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Chapter 4

FUEL CYCLES AND THEIR IMPACTS

Introduction

All the combinations of different kinds of bioenergy resources, conversion
technologies, and end uses would lead to numerous fuel cycles—far too many to
analyze in-depth in this report. Consequently, four biomass fuels were chosen —
wood, alcohol, herbage, and animal manure—that could play a major role in bio-
energy development between 1980 and 2000.

This chapter presents an overview of some environmental and social implica-
tions of bioenergy in general, and then reviews the technical, economic, environ-
mental, and social considerations specific to each of the four fuel cycles. The chap-
ter ends with a consideration of two possible energy futures and the role bioenergy
could play within each in displacing conventional fuels.

Environmental Impacts—Generic

A major conclusion that can be drawn from
OTA’s analysis of the environmental effects of
biomass energy (see vol. I I) is that while
biomass fuels may be potentially less harmful
than the most damaging fossil alternative—
coal — severe environmental degradation may
stilI accompany their use. The Federal Govern-
ment wilI have to exercise great care in pro-
viding incentives for biomass energy to avoid
promoting environmentally harmful practices
or expansion into vulnerable land areas.

Decentralized Conversion Facilities

The technologies that transform raw bio-
mass resources into usable fuels or electricity
are often somewhat similar to technologies for
burning coal or transforming it into synthetic
fuels, However, the low quantities of toxic ma-

T terials in the biomass raw materials and the
avaiIability of biological as welI as thermo-
chemical means of producing gaseous and Iiq-
uid fuels generaIIy yield a lower potential for
environmental degradation than experienced
with coal conversion technologies. On the
other hand, the greater simplicity of the bio-
mass technologies and their Iack of demanding
physical operating conditions aIlow some
types of biomass faciIities to operate at a scaIe

that is much

Concerns

smaller than would be practical
with coal conversion technologies. This poten-
tial for decentralization is often praised by
consumer and environmental interests, but it
makes the careful monitoring of environmen-
tal conditions and the enforcement of control
requirements more difficult. Environmental
protection authorities can expect to have prob-
lems with these facilities similar to those they
encounter with existing smaII polIution
sources,  For  example,  automobi le owners
often try to circumvent pollution control sys-
tems they perceive to be inconvenient. In deal-
ing with autos, State agencies can require
automobiles to be driven to a central facility
for inspection–an option not available for

monitoring emissions from anaerobic digest-
ers, for example. The smalI size of many bio-
mass conversion facilities also tends to elimi-
nate capital-intensive, technologicalIy sophis-
ticated options for pollution control However,
the smalIer size may open up greater potential
for using the assimilative capacity of land and
water to dispose of biodegradable wastes. In
m a n y areas of the country, the extensive con-
tiguous land areas or high-volume streams
needed for waste disposaI from Iarge faciIities
are not available, while more modest Iand
areas or streams are.

53



54 ● Energy From Biological Processes

Aside from influencing the pollution control
opt ions available and the regulatory diffi-
culties encountered, the small size of biomass
conversion facilities will affect the nature of
the environmental impacts that may occur.
Some effects that are primarily local in na-
ture — toxic waste  d i sposa l  p rob lems ,  in -
creased air polIution and other damages from
secondary development, depletion of local
water supplies — wiII be less severe at any site
but will occur at more sites, Regional water
supply problems could be eased because the
muItiple plants may have greater fIexibiIity in
locating otherwise-unused water supplies, The
generally smaller size of the plant stacks could
allow more of the plant emissions to fall out
close to the plant, in contrast to the 500 ft and
higher stacks of large powerplants which make
their emissions more of a regional than a local
problem. Thus, regional problems caused by
the products of long-range transport and trans-
formation — such as acid rain — might be eased
at the expense of increased local problems
with directly emitted gases and particles. This
might have a saIutary effect on local and State
governments’ wiIIingness to require and en-
force adequate controls, because the air pollu-
t ion damages from uncontrolled faciIities wiII
tend to occur within the governments’ jurisdic-
tional boundaries rather than hundreds of
miIes away,

Feedstock Production

The growing and harvesting of the more con-
ventional biomass resources — wood and agri-
cuIturaI products and residues — involve pri-
marily extensions or more intensive applica-
tions of present forestry and agricultural prac-
tices, Thus, many of their environmental im-
plications are generalIy familiar to the regula-
tory agencies, but they are by no means envi-
ronmentalIy benign, Although forestry and
agriculture are not usualIy associated with the
severe environmental damage caused by min-
eral and fossi l fuel extraction technologies
such as coal mining, they can cause severe
land degradation and water pollution if they
are mismanaged. The extent of any damage
wiII depend more on the behavior of the ex-
ploiting industries than on any inherent prob-
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●

●

●

control techniques— compounding this lo-
gistical problem is the important role that
day-to-day management, rather than the
instalIation of easiIy inspected control
equipment, plays in controlling nonpoint
source polIution;
source identification— the lack of an efflu-
ent stream leads to difficulties in identify-
ing polIution sources; and
visibility— the diffused nature of the non-
point ‘source pollution in s o m e  c a s e s
makes the large point source a more visi-
ble and politically acceptable target than
farms and other seemingly benign non-
point sources.

The polIution problems caused by a large-
scaIe biomass program may be difficult to con-

trol because of these enforcement problems.
Policy measures that place upward pressure on
demand for biomass resources without simul-
taneously providing economic incentives for
better land management may result in signifi-
cant degradation in land resources.

Reduction in Use of Alternative
Energy Sources

A careful evaluation of alternative biomass
sources should include analyses of the environ-
mentaI damage forgone by biomass substitu-
tion for coal, imported oil, and other sources
as welI as the impacts of growing, harvesting,
and using the biomass resource (figure 9).

Figure 9. —Major Environmental Risks— Comparison of Biomass and Coal Fuel Cycles

Biomass Coal

Large land areas permanently affected: Smaller land areas affected at any one time:

Land c ecosystem displacement and loss of . reclamation failure and subsidence, and
diversity, ● erosion.

● erosion,
● esthetic changes, and
. possible soil depletion over the long term.

Water . Biological and chemical oxygen demand . Toxic substances from ash and sludge disposal,
from fertilizers and conversion wastes. synfuels production.

● Sediments—major problem without careful c Acid mine drainage (but generally well controlled
management. now).

● Pesticides. Q Sediments-more localized, effect of new surface
mine law not yet determined.

Air ● Local problems with unburned ● Local dust problems (mines).
hydrocarbons, particulate, CO, H2S, ● Problems associated with Iong-distance transport
odors. of sulfur and nitrogen compounds, fine par-

ticulates, and possibly oxidants (acid rain; health
effects-possibly including excess deaths; crop
damage; visibility degradation).

● Possibility of climate changes from CO2

emissions.

institutional Regulatory difficulties with:
. multiple small sources and . Very expensive controls, especially for air
● nonpoint sources. pollution.

● More centralized systems, maybe more
amenable to regulation under current programs.

Safety ● Significant problems with obtaining ● Significant problems with mining, especially
feedstocks and with small-scale conversion, underground.
especially wood stoves.

— . -. - -  “ - ~
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Some biomass fuel cycles are direct substi-
tutes for nuclear or fossil-fueled electric power
generation; these cycles include electric gener-
ation from wood and wood wastes and resi-
dues, agricultural residues, and Iignocellulose
crops. When biomass substitutes for new con-
ventional generation capacity, in most in-
stances this capacity will be nuclear- or coal-
based because of Federal restrictions on the
use of oil and natural gas by utilities. Current
difficulties with nuclear power imply that coal
wilI become the major fuel for new generation
capacity. In most instances, biomass-generated
electricity will reduce the need for coal-fired elec-
trical generation.

