3760

Ind. Eng. Chem. Res. 1998, 37, 3760—3767
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Two processes are examined for production of methanol. They are assessed against the essential
requirements of a future alternative fuel for road transport: that it (i} is producible in amounts
comparable to the 19 EJ of motor fuel annually consumed in the U.8., (ii) minimizes emissions
of criteria pollutants, (iii) reduces greenhouse gas emissions from production and use, (iv) is
cost-competitive with petroleum fuel, and (v) is compatible with the emerging vehicle technologies,
especially those powered by fuel cells. The methanol yield, production cost, and potential for
reduction of overall fuel-cycle CO: emissions were evaluated and compared to those of
reformulated gasoline. The results show that a process utilizing natural gas and biomass as
cofeedstocks can meet the five requirements more effectivly than individual processes utilizing
those feedstocks separately. When end-use efficiencies are accounted for, the cost per vehicle
mile traveled would be less than that of gasoline used in current vehicles. CO; emissions from
the vehicle fleet would be reduced 66% by methanol used in fuel cell vehicles and 8—36% in
flexible-fuel or dedicated-methanol vehicles during the transition peried. Methanol produced
from natural gas and biomass, together in one process, and used in fuel cell vehicles would
leverage petroleum displacement by a factor of about 5 and achieve twice the overall CO, emission
reduction obtainable from the use of biomass alone.

Introduction

In response to increasingly severe effects of air
pollution on human health and the environment, ambi-
ent air quality standards were established by the Clean
Air Act of 1970, and stringent vehicle tailpipe emission
standards for CO, NO,, VOC, and particulate matter
(“criteria” pollutants) were promulgated by amendments
to the Act in 1990. Motor vehicle emissions nevertheless
continue to be the largest single source of air pollution
in the U.S, Recognizing the implications of an increasing
population of motor vehicles and the growing depen-
dence on imported petroleum to fuel them, the National
Energy Strategy of 1991—92 called for the development
of clean alternative fuels derived from domestic re-
sources, including renewable biomass, to begin displac-
ing petroleum. The Energy Policy Act of 1992 estab-
lished a goal of 30% displacement of petroleum with
alternative fuels by the year 2010, with half of that fuel
to be derived from domestic resources. Although the
Act identifies no specific alternative fuel as a preferred
choice, three objectives were given: (i) achieve maxi-
mum replacement of imported petroleum, (ii) maximize
the benefit to the national economy by minimizing the
total cost to the nation, and (iii) reduce the environ-
mental impacts of fuel production and use, including
greenhouse gas emissions that may affect future climate
change.

CQ; released from production and use of transporta-
tion fuels represents about 30% of the U.S. total
anthropogenic greenhouse gas emigsions and must
therefore be an essential part of any climate-change
mitigation strategy. The long-term risks associated
with climate change were cited as one of the most
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serious issues facing the Environmental Protection
Agency (EPA),! and efforts to displace petroleum with
fuels having less effect on atmospheric COy accumula-
tion were recommended as a preemptive action—
justified regardless of uncertainties of the effects of
climate change—because the improved air quality and
reduced dependence on imported oil are valuable ben-
efits that are independently justified. Recent assess-
ments of R&D needs in the transportation sector®5
conclude that the existing technology is unsustainable
due to its long-term impacts on the environment, human
health, the natural ecology, and climate change. Emis-
gions of air pollutants and greenhouse gases are con-
sistently cited in those assessments with regard to the
nonsustainability of the current system of road trans-
port that is based on internal combustion engines and
petroleum fuels. Thus, an alternative vehicle/fuel sys-
tem must be sought that can reduce both regulated air
poliution and greenhouse gas emissions.

Natural gas (NG) is a clean alternative fuel that can
reduce vehicle emissions of both the criteria pollutants
and CO; (NG emits 14 kg of carbon/GJ; oil emits about
20 kg of carbon/GJ). The Climate Change Action Plan
of 1993 directed the EP'A to promote NG as a transpor-
tation fuel under the provisions of the Clean Air Act,
which regulates the eriteria pollutants, to reduce emis-
giong of unregulated CO. also. The Plan—like the
Energy Policy Act and the National Energy Strategy—
further encouraged the introduction of renewable sourees
of transportation fuel energy, including biomass such
as wood, carbonaceous wastes, and energy crops. Given
these national objectives, the question addressed in this
paper is how NG and biomass resources can be utilized
most effectively at least cost.

