion reaction. The main compositions
of syngas in the gasification reaction are H, and CO [23]. The
main global reactions in a gasification process are shown as
follows [24]:

C+120,- CO H’% =- 110.5 kJ/mol 1)
C+C0,—2CO H’% = +172.0 kJ/mol )
C+H,0 — CO+H, H°% =+131.4 kJ/mol 3)
CO+120,~ CO, H’% = -283.1 kJ/mol 4)
CO+H,0 - CO,+H,  H%=- 41.0kJ/mol )

The compositions of outlet gas (raw syngas) are decided
from the feedstock composition, gasifying agent (oxygen or
air), steam and actual gasification temperature.

C. Clean-Up Unit

The two parts of sulfur compounds removal and sulfur
recovery processes are included in the clean-up system in this
study. The sulfur removal process is adopted to remove H,S in
the raw syngas generated from gasification. The H,S is usually
removed by absorption using ethanolamine such as
Methyldiethanolamine (MDEA) [25]. The MDEA solvent has
higher selectivity for H,S than CO, [26]. MDEA is a
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cost-effective choice in the case without handling CO,. If CO,
handling is taken into consideration, another solvent named
selexol is better than MDEA [27]. For the MeOH synthetic
process, the concentration of CO, is an effective parameter in
the reaction. Thus, the MDEA is built in the model to verify
with reference data, and then the selexol is used for replacing
the MDEA to reach the requirement of CO, concentration in the
MeOH synthetic process. The sulfur recovery process is used to
produce elemental sulfur from H,S stream which is stripped by
steam. The process includes Claus process, Shell Claus off-gas
treatment (SCOT) process and combustion of tail-gas.

The major point in the Claus process is that the molar ratio of
H,S/SO, must be controlled to 2 after combusting excess sulfur
gas. The reaction equations are shown as follows:

H,S +3/2 O, — SO,+ H,0 (6)
2 H,S + SO,— 3S +2 H,0 7)

From Equation (6), 1/3 of H,S is oxidized to SO, and
generates heat to supply the energy needed in Equation (7).
Then, elemental sulfur can be yielded by the remaining 2/3 of
H,S which reacts with SO, [28]. The overall sulfur conversion
is about 94 ~ 97% in the Claus process [25].

To increase the total recovery rate of elemental sulfur, SCOT
process is a general choice which is used to clean up the tail gas
from the Claus sulfur recovery unit. The overall sulfur recovery
efficiency can be higher than 99.8% with standard Claus and
SCOT unit. The tail gas of SCOT unit contains rare H,S which
can be treated by a burner to form SO..

D. Methanol Synthetic Unit

As mentioned in the introduction, MeOH is a world-wide
demand chemical product and the market is continuously
growing up. MeOH shows a potential to be an alternative fuel
in the future, due to the fact that the combined percentage of
fuel and DME in 2008 is over 15%, while in 2001 it is only
1.41% [5].

Methanol can be produced from carbonaceous materials
such as natural gas, coal, municipal wastes, woody biomass,
and so on. Syngas which consists primarily of H, and CO is the
first step in the production of MeOH. The process for natural
gas is named reforming and for coal or solid feed is named
gasification. Although MeOH is primarily produced from
natural gas in this moment, natural gas supply in Taiwan is not
very sufficient. Hence, methanol production in Taiwan is
needed to find another way to replace natural gas; a feasible
choice is to use coal as feedstock with gasification technology.
The LPMEOH process is developed by industry. Air Products
and Chemicals Company built a commercial-scale
demonstration plant employing the liquid phase methanol
process technique where the catalyst is mixed with mineral oil.
The project is partially funded by U.S. Department of Energy
(DOE) [29]. The LPMEOH process represents a major
departure from traditional gas-phase routes to MeOH in the
method of removing the heat of reaction. The reactions of Hy,
CO and CO, to form MeOH are highly exothermic. Two main
representative reactions in the synthesis of MeOH are listed in
the following as equations (8) and (9) [30], [31]:

CO + 2H, — CH;0H Ah,’=-90.790 kJ/mol ®)
CO, + 3 H, — CH;0H + H,0 Ah°=-49.500 kJ/mol  (9)

where A h,'is the heat of reaction at standard temperature and

pressure, i.e. 298 K and 1 atm.

In the MeOH synthetic reactor, the side reactions of DME
production occur and the two major reactions are shown in the
following as equations (10) and (11) [32].