Where biomass is used to produce a premi-
um fuel (e. g., alcohol) or is used in a way that
allows the displacement of oiI (e. g., close-
coupled gasifiers and wood stoves), the fuel
cycle may be said to reduce the need for im-
ported oil or synthetic oil from coal or oil
shale.

Carbon Dioxide Balance

One possible benefit of this substitution of
biomass fuels for fossil fuels is said to be a net
reduction in the emissions of carbon dioxide
(CO,) from energy use. The continuing buildup
in atmospheric CO2 concentrations associated
with increasing fossil fuel use eventually may
cause significant changes in the Earth’s cli-
mate. (This issue has been dealt with at some
length in a recent OTA report.’)

The extent to which a substitution of bio-
mass fuels for coal and other fossiI fuels would
moderate the CO2 buildup depends on the de-
gree of substitution and the net carbon bal-
ance of the biomass fuel cycle.

The U.S. share of global energy use is about
one-third of the total and is Iikely to drop in

‘ [he [)lre( I ow of ( oa/ Pro\pect~  and  Prob/em\  ot Prod(/ct/on
~nd ( ombuj tjon  (Washl  ngton,  D C (lft [c-e of Te[ hnology  ,As-
w~~ment,  Aprl  I 1 979), OTA-E  -86, G PO ~tock No 052-()() 1-00664-2

the future as the developing nations strive for
industrialization and enter a period of rapid
energy growth while the United States restricts
its growth. Also, biomass energy could yield at
most 20 percent of U.S. energy supply by 2000
(assuming maximum biomass growth coupled
with strong conservation measures). Thus, the
effect of biomass energy on CO2 levels can be
s ign i f icant  on ly  w i th  ve ry  h igh  wor ldw ide  .
usage and only in conjunction with other
measures — promotion of conservation, nucle-
ar power, and solar energy—that would yield
the same type of reduction.

In addition, most of the proposed biomass
fuel cycles use fossil fuels and reduce the mass
of carbon stored in the standing biomass or
soil— and therefore are net producers of C O2.
For example, the agricultural component of a
corn-based gasohol fuel cycle consumes large
quantities of fertilizers derived from natural
gas as well as diesel fuel, petroleum-based
pesticides, and other fossil fuel products. The
ethanol distilleries may use coal as a boiler
fuel, although they could be powered with
wood or crop residues. AgricuItural systems
that involve forest clearing or wood systems
that maintain a younger forest reduce the
standing biomass, while systems that prevent
the replenishment of soil organic matter (by
removing residues) or hasten organic matter
decomposition (by cultivating or merely expos-
ing the soil to greater sunlight) cause a de-
crease in the soil carbon level.

OTA’s conclusion is that biomass energy use
does offer some potential for moderating the
expected increases in atmospheric CO 2 levels, .
but any actual effects would be significant
only if biomass substitution for fossil fuels was
very large and if the systems were chosen with .

carbon retention in mind. Research on the ef-
fects of various agricultural and silvicultural
practices on soil carbon levels would increase
the potential for designing biomass systems
that have favorable carbon balances.
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Social Implications—Generic Concerns

Biomass energy development could bring a
variety of changes to society, and its basic in-
stitutions, such as family, community, govern-
ment, and the interrelationships among them.
These include changes that are more likely to
be perceived as important at the local level
(such as effects on employment, demography,
public services, and quality of life) as well as
those that can be national or international in
scope (e. g., changes in land and food prices,
landownership, and ethical considerations).
Some of these social changes could be seen as
beneficial by those affected while others may
be viewed as drawbacks. This section discusses
the implications of social impacts that are
common to all four biomass fuel cycles. Those
that are specific to a particular fuel cycle are
analyzed in subsequent sections.

It should be noted that any discussion of the
social impacts of biomass energy is subject to
a number of uncertainties that stem from the
inappropriateness of impact assessment meth-
odologies that were designed for large-scale
conventional energy projects and from the
lack of knowledge about the magnitude and
location of future biomass development. Con-
sequent y, this report can onIy identify some
of the potential social changes that could
occur if biomass energy technologies were
adopted widely

Quantitative estimates of the employment
increases associated with various levels of
biomass development are given in the individ-
ual fuel cycle sections These increases are
significant because of their impact on energy-
related employment, their differences from
conventional energy development, and their

. implications for the rural economy and the
quality of life associated with it.

I n general, biomass energy development is
likely to be more labor intensive than the in-
creased use of coal, oil, or natural gas. Thus,
bioenergy should result in more energy-related
employment per Quad than these other energy
sources, The increased employment associated
with biomass wouId occur in forestry and agri-
cuIture, in the manufacture, distribution, and
servicing of conversion equipment, and in the

construction and operation of large-scale con-
version faciIities.

In addition to being more labor intensive,
bioenergy resources also tend to be more
highly dispersed than conventional energy
sources. Due to the resulting transportation
costs, the jobs created in harvesting and in
conversion facilities and related industries also
are likely to be dispersed and are more likely
to alleviate unemployment and underemploy-
ment among rural residents than to attract im-
migrants. Therefore, bioenergy use may help to
revitalize rural economies whiIe avoiding the
rapid development and the related “boom-
town” syndrome of social disruption that can
be associated with large-scale centralized de-
velopment of conventional energy sources in
rural areas. On the other hand, large biomass
facilities, such as some conversion plants,
could be comparable in scale to some coal-
fired facil it ies. I f  these are located in  rural
areas with inadequate infrastructures, tempo-
rary shortages of housing, education, and med-
ical facilities, and other public and private sec-
tor goods and services couId occur during con-
struction. These impacts wiII be m i nor, how-
ever, compared to those associated with coal
and oil shale development in the West.

Where large-scale centralized biomass con-
version faciIities are appropriate, they prob-
ably wouId be owned by utiIities or corpora-
tions that would favor long-term “captive”
sources of feedstock supply. Such sources of
supply could take the form of vertical integra-
tion, in which the facility operator would pur-
chase timberland or farmland, or they could be
obtained through contractual integration — the
use of long-term exclusive contracts with sup-
pl iers .  I n  o t he r  wo rds ,  ve r t i ca l  i n t eg ra t i on
would lead d i rect ly  to  increased corporate
ownership or control of large tracts of biomass
resources. Contractual integration could have
a similar but indirect result because facil i ty
operators would prefer to deal with a small
number of large suppliers. 4 Therefore,  large-

4H d rolcj t IIrf}lrmy(>r,  /n(/IL 1(/IId/  ~ rW>f/OnJ dncl t h e  / c onon?~c  or-

,W r71ZJ f Ir)n  Ot ,fxrlc  [1 /f[/rfJ  ( I_) rt),i 11,1, I I I ~Jrl II fJriltL {Jt I I I II1OIS  I)rtlis,

1 %5)
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scale centralized biomass energy use could
result in the local benefits being captured by
utility or corporate investors and large land-
owners, and owners of
would have difficulty
market.

On the other hand,

small tracts of biomass
competing in the same

an emphasis on small-
scale bioenergy conversion systems — particu-
larly ethanol stills and anaerobic digesters–-
could contribute to energy self-sufficiency in
agricuIture. In addition, development of a
wide range of small-scale technologies could
have important values for the United States’
competitive position in international markets
through an expansion of our export trade in
these technologies.

Increased production and use of bioenergy
also can have significant effects on lifestyles
and qual i ty of  l i fe. These might include
changes in the level of personal involvement in
obtaining energy, in att i tudes toward re-
sources, and in the potential for persona I and
occupational safety hazards.