Methanol is a clean, proven vehicle fuel that can be
produced from NG gas and does not have the refueling
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problems that limit the acceptance of NG. It can also
be produced from biomass and thus has potential to
reduce preenhouse gas emissions and help displace oil
imports with a domestic source of fuel energy. The
economics of producing methanol from natural gas have
been assessed by Lange” for current technology in
developed and remote sites having NG prices of $2.0
and 30.5/GJ, respectively. He showed that existing
routes of production, assuming the value of methanol
as vehicle fuel to be a funetion only of its energy content
relative to that of petroieum in a free market, cannot
compete with gasoline until, or unless, the crude oil
price increases to about $27/bbl. A difficulty with
assessing the value of alternative fuels based on their
competitiveness with gasoline is the fact that the
market price of petroleum fuels does not include the
external costs associated with their use. Such exter-
nalities include the real, but difficult-to-quantify, costs
of the sustainability issues outlined above. Estimates
of the external cost of petroleurn fuels used in U.8.
gasoline and diesel vehicles range from 4.9 to 36.5 cents/
gal, and the cost of the air pollution impacts of motor
vehicle emissions is another 26 cents/gal to $3.1/gal®
It is essential, therefore, that the full future costs and
benefits of vehicle/fuel systems, including the reduction
of CQ emissions, be recognized when assessing those
technologies if they are to be relevant to the long-term
issues of sustainability and useful for comparison with
other mitigation strategies for greenhouse gases.

Another factor that must be recognized when compar-
ing the costs of methanol and gasoline is the variable
end-use efficiency of fuel/vehicle systems. The value of
an alternative fuel must account for the relative ef-
ficiency by which its energy can be extracted by different
vehicle technologies. Due to its favorable chemical and
combustion properties, methanol is about 27% more
efficient in a dedicated internal-combustion-engine ve-
hicle (ICEV) than gasoline,? which substantially reduces
the oil price at which it could compete with gasoline. In
the coming decade, fuel cell vehicles (FCVs) are expected
to enter the commercial market having fuel efficiencies
2—3 times greater than gasoline used in current ve-
hicles. The effectiveness of methanol as a hydrogen
source for FCVs as well as its compatibility with ICEVs
during the transition to FCVs is an essential advantage.
FCVs powered with reformulated gasoline or other
hydrocarbons may also become available, and may be
initially dominant, though less effective in addressing
the sustainability problem. The question that must be
answered in terms of the national interest for future
road transport is the cost of each fuel relative to gasaline
in terms not only of production cost but also of cost per
vehicle mile traveled in the most efficient vehicle that
can use it—with external costs included.

Technologies for producing methanol exclusively from
biomass have been evaluated by Katofsky;!? of the five
gasifier options he considered, the Battelle—Columbus
Laboratory (BCL) system was determined to be most
economical and will be the basis for comparisons
congidered here. Marrison and Larson!! estimated the
cost of methanol production from short-rotation woody
crops by a BCL plant of optimum size to be $12.6/GJ
HHV ($14.5/GJ LHV). This optimum plant size {7870
metric tons/day biomass) was determined by balancing
increased plant size, which reduces production cost due
to economy of scale, and the size of the biomass supply
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area, which increases with plant size and thus increases
the delivered cost of feedstock.

Assuming a crude oil price of $20/bbl, which is
representative of the average over recent years, the
production cost of regular gasoline is about 60 cents/
gal.l? An additional 5 cenis/gal is required to reformu-
late gasoline to meet air quality standards in populated
areas. If gasoline is to be used in FCVs, its current
sulfur content of 340 ppm must be reduced by at least
an order of magnitude, adding another 6 cents/gal to
the cost. The total production cost of a clean, low-sulfur
gasoline is therefore about 70 cents/gal or $5.8/GJ LHV.

Considering only its energy content, methanol pro-
duced from biomass alone at $14.5/GJ cannot compeie
with the $5.8/GJ production cost of gasoline. A second
barrier to this route is the fact that the amount of
biomags that could be produced in the U.S. on land
available and suitable for that purpose is not sufficient
to digplace a major part of the current fuel energy
requirement for road transport or significantly reduce
CQOy emissions from that source.’® Both barriers may
be overcome by using NG as cofeedstock with biomass,
which increases methanol yield, improves biomass
conversion efficiency, and reduces production cost. That
is the approach examined here.