2 CH;0H — CH;0 CH; + H,0  Ah,°=-23 kJ/mol (10)
3 CO+3 H, — CH;0 CH; + CO, Ah”=-246kJ/mol (11)

The typical operating condition for the LPMEOH process
reactor is 50 atm to 100 atm pressure, and near 250 °C
temperature.

The production of methanol can be further divided into a
series of steps including removal of water and mineral oil to
produce dry syngas, methanol production, methanol
condensation, unreacted gas recycle, and methanol distillation
to desired purity. The purity of methanol in the top product is
over 99.9 weight percent [33].

ITII. SIMULATION MODEL

The present study builds the MeOH plant simulation models
based on gasification with a chemical process simulator,
Pro/lI® V8.1.1. The details of model construction and
parameters are described as follows.

A. Air Separation Unit

The separation process of nitrogen and oxygen is based on
high pressure (HP) and low pressure (LP) rectifying columns.
In the commercial application, the two columns are built in a
single tower, in which the upper side is LP column and the
down side is HP one, because the condenser in the HP column
is equivalent to the reboiler in the LP one. The air after
purification and compression feeds to the bottom side of the HP
column to produce gaseous oxygen. The bottom product of HP
column feeds to LP column to produce gaseous nitrogen. The
overhead liquid products of HP column are delivered to LP
column as reflux. Table I shows the main simulation
parameters in the ASU.

TABLEI
THE SIMULATION PARAMETERS IN ASU
Item Value

Air flow rate (kg/hr) 535,641
Air temperature (K) 298.15
Air pressure (kPa) 101.3
Air composition (mole %)

Nitrogen 79

Oxygen 21
Pressure of HP column (kPa) 603.9
Pressure of LP column (kPa) 162.5

B. Gasification Unit

The feedstock to gasifier consists of oxygen, coal and water,
while the output includes raw syngas and solid waste slag. The
Gibbs reactor is used as gasifier to simulate the gasification
process since it is reasonable to simulate the raw sygas with
ideal thermodynamics when gasification reactions are at higher
temperature [11]-[15]. Solid waste slag is cooled down by two
heat exchangers to the room temperature. Table II shows the
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main simulation parameters in the gasification process. The
operating conditions and the ultimate analysis of coal are
referred to the reference data [19].

model due to the fact that the pressure of feeding mixture gas is
near the pressure level of the requirement, i.e. 6.89 MPa, and
the activity and selectivity of Cu-base catalyst are better than
Zn-base counterpart.

TABLE II TABLE III
THE SIMULATION PARAMETERS IN GASIFICATION THE SIMULATION PARAMETERS IN SULFUR REMOVAL PROCESS
Item ASU Coal Water Item ‘ Value | Item Value
Temperature (K) 426 343 343 COS hydration reactor , Temperature (K) 503.15
Pressure (kPa) 3,703 4,199 4,199 MDEA absorber column Selexol absorber column
Flow rate (kg/hr) 129,231 141,000 71,030 Temperature (K) 308.15 | Temperature (K) 273.15
Composition (kg/hr) Pressure (kPa) 3,103 | Pressure (kPa) 6,890
0, 123,799 10,929 - MDEA solution (%) 50
Number of stages 20 | Number of stages 20
N 5435 1,988 - Stripper column Stripper column
C - 101,123 - Temperature (K) 388.15 | Temperature (K) 273.15
Pressure (kPa) 101.32 | Pressure (kPa) 101.32
H - 7.135 - Number of stages Number of stages
S - 3,977 - (include condenser 21 | (include condenser and 20
] and reboiler) reboiler)
Si0, - 15,848 Pressure swing adsorption
H,0 - - 71,030 (PSA)
High Pressure (kPa) 2,026.5
Low Pressure (kPa) 101.32
C. Clean-Up Unit
. . TABLE IV
The Slﬂfur remOVal prOCeSS consists Of a COS hydr()lySlS THE SIMULATION PARAMETERS IN SULFUR RECOVERY PROCESS
reactor, a H,S absorption column and a stripper column. The Claus unit
two solvents, MDEA and selexol, are used in the simulation C?mbustion reactor, Temperature (K) 1,574.11
model for clean-up unit. The MDEA built in the simulation 1" Sulfur convert reactor, Temperature (K) 576.04
. . . . . 1% Sulfur condenser, Temperature (K) 438.15
case is to verify with the reference data [19], while selexol is 2 Sulfur convert reactor, Temperature (K) 47914
used for capturing more CO, than MDEA to meet the MeOH 2" Sulfur condenser, Temperature (K) 438.15
synthetic requirement under the same condition of H,S removal. SCOT unit
The raw syngas from gasifier contains COS, thus a COS Heater, Temperature (K) 573.15
hydrolysis reactor should be built to convert COS to H,S for I\/?Bgu;:;;‘/r:rtzoll{éifmm’ Temperature (K) 37315
increasing the final sulfur recovery rate. Downstream the Temperature (K) 298.15
absorber column there are clean syngas and rich absorption Pressure (kPa) 101.32
solution in the top and bottom columns, respectively; then, the MDEA solution (%) 50
. . . . . . Number of stages 20
rich absorption solution is fed into the stripper column where Stripper column
almost pure H,S stream can be obtained. Due to the fact that Temperature (K) 388.15
CO, capability of selexol is higher than MDEA, the CO, Pressure (kPa) 101.32
composition in the output gas from the top of stripper column is Number of stages 8