Many of the conversion technologies are ap-
propriate for use by individuals (e.g., wood
stoves, onfarm stills, anaerobic digesters). Even
with the development of relatively automatic
equipment, ensuring a safe and reliable supply
of energy from these technologies wil l, in

many cases, be labor intensive in comparison
with conventional fuels. For some people, the
price of traditional fuels may not be a suffi-
cient incentive to outweigh the convenience of
delivered, relatively trouble-free energy.

However, this level of personal involvement
in obtaining energy might foster a better
understanding of the carrying capacity of the
Ear th ’ s  re sou rces .  Fo r  example ,  fa rmer s  w i l l  -

associate more readily with the number of
acres of corn it takes to fuel their machinery
for a year than they would with the fuel
equivalent in barrels of oil and what that
means to the world’s oil resources. Similarly,
improper management of renewable agricul-
tural and forestry resources would have a
greater visibility to more people than do empty
oil and gas welIs or even coal mining except in
coal-producing areas.

Finally, both small- and commercial-scale
biomass production poses significant safety
hazards. These range from exploding stills and
fires caused by wood stoves to the high rate of
occupational injury in timber harvesting. Aside
from the personal costs of these hazards, they
increase the indirect costs of bioenergy pro-
duction due to higher insurance and work-
men’s compensation rates, decreased labor
productivity, and heightened labor-manage-
ment confIicts.
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Wood

Introduction

Wood, the Nation’s leading fuel unti l  the
second half of the last century, currently sup-
plies about 2 percent of U.S. energy. As a fu-
ture source of energy, i t  has distinct advan-
tages. Wood is a domestic energy source, it is
renewable, it is widely avaiIable, and it is rela-
tively abundant. Wood’s major drawbacks are
its solid term and its low energy content per
pound compared with other fuels such as oiI or
gas.

OTA’s analysis indicates that wood will con-
tinue to be the most important energy source
from among the Nation’s biomass energy re-
sources at least to the year 2000. The energy
supplied by wood i n the United States, current-
Iy about 1.4 to 1.7 Quads/yr, could increase to
5 to 1() Quads/yr in the next 20 years without
serious environ mentaI or economic repercus-
s ions. However, if attention is not given to
careful forest management the potential for
wood energy might be considerably less and
the environmental damage significant.

An examination of the data on current man-
agement practices, the variety of positive and
negative incentives for pursuing various wood
supply strategies and management practices,

the complexity of landownership patterns, the
wide variation in forest conditions, and the
variety of competing markets for wood prod-
ucts, leads to the conclusion that at this time it
is impossible to predict in detail what the supply
response to a strong demand for wood fuels will
be. This, in turn, makes it difficult to predict
accurately what the environmental and social
effects of such a demand wiII be. Nevertheless,
reasonable guesses can be made about how a
strong wood demand might change the way
wood is harvested in the United States and
how this could affect society and the environ-

ment. I n view of the high level of uncertainty,
however, i t  is important that any program to
increase the use of  wood for  fue l  proceed
s lowly enough to al low “ m i d c o u r s e  c o r r e c -

tions.”

How will a strong demand for wood-for-en-
ergy change U.S. forest management? I n the
absence of large increases i n fuelwood de-
mand, increasing demand for other wood prod-
ucts is Iikely to lead to:

●

●

●

●

some increases in intensive management
on the best lands;
increased harvesting of mature stands in
the West;
access of logging to an ever-increasing
proportion of commercial forest land;
much of the logging may be high-grading
(i. e., removal of only the most commer-
cially valuable trees) with relatively long
rotations; and
continued increase in the use of low-
qual i ty wood for manufactured wood
products.

A strong fuelwood demand may lead to:

Ž large increases in intensive management,
w i t h shorter times between thinnings,
more complete removaI of biomass, in-
creased use of improvement cuts, more
conversion of Iow-quality stands;

s not necessarily much change in the total
land area subject to logging, but much
greater acreage treated year l y ;

● eventuaIIy, increases i n the avaiIabiIity of
high-quality wood, with a decrease in log-
ging pressure on lands of high recreation-
al, esthetic, or ecological vaIue; and

● increased harvest of forest land with lower

productive potential.
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Technical

Today about one-third of the United States
— approximately 740 miIIion acres — is for-
ested. Of this area, 488 milIion acres are “com-
mercial” forest land, that is, land capable of
producing at least 20 ft3 of wood annually but
which has not been set aside as parkland or
wilderness area. * For illustrative purposes, U.S.
forestland may be divided into two regions, the
East and the West. The East includes the North
and South regions (figure 10). This area con-
tains about 74 percent of the total commercial
forest acreage in the country (figure 11). Most

Aspects

of the forestland in the East is privately owned,
and many of the owners are farmers and others
who are not primariIy concerned with the com-
mercial value of the wood on their property.
The West, which contains 26 percent of the
commercial forest, is made up of the Rocky
Mountain and Pacific coast regions, plus Alas-
ka and Hawaii. Seventy percent of the Western
forests are federally administered (by the
Forest Service and, to a lesser extent, the Bur-
eau of Land Management). About three-quar-
ters of the U.S. timber demand is for softwood,
which is used in construction and paper pro-
duction, while the remainder is for hardwood.

Figure 10.—Forestland as a Percentage of Total Land Area
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Figure 11. —Area of Commercial Timberland by
Region and Commercial Growth Capability as of

January 1, 1977
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Figure 12. —Forest Biomass Inventory, Growth, and Use (billion dry tonnes with equivalent values in Quads)

Biomass inventory Biomass   annual growth on US. forestlands
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SOURCE Ott Ice of Technology Assessrnen(
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Figure 13.— Material Flow Diagram for Felled Timber
During Late 1970’s (Quads/yr)

I Felled timber I

Total left I n forest 20 Quads/yr

Total used as energy 1 5 Quads/yr

Unused res idues O 14 Quad/yr

Tota l  products 1 7 Quads/yr

SOURCE Off Ice of Technology Assessment

Table 3.— Potential Wood Availability
by Forest Region

A r e a  o f Potential wood
commercial for energy
forestland a Percent and nonenergy

(million federally uses b

Forest region acres) owned (Quads/yr)

S o u t h 1884 7.6 3.0-60
N o r t h 170.8 6.6 2.3-4.6
P a c i f i c  C o a s t 708 50.8 14-2.8
Rocky Mountains 578 66.1 0.6-1.3

T o t a l 487.7C 20.4 7.3-14.6c

aCommercial  forests are those that have good productive potential and have
not been set as( de as WI Iderness  areas parks or land reserves About two-
th!rds  of the forest land (n the United States IS classlf!ed  as commercial

bAssumlng  40 percent of the total  growth potent Ial 118 to 36 Quads~yr)  Is ac-
cessible  (See Forestry Under Btomass  Resource Base In VOI II ) Note that
relat Ive productivity factors as follows are assumed Paclf{c  coast = 1 South
- 078 North = O 66 Rocky Mountains = O 58 These are calculated from the—
welghtect  average product lvlt y potentials for the various Commercial forest
lands using data from USDA Foresf  Statlsf/cs  1977

Csums may not agree due to round off error

SOURCES Off Ice of Technology Assessment anrt U S Department of Agr!-
c u It ure Fores f Sfa tfs t~cs o f fhe U S 1977

Phofo  creU/1 USDA B///  Marr

Intensive timber management

The demand for wood energy by other indus-
tries as well as other sectors of the economy —
residentiaI, commerciaI, and transportation —
will probabIy increase too I n the coming years.