Procedure

When thermally integrated to provide the energy
needed for biomass drying and crude methanol distil-
lation, the BCL process produces 16.09 kg-mol of
methanol/1000 kg of biomass with a thermal efficiency
of 60% excluding imported electric power; if the extra
electric power is produced from biomass, the methanol
yield is 14.77 kg-mol and the net thermal efficiency is
51%.13 Conventional steam reforming yields 0.782 mol
of methanol/mol of total NG used as process feedstock
and fuel with 63.6% thermal efficiency. Using these
values as benchmarks for production of methanol inde-
pendently from biomass and NG, respectively, the
methanol yield and production efficiency of two methods
of using NG as cofeedstock with biomass were evaluated
and compared assuming the sgame amounts of feedstocks
for each case. The two cases to be examined are (i) a
modification of the BCL process and (ii) the Hynol
process.

The following gemeral procedure applies to both
process evaluations. The same process assumptions
were applied as those of Katofsky,!® where applicable,
and consistent values of input variables, including
biomass composition, biomass carbon conversion, plant
size, reactor approach to equilibrium, mechanical ef-
ficiencies, heat recovery efficiencies, and equipment
costs. Material and energy balances were prepared with
the process engineering simulator Aspen Plus, ther-
mally integrating and optimizing each system to avoid
import of electric power and provide sufficient process
steam and other energy for refining methanol to 99.5
mol % and drying biomass from 48 to 10 wt % moisture.
A bhiomass compesgition (weight basis) of 45.97% C,
6.73% H, 46.38% O, 0.14% N, 0.07% S, and 0.71% ash,
including moisture, was assumed. A typical NG com-
position was also assumed: 94.7 mol % CH,, 2.8% CoHs,
2.3% Ng, and 0.2% COs» .

Reforming is carried out at 950 °C with a steam/
carbon ratio of 2.5 entering the reformer. Methanol is
synthesized at 260 °C by an isothermal reactor cooled
by steam generation. Equilibrium assumptions were
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Figure 1. Simplified process flow diagram for (2) madified BCL process and (h) Hynol process. Numbers are streamflows in moles per
metric ton of dry biomass feed. Symbols denote gasifier (G), heat recovery steam generator (H), desulfurization and cleanup units (8),
compressor (P), reformer (R), furnace (F), methanol converter (M), condenser {C), distillation unit (D), expander (E), and ceramic heat

exchanger (X). Biomass moisture 10 wt %.

—10K approach during reforming, +12K for methanol
synthesis, and 87% pasification of the biomass carbon.
Operating pressures were optimized independently for
each system. Pressure drops in heat exchangers are
allocated on the basis of area: the reformer pressure
drop is taken to be 2.3 atm, and the methanol converter,
0.5 atm. Because COy emission is a primary basis for
these comparisons, each process was configured to
generate all electric power required by that process.
They are thus independent of import or export of electrie
power and the emisgions of CO; that would otherwise
be associated with the generation or displacement of
that power. Electric power plants are large stationary
sources of COs emissions comparable in magnitude to
transportation. If greenhouse gas mitigation is to be
considered, one must ask which of these sources could

be reduced in the most cost-effective manner. The
results of these simulations were therefore used to
compare the cost and effectiveness of these process
options for reducing COg emissions from mobile sources
and compare that strategy with published estimates for
the stationary source option.

Resulis

Figure 1 is a simplified block flow diagram of the two
conceptual process options examined here to utilize both
NG and biomass as feedstocks. The modified BCL
process, Figure 1a, utilizes a biomass gasifier developed
by BCL' to which additional units were added for
methanol production as described by Katofsky}® Al-
though the BCL gasifier is assumed here, the process



could utilize a gasifier heated by an internal heat
exchanger/combustor’® or any gasifier system that
would incorporate an air separation unit, at additional
eost, to supply O, for in situ pariial oxidation of biomass.
The BCL gasifier employs an external combustor, fired
with ungasified char and biomass, to provide the energy
for biomass gasification. Both the gasifier and combus-
tor operate at atmospheric pressure. The gases pro-
duced are cleaned, compressed to 14 atm, and catalyti-
cally reformed at 950 °C after addition of 185 mal of
superheated steam and 42.2 mol of NG/metric ton of
biomass gasified. An additional 20.56 mol of NG is used
as reformer fuel, supplemented by 18.5 mol of purge gas
legving the methanol converter.

