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ABSTRACT

Methanol as an alternative transportation fuel appears to be an effective intermediate agent, for reducing CO,
from the utility power and the transportation sectors. On the utilization side, methanol as a liquid fuel fits in well
with the current infrastructure for storage and delivery to the automotive sector with better efficiency. On the
production side, CO, from fossil fuel plants together with natural gas and biomass can be used as feedstocks for
methanol synthesis with reduced CO,. Over the past several years, processes have emerged which have varying
degrees of CO, emission reduction depending on the feedstocks used for methanol synthesis process. This paper
reviews the methanol processes from the point of view of production efficiency and CO, emissions reduction.
The processes include (1) the Hydrocarb Process which primarily utilizes coal and natural gas and stores carbon,
and (2) the Hynol Process which utilizes biomass (including carbonaceous wastes, municipal solid waste (MSW))
or coal and natural gas, and (3) the Carnol Process which utilizes natural gas and CO, recovered from fossil fuel
fired powered plant stacks, especially coal fired plants. The Camol System consists of power generation,
methanol production and methanol utilization as an automotive fuel. The efficiency and CO, emissions for the
entire system are compared to the conventional system of petroleum derived automotive fuel (gasoline) and coal
fired power generation plants. CO, reduction by as much as 56% and 77% can be achieved when methanol is
used in internal combustion and fuel cell automotive vehicles, respectively.
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1 INTRODUCTION

Coal and natural gas are abundant fuels. Because of their physical and chemical properties, coal and
natural gas are difficult to handle and utilize in mobile as well as stationary engines. The infrastructure
is mainly geared to handle clean liquid fuels. In order to convert coal to liquid fuel, it is generally
necessary to increase its H/C ratio either by increasing its hydrogen content or decreasing its carbon
content. On the other hand, in order to convert natural gas to liquid fuels, it becomes necessary to
decrease its hydrogen content. Thus, by coprocessing the hydrogen-rich natural gas with hydrogen
deficient coal, it should be possible to produce liquid fuels in an economically attractive manner. For
environmental purposes of decreasing CO, greenhouse gas emissions, several approaches can be taken.
The CO, emission from central power stations can be removed, recovered and disposed of in deep
ocean.™ Efficiency of fossil fuel conversion for power generatior: and transportation can be increased.®
Alternatively, carbon can be extracted from coal and natural gas and only the hydrogen-rich fractions
can be utilized from both of these fuels to reduce CO, emissions while storing the carbon.® Because

~ of its physical properties, carbon is much more easily disposed of either by storage or used as a materials
commodity than sequestering CO,. Another alternative CO, mitigation method is to utilize the stack gas
CO, from coal burning plants with hydrogen obtained from natural gas to produce methanol, which is
a well-known liquid automotive fuel. In this paper, in addition to reviewing the Hydrocarb® and Hynol®
Processes, which involves the carbon separation processes, we describe the Carnol Process® which
connects the power generation sector with the transportation sector and results in an overall system for
CO, mitigation.

2 THE HYDROCARB PROCESS @

The Hydrocarb Process is based on the following three integrated chemical reaction steps:

1. Hydrogasification of Coal

aCH,5 Oy,.0,+b H,=c CH, +d CO +¢ H,0

This reaction is exothermic and can take place efficiently at temperature of 800 to 900° and at
pressures of 30 to 50 atm. A fluidized bed reactor is indicated for hydrogasification of solid
carbonaceous feedstocks including coal and biomass. Limestone can be added to remove the
sulfur.

2. Methane Decomposition

CH,=C+2H,

This reaction is endothermic, takes place efficiently at temperatures above 800°C and is favored
by lower pressure. The methane produced by hydrogasification and additional feedstock
methane provides the methane to be decomposed. This reaction produces the hydrogen for

, methanol synthesis in Step 3 and the excess is recycled to the hydrogasification reactor in Step
1.