How much i t  increases W iII depend on the
a vaiIabiIit y and price of the competing fueIs —
o i I, naturaI gas, and coaI — as weII as incen-
tives to encourage its use and the avaiIabiIity
a n d price of wood for energy

Wood can be burned directly to produce
home heat and hot water, industrial process
steam, and electricity. It can be gasified i n air-
blown gasifiers to produce a fuel gas that can
be burned in industrial boiIers or for process
heat, where oil or natural gas is currently used.
Wood can also be converted to Iiquid fuels —
including methanol through gasification and
synthesis from the gas, ethanoI through fer-
mentation, and pyroIytic oiI through slow heat-
ing under pressure (figure 14)
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.

●

Photo credit Daverman Associates Inc

Proposed electric generating plant fired with waste wood

Figure 14.—Conversion Processes for Wood

*

SOURCE Off Ice of Technology Assessment
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For each of these uses, the wood can be used
directly or it can be pelletized first. Pelletiza-
tion reduces the moisture content and im-
proves the solid fuel handling characteristics.
This enables pellets to be transported longer
distances and easily ground to a small particle
size for relatively automatic operation of facil-
ities. These can be important features for some
users.

Direct combustion of wood is possible with
commercialIy avaiIable technology. The effi-
ciency and fIexibiIity of direct combustion can
be Improved, however, through R&D into
wood drying and the chemistry of combustion
for the development of advanced drying and
combustion units.

The efficiency of home heating units varies
widely, and consumers need more information
on the performance of avaiIable units as welI
as on their safe instaIIation and operation. Air-
tight stoves generaIIy achieve more even heat-
ing than other units by restricting the combus-
t ion air to slow down combustion and cut ex-
cess heat loss out the fIue, but w i t h present
technology this aIso leads to increased emis-
sion of tars and particuIates. These emissions
represent unburned biomass, so their escape
from the combustion chamber lowers the
stove’s efficiency below what otherwise wouId
be achieved with airtight stoves. There is no
fundamental reason, however, why relatively
high-eff iciency units with low emissions can-
not be developed and mass produced for home
heating at reasonable costs.

Reliable, high-efficiency, airblown gasifiers
couId become commerciaIIy avaiIable i n as
few as 2 to 5 years (figure 15). These gasifiers
could provide a more economic means (than
direct combustion) of converting existing oil-
gas boiIers to wood whiIe allowing the flexibiIi-
ty to return to oil or natural gas without addi-
tional cost if wood is temporarily in short sup-
ply and the oil or gas is available. Furthermore,
they could be used for process heat— an op-

tion not currently practical for direct combus-
tion.

Facilities for converting wood to ethanol
and methanol could be constructed immedi-
ately although none exists in the United States.
The methanol probably would cost about the
same (per Btu) as ethanol derived from grains
and sugar crops (see “Alcohol Fuels”). The
ethanol, however, wouId be more expensive
than ethanol from either grains or more devel-
oped wood-to-ethanol processes I f develop-
ment is given adequate support, advanced
commercial wood-to-ethanol faciIities couId
be available by the mid- to late 1980’s Wood-
based methanol is Iikely to be more expensive
than methanol from coal, but it may be com-
parable in price to the more expensive synthet-
ic Iiquid fuels from fossil sources that can be
used as gasoline substitutes.

Direct combustion or gasification of wood
can displace more oiI or naturaI gas per ton of
wood than conversion to synthetic Iiquid fuels
except when the Iiquid fuel is used as an
octane-boosting additive to gasoline.* I n order
to achieve wood energy's large oiI displace-
ment potent i a 1, however, some liquid fuels
product ion probably wiII be necessary because
they can be transported more economicalIy
than sol id wood fuels and because they are in
demand as transportation fuels.

Pyrolytic oil from wood could be used as a
boiler fuel. It wouId compete, however, with
direct combustion and airblown gasification
that probably can supply industrial heat needs
at much lower costs. Consequently, pyrolytic
oil is Iikely to be limited to users who are will-
ing to pay a premium for fully automatic boil-
er operation untiI pyrolysis becomes more eco-
nomical.

‘ S(Y> ‘ I nt’rgv 11,] 1A n{ f~i tor A 1( ohf)l I u~Il i’ ~ln{ltlr ‘‘( otli (~r~lon

[ (’(  tlllologlo\ d 11(I E 11({ u\tJ’ Ill \ 01 I I
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Figure 1 S.—Select Airblown Gasifier Typesa
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. .
Photo credlf  Deparlmenf  of Energy Schneider

A prototype downdraft, airblown gasifier using wood chips as the fuel
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Economics

In an effort to reduce their energy costs,
energy consumers will bid up the price of fuel-
wood, taking into account its relative inconve-
nience, until it is priced comparably with pre-
mium fuels. A rising fuelwood price will cover
greater harvesting costs and thus make it prof-
itable to use a greater fraction of low-quality
timber resources for energy (figure 16).

At least two important caveats may cloud
the economic picture for wood energy (see be-
low), but first it is important to understand the
opportunities. I n addition to the price incen-
tive mentioned above, the use and market val-
ue of fuelwood wiII increase due to an eco-
nomic synergy between wood energy and pri-
mary forest products (mainly lumber, pulp,
and paper). As primary product markets ex-
pand, so will the availability and use of fuel-
wood. First, why should primary product mar-
kets be expected to expand and then, why does
this stimulate wood energy?

Production and consumption of primary
wood products will expand as the economy
grows and as users of petroleum products and

other forms of energy adjust to unusual price
inflation. Use of wood construction materials
in building retrofits and in energy-efficient new
construction will expand (and their prices will
rise) as the stock of buildings is upgraded to
control rising costs for cooling and heating.
Similarly, the use and price of wood and paper
products will rise as they are substituted for
energy-intensive al urn inure and plastic.

When the production of primary products
expands, it creates a supply and a demand for
wood energy. Today, about 45 to 55 percent of
the energy used to process lumber, pulp, pa-
per, etc., comes from wood wastes collected at
mills and from combustion processes used to
recover paper-puIping chemicals. Because no
additional harvesting and transportation costs
are incurred, this is an extremely low-cost en-
ergy source. Although some of what are pres-
ently considered mill wastes will be used for
primary products in the future, the expected
expansion of primary product production will
certainly increase the amount of low-cost ener-
gy obtainable directly from wood miIIing activ-
ities.

Figure 16. —Cost Breakdown for Timber Harvest

Cable logging Whole-tree chipping system

*

.

.

SOURCE: Off Ice of Technology Assessment



Ch. 4—Fuel Cycles and Their Impacts ● 6 9

A different type of synergy exists in silvi-
culture. Rising prices for primary forest prod-
ucts wilI encourage more intensive manage-
ment of commercial forestland. Stands will be
harvested for mill feedstocks that otherwise
wouId be left standing for a much longer peri-
od. Less productive species and stands, which
have been degraded by selective harvesting in
the past, will be clear cut in order to replant
more productive stands. Slash will be removed
from logging areas and the sites replanted with
species that wiII hasten regeneration and max-
imize its value. Also, standing timber will be
thinned more often in order to maximize light,
moisture, and nutrients available to preferred
trees. All of these practices will make residues
available immediately and will eventually in-
crease milling wastes as energy byproducts
from primary production.

At the same time, rising fuelwood prices
make silvicultural residues more valuable as
fuel. From the viewpoint of primary product
economics, income from the sale of residues
lowers the net costs of silviculture, making it
more profitable to increase wood productivity
per acre. However, for this to be significant,
owners of forestland must take a long-term
perspective. They must want to increase pro-
duction of wood that may not be harvested for
another 30 years or more.