Unlike the original BCL process, no shift reactor or
CO; removal unit is required to prepare the synthesis
gas for the methanol converter. The syngas is com-
pressed to 50.5 atm, and methanol is synthesized at 260
°C and 50 atm pressure. Steam is recovered from the
methanol reactor at 260 °C and 39 atm for use as
process steam and electric power generation. The crude
methanol containg 70.0 mol of CH3;OH and 21.6 mol of
H:O, which are separated by distillation. A series of
heat exchangers following the reformer generates the
steam needed for reforming, heats the boiler feedwater
for the methanol steam generator, and generates low-
pressure steam for the biomass drier and gasifier. No
electric power import is needed: in addition to power
generated by steam from the high-temperature gases
leaving the reformer, power is generated from steam
generated from energy recovered {rom the hot flue gas
leaving the reformer furnace {in addition to that re-
quired for preheating the furnace air and the reformer
feed stream). This energy balance on the system,
including electric power for compression, fans, and
pumps, determines the amount of purge gas and NG
required for reformer fuel and thus affects the methanol
yield. Thermal efficiency is 66.6%, defined as

thermal efficiency =
{mol of MeOH produced)HHV o1

HHYV of NG plus biomass feedstocks

where HHV of NG = [HHVgu (NG, + NGp%CH,] +
[HHV1{NG, + NG%C:Hs] and NG, = moles of
natural gas used as process feedstock; NGy = moles of
natural gas used as reformer fuel; HHVueon cn,.c8, =
higher heating value of methanol, methane, and ethane,
in kilocalories per mole; and HHYV of dry biomass = 4604

Figure 1b shows the Hynol process,1?!8 the unique
features of which are (i) a hydrogasifier'? that does not
require external heating, (ii) a high-temperature heat
exchanger following the reforming step that recovers
heat and returns it to the gasifier, and (iii) a recycle
stream (primarily Hp) returned from the methancl
synthesis reactor to the gasifier. The recycle stream
entering the gasifier at 900 °C has sufficient enthalpy
to gasify the biomass without external heating, or the
internal partial oxidation of biomass, that is required
by other gasifier types. Steam added to the recycle
stream eliminates equilibrium limitations on gasifier
carbon conversion, which is thus a function only of mass
transfer and reaction kinetics.

The Hynol gasifier operates at 800 °C and 41 atm.
The gagification products are desulfurized by ZnO at
268 °C prior to reforming at 950 °C with a steam/carbon
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ratio of 2.5, and methanol synthesis at 90 atm pressure.
Assuming the same 87% carbon conversion as the BCL
gasifier, an optimized Hymol system?? would obtain a
methanol yield of 72.02 mol/metric ton of biomags fed
with the same amount of total NG used in the modified
BCL system. In this case, 37.9 mol of NG is fed to the
process and 24 .9 mol of NG as reformer fuel. Becanse
Hymnol is a closed system, all of the carbon of the gasified
biomass and NG added to the process can be converted
to methanol except for a small amount that must be
purged to control inert nitrogen accumulation that
enters the system with the biomass and NG. That
purge stream, 12 mol, is fed to the reformer as fuel.
Unconverted biomass char is used in a separate com-
bustor to preheat the reformer air. The amount of NG
required for reformer fuel is determined mainly by the
process steam requirements, including that needed for
biomass drying and for generating the electric power
to operate all compressors, pumps, and fans. The
overall energy balance yields a thermal efficiency of
68.3%.

Discussion

A methanol yield of 0.782 mol could be obtained from
1 mol of NG by the eonventional steam reforming
process. The BCL process, uging biomass alone, could
produce 1,477 mol of methanol from 100 kg of biomass.
By comparison, the process simulations shown above
indicate that a combined system using both NG and
biomass can improve the methanol yield from the same
amount of feedstocks by 10—13%. The improvement can
be explained as follows: (i) The ratio of H/C in biomass
is too low to produce methanol without consuming part
of the gasified carbon to react with steam (by water—
gas shift reaction) to produce the extra hydrogen needed
and the resulting CQs ig lost. By adding NG, the pas
leaving the reformer has the proper Ho/CO ratio for
methanol synthesis; no shift reaction is required, and
all carbon goes into the methanol. (ii) When NG alone
i# used to make methanol by the conventional route,
excess Hs is produced beyond that required for methanol
synthesis and can only be used as reformer fuel. (iii)
In the Hynol system, hydrogen is returned to the
gasifier where it reacts exothermally with biomass to
provide part of the necessary gasification energy—which,
in other gasifier types, is produced by partial oxidation
of biomass within the gasifier or in an external combus-
tor such as the BCL system. For this reason, Hynol is
slightly more efficient than the modified BLC process.

