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PREFACE

This monograph in the “Opportunities for Innovation” series deals with biotechnology, a mature but
explosive technology finding a rebirth in the discoveries of the structure of DNA and RNA that led to the
development of advanced techniques for selectively altering the genetic makeup of cells though genetic
engineering, development of monoclonal antibodies and hybridomas, and somaclonal variation of plant
cells.

Biotechnology is being viewed by many as one of the major technological opportunities of this century
ranking with the explosive growth of telecommunications, computers, and space exploration. Certainly
the rush to participate by conservative established companies, new startup companies, investors, university
scientists, governments, international organizations, and the media support this view. Expectations for the
new biotechnology are very high. Whether such expectations will be completely realized is another
matter. However, the flow of resources —money and trained scientific personnel —over the past decade
into this new research area suggests that such prophecies may become self-fulfilling.

In general, biotechnology can be expected to have a major impact on fundamental human needs
engendered in the market segments of: health care, agriculture, forestry, food ingredients, industrial
chemicals, plastics, energy, mining, pollution control, and bioelectronics. At present, innovations in health
care aimed at very high value-in-use therapeutic proteins are in the forefront with crop agriculture a far
second. Innovations in pollution control are coming up strong as a result of increased public and
regulatory pressure. However the interest in biological approaches to commodity chemicals based on
renewable raw materials has waned as a result of the continued softness in crude oil prices.

Certainly the commercial stakes are high. Biopharmaceuticals, that reached U.S. sales levels of $2.4
billion in 1992, are forecast to reach $9.3 billion by 2002 among the market segments: cancer — $2.9
billion, cardiovascular —$2.1 billion, vaccines —$1.9 billion and hormones and growth factors —$1.8 billion.
In addition, sales of diagnostics are expected to reach $2.5 billion from a current level of $1.0 billion.

Agricultural biotechnology, which has lagged health care in delivering new products, is expectantly
poised for a growth rate of 35% per year with sales rising from $70 million in 1992 to over $1 billion by
2000.

About 97% of the current market for synthetic organic chemicals is technically, if not economically,
vulnerable to replacement by bio-derived counterparts. This potential conversion amounts to
5 billion pounds of specialty chemicals valued at an average price of $1 per pound and 311 billion pounds
of commodity chemicals valued at $108 billion. Thermoplastic polymers have an additional market
potential for biopolymers of 51 billion pounds.

Opportunities for bioproducts as food ingredients amount to $1.76 billion in functional additives, $1.1
billion in non-nutritive sweeteners, and $300 million on fat replacers.

The EPA estimates that the cost of federally mandated pollution control and cleanup reached $115
billion in 1990. Continued public and regulatory pressure will promote the expansion of bioremediation.
The use of indigenous bacteria and imported microbes to clean up contaminated soil and ground water is
expected to grow at a rate of 20-30% in the 1990’s —virtually regardless of prevailing economic
conditions.

Likewise, the strict requirements of the Clean Air Act will create a market for the microbial
desulfurization of coal by as much as $50 billion by 2000. The Act is also expected to expand the market
for bioethanol as an octane enhancer in gasoline.

Similarly, chemically-treated bacteria, chitin, carrageenan, modified cellulosic wastes, and starch
xanthate are all serious contenders in the market for the biological recovery of metals, expected to top
$500 million in the United States by 2000.

The basic purpose of this project is to help small businesses get on the fast track in biotechnology
research and development leading to the spin off of viable commercial businesses, probably with the help
of larger companies having the resources for commercialization that are lacking in a small enterprise.
Such resources could include financing, and positions in marketing, manufacturing, regulatory affairs, and
raw material supply, to name a few.



PREFACE (continued)

This does not mean, however, that the objective of the monograph is restricted to providing the
businessman with an immediate opportunity to apply biotechnology profitably. Indeed, commercialization
may be many years away and the business catalyst might be the merger of organizational resources at a
critical time in the research program. Almost all of the much heralded coalitions in human health care
have occurred in this way.

A multifaceted approach has been taken in designing the monograph so as to include:

* Research on new products, even at the bench scale, based on a scientific discovery that if translat-
able to commercial scale would be assured of market acceptance. Pharmaceuticals for human or
animal health care and plant growth regulators for agriculture would be examples of this category.

* Research on new or improved processes for producing existing products having commercially
relevant objectives for scale up to viable businesses providing a competitive cost advantage over
the incumbent processes. Certain speciality chemicals such as lactic acid and citric acid and
commodity chemicals as ethanol and acetone/butanol are examples of this.

+ Research on products or services mandated by legislation to alleviate the adverse effects of
pollution in its various forms. Examples include: bioremediation, bioprocessing of minerals,
biodegradable plastic packaging materials, algae systems for removing carbon dioxide from flue
gas, etc.

* Research on products based on coal or renewable natural resources which, although at a current
competitive cost disadvantage compared with products from petroleum feedstocks, have a strategic
importance to the United States in the event of disruptions of international trade. Examples
include ethanol, biogas, polymers for enhanced oil recovery, conversion of coal to liquid or
gaseous fuels, etc.

In spite of the positive side of new bioproducts, the businessman must also be aware and prepared to
deal with some cases in which a biotechnology solution to a particular problem creates additional
problems, be they of technical, commercial, or societal nature. As a result, new products require
exhaustive testing over long periods of time before they can be brought to the market.

Clearly, biotechnology can be a high risk, high reward business area.

Robert M. Busche, DSc ChE
Volume Editor and President
Bio En-Gene-Er Associates, Inc.
Wilmington, Delaware
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Substantial improvements over the last
10 years in enzyme-based conversion
technologies for production of ethanol
from lignocellulosic biomass now make
commercial entry potentially attractive.
In particular, opportunities are cmerging
to producc ethanol from low-cost
sources of lignocellulosic biomass such
as agricultural and forestry residues, mu-
nicipal solid waste, and industrial wastes
at costs less than the current price of
ethanol from corn. A dilute acid pre-
treatment step results in high yields of
fermentable sugars from the hemicellu-
lose fractions of biomass as well as
opening up the biomass structure to fa-
cilitate conversion of the cellulose into
glucosc. The simultaneous saccharifica-
tion and fermentation (SSF) process
breaks down the major cellulose fraction
to glucose sugar and rapidly ferments
glucose to cthanol. Through application
of modern genetic engincering and other
approaches, several technologies have
emerged that provide high yields of
ethanol from the previously difficult to
utilize hemiccllulosic sugars. Develop-
ments in these and other areas have re-
duced the projected sclling price of
ethanol from about $0.98/liter ($3.70/gal-
lon) 10 years ago to only about $0.32
liter (S1.23/gallon) now for fecdstocks
costing $46/dry tonne (542/ton). When
niche opportunities such as use of inex-
pensive sources of lignocellulosic
biomass or incxpensive debt financing
are available, the projected costs can
drop sufficiently below the approximate
$0.35/liter ($1.32/gallon) selling price of

ethanol made from corn to provide
promising venture opportunities. The
implementation of the Clean Air Act
Amendments of 1990 provides ethanol
with an immediate market as an Oxy-
genate for blending with gasoline to re-
duce emissions of carbon monoxide and
unburned hydrocarbons from vehicle ex-
haust. Addition of ethanol to gasoline
also increases octane while reducing
gasoline consumption. Some uncertainty
has developed about the market for
ethanol for direct blending with gasoline
because of concern about increased
evaporative losses of hydrocarbons and
the potential impact of these compo-
nents on ozone formation. Commercial
processes are being introduced to react
ethanol with isobutylene to form ethyl
tertiary butyl ether (ETBE) that enjoys
the same benefits as direct cthanol
blends while reducing evaporative emis-
sions from the gasoline blend. In the
longer term, opportunitics have been
identified to reduce the price of ethanol
to be competitive with gasoline without
tax incentives. Large-scale substitution
of ethanol derived from lignocellulosic
biomass offcrs improved urban air qual-
ity, no net contribution of carbon diox-
ide to the atmosphere, improved
international competitiveness, ncw mar-
kets for agricultural products, and sub-
stantial reductions in petroleum imports
from unreliable sources. )

Key words: biomass; economics; enzy-
matic conversion; ethanol; lignocellu-
losic.
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1. Introduction

Ethanol, a liquid fuel produced by fermenting
sugars from biomass or by the catalytic hydration of
sthylene, is an excellent transportation fuel. In
recent years, interest in ethanol as an octane en-
nancer and fuel extender has increased dramati-
cally in response 1O concerns associated with
conventional transportation fuels. The implemen-
«ation of the Clean Air Act Amendments of 1990
presents a potentially large and expanding market
for ethanol as an oxygenate to improve air quality.

with OPEC controlling 75% of the world’s oil
reserves and approximately 50% of all petroleum
used in the United States being imported, our na-
tion is extremely vulnerable to oil supply interrup-
tions. The Office of Technology Assessment
projects that the United States will import about
61% of its petroleum by 2010 (U.S. Congress
1990). Petroleum imports can account for about
40% of the U.S. balance-of-payments deficit (Lynd
et al. 1991a). Air quality problems such as ozone
formation and carbon monoxide pollution result
from use of gasoline in automobiles in many cities
(U.S. EPA 1989). In addition, some predict that
global climate change will result from carbon diox-
ide accumulation caused by burning petroleum and
other fossil fuels (Intergovernment Panel on Cli-
mate Changes 1990). More and more agricultural
land is being idled as crop productivity increases,
resulting in a loss of agricultural income and em-
ployment (U.S. Department of Agriculture 1987).
Eventual large-scale substitution of ethanol pro-
duced from renewable resources can improve en-
ergy security, reduce the balance-of-payments
deficit, decrease urban air pollution, reduce accu-
mulation of carbon dioxide in the atmosphere, and
revitalize the farm economy (Lynd et al. 1991a).

Production of ethanol from sugar and starch has
been practiced commercially for 2 number of years;
however, large scale production of ethanol from
these resources could increase its cost consider-
ably. Although ethanol is made from ethylene for
chemical applications, this technology has been dis-
placed by fermentation ethanol for fuel use.
Ethanol can also be made from lignocellulosic
biomass, an inexpensive feedstock potentially avail-
able in large quantities. Acids or enzymes can
break down the cellulose and hemicellulose chains
that comprise the major fraction of the lignocellu-
lose into their component sugar molecules for fer-
mentation into ethanol. The challenge is to develop
low-cost methods to convert the naturally resistant
cellulose and hemicellulose economically. Through
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research advances achieved over the last few years,
this technology has reached the point of commer-
cial promise for use as a gasoline additive, and
production of ethanol from low-cost renewable
sources of lignocellulosic biomass such as agricul-
tural and forestry residues and a significant frac-
tion of municipal solid waste (MSW) provides
:mmediate opportunities for profitable business
ventures.

This chapter will focus on the production of
ethanol from lignocellulosic biomass by fermenta-
tion and the comparison with existing technology
for ethanol production from starch. First, an
overview is provided of the use of ethanol as a
blending agent and a neat fuel. Then a discussion is
provided of the technology and economics for
ethanol production from corn and lignocellulosic
biomass. Energy balance considerations and impli-
cations for carbon dioxide accumulation are cov-
ered as well for ethanol from lignocellulosic
biomass. The remaining sections of the chapter aré
organized in business plan format. In this vein, the
strengths, weaknesses/barriers, opportunities, and
threats/competition are discussed for ethanol pro-
duction from biomass. Then the economic basis for
development of a new business based on ethanol
production from biomass is summarized. The in-
tent is to facilitate adaptation of this information to
the development of new profitable businesses
based on immediate opportunities for commercial-
ization of ethanol-from-biomass conversion tech-
nology.

2. Ethanol Fuel Properties and Value

Ethanol is currently added to gasoline in the
United States to form a blend of 10% ethanol with
90% gasoline (called gasohol in the past). In Brazil,
ethanol is also used.as a hydrous (“neat”) fuel; i.e.,
a fuel of about 95% ethanol and 5% water, as well
as blended with gasoline. Table 74 summarizes the
properties of ethanol compared to selected other
fuel additives, gasoline, and methanol (Wyman and
Hinman 1990).

2.1 Direct Ethanol Blends

When blended with gasoline, ethanol providcs
several benefits. First, it can be viewed as a fuel
extender that replaces a portion of the gasoline
with ethanol. In this case, the ethanol value is
equal to the cost of the gasoline mixture that it
displaces. Because ethanol has a lower heating



Table 74 . Fuel nrorenies for ethanol. methanol. ETBE. MTBE. i1s00ctane. ang cooline

Unicaued
Regular
Proneny Emanol Methano| Eiss MTBE Isooctane Gasolme
Formuia C.H,0H CH,0H (CH)-JOCH,  (CH,),COCH, CHy C.TOC,
Malecuiar Wepht 4607 3204 HoaR} 8815 14 NA'
Densuy. kpm’ @ 298 K 790 790 750 740 690 T0-780
Aur/Fue! Swoictuometnc Rauo
Mole Basis 1429 714 <236 s 595 5728
Mass Basis 9.02 648 1210 11.69 15.1 146
Higher Heaung Value. kAg 26.780 19.919 X.031 5270 44,420 41.800-42.000
Lower Heatmg Vajue, KIA 21.156 15.736 7023 26,100 30.650 31.350-33.000
Researcn Octane Numper (RON) 106 106 118 106 100 91-93
Moror Ocuane Numper (MON) 89 92 102 9 100 82-84
(RON = MONV2 98 99 110 103 100 88
Blending RON 114-141¢ 138 120 g Na’ Na’
Blending MON 86-97' 108 Wi-104 101 NA’ NA’
(BLENDING RON+MONV2 115 120 1t 110 NA? NA’
Atmospnenc Boiling PL K 516 3378 a4 3286 398 300498
Heat of Vanonzauon. klAg 839 1104 108 329 06 377-502
Flasn PL K 285 280 253 245 261 Lekk]
Igrauien PL. K 697 737 583 733 683 553702
Reid Vapor Pressure. kPa
Pure Comnonent 1585 303 538 483+ 965
Blending 82.7-186 214+ 217345 35.1 55.1-103.4
Water Sotahility, weight %
Fuel m water 100 100 2 43 negligible negligible
Water in nuel 10 100 0.6 14 neglgible negligible
Water Azeotrope. (3tm b.p.), K 514 NA’ 3382 3254 NA’ NA’
Water in Azenimne, wt % 44 NA’ 40 13 Na? NA’
'10% blends
‘Assumed 12.7% hiend
'Not Apnlicabie

Source: Piel 1992: Ing. 1976: Exxon 1988: Bailey and Russell 1980: Pearson 1353

value of about 21 megajoules/liter (76,000 Btu/gal-
lon), while gasoline has a lower heating value of
about 32 megajoules/liter (115,000 Btu/gallons), the
value of ethanol as a fuel extender, V., is equal to
the ratio of the lower heating value of ethanol,
LHYV,, divided by the lower heating value of gaso-
line, LHV,, times the price of gasoline, Py:

V.=(LHV.J/LHV,) P,

Accordingly, ethanol would be worth about 66% as
much as gasoline. As shown in figure 55, if gasoline
sells for about $0.16 to $0.17/liter ($0.60 to $0.64/
gallon) at the refinery gate, ethanol would only be
worth about $0.11/liter ($0.42/gallon), well below
the current wholesale price of ethanol.

Studies by Southwest Research Institute (Tosh
et al. 1985) as well as others have shown that there
is no statistically significant difference in mileage
traveled on a given volume of fuel for vehicles op-
erated on ethanol blends compared to those oper-
ated on straight gasoline. This result implies that
ethanol, when blended with gasoline, provides the
same range and therefore, effective energy content,
as gasoline. Thus, the value of ethanol would be
equal to the price of the gasoline it replaces or
about $0.16 to $0.17/liter ($0.60 to $0.64/galion).
This is still far lower than the current selling price
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of ethanol. However, the U.S. government cur-
rently provides a tax incentive equal to $0.14/liter
(89.54/gallon) of ethanol from renewable resources
(2.g., corn or lignocellulosic biomass), thereby in-
crzasing its value accordingly, and a blender is will-
ing to pay about $0.30/liter ($1.15/gallon) for
etnanol just as a replacement for gasoline (fig. 55).
This tax incentive is scheduled to expire in the year
2000.

Ethanol has a blending octane of 115, and when
ethanol is blended with gasoline, it increases the
octane of the fuel mixture compared to the gaso-
linz from which it is made. As a result, ethanol
increases the value of the mixed fuel compared to
the blending stock to which it is added, and the
price that a blending company is willing to pay for
ethanol as a octane booster is given by the follow-
ing relationship:

(P+Ap)f+P(1-f)=P+V

in which P is the price of the base gasoline in which
ethanol is added, Ap is the additional price that
thz blender is willing to pay for ethanol, V is the
increase in value of the blended fuel, and f is the
fraction of ethanol added to gasoline. This rela-
tionship is on a volumetric basis and neglects the
small changes in volume when gasoline and ethanol

’
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are blended together. From this equation, an ex-
pression can be derived for the additional price Ap
that the blender is willing to pay for ethanol:

4

f

When ethanol is blended with gasoline to form a
10% mixture, the octane level of the gasoline is
increased from regular to above that of mid-grade.
If mid-grade is worth 1.3 cents/liter (5.0 cents/gal-
lon) more than regular gasoline, ethanol will be
worth $0.13/liter ($0.49/gallon) more than the gaso-
line to which it is added. Thus, if we assume our
base gasoline price is $0.16 to $0.17 liter ($0.60 to
$0.64/gallon), the total price that the blender
would be willing to pay for ethanol now becomes
on the order of $0.30/liter ($1.15/gallon). When the
federal tax incentive of about $0.14/liter ($0.54/gal-
lon) is added, the blender can afford to pay $0.44/
liter ($1.66/gallon) for ethanol as shown in figure
55. This is well above the current market price of
about $.30 to $0.35/liter ($1.15 to $1.35/gallon). An
additional advantage is the ability to displace aro-
matics.

In addition to increasing the octane of the fuel to
which it is blended, ethanol provides oxygen in the
blended gasoline. The addition of oxygen to gaso-
line is now mandated during the winter months for
carbon monoxide non-attainment areas under the
Clean Air Act Amendments of 1990. Addition of
oxygen will also be required for reformulated gaso-
line in ozone non-attainment areas beginning in
1995. Thus, it is necessary for blenders to find inex-
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pensive sources of oxygen to use in gasoline. At the
current time, the primary oxygenates used are
ethanol and methyl tertiary butyl ether (MTBE).
Ignoring other factors impacting what a blender is
willing to pay for ethanol, the value of ethanol, Ve
as an oxygenate is given by the following relation-
ship in terms of the price of competing products on
a volumetric basis:

_ne pe M,

Ve _na Po M. G

in which V, is the price that someone would be will-
ing to pay for ethanol based on equal cost for the
oxygen provided, n is the number of oxygen atoms
in a formula weight of an oxygenate, p is the den-
sity of an oxygenate, M is its molecular weight, the
subscript e refers to ethanol, the subscript o refers
to the competing oxygenate, and C, is the cost of
the competing oxygenate. Since all the leading oxy-
genates have one oxygen atom in their formulae
and the densities are quite similar, the primary fac-
tor affecting the value of ethanol is the ratio of the
molecular weight of the competing oxygenate 1o
that of ethanol. Only methanol has a lower molecu-
lar weight than ethanol of the oxygenates listed in
table 74, but it is not used as an additive in the
United States because of its high blending vapor
pressure. The lowest molecular weight of the other
competing oxygenates is that of MTBE, but its
molecular weight of 88 is almost twice that of
ethanol at 46. When the other terms in the above
relationship are included, ethanol is found to be
worth 2.04 times the price of MTBE on a volumet-



ric basis. For MTBE selling for about $0.23/liter
(80.87/gallon), ethanol is worth $0.47/liter ($1.80/
gallon), far above its retail price (fig. 55). Thus, use
as an oxygenate considerably enhances the value of
ethanol as a blending agent.

A number of other factors must be included in
determining the value and suitability of fuel addi-
tives. These include energy content, miscibility with
gasoline and water, impact on the vapor pressure
of the blend, impact on other components that
must be removed or added and their cost, tendency
to phase separate in the presence of water, and
other additive attributes or problems. Evaluation
of the impact of these factors on the price a
blender is willing to pay for an additive is complex,
often requiring incorporation of a refinery model.
However, it is important to consider their effects in
the final determination of the value of ethanol and
other additives, in addition to the considerations
discussed above.