If the long view is not taken, and demand for
all wood products rises without proper man-
agement, then this very bright picture of syner-
gy at the mill and in the forest will be clouded
as available wood resources are stretched to
meet all demands. The main problem arises for
fuelwood users outside of the primary product
industry who cannot shift into and out of mill

“
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feedstocks and forest products as technology
and other economic conditions change. For
them, prices may prove to be highly erratic
and, as the technology for making particle
board and other reconstituted wood fiber
products develops, it is possible that they will
not be able to compete with mills even for the
lowest grades of greenwood.

Nevertheless, while a large inventory of fuel-
grade timber exists, wood energy will be highly
competitive in forested regions of the country.
This conclusion is based on estimated total
costs to final consumers of wood energy, as-
suming a reasonable range for wood costs. In-
creased supplies of fuelwood above the pres-
ent 1.5-Quad/yr level can be obtained in lim-
ited quantities for as low as $20/dry ton in
parts of New England. ’ A more conservative
cost estimate would be the current cost of
pulpwood, around $40/dry ton, which fuel
users may be forced to pay in competition with
pulpmills even though fuelwood can be of
much lower quality. 7 A still more conservative
estimate comes from the cost of collecting log-
ging residues in the Northwest, around $60/dry
ton to collect residues left after conventional
logging. ’

As use increases, delivered prices will rise, to
provide greater economic incentives to suppli-
ers, but economic conditions in the foresee-
able future suggest that wood energy users
couId afford to pay up to $90/dry ton of wood
delivered (figure 17), At the latter price, total
costs of process steam or space heat, in the
most attractive industrial applications, can be
less than $6/million Btu. At $0.90/gal, the cost
of #2 fuel oil alone is $6.50/million Btu. Such a
simple cost comparison is no substitute for a
detailed, site-specific cost analysis, when ac-
tual investments in wood or other fuels are be-
ing compared, but this broad range of realistic
and attractive fuelwood prices, coupled with
the large resource base, clearly indicates a sub-
stantial economic opportunity,
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Figure 17.— Fuel Cost Comparison Between Wood
and Fuel Oila

L

$10 $20 $30 $40 $50 $60 $70 $80 $90 $100 $110
$1450 $29 $58 $7250 $101 50

Wood cost (dollars/dry tons)

SOURCE Office  of Techndoy I Assess nlent

Four cost components must be considered in
greater detail in specific locations:

● the stump age fee paid to landowners for
permission to harvest trees,

● tree harvesting,
● transportation, and
● conversion to useful energy products.

Each component corresponds to a stage in the
production process. The thi rd and fourth
stages may be repeated if intermediate fuel
processing is included. .

Stumpage fees and harvesting costs are
closely related. The less expensive it is to
harvest wood (and to bring it to a loading site -
for transportation), the more a logger will be
willing to pay for the right to harvest a par-
ticular woodlot (the stumpage fee), and vice
versa. The stumpage fee also depends on a
series of additional factors that woodlot own-
ers may consider in deciding when their trees
will be cut, if ever. Understandably, owners
will not negotiate stumpage fees that do not
compensate for private esthetic, recreational,
or  ecological  benef i ts  lost  in harvest ing.



Ch. 4—Fuel Cycles and Their Impacts ● 71

Woodlot owners also follow market price quo-
tations and, unless they are forced to sell in
order to earn necessary income, they can easi-
ly wait for high prices.

This option — to wait— creates price uncer-
tainties for potential wood users. Furthermore,
f luc tuat ions in  paper  and pu lp  markets  can
drive local wood prices up or down sharply
and unpredictably. When prices are extremely
high, fuelwood users suffer. When they are ex-
tremely low, loggers suffer. As a result, one or
both of these actors in the wood fuel cycle
may not invest in the necessary equipment
without long-term contracts that bind wood lot
owners to selI needed feedstocks. I n any case,
the prices and costs quoted above, in the range
of $20 to $60/dry ton, indicate expected aver-
age market conditions.

Local conditions have been emphasized be-
cause wood has a low energy density com-
pared to fossil fuels, and thus transportation
costs per miIIion Btu are relatively high. Green-
wood (about 50 percent moisture) has about 8
m i I I ion Btu/ton, bituminous coal about 23 mil-
lion Btu/ton, and crude oil about 36 mill ion
Btu/ton. As a solid, wood also is difficult to
handle compared to gases and Iiquids, al-
though it can be converted into these forms.

As a rule of thumb, it costs about $0.10/ton-
mile to transport wood So, transport of green-
wood 200 miIes adds $20 ‘ton to the price of
wood and about $2.50/m i I I ion Btu to the fuel
cost. I n other words, it pays for processors,
who would upgrade wood into a preferred
fuel, or for final users to locate near producing
forests. High transportation costs also mean
that local wood markets are somewhat iso-
lated and hence local price fluctuations are
not easily moderated by regional or national
adjustments.

After wood has been removed from the for-
est for fuel, it may be transported to end-use
sites, where it is converted directly into useful
energy products. Or, it may be transported to
sites where it is converted or upgraded to a
higher quality, intermediate form of energy.
Upgrading is considered first, followed by di-
rect conversion.

Among the intermediate or upgraded forms
of wood energy, the most Iikely to be economi-
caI are wood pellets, methanol, and electricity
Intermediate-Btu gas (see below) is not consid-
ered as a n intermediate product because it is
practical only when the gasifier is directly at-
tached to the final combustor. Consequently,
it is practicaIIy indistinguishable from direct
conversion, except that i t can be used for more
end uses. Unlike the greenwood feedstock
from which they are made, pellets, methanol,
or electricity may be transported hundreds of
miles before final conversion into heat, steam,
light, or mechanical motion

Pellets are an ideal wood feedstock for gas-
ifiers or finaI combustors because they permit
maximum automation i n equipment and maxi-
mum conversion eff iciency for the f inal u s e r
Their uniform shape and low water content
a I so reduce handling and transportation costs
Offsetting these advantages are pelletizing
costs, including process energy, equipment,
labor, etc. (figure 18) Assuming wood provides
process heat and that greenwood costs about
$15 ‘ton ($2.00/milllon Btu), then

Figure 18. —Cost Shares of Wood
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could cost about $46/ton ($2.90/million Btu).
This added cost of about 50 percent must be
compared to the resulting savings in transpor-
tation and to the value of automation and reli-
abiIity to the end user.

Methanol is the next most expensive inter-
mediate fuel product, with costs in a range
from $0.75 to $1 .10/gal ($11 .80 to $1 7.30/mil-
lion Btu) when wood is $30/dry ton and for a
40-milIion-gal/yr plant (roughly equivalent to a
60-MW electric power station) (figure 19). This
size facil ity would also produce electricity
from wood, in a cost range 50 to 70 mills/kWh
($14.60 to $20.50/million Btu), the most expen-
sive form of wood energy that is likely to be
considered (figure 20). In both cases, methanol
and electricity, the economic viability of wood
energy depends mainly on the cost of fossil
and nuclear alternatives. Because the latter
can take advantage of significant economies
of scale, wood will be most competitive where
local conditions or the need for rapid construc-
tion preclude these alternatives.

The economic attractiveness of intermedi-
ate conversion is also region-specific due to

Figure 20.—Cost Shares of Wood Electricity

.

Operation
and maint.

10%

SOURCE Olflce  of Technology AsscSsrTlerlt

Figure 19. —Cost Shares of Wood Methanol

SOURCE Off Ice of Technology Assessment

competition with gasifiers and combusters for
limited greenwood feedstocks. The latter may
require the entire local output of the forests
and hence intermediate conversion processes
may be priced out of the feedstock market.