" Methanol Synthests

CO +2H, = CH,0H

The synthesis of methanol from CO and H, is a well-known catalytic process which is usually practiced
industrially at 260°C and 50 atm pressure. The CO is produced in the hydrogasification step from
oxygen in the coal. The amount of CO formed depends on the water content of the coal according to the
well-known gasification reaction:

C+H,0=CO+H,

The Hydrocarb Process also works well with biomass as a co-feedstock because of its higher oxygen
content. The overall reaction being:

CH, , O,, +0.34 CH, = 0.66 C + CH,0H

A generalized flow sheet of the Hydrocarb process is shown in Figure 1. A computer simulation model
has been developed for the process which can determine the mass and energy balances when supplying
various types of amounts of feedstocks. To reduce CO, greenhouse gas, the carbon produced in the
Hydrocarb process can be sequestered or used as a materials commodity. Table I shows the methanol
thermal efficiency and the degree of CO, emissions reduction compared to the production of methanol
by conventional coal gasification and natural gas reforming processes. The addition of biomass can
essentially reduce the net CO, emissions to zero because biomass uses CO, from the atmosphere in the
production of methanol. The use of methanol as a liquid fuel in automotive engines improves the thermal
efficiency by 30% compared to gasoline fuels. Thus, an additional 40% reduction in CO, emission can
be realized using methanol instead of gasoline in automotive engines.®

THE HYNOL PROCESS®

For purposes of maximizing the methanol yield and simplifying the Hydrocarb process, the second step
is changed from methane decomposition to the well-known reforming of methane with steam:

CH, +H,0=CO +3H,

This is an endothermic process and can take place efficiently at temperatures above 900°C in the
presence of a nickel catalyst. Additional methane feedstock produced in the hydrogasification step
significantly improves the methanol yield. In this process, only liquid methanol is produced and there
is no need to sequester carbon. The overall reaction involving the co-feedstocks coal and natural gas is:

a CHy 4Oy, ,, +b CH, + ¢ H,0 = d CH,0H

Biomass and municipal solid waste can also be used as co-feedstocks in additional to coal. Figure 2
shows a generalized flow sheet of this process. Hynol cannot reduce CO, emissions to zero, as shown
in Table 1; however, the yield of methanol by Hynol is greater by as much as 20% than producing
methanol by two separate conventional plants, i.c., (1) steam gasification of coal alone, and (2) methane
reforming alone. Thus, by maximizing methanol production, the Hynol plant becomes economically
attractive.




THE CARNOL PROCESS

An interesting process which can be applied to coal burning power plants to reduce CO, emissions has
been developed as follows:

The Carnol Process is composed of three unit operations described as follows:

1.

Carbon dioxide is extracted from the stack gases of coal fired power plants using
monoethanolamine (MEA) solvent in an absorption-stripping operation. The technology for
this operation is well known in the chemical industry for CO, recovery and has recently been
significantly improved for extracting CO, from power plant stack gases.” The power required
to recover CO, from an integrated coal fired power plant to recover 90% of the CO, from the
flue gas has been reduced to about 10% of the capacity of the power plant. However, this energy
requirement can be further reduced to less than 1% when the CO, recovery operation is
integrated with a methanol synthesis step described in Item 3 below.

The hydrogen required to react with CO, for producing methanol can be obtained from either
of two methods involving natural gas. In the conventional method for producing hydrogen,
natural gas is reformed with steam.

CH, + 2H,0 = CO, + 4H,

This process produces CO, and, thus CO, emission is increased. However, hydrogen can be
produced without CO, emission by the non-conventional method of thermally decomposing
methane to carbon and hydrogen.

CH,=C+2H,

The energy requirement in conducting this process per unit of hydrogen is less than that required
by the above conventional process. A fluidized bed reactor has been used to thermally
decompose methane and more recently we are attempting to improve reactor design by utilizing
a molten metal bath reactor.®

The carbon is separated and either stored or can be sold as a materials commodity, such as in
strengthening rubber for tires. The temperatures required for this operation are 800°C or above
and pressures of less than 10atm.

The third step in the process consists of reacting the hydrogen from Step 2 with the CO, from
Step 1 in a conventional gas phase catalytic methanol synthesis reactor.