2.2 Ethyl Tertiary Butyl Ether (ETBE)

Ethanol can be reacted with isobutylene to form
ETBE. Although the Environmental Protection
Agency (EPA) currently allows 12.7% ETBE
blends, if ETBE were blended at 22%, each gallon
of fuel would use the same amount of ethanol as a
10% direct ethanol blend. Many of the properties
of ETBE are close to those of gasoline. For exam-
ple, the air-fuel stoichiometric ratio, heating value,
latent heat of vaporization, and solubility charac-
teristics are similar to gasoline. The blending oc-
tane number of ETBE is about the same as for
pure ethanol, and engine performance is enhanced
for ETBE blends. As shown in table 74, ETBE is
quite similar to MTBE except that it lowers the
vapor pressure of the gasoline to which it is added.

Although similar considerations would seem to
apply to ETBE as for ethanol in assessing the value
of ETBE as a gasoline extender, octane enhancer,
and oxygenate, ETBE has additional value as a fuel
additive because of increased regulations to reduce
evaporative emissions of gasoline by lowering vapor
pressure and depressing ozone formation. Consid-
eration of the expression for assessing the value of
ETBE as an oxygenate compared to MTBE sug-
gests that ETBE is worth approximately 87% of the
price of MTBE. From this, we could deduce that
the ethanol used to produce ETBE is worth about
70% of the price of methanol used to manufacture
MTBE. With methanol selling for about $0.12/liter
(80.45/gallon), ethanol would have to szl for about
$0.084/liter ($0.32/gallon) to be competitive for

ETBE production, far below the current ethanol
selling price (fig. 55). Yet, many major oil compa-
nies are now beginning to manufacture large trial
batches of ETBE, because its reduction of vapor
pressure allows them to leave more volatile and
inexpensive compounds such as n-butane in the
gasoline while still meeting vapor pressure require-
ments. In addition, it is fully miscible with gasoline,
does not suffer phase separation problems, and al-
lows reduction of aromatics content. This suggests
ETBE is worth substantially more than a simple
evaluation as a source of fuel oxygen would sug-
gest.

2.3 Neat Ethanol

Ethanol is used widely as a neat fuel (nearly
pure) in Brazil. In that country, hydrous ethanol
containing about 95% ethanol and 5% water is
used directly as the fuel for dedicated-ethanol vehi-
cles. As a neat fuel, the price that customers are
willing to pay for ethanol, A4, is given by the rela-
tionship:

A=nep

in which n is the relative efficiency for ethanol use
compared to gasoline, e is the ratio of volumetric
energy content of ethanol compared to gasoline,
and p is the price of gasoline. Based on lower heat-
ing values, we can see that the energy ratio e is
about 0.66 for ethanol compared to gasoline. Thus,
if we assume no increase in efficiency for use of
ethanol relative to gasoline, ethanol would have to
sell for about two-thirds of the price of gasoline to
be competitive (fig. 55). However, experience with
ethanol in dedicated, optimized engines suggests
that ethanol use can achieve about a 20% increase
in engine efficiency relative to gasoline use because
of the higher. octane of ethanol, its higher heat of
vaporization, and other {avorable engine properties
(Lynd et al. 1991a). If a value of 1.2 is utilized for M
in our previous equation, the customer would be
willing to pay about 83% of the price of gasoline
for ethanol or about $0.13 to $0.14/iter ($0.49 to
$0.53/gallon) at the plant gate (fig. 55). This price
range is well below the current price of ethanol
derived from corn. Thus, use of ethanol as a neat
fuel requires advances in tecanology for ethanol
production from lignocellulosic biomass or corn to
bring the price to levels competitive with gasoline
on the open market unless environmental concerns
dictate other than simple economic criteria be ap-
plied. As a result, blending of ethanol with gasoline
is more promising in the near term.



3. Technology Status

In this section, the technology for production of
ethanol from corn and other starch crops as well as
lignocellulosic biomass will be described. The
availability of these materials and the correspond-
ing ethanol potential will be estimated. Production
of ethanol from sugar crops is not discussed be-
cause the price of sugar is too high to make it a
viable feedstock for ethanol production in the
United States (Commodity Research Bureau
1991).

3.1 Ethanol from Corn and Other Starch Crops

Ethanol can be produced by the breakdown of
starch from corn and other grains to form sugars
for fermentation to ethanol. Currently, corn is the
predominant starch crop used for this purpose in
the United States. Therefore, this discussion will
focus on corr, although the technology could be
directly applied to other starch crops such as milo
or wheat.

3.1.1 Corn Composition and Availability. As
shown in figure 56, corn is composed of about 70%
to 75% starch, with the remaining fractions consist-
ing of about 10% protein, 4.5% oil, and 10%-15%
other materials such as fiber, ash, and sugar (Wat-
son et al. 1987). The starch can be broken down or
hydrolyzed to produce glucose sugar which can be
fermented into ethanol. The non-starch fraction of
corn can be converted into a variety of feed and
food co-products.

Essentially all fuel ethanol produced in the
United States today is made from corn by one of

— Starch 72%

— Protein 10%
—Qil 10%

— Hemicellulose 6%
— Cellulose 3%

— Sugars 2%

— Ash and lignin 2%

Fig. 56. Corn kernels are composed predominantly of starch
with the remaining material being made up of protein, oil, fiber,
ash, and sugar.

two processes: dry or wet milling. Ethanol produc-
tion from corn has grown considerably from only
about 0.1% of the gasoline sold in the country in
1981 to about 3.8 gigaliters (1 billion gallons) of
ethanol or close to 1% of the gasoline market in
1992. About 8.6 dry megatonnes (400 million
bushels) of corn and other starch crops are now
converted into ethanol annually at about 50 fuel
ethanol production facilities in the United States
(U.S. Department of Agriculture 1987). It has been
estimated that about 15 to 19 gigaliters (4 to 5 bil-
lion gallons) of ethanol per year could be produced
from corn and other starch crops in this country
utilizing about 34 to 43 megatonnes (1.6 to 2.0 bil-
lion bushels) of corn. However, the U.S. Depart-
ment of Agriculture predicts that further expansion
in corn production will place strong downward
pressure on co-product prices while straining the
ability of the agricultural community to produce
such large amounts of corn, resulting in higher corn
prices (USDA 1989). Thus, corn ethanol provides a
significant potential for ethanol production in this
country in the near term, but substantial expansion
to a major share of the transportation fuel market
requires consideration of other resources.

3.12 Ethanol Production Processes. Corn can
be converted into ethanol in a dry-milling process
in which the corn is first milled to a fine particle
size. The wet milled corn is. heated, and enzymes
are added to the corn to break down the starch into
the sugar glucose, which yeasts ferment into
ethanol. About 440 to 458 liters of ethanol are pro-
duced per tonne (2.5 to 2.6 gallons/bushel) of corn
processed in a dry-milling operation. An approxi-
mately equal weight of 340 to 360 kilograms per
tonne of corn (16 to 17 pounds/bushel) of carbon
dioxide evolve during fermentation for the dry-
milling process. In addition, 360 to 380 kilograms
per tonne of corn (17 to 18 pounds/bushel) of an
animal feed co-product called distillers dried grains
with solubles (DDGS) are produced. DDGS con-
tains about 27% protein (Watson et al. 1989, Lewis
and Grimes 1988). Figure 57 depicts the dry-
milling process, which is geared primarily for
ethanol production; about one-third of the ethanol
produced in the United States is produced in dry-
milling operations.

In the wet-milling process, the components of
corn (oil, protein, fiber, solubles, and starch) are
first separated from each other. The oil is refined
to a high quality, yielding about 37 kilograms of
corn oil per tonne (1.75 pounds per bushel). The
protein is dried and sold as high-protein animal
feed known as corn gluten meal. About 72 kilo-
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Fig. 57. Block flow diagram for dry milling of corn to cthanol
with production of the animal feed co-product DDGS.

grams of this 60% protein product are produced
per tonne of corn processed (3.4 pounds per
bushel). The fiber and solubles are combined and
sold as a low-protein animal feed, termed corn
gluten feed, that contains about 21% protein; 275
kilograms of corn gluten feed result from one
tonne of dry corn (13 pounds per bushel). Enzymes
can convert starch to glucose to make products in-
cluding high-fructose corn syrup and sweeteners
such as dextrose. The glucose can also be fer-
mented to produce about 440 liters of ethanol per
dry tonne of corn (2.5 gallons per bushel) (Lewis
and Grimes 1988). Figure 58 illustrates the wet-
milling process as applied to ethanol production.
Wet milling produces about two-thirds of the ap-
proximately 3.8 gigaliters (GL) (1.0 billion gallons)
of ethanol now sold annually in the United States.
However, it is important to note that not all wet-
milling plants produce ethanol, and of those that
do, ethanol production is often seasonal to utilize
plant capacity that has been idled by lulls in de-
mand for other starch-based products, particularly
high-fructose corn syrup.
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Fig. 58. Simplified schematic of the wet-milling process for pro-
duction of ethanol from corn along with food-grade corn oil and

the animal feed co-products corn gluten feed and corn gluten
meal.
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One company, Archer-Daniels Midland (ADM),
produces the majority of fuel ethanol from corn in
the United States and accounts for more than 55%
of total U.S. capacity (Wheeler et al. 1991). Table
75 summarizes the major ethanol producers from
corn and other starch crops.

3.2 Lignocellulosic Biomass Composition and
Availability

Lignocellulosic biomass includes agricultural
residues such as corn cobs and wheat straw,
forestry wastes, industrial processing residues such
as waste streams in the pulp and paper industry, a
significant fraction of MSW, and woody and herba-
ceous plants grown as feedstocks for production of
ethanol or other fuels. Although the external ap-
pearance of these many forms of biomass is quite
different, the composition is very similar, as shown
in figure 59. The largest fraction, typically 35% to
50%, is cellulose, a polymer of glucose that can
be broken down or hydrolyzed to yield individual
glucose molecules. yield individual glucose
molecules. Because most of cellulose is crystalline,
it is difficult to break down, but once glucose is
produced, this six-carbon sugar can be readily fer-
mented into ethanol. The second largest con-
stituent of biomass is generally hemicellulose,
comprising 20% to 30% of the material. Hemicel-
lulose is also a polymer of sugars, but the types and
distribution of sugar molecules in the polymer
varies with the source of biomass. With the excep-
tion of softwoods, a five-carbon sugar known as xy-
lose is typically the predominant component, and
while hemicellulose is readily broken down to form
sugars for most sources of biomass, many of the
five-carbon sugars cannot be converted into
ethanol with conventional fermentative organisms.
The bulk of the remaining fraction of biomass
(about 15% to 25%) is lignin, a phenyl-propene
polymer of complex composition that cannot be
fermented to ethanol. Various plant oils, proteins,
and other compounds classified as extractives, plus
ash, make up the rest of the biomass structure.

Table 76 summarizes the potential availability of
lignocellulosic biomass within the United States.
Information is presented on agricultural, forestry,
and municipal wastes. Estimates are also given on
the quantities of lignocellulosic biomass that could
be grown as energy crops on idle, excess, and po-
tential cropland as well as forest land. This table
includes targets for biomass productivities along
with the projected availability of land. From this
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Fig. 59. The major fraction of the various forms of lignocellulosic biomass is cellulose, with hcmicellu-
lose being the second largest component for most biomass sources. Lignin, extractives, and ash comprise
the remainder of thesc materials.
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information, the potential supply of biomass is
derived. For waste streams, these values are esti-
mated from the potentially collectable fraction of
such materials based on other studies. The poten-
tial amount of ethanol that could be produced and
its energy impact are calculated from the biomass
estimates based on the information described in
the paper by Lynd et al. (1991a).

It is evident from this table that on the order of
190 gigaliters (50 billion gallons) of ethanol could
be produced annually from waste materials alone.
Production of about 510 gigaliters (140 billion gal-
lons) per year of ethanol would be required to re-
place the current annual gasoline market of
approximately 410 gigaliters (110 billion gallons)
because of the slightly lower volumetric energy
content of ethanol fuels. Therefore, the amount of
ethanol that could be produced from waste materi-
als would not be adequate to replace all gasoline
use in the country. However, when we include the
amount of ethanol that could ‘be derived from en-
ergy crops, the total amount of ethanol potentially
available could be far more than required to dis-
place all gasoline use. Thus, ethanol from lignocel-
lulosic biomass presents a substantial potential for
major displacement of fossil fuels in this country.

3.3 Acid Hydrolysis of Lignocellulosic Biomass

Over the years, a number of processes have been
studied for converting lignocellulosic biomass into
ethanol catalyzed by dilute or concentrated acid.
As illustrated in figure 60, the biomass is reduced
in size to facilitate acid diffusion into the biomass

for pommble efficiency muprovements that would result @ d
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Fig. 60. Generalized process flow diagram for conversion of lig-
nocellulosic biomass to ethanol by acid- or enzyme-catalyzed
hydrolysis of cellulose.

in a pretreatment step. The cellulose fraction is hy-
drolyzed by the acids to produce glucose, which can
be fermented into ethanol. The soluble xylose and
most of the other sugars derived from hemicellu-
lose by the acid-catalyzed hydrolysis reaction can
also be fermented to ethanol, and the lignin can be
burned as fuel to power the rest of the process,
converted to octane boosters, or used as feedstocks
for the production of chemicals.

At dilute acid concentrations, high temperatures
of about 200 to 240 °C (390 to 460 °F) are required
to hydrolyze the cellulose to sugars (Wright 1983
and 1988). Unfortunately, these conditions are also
severe enough to degrade glucose into substantial
quantities of hydroxymethyl furfural (HMF), which
can in turn form tars. Similarly, xylose degrades to
furfural and tars. Substantial formation of degrada-
tion products can not be avoided at the harsh con-
ditions required for dilute acid hydrolysis, so the



degradation products must be sold as coproducts to
achieve favorable economics. However, markets for
these products are not sufficient to complement
large-scale ethanol production (Gaines and Karpuk
1987). Acid-catalyzed processes provide a near-
term technology for production of fuel-grade
ethanol from lignocellulosic biomass, but the low
ethanol yields (50%-70%) and limited co-product
markets typical of dilute acid systems make these
processes unable to compete with existing fuel op-
tions in the long term (Wright 1983 and 1988).

Several dilute acid hydrolysis pilot plants were
constructed in the United States during World War
11 as part of an effort to produce ethanol for fuel
use, but the economics were unfavorable to con-
tinue operation in a free market economy. Dilute
acid-catalyzed processes are currently operated in
the Soviet Union for converting lignocellulosic
biomass into ethanol and single cell protein (Wenzl
1970). In this country, the Tennessee Valley Au-
thority (TVA) has a pilot plant for converting
MSW to ethanol using dilute acid hydrolysis (Bulls
et al. 1992).

Halogen or concentrated sulfuric acid processes
can be carried out at near ambient temperatures,
and little if any sugar degradation results
(Goldstein and Easter 1992, Goldstein et al. 1983).
Therefore, they achieve the high yields essential to
economic viability. However, because low-cost
acids (e.g., sulfuric) must be used in large amounts
while more potent halogen acids are relatively
expensive, recycle of acids by efficient low-cost
recovery operations is vital to achieve economic op-
eration. Unfortunately, the acids must also be re-
covered at a cost substantially lower than that of
producing these inexpensive materials in the first
place (Wright et al. 1985). Concentrated acid tech-
nology is being offered for conversion of low-cost
materials such as MSW into ethanol (Goldstein
and Easter 1992), but the prospects for further cost
reductions appear limited.

3.4 Enzymatic Hydrolysis of Lignocellulosic
Biomass

Instead of acids, cellulase enzymes catalyze the
breakdown of cellulose into glucose for subsequent
fermentation to ethanol, as shown in figure 60. En-
zyme-catalyzed processes achieve high yields under
mild conditions with relatively low amounts of cata-
lyst. Because enzymes are highly selective in the
reactions they catalyze, by-products such as those
accompanying dilute acid hydrolysis are not
formed, and treatment of wastes is reduced. En-
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zymes are also biodegradable and environmentally
benign. Over the years, several enzyme-catalyzed
processes have been studied in the laboratory, but
only a few investigations have been taken to a
larger scale. Recent advances in enzymatic technol-
ogy have reduced the costs of ethanol production
to the point that large-scale operation appears eco-
nomically viable, and larger scale operation is war-
ranted to prove process performance. For more
details on technology for both enzymatic and dilute
acid catalyzed processes for conversion of lignocel-
lulosic biomass into ethanol than can be offered
here, the reader is referred to a chapter by Schell
et al. (1992).

3.4.1 Pretreatment. Lignocellulosic biomass is
naturally resistant to enzymatic attack, and a pre-
treatment step is required to open up the structure
and overcome this resistance if the enzyme-cata-
lyzed hydrolysis process is to proceed at acceptable
rates and yields. Several options have been consid-
ered for biomass pretreatment including steam ex-
plosion (Brownell and Saddler 1984, Brownell et
al. 1986), acid-catalyzed steam explosion (Clark
and Mackie 1987), ammonia fiber explosion
(Holtzapple et al. 1990, Dale and Moreira 1982,
Dale et al. 1985), organosolv (Chum et al. 1985),
supercritical extraction (Chou 1986, Reyes et al.
1989), and dilute acid. At this time, the dilute sul-
furic acid process appears to be an attractive near-
term option with economic potential (Schell et al.
1991, Knappert et al. 1980 and 1981). In this pro-
cess, about 0.5% sulfuric acid is added to the feed-
stock, and the mixture is heated to around 140 to
160 °C for 5 to 20 minutes (Grohmann et al. 1985
and 1986; Torget et al. 1990). Under these condi-
tions, most of the hemicellulose is broken down to
form xylose and other sugars, leaving a porous
structure of primarily cellulose and lignin that is
more accessible to enzymatic attack. Evaluation of
the dilute acid process with various agricultural
residues, short-rotation hardwoods, and herba-
ceous energy crops has consistently shown that the
conversion yields correlate well with the degree of
hemicellulose removal (Grohmann et al. 1986;
Torget et al. 1988, 1990 and 1991). Although this
process has good near-term potential, significant
benefits would result if a low-cost scheme could be
devised that would also remove lignin, because the
solid lignin associated with the cellulose creates
some processing difficulties in the fermentation
step. In addition, it would be useful to employ a
catalyst that does not require neutralization with
formation of salts.



3.42 Enzyme Production. Several organisms,
including bacteria and fungi, produce cellulase en-
zymes that can be used to hydrolyze cellulose into
glucose sugar. Currently, genetically altered strains
of the fungus Trichoderma reesei are generally fa-
vored for cellulase production because relatively
high yields, productivities, and specific activities of
cellulase are realized. The best performance is usu-
ally achieved in the fed-batch mode of operation in
which lignocellulosic biomass is metered into the
fermenter during the growth of the fungus and
the production of cellulase (Watson et al. 1984).
Simple batch production of cellulase with the addi-
tion of all ingredients at the beginning of the en-
zyme production cycle may also be used.
Continuous enzyme production has typically suf-
fered from lower cellulase productivities (Hendy et
al. 1984).

3.43 Cellulose Hydrolysis and Glucose Fer-
mentation. Three approaches have received the
most attention for conversion of the cellulose
fraction into ethanol: separate hydrolysis and fer-
mentation, simultaneous saccharification and fer-
mentation, and direct microbial conversion.

* Separate Hydrolysis and Fermentation (SHF)

In the SHF process, the lignocellulosic biomass is
first pretreated to open up the biomass structure
and facilitate subsequent processing. A small
portion of the pretreated biomass is added to an
enzyme production vessel to support growth of a
fungus or other microorganism that releases cel-
lulase enzyme. The cellulase is then added to the
bulk of the pratreated substrate in a hydrolysis
reactor, catalyzing the breakdown of the cellulose
to glucose. The resulting sugar stream passes to a
fermenter, where yeast or other microorganisms
convert the glucose into ethanol (Mandels et al.
1974, Wilke et al. 1976).