Any alternative fuel that might significantly displace
petroleum or reduce greenhouse gas emissions must be
producible in amounts that are meaningful in relation
to the 19 EJ of energy consumed annually by road
transport in the U.S. Few aliernative energy sources
can meet that requirement, even with the leveraging
of fuel efficiency provided by FCVs. When reduction of
CO; emissions is also an objective, the options are
further limited. These considerations favor methanol,
which is an efficient hydrogen source for FCVs and
capable of additional leveraging of COs; mitigation by
use of renewable biomass as cofeedstock with natural
gas. The 5.8 EJ of biomass energy that could be
produced sustainably in the U.S., on land suitable for
that purpose, would yield about 3.2 EJ of methanol by,
for example, the BCL process if not supplemented by a
cofeedstock. The modified BCL process, on the other
hand, could produce 15.1 EJ of methanol. This leverag-
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ing of petroleum displacement by a factor of 4.75 will
be leveraged again by a factor of as much as 2.5 when
the methanol is used in FCVs. The above options for
methanol production will be examined here for their
potential to reduce CO5 emissions and their cost relative
to gascline.

Fuel-Cyele COy Emission. The production of bio-
magss involves emissions from fertilizer manufacture,
N-0 and NO, emissicns from fertilizer use, and emis-
gions from diesel fuel used in planting, harvesting, and
transporting biomass. Natural gas production involves
the release of CQgz extracted from the well with the
natural gas—which may, or may not, be removed as an
impurity—methane leakage during extraction and trans-
port, fuels used in drilling and operation of NG wells,
fuels used in purification of the natural gas, and energy
needed for pipeline transport. Because some of these
greenhouse gas emissions are not COy, they must be
accounted for according to their CO equivalents; De-
Luchi? has evaluated the process energy consumed and
equivalent emissions for each stage of the fuel cyele for
production of gasoline, natural gas, and biomass. Using
those emission factors and a basis of 1 metric ton of
biomass, the following COs-equivalent emissions and
net emission reductions were calculated:

equiv of COz emiesion, kg

biomass preduction (1000 kg) 155

natural gas production (62.76 kg mol) 589

methanol distribution (7.0 kg moi) 248

methanol distribution (72.02 kg mol) 2565

reformulated gasoline production and 280
distribution (100 galions)

Emission from the combustion of 100 gal of reformulated
gasoline (814 kg of COy), plus that due to its production
and distribution, totals 1094 kg of CO.. Assuming a
FCV efficiency 2.5 times that of current gasoline ve-
hicles, the 70 mol of methanol produced by the modified
BCL process would displace 918 gal of gasoline with a
net overall fuel-cycle COz emission reduction of

918(1094/100) — 62.76(44) — 589 — 155 — 248 =
6289 kg

And for the Hynol process, the net emission reduction
would be 6572 kg of CO;. The alternative use of these
two resources for production of methanol independently,
using biomass in the BCL process and conventional
steam reforming of natural gas, would yield 14.77 mol
of methanol from 1 metric ton of biomass and 49.08 mol
of methanol from 62.76 mol of NG, which could displace
837 gallons of gasoline if used in FCVs. In that case,
the total net COg emission reduction would be 5425 kg.
Thus, the modified BCL system would be 6289/5425 =
1.159 or 15.9% more effective in reducing greenhouse
gas emissions from the FCV fleet, and the Hynol process
would be 21% more effective than the alternative option
of utilizingr the same feedstocks for producing methanol
in separate processes.

If methanol is produced from biomass alone, the only
net COy emission oecurs from the use of fossil fuels for
the cultivation, harvest, and transport of the biomass
and for the production of any electric power imported
o the process. The overall tailpipe reduction in fuel-
cycle COs emission in that case is about 85%. When
methanol is produced from NG as well as biomass, the
potential net COy reduction is less because the NG

component of its carbon is not renewable. In the cases
discussed in this paper, NG represents 75% of the total
feedstock energy and the resulting tailpipe CO; redue-
tion is 87%. It is not the tailpipe emissions from a single
vehicle, however, that is the important parameter; it is
the total emission reduction from the vehicle fleet.
Because of the leveraging factor provided by NG in a
combined feedstoek system, the vehicle fleet to which
methanol ean be provided is 4.7 times larger than a fleet
that could be served by fuel produced from biomass
alone. Even though the tailpipe emission is lower, the
larger petroleum displacement achievable in the former
case resulis in twice as much overall net fuel-cycle CO;
emission reduction from the vehicle fleet.