CO, + 3H, = CH,0H + H,0

This is an exothermic reaction so that the heat produced in this operation can be used to recover
the stack gas CO, from the absorption/stripping operation described in Step 1, thus, reducing
the energy required to recovery the CO, from the power plant to less than 1% of the power plant
capacity. This is an advantage compared to the energy cost in terms of derating the power plant
when CO, is disposed of by pumping into the ocean in which case more than 20% of the power




plant capacity is consumed. The gas phase methanol synthesis usually takes place at
temperatures of 260°C and pressure of 50 atm using a copper catalyst. The synthesis can also
be conducted in the liquid phase by using a slurry of zinc catalyst at a lower temperature of
120°C and 30 atm of hydrogen pressure.

In its simplest form, the Carnol Process is a two-step operation as shown in Figure 3. When
hydrogen is used to supply the energy for the thermal decomposition of methane, then the CO,
emission for methanol production is reduced to zero as given in Table 1. A more detailed
evaluation of the Carnol Process is given below.

CARNOL PROCESS DESIGN

A computer process simulation equilibrium model has been developed for the Carnol Process based on

the flow sheet shown in Figure 4. A material and energy balance selected from a number of computer
runs indicates that 112.1 kg of methanol can be produced from 100 kg of natural gas (CH,) and 171.1

kg CO, extracted from the coal fired power plant with a net emission of 25.8 lbs COleMBTU of-
methanol energy including combustion of the methanol. The power plant at the same time is credited
with a 90% reduction in CO, because only 10% of the CO, from the MEA solvent absorption plant
remains unrecovered and is cmlttcd to the atmosphere.

METHANOL AS AN AUTOMOTIVE FUEL

The Carnol Process can be considered as a viable coal-fired CO, mitigation technology because the
resulting large production capacity of liquid methanol resulting ﬁ'om the large amount of CO, emitted
can be utilized in a large capacity automotive fuel market. Those processes which utilize CO, to produce
products for thechemical market such as carbonates and organic chemicals will tend to swamp the market
and, thus, cannot be used. Methanol as an alternative automotive fuel has been used in internal
combustion (IC) engines as a specialty racing car fuel for a long time. More recently, the EPA has shown
that methanol can be used in IC engines with reduced CO and HC emissions and at efficiencies exceeding
gasoline fuels by 30%.©)  Methanol can also be used either directly or indirectly in fuel cells at several
times higher conversion efficiency for automotive use."> A great advantage of methanol is that, as a
liquid, it fits in well with the infrastructure of storage and distribution compared to compressed natural
gas and gaseous or liquid hydrogen which are being considered as alternative transportation fuels.
Compared to gasoline, the CO, emission from methanol in IC engines is 40% less.

It should also be pointed out that removal and ocean disposal of CO, is only possible for large central
power stations. For the dispersed domestic and transportation (industry and automobiles) sectors the
Carnol Process provides the capability of CO, reduction in this sector by supplying liquid methanol fuel
to these smaller dispersed CO, emitting sources.

ECONOMICS OF CARNOL PROCESS

A preliminary economic analysis of the Carnol process has been made based on the following
assumptions:




90% recovery of CO, from a 600 MW(e) coal fired power plant.

Capital investment based on an equivalent 3 step conventional steam reforming plant which

amounts to $100,000/ton MeOH/day."?

3. Production cost which includes 19% financing, 1% labor, 3% maintenance, and 2% process
catalyst and miscellaneous adding up to a fixed charge of 25% of the capital investment (IC)
on an annual basis.

4. Natural gas varies between $2 and $3/MSCF.

Carbon storage is charged at $10/ton. Market value for carbon black is as high as $1000/ton.

6. Methanol market price is $0.45/gal, but has varied historically from $0.45/gal to $1.30/gal in

the last few years.

N -

v

At $18/bbl oil and 90% recovery as gasoline and $10/bbl for refining cost, gasoline costs $0.78/gal, and
methanol being 30% more efficient than gasoline competes with gasoline at $0.57/gal methanol.

Table 2 summarizes the economics of production cost factors and income factors for a range of cost
conditions. In terms of reducing CO, cost from power plants, with $2/MSCF natural gas, and a
$0.55/gal methanol income CO, reduction cost is zero. At $3/MSCF natural gas and $0.45/gal income
from methanol, the CO, disposal cost is $47.70/ton CO,, which is less than the maximum estimated for
ocean disposal.®> More interesting, without any credit for CO, disposal from the power plant, methanol
at $0.55/gal can compete with gasoline at $0.76/gal (~ $18/bbl oil) when natural gas is at $2/MSCF.
Any income from carbon makes the economics look even better.