+ Simultaneous Saccharification and Fermentation
(SSF)

The production of cellulase is virtually the same
for the SSF process as for SHF. However, for the
SSF approach, hydrolysis and fermentation are
combined in one vessel. The presence of yeast
with the cellulase minimizes the accumulation of
glucose in the vessel. Because glucose slows down
the action of current cellulase enzymes, higher
ethanol production rates, yields, and concentra-
tions are possible for SSF than SHF (Gauss et al.
1976, Takagi et al. 1977, Ghosh et al. 1982).
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Over the last several years, a number of studies
have identified combinations of cellulase enzymes
and yeast to speed the rate of conversion of ligno-
cellulosic biomass to ethanol (Spindler et al. 1988,
1989, 1990 and 1991; Wyman et al. 1986; Lastick et
al. 1989). Figure 61 illustrates the results of conver-
sion of lignocellulosic biomass into ethanol for se-
lected feedstocks with the SSF process and the
SHF process. As shown for each of the feedstocks,
the SSF approach achieves much higher yields of
ethanol at the same enzyme loading than the SHF
approach. As illustrated in figure 62, cellulase is a
mixture of enzyme components designated as en-
doglucanase, exoglucanase, and B-glucosidase. En-
doglucanase breaks the cellulase chain somewhere
along its length while exoglucanase breaks off
sugar dimers called cellobiose from the end of the
chain. B-glucosidase then converts the cellobiose
into glucose molecules for fermentation to ethanol.
Cellobiose is a powerful inhibitor of cellulase en-
zyme, particularly the exoglucanase component of
figure 62, and it appears that adding B-glucosidase
minimizes the accumulation of cellobiose in the
fermentation broth. Therefore, higher yields are
achieved when the B-glucosidase is added to the
fermentation broth than when it is not. Similar
benefits have been found by employing cellobiose-
fermenting yeast or cellulase enzyme with greater
B-glucosidase activity typical of many modern for-
mulations.

Seven or eight years ago, it required on the order
of 2 weeks to convert the cellulose into ethanol in
an SSF process at yields of approximately 70% (La-
stick et al. 1984). By selection of cellulase with en-
hanced characteristics, such as higher levels of
B-glucosidase, as well as selection of yeasts that
perform well under SSF conditions, on the order of
90% to 95% of the cellulose entering the SSF pro-
cess can be converted into ethanol in about 3-7
days for a variety of feedstocks (Spindler et al. 1990
and 1991).

* Direct Microbial Conversion (DMC)

The DMC process combines the enzyme produc-
tion, cellulose hydrolysis, and sugar fermentation
steps in one vessel (Veldhuis et al. 1936; Ng et al.
1977; Garvey et al. 1978; Lynd et al. 1989). In the
most tested configuration, two bacteria are em-
ployed, one that produces cellulase enzymes and
ferments glucose formed by the breakdown of
cellulose while the other ferments the five-carbon
sugars from hemicellulose into ethanol. Unfortu-
nately, the bacteria also produce a number of
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Fig. 62. Cellulase is a mixture of enzymes known as endoglu-
canase, exoglucanase, and B-glucosidase that act syncrgistically
to break down cellulose into glucose that yeast can ferment into
ethanol.

products in addition to ethanol, and yields are
currently lower than for SHF or SSF processes.
There is evidence that yields could be increased
by process modifications (Lynd et al. 1991b). The
bacteria are also not very tolerant to ethanol, and
a dilute ethanol product results. If efforts to en-
hance ethanol yields are successful, the DMC ap-
proach could be the most attractive due to
several advantageous features such as reduced
capital cost for fermenters and lower power re-
quirements.

At this time, the SSF approach is generally fa-
vored for ethanol production because it achieves
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higher rates, yields, and concentrations of ethanol
than the SHF or DMC options (Wright 1988,
Wright et al. 1988). High yields increase revenue
while reducing waste treatment COSIS, and higher
rates and concentrations lower capital and operat-
ing costs. In addition, about half as many fer-
menters are needed as for the SHF approach,
further reducing capital and operating costs. The
presence of ethanol in the fermentation broth re-
duces the possibility of contamination by unwanted
microbes. Other approaches may be developed in
the future to achieve similar or better performance
than SSF.

3.4.4 Hemicellulose Conversion.” The hemicel-
lulose polymers in lignocellulosic biomass such as
hardwoods, agricultural residues, and herbaceous
plants can be readily broken down to form xylose
and other sugars during the dilute acid pretreat-
ment step (Grohmann et al. 1985). However, until
recently, five-carbon sugars such as xylose could
not be effectively utilized, and it was necessary 1o
send these materials to waste disposal or find a
suitable coproduct application, such as furfural.
From an economic perspective, this costs the pro-
cess twice: first, we are throwing away the xylose
we paid for as part of the feedstock and second,
the cost of waste disposal for such a major fraction
of the feedstock inflicts a large economic penalty
on the process. Several options, outlined below,
have been examined for xylose utilization.



« Conversion of Xylose into Furfural

For dilute acid-catalyzed breakdown of cellulose
to fermentation sugars, a significant fraction of
the xylose degrades into furfural (Brennan et al.
1986; Kwarteng 1983; Wright 1988c). Similarly,
the xylose left after pretreatment can also be re-
acted to furfural by heating with acid. This
product is currently manufactured for use in
foundry and other applications, so it could be
sold as a co-product, generating additional rev-
enues. However, the furfural market would be
quickly saturated by the volume of furfural that
would accompany large-scale fuel ethanol pro-
duction (Gaines and Karpuk 1987). Thus, al-
though furfural sales could prove valuable for
initial introduction of a few ethanol plants, it
would not support the commercialization of a
large ethanol industry.

Yeast for Ethanol Production from Xylose

Another avenue is to use certain strains of yeast
that are known to ferment xylose into ethanol,
such as Candida shehatae, Pichia stipitis, and
Pachysolen tannophilus (Skoog and Hahn-Hager
1988; Prior et al. 1989; Jeffries 1990). These
strains require small amounts of oxygen (mi-
croaerophilic operation) in the fermentation
broth to ferment xylose (Grootjen et al. 1990;
Ligthelm et al. 1988). Large-scale production of
ethanol fuels will probably require the use of
huge fermenters with volumes approaching a mil-
lion gallons each, and proper control of oxygen in
such large vessels could be difficult. These yeast
strains typically cannot yet achieve as high
ethanol yields, rates, or tolerance as conventional
strains that ferment glucose. Improvements in
such strains could result in economic application
for xylose conversion to ethanol.

* Other Microorganisms for Ethanol Production

Other microorganisms, such as thermophilic bac-
teria and fungi, can anaerobically ferment xylose
into ethanol (Carreira et al. 1983; Christakopou-
los 1991; Lacis and Lawford 1988 and 1989; Lynd
1989, Buchert et al. 1989; Antonopoulos and
Wene 1987; Asther and Khan 1984; Slapack et al.
1987). Ethanol tolerance has not been satisfacto-
rily demonstrated for bacteria, although some
new evidence suggests previous conclusions may
have been premature (Lynd et al. 1991b). His-
toric data suggest that ethanol yields are low, but

new information indicates that the yields could
be improved in continuous culture. The fungi
evaluated currently suffer from similar limita-
tions in both ethanol tolerance and yield.

Simultaneous Isomerization and Fermentation of
Xylose to Ethanol

Several groups have studied the use of xylose iso-
merase enzyme to convert xylose into an isomer
called xylulose that many yeast can ferment into
ethanol under anaerobic conditions (Jeffries
1981; Chaing et al. 1981; Tewari et al. 1985). Re-
searchers have genetically engineered the com-
mon bacteria Escherichia coli to produce large
quantities of xylose isomerase for such a process,
and ethanol yields of 70% of theoretical have
been achieved in the simultaneous isomerization
and fermentation of xylose process (Lastick et al.
1990). In this configuration, the enzyme and
yeast are employed together to drive the equi-
librium-limited fermentation to near completion,
with the primary yield loss resulting from xylitol
formation. This process has the advantage of em-
ploying anaerobic yeast that are easier to use at a
large scale, but the need to provide xylose iso-
merase enzyme and adjust for differences in pH
optima between the yeast and enzyme complicate
the technology.

Genetically Altered Bacteria

Researchers at the University of Florida have
successfully introduced the genes from the glu-
cose fermenting bacterium Zymomonas mobilis
into the common bacterium E. coli so that the
latter can now ferment xylose directly into
ethanol (Ingram and Conway 1988; Ingram et al.
1987). This group has also successfully applied
this approach to other bacteria including Kleb-
siella oxytoca (Wood and Ingram 1992; Ohta et
al. 1991; Burchhardt and Ingram 1992). As a re-
sult, a single organism can ferment xylose as well
as other sugars, and data suggest high yields are
possible. However, these bacteria require opera-
tion at near neutral pH while production of by-
product acids could drive the pH down, requiring
addition of bases to control the pH. These geneti-
cally engineered bacteria are a very promising ap-
proach to five-carbon sugar utilization.

Full integration of these technologies into the

overall conversion process is required to evaluate
and improve their performance. Advantages could



also result by genetic modifications or other ap-
proaches.

3.4.5 Lignin Utilization. Lignin generally rep-
resents the third largest fraction of lignocellulosic
biomass and is often present in similar quantities to
the hemicellulose fraction. Thus, it is important to
derive value from lignin if economic ethanol pro-
duction is to be achieved. Three options, discussed
below, lead the possibilities for lignin use.

« Use as a Boiler Fuel

Lignin has a high energy content and can be used
as a boiler fuel (Wright 1988c; Hinman et al.
1992; Domalski et al. 1987). The amount of lignin
in most feedstocks is more than enough to supply
all the heat required for the entire ethanol con-
version process, plus generate enough electricity
to meet its electrical demands. In fact, excess
electricity beyond all of these needs is generated,
and additional revenue can be generated from
electricity exports from the plant (Hinman et al.
1992; Chem Systems 1990). The electricity sold
for current plant designs is equivalent to about
8% of the fuel value of the ethanol product, and
greater revenues are likely as the technology is
improved to require less process heat and elec-
tricity.

« Production of Octane Boosters

Lignin is a complex phenolic polymer that can be
broken down to form a mixture of monomeric
phenolic compounds and hydrocarbons (Johnson
et al. 1990). The phenolic fraction can be reacted
with alcohols to form methyl or ethyl aryl ethers,
which are good oxygenated octane boosters. Be-
cause octane boosters are more valuable than
boiler fuel, this option for lignin use would gener-
ate more revenue. However, the technology must
be improved to provide high product yields, and
the conversion costs must be low enough to
provide a net income gain for the ethanol plant.

. Production of Chemicals from Lignin

A number of chemicals could be produced from
lignin including phenolic compounds, aromatics,
dibasic acids, and olefins (Busche 1985). Such
materials could have a high value that would aug-
ment the total revenue for the ethanol plant.
However, just as for the conversion of lignin into
octane boosters, the cost of the conversion pro-
cess must be low enough to ensure a net income
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* gain. In addition, high yields of target products
will likely be necessary to achieve economic vi-
ability. The spectrum of products that could be
derived from lignin must have sufficient market
volume to match the expected output for large-
scale use of ethanol technology or lignin use will
only support a few ethanol plants (Gaines and
Karpuk 1989).

3.4.6 Ethanol Recovery. About a 3% to 12%
solution of ethanol in water is produced in the fer-
mentation process, with the exact concentration
determined by the substrate, fermentative microor-
ganism, enzyme, and process configuration. In ad-
dition, yeast, inerts such as lignin, enzymes,
unreacted carbohydrates, and various salts remain
in the broth. In most commercial applications, the
entire mixture is fed to a distillation (beer) column
that concentrates the ethanol in the overhead
product while allowing the solids and water t0 exit
from the bottom. The enriched ethanol stream
passes to a second distillation (rectification)
column for concentration to the ethanol-water
azeotrope of about 95% by weight ethanol. To use
ethanol as a hydrous fuel, this azeotropic mixture is
suitable without further processing (Hinman et al.
1992; Chem Systems 1990), provided the appropri-
ate distribution infrastructure is available.

Water has a low miscibility in gasoline, and al-
most all the water must be removed from ethanol
that will be blended with gasoline. To break the
ethanol-water azeotrope, a third component such
as benzene or cyclohexane can be added to allow
purification of ethanol by tertiary distillation. Al-
ternatively, molecular sieves such as corn grits can
be used to preferentially adsorb the ethanol or wa-
ter. Membranes can also be used that are perme-
able to one of the components, typically water,
while retaining the other by a technology called
pervaporation. At this time, distillation with a third
component and molecular sieves are favored com-
mercially.

4. Energy Balance and Impact on
Carbon Dioxide Accumulation

Energy costs can be an important element in the
economics of a process. In addition, the impact of
ethanol technology on displacement of imported
oil depends on the amounts and types of energy
used by the process. Considerable controversy and
confusion exists about how to interpret this infor-
mation for energy efficiency and the impact on the



potential for global climate change. Energy inputs
must be accounted for and the performance of
ethanol must be properly compared to that for fos-
sil fuels if comparisons are to be made among fu-
els.

4.1 Energy Use

Figure 63 summarizes energy flows for the pro-
duction of ethanol from lignocellulosic biomass
(Lynd et al. 1991a). Modest energy inputs are re-
quired to grow lignocellulosic biomass because cul-
tivation and fertilizer needs are not large. In
addition, no process energy input is shown because
the lignin contained in the feedstock can be used as
a boiler fuel, and the amount of energy contained
in the lignin is sufficient to produce process heat
and electricity for the overall process. The equiva-
lent of about 8% of the ethanol fuel value can be
sold as electricity based on current technology
(Chem Systems 1990; Hinman et al. 1992), thereby
displacing about three times that amount of fossil
energy inputs for electricity production by power
companies.
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Fig. 63. Energy requirements and outputs for production of
ethanol from lignocellulosic biomass based on one unit of
ethanc’ energy output.

If the amount of fossil energy inputs are totaled
for current technology (Chem Systems 1990), about
5.3 megajoules/liter (19,000 Btu/gallon) of ethanol

are required for ethanol production from lignocel-
lulosic biomass, as shown in table 77. Alternatively,
three times the electricity produced could be sub-
tracted from the fossil fuel requirements to account
for the fossil fuel that would be used in any event
for producing that quantity of electricity (Ho 1989).
In this case, the net amount of fossil fuel use, as
shown in table 77, is only about 0.2 megajoules/liter
(700 Btu/gallon) of ethanol. For comparison, fossil
sources account for about 3.9 megajoules/liter
(11,000 Btu/gallon) of gasoline produced. Gasoline
has a lower heating value of about 32 megajoules/
liter (115,000 Btu/gallon), compared to ethanol at
21 megajoules/liter (76,000 Btu/gallon).

One measure of the efficiency of ethanol pro-
duction is to calculate the ratio R defined as the
amount of energy produced by the process com-
pared to the amount of fossil fuel used (Lynd et al.
1991a):

R =Energy Outputs/Fossil Encrgy Inputs.

In this case, the fuel value of the ethanol is added
to three times the amount of excess electricity sold
(to account for the thermal energy displaced), and
the quantity is divided by the total fossil fuel in-
puts. Based on the information in table 77, ethanol
fuel and thermal energy outputs are about five
times greater than the total fossil fuel inputs for
current lignocellulosic biomass conversion technol-
ogy. Of course, if fuels and fertilizers derived from
renewable resources were used in place of the fos-
sil sources assumed in this analysis, R would be-
come virtually infinite.

An alternative approach to measuring energy ef-
ficiency is to calculate the ratio ER of the energy in
the products less external energy inputs to the en-
ergy content of the feedstock (Wyman et al. 1992);

ER = Encrgy in Producls'—-Exlcrnal Energy lnputs‘
Energy in Feedstocks

For current technology for ethanol production

from lignocellulosic biomass with exported electric-

ity weighted by a factor of three to account for the

Table 77. Encryy mputs and carbon dioxae reiesed 1n etnanol production fmm henocellulone biomass
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amount of thermal energy displaced and account-
ing for the energy required to grow biomass, this
ratio is equal to about 0.43. For improvements in
the technology, the ratio ER becomes about 0.56
(Wyman et al. 1992).

It is important to note that although fermenta-
tion of sugars to ethanol results in the release of
almost as much carbon dioxide as ethanol pro-
duced by weight, nearly all of the energy from the
cellulose and hemicellulose fractions remains in
the ethanol product formed (Wyman and Hinman
1990). Thus, the conversion process concentrates
the energy from the solid biomass into 2 liquid
form more compatible with our transportation in-
frastructure, and since the value of both the feed-
stock and the product should be assessed on an
energy content basis, the weight loss is actually
beneficial. The main loss of feedstock energy as
measured by eq (7) is the thermal energy of the
lignin needed to drive the conversion process and
secondarily the fraction of cellulose and hemicellu-
lose that is not converted into products. Reduc-
tions in the need for process energy will therefore
greatly improve this measure of efficiency.

4.2 Carbon Dioxide Released

The contribution of ethanol production to car-
bon dioxide accumulation in the atmosphere can
be estimated by weighing the quantities of fossil
fuels used according to the amount of carbon diox-
ide released by each. For the purposes of this dis-
cussion and with reference to figure 63, natural gas
is assumed to be the fuel source for agricultural
(A), chemical (C), and plant amortization (P) in-
puts; petroleum is assumed for transportation (T)
and distribution (D). Coal is assumed to be the fuel
used for conventional " electricity generation.
Combining carbon dioxide release data for these
sources with the energy requirements presented in
figure 63 gives the results presented in table 77 for
ethanol derived from lignocellulosic biomass. Only
carbon dioxide produced by combustion of fossil
fuels is included because carbon dioxide generated
during fermentation of biomass cellulose and hemi-
cellulose and combustion of lignin, ethanol, and
other biomass fractions would be recycled to grow
new biomass to replace that harvested for energy
production.

It is interesting to note that if the equivalent car-
bon dioxide release for production of electricity by
coal is subtracted from the fossil fuel sources for
ethanol production from lignocellulosic biomass, a
negative carbon dioxide contribution results (table
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77). This outcome is due to the low usage of fossil
fuels for conversion of lignocellulosic biomass to
ethanol and the displacement of fossil-generated
electricity in the grid. To produce an equivalent
amount of electricity from coal would actually pro-
duce more carbon dioxide than the total net re-
Jeased during ethanol production, and subtracting
the amount of carbon dioxide that would have re-
sulted anyway for generation of that quantity of
electricity by coal gives a net credit of 0.24 kilo-
grams of COliter of ethanol produced (2.0
pounds/gallon).

From the data in table 77, it appears that pro-
duction of ethanol from lignocellulosic biomass
would be a minor contributor of carbon dioxide t0
the atmosphere, because all of the process heat is
produced by combustion of lignin, 2 renewable
feedstock. In addition, limited fossil fuel inputs are
needed to grow lignocellulosic biomass. Further-
more, biomass sources of fuels and fertilizers could
be substituted for the fossil fuels assumed in this
analysis, resulting in no carbon dioxide release
from fossil sources for ethanol from lignocellulosic
biomass. By way of comparison, gasoline use re-
leases a total of 82 kilograms of COx/gigajoule (190
pounds COymillion Btu) or 2.61 kilograms/liter (22
pounds/galion).

4.3 Ethanol Utilization

To compare carbon dioxide release between
ethanol and fossil fuels, it is important to establish
the relative amounts of fuel required to travel
equivalent distances with each fuel. In the United
States, ethanol is typically blended with gasoline at
10% concentrations. As mentioned earlier, the en-
erey content of ethanol is 21 megajoules/liter
(76,000 Btu/gallon); gasoline contains about 50%
more energy at 32 megajoules/liter (115,000 Btu/
gallon). By accounting for each of these factors, the
energy content of the blend is about 31 megajoules/
liter (110,000 Btu/gallon). If the range of a vehicle
is assumed to be proportional to the energy density
of the fuel, 1.036 volumes of blend would be re-
quired to travel the same distance as one volume of
gasoline. On the other hand, data from Southwest
Research Institute (Tosh et at. 1985) as well as oth-
ers have shown that there is no statistically signifi-
cant difference in the mileage for a 10% blend
versus that of regular gasoline. In effect, this evi-
dence suggests that the ethanol blended with gaso-
line has an energy density equivalent to 32
megajoules/liter (115,000 Btu/gallons).



Use of neat ethanol can be considered in at least
two different ways. First, the amount of one fuel
needed to travel the same distance as for another
fuel can be determined by the ratio of the lower
heating values of the two fuels. Thus, about 50%
more ethanol would be required than for gasoline
to give the same service. For an engine designed
for gasoline use with only modifications in timing
and air-to-fuel ratio to allow combustion of
ethanol, ethanol fuel would give such a range.
However, because ethanol has more favorable fuel
properties such as a higher octane and heat of va-
porization than gasoline, an engine optimized for
ethanol can be 20% to 30% more efficient than a
gasoline engine (Lynd et al. 1991a, Wyman and
Hinman 1990). Assuming the latter results in a
ethanol driving range of about 80% of that of gaso-
line on a volumetric basis.