Production Cost. A carbon tax may be an economi-
cally efficient means of mitigating CO: emissions;?!
however, given a fuel-neutral policy and the absence of
a carbon tax, the first test of feasibility for displacing
petroleum with alternative fuels will be cost competi-
tiveness. The cost of producing a clean transporiation
fuel with lower CQz emission must be balanced not only
against the price of petroleum fuels but also against the
cost of mitigation from electric utilities, the other,
roughly equal CO2 source. Preliminary cost estimates
of the two processes utilizing both biomass and NG for
methanol production are discussed here and then
compared with the cost of CO; mitigation from power
plants.

In accordance with Marrison and Larson,!1 the de-
livered price of biomass produced on dedicated energy
plantations in the north central region of the U.5. was
taken to be $61/dry metric ton. Equipment costs are
based on data of Williams et al.,22 who evaluated the
BCL process at a plant size of 1650 metric tons/day. The
costs of those components were scaled up to 7870 metric
tons/day using a scaling exponent of 0.70 for all plant
facilities except the methanol converter, which used an
exponent of 0.66. The Hynol gasifier cost is based on
the Fluor/EPRI estimate for the Texaco gasifier,?
resized on the basis of relative gas throughputs and
indexed to 1994 dollars. Projected production costs are
based on a discounted cash flow rate-of-return of 10%
after taxes and after adjusting for inflation. Other
economic factors include 15-yr depreciation with con-
stant annual expenses; capital recovery of 15.45%; and
26% corporate income tax rate.

Table 1 shows the estimated cost of methanol produc-
tion for the modified BCL and Hynol processes. The
total capital investment is taken as 125% of the total
cost of the itemized equipment that comprise the plant
facilities. The operating cost and production cost as-
sume 329 days of total operation per year. With NG
priced at $2.37/GJ HHV, the estimates show production
costs of $6.29/GJ LHV (38 cents/gal) for the modified
BCL process and $6.89/GJ L.HV (42 cents/gal) for Hynol.

Figure 2 compares methanol and gasoline costs as a
function of the price of NG and crude cil. The basis is
fuel production cost only, which avoids uncertainties
about future {ax policies for alternative fuels. It also
excludes the external costs of end use, which would
greatly reduce the relative costs of methanol.

CO. Mitigation Cost. The cost of gasoline should
be compared with that of alternative fuels on the basis
of gasoline that is reformulated to approach the lower
emission levels of alternative fuels used in IC engines.
Reformulation invelves the reduction of Reid vapor
pressure, benzene, and aromatics and the addition of



Table 1. Investment, Operating, and Methanol
Production Cost Estimates for the Hynol and Modified
BCL Processes®

cost, $ million
hynol mod. BCL
component Process process
Plant Facilities Investment
feed preparation 393 393
pagifier 292,5 38.0
ceramic heat exchanger 97.5 0
gasifier loop compressor 114.5 36.5
reformer 173.2 139.1
methanol synthesis 2425 356.0
utilities and auxilliaries 814 814
total plant facilities investment 1041 6839
total capital investment 1301 862
Operating Cost per Day

biomass 0.4801 0.4801
natural gas 0.9752 0.9752
operation and mainfenance 0.1901 0.1269
catalysts 0.00102 0.0667
purchased energy 4] 0
capital charge 0.2376 0.1574
total operating cost 1.884 1.805
methanol production cost, $/GJ 6.09 5.56

2 Basis: 7870 metric tons/day (biomass} plant, biomass delivered
@ $61/metric tons, NG @ $2.37/GdJ ($2.50/10% Btm, HHV),
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Figure 2. Comparison of fuel production costs with reformuiated
gasoline. Basis: gasoline fuel economy = 27 miles/gallon used in
an internal combustion engine vehicle (ICEV). FFV = MS6 in
flexible fuel ICEV; DMV = M100 in dedicated ICEV; FCV =
methanol in fuel-cell vehicle. Methanol produced by modified BCL
process. Dashed lines denote gasoline produced at indicated crude
uvil price and used in ICEVs.