different between the selexol and MDEA processes. For selexol
process, an additional CO, separation processes is needed to
reduce the CO, composition and increase the H,S counterpart
in the mixture gas before entering the Claus process.

The Claus unit consists of a combustion reactor and two
stages of conversion reactors with two sulfur condensers to
generate liquid sulfur. The SCOT unit consists of a heater, a
hydrolysis/hydrogenation reactor, a H,S absorption column, a
stripper column and a burner. The overall simulation
parameters in the clean-up process are shown in Table IIT and
Table IV.

D. Methanol Synthetic Unit

Methanol is one of the basic feedstock in the chemical
industry and the market of demand is growing. Methanol can be
produced from mixture gas (syngas) of CO and H, with three
methods, which are high pressure with Zn/Cr catalyst, medium
pressure with Cu/Zn/Al catalyst and low pressure with
Cu/Zn/Cr catalyst, respectively. This study adopts the low
pressure method with Cu/Zn/Cr catalyst to build the simulation

The benchmark model adopts clean syngas as feedstock.
First, the pressure and temperature of synags are increased to
50 atm and 533 K by compressor and heat exchanger,
respectively. Then, syngas is fed to methanol reactor to product
methanol. The outlet gas goes through the purification
processes, i.e. flash, distillation column, condenser, to yield the
99.9wt% methanol [1], [29].

In the MeOH synthetic reactor, the stoichiometry indicates
that the desired molar composition of reactor feed is controlled
by the ratio of Hy/CO and the equation is shown as follows:

R = (H,-CO,) / (CO+COy) 12)
In general, the ratio of H,/CO and R value are set slightly
higher than the balance value of 2. Mixture gas with R=2.0 to
2.1 is balanced stoichiometrically. For a liquid-phase reactor, it
has an advantage over traditional reactor because CO-rich
mixture can be fed in, i.e. R value between 0.3 and 0.4. It means
the demand of water gas shift (WGS) reaction and CO, removal
process can be reduced [29], [33].
In the simulation model, the R value and ratio of H,/CO
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come from the reference data, which are set as 1.1 and 2.5,
respectively [29]. Thus, the WGS and CO, removal sections are
employed in the model to adjust the composition of syngas to
meet the two values. The selexol instead of MDEA is used in
H,S absorption process in order to reduce the additional CO,
removal section. The major process unit setting parameters are
shown in Table V.

TABLEV
SIMULATION PARAMETERS IN METHANOL SYNTHETIC PROCESS

Item Value

Temperature (K) 533
Methanol Reactor Pressure (kPa) 206653
Methanol Distillation Temp e1;ature ®) 378.06
Column Operating Pressure (kPa) 34451

Number of stage 20

IV. RESULTS OF BENCHMARK MODEL

The simulation results for the basic case model are described
in the following, and some works are introduced from previous
study [35]. The processes to provide clean syngas, i.e. ASU,
gasification and clean-up, are verified with the report publish
by U.S. environmental protection agency (EPA) [19]. Methanol
synthetic process is verified with the project of
commercial-scale demonstration plant which is partially
funded by U.S. DOE [29].

A. Air Separation Unit

In the ASU, the present study adopts different pressure
setting in the HP column and LP column to meet the state of air
in the bubble point and dew point. In real plants, the LP and HP
columns are built in a single tower, the upper side is LP column
and the down side is HP one. It means that the needed energy at
the condenser of HP column is equal to that at the reboiler of LP
column. The energy needed in the simulation result is 94.8 GJ/h,
and the temperatures at the condenser of HP column and the
reboiler of LP column are 96.1 K and 94.6 K, respectively. The
difference of the two temperatures conforms to the principle of
heat transfer.