4.4 Comparisons of Fossil Fuel Use and Carbon
Dioxide Release

Table 78 presents a comparison of the fossil fuel
requirements for ethanol from lignocellulosic
biomass and gasoline. Consideration is given to
blends and neat fuel use and to comparison of the
amount of ethanol required based on lower heating
value and probable distance traveled on an equal
volume. The lower end of the range shown is with
credit given for fossil fuel displacement for electric-
ity production, while the higher end does not ac-
count for excess electricity production. Blends of
ethanol from lignocellulosic biomass with gasoline
always yield lower fossil fuel use than gasoline
alone. Furthermore, for neat fuel markets, ethanol
production from lignocellulosic biomass requires
one-fifth or less fossil fuel inputs than gasoline, de-
pending on the accounting given for electricity pro-
duction and the assumed efficiency of ethanol
utilization.

Table 78. Fossil fuet use xul carbon dioxkie retexsad for ethanol (rum lignoceliulosic biomass
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Also presented in table 78 is the amount of car-
bon dioxide released when a vehicle is propelled
the same distance by ethanol as gasoline. Again,
based on the low use of fossil fuels in production of
ethanol from lignocellulosic biomass, this fuel
scores very well in minimizing carbon dioxide emis-
sions that could contribute to global climate
change. If we subtract the carbon dioxide emissions
that would have resulted from coal to generate the
amount of electrical energy exported from the
ethanol plant, the net effect is that ethanol reduces
carbon dioxide accumulation. It may be more ap-
propriate to assign the carbon dioxide released to
both electricity and ethanol based on the relative
energy contributions and compare each to the al-
ternative, but the benefits would still be substan-
tial.

5. Ethanol Economics

Economics for ethanol production from starch
crops and lignocellulosic biomass will both be sum-
marized. Three important elements influence the
overall economics: feedstock price, operating costs,
and annualized capital charges. Each of these ele-
ments are discussed in the following sections.

5.1 Corn Ethanol

The cost of ethanol production from corn is in-
fluenced substantially by the price of corn and the
price at which co-products can be sold. Therefore,
these factors are considered first. Then, the capital
and operating costs for a corn ethanol plant are
combined with corn prices and revenues from co-
products to predict the selling price of ethanol that
is required to achieve a target rate of return on
capital invested.

5.1.1 Corn and Co-Product Prices. Table 79
presents the historical variation in prices of corn
and co-products derived from dry- and wet-milling
processes, during the period from 1981 to 1988
(Lewis and Grimes 1988). From this table, it is ap-
parent that the selling price of corn varies consid-
erably. For instance, the highest price for corn was
in 1984 at a price of $164/dry tonne ($3.52/bushel).
The lowest price was only 2 years later at a price
of $56.80/dry tonne ($1.22/bushel). Co-product
prices also varied considerably over this time
frame. The highest co-product price for dry milling
occurred in 1984 at a price of $76.90/dry tonne
($1.65/bushel) of corn processed. The low co-
product price for dry milling was only a year later



Table 79. Extremes in corn and coproduct prices for dry- and wet-milling processes'

$/dry tonne of com® ($/liter ethanol produced)

Year Com Cost Coproduct Price’ Net Cost*

High com cost

Dry milling 1984 164.00 (0.358) 69.40 (0.151) 94.60 (0.207)

Wet milling 1984 164.00 (0.372) 80.10 (0.182) 83.90 (0.190)
Low com cost

Dry milling 1986 56.80 (0.124) 48.90 (0.107) 7.90 (0.017)

Wet milling 1986 56.80 (0.129) 58.20 (0.132) -1.40 (0.003)
High co-product pnce

Dry milling 1984 154.00 (0.336) 76.90 (0.168) 77.10 (0.168)

Wet milling 1983 158.00 (0.357) 86.70 (0.197) 71.30 (0.160)
Low co-product price

Dry milling 1985 130.00 (0.284) 35.90 (0.078) 94.10 (0.206)

Wet milling 1385 116.00 (0.264) 57.80 (0.131) 58.20 (0.133)
High net cost

Dry milling 1985 130.00 (0.284) 35.90 (0.078) 94.10 (0.206)

Wet milling 1934 149.00 (0.337) 62.00 (0.141) 87.00 (0.196)
Low net cost

Dry milling 1986 56.80 (0.124) 48.90 (0.107) 7.90 (0.017)

Wet milling 1986 56.80 (0.129) 58.20 (0.132) -1.40 (-0.003)

'Data from Lewis and Grimes (1988) without credit for sale of carbon dioxide for 1981 to 1983.

*Multiply values shown by 0.02151 10 obtain price in $/bushel.

’Co-product price is revenue generuted by co-product sales/ionne of com processed.

*Net cost is defined as the cost of the com less the revenue generated from the sales of co-products produced/dry

tonne of com.

at $35.90/dry tonne ($0.77/bushel). In the wet-
milling operation, the highest price for co-products
was in 1983 at $86.70/dry tonne ($1.86/bushel) of
corn processed, while the lowest co-product price
for wet milling was in 1985 at $57.80/tonne ($1.24/
bushel). All of the values presented in table 6 do
not include co-product revenue from carbon diox-
ide sales.

Perhaps a more telling indicator of the cost of
corn to the ethanol producer, termed the net cost
of corn is presented in table 79. The net cost of
corn is defined as the cost of the corn purchased
minus the selling price of the co-products. For dry
milling, the highest net cost of corn was in 1985 at
$94.10/tonne ($2.03/bushel) of dry corn, while the
lowest net cost of corn was only one year later at
$7.90/tonne ($0.17/bushel) of dry corn. In the wet
milling, the highest net cost of corn was in 1984 at
$87.00/tonne ($1.86/bushel) processed. Because of
the number of co-products generated in wet milling
and their fairly high value, the low net price of
corn was actually a negative $1.40/tonne ($0.03/
bushel) of dry corn in 1986 —in effect, the proces-
sor was being “paid” to convert the corn into
ethanol because of high co-product revenues.

Also shown in table 79 is the corn cost in terms
of the volume of ethanol produced. The first
column indicates the cost of corn only, while the
second column, labeled co-product prices, provides
the value of the co-products in terms of the volume
of ethanol produced. The difference between these
two entries is provided in the third column, net
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cost, in terms of the volume of ethanol produced.
The highest net cost of corn corresponds to about
$0.20/liter (30.80/gallon) of ethanol. By compari-
son, ethanol is only worth about $0.30 to $0.35/liter
(81.15 to $1.35/gallon) of ethanol. On the other
hand, the low net price of the corn feedstock is
practically zero.

5.12 Corn Ethanol Economics. Table 80 pre-
sents the operating and capital costs associated
with the production of ethanol from corn based on
the USDA Cost Effectiveness Study (USDA 1987).
These prices are all for a grass roots facility (a
facility built on previously unutilized ground) and
are translated into 1990 dollars using Nelson-Far-
rar cost indices (Oil and Gas Journal 1990). The
values shown indicate lower capital costs for larger
scale plants because of economies of scale. One
would typically expect the capital costs associated
with wet-milling operations to be at the high end of
the values shown, while dry-milling operations
would be at the lower end of the range. Also in-
cluded in the table are the range of fuel and elec-
tricity costs expected, depending on the efficiency
of the operation and to some extent the scale.
Chemicals, enzymes, and yeast costs are greatly in-
fluenced by whether or not these ingredients are
produced on site or are purchased. Maintenance
and personnel costs along with insurance rates are
included in the table as well.

It is important to note that lower capital costs
are possible than those shown in table 80 for plants
that are integrated into existing facilities. Such op-



Table 80. Variable, fixed, and capital costs for production of ethanol from corn'

Plant size, ML/year (M gal/year)

<150 (40) 150-950 (40-250)

Capital tvestment

S/annd liter 0.37 $0.58-0.72

($/anceal gullon) (3.28) (2.19-2.73)
Fuel. $/:ier produced ($/gullon)

Coul 0.029-0.040 (0.11-0.15) 0.029-0.040 (0.11-0.15)
Elecincr:. $/iter produced

($/galin) 0.011-0.016 (0.04-0.06) 0.011-0.016 (0.04-0.06)

Chemicus. enzymes. yeasts,
$/iter zroduced ($/gallon)

Muntena:ca,
$Miter zroduced ($/gallon)

Penonn=. $/uter produced

0.010-0.032 (0.04-0.12)

0.029-0.043 (0.11-0.16)

0.010-0.032 (0.04-0.12)

0.029-0.043 (0.11-0.16)

($/galicn) 0.048 (0.18) 0.017 (0.06)
Taxes & insurance,
% of zoual 2.0% 2.0%

'From USL 2 reference (1987) for a modem

plant built on an undeveloped site (grass roots plant); trunsformed

10 1990 dotass.
Table 81. Zr=dicted selling price of ethanol from corn based on the economic parameters in Table 82!
Plant Size
ML/yr
Process E(OH? Capitdd  Feed O&M  Coproducts  Ethanol
(1990$/1. E1OH)
Wet Mill with Low
Net Com lost 378 0.158 0.129  0.145 0.133 0.299
Wet Mill «1th High
Net Com Zost 378 0.163 0338 0.1+ 0.141 0.504
Dry Mill ~:th Low
Net Com Clost 189 0.129 0.125  0.141 0.107 0.288
Dry Mill v:th High
Net Com Cost 189 0.133 0286  0.142 0.079 0.482

'Ethanol yi=ds arc 0 liters/tonne of com for a wet-mill

process.
*Pure 100% =hanol.

erations can cut the capizal costs approximately in
half. On the other hand, poorly engineered plants
can be twice as costly as the values given. Of
course, such facilities would be unlikely to be eco-
nomical.

Table 81 presents the estimated costs of produc-
tion of ethanol from corn based on the data given
in tables 79 and 80. Estimates are provided for
large, efficient wet- and dry-milling operations in
this table. Scenarios are given for high net costs of
corn for each type of facility as well as for low net
costs of corn. All values are 1990 dollars. From
these cost estimates, it can be seen that co-product
revenue has a substantial impact on corn ethanol
economic viability. All costs are estimated based on
the economic parameters provided in table 82
(Chem Systems 1990).

52 Biomass Ethanol

Ethanol is not yet produced commercially from
lignocellulosic biomass in the United States. There-
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process and 458 liters/tonne of com for a dry-mill

fore, the economics of the technology must be esti-
mated from available information on feedstock
costs and conceptual process engineering studies.

5.2.1 Feedstock Costs. Several forms of
wastes such as agricultural residues, MSW, and
forestry residues could be used to produce ethanol.
Large tipping fees of $100/tonne (890/ton) and
more are paid for disposal of MSW in some regions
of the country. Therefore, it is possible that such
feedstocks might be obtained at no cost or the pro-
cessor may be actually paid to accept such materi-
als, although costs will no doubt be incurred in
feedstock preparation and handling. Forestry
residues have been estimated to cost from $20 to
$36/dry tonne ($18 to $33/ton). Agricultural
residues could cost in the range of $24 to $49/dry
tonne (322 to $44/ton) (Wyman and Hinman, 1990,
Lynd 1989).

Energy crops can also be used for production of
ethanol from biomass. However, such technology
has not been demonstrated, and estimation of the



Table 82. Economic parameters for estimating ethanol selling price for corn and lignocellulosic biomass'

U.S. dollars. fourth quarter 1990.

Operating rate of 91%. equal to 8.000 hours/year.

General plant overhead at 65% of operating costs.

Direct overhead at 45% of labor and supervision.

Maintenance at 3% of inside bartery limits costs.

Insurance and property taxes at 1.5% of total fixed investment.

No sales expenses.
No infation.

Working capital is paid out at plant startup
the sum of the following:

and recovered at the end of the life of the project Itis calculated as

Feedstock inventory - | month's supply of raw materials valued at delivered prices.

Finished pmduct inventory - Half a month’s supply of principal product

and coproducts (if any) valued at the

gross cost of production based on liquid or solid product storage and excluding items not normally stored.

Accounts receivable - | month's gross cost of production.

Cash - | week's out-of-pocket expenses estmated at the gross cost of production less depreciation. .

Less a fifth item:

Accounts payable - 1 month’s supply of raw materials at delivered prices.

Capital charges® are calculated for a 10% discounted ¢

Tlree years of construction with expenditures of 30%

the third year.
Fifteen years of operaton.
Income tax rate of 37%.

Capacity buildup to 60%
1005 from the third year onward.

ash flow rate of return with the following parameters:

in the first year. S0% in the second year. and 20% in

of nameplate capacity in the first year of operation. 80% in the second yeuar. and

Straight line depreciation over S years for inside hatiery limits and 15 years for outside battery limits

investment.

'Based on Chem Systems 1990

*Addition of an annual capital charge calculated as 20%

will give approximately the same predicted selling price.

cost of these materials is somewhat more difficult.
It is thought that woody crops could be produced
at a cost of $34 to $68/dry tonne ($31 to $62/ton).
Herbaceous crops are estimated to cost from $27 to
$45/dry tonne ($24 to $41/ton) (Wyman and Hin-
man, 1990).

522 Biomass Ethanol Economics. The eco-
nomics of ethanol production from lignocellulosic
biomass have been the subject of a number of in-
vestigations over the past 10 years (Chem Systems
1984; Arthur D. Little 1984; Badger Engineers
1984; Stone and Webster 1985a and 1985b). Pro-
cesses have been studied for both acid- and en-
zyme-catalyzed breakdown of cellulose to form
glucose sugar followed by fermentation of the glu-
cose to ethanol. These studies have also included
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of the total capital investment to the cost of production

conversion of hemicellulosic sugars into products
such as furfural and other chemicals as well as
ethanol. Through these studies, enzymatic conver-
sion based on SSF technology is favored to be com-
petitive in the near term while offering substantial
opportunities for improvement. Recently, Chem
Systems performed a study for the National Re-
newable Energy Laboratory (NREL) through the
support of the U.S. Department of Energy, to esti-
mate the cost of ethanol from lignocellulosic
biomass (Chem Systems 1990). The Chem Systems
analysis was based on dilute acid pretreatment of
biomass to break down the hemicellulose fraction
to release xylose and other sugars into solution. A
small fraction of the wet solids from pretreatment,
containing primarily cellulose and lignin, was sent



Table 83. Capital and Operating cost estimates for ethanol production from lignocelulosic biomass

Modified
Reference Case'  Larger Scale! Case!
Plant Size
Feed Rate. dry tonnes/day 1742 8078 1742
Product Rate. ML/year (denarured, 219 1096 221
hydrous)
Feed Price, 1990 US $/dry tonne 46 46 46
Capital Cost, MM US § (1990)
Feed Handling 7.13 28.27 7.16
Prehydrolysis 23.23 91.84 23.68
Xylose Fermentation 6.21 24.66 6.16
Cellulase Production 2.68 10.64 2.76
SSF Fermentation 22.26 88.4] 20.93
Ethanol Purification 3.88 10.98 3.99
Offsite Tankage 34 7.58 4.09
Environmental Systems 4.10 1.71 3.96
Utilities/Auxiliaries 59.36 169.46 55.66
Erected Plant Cost 131.98 44355 128.39
San-up 6.56 22.16 6.42
Total Capital Investment 138.53 465.71 134.81
Working Capital 6.63 29.94 6.31
Operating Costs, MM US $/Year
(1990)
Variable Costs
Feedsiock 26.88 134,39 26.88
Canalyst and Chemicals 9.38 46.83 8.14
Solids Disposal 0.40 2.00 0.40
Water 0.12 0.58 0.14
Utilides (3.22) (16.10) (4.15)
Fixed Costs
Labor 1.68 3.34 1.57
Muintenance 4.16 13.86 3.85
Genenal Overhead 379 11.18 352
Direct Overhead 0.75 1.50 0.71
Insurance. Property Tax 2.08 6.99 2.02
Total Operating Cost 46.01 20461 43.08

'Chem Systems 1990
*Hinman et al. 1992

to an enzyme production step where cellulase en-
zymes were produced by the fungus T. reesei. The
enzymes were then added to the bulk of the pre-
treated solid material along with yeast for conver-
sion into et-anol by the SSF process. In this
economic stuly, the xylose and other sugars re-
leased during pretreatment were converted into
ethanol based on data for the genetically engi-
neered E.coli strain developed at the University of
Florida. Continuous fermentation was assumed for
all fermentation steps other than enzyme produc-
tion, which was a batch operation. The ethanol
produced duriag the fermentation operations was
recovered by a conventional distillation system.
Gasoline was added to denature the ethanol for
sale as a neat fuel. The resulting fuel contained
about 90.3% ethanol, 4.7% water, and 5% gasoline
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by weight. The lignin recovered from the bottom of
the distillation column was burned as a boiler fuel
to provide all the heat and electricity for the pro-
cess as well as excess electricity that was sold for
additional revenue. Chem Systems estimated the
capital and operating costs for the process and
from that, estimated the selling price of ethanol.
Table 83 provides the capital and operating
costs for ethanol production from lignocellulosic
biomass, as estimated by Chem Systems. The price
estimates were translated from the 1987 dollars
used in the Chem System study to 1990 dollats in
table 83 based on the Nelson-Farrar Cost Index
(Oil and Gas Journal 1990). Costs were derived at
biomass feed rates of 1,742 and 8,708 dry tonnes/
day (1,920 and 9,600 tons/day). Feedstock was as-
sumed to cost $46/dry tonne ($42/ton). At the



Table 84. Discounted cash flow
Case (all dollars in millions)

Capital Cost $131.98
Start-up Costs $6.56
Total Plant Cost $13853
Ethanol Selling Price $0.345/Liter

Production Rate

for ethanol production from lignocellulosic biomass for the Chem Systems Reference

219 Million Liters/Year
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lower feed rate, 219 million liters/year (58 million
gallons/year) of denatured ethanol could be pro-
duced, while at the higher feed rate 1,096 million
liters/year (290 million gallons/year) of denatured
ethanol could be derived. The total capital invest-
ment required, including start-up costs, are about
$139 million for the smaller plant size and $466
million for the larger scale operation. Total operat-
ing costs for the smaller scale plant are estimated
to be about $46 million, while those for the larger
scale plant are estimated to be about $205 million.

Table 84 presents a discounted cash flow analysis
for the smaller scale case studied by Chem Sys-
tems. This analysis takes into account start-up costs
as well as working capital requirements for the
plant and is based on financial parameters pro-
vided in table 82. Based on this discounted cash
flow analysis, an ethanol selling price of $0.345/liter
($1.31/gallon) of denatured fuel is projected for
this Chem Systems reference case when converted
to 1990 dollars. This selling price covers all costs of
production plus provides a 10% real rate of return
on the investment as outlined previously. A similar
analysis, as summarized in table 85, predicts an
ethanol selling price of about $0.278/liter ($1.05/
gallon) for the larger scale Chem Systems process.
The later price is somewhat below the current mar-
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ket price of ethanol of about $0.30 to $0.35/iter
($1.15 to $1.35/gallon).

Based on the Chem Systems study, NREL inves-
tigated several options to further reduce the price
of ethanol from lignocellulosic biomass (Hinman et
al. 1992), and a process design was developed with
costs summarized in table 83. A lignocellulosic
biomass feed rate of 1,742 dry tonnes/day (1,920
tons/day) was assumed with a denatured hydrous
ethanol production rate of 221 million liters/year
(58 million gallons/year). Once again, the feedstock
price was taken as $46/dry tonne ($42/ton) in 1990
dollars. Capital and operating costs were estimated
as shown for this process and the results used in a
cash flow analysis to predict the selling price of
ethanol. In this case, an ethanol selling price of
about $0.324/liter ($1.23/gallon) was predicted for
the smaller scale plant, as shown in table 85. Even
though this price is somewhat higher than that pre-
dicted by Chem Systems for a larger scale opera-
tion, it shows that ethanol could be produced from
lignocellulosic biomass at the smaller scale at
prices competitive with ethanol from corn. Further-
more, immediate opportunities have been identi-
fied to reduce the costs of ethanol somewhat
further by optimizing enzyme loading in combina-
tion with SSF performance.