oxygenates. Reformulated, low-sulfur gasoline with an
energy content of 40.75 MJ/kg LHV has a production
cost of about 70 centafgallon, or $5.8/GJ LHYV,
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Table 2. Total Fuel-Cyele CO; Emission Reduction by
Methanol Produced from Biomass and Natural Gas
Relative to Emission from ICEVs Using Reformulated
Gasoline®

hynol process modified BCL process
vehicle fleet COg vehicle fleet CO-
vehicle emission avoided uf:::ifsgn emission avoided mc:ts:ig::n
type % metrictons of COz,$ % metrictons of COg, $
FFye 9.4 0.667 +45 7.7 0.439 =11
DMV 36 2.08 --25.1 94 192 —42
FCV¢ &7 174 -63.4 66 T.41 —57

2 Basis: One metric ton hiomass and 6.276 mol of NG. ¢ Flexihle
fuel vehicle using M85 (85% methanol, 15% regular gasoline).
¢ Dedicated methanol vehicle using M100 (neat methanol). ¢ Fuel
cell vehicle uging neat methanol.

One gallon of methanol, produced at a cost of 42 cents/
gal and used in a dedicated IC-engine vehicle, would
displace 0.698 gallon of gasoline (relative efficiency =
1.2%7, volumetric energy ratio = 0.549, LHV) in which
case the fuel-cycle COz emission reduction would be 3.90
kg/gallon of gasoline displaced. The cost of displacing
1 gallon of gasoline would be 42/69.8 = 60.2 cents and
the cost per metric ton of CO; emisgion avoided is

m_ﬁgg____;omjjﬂ(moo) = —$25 2/metric ton of CO,

Flexible fuel ICEVs, currently in production, using M85
(85% methanol, 16% regular gasoline) will reguire 1.67
gallons of M85 to displace 1 gallon of gasoline {relative
efficiency 1.05, volumetric energy ratio = 0.570). The
production cost of M85 on that basis is $0.447/gal; it
therefore takes 74.7 cents worth of M85 to displace 1
gallon of reformulated gasoline valued at 70 cents, and
the cost per ton of CO; emission avoided is $45 relative
to reformulated gasoline used in ICEVs. Similar cal-
culation for M85 produced by the modified BCL process
gives a cost per metric ton of COp emission avoided at
minus $11.3 when used in flexible fuel vehicles.

When used in FCVs having a relative efficiency of 2.5,
1 galion of Hynol methanol valued at 42 cents would
displace 1.37 gallons of reformulated gasoline valued at
96 cents that would have been used in conventional
vehicles, and a net reduction of 7.37 kg of fuel-cycle COs
emissions would be obtained per gallon of gasoline
displaced. In this case, the cost of CO; mitigation is
minus $53/metric ton of CO3 emission avoided. Table
2 summarizes the effectiveness and cost of COz mitiga-
tion from vehicles using methanol produced from natu-
ral gas and biomass relative to current vehicle technol-
ogy using reformulated gasoline. The following resulis
are noted: (i) the net overall COs-equivalent fuel cycle
emission from the vehicle fleet is reduced for all types
of vehicles relative to the current vehicle/fuel system,
(ii) the cost of methanol will be significantly less than
the cost of the gasoline it displaces in all cases but one,
and (iii) about 66% fuel-cycle CO:z emission reduction
would be possible in FCVs at a cost saving of over $50/
metric ton of CO, emissions avoided.

FCVs incorporating partial oxidation reformers that
can use gasoline are also under development, and the
initial commercialization of FCVs in the U.S. will
probably use gasoline, especially during the period of
transition from conventional IC to FC vehicles. The
relative impacts of gasoline and methanol FCVs on the
sustainability issues need to be examined even though
the performance of neither system has been well estab-
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lished. A preliminary estimate of the efficiency of the
gasoline—FCV system?®! is 75—83% for conversion of
gasoline to hydrogen by the fuel processor and 45—50%
for the fuel cell, or about 40% efficiency in converting
the LHV of gagoline to electric power; adding the power
losses of the electric motor and power train, the overall
efficiencies of the methanol and gasoline FCV would be
gimilar. The main value of methanol in this case is the
potential for further reduction of COgz emission, oil
dependence, and cost when externalities are included.