To keep the pressure drop between the HP and LP columns,
it is needed to compress air. Hence, a main compressor for air
and the others for oxygen and nitrogen are needed in the ASU
process. Table 6 shows the properties of compressors in the
simulation.

TABLE VI
COMPRESSORS’ PROPERTIES IN THE SIMULATION RESULTS
Compressor Main 0, N, (1) N, (2)
Pressure (kPa) 608 3,040 430 1,823
Temperature (K) 543 745 427 487
Actual Work (kW) 37,375 14,126 15,207 22,447

In the ASU, the input stream contains 529,200 kg/h air, and
the output streams contain high purity oxygen and nitrogen, of
which the flow rates are 129,001 kg/h and 400,199 kg/h,
respectively. The high purity oxygen contains 95% oxygen and
5% nitrogen and feeds to gasifier, while the high purity
nitrogen can be applied in other fields such as feeding to gas
turbine as dilution stream for NOx reduction.

B. Gasification Unit

The present study uses the conditions of modifying the effect
on the feedstock energy compensation, with reactor heat loss
1.5% and carbon conversion rate 99.51%, to perform the
gasification process.

Table VII shows the results of raw syngas properties. The
mass balance in the gasification model coincides very well with
the reference data [19]. The input data in the Pro/II refers to the
reference data, so the simulated result from Pro/Il shows certain
accuracy on the mass balance. The input includes three streams
which contain 141,000 kg/h coal, 71,030 kg/h water and
129,001 kg/h oxygen from ASU, respectively. The output
streams contain 324,686 kg/h raw syngas and 16,345 kg/h slag.

TABLE VII
RESULTS OF SYNGAS IN THE GASIFICATION
EPA[19] Pro/IL Error (%)
Flow rate (kg/h) 324,678 325,086 0.004
Temperature (K) 1,703 1,839.5 7.08
Syngas composition (mole %)
Cco 42.25 45.05 6.41
CO, 9.62 6.89 -30.04
H, 30.76 27.80 -9.08
H,0 14.90 17.93 18.53
N, 1.70 1.56 -0.17
H.S 0.71 0.70 1.59
COs 0.05 0.06 7.06
CO+H, 73.01 72.85 -0.11

There is no detailed description on the setting of every
system in the reference data, so the energy compensation of
reactor should be reasonably modified in the present model.
The total energy input to the gasification in the result is 4,305

GJ/h, which is comparable with the reference data (4,308 GJ/h).

The deviation of the input total energy is only 0.07%. The
output energy in the results is 4,250 GJ/h, which is slightly
lower than the reference data (4,273 GJ/h). The deviation of the
output energy is higher than input one and the value is 0.54%.

The main components of the output gas are CO, H,, CO, and
H,0. Although the temperature of raw syngas in the results is a
little higher than the reference data, the amount of CO and H; in
weight percent in the output gas, which is an important value in
industry applications, coincides well with the reference data.
The values of CO and H,O are 2% higher than those in
reference data, while the values of H, and CO; are 2% lower. It
means that the water-shift reaction, in which CO and H,O result
in H, and CO,, is retarded by the elevated temperature in
gasification reactions. The main sulfur compounds in the
syngas are H,S and COS, of which the weight percents are
stable in the simulation results.

C. Clean-Up Unit

In the clean-up unit, this study first uses raw syngas data
from the reference [19] to build the clean-up unit with MDEA
solution. The final sulfur recovery efficiency is close to the
reference result, so that the simulation model is verified. Then,
the clean-up unit model can be used to clean the raw syngas
produced from the gasification model. Table VIII shows the
syngas results before and after cleaning. Upstream the MDEA
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absorber column, it contains 0.91% H,S and 0.01% COS. The
H,S absorption efficiency can be achieved exceeds 99%. It
should be noted that clean syngas needs to be preheated before
entering gas turbine for power generation. The data from EPA
[19] seems to be in the condition after preheating (T = 300 °C),
while this study only focuses on H,S removal (around room
temperature). This discrepancy would cause substantial
deviations in H,O content, temperature and the total energy of
clean syngas. In the final simulated MeOH product plant, the
absorbent will be replaced by selexol.