Table 85. Cost projections for production of ethanol from lignocellulosic biomass

Plant Size®

Process ML/yr EtOH Capital Feed O&M Electricity  Ethanol
(1990%/L EtOH)

Reference 219 0.135 0.123  0.102 0.015 0.345

Larger

Scale 1,096 0.091 0.123  0.079 0.015 0.278

Modified 221 0.130 0.121  0.092 0.019 0.324

'Denatured, hydrous ethanol

5.23 Opportunities for Advancement. Based
on the cash flow analysis presented, enzymatic con-
version of lignocellulosic biomass using technology
available in 1982 would have resulted in an ethanol
selling price of about $0.98 (1990 dollars) per liter
(83.70/gallon) (Wright 1988a and 1988b). Through
advancements in this technology, the price has
been reduced to about $0.32 per liter ($1.23/gallon)
now (Hinman et al. 1992). Furthermore, a substan-
tial number of opportunities have been identified
to reduce the price to $0.17 to $0.18 per liter
(%0.67/gallon). These include improving the yields
of ethanol through the development of better en-
zymes that can be produced at lower costs. En-
zymes that can provide faster breakdown of
cellulose could reduce conversion time from about
5 to 7 days to only 2 to 3 days and result in signifi-
cant reduction in capital and operating costs. More
efficient pretreatment systems can result in en-
hanced yields of ethanol during the enzymatic hy-
drolysis step, through greater accessibility of the
cellulose, as well as less degradation of cellulose,
xylose, and other carbohydrates during the pre-
treatment step. Improvements in pretreatment
technology could also result in lower capital and
operating costs. Improved organisms to enhance
yields of ethanol from the hemicellulose sugars
could be developed, along with lower costs media,
for each of the fermentation operations. The eco-
nomics would benefit from increased ethanol
concentrations of around 6% to 8%, although ad-
vanced distillation systems may make recovery of
lower ethanol concentrations cost effective. Pro-
duction of co-products from the lignin fraction,
other than electricity, could also improve the eco-
nomics of ethanol production. Because feedstock
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costs are a significant fraction of the final product
selling price, improvements in feedstock related
technology could improve the economics of ethanol
production through greater economies of scale, de-
creased feedstocks costs, and less feedstock that
cannot be fermented into ethanol. The number of
mutually exclusive paths for reducing the cost of
ethanol production from lignocellulosic biomass is
so substantial that the probability of achieving the
target price of about $0.17 to $0.18/liter ($0.67/gal-
lon) is quite high.

6. Strengths

Ethanol has immediate application for blending
with gasoline. Through the implementation of the
Clean Air Act Amendments of 1990, the need for
oxygenates such as ethanol and ETBE is expanding
dramatically. In addition, as the technology for
production of ethanol from lignocellulosic biomass
is improved, the cost of ethanol can be reduced,
and the market could grow further. Low cost feed-
stocks are immediately available that will allow
early introduction of this technology into the oxy-
genate market. As the opportunities to lower the
cost of ethanol are realized, the price could drop
enough to make neat fuel use viable.

6.1 Ethanol’s Flexibility as a Fuel

Ethanol can be directly blended with gasoline. In
this application, ethanol is valued as a fuel exten-
der, octane booster, and an oxygenate. Combining
the merits of each of these attributes with the exist-
ing tax incentive to promote the use of ethanol pro-



duced from biomass results in an immediate com-
petitive position at projected selling prices for lig-
nocellulosic biomass.

Ethanol can also be converted into ETBE for
blending with gasoline. ETBE is valued as a fuel
extender, octane booster, and oxygenate. At
slightly below existing corn ethanol process,
ethanol would see wide use for ETBE production
because of the ability of ETBE to reduce the vapor
pressure of gasoline.

Finally, ethanol can be used as a virtually pure or
neat fuel. Because ethanol has a low vapor pres-
sure and high octane along with other favorable
fuel properties, it is one of the front running op-
tions for replacement of gasoline to address air
pollution issues. Its price has been historically too
high to compete with other options such as
methanol, but if opportunities can be realized to
reduce the price to be competitive with gasoline,
ethanol could see widespread use as a neat fuel.

6.2 Opportunities for Technology Improvement

Technology for production of ethanol from lig-
nocellulosic biomass is rapidly evolving, and the
power of modern biotechnology and bioprocessing
can be called on to radically alter the economics.
Because so many options are available for advanc-
ing the technology, the probability of success is
quite high. Although some time will be required
before the advances are realized and are shown to
be commercially viable, the opportunity is promis-
ing to produce ethanol at a far lower cost in the
future. Thus, those that enter the marketplace for
ethanol production from lignocellulosic biomass
now can look forward to technology that could re-
sult in lower costs and expanded markets in the
future. Furthermore, pilot plants are being con-
structed at the National Renewable Energy Labo-
ratory (NREL) and other sites to demonstrate the
technology for ethanol production from lignocellu-
losic biomass. These pilot plants will demonstrate
the viability of technology that is available now as
well as provide a facility to develop and test im-
provements in the technology in the future. Such
facilities could provide significant support to those
that commercialize lignocellulosic conversion tech-
nology in the near term.

6.3 Near-Term Availability of Feedstocks

A diverse range of existing lignocellulosic mate-
rials can be converted into ethanol, including waste
materials such as MSW, agricultural residues, and

forestry wastes. Many of these wastes may be avail-
able at low costs, which makes them attractive for
early introduction into the marketplace. Another
potential source of low-cost feedstocks in the near
term is cellulose fines from the paper and pulp in-
dustry. Additionally, the low-value fiber in corn
that is now blended with corn gluten feed in the
wet-milling industry is high in cellulose and hemi-
cellulose content. In the dry milling of corn, the
fiber is left behind in the DDGS co-product that is
sold as animal feed. Conversion of the fiber from
either one of these animal feed co-products into
ethanol could enhance overall ethanol yields from
the plant by about 14% to 16% and result in 2
higher protein content in the animal feed co-prod-
ucts that may have a higher market value. The lat-
ter could be true because animal feed co-products
are generally sold on the basis of their protein con-
tent, and conversion of the fiber into ethanol would
leave a higher fraction of protein.

Many other lignocellulosic materials are also
now available that could serve as very low-cost
feedstocks for early introduction of this technology
in the marketplace. Although the quantity of low-
cost materials is limited as far as substantial impact
of ethanol on the transportation fuel market, such
feedstocks are still sufficient to provide an oppor-
tunity for early introduction of ethanol technology
at a significant scale, as evident by table 76. Then,
as advances are made in the technology for ethanol
production from lignocellulosic biomass, higher
cost energy crops could be employed as feedstocks
for ethanol production at prices competitive with
conventional fuels.

7. Weaknesses/Barriers

If entering the ethanol business, it is important
to ensure the issues impacting the markets, the
technology, and the source of raw material are con-
sidered. Some controversies surround the use of
ethanol as a fuel, and the entrepreneur must be
aware of these before embarking in this field. In
addition, it is important to establish a sound tech-
nology position and recognize opportunities to re-
duce the risk in the future. Finally, a sufficient
source of feedstock must be available.

7.1 Fuel Issues

Although ethanol increases octane and provides
oxygen when blended with gasoline, it is not as
widely used as one might expect based on the value



calculated for the product. This contradiction may
be partly due to some perceived difficulties with
ethanol blends. First, ethanol is not fungible with
gasoline; that is, it is not completely compatible,
and problems such as separation in water can re-
sult with the storage and transport of ethanol in
pipelines. Of particular concern is the tendency of
ethanol to phase separate with any water present in
pipelines or storage tanks (Ludlow 1989). In addi-
tion, the vaporization characteristics of ethanol
blends are different than those of regular gasoline.
For instance, blending ethanol with gasoline in-
creases the Reid vapor pressure (RVP) by about
3.4 to 6.9 kilopascals (05. to 1.0 psi). As a result,
ethanol blends are more subject to vapor lock in
engine fuel lines. Although the characteristics of
the base gasoline could be changed to accommo-
date ethanol, ethanol is primarily blended with
regular gasoline by small blenders who are not
equipped to change the base-blending stock to
compensate for ethanol addition. As a result, some
of the public perceive ethanol unfavorably and are
reluctant to purchase fuels that contain ethanol.
Thus, it may be necessary to sell ethanol at a some-
what lower price than one might expect based on
its fuel properties to compensate for the poor pub-
lic perception. The fact that most major gasoline
producers do not manufacture ethanol may lead to
lower use as well.

One of the critical issues currently facing ethanol
use in blends is the impact of the increase in RVP
on air quality. Greater evaporative emissions result
with increased RVP, and more of the fuel mixture
is released into the atmosphere during vehicle refu-
eling and as running losses when the fuel moves
through the fuel system. Thus, even though use of
ethanol has been shown to reduce the emissions of
unburned hydrocarbons and carbon monoxide
from the tailpipe of vehicles, many argue that the
higher evaporative and running loss emissions
more than compensate for this benefit (Anderson
1992a and 1992b). Release of unburned hydrocar-
bons from fueling and running losses, as well as
carbon monoxide and other tailpipe emissions,
contributes to the formation of ozone in cities such
as Los Angeles. As a result there is still consider-
able debate about whether or not direct ethanol
blends should be allowed during summer months
under the Clean Air Act Amendments to improve
urban air quality. The decision on the viability of
ethanol in this market will have a substantial im-
pact on its future sales. On the other hand, because
ETBE lowers the RVP of gasoline mixtures, these
factors are not an issue. Pure ethanol also has a
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very low vapor pressure and would have advantages
in addressing these emissions.

7.2 Intellectual Property

An important aspect of commercializing ethanol
technology could be development of protected
technical positions through patents and trade
secrets. As one brings this technology into the mar-
ketplace successfully, other companies may wish to
follow with similar processes. If the technology is
not properly protected, these companies will be
free to utilize the success of the first risk-takers to
their advantage. However, if these first companies
into the market have proper protection for their
technology, they can prevent others from capitaliz-
ing on their success without proper remuneration.

Another aspect to intellectual property consider-
ations is that some of the key technologies for
ethanol production are already owned by compa-
nies in this business. For instance, strains of E.coli,
Kliebsella oxytoca, and other microorganisms have
been genetically engineered to ferment xylose and
other five-carbon sugars to ethanol, with appar-
ently high yields. Because these technologies are
protected, others cannot apply them without
proper licensing arrangements with the owners of
the inventions. Similar considerations apply to
other technologies in the production of ethanol
from biomass. Thus, if companies wish to produce
ethanol from lignocellulosic biomass, they should
be thoroughly familiar with the technologies avail-
able and ownership positions in these technologies
before embarking on this venture.

7.3 Technology Maturity

The technology for production of ethanol from
lignocellulosic biomass has emerged rapidly over
the last few years. However, despite the favorable
cost projections for ethanol production and the op-
portunity for significant further advancements, the
technology has mainly been tested at the bench
scale. A critical need is to establish the perfor-
mance of the technology in fully integrated sys-
tems. Furthermore, integrations of this type must
be carried to a large enough scale so that meaning-
ful mechanical, biological, and chemical perfor-
mance data can be gathered. It is necessary to
establish how the various chemicals that result
from each process step and accumulate through re-
cycling of water affect process performance, partic-
ularly for biologically catalyzed steps. Furthermore,
good data are needed on energy requirements for



mixing and other mechanical operations in the pro-
cess. Pilot plants are being constructed at NREL
and other locations to gather such data, which will
enhance the prospects for technology commercial-
ization. However, until those data are available,
considerable uncertainty exists about how well the
processes will perform versus the projections made
in process economics studies.

7.4 Feedstock Supply

One of the critical issues facing ethanol produc-
tion from lignocellulosic biomass is ensuring an ad-
equate supply of feedstock for a very large-scale
plant. Before building a large plant, a guaranteed
supply of feedstock is needed at an established
price. However, no one is willing to plant a large
land area with feedstock without having a guaran-
teed user of that material. Because woody forms of
biomass can require five to ten years to establish
growth, it may be difficult to get large-scale
biomass systems in place that will feed a commer-
cial plant when it is ready to operate. Furthermore,
the establishment of such a large biomass supply
entails substantial investment in addition to that
associated with building the plant for ethanol pro-
duction. The result is that the combined capital re-
quirements for construction of a plant plus
developing a reliable source of biomass may be too
great for many start up companies to undertake.
Use of waste materials such as municipal solid
wastes or agricultural and forestry wastes which
could be contracted for on a long-term basis could
alleviate this difficulty for initial plants until the
technology is established. Herbaceous crops can
also be established in only a year to provide a
source of energy crops more quickly for ethanol
production.

8. Opportunities

Demand for alternative fuels and oxygenates
such as ethanol in the United States has grown
steadily over the last few years and is expected to
skyrocket in the next two decades and beyond. Sev-
eral factors including energy security, economic
prosperity, and environmental concerns are re-
sponsible for this increased demand.

8.1 Regulatory Requirements for Oxygenates

Conventional transportation fuels have signifi-
cant adverse impacts on land, air, and water re-
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sources. Air pollution, global climate change, oil
spills, and toxic waste generation can result from
the use and production of petroleum-based trans-
portation fuels. Air pollution from transportation
fuels occurs during transfer and storage as well as
end use. Reactive hydrocarbons and toxic com-
pounds such as 1,3 butadiene and benzene are the
principal air emissions resulting from fuel storage
and transfer. Combustion products include carbon
dioxide, carbon monoxide, nitrogen oxides (NOx),
reactive hydrocarbons, and small amounts of par-
ticulate matter and sulfur dioxide.

Much of the air pollution in the United States is
caused by petroleum-based transportation fuels.
Sulfur dioxide, particulate matter, carbon monox-
ide, nitrogen oxides, and ozone formed from reac-
tive hydrocarbons and nitrogen oxide in the
presence of sunlight are pollutants, and their emis-
sions are regulated. Each of these pollutants has
serious adverse impacts on human health and the
environment, and the Clean Air Act and its
Amendments of 1990 are directed at regulating re-
leases that contribute to their accumulation. Ozone
causes respiratory damage in humans and may also
adversely affect crops (U.S. Congress 1990). Oxides
of nitrogen and sulfur combine with water vapor in
the atmosphere to form acid rain. In addition, ni-
trogen oxide (NO;) can cause fatal lung damage
and nitric oxide (NO) is an asphyxiant (Danielson
1973). Carbon monoxide also results in health risks
at concentrations exceeding 9 parts per million
(ppm). Sulfur dioxide and particulate matter re-
duce visibility and have a synergistic effect as lung
and eye irritants. The California Air Resources
Board (CARB) estimates that 43% of reactive or-
ganic gases, 57% of the nitrogen oxides, and 82%
of carbon monoxide in the major California urban
areas resulted from automobile emissions (Sperling
1990). Air pollution has enormous economic, SO-
cial, and environmental impacts including human
sickness and death, agricultural productivity de-
creases, building corrosion, visibility reduction, and
wildlife habitation (De Luchi et al. 1987). For ex-
ample, use of gasoline and diesel fuel increases
deaths by 30,000 in the United States annually. The
external non-market cost of air pollution in the
United States is estimated to range from $11 bil-
lion to $187 billion annually (Sperling 1990). If
these costs were factored into the price of gasoline,
alternative fuels might have been introduced into
the U.S. market much sooner.

Thirty-nine areas in the United States exceed
the National Ambient Air Quality Standards
(NAAQS) for carbon monoxide (Federal Register



1992). Through the Clean Air Act Amendments of
1990, these areas must use fuels with a minimum
oxygen content of 2.7% for at least 4 winter months
beginning on November 1, 1992. For those areas
that still do not attain the standards by December
2000, the minimum oxygen content for fuels will be
raised to 3.1% (Scherr et al. 1991). These oxy-
genated gasoline requirements will affect 32.1% of
the gasoline pool. In 1989, this would affect a gaso-
line demand of almost 140 gigaliters (37 billion gal-
lons). Figures 64 and 65 show the areas of the
United States currently subject to these provisions
of the Clean Air Act Amendments of 1990 for car-
bon monoxide and ozone, respectively.
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Some states and air quality regions may have dif-
ferent requirements from those listed above.
CARB has petitioned the EPA to lower the oxygen
content of its winter time blends from the mini-
mum 2.7% required to a range of 1.8%-2.2% (Oc-
tane Week 1991). Although emissions of carbon
monoxide increase with lower fuel OoXxygen content,
emissions of NO, decrease. Because of California’s
severe ozone non-attainment status, CARB be-
lieves that NO; is a bigger problem than carbon
monoxide and that this trade-off is warranted. Sev-
eral other sources support this position and have
indicated that the EPA has been remiss in aggres-
sively reducing emissions of volatile organic com-
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pounds (VOC'’s) as a precursor to ozone and ignor-
ing NO,, another precursor 10 ozone (Octane
Week 1991a). Some studies have shown that NO:
has - much bigger role to play in ozone formation
thar vOC's, depending on the relative amounts of
these two components in the air.

In other regions, the carbon monoxide control
season may be longer than the 4-month minimum
required by the Clean Air Act Amendments be-
cause of the severity and the duration of the ele-
vated levels of carbon monoxide in these areas.
The EPA has proposed increasing carbon monox-
ide seasons in 6 areas: New York City, Northern
New Jersey, Las Vegas, Phoenix, Los Angeles, and
Spokane (Federal Register 1992). However, New
York City has made a counter proposal of a 2.7%
oxygen content for 5 months and a 2.0% oxygen
content for the remaining 7 months.

Beginning in 1995, nine areas with ozone con-
centrations of greater than 0.16 ppm and a popula-
tion of greater than 250,000 will be required to use
reformulated gasoline (RFG). RFG must contain
at least 2% oxygen by weight, no more than 25% by
volume aromatics, less than 1% by volume ben-
zene, and no lead or other heavy metals. RFG
must also contain detergents to prevent the accu-
mulations of deposits in engines or fuel supply sys-
tems.

Vehicles using RFG must meet several other
performance-based emissions standards. Aggregate
emissions of ozone-forming VOC's and toxics (e.g.,
benzene, 1,3 butadiene, polycyclic organic matter,
acetaldehyde, and formaldehyde) must be 15% be-
low (on a mass basis) the same emissions from
vehicles using “baseline gasoline.” In addition,
emissions of NO, from baseline vehicles using RFG
must not be greater than the NO, emissions from
baseline vehicles using “baseline gasoline.” In
2000, the required reduction in both VOCs and
toxics increases to 25%. If the EPA decides this
level is technologically or economically infeasible,
however, the required decrease can be reduced to
20%.

Reformulated gasoline standards have not yet
been finalized, but EPA has issued its proposed
rule based on the accord developed by the Clean
Fuels Advisory Committee during its regulatory ne-
gotiations (Reg-Neg) in August 1991. Twenty-eight
representatives signed the accord from a diverse
group of industries such as alternative fuels,
petroleum refining, auto manufacturing, and agri-
culture. State regulatory agencies and the EPA
also signed the accord. This process, outlined in
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the Clean Air Act Amendments of 1990, is de-
signed to avoid the lengthy court battles that usu-
ally follow a ruling.

The nine affected areas represent 22% of the
U.S. gasoline demand (Jones and Lareau 1991). If
all potential ozone non-attainment areas opt into
the program, almost 54% of the U.S. gasoline sup-
ply would require reformulation. Some overlap
with the oxygenate program exists. About 26% of
all U.S. gasoline is supplied to areas that are af-
fected by the oxygenate and reformulated gasoline
requirements (Jones and Lareau 1991).

In addition to the federal regulations, aggressive
air pollution policies are being implemented in the
state of California as well as individual air quality
control regions comprised of large metropolitan ar-
eas such as Los Angeles. These regulations will
also affect the markets for both oxygenates and al-
ternative fuels and are likely a good indication of
the direction of future regulations.

The potential for ethanol as a direct blending
agent or use of ETBE is substantial in the United
States. Currently, about 3.8 billion liters/year (1.0
billion gallons/year) of ethanol produced from corn
is blended with gasoline. This level is somewhat
less than 1% of the gasoline market. With man-
dates under the Clean Air Act Amendments of
1990 for enhanced oxygen levels in gasoline in cit-
ies occupied by more than half the U.S. population,
the growth in the oxygenate market in the near fu-
ture will be substantial. When ethanol is produced
at prices competitive with MTBE, it would gather a
substantial fraction of that market. Blending oxy-
genates in half of the gasoline in the United States
could evolve into an annual market on the order of
19 billion liters (5.0 billion gallons) of ethanol.
Even if ethanol shared this market equally with
MTBE, on the order of 9 to 10 billion liters (2.4 to
2.6 billion gallons) of ethanol could be required an-
nually within the next several years.

8.2 Neat Fuel Needs

Domestic transportation fuels are almost exclu-
sively (about 97%) derived from petroleum and ac-
count for about 64% of the total petroleum used in
the United States. Greater than one-fourth of the
total U.S. energy use is consumed directly by the
transportation sector, and when indirect energy
uses (e.g., road building and repair, petroleum re-
fining) are included, energy consumption in this
sector rises to 40% (Gordon 1991).