Comparison with Stationary-Source COz Miti-
gation. Considerable R&D is underway to assess the
feasibility and cost of COz mitigation from coal-burning
power plants. 2528 Those technologies involve recovery
of CO; from combustion gases, usually by amine scrub-
bing, and sequestration in the ocean or undergreound
repositories. Feasibility has been established for a
number of technologies, and preliminary costs have been
estimated. Application to a U.B. power plant was
examined in detail?? for recovery of 65% of the CQOz from
an oxygen-blown, coal gasification combihed-cycle power
plant having a net output of 411 MW for the complete
energy cycle. The total net cost of COz recovery,
purchased makeup power, transporting 255 metric
tons/h recovered COz by a 500-mile pipeline, and its
sequestration in depleted oil or gas wells is $72.7/metric
ton of COy emission avoided.

Clearly, mitigation of greenhouse gas emissions from
mobile sources would be more cost-effective than from
stationary sources, the difference amounting to nearly
$126/metric ton of CO2 emission avoided. In addition
to the cost differential of CO, mitigation represented
by this comparison, the displacement of imported oil
used for transportation has economic and environmental
benefits which justify that displacement independently
of the climate change issue—hbenefits that would not
accrue from abatement of emissions from power plants
fueled with domestic coal.

Reduction of Other Pollutant Emissions by
Methanol. In addition to their major contribution to
CO, emissions, motor vehicles are currently responsible
for 80% of the total U.S. emissions of CO and 45% of
the NQ, and VOC. A dedicated methanol ICEV would
produce much lower evaporative emissions than a
vehicle using reformulated gasoline and equal or lower
exhaust emissions of the criteria pollutants, plus sub-
stantial reduction of 1,3-butadiene and benzene emis-
sions.2®2 A methanol FCV ig expected to emit 99% less
CO, 83% less NO,, and 87% less VOC than conventional
vehicles and eliminate essentially all particulate emis-
sions. The economic benefits of reducing the external
costs of air pollution impacts of petroleum fuels also
need to be taken into account when alternative fuels
are compared with petroleam. This is particularly
important when the national interest in development
of fuel technology and the sustainability of alternative
fuel options is assessed. Although the cost benefit of
C0, emission reduction can be compared only with the
other option of stationary source mitigation, the external
costs of air pollution impacts are known to add signifi-
cantly to the real cost of petroleum fuels.® Those costs
include the effects of air pollution on health and
dependence on foreign petroleum sources which add at
least 31 cents/gal, and possibly more than $3/gal, to the
real cost of gasoline.

Conclusions

The cost of alternative fuels should be assessed on
the basis of the production cost of reformulated gascline,
to partially account for the value of reduced emissions
of criteria pollutants. The comparison must also ac-
count for the end-use efficiency of current and emerging
vehicle technologies, especially fuel cells. From the
standpoint of national interests, the external costs of
petroleum fuels should also be taken into account in
evaluating alternative fuels.

From the standpoint of sustainability, the effective-
ness of fuel/vehicle system options on reducing green-
house emissions must alsc be considered and the cost-
effectiveness of mitigation options in the transportation
sector compared with mitigation of stationary sources.
The two alternative fuel processes examined here could
produce methanol at a projected cost that would be less
than the equivalent cost of the gascline they replace.
When used fn flexible fuel vehicles and dedicated
methanol vehicles during a transition period to fuel cell
vehicles, net fuel-cycle CO2 emission reductions of 7.7—
84% could be obtained at no cost relative to current
vehicle/fuel systerns. In fuel cell vehicles, a 66% reduc-
tion of COs emissions from the vehicie fleet would be
expected, together with near elimination of criteria
pollutant emissions at half the current fuel cost per
vehicle mile traveled.

Mitigation of CQ; emissions from mobile sources
would be more cost-effective than mitigation from
stationary sources.

Production of methanol frem biomass as a means of
reducing greenhouse gas emissions from road transport
will be more effective if natural gas is used as cofeed-
stock in a single process. A 15.9—21% greater overall
CO; emission reduction would be obtained relative to
use of the same resources in separate processes. The
amount of petroleum that could be digplaced by biomass
produced sustainably in the U.S. would be increased by
a factor of 4.7 compared to the displacement that could
be obtained if biomass alone were converted to aleohol
fuel and twice as much met overall fuel-cycle COq
emissions reduction would be achieved.

Nomenclature

BCL = Battelle—Columhbus Laboratory
bbl = barrel (42 gallons}

FCV = fuel cell vehicle

GJ = 107 joules

HHYV = higher heating value

IC = internal combustion

ICEV = internal-combustion-engine wehicle
LHV = lower heating value

MJ = 105 joules

NG = natural gas

ST = steam

VOC = volatile organic compounds
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