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Abstract

The overall goal of this study is to provide a preliminary design for the conversion of coal to methanol with a desired production rate of 5000 MT/day of AA Grade methanol, and to determine its economic feasibility. In this report, emphasis was given on methanol synthesis and refining, as well as plant scale-up to meet the daily production requirement. The cleaned syngas from the water-gas shift simulation in the previous report is passed on to a five-bed, two-phase plug flow reactor with Cu/Zn/Al catalyst. Due to equilibrium limitations, significant recycling with cold shot cooling from bed to bed was performed. This produced about half of the desired methanol production, which prompted the addition of a second gasifier. After adjusting the operating conditions for the preceding processes, the total methanol produced is found to be 4990 MT/day, which subsequently reduced to 4930 MT/day after refining with a 48-stage distillation column to obtain 99.85% purity.
Introduction
Due to its economic and environmental advantages over the conventional coal utilization, methanol synthesis from coal-derived syngas is currently explored. The main objective of this project is to devise a preliminary design for this coal-to-methanol conversion, and to assess the technical and economic viability of constructing and operating a new-world scale facility on the Texas Gulf Coast. This study would follow the proposed methodology in the AICHE problem statement but would primarily focus on selecting, evaluating and simulating the technologies in the reviewed literature. Preliminary costing would be accomplished by considering the capital and operating costs. The Internal Rate of Return (IRR) would also be calculated eventually to evaluate the economic potential of the proposed design. For this report, emphasis is given on the synthesis and refining of methanol to produce the desired production rate and product quality.  
Project Description

The general scheme for the coal-to-methanol conversion is given in the block flow diagram that appears in Figure 1, with the boxed section as the focus of discussion on this report. The process begins with gasification, which involves oxidation of the coal in a controlled amount of oxygen in order to produce the synthesis gas. Gasification of the Montana sub-bituminous coal was modeled after the Shell Coal Gasification Process and has been simulated on the second progress report. The product syngas was then treated in order to make it suitable for methanol synthesis. This involved removal and recovery of the acid gas (via the Purisol process with Claus sulfur recovery), as well as water gas shifting that regulated the ratio of the CO to H2 (see Progress Report 3 for details). Following these processes, methanol synthesis and refining are performed and simulated, which are the main focus of this report. The flow rates shown in the figure below are generated from the ASPEN simulation after the process scale-up. 
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Figure 1. Block Flow Diagram of the Coal-to-Methanol synthesis.
Background
Methanol is synthesized from syngas by the following chemical reactions that simultaneously take place under Cu/Al/Zn catalyst:
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(Eqn. 3)
The first reaction utilizes CO to produce methanol, while the third reaction uses CO2.  Besides these two, it is also shown that the water gas shift reaction occurs. All three reactions take place in a plug flow reactor, consisting of five beds, in a recycling system due to limitations on chemical equilibrium. The manner in which this system operates is such that the mixture exiting the reactor is cooled with the unreacted syngas, which is then recycled back into the reactor inlet.  
There are two conditions in which these processes could occur - via a two-phase or a three-phase reactor. In two-phase reactors, the catalyst is present as a solid phase with the syngas mixture interacting as a vapor. On the other hand, the three-phase methanol synthesis uses the same catalyst in slurry of squalene solution. Experiments show that methanol can be produced from either CO or CO2, as shown in the reactions above.1  For the two-phase synthesis, methanol production is largely based on CO conversion (where Eqn. 1 dominates), whereas CO2 is the most significant source of carbon for the three-phase synthesis (where Eqn. 3 dominates). Although the mechanisms are different, the reaction rate models of the two methods are rather similar, with the exception of the rate constants. The kinetic information is shown below:2
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(Eqn. 4)
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(Eqn. 5)
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(Eqn. 6)

Following the methanol synthesis is the methanol refining process that is required in order to meet the AA methanol grade purity specification. These specifications include: greater than 99.85 % w/w methanol (dry basis), less than 0.1 % w/w water, and less than 50 ppmw ethanol, which is synthesized by the following reaction.
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(Eqn. 7)
The product methanol that contains significant amounts of water and ethanol is refined in a distillation column in which the Fenske-Underwood-Gilliland (FUG) method is utilized for the design. 