Few substitutes are currently available for
petroleum-based transportation fuels, and the mo-
bility of the United States is extremely vulnerable
both strategically and economically to supply dis-
ruptions. Iraq’s invasion of Kuwait as well as the
energy crisis of the 1970s underscore this vulnera-
bility. For example, the estimated cumulative eco-
nomic impact of the 1973-74 embargo and the 1979
petroleum cutoff was a gross national product
(GNP) loss of at least 10% (100 billion dollars) in
1985. Petroleum imports also have a major impact
on the trade deficit; in 1989 oil imports contributed
about 40% ($44.7 billion of $111 billion) of the
trade deficit.

The federal Alternative Motor Fuels Act
(AMFA) of 1988 affects the neat ethanol market.
It promotes the use of alternative fuels, including
ethanol, in government fleet vehicles as the first
step in their large-scale commercialization. The
federal government and many state governments
are providing incentives for the production of
ethanol from renewable resources. The market for
ethanol could eventually expand to up to 530 bil-
lion liters (140 billion gallons) as a neat fuel, pro-
vided it could be sold at prices competitive with
gasoline and other substitute fuels that could enter
the market.

In October of 1992, the 102nd Congress passed,
and the President signed the first comprehensive
energy policy act for this nation in 20 years. The
Energy Policy Act, or EPACT, has many provisions
which address multiple forms of energy production
and use. Section 1202 characterizes the general
goals of the Alcohol from Biomass Program which
“shall be to advance the research and development
to a point where alcohol from biomass technology
is cost-competitive with conventional hydrocarbon
transportation fuels, and to promote the integra-
tion of this technology into the transportation fuel
section of the economy.” It sets some specific goals
for ethanol from biomass including: reduction of
the cost of alcohol to 70 cents per gallon, improve-
ment of the overall biomass carbohydrate conver-
sion efficiency to 91 percent, reduction of the
capital cost component of the cost of alcohol to 23
cents per gallon, and reduction of the operating
and maintenance component of the cost of alcohol
to 47 cents per gallon.

8.3 Niche Markets

Although substantial reductions in the price of
ethanol from lignocellulosic biomass are possible
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through advances in the technology, ethanol from
lignocellulosic materials can be produced at prices
competitive with corn ethanol in the near term.
Furthermore, examination of the costs summarized
in table 85 reveals several areas for cost reduction.
First, we see that feedstock costs comprise about
$0.12/liter ($0.45/gallon) of the total projected
ethanol price of $0.32/liter (81.23/gallon). There-
fore, if low-cost wastes such as MSW, agricultural
or forestry residues, or other materials with little to
no cost were utilized, a substantial reduction in
price would be possible.

The return on capital comprises an element in
the predicted selling price about equal to that of
feedstock costs, on the order of $0.13/liter ($0.49/
gallon) of ethanol produced. If low-cost debt that is
tax deductible, such as municipal bonds, were used
to finance the plant, these funds would leverage
the investment and reduce the required ethanol
selling price. Thus, arrangements with municipali-
ties or utilities could provide valuable sources of
financing for initial ethanol plants. Although lever-
aging is beneficial during good economic times, it
must be remembered that it becomes detrimental if
prices are squeezed.

The cost projections shown for ethanol produc-
tion from lignocellulosic biomass are all based on
construction of a grass roots plant. However, if an
ethanol production facility were built at an existing
chemical or fuel production site, many of these
costs could be substantially reduced. It can be seen
in the capital cost summaries in table 83 that utili-
ties, environmental systems, and off-site tankage
represent close to half the estimated total erected
plant cost for an ethanol production facility. There-
fore, if these costs could be reduced by using such
systems in an existing plant, the price of ethanol
could be reduced substantially.

In addition to these various steps to reduce costs,
it may be possible to enhance co-product revenues
from the ethanol process. For example, sale of
electricity at a higher price than that assumed here
could enhance revenues substantially. Alterna-
tively, it may be possible to use better heat integra-
tion to increase the amount of electricity available
for sale. If it were desirable to burn coal or other
fuels in initial plants to provide steam and electric-
ity, the lignin fraction of the biomass could be con-
verted into higher value products, such as
adhesives or other chemicals. Obviously, the rev-
enue derived from the sale of more electricity or
lignin co-products must be sufficient to cover the
additional cost associated with generation of such
products and provide greater net income.



8.4 Long-Term Benefits

Conventional transportation fuels contribute to
the buildup of carbon dioxide and other gases in
the atmosphere, which may trap heat and affect
global climate change. The increase of greenhouse
gases in the atmosphere is significant; for example,
the level of carbon dioxide has risen by 25% since
the mid 1800s and the concentration of methane is
increasing at a rate 400 times the natural variabil-
ity. Although the severity of the “greenhouse ef-
fect” is under debate, its possible consequences
include the transformation of large areas of the
world from heavily forested woodlands to deserts,
loss of much of the corn belt in the Midwest, and
flooding of coastal cities.

Carbon monoxide, although not a greenhouse
gas itself, does increase atmospheric concentra-
tions of methane and ozone and promotes reaction
of NO to NO,, the first step in ozone formation. It
also reacts with the hydroxyl radical (OH), a scav-
enger of methane. Thus, carbon monoxide indi-
rectly contributes to the buildup of greenhouse
gases. In fact, the depletion of hydroxyl radicals is
estimated to have an effect equivalent to the emis-
sions of a few million tons of methane per year.
The primary source of carbon monoxide emissions
is transportation; about two-thirds of the U.S. car-
bon monoxide emissions result from transportation
activities.

Production and use of petroleum-based trans-
portation fuels also impart significant adverse ef-
fects to land and water resources as a result of oil
spills and toxic waste generation. On the other
hand, many alternative fuels could be made from
the waste products of industries such as agricul-
ture, pulp and paper, and food processing. Produc-
tion of alternative fuels from these resources would
have several benefits: it would lessen the environ-
mental impact of these industries on land and wa-
ter resources and would reduce their associated
direct and indirect costs. In addition, another
source of revenue for these industries would be
created.

Use of surplus agricultural products and the de-
velopment of the domestic energy crop industry are
two other potential benefits for the production of
alternative fuels, such as ethanol from biomass.
Conversion of surplus agricultural products into al-
ternative fuels utilizes products that would other-
wise be allowed to decay, often releasing methane,
a powerful greenhouse gas. It also generates addi-
tional revenue for farmers. Significant quantities of
ethanol could be produced from this source. Sub-
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stantial potential also exists for the creation of an
energy crop. industry.

9. Threats/Competition

Several octane boosters and oxygenates are com-
mercially available for blending with gasoline other
than ethanol. In addition, methanol is a strong can-
didate as a neat fuel to replace gasoline. In order
to be successful, ethanol must not only compete
with these alternates based on price, but environ-
mental regulations can also influence the selection
of oxygenates or neat fuels in the future.

9.1 Market Competition

The demand for oxygenates will increase signifi-
cantly in the coming years. Most of these increases
will occur before 1999 as the oxygenate and RFG
standards are implemented. Initially, the market
for ethanol will be as an oxygenate additive to
gasoline in areas that do not meet air quality stan-
dards. A number of other oxygenates, including
methyl tertiary butyl ether, tertiary amyl methyl
ether, methanol, tertiary butyl alcohol, and iso-
propanol, will be competing for a share of this mar-
ket. The demand for neat alternative fuels will also
increase: however, it is not anticipated that this de-
mand will be as rapid in the near-term as for oxy-
genates.

9.1.1 DMethyl Tertiary Butyl Ether (MTBE).
Alcohols are not fungible with gasoline —they do
not ship and handle like other gasoline compo-
nents. Therefore, they cannot be handled like con-
ventional gasoline in common pipelines and tanks
and are not swapped like normal gasoline. This
drawback can be overcome if alcohols are con-
verted to fungible ether blend stocks. Methanol
can be reacted with isobutylene to form MTBE,
which is currently the most popular oxygenate and
is traded globally. Worldwide capacity today is ap-
proximately 257,700 barrels/day (132,000 barrels/
day ethanol equivalent), and most of this is in the
United States (Haigwood 1991). Use of MTBE
outside of the United States is expected to rise as
an oxygenate and with the global phaseout of lead
compounds from gasoline. Currently, Europe is the
only significant MTBE market outside the United
States: however, the market in the Far East is ex-
pected to grow in the 1990s. This demand could be
quite significant since Japan recently lifted its ban
on MTBE use in gasoline. In 1995, worldwide de-
mand for MTBE is projected to be between



470,000 and 615,000 barrels/day (241,000-315,000
barrels/day ethanol equivalent). Future capacity is
expected to come from the United States, Saudi
Arabia, Malaupia, Canada, Venezuela, and Mexico
(Stodolsky and Singh 1991).

9.1.2 Tertiary Amyl Methyl Ether (TAME).
TAME is not expected to capture a significant por-
tion of the oxygenate market (i.e., approximately
10%) because of the relatively small quantity of C;
streams (required to produce TAME) that is avail-
able in domestic refineries (Wood 1991). However,
because TAME is produced from small facilities
using in-house feedstocks and not from stand-alone
capital-intensive units, it should be cost competi-
tive (API 1988).

9.1.3 Methanol. Methanol, primarily manu-
factured by thermal processes at rapid rates, can be
produced from fossil fuels such as natural gas,
petroleum naphthas, and coal, and from biomass
resources such as woody and herbaceous plants.
Because methanol increases the RVP significantly,
methanol is not widely accepted for blending with
gasoline in the United States. However, methanol
is routinely used on a co-solvent basis in Europe at
levels up to 3% in gasoline. In 1988, the worldwide
use of methanol as a gasoline additive was 180 me-
galiters (47 million gallons).

Methanol can be employed directly as a neat
(close to 100%) fuel, with many fuel properties
that are desirable. Neat alcohols provide superior
efficiency and performance to gasoline in properly
optimized engines because they require lower stoi-
chiometric air/fuel ratios, have higher latent heats
of vaporization, provide higher octane values, and
have a lower flame temperature. Thus, methanol is
often preferred to gasoline for high performance in
automobile races such as the Indianapolis 500.

Currently, mixtures of 85% methanol and 15%
gasoline (known as M85) are often preferred over
pure methanol for automotive use. The addition of
gasoline increases the vapor pressure of the fuel
enough to facilitate cold starting. Further engine
development is needed to cold start engines with
pure methanol, particularly during winter months
in colder climates.

9.1.4 Tertiary Butyl Alcohol (TBA). Currently,
there is no market for TBA as a gasoline blending
agent, and all TBA available for fuel use is con-
verted to isobutylene for MTBE production (API
1988). n-Butanol produced with conventional tech-
nology is estimated to cost from $0.69 to $0.82/liter
($2.60/gallon to $3.10/gallon) (1990 $) via synthetic
methods (Leeper et al. 1991). Fermentation meth-
ods project a cost of butanol of $1.05/liter ($4.00/
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gallon) (1990 §). Neither of these oxygenates is
expected to capture a significant portion of the
market because they are not economically attrac-
tive compared to other options.

9.1.5 Isopropanol (IPA). Currently, most IPA
and TBA is made synthetically; however, both can
be produced from biomass using both biochemical
and thermochemical techniques. IPA is too expen-
sive to be used as a gasoline blending agent but has
been used in gasoline at a concentration of less
than 2% to prevent carburetor icing (API 1988).
Costs for IPA may decrease, however, as refiners
use captive Cq streams to make MTBE; currently
these streams are reacted with propylene (Wood
1991). IPA produced by conventional methods is
projected to cost from $0.41 to $0.59/liter ($1.56/
gallon to $2.23/gallon) (1990 $) (Leeper et al.
1991). Fermentation derived propanol is estimated
to cost from $0.82 to $1.00/liter ($3.10/gallon to
$3.78/gallon) (Leeper et al. 1991). Thus, propanols
are not cost competitive in the oxygenate market,
at this time.

Table 86 presents a comparison of properties for
seven oxygenates. As shown, each has potential ad-
vantages and disadvantages with no individual op-
tion being the best in all categories. Therefore, the
transportation and oxygenate markets of the future
will likely be met by a mix of fuel choices to meet
specific applications.

9.2 Emissions Regulations

Some proponents of ethanol contend that the
EPA ruling on reformulated gasoline unfairly dis-
criminates against ethanol because this agreement
has no RVP waiver for ethanol blends. Further-
more, they feel the oxygen content of RFG during
months with ozone violations may be limited to less
than 3.5 wt%. When ethanol is blended with gaso-
line, the RVP of the mixture increases by about 6.9
kiloPascal (1.0 psi), even though ethanol has a
much lower vapor pressure than gasoline. This in-
crease is due to the polar structure of ethanol while
gasoline is nonpolar. The incompatibility of the two
results in increased evaporation of the components
of gasoline such as butanes and benzene. Thus, al-
though ethanol blends reduce tailpipe emissions,
evaporative emissions during refueling and running
losses are expected to be greater. For ethanol to be
blended into RFG, either the unblended gasoline
must have an RVP that is about 6.9 kiloPascal (1.0
psi) lower than that required for the final product
or else a waiver is required. Because refiners will
not likely provide blending feedstock gasoline at a



Table 86. Oxygenate comparison (Piel 1991, Federal

Register 1992)
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lower RVP, the ethanol industry supports an RVP
waiver to ensure competitiveness. The EPA, how-
ever, does not think that it could legally provide a
waiver for ethanol blends because the RFG stan-
dard requires a 15% reduction in VOC emissions
and provides no RVP waiver.

In the first 2 years of the reformulated gasoline
program, the EPA will use an air model known as
the Simple Model that uses a mass-based emissions
standard to regulate ozone precursors such reactive
hydrocarbons. Because ethanol increases the vapor
pressure of gasoline, greater quantities of reactive
hydrocarbons (on a mass basis) are emitted from
RFEG with ethanol. Therefore, the 15% reduction
in hydrocarbon emissions cannot be met. In later
years, EPA may use the Complex Model which
uses a reactivity standard to project the impact of
emissions of reactive hydrocarbons on air quality.
Using this model, ethanol may show improvements
in air quality because the lower reactivity of the
hydrocarbons released by ethanol blends could
more than compensate for the greater quantity that
are released. EPA acknowledges that the limited
participation of ethanol in early years of the RFG
program would likely decrease its use in the future
even though the Complex Model may reverse the
findings of the Simple Model.

In October 1992, the Bush administration an-
nounced that the 6.9 kiloPascal (1.0 psi) waiver will

apply to all ethanol-RFG blends for up to 30% of .

the market in northern cities (Anderson 1992a and
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1992b). To compensate for any increase in ozone-
forming emissions, the RVP of gasoline will be low-
ered by 2.0 kiloPascal (0.3 psi) to a RVP of 54
kiloPascal (7.8 psig). Gasoline with this vapor pres-
sure specification is now sold in southern cities in
the summer. States may also choose to apply the
waiver to more than 30% of the market if they
compensate by additional RVP reductions on gaso-
line. Southern cities can either employ the RFG
program as it was originally planned with a 50 kilo-
Pascal (7.2 psig) gasoline or they can apply the
waiver to 20% of the market if they reduce the
RVP by 1.4 kiloPascal (0.2 psi) to 48 kiloPascal (7.0
psig)-

Some of the other features of this announcement
include a call for tax legislation to support conver-
sion of ethanol to ETBE. It also ensures that 39
carbon monoxide non-attainment cities will partici-
pate in the oxygenated fuels program in the fall of
1992 and discourages states from reducing ethanol
use by imposing caps on oxygenate levels.

Another factor working against ethanol is the
proposed oxygen limit in RFG of 2.1 wt% during
months of ozone exceedances. This oxygen concen-
tration corresponds to an ethanol content of 6% by
volume. Ethanol gasoline blends of less than 9.8%
ethanol by volume are ineligible for the federal ex-
cise tax exemption and thus are less economically
attractive. Both of these factors (RVP and oxygen
content limitations) may restrict the use of ethanol
blends in ozone non-attainment areas. Although



Table 87. Advantages and disadvantages of ethanol from
lignocellulosic biomass as a transportation fuel

ADVANTAGES

DISADVANTAGES

Familiar. organic liquid

Raises the RVP when blended with gasoline

Produced from renewable resource

Lower energy content than gasoline; more
frequent refueling

Domestic resource base

Initial distribution may be difficult

Few engine modifications reyuired

High flashpoint and wide tflammability limics
could fonn lammable mixrures in fuel tank

High-octane fuel

Degrades some elastomers, plastics, and metals

Greater engine efficiency

Cold emperurure stans may be difficult as neat
fuel

Flexible fuel and duul fue| vehicles availuble

Corrosive with water

Low toxicity

Separates from gasoline in mixures when
expused 0 water

Few driver behavior modifications required

Lower emissions of reactive hydrocarbons and
air toxics

Enussions are less photochemically reactive for
neut fuel

Potenul solution to Oxygenate requirements ot
the Clean Air Act Amendments of 1990

Reduces carbon monoxide emissions when
blended with gasoline

Contributes liutle, if any. net CO, o
atmosphere

Creates jobs in funmn economy

Re-uses waste products

the RFG provisions are currently required in only 9
areas nationwide, the other 87 ozone non-attain-
ment areas may choose to adopt these standards or
“opt in” regardless of their population. Table 87
summarizes some advantages and disadvantages of
using ethanol as a transportation fuel, assuming it
can be made at a low cost from lignocellulosic
biomass.

10. The Business Venture

The current projected selling price of ethanol
from lignocellulosic biomass is competitive with the
price of ethanol from corn. In addition, for certain
niche opportunities, the projected price of ethanol
would be substantially lower and would compen-
sate for the uncertainty in the price estimates and
provide a higher rate of return for first-of-a-kind
technology.

10.1 Projected Ethanol Selling Price

The technology described earlier represents an
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enzyme-based process currently thought to be tech-

nically viable for production of ethanol from ligno-
cellulosic biomass. It is based on the best available
data from bench-scale experiments on each of the
process steps as well as information gathered from
operating corn ethanol plants. Tradeoffs have been
made among operations of each process step to at
least partially optimize the economics of the overall
process.

Table 88 presents the discounted cash flow anal-
ysis for the modified case according to the eco-
ROmic parameters provided in table 82. As
summarized earlier in table 85, the projected price
of ethanol for this case is about $0.32/iter ($1.23/
gallon). This is well within the range of the current
market price of ethanol from corn of from $0.30 to
$0.357iter ($1.15 to $1.35/gallon). Thus, at the
price projection shown, ethanol could be produced
from lignocellulosic biomass at prices competitive
with ethanol from corn.