TABLE VIII
RESULTS OF CLEAN SYNGAS

Stream Name Before absorber column clean syngas
Flow rate (kg-mole/h) 13,280.96 12,715.78
Temperature (K) 308.15 308.15
Syngas composition (mole %)
Co 54.66 56.49
CO, 8.39 5.76
H, 33.83 35.21
H,0 0.20 0.46
N, 2.00 2.1
H.S 091 0.01
COos 0 0
CO+H, 88.49 91.71

The overall sulfur recovery efficiency achieved is around
99% via two stages Claus reactions and SCOT processes, as
shown in Table IX.

TABLE IX
RESULTS OF OVERALL SULFUR RECOVERY EFFICIENCY
Stream Name input Claus unit [1°'S recovery [2™ S recovery
Rate (kg-mole/h) 622.89 116.45 6.71
Flow rate (kg-mole/h)
H.S 120.07 0.00 0.00
COos 0.45 0.00 0.00
SO, 1.06 0.00 0.00
S 0 114.23 6.58
S recovery efficiency (%) - 93.95 5.41
Overall S recovery
efficiency (%) B 99.36

In the clean-up unit, the main input stream contains 324,686
kg/h raw syngas from gasification, while the main output
streams amount to 341,169 kg/h, containing 247,417 kg/h clean
syngas, 3,839 kg/h sulfur, 38,637 kg/h SCOT tail gas and
51,276 kg/h discharge water, respectively. The discharge water
is generated from condensing the raw syngas due to the
temperature difference. This is the major mass difference
between the raw syngas and the clean syngas. The other
discrepancy between input and output streams comes from the
additional input streams in the process, such as introducing air

for combustion with H,S in Claus unit, water stream for
hydrolysis and MDEA solution, etc.

D. Methanol Synthetic Unit

The simulation results are shown in the Table X. The
parameters of feeding gas, temperature and pressure are set
from the reference [29]. Because the conversion parameters in
the reactor are not shown in reference data, the parameters are
determined by comparing the gas composition from input and
output of MEOH synthetic reactor. The conversion parameters
are thus verified in terms of the minor deviation between the
simulation results and reference data. The purity of methanol is
99.95wt% and higher than the requirement from reference case.
Thus, the MeOH synthetic model can be applied to convert
syngas from gasification to MeOH in the model of coal to
MeOH model. Before entering the MeOH reactor, syngas is
needed to go through WGS and CO, removal sections to adjust
the two parameters of the H,/CO ratio and R value. This will
increase the conversion rate and the efficient in the system.

TABLE X
RESULTS OF METHANOL SYNTHETIC UNIT
Ttem | Reff29] | Pro/Il | Error%
Output gas from reactor
Fluid Rates kg-mol/hr
N, 133.45 133.45 -0.00
H, 1347.43 1,346.58 -0.06
(&0 509.28 512.57 0.65
CO, 635.18 635.89 0.11
H,O 9.83 9.55 -2.84
MeOH 337.98 339.52 0.45
DME 2.30 2.51 9.13
Final MeOH purity wt%
MeOH] 99.98] 99.96] -0.02

V. CASE STUDY OF METHANOL PRODUCT PLANT

The simulation model of methanol production plant is shown
in Fig. 2. The model combines the clean syngas providing
process and MeOH synthetic process form two verified
reference cases. The clean syngas providing process, i.e. ASU,
gasification island and clean-up unit, in the reference delivers
syngas to feed the combined-cycle for generating electricity.
However, it is not appropriate to directly feed the said syngas to
the MeOH synthetic process due to some unturned parameters,
such as pressure of mixture gas, the ratio of Hy/CO, R value and
so on. The necessary modification is employed in the
simulation model, to make the specification of clean synags
complied with the requirement in the MeOH production unit.
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Fig.2 Simulation model of methanol product plant built with Pro/Il

Table XI shows the differences between the reference and
the modified setting with description in the model. The pressure
in the present gasifier is 68 atm, which is higher than the level
of 30 atm in the reference. The relative higher pressure not only
co-operates well with the MeOH synthetic reactor, but also
requires lower sorbent flow rate than the reference. Due to the
growing demand of DME in recent years, the DME separation
unit is added in this case study, in which DME is obtained as
the byproduct to increase the plant efficiency rather than being
burned as in the traditional process. The other modification and
description are shown in this table and discussed in the

previous section.
TABLE XI
MODIFICATIONS FROM THE BENCHMARK MODEL AND THE DESCRIPTIONS IN
THE METHANOL PRODUCT PLANT SIMULATION MODEL

Item Benchmark |[MeOH plant

Description

Pressure of O,
feeds to gasifier

To meet the requirement of]

30atm 68 atm MeOH synthetic.