CO, EMISSION EVALUATION OF ENTIRE CARNOL SYSTEM

The Camol system consists of a coal-fired power plant, a Carnol process methanol conversion plant and
the use of methanol as a liquid automotive fuel. '

Although we can show 90% or more CO, emission reduction for the coal fired power plant, the other two
parts of the system, methanol production and automotive emissions, have relatively less CO, emission
reduction compared to conventional systems. Therefore, the entire Carnol System, as shown in Figure
5, must be evaluated and compared to alternative methanol production processes.

For purposes of comparison, the overall stoichiometry for the Camnol Process is given in the following
together with the conventional processes, and with CO, addition.

Carmnol Process

CH, +0.67 CO,=0.67 CH,0OH + 067 H,0 + C

Conventional Steam Reforming Methane
CH,+H,0=CH,;0H +H,
Conventional Steam Reforming of Methane With CO, Addition
CH, +0.67 H,0 + 0.33 CO,=1.33 CH, OH




Methanol can also be produced using biomass and since the net CO, emission is zero with CO, being
converted to biomass by solar photosynthesis, the biomass process must also be included in the
evaluation.

Biomass Steam Gasification Process for Methano! Synthesis
2CH, ,0,, + 1.6H,0 = CH, OH +CO, + H,
photosynthesis  CO, +0.7 H,0 =CH,,0,, + O,

The alternative methanol production processes are evaluated in Table 3. The yield of methanol per unit
of methane feedstock is shown for the following processes:

L. Conventional process in two parts;
A Steam reforming, of natural gas process, and
B. CO, addition in steam reforming of natural gas.
2. Camnol process, in two parts;
A. Using methane combustion to decompose methane for hydrogen in MDR, and
B. Hydrogen combustion to decompose the methane in MDR
3. Steam gasification of biomass process.

The Carnol Process with H, and the biomass process (solar energy) reduces CO, to zero emission
compared to conventional, but with a loss of 35% and 47% methanol yield respectively. The Carnol
process when using methane combustion in the decomposer reduces CO, emission by 43% while the
production yield is only reduced by 26% compared to conventional. The conventional process with CO,
addition (IB) is interesting because there is an increase of 32% in production although the CO, emission
is only reduced by 23%. It is noted that in the Carnol process a maximum amount of CO, is utilized and
an excess of carbon is produced. In the conventional process, no CO, is used and an excess of hydrogen
is produced. With CO, addition to the conventional process, no excess of carbon or hydrogen is formed
and methanol per unit natural gas is maximized.

The entire Carnol System is evaluated in table 4 in terms of CO, emissions and compared to the
alternative methanol processes and to the base line case of conventional coal fired power plant and
gasoline driven automotive IC engines. Methanol in fuel cell engines is also evaluated “® All the cases
are normalized to emissions from IMMBTU of coal fired power plant which produces CO, for a Carnol
methanol plant equivalent to 1.27 BTU for use in an automotive IC engine. The assumptions made are
listed at the bottom of Table 4. The conclusions drawn from table 4 are as follows:

L. The use of conventional methanol reduces CO, by 13% compared to the gasoline base case and
is mainly due to the 30% improved efficiency of the use of methanol in IC engines.

2. By addition of CO, recovered from the coal fired power plant to the conventional methanol
' process, the CO, from the power plant is reduced by about 25% (161 Ibs/MMBTU compared
to 215 Ib CO,/MMBTU) and the CO, emissions for the entire system is reduced by 24%. It
should be pointed out that part of the CO, can also be obtained from the flue gas of the reformer
furnace of the methanol plant.




3. The Carnol Process reduced the coal fired power plant CO, emission by 90% and the overall
system emission is reduced by 56%.

4. Since the use of biomass is a CO, neutral feedstock, there is no emission from the power plants
because the production of biomass feedstock comes from an equivalent amount of CO, in the
atmosphere which has been generated from the coal fired power plant. Thus, the only net
emission comes from burning methanol in the automotive IC engine and thus, the CO, emission
for the entire system is reduced by 57%, only slightly more than the Carnol System. However,
at present the cost of supplying biomass feedstock is higher than that of natural gas feedstock.