From the viewpoint of end users outside the
forest products industry, the relative cost of
energy from greenwood or air-dried wood de-
pends on the amount of energy used. For facil- .
ities using more than the equivalent of 1,000
dry ton/d of wood, coal is likely to be less ex-
pens ive due to economies of  scale in mining .
and transportation. For facilities smaller than
1,000 dry ton/d, but larger than very small in-
dustrial/commercial facilities, either wood or
coal may be preferred depending on their rela-
tive market prices, which vary with location.
Finally, for very small-scale users, natural gas
or fuel oil may be preferred mainly for their
convenience.

The industrial user has a significant advan-
tage if operations run more or less 24 hours a
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.

day (that is, there is a high load factor). This
allows capital costs, w h i c h  m a y  b e  t w o  t o
three times as great as for oil or gas, to be
spread over the greatest number of Btu. The
space heating user, on the other hand, may use
combustion equipment onIy a third or a quar-
ter of the time so reaI capitaI costs are three to
four t imes larger The industrial user is also
likely to convert wood into useful energy more
efficiently because longer operating periods
provide a greater incentive for superior main-
tenance and because trained mechanics are
more Iikely to be avaiIable to do the job.

Table 4 illustrates a realistic range of costs
for two generic commercial users, assuming a
wood gasifier is added to an existing oil-fired
boiler. Because the intermediate-Btu wood gas
is almost a perfect substitute for oil, the rele-
vant cost comparison is between the price of
fuel oil and the total cost of the wood gas. The
larger user may presently be using residual (#6)
fuel oil, which could be purchased at around
$0.60/gal during the f i r s t  quarter  of  1980
($4.30/mill ion Btu), while the smaller user may
be using #2 fuel oil, which during the same
period could be purchased at about $0,80/gal
($5.80/million Btu).9 Prices for these petroleum-
based fuels are likely to increase sharply in the
future.

The costs of gasification equipment in table
4 apply to mass-produced, package units pur-
chased for around $10,000/m i I I ion Btu/hour
capacity. The difference in capital cost be-
tween these two users is entirely due to differ-
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ent load factors. (It must be added that such
equipment is not yet widely available in the
market. ) Energy from field-erected gasifiers (or
boilers) can cost four to five times more (per
unit output) than from package units.

As indicated in the table, the industrial user
may be able to obtain wood energy at about
two-thirds the cost to a commercial user, and
such savings can be expected entirely on the
basis of a higher load factor and superior con-
version efficiency. They also more than offset
the assumed difference in the cost of residual
and #2 fuel oil, so wood conversion wilI be at
least as attractive for the larger user.

Mass production has been achieved for
another group of wood energy users. Wood
stoves for home heating can be obtained at a
reasonable price but total costs and benefits
vary a great deal among users (see figure 17).
For those who can obtain low-cost cordwood
(often because they collect it themselves), who
do not mind filling the firebox, cleaning out
ashes, and having the uneven heat of inexpen-
sive wood stoves, wood home heating can be
very economical. Wood stoves a I so serve as an
important hedge against rapid price inflation
of oil and natural gas.

At all four stages of production, cost estima-
tion must be done very carefully and, in many
locations, uncertainties may be too great to
justify investment. Besides the reasons already
mentioned, uncertainties arise because fuel-
wood markets have not yet developed and so
producers cannot be sure that users will be
there to buy, or users cannot be sure that pro-
ducers will be there to sell. Even though wood
has always been used for energy, the future

Table 4.—illustrative Wood Energy Costs (per million Btu)

Delivered
feed stock cost Operating

Total cost ($40/dry ton) Capital cost
$3.60 ‘- $2. -95

cost

M e d i u m - s i z e ,  i n d u s t r i a l  u s e r , $0.40 $0.25
Greenwood use: 250 dry ton/d
Load factor: 90%
Energy efficiency: 85°/0

S m a l l e r ,  c o m m e r c i a l  u s e r 5.50 3.60 1.40 0.50
Greenwood use: 30 dry ton/d
Load factor: 25%
Energy efficiency: 700/0

SOURCE Off Ice of Technology Assessment
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Representative Wood Stoves for Home Heating

&

The box stove, a successor to the potbelly

prospects discussed here amount to
dustry that may appear highly speculative
because it is new.

Potential wood energy users must

a new in-
j u s t

also deal
with the performance uncertainties inherent in
new l ines of  convers ion equipment.  They are 
likely to have grown accustomed to the auto-
mated convenience of liquid and gaseous fuel
systems so that wood energy would appear to
be inconven ient  and un re l iab le .  The  fo res t  -

products industry is the exception in this re-
gard. With its working knowledge of wood har-
vesting and conversion techniques, it is in an
excel lent position to capitalize on the econom-
ic opportunities,

From the viewpoint of society as a whole,
the final uncertainty in wood is the willingness
or unwill ingness of energy users and their
bankers to make larger investments in conver-
sion equipment than they have made in the
past. In effect, substituting wood for oil and
gas involves the substitution of capital as well.
Consequently, the fur ther  into the future
energy users and their bankers can see, the
more fuel savings will effectively offset higher
initial investment costs and the more attrac-
tive wood energy will appear to be. From the
viewpoint of trying to achieve a maximum sub-
stitution for oil, however, private market deci-
sions may very well prove too shortsighted
and, as a result, wood energy may not expand
as rapidly as it could.

Wood-fired furnace for heat and hot water
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Environmental Effects

The major environmental issues arising from
the possibility of substantially increased wood
use for energy are the potential for both posi-
tive and negative effects on America’s forests
and the pollution potential of wood-to-energy
conversion processes.

The rapidly rising use of wood for fuel in
New England and elsewhere has raised both
hopes and fears for the future of America’s
forests Although a portion of these varying ex-
pectations probably can be explained by dif-
fering perspectives about the role of the forest
as both a material and environmental re-
source, the remainder may be explained by al-
ternative visions of what is actually likely to
take place in the forest —whether, on the one
hand a “scenario” of careful management un-
folds, or whether a pattern of shortsighted and
destruct ive exploi tat ion emerges Unfortu-
nately, the available information permits at
best an educated guess at how the landowners,
integrated forest product companies, small-
scaIe loggers, regulatory agencies, and other
groups who affect forest management prac-
tices wiII respond to an increased demand for
wood as an energy resource This, i n turn, pro-
hibits a precise assessment of the environmen-
taI effects of an Increased demand. I n spite of
this Iimitation, however, it is possible to iden-
tify likely problem areas by, first, identifying
the environmental effects associated with spe-
cific possible outcomes of an increased wood
energy demand and, second, examining the
avaiIable evidence (existing economic and reg-
ulatory incentives, current management prac-
tices) that wood suppliers wilI or will not prac-
tice good environmental management.

Potential Effects of Increased
Fuelwood Demand

The expected changes in forest management
caused by an increase in demand for fuel-
wood — more i n t e n s i v e  m a n a g e m e n t , more
complete removal of biomass, increased use of
improvement cuts and conversions of low-
quality stands, increased harvesting of non-
commercial timber stands — wiII have pro-

found environmental effects on forestland.
Some of these effects are strongly positive.
Where good management is not practiced, ad-
verse effects couId be especiaIly severe.

The general lack of data on environmental
conditions on forestland in the United States
and the complexity of the forest system make
it virtualIy impossible to predict precisely what
effects, both positive and negative, might oc-
cur if as many as 10 Quads/yr of wood were re-
moved for energy. Improvements in the knowl-
edge of so i I and other environmental parame-
ters, current logging practices, and the long-
term effects on forest soils and productivity of
a high rate of biomass removal would enhance
the ability to predict the environmental effects
of a wood energy boom.