@oois wiss  (sves  Livns st6ls  Wwosus  (eC1ns  (vTss esns  (B1¥S)s  WLEENs (6 SLS wLes)s  (96v0s  (oTsIDS (Orsins  (8396)s (530S Mol YD pRIUMOasiQ 2AnT(AWND
vi'ss 6TYs wrs 61'SS wss 898 0698 65'LS SEBS 6165 9szis  Twels  0TSIS PLEIS oros @rws  oess  @seos mol4 yre) paunoang
0925 OL6IS  OL6IS  OL6IS  OL6IS oL6ls  oU6ls  OL6ls  OL6IS oL6ls  sveIs  BPVLS sy LS 6L 618 ros wosus Oz vs  (@se0s Mol UFED) [PNUUY
(xv] BYy woa]

oU6ls  oL6ls  oLels  ocels 0L 615 OL6IS  OL6IS  OL6IS or6ls  OU6IS  BYRIS  BVELS et 6L 618 65718 snid vonwdaida()) Use) Mol
srsis  spsls  svsis o svsIs srsis  spsis  sysis VSIS srsls  spsis  OELS oc'Ls or'Ls ores (3323 yu ] 11y swodu]
L6 e w6 06 06 e 106 06 106 6 6Ly 6Ly (144 671 000 ¥v] awodu]
spzs  Tsels  ISHIS 1SS sves TsRIs ISVIS LSS vs TsvIs  6s1Is  65T1IS 65118 05°€S (65¥)S vonuiadaq By 3Wo]
STy STF (144 oY s s oY STV 147 stV s siLl el 8Ll 8Ll vonnaidag
coets  LUSTS LLBTS  LLUWIS LLBTS LU8TS LUBTS  LLBIS LLSTS LUBTS  LLRTS LRSS LLBTS §9°01S 65TIS saxr] "uonwioaida 340)2g 2wo
s LS TS TSmO oS oS s s s s LS (s Trovs 10°€ES ns0) VIOL
o ' n v wn wn ' o n wu wn wn wu wu Wi nso) Jueidp panyg
98 898 898 98 98 98 398 893 98 898 998 98 398 v6'9 s 1omvp [usodsiq spYOS ANAILLD
889 9897 8892 9890 889C TN 3897 3897 8897 3890 88°9< 8897 8890 0§'1T (1R 150D X2015p334
1184 sty sir siy (184 sty sUy 1184 (18] siy siy 184 118 (441 6v'e anuaaay ALWd3NI
seILs  seILs  sEILs SRS selLs  seus  SEILS  SEUS sglLs  sEIS  sBus  SWUS SEILS $¥ LSS 1ers anuaaay ovrg
Vit Vit vito [ [ore Yic [ 1ed (2 b iz (A e Y Vi Vit vz reel (341 va 1 8317 WA 21Ty Uonanpoid
%001 %001 %001 2001 %4001 %001 4001 %001 %001 2001 %001 %001 2001 08 B9 %0 %0 %0 awjdawny Jo W24
1gyEls  TrUipls  TEwIs TUIvIS rivis  Trivls  Trivls LTINS ripls  Trivls  TUIRIS VWIS Irivis  Triels IRl 6ERLIS 1LZ01s  TS8ES wawisaau] ide) Moy
(1g9)s oS 0008 0008 0w0s 0008 0008 0008 0008 0008 0008 0008 000§ 0008 [T At S 2741 orYes  IS8ES Avping pride) [enuuyY MOL
(1g9)s 109§ e Surpom
ws po dn-umg

89518 orves  IS8Ls pasaay] mde)

%0 0L %008 %0 00 preg qende) Jo W

81 ] 91 1 vl 1l o 1" ot 6 ] L 9 S v € 14 1
s\ 4 swa|

aseo paljipout I0j ssewolq o1so[N[[220UFI| Wol

13 /1911 WO 17T
2PYPTE0S

18'pElS
tv9s

WIN 6£8T18

} uononpoud [ouel}d 10j MO yseo pajunossiq ‘88 2IqBL

21y uoNINPOl |
3oty Junpag (oueyy
150D 1UE| | [B0L
51500 dn-ueiy

150 [eide)

(suorjjru u SIE[OP [¥)

184a



It is important to note that the economic
parameters used in this chapter to estimate ethanol
selling prices are probably most appropriate for a
mature process. However, the technology for
ethanol production from lignocellulosic biomass
has not yet been fully integrated from front to back
of the process at either the bench or pilot scale.
Therefore, although the evidence gathered to date
is strong that the process flowsheet used to project
engineering economics will be verified, uncertainty
still exists in the actual process details and interac-
tions. Consequently, the costs could be greater
than those used in these projections and/or the
performance may not fully meet expectations. In
addition, the cost of funds would almost certainly
be higher for a first-of-a-kind plant than used in
the analyses presented here for an Nth plant to
compensate for the additional risk associated with
such an investment.

Typically, cost estimates of the type used here
have an uncertainty range of about 30% to 40%.
Table 89 summarizes the consequences of the cost
of capital equipment exceeding the engineering es-
timates by 40%. Also shown in table 89 is the pro-
jected price of ethanol for a 20% real rate of return
to the investor. The projected selling price for ei-
ther scenario exceeds the current market price of
corn. As a resulr, investors may not be willing to
invest in a first-of-a-kind process with the projected
price so close to the market value of the product.

Table 89. Cost projections for production of ethanol from lignocellulosic
biomass for improved technology, additional costs, and niche markets

Mant Size'

Provess MUyr EIOH  Capital Feed o&M Elecincity Ethanl
(19903 E1OH)

Imperved 21 v 0121 0 noe 0324

40 Increxse in 1 0188 0121 0.093% 0.019 0383

Capnal Cous

20% Real Rae of m 0.250 0421 uvonn 0.019 0.4

Retem

No Cost Feedsiock m 0128 oum 0092 0019 0.20t

Plar Add-on m oon 0.121 0033 00 0262

Extea Cor-pronduct m 01 oI 0092 0038 0.308
Revenue

Detn Fmancing m 0.ns1 2 0o oo 01273

'Denanured. hydrous ethanol

10.2 Near-Term Market Niches

Several opportunities could be pursued to re-
duce the cost of ethanol production and provide a
buffer for the investor against the uncertainty in
the price estimates. The first option is to use a low-
cost lignocellulosic waste material that is available
in sufficient quantity to support the operation of zn
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ethanol plant. A number of examples of such mate-
rials were provided earlier. As shown in table 89,
use of a free feedstock would drop the projected
price of ethanol by about $0.12/iter ($0.45/gallon)
to a cost well below the market price for ethanol
from corn.

Another option to lower the cost of ethanol is to
reduce the capital investment by building the pro-
cess as an add-on to an existing plant or by employ-
ing used equipment such as from a closed corn
ethanol process. To illustrate the impact of this al-
ternative, off site equipment was assumed to be
provided by an existing plant, and the discounted
cash flow analysis of table 89 was performed with
no off site equipment costs. For such a process
add-on, the projected selling price drops to about
$0.26/liter (30.98/gallon) even without a low cost
feedstock, a price that is once again well below the
current selling price range for ethanol from corn.

Increasing the net revenue from co-products will
also lower the required selling price of ethanol to
achieve a required return on investment. The eco-
nomics presented are all based on generation of
heat and electricity for the process with the solid
residue after fermentation and the sale of the extra
electricity left after meeting process requirements.
It may be possible to obtain higher electricity
prices than those assumed in these analyses. It may
also be desirable to convert some fraction of the
lignin into other products such as adhesives with
coal or other fuels used to make up heat and elec-
tricity requirements if necessary, depending on the
fraction of lignin used. To illustrate such options,
the impact of doubling the revenue from electricity
sales while maintaining other costs the same is
summarized in table 89. In such a situation, the
revenue required from ethanol sales can be re-
duced in direct proportion to the increase in co-
product revenue.

An alternative scenario that could provide an at-
tractive approach to reducing the cost of ethanol
production is through the use of debt financing for
some portion of the ethanol plant. The cost of debt
financing is generally lower than for equity funds
because debt investors have first priority on the
company assets in the event of a business failure.
In addition, interest payments on debt are de-
ductible from income before taxes while the net
profit of the operation is taxed before return is
provided to the equity holders. To illustrate the im-
pact of debt financing on the cost of ethanol pro-
duction, it was assumed that 80% of the capital
equipment costs of the plant were paid from debt
with a real rate of return to the debt holders of 5%.



Furthermore, the entire loan was repaid at the end
of the plant life. In this case, the cost of ethanol
dropped about $0.05/liter ($0.19/gallon) from total
equity financing, as shown in table 89.

11. Conclusions

Substantial progress has been made on enzyme
based technology for converting lignocellulosic
biomass into ethanol. The projected selling price of
ethanol has dropped from almost $1.00/liter ($3.70/
gallon) 10 years ago to about $0.32/liter ($1.23/gal-
lon) now (all in 1990 dollars), a price competitive
with the market range now realized for ethanol
from corn. Yet, because the technology has not
been proven at a large scale, the price projections
are subject to uncertainty, and it may be difficult to
finance pioneer plants at prices so close to the mar-
ket value. However, a number of market niches
such as use of low-cost feedstocks, debt financing,
higher co-product values, and incorporation into an
existing plant could reduce the costs of ethanol*
substantially and facilitate immediate profitable
entry of the technology into commercial markets.
The potential to further improve the technology for
ethanol production to reduce the price to levels
competitive with gasoline without tax incentives
promises long-term growth in ethanol markets, par-
ticularly to those establishing a technical position
early.

In the near term, ethanol will continue to be
used as a blending additive with gasoline to boost
octane and provide fuel oxygen. Ethanol blends
have been shown to reduce emissions of carbon
monoxide and unburned hydrocarbons from vehi-
cle exhaust. However, considerable controversy has
developed over the impact of ethanol blends on
evaporative losses and ozone formation, and the
resolution of this issue could have substantial im-
pact on the growth of ethanol markets for blends.
Ethanol is beginning to be used to produce the
gasoline additive ETBE, which provides similar
benefits to direct ethanol blending while meeting
gasoline fungibility requirements and reducing
smog-forming evaporative emissions as well as
those from vehicle exhaust. ETBE could provide a
near-term growth market, although ethanol prices
will likely have to be lower than for direct blends.

In the longer term, the potential domestic supply
of biomass for ethanol production could be more
than sufficient to allow displacement of all gasoline
used in the United States by neat ethanol. Large-
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scale substitution of neat ethanol for gasoline
would reduce imports of vulnerable supplies of
petroleum and decrease the trade deficit. Use of
neat ethanol would improve urban air quality by
decreasing ozone. Because carbon dioxide is per-
petually recycled between biomass, fuel, and car-
bon dioxide for ethanol production from
lignocellulosic biomass, little if any net carbon
dioxide is contributed to the atmosphere, thereby
decreasing the possibility of global climate change.

Acknowledgments

This work is made possible through the support of
the Biofuels Systems Division of the United States
Department of Energy.

12. References

[1] American Petroleum Institute (API) (1988). “Alcohols
and Ethers, A Technical Assessment of Their Application
as Fuels and Fuel Components,” API Publication 4261,
2nd Edition, July.

[2] Anderson, E. (1992a). “Reformulated Gasoline: Presi-
dent Bush Gives Ethanol a Boost,” Chemical and Engi-
neering News, p. 8, October 12.

(3] Anderson, E. V. (1992b). “Ethanol’s Role in Reformu-
lated Gasoline Stirs Controversy,” Chemical and Engi-
neering News, p. 7, November 2.

[4] Antonopoulos, A. A. and Wene, E. G. (1987). “Fusarium

Strain Development and Selection for Enhancement of

Ethanol Production.” FY 1987 Biochemical Conversion

Program Annual Revicew, p. C-51, National Renewable

Energy Laboratory, Golden, CO.

Arthur D. Little, Inc. (1984). “Technical and Economic

Feasibility of Enzyme Hydrolysis for Ethanol Production

from Wood,” Cambridge, MA: SERI Subcontract No.

625-RIER-BEA-84, National Renewable Energy Labora-
tory, Golden, CO.

Asther, M. and Khan, A. W. (1984). “Conversion of Cel-

lobiose and Xylose to Ethanol by Immobilized Growing

Cells of Clostridium Saccharolyticum on Charcoal Sup-

port,” Biotech. Lett. 6(12):809.

(7] Badger Engineers, Inc. (1984). “Economic Feasibility
Study of an Acid Hydrolysis Based Ethanol Plant,” Cam-
bridge, MA: SERI Subcontract No. ZX-3-030-96-2, Na-
tional Renewable Energy Laboratory, Golden, CO.

(8] Bailey, B. K. and Russell, J. A. (1980). Emergency Fuels
Composition and Impact: Phase III: Formulation and
Screening-Gasoline Emergency Fuels, San Antonio, TX:
Southwest Research Institute.

[9] Brennen, A. H., Hoagland, W., and Schell, D.J. (1986).
“High Temperaturc Acid Hydrolysis of Biomass Using an
Engineering-Scale Plug Flow Reactor: Results of Low
Solids Testing,” Biotech. Bioeng. Symp. 17, 53.

[10] Brownell, H. H. and Saddler, J. N. (1984). “Steam Explo-

sion Pretreatment for Enzymatic Hydrolysis,” Biotech.
Bioeng. Symp. 14, 55.

(5]

(6]



[11] Brownell, H. H., Yu, E. K. C, and Saddler, J. N, (1986).
“Steam-explosion Pretreatment of Wood: Effect of Chip
Size, Acid, Moisture Content and Pressure Drop," Bio-
tech. Bioeng. 28, 792.

[12] Buchert, 1., Pols, J., and Poutanen, K. (1989). “The Use
of Steamed Hemicellulose as Substrate in Microbial Con-
versions,” Appl. Biochem. Biotech. 20721, 309.

[13] Buss, M. M., Shipley, T. M., Sheffey, L. L., Broder, J. D.,
Lambert, R. O., and Barrier, J. W, (1992). “Design of a
Commercial Plant for Ethanol Production from Municipal
Solid Waste," Poster presented at the 14th Symposium on
Biotechnology for Fuels and Chemicals, Gatlinburg, TN.

[14] Burnhardt, G. and Ingram, L. O. (1992). “Conversion of
Xylan to Ethanol by Ethanologenic Strains of Escherichia
coli and Klebsiella oxytoca,” Appl. Environ. Micro. 58(4),
1128.

[15] Busche, R. M. (1985). “The Business of Biomass,”
tech. Prog. 1(3), 165.

[16] Carreira, L. H., Wiegel, J., and Ljungdahl, L. G. (1983).
“Production of Ethanol from Biopolymers by Anaerobic,
Thermophilic, and Extreme Thermophilic Bacteria: I.
Regulation of Carbohydrate Utilization in Mutants of
Thermoanaerobacter ethanolicus,”  Biotech. Bioeng.
Symp. 13, 183.

[17] Chaing, L. C., Hsiao, H. Y., Ueng, P. P, Chen, L. F., and
Tsao, G. T. (1981). “Ethanol Production from Xylose by
Enzymatic Isomerization and Yeast Fermentation,” Bio-
tech. Bioeng. Symp. 11, 263.

[18] Chem Systems Inc. (1984). “Economic Feasibility Study
of an Enzymatic Hydrolysis Based Ethanol Plant with
Prehydrolysis Pretreatment,” Tarrytown, NY: SERI Sub-
contract No. XX-3-03097-2, National Renewable Energy
Laboratory, Golden, CO.

[19] Chem Systems (1990). “Technical and Economic Evalua-
tion: Wood to Ethanol Process,” Tarrytown, New York,
National Renewablc Energy Laboratory, Golden, CO.

[20] Chou, Y. C. T. (1986). “Supercritical Ammonia Pretreat-
ment of Lignocellulosic Materials,” Biotech. Bioeng.
Symp. 17, 18.

[21] Christakopoulos, P., Koullas, D. P., Kekos, D., Koukios,
E. G, and Macris, B. J. (1991). “Direct Ethanol Conver-
sion of Pretreated Straw by Fusarium oxysporum,” Re-
source Technol. 35, 297.

[22] Chum, H. L., Douglas, L. J., Feinberg, D. A., Schrocder,
H. A. (1985). “Evaluation of Pretreatments of Biomass
for Enzymatic Hydrolysis of Cellulose,” SERI/TP-231-
2183, National Renewable Energy Laboratory, Golden,
€O.

(23] Clark, T. A. and Mackie, K. L. (1987). “Steam Explosion
of the Softwood Pinus Radiata with Sulfur Dioxide Addi-
tion, I. Process Optimization,"” J. Wood Chem Tech. 7,
(3), 373.

[24] Commodity Research Bureau. (1991). “1991 CRB Com-
modity Year Book." New York, NY: Commodity Re-
search Bureau.

[25] Cooney, C. L., Wang, D. I. C,, Wang, S. D., Gordon, J.,
and Jiminez, M. (1978). “Simultaneous Cellulose Hydrol-
ysis and Ethanol Production by Cellulolytic Anaerobic
Bacterium,"” Biotech. Bioeng. Symp. 8, 103.

[26] Dale, B. E. and Morcira, M. J. (1982). “A Freeze-Explo-
sion Technique for Increasing Cellulose Hydrolysis,” Bio-
tech. Bioeng. Symp. 12, 31.

Bio-

187

[27] Dale, B. E., Henk, L L, and Shiang, M. (1985). “Fer-
mentation of Lignocellulosic Materials Treated by Am-
monia Freeze Explosion,” Dev. Ind. Microbiol. 26, 223.

[28] Danielson, J. A., ed. (1973). “Air Pollution Engineering
Manual (AP40), 2nd Edition,” Research Triangle Park,
North Carolina: U.S. EPA, Office of Air and Water Pro-
grams, Office of Air Quality Planning and Standards,
May.

[29] DeLuchi, M. A., Sperling, D., and Johnston, R. A. (1987).
“A Comparative Analysis of Future Transportation Fu-
els,” University of California, Berkeley: Institute of

. Transportation Studies, Research Report UCB-ITS-RR-
87-13, October.

[30] Domalski, E. S., Jobe, T. L., Jr., and Milne, T. A. (1987).
“Thermodynamic Data for Biomass Materials and Waste
Components,” New York: American Society of Mechani-
cal Engineers.

[31] Energy Information Administration (EIA) (1992). “An-
nual Energy Outlook 1992, Washington, D.C.: Office of
Integrated Analysis and Forecasting, U.S. Department of
Energy, DOE/EIA-0383(92), January.

[32] Exxon Company, U.S.A. (1988). Tables of Useful Infor-
mation. Houston, TX: Exxon.

[33] Federal Register (1992). 57 FR 4408, February §.

[34] Gaines, L. L. and Karpuk, M. (1987). “Fermentation of
Lignocellulosic Feedstocks: Product Markets and Val-
ues,” in D. L. Klass, ed., Chicago, Illinois: Proceedings of
the Encrgy from Biomass and Wastes X. Conference,
1395-1416, Institute of Gas Technology.

[35] Gauss, W. F., Suzuki, S., and Takagi, M. (1976). “Manu-
facture of Alcohol from Cellulosic Materials Using Plural
Ferments,” U.S. patent 3,990,944, November 9.

[36] Ghosh, P., Pamment, N. B., and Martin, W. R. B. (1982).
“Simultaneous Saccharification and Fermentation of Cel-
lulose: Effect of B- D-Glucosidase Activity and Ethanol
Inhibition of Cellulases,” Enzyme Microb. Technol. 4,
425.

[37] Goldstein, I. S., Pereira, H., Pittman, J. L., Strouse, B. A,
and Scaringelli, F. P. (1983). “The Hydrolysis of Cellulose
with Superconcentrated Hydrochloric Acid,” Biotech.
Bioeng. Symp. 13, 17.

[38] Goldstein, 1. S. and Easter, J. M. (1992). “An Improved
Process for Converting Cellulose to Ethanol,” Tappi Jour-
nal 75(8), 135.

[39] Gordon, D. (1991). “Transportation, Energy, and the En-
vironment; Stcering A New Course, A Report by the
Union of Concerned Scientists,” Cambridge, MA.

(40] Grohmann, K., Torget, R., and Himmel, M. (1985). “Op-
timization of Dilute Acid Pretreatment of Biomass," Bio-
tech. Bioeng. Symp. 15, 59.

[41] Grohmann, K., Torget, R., and Himmel, M. (1986). “Di-
lute Acid Pretrecatment of Biomass at High Solids Con-
centrations,” Biotech. Bioeng. Symp. 17, 135.

[42] Grootjen, D. R. I, van der Lans, R. G. J. M., and Luyben,
K. Ch. A. M. (1990). “Effects of the Acration Rate on the
Fermentation of Glucose and Xylose by Pichia stipitis
CBS 5773, Enzyme Microb. Technol. 12, 20.

[43] Hendy, N. A., Wilke, C. R., and Blanch, H. W, (1984).
“Enhanced Cellulase Production in Fed-Batch Culture of
Trichoderma reesei C30,” Enzyme Microb. Technol. 6,
73.



[44] Hinman, N. D,, Schell, D. J., Riley, C. J., Bergeron, P. W
and Walter, P. J. (1992). “Preliminary Estimate of the
Cost of Ethanol Production for SSF Technology,” Appl.
Biochem. Biotech., 34/35, 639.

[45] Hinmar, N. D., Wright, J. D., Hoagland, W., and Wyman,
C. E. (1989). “Xylose Fermentation: An Economic Analy-
sis,”” Appl. Biochem. Biotech. 20/21, 391.

[46] Ho, S. P. (1989). “Global Impact of Ethanol versus Gaso-
line,” Washington, D.C.: presented at the 1989 National
Conference on Clean Air Issues and America's Motor
Fuel Business.

[47] Holtzapple, M. T., Jun, J-H, Ashok, G., Patibandla, S. L.,
and Dale, B. E. (1990). “The Ammonia Freeze Explosion
(AFEX) Process: A Practical Lignocellulosic Pretreat-
ment,” Appl. Biochem. Biotech. 2829, 59.

(48] Ingram, L. O., Conway, T., Clark, D. P., Sewell, G. W,
and Preston, J. F. (1987). “Genetic Engineering of
Ethanol Production in Escherichia coli,” Appl. Environ.
Microbiol. 53(10), 2420.