5. Another future system involves the use of fuel cells 'in automotive vehicles. The efficiency of
fuel cells is expected to be 2.5 times greater than gasoline driven engines.*® Applying the
Carnol process to produce methanol for fuel cell engines reduces the CO, emission for the entire
system by a maximum of 77%. Furthermore, because of the huge increase in efficiency, the
capacity for driving fuel cell engines can be increased by 92% over that for Carnol Process using
the same 90% of the CO, emissions from the coal burning power plant.

CONCLUSIONS

For coal-burning plants, the Hydrocarb Process is less efficient in the production of methanol, and the
Hynol Process is the most efficient, but has higher CO, emission. The Carnol System can reduce CO,
emissions from coal fired power plant while producing methanol for automotive IC engines with virtually
no derating of the power plant. With natural gas at $2/MSCF, the methanol cost appears to be
competitive with gasoline for IC engines at $18/bbl oil. The CO, emission for the entire Carnol System
is reduced by 56%. Compared to the conventional system, steam reformed natural gas with CO, addition
from the power plant, reduces CO, emissions by only 13%, but can have a higher production capacity
per unit natural gas than the Carnol Process. Biomass as a methanol feedstock can reduce CO, by 57%.
The development of methanol fuel cell engines can reduce CO, emissions by 77% for the entire system
with a large increase in production capacity. Therefore, the use of methanol as an automotive fuel
produced from coal fired power plant CO, emissions and natural gas appears to be an environmentally
attractive and economically viable system connecting the power generation sector with the transportation
sector, and, warrants further development effort.
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Table 1 METHANOL PRODUCTION WITH REDUCED CO, EMISSIONS
Process and Feedstock Products | MeOH Thermal CO, Emission | CO,-%
Raactors Efficiency Based | from MeOH Reduction
on Coal and Combustion from
Natural Gas - % | Lbe/MMBtu Convention”
Processes
Hydrocarb | Coal MeOH+C 35% 130 60%
HPR Coal + Natursl Gas | MeOH+C 40% 130 60%
MPR Coal + Natural gas | MeOH+C 45% '] ~100%
MSR + Biomass
Hynol Coal + Natural gas MeOH 65% 260 30%
HPR
SPR
MSR
Carmnol CO, from Coal Fired ' 50% -0 ~100%
MDR Power Plant + ‘MeQH+C
MSR Natural Gas —
 CO, smiseion from combustion of methanol HPR - Hydropyrolysis Reactor
mem;-nfm-xmhcommn m&-uchmmbﬂm
produced by ccal gasification -SSOMCOJHIM_B_N MSR - Methanol Synthesis Reactor
MDR - Methane Decompositicn React
Table 2

ADVANCED CARNOL VI PRELIMINARY PROCESS ECONOMICS

Plant Size - To Process 90% Recovery of CO, from 500
90% Plant Factor, CO,

MW(e) Neminal Coal Fired Power Plant
Rate = 611 T/Hr. = 4.82 x 10° Tons COJ/Yr.

Feedstcck: Natural Gas Rate = 2 82 x 10° T/Yr = 407,000 MSCE/D
Carbon Production = 2.03 x i0° T/Yr.

Methanol Production = 3.16 x 10° T/Yr. = 69.300 BbUD
Plant Capital Investment (IC) = 9607 T/D x $10° = $961 x 10¢

Production Cost Factors

Income Factors

0.251C Natural Gas C Storage CO, Cost C Income MeOH Income {Cost foz: geducing
: .