The major environmental issues associated
with the expected changes in forest manage-
ment and the new financial incentives to ob-

wood for energy are:

poss ible soi l  deplet ion f rom intensive
management procedures,
decrease in logging pressures on some en-
vironmentaIIy vaIuable or fragiIe forest-
Iands that also have valuable timber re-
sources,
changed forest “char acter,”
intensification of adverse effects of poor
management,
damage to marginal lands, including de-
forestation,
wood poaching, and
problems of small-scale harvesting.

Depletion

The shorter rotation times and greater re-
moval of biomass inherent under “intensified
management” have raised fears of long-term
depletion of nutrients and organic matter from
forest soils and subsequent declines in forest
productivity.

The potential for sustaining these effects is
not well understood, although several studies
have demonstrated that long-term nutrient de-
pletion may occur after whole-tree harvest-
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ing.10 Forestry experts do agree that soil deple-
tion effects should be a matter of concern
under some conditions of intensive manage-
ment, and conceivably could become a con-
straint on the intensity of practices used and
on the selection of sites and tree species to in-
corporate into this type of management, Al-
though nutrient depletion may be alleviated
by the use of fertilizers, these may not work
well unless the deficiency is fully understood,
Also, fertilizer use does not address potential
problems associated with depletion of organic
matter, which is often characterized as playing
a critical role in maintaining the productive
potential of forest soil.11 In some cases, fer-
tilizers used to increase growth will aggravate
nutrient depletion problems by decreasing the
forest’s supply of other nutrients.

In all but extreme cases, any declines in for-
est productivity* would occur slowly. Thus, if
cause-and-effect relationships between alter-
native management practices and any soil de-
pletion effects can be established, it should be
possible to deal with any long-term productivi-
ty problems by monitoring soiI [and other) con-
ditions and adjusting management strategies
in response to changing conditions, However,
improving the state of knowledge enough to
enable detection of subtle productivity deteri-
oration and to allow necessary adjustments
may not be easy. Aside from the complicating
effects of other forces that act on forest pro-
ductivity (such as acid rainfall), the cause-and-
effect relationships are likely to be both subtle
and extremely site specific. Although it is not
now possible to predict the importance and ex-
tent of any future productivity problems asso-
ciated with more intensive forest management,

any problems that do occur may be difficult to
regulate.

Relief of Logging Pressures

Rising demand for lumber creates signifi-
cant pressure at both ends of the logging
spectrum — there is greater use of low-quality
wood in chip board and other forms of “manu-
factured” lumber, and greater pressure to
harvest high-quality timber from stands that
also have significant esthetic, recreational,
and ecological value. It is widely felt among
foresters that the demand for wood energy
could lead to intensified management of for-
ests (because the availability of a market for
thinnings and logging residues helps to pay for
management costs) and, eventually, to greater
yields of high-quality timber from commercial
forestlands. This expected increase in high-
quality timber would then be expected to re-
lieve the pressure to harvest scenic old-growth
stands and other stands that have both high
nontimber values and valuable standing tim-
ber.

This potential benefit of an increase in inten-
sive management (spurred on by a rising wood
energy demand) appears to be plausible. OTA
estimates that placing 200 m i I I ion acres of
commercial forestland into intensive manage-
ment (full stocking, thinnings every 10 years,
30- to 40-year rotations) could allow wood en-
ergy use to reach 10 Quads annually while the
availability of wood for nonenergy products
might double its 1979 value. Alternatively, the
same result might be achieved by using less in-
tensive management on a larger acreage. The
nature of any actual benefits, however, is de-
pendent on the following considerations:

● Major effects on the availability of high-
quality timber probably would not occur
for a number of years. Some additional
high-quality wood might be available im-
mediately from stand conversions and
harvest of noncommercial timber, and
some in about 20 years  f rom t imber
growth in stands that required only thin-
ning for stand improvement. The quan-
tities would not peak, however, before
about 30 to 40 years as stands that had
been cleared and replanted began to
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reach harvesting age. By this time, most of
the old-growth stands accessible to log-
ging already may have been harvested, al-
though significant benefits from reducing
logging pressures on other valuable or
fragile lands would still be available.

● Although the increased avai labi l i ty of
high-quality timber might negate argu-
ments that these valuable or fragile stands
must be cut to provide sufficient wood to
meet demand, there is no guarantee that
the wood made available from intensified
management will be less expensive than
that obtainable from these stands, and
economic pressure to harvest them might
continue.

Forest Character

A widespread shift to intensified manage-
ment, with increased thinning, whole-tree har-
vesting, and residue collection wiII create a
very different kind of forest from today’s, both
visualIy and ecologicalIy.

Visually, the affected forest areas will be
more open and parklike. The trees, although
fewer in number, will be straighter and have
thicker trunks. Downed, dead, and diseased
trees and logging slash generally will be ab-
sent,

Both the wildlife mix and the types of trees
will be significantly different. The type of trees
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grown will be more controlled, and the species
diversity within individual stands will be re-
duced. Trees with l ittle commercial value*
may be eliminated, although areas in multiple
use management would retain species valua-
ble to sustaining wildlife, The wildlife mix
itself wiII reflect the new, more open condi-
tions. Birds and small animals that rely on
slash and dead and dying trees for their habitat
will be reduced in number, to be replaced by
species better adapted to the new conditions.

The extent to which wildlife values may suf-
fer will depend very much on the type of har-
vesting practiced, the extent to which replant-
ing measures control the growth of vegetation
valuable to wildlife, the presence of valuable
species that cannot tolerate intensive manage-
ment, and the total acreage affected and its
distribution. If mechanical and chemical brush
controls are used on newly cut areas, if clear-
cuts are very large in area, or if large pockets
of forest are not spared, then wildlife diversity
and numbers may be degraded. Otherwise, the
species mix may change but the wildlife pop-
ulation should be as diverse and numerous as
in the original forest.

Because most of the present forests are the
offspring of past exploitation and “high grad-
ing” (the selective removal of only valuable
trees) and are far from pristine ecosystems, the
ecological implications of these changes
should not automatically be considered as
negative. This is especially the case where the
diversity of forest ownership prevents extreme-
ly large contiguous areas from being placed in
single species management (monoculture).

Managed forests are often described as
“healthier” forests than the largely unman-
aged forests found in the East. This may be a
fair statement from the perspective of measur-
able economic worth; timber growth will be
enhanced, the population of game animals wilI
increase, damage-causing agents such as bark
beetles that reside in slash or dead and dying
trees will be reduced, and the incidence of
forest fires might decrease. However, the ef-
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fects of intensive management on other com-
ponents of forest “health” such as long-term
stability and resistance to disease epidemics
are not as well understood and may be nega-
tive in some cases. * Also, although large por-
tions of the public may approve of the changes
in forest appearance and character inherent in
an increase in forest management, policymak-
ers should stilI expect substantial opposition to
these changes, especially considering the un-
certainties about the potential for long-term
soil and productivity effects.

Poor Management

Although the long-range economic goals of
intensive management provide an incentive
against poor environmental practices, careless .
logging and regeneration practices will still oc-
cur on a portion of the managed sites. Poor
management may be practiced on an equal or
smaller proportion of sites than would have
been the case without an expansion of wood-
for-energy, but the effects of poor manage-
ment may be considerably aggravated with
such an expansion because:

Ž more acreage wilI be logged each year,
● most affected sites wiII have fewer years

to recover before they are logged again,
and

● removal of maximum biomass and the

subsequent soil depletion may reduce the
sites’ ability to recover.

The major damages associated with poor
management include:

● Erosion stemming from harvest ing on
steep slopes with unstable soils (leading to
slumps, landslides, other mass soil move-
ment), careless log skidding and road-
building (leading to soil damage through
compaction or exposure of mineral soils),
overintensive land preparation for new
planting, harvesting under wet conditions
(leading to excessive soil compaction),
and land disturbance during residue re-
moval. Overintensive land preparation for
replanting appears to be a major problem
with forest products industry operations

.