Progress Update


There has been significant progress in the design of the coal-to-methanol synthesis plant. The gasification process has been modified to satisfy the desired production rate. The methanol synthesis plant and the refining station were also designed.
Two-phase Synthesis Selection

The product syngas from the water-gas shift reactor contains significant amounts of H2, CO and CO2; thus, both the two and three-phase synthesis processes were considered. The two processes produce comparable amounts of methanol, although the dominating reaction is different in each, as mentioned above. Despite having a high CO2 to methanol conversion in the three-phase slurry, the process is generally more expensive and complex. In addition, the shift reaction prior to the methanol synthesis reactor was adjusted specifically for CO conversion. The two-phase condition also allows for simulation in ASPEN, which could not be performed with the liquid slurry present in the three-phase process. Taking these factors into consideration, the two-phase methanol synthesis was used as the basis for this design.  
Plant Scale-Up


The processes carried out up to this point produced one-half of the desired methanol production. In order to account for this, another gasifier was added into the system since there is a maximum value on the amount of coal that a single Shell coal gasifier can process.3 The coal input per gasifier was also increased to 3500 MT/day, while the inputs for the other processes are adjusted accordingly. These include the amount of steam and water utilized in the gasifier and the amount of water added to adjust the H2 to CO ratio. 
Methanol Synthesis


Since methanol synthesis is equilibrium-limited, the process required to obtain a high conversion is rather complex. This includes a synthesis loop with significant recycling and make-up, in addition to several stages of cooling. The overall process is shown in the flow diagram that appears in Figure 2, with the complete ASPEN simulation appearing on Appendix 4A. This design is derived from Graaf-Beenackers’ paper on methanol synthesis. Peng-Robinson was used in the entire simulation as it was deemed appropriate for the high operating temperature of the system. The stream numbers included in the discussion refers to the streams from the PFD in Figure 2 that appears at the end of this report.

The cleaned syngas coming from the water gas shift reactor acts as the makeup (Stream 1) that combines with the recycle stream (Stream 16), which is routed back from the processes following the reactor. This is done in order to ensure high syngas flowrate into the reactor and to subsequently obtain a higher methanol production. Eighty percent of this combined stream is used as the “cold shot” (Stream 3) that acts as the quencher in the reactor, while the remaining percentage is utilized as a regulator in one of the heat exchangers (Stream 11). The quench gas (Stream 4) is split equally into each of the five beds in order to maintain operation at optimal temperature.

The reactor for the synthesis is modeled as an adiabatic quenched bed with a Cu/Zn/Al catalyst. Basing on literature sources,2 five beds are necessary in order to obtain almost 99% carbon conversion. This is simulated with five RPlug reactors in series that are supplied with the proper kinetic data from the two-phase methanol synthesis. By specifying a Langmuir-Hinschelwood-Hougen-Watson (LHHW) model, the kinetic, driving force and adsorption information from the rigorous experimental results are incorporated into the simulation. The ASPEN input information for the kinetics of the three reactions could be found in Appendix 4B. The 100-tube reactor was designed to be 10 m long with each tube having a diameter of 3.7 cm.4 The catalyst weight was increased in increments of 5 MT throughout the reactor, starting with 10 MT on the first bed until 30 MT was achieved on the last bed. This is done to account for the increasing flowrate brought about by the constant addition of the quench gas. 

The optimal temperature for methanol synthesis was found to be between 200 and 400oC; hence the interstage cooling. The recycle quench gas is assigned to be at 80oC and 7.0 MPa. As shown in Table 1 below, the outlet temperatures going along the successive beds decrease as expected due to the decreasing extents of reaction. In addition, the pressure also dropped by 0.5 MPa throughout the 5-bed reactor. 
Table 1. Summary of ASPEN Results for the Plug Flow Reactor.
	