Combined-cycle in the MeOH
plant is not employed, the
internal power consumption is
reduced.

Pressure of N, as
dilute gas feeds 18 atm NA
to gas turbine

To meet the requirement of]

Gasifier pressure 30 atm 68 atm MecOH synthetic.

WGS NA| Add WGS|To control H,: CO equal to 2.1

1. selexol is replaced the MDEA|
to reach the requirement of]
CO, concentration in the|

H,S absorbent MDEA Selexol MeOH synthetic process.
2. To control the R value equal
to 1.5.
PSA unit locates between the
PSA NA|  Add PSA downstream of H,S stripper and
upstream of Claus to remove the|
remainder of the CO,_
MeOH Reactor|One Reactor Two Increase MeOH productions.
Reactors
DME One DME
Distillation NA| Distillation| [0 S¢Parate. DME from the
mixture gas.
column column

The simulation results of performances of the methanol
production plant are arranged in Table XII. The ASU is still the
major part of power needed in the whole process. The internal
power consumption is 54.3 MWe, based on 40% efficiency in
the power block, or 137.75 MW in terms of thermal energy.
The overall production includes 2,784 t/day MeOH and 7.2
t/day DME. The gross and net efficiency in the case study are
77.7% and 63.3%, respectively. It is relative higher than the
counterparts in traditional IGCC plants [19] by 20% points and
the poly-generation plant of electricity and MeOH simulation
study [36] by 17%. Although the simulation results show that
coal to liquid fuel, MeOH and DME, process provides a better
way to utilize coal more efficiently. If the liquid fuel is applied
to generate the electricity, the efficiency of electricity
generation from coal in the case study may be lower than the
case of traditional IGCC plants. The utilization of coal is not
only taking efficiency into consideration, but also identifying
the best way is to use it sufficiently with the whole demand in
the region or country. For example, Taiwan is import
dependent on MeOHj; thus, it is possible to choose coal to
MeOH plants in Taiwan to reduce the import dependency, if the
process is efficient and cost-effective.

VI. CONCLUSIONS

A conversion process of coal to methanol with system-level
simulation model has been performed. The four major
processes include ASU, gasification process, gas clean-up
modules, and methanol synthetic unit. The simulation
procedures are performed in benchmark models and a case
study of methanol production. The benchmark models are built
to verify the reference data in clean syngas providing and
methanol synthetic processes, respectively. The deviations
compared with the reference data are relatively reasonable in
general. Thus, the model of methanol production plant employs
the verified model and takes some necessary modification to
make the processes co-operate well. The results show that gross
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and net efficiency in the case study are 77.7% (HHV) and
63.3% (HHV), respectively. It is relatively higher than the
counterparts in traditional IGCC plants and the poly-generation
plant of electricity and MeOH. Taiwan is import dependent on
methanol; thus, it is an alternative choice to reduce the
dependence on methanol importing in Taiwan with plants
converting coal to methanol, if the process is efficient and
cost-effective.

TABLE XII

PERFORMANCES OF THE METHANOL PRODUCT PLANT IN SIMULATION MODEL
[tem Unit Value
[Ambient Temperature °C 25
Coal Flowrate (Dry Basis) t/h 125.3
Coal HHV (including Inh. Moisture and Ash) kJ/kg 27,137.0
Ellll—;:{/r;uzlA];:nergy of Feedstock (Based on Coal MWt 044 5

Process Units Consumption MWe 6.5

ASU Consumption MWe 473

LPMEOH System MWe 0.5
[Electric Power Consumption MWe 54.3
Power Consumption in Thermal energy (B)* MW 137.75
Methanol Production t/h 116.0
[Methanol Heating Value kJ/kg 22,691.6
[Methanol Heating Value Production ( C) MW 731.2
IDME Production t/h 0.3
IDME Heating Value kJ/kg 31,681
IDME Heating Value Production (D) MwW 2.6
Gross Efficiency ((C+D)/A *100) (Based on % 777
Coal HHV)
[Net Efﬁcier}cy ((C+D-B)/A*100) (Based on % 633
Coal HHV)*

“Based on the assumption that the efficiency of electricity generation is 40%.
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