[49] Ign. (grad.) U. Adler, Dipl.-Ing. W. Bazlen. (1976). Auto-
motive Handbook. Stuttgart, Germany: Robert Bosch
GmbH.

(50] Ingram, L. O. and Conway, T. (1988). “Expression of Dif-
ferent Levels of Ethanologenic Enzymes from Zynomonas
mobilis in Recombinant Strains of Escherichia coli,”
Appl. Environ. Microbiol. 54(2), 397.

(51] Intergovernmental Panel on Climate Change (1990).
Houghton, J. T., Jenkins, G. J., and Ephraums, J.J., eds.,
“Climate Change—the IPCC Scientific Assessment,”
Cambridge, United Kingdom: Cambridge University
Press.

[52] Jeffries, T. W. (1981). “Fermentation of Xylulose to
Ethanol using Xylose Isomerase and Yeast,” Biotech.
Bioeng. Symp. 11, 315.

(53] Jeffries, T. W. (1990). “Fermentation of D-xylose and
Cellobiose, in Yeast: Biotechnology and Biocatalysis,”
Marcel Dekker, NY: H. Verachtert and R. De Mot (eds.),
pp. 349-3%4.

[54] Johnson, D. K., Chum, H. L., Anzick, P., and Baldwin, R.
M. (1990). “Preparation of a Lignin-Derived Pasting Oil,"
Appl. Biochem. Biotech. 24/25, 31.

(55] Jones, R. O. and Lareau, T. J. (1991). “Meeting the Oxy-
genate Requirements of the 1990 Clean Air Act Amend-
ments,” American Petroleum Institute, Research Study
#058, June.

[56] Knappert, D., Grethlein, H., and Converse, A. (1981).
“Partial Acid Hydrolysis of Poplar Wood as a Pretreat-
ment for Enzymatic Hydrolysis," Biotech. Bioeng. Symp.
11, 67.

[57] Knappert, D., Grethlein, H., and Converse, A. (1980).
“Partial Acid Hydrolysis of Cellulosic Materials as a Pre-
treatment for Enzymatic Hydrolysis,” Biotech. Bioeng. 22,
1449,

[58] Kwarteng, I. K. (1983). “Kinetics of Acid Hydrolysis of
Hardwood in a Continuous Plug Flow Reactor,” Hanover,
NH: Ph.D Thesis, Dartmouth College.

[59] Lacis, L. S. and Lawford, H. G. (1988). “Ethanol Produc-
tion from Xylose by Thermoanaerobacter ethanolicus in
Batch and Continuous Culture,” Arch. Microbiol. 150, 48.

[60] Lacis, L. S. and Lawford, H. G. (1989). “Analysis of the
Variation of Ethanol Yield from Glucose or Xylose with
Continuously Grown Thermoanaerobacter ethanolicus,”
Appl. Biochem. Biotech. 20/21, 479.

188

[61] Lastick, S. M., Mohagheghi, A., Tucker, M. P., and
Grohmann, K. (1990). “Simultaneous Fermentation and
Isomerization of Xylose to Ethanol at High Xylose Con-
centrations,” Appl. Biochem. Biotechnol. 24/25, 431.

(62] Lastick, S., Spindler, D., Terrell, S., Grohmann, K.
(1984). “Simultaneous Saccharification and Fermentation
of Cellulose,” Biotech (84), 277.

[63] Leeper, S. A., Ward, T. E., and Andrews, G. F. (1991).
“Production of Organic Chemicals via Bioconversion: A
Review of the Potential,” Idaho National Engineering
Laboratory, Prepared for the U.S. Department of Energy,
Idaho Operations Office, July, DE91 015524.

[64] Lewis, S. M. and Grimes, W. M. (1988). “Economic Time
Series Analysis of the Fuel Alcohol Industry,” Schaum-
burg, Illinois: Finnsugar Bioproducts, Inc. (Finnsugar is
now part of Genencor International).

[65] Ligthelm, M. E., Prior, B. A., and de Precz, J. C. (1988).
“The Oxygen Requirements of Yeasts for the Fermenta-
tion of D-xylose and D-glucose to Ethanol,” Appl. Micro-
biol. Biotech. 28, 63.

[66] Ludlow, W. 1. (1989). “MTBE - A Practical Private Sector
Route to Clean Fuels,” Houston, Texas: Presented at the
1989 World Methanol Conference.

[67] Lynd, L. (1989). “Production of Ethanol from Lignocel-
losic Materials Using Thermophilic Bacteria: Critical
Evaluation of Potential and Review,” Advances in Bio-
chemical Engineering/Biotechnology, A. Fiechter (ed.),
38, 1.

[68] Lynd, L. R., Cushman, J. H., Nichols, R. J., and Wyman,
C. E. (1991a). “Fuel Ethanol from Cellulosic Biomass,"”
Science, 251, 1318.

[69] Lynd, L. R., Ahn, H-J, Anderson, G., Hill, P., Kersey, D.
S., and Klapatch, T. (1991b). “Thermophilic Ethanol Pro-
duction-Investigation of Ethanol Yield and Tolerance in
Continuous Culture,” Appl. Biochem. Biotech. 28/29, 549.

[70] Mandels, M. L., Hontz, L., and Nystrom, J. (1974). “En-
zymatic Hydrolysis of Waste Cellulose,” Biotechnol. Bio-
eng. 16, 1471,

[71] Ng, T. K., Weimer, P. J., and Zeikus, J. G. (1977). “Cellu-
lolytic and Physiological Properties of Clostridum Ther-
mocellum,” Arch. Microbiol. 114, 1.

[72] Octane Week (1991). “CARB Requiring Oxygenates
Starting Next November,” December 16, p. 2.

[73] Octane Week (1991a). “National Academy of Sciences
Report Critical of CAA, EPA,” December 23, pg. 5.

[74] Ohta, K., Beall, D. S., Mejia, J. P., Shanmugam, KT,
and Ingram, L. O. (1991). “Metabolic Engineering of
Klebsiclla oxytoca M5A1 for Ethanol Production from
Xylose and Glucose,” Appl. Environ. Micro. 5§7(10), 2810.

(75] Oil & Gas Journal (1990). Nelson-Farrar Cost Indices,
Tulsa, Oklahoma: p. 61, September 3, 1990; p. 54, Sep-
tember 1, 1986, Pennwell.

[76] Pearson, K. (1993). Personal communication.

[77] Piel (1991). “Oxygenate Flexibility for Future Fuels,”
Washington, D.C.: Presented at the National Conference
on Reformulated Gasolines and Clean Air Act Imple-
mentation, October.

[78] Prior, B. A., Kilian, S. G., and du Preez J. C. (1989).
“Fermentation of D-xylose by the Yeasts Candida she-
hatae and Pichia stipitis,” Process Biochemistry, Feb., pp.
21-32.



[79] Reyes, T., Bandyopadhyay, S. S., and McCoy, B. J. (1989).
“Extraction of Lignin from Wood with Supercritical Alco-
hols,” J. Supercritical Fluids 2, 80.

[80] Schell, D. J., McMillan, J. D., Philippidis, G. P., Hinman,
N. D., and Riley, C. (1992). “Ethanol from Lignocellu-
losic Biomass,” Advances in Solar Energy: An Annual
Review of Rescarch and Development, Karl W. Boer, edi-
tor, American Solar Energy Society, Boulder, Colorado,
pp. 373-448.

[81] Schell, D. J., Torget, R., Power, A., Walter, P. ],
Grohmann, K., and Hinman, N. D. (1991). “A Technical
and Economic Analysis of Acid-Catalyzed Stcam Explo-
sion and Dilute Sulfuric Acid Pretreatment Using Wheat
Straw or Aspen Wood Chips,” Appl. Biochem. Biotech.
28/29, 87. '

[82] Scherr, R. C., Smalley, G. A_, Jr., and Norman, M. E.
(1991). “Clean Air Act Complicates Refinery Planning,”
Oil & Gas Journal, May 27, pp. 68-75.

[83] Skoog, K. and Hahn-Hagerdal, B. (1988). “Xylose Fer-
mentation,” Enzyme Microb. Technol. 10, 66.

[84] Slapack, G. E., Russell, I, and Stewart, G. G. (1987).
“Thermophilic Microbes in Ethanol Production,” Boca
Raton, Florida: CRC Press.

[85] Sperling, D. (1990). “An Incentive-Based Transition to
Alternative Transportation Fuels,” Energy and the Envi-
ronment in the 21st Century, Proceedings of the Confer-
ence Held at the Massachusetts Institute of Technology,
March 26-28.

[86] Spindler, D. D., Wyman, C. E. Grohmann, K. (1991).
“The Simultaneous Saccharification and Fermentation of
Pretreated Woody Crops to Ethanol,” Appl. Biochem.
Biotechn. 28/29, 773.

[87] Spindler, D. D., Wyman, C. E. Mohagheghi, A.,
Grohmann, K. (1988). “Thermotolerant Yeast for Simul-
taneous Saccharification and Fermentation of Cecllulose
to Ethanol,” Appl. Biochem. Biotech. 17/18, 279.

[88] Spindler. D. D., Wyman, C. E., Grohmann, K. (1990).
“Evaluation of Pretreated Herbaceous Crops for the
Simultaneous Saccharification and Fermentation Pro-
cess,” Appl. Biochem. Biotech. 24/25, 275.

[89] Spindler, D. D., Wyman, C. E., Grohmann, K., and Mo-
hagheghi, A. (1989). “Simultaneous Saccharification and
Fermentation of Prctreated Wheat Straw to Ethanol with
Selected Yeast Strains and B-Glucosidase Supplementa-
tion,” Appl. Biochem. Biotech. 20/21, 529.

(90] Stodolsky, F. and Singh, M. K..(1991). “Energy Usc Im-
pacts of the Mobile Source Provisions of the Clean Air
Act Amendments of 1990,” Argonne National Labora-
tory, ANL/CP —-73176, DE91014018.

[91] Stone and Webster Engineering Corp. (1985a). “Eco-
nomic Feasibility Study of an Enzyme-Based Ethanol
Plant,” Boston, MA: SERI Subcontract No. ZX-3-03097-
1, National Renewable Energy Laboratory, Golden, CO.

[92] Stone and Webster Engineering Corp. (1985b). “Eco-
nomic Feasibility Study of an Acid-Based Ethanol Plant,”
Boston, MA: SERI Subcontract No. ZX-3-03096-1, Na-
tional Renewable Energy Laboratory, Golden, CO.

189

[93) Takagi, M., Abe, S., Suzuki, S., Emert, G. H., and Yata,
N. (1977). “A Mcthod of Production of Alcohol Directly
from Yeast,” Proc. Bioconv. Symp. Delhi:IIT, pp. 551-
571.

[94] Tewari, Y. B., Steckler, D. K., and Goldberg, R. N.
(1985). Biophys. Chem. 22, 181.

[95] Torget, R., Walter, P., Himmel, M., and Grohmann, K.
(1991). “Dilute-acid Pretreatment of Corn Residues and
Short-Rotation Woody Crops,” Appl. Biochem. Biotech.
28129, 75.

[96] Torget, R., Werdene, P., Himmel, M., and Grohmann, K.
(1990). “Dilute Acid Pretreatment of Short Rotation
Woody and Herbaceous Crops,” Appl. Biochem. Biotech.
24725, 115.

[97] Torget, R., Werden, P., Himmel, M., and Grohmann, K.
(1990). “Dilute Acid Pretrcatment of Short Rotation
Woody and Herbaceous Crops,™ Appl. Biochem. Biotech.
24/25, 115.

[98] Torget, R., Himmel, M., Wright, J. D., and Grohmann, K.
(1988). “Initial Design of a Dilute Sulfuric Acid Pretreat-
ment Process for Aspen Wood Chips,” Appl. Biochem.
Biotech. 17, 89.

[99] Tosh, J. D., Stuisas, A. F., Buckingham, J. P., Russcl, J.
A., and Cuellar, J. P, Jr. (1985). “Project for Reliability
Fleet Testing of Alcohol/Gasoline Blends,” Washington,
D.C.: Final Report DOE/CE/50004-1, U.S. Dcpartment
of Encrgy.

[100] U.S. Congress (1990). “Replacing Gasoline: Alternative

Fuels for Light-Duty Vehicles,” Washington, D.C.: Office
of Technology, U.S. Government Printing Office, Septem-
ber.

[101] U.S. Department of Agriculture (1989). “Ethanol's Role

in Clean Air,” Washington, D.C.: USDA Backgrounder
Serics, U.S. Department of Agriculture.

[102] U.S. Environmental Protection Agency (1989). “EPA

Lists Places Failing to Mect Ozone or Carbon Monoxide
Standards,” Washington, D.C.: Office of Public Affairs.

[103] US. Department of Agriculture (1987). “Fuel Ethanol

Cost-cffectiveness Study,” Washington, D.C.: National
Advisory Pancl on Cost-Effectiveness of Fuel Ethanol
Production.

[104] Veldhuis, M. K., Christensen, L. M., and Fulmer, E. 1.

(1936). “Production of Ethanol by Thermophilic Fermen-
tation of Cellulose,” Ind. Eng. Chem. 28, 430.

(105] Watson, S. A. and Ramstad, P., editors. (1987). “Corn:

Chemistry and Technology.” St. Paul, MN: American As-
sociation of Cereal Chemists.

(106] Watson, T. G., Nelligan, 1., and Lessing, L. (1984). “Cel-

lulase Production by Trichoderma reesei (RUT-C30) in
Fed-Batch Culture,” Biotech. Lett. 6, 667.

[107] Wenzl, H. F. (1970). “The Chemical Technology of

Wood," New York: Academic Press.

(108) Wheeler, K., Janshekar H., and Sakuma Y. (1991). “Ethyl

Alcohol,” Chemical Economics Handbook, Marketing
Research Report, October.



(109] Wilke, C. R., Yang, R. D., and Stockar, U. V. (1976).
“Preliminary Cost Analysis for Enzymatic Hydrolysis of
Newsprint,” Biotech. Bioeng. Symp. 6, 155.

[110] Wood, A. (1991). “New Gasoline Regulations Fucl
Change in the Chemical Industry,” Chemical Week,
149(3), 35, November 13.

[111] Wood, B. E. and Ingram, L. O. (1992). “Ethanol Produc-
tion from Cellobiose, Amorphous Cellulose, and Crys-
talline Cellulose by Recombinant Klebsiella oxytoca
Containing Chromosomally Integrated Zymomonas mo-
bilis Genes for Ethanol Production and Plasmids Express-
ing Thermostable Cellulase Genes from Clostridium
thermocellum,” Appl. Environ. Micro. 58(7), 2103.

[112] Wright, J. D. (1988b). “Ethanol from Biomass by Enzy-
matic Hydrolysis,” Chem. Eng. Prog. 84(8), 62.

[113] Wright, J. D. (1988a). “Ethanol from Lignocellulosics: An
Overview,” Energy Progress 8(2), 71.

[114] Wright, J. D. (1983). “High Temperature Acid Hydrolysis

of Cellulose for Alcohol Fuel Production,” SERI/TR-231-

1714, National Renewable Energy Laboratory, Golden,

CO.

Wright, I. D., Power, A. ], and Bergeron, P. W. (1985).

“Evaluation of Concentrated Halogen Acid Hydrolysis

Processes for Alcohol Fuel Production,” SERI/TR-232-

2386, National Renewable Energy Laboratory, Golden,

CO.

Wright, J. D. and Power A. J. (1985). “Concentrated Acid

Hydrolysis Process for Alcohol Fuel Production,” Bio-

tech. Bioeng. Symp. 15, 511.

Wright, J. D., Wyman, C. E., and Grohmann, K. (1988).

“Simultaneous Saccharification and Fermentation of Lig-

nocellulose: Process Evaluation,” Appl. Biochem. Bio-

tech. 18, 75.

Wright, J. D., Power, A. J., and Bergeron, P. W. (1985).

“Evaluation of Concentrated Halogen Acid Hydrolysis

Processes for Alcohol Fuel Production,” SERI/TR-232-

2386, National Renewable Energy Laboratory, Golden,

CO.

[119] Wright, J. D. (1988). “Ethanol from Lignocellulose: An
Overview,” Energy Progress 8(2), 71.

[120] Wright, J. D. and Power, A. J. (1985). “Concentrated
Acid Hydrolysis Processes for Alcohol Fuel Production,”
Biotech. Bioeng. Symp. 15, 511.

[121] Wyman, C. E. and Hinman, N. D. (1990). “Ethanol: Fun-
damentals of Production from Renewable Feedstocks and
Use as a Transportation Fuel,” Appl. Biochem. Biotech.
24/25, 735.

[122] Wyman, C. E., Hinman, N. D, Bain, R. L., and Stevens,

D. J. (1992). “Ethanol and Methanol from Cellulosic

Biomass,"” Fuels and Electricity from Renewable Re-

sources, edited by Williams, R. H., Johansson, T. B.,

Kelly, H., and Reddy, A. K. N., United Nations Solar

Energy Group for Environment and Development

(SEGED), 1992 UN Conference on Environment and De-

velopment in Brazil, pp. 865-924.

Wyman, C. E., Spindler, D. D., Grohmann, K., and La-

stick, S. (1986). “Simultaneous Saccharification and Fer-

mentation of Cellulose with the Yeast Brettanomyces

clausenii,” Biotech. Bioeng. 17, 221.

(115]

(116)

(117]

[118]

(123]

190

Charles Wyman is the director of the Alternative
Fuels Division at the National Renewable Energy
Laboratory (NREL) in Golden, Colorado. He is re-
sponsible for in-house and subcontracted research, de-
velopment, and demonstration programs for the
production of fuels, chemicals, and materials from re-
newable resources with primary emphasis on alterna-
tive transportation fuels and their utilization. Major
biofuels conversion technologies include ethanol pro-
duction from lignocellulosic biomass, diesel fuel pro-
duction by microalgae, thermochemical production of
methanol from biomass, and production of olefins and
other components for reformulated gasoline from
biomass. Fuels utilization programs include monitor-
ing and analysis of the performance of alternative fuels
including ethanol, methanol, and compressed natural
gas in light-duty vehicle, heavy-duty vehicle, and bus
fleets and in research and development for improved
fuel/engine systems. The division also conducts re-
search on anaerobic digestion of waste streams to pro-
duce methane gas and on bioprocessing of biomass to
produce chemicals and materials. Prior to becoming
division director, Dr. Wyman was manager of the Bio-
technology Research Branch with responsibility for re-
search and development projects and process studies
for biological conversion of renewable feedstocks and
waste streams into fuels, chemicals, and materials. He
also held positions as deputy division director, program
manager, section manager, senior engineer, and staff
engineer. Prior to his career at NREL he was manager
of process development for the R&D Department at
Badger Company, Inc. in Cambridge, Massachusetts,
an assistant professor at the University of New Hamp-
shire, and a senior engineer with Monsanto Company.
Dr. Wyman has a B.S. in chemical engineering from
the University of Massachusetts, M.A. and Ph.D. de-
grees in chemical engineering from Princeton Univer-
sity, and an MBA from the University of Denver.

Barbara Goodman is the manager of the Bioprocess
and Fuels Engineering Branch at the National Renew-

“able Energy Laboratory (NREL) in Golden, Colo-

rado. She manages a staff of 48 professionals
responsible for research and development projects and
process engineering evaluations for biological conver-
sion of renewable resources and waste streams into
valuable fuels, chemicals, and materials. In addition,
the branch staff monitors and analyzes the perfor-
mance of light-duty vehicle, heavy-duty vehicle, and
bus fleets running on ethanol, methanol, and com-
pressed natural gas being demonstrated under the Al-
ternative Motor Fuels Act. Prior to becoming branch
manager, Ms. Goodman served as operations manager



for the Fuels and Chemicals Research Division at
NREL, managing safety, facilities, reporting, budget-
ing, and quality assurance. She also managed the
Waste Management Program during that time, coordi-
nating in-house and subcontracted research activities
for biological and thermal conversion of municipal
solid waste and interacting with the U.S. Department
of Energy to develop program direction. Previously,
Ms. Goodman served as the program manager for the
Ethanol Research Program at NREL. She also held
other program management positions and performed
research on acid hydrolysis as an engineer in the Bio-
technology Branch. Ms. Goodman has a B.S. in
chemical and petroleum refining engineering for Colo-
rado School of Mines. She is an active member of
AICRE and is on the Board of Directors for the
Biomass Energy Research Association.

190a