	MeOH Synthesis

	
	Feed
	Product
Bed 1
	Product 
Bed 2
	Product 
Bed 3
	Product 
Bed 4
	Product 
Bed 5

	Temp (oC)
	123
	399
	343
	325
	315
	309

	Pressure (MPa)
	5.00
	4.90
	4.80
	4.70
	4.60
	4.50

	Component (MT/day)
	
	
	
	
	
	

	H2O
	0
	38.8
	90.6
	142
	193
	243

	H2
	688
	9.98
	15.6
	21.4
	27.3
	33.4

	CO
	3980
	trace
	trace
	trace
	trace
	trace

	CO2
	73800
	14700
	29300
	43900
	58500
	73200

	Methanol
	0
	980
	1980
	2980
	3990
	4990

	Ethanol
	-
	-
	-
	-
	-
	-



The product from the last bed of the reactor (Stream 9) was split into two streams and was cooled by two different means – one used a syngas-regulated heat exchanger (with final temperature of 95oC), while the other was cooled with process water (with final temperature of 150oC). The two streams were then mixed and further cooled by another syngas-regulated heat exchanger to 83oC before air cooling it to the desired temperature of 50oC. At this temperature, the methanol and water could be separated out in the liquid stream by condensation, which was modeled as a simple SEP1 block in ASPEN. The remaining stream was recycled back, while 7.5% was purged (Stream 20) in order to release some of the unreacted syngas to lower the system’s pressure. The recycle stream was then compressed to 8.6 MPa and 70oC, which was first used as regulator for the heat exchanger before routing back to the methanol synthesis reactor. The total product produced from the entire synloop is 4990 MT/day, which is 99.8% of the desired production rate.
Methanol Refining
 
The methanol produced contains about 5% of water, which does not satisfy the specifications for AA grade methanol. In addition, ethanol is also expected to be produced at a rate of 1 per 100 parts methanol. Since the kinetic rate laws for ethanol synthesis is not known, an ethanol stream with the expected production rate was added so as to simulate an actual synthesis plant. From preliminary calculations (shown in Appendix 4C), the number of stages was found to be 48 with the feed coming in at stage 11. The reflux ratio is assigned to be 2 with a column efficiency of 52%. This was simulated in ASPEN as a Radfrac column with the aforementioned conditions. The product purity was found to be 99.85%, with minimal water and less than 1% ethanol. The net methanol produced after the refining was then found to be 4930 MT/day, as seen in Table 2. 
Table 2. Summary of ASPEN Results for the distillation column.
	
	MeOH Refining

	
	Feed
	Product

	Temp (oC)
	50.0
	63.7

	Pressure (MPa)
	7.25
	0.100

	Component (MT/day)
	
	

	H2O
	243
	0.124

	Methanol
	4990
	4930

	Ethanol
	49.9
	7.15


Preliminary Costing


For the capital cost of the methanol synthesis reactor, information is obtained from the same literature, where the design was adopted from. In terms of operating cost, only the purchase price for the coolant water was calculated. The costing for the 48-stage distillation column was done using CAPCOST with a CEPCI code of 515. Carbon steel was chosen as the material and the height and diameter were calculated to be 61 m and 4 m, respectively. The values obtained appear in Table 3 below and were explained in detail in Appendix 4E. 
Table 3. Costing information for the methanol synthesis and refining plant.
	Capital
	Operating (annual)

	Methanol Synthesis
	$ 2.40 M
	water
	$ 6570

	Methanol Refining

48-stage distillation column
	$3.84 M
	-


Safety and Environmental Considerations

Careful consideration should be given when dealing with methanol production because of its toxic substance.  If consumed it can lead to blindness and if taken in excess amounts, death. In addition, methanol is a highly flammable chemical; thus, contact with any ignition source should be avoided.  
Heat exchangers and reactors in the synthesis of methanol operate at high temperatures and high pressure systems (as high as 8.6 MPa).  These pose immediate dangers in the absence of safety features designed in the reactors.  

There is significant carbon dioxide emission during the methanol synthesis.  The release of greenhouse gases into the atmosphere must be monitored due to the direct correlation between CO2 concentration and the rising average global temperature.  A carbon capture system could be further researched to minimize the amount of CO2 released into the atmosphere.  

Recommendation

In order to produce the required 5000 MT/day of methanol, two gasifiers are needed in which 7000 MT/day of coal is used. Plug flow reactors are used to synthesize methanol that consists of 5 beds utilizing two-phase reactors. Refining of methanol is done by means of a 48-stage distillation column that is 4 m in diameter and 61 m in height. From this, 4930 MT/day of methanol is produced. The immediate goal of this project is to carry out the economic analysis of the whole system. 
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Figure 2. Process flow diagram for methanol synthesis and refining.
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