S10%Yr | S107Yr {S/MSCE) S10%Yr (S/Ton) | S10%Yr | (S/Ton) | S10%Yr | (/T on) | $10%Yr | (3/Gal) | S10%Yr (3/Ton).
2.40 267 ) 0.20 (10) 0 (0) 0 ) 5.27 (0.55) 0 ©)

2.40 4.00 3) 0.20 (10) 0 ©0) 0 0) 5.27 (0.55) | -1.34 {(-27.60)
240 2.67 (2) 0.20 (10} 0 (0) 0 (0) 5.27 (0.55) 0 0)
2.40 4.00 3) 0 ©) 0 (0) 113 | (s5.60) | 527 (0.55) 0 (0)

2.40 267 ) 0.20 (10) 0 £0) 0 (0) 430 | 0.45) | -097 |(-20.00)
2.40 2.67 2 0 (0) 0 © 077 1G790) [ 430 | (0.45) 0 ©

! 2,40 4.00 (&)} 0.20 (10) 0 0) 0 (0) 4.30 (0.45) | -2.30 |(-47.70)
2.40 4.00 3) 0 (0) 0 (0) 2.10 [(103.00)} 430 {0.45) (0) (0)




Table 3
METHANOL PRODUCTION AND CO, EMISSION

PROCESS COMPARISON
PRODUCTION YIELD CO, EMISSION ¢
PROCESS % Reduction from Lbs CO, % Reduction from
Mole Feedstock Conventional Conventional
MMBTU (McOH)
1A Conventional Process
Steam Reforming of CH, 0.76 ¢ 0% 44 0%
1B Conventional Process with Co,
Addition 1.00 (32%) @ 34 23%
2A Carnol Process
Heating MDR with CH, 0.56 26% 25 43%
2B Camol Process
Heating MDR with H, 0.50 35% 0 100%
Steam Gasification — '
of Biomass 0.40° 47% 43 100%
1. Based on thermal efficiency of 64% (Ref 11)
2. This represents a 32% increase in yield vs conventional
3. Based on BCL process (Ref. 12)
4. CO, emission only from fuel production plant
Table4 CO, EMISSION COMPARISON FOR SYSTEMS CONSISTING OF
COAL FIRED POWER PLANT, FUEL PROCESS PLANT AND AUTOMOTIVE POWER PLANT
Basis 1 MMBTU for coal fired 600 MW(e) power plant
1.27 MMBTU of liquid fuel for IC engine - other fuel efficiencies proportions encrgy up and Gown
CO, Emission units in Lbs CO/MMRBTU (multiply by 0.43 for KG/G))
System Unit Coal Fired Power | Fuel Process | IC Automotive Total System | CO, Fmission
. Plant Plant Power Plant Emission Reduction
Baseline Case:
Coal Fired Power Plant and Gasoline
Dnven IC Engine 215 15 285 515 0%
Case 1A
Coal Fired Power Plant With
Conventional Steam Reformed
Methanol Plant 215 56 175@ 443 13%
Case 1B .
Coal Fired Power Plant With Co,
Addition to Conventional Methanol
Plant l6r ¢ 54 175 390 24%
Case 2
Coal Fired Power Plant with
CARNOL Process Methanol Plant 21¢ ' 32 175 228 56%
Case 3
Coal Fired Power Plant with
Biomass for Mcthanol Plant 0 43 175 219 57%
Case 4
Coal Fired Power Plant with . Fucl Cell
CARNOL Mecthanol and Fuc| Cell
Automotive Power 11 17 890 i17 77%
1) 90% recovery of CO, from coal fired plant, 2) Mecthanol is 30% mare efficient than gasoline 1 IC engines,
3) Fucl cell a5 2.5 times more efficiens than conventional gasoline IC engine 1) Onlv 25% recovery of CO; from coal plant is necessary for supphy CO, 5)
Only 52% emussions of coal piant CO, 1s assigned 10 Carnol for fuct cells {0 conventional methanot plant
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Pigure 2 A block diagraa of the Hynol process.
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Figure 4

Carno! VI Process
Methanol Production Fram Power Plant C0; and Natural Gas

Process Simulation

CH, Fuel e

r———’@—. c02' “2
Loca ]
MDR
CH,
T MEA + CO.
* 2 Nz
® MSR MEA
30 atm20°C Absorder 40T
@ ® MEA L
COZ + Nz
®
Coal
3 Air
CoND MOR - Methane D R
) - Methane Qecomposition Reactor
30 amvsoe MSR - Methanol Synthesis Reactor
l 1 MEA - Coz Sotvent
MeCH H20

Figure 5

CARNOL System Configuration For CO, Emission Mitigatioh
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