.
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in the Southeast.13 Erosion is likely to inten-
sify soil depletion effects.
Adverse effects on water quality from ero-
sion, failure to maintain stream buffer
zones, crossing of stream channels by ma-
c hines.
Esthetic damage, especially when basic
management measures (buffer strips, size
limitations on clear-cut areas, avoidance
of recreational areas, use of shelterwood
harvesting– leaving a protective canopy
of trees —when scenic vistas may be dis-
turbed) are ignored.
Loss of or damage to valuable ecosystems,
recreational land, wilderness area, etc.
Flooding danger when too high a percent-
age of land in a watershed is cut simul-
taneously.

Damage to Marginal Lands

As the price of wood fuel grows, there will
be increasing incentive to harvest poor-quality
stands on marginal lands with nutrient defi-
ciencies, thin soils, and poor climatic condi-
tions— lands where there is little potential for
future high-quality timber growth, The environ-
mental impacts of logging these lands are like-
ly to be large, because the damage potential is
higher (greater risk of nutrient depletion, ero-
sion, etc. ) and the Iikelihood of mismanage-
ment is greater (because the logger will not
have a continuing relationship with the land).
Much of this land, although “poor” from the
standpoint of commercial productivity, is val-
uable for its esthetic and recreational values,
watershed protection, and other forest values.
These values may be lost or compromised by
logging on sites where forest regeneration may
be a problem – for example, on sites in the arid
Southwest. Permanent loss of these forest val-
ues is Iikely to be more important than any im-
mediate logging impacts, especially because
the immediate impacts can be reduced by
good logging practices. These dangers are
somewhat tempered, however, by the Federal
ownership of much of the most fragiIe lands.

Poaching

A rising price for wood fuel will also— inevi-
tably — lead to an increase in illegal harvesting.
There are no data on such activities today, al-
though stories abound about disappearances
of walnut and redwood trees and other high-
quality timber. However, extensive illegal min-
ing of coal on public and private lands has oc-
curred, despite the substantial length of time it
takes to uncover and mine a coal seam. The
rapidity with which trees can be cut and re-
moved from a site appears to guarantee a
strong danger of wood piracy with, certainly, a
disregard for environmental values. The dan-
ger wiII be especially great in areas where a re-
liable and competitive retail supply infrastruc-
ture is not established.

Small-Scale Harvesting Problems

Harvesting by individuals, many of them in-
experienced in logging and s i lv iculture in

Photo credit USDA. B//l  Marr

Wood harvesting by individuals will accompany an increase
in the use of wood for home heating
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general, will also accompany any substantial
increase in wood use for residential heating. If
done properly, this type of harvesting on small
woodlots has the potential to improve timber
values in a manner similar to that obtained by
intensive management practiced by the forest
products industry. Where the woodlot is too
small to sustain a continuous yield or the in-
dividual lacks the proper knowledge of which
trees to cut or how to cut them, damage to the
forest and a significant rise in forestry-related
accidents will occur. Although, again, no reli-
able data exist, foresters are beginning to see
an acceleration of these problems that may co-
incide with the remarkable growth in residen-
tial wood stoves and furnaces. A continued es-
calation of such problems appears to be vir-
tually inevitable unless substantive measures
are taken to provide small woodlot owners
with easy access to management help. Al-
though some access is available through Feder-
al-State cooperative programs, this effort cur-
rently falls short of what is needed.

Good Forest Management—
How Likely Is It?

The actual environmental effects of a great-
ly increased harvest of wood for energy will de-
pend in large measure on whether or not wood
suppliers adopt environmentally sound har-
vesting and regeneration techniques. At pres-
ent there is no guarantee that a “careful man-
agement” strategy will be followed.

Existing economic incentives to practice en-
vironmentally sound management are mixed.
There are a variety of positive incentives to use
sound harvesting procedures and to prefer
higher quality sites– if they are available.
These incentives include lower logging costs
on flatter— and thus less erosive— lands, the
timber improvement potential inherent in
properly managed harvesting on high-quality
lands, and the potential for loss of significant
recreational and esthetic values — and subse-
quent loss in overall land value— if logging is
mismanaged or conducted on vulnerable land,
In many situations, however, these incentives
may be canceled. Although considerable high-
quality forest acreage is available on a na-
tional and regional basis, local variations in

land availability may expose vulnerable lands
to exploitation —especially because wood is
usually considerably less expensive if obtained
within a small radius of the user. The long time
period needed to recoup the full benefits of
good management as well as the tendency of
some of the benefits (such as prevention of
damage to streams) to accrue to adjacent land-
owners or the general public rather than to the
investor also l imit management incentives.
Also, scientific understanding of the conse-
quences of certain harvesting practices — espe-
cialIy whole-tree harvesting coupled with short
rotations — is not complete, and proper eco-
nomic tradeoffs cannot always be made. Final-
ly, an unknown percentage of those involved
in timber harvesting and woodlot management
are more or less ignorant of proper manage-
ment procedures and may not use — or may not
have ready access to–trained foresters, This
may become a particularly important problem
if larger numbers of small landowners begin
harvesting to satisfy their own residential
wood requirements.

In addition to the mixed character of the
economic signals leading to selection of forest
management practices, regulatory incentives
for controll ing negative environmental im-
pacts generally are weak in the United States.
Most States, especially those in the East, have
few strong statutes and guidelines for forest
protection, insufficient manpower for proper
enforcement, or both. Many State agencies fo-
cus most  of  thei r  attent ion on forest  f i re
prevention rather than on environmental man-
agement. Although section 208 of the Clean
Water Act theoretically should promote con-
trol of erosion impacts from logging, imple-
mentation has been slow. Also, the complexity
and site-specific nature of logging impacts add
to the diff iculty of creating and enforcing
credible environmental protection regulations.

Assurances that environmentally sound log-
ging practices are likely to be used cannot be
obtained from knowledge of current opera-
tions, which is inadequate. Management prac-
tices of loggers on Federal lands are specified
and supervised by the Forest Service and the
practices of the big forest product companies
are considered by many forestry professionals
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– but not necessarily by environmental groups
— to be reasonably sound (although there is lit-
tle data to confirm this). However, the major
potential for increased wood growth and pro-
duction is in the East–the domain of the small
private landowner and, especially in the North,
of the small-scale logger Painfully few surveys
are available on which to base generalizations
about the environmental practices of these
loggers and landowners. One small l imited
survey in Maine showed a virtualIy total failure
to use simple environmental control measures
such as water bars or reseeding erodible
areas. 14 The importance or applicabil ity to
other States of such observations is unclear,
but it seems fair to conclude that, given the
absence of sufficient incentives for environ-
mental controls, a real danger exists that the
development of a substantial new wood fuel
market may be accompanied by a consider-
able amount of tree harvesting that is not in
accordance with environmentally sound man-
agement practices.

Conclusions

Increases in wood fuel demand may pro-
mote changes in forest management practices
that offer some strong economic and environ-
mental benefits. Other effects of these new
management practices, as well as the effects
of fuelwood harvesting on marginal sites, of an
increase in small-scale logging for the resi-
dential market, and of the possible increase in
tree “poach ing,” may be strongly negative.

The effects  of  intens i f ied management
brought about by the increased value of low-
quality wood as fuel cannot be considered un-
ambiguously positive. Although increased
avaiIabiIity of high-quality wood on the man-
aged sites may decrease logging pressures in
some forests that have high recreational, eco-
logical, and esthetic value, the changed char-
acter of the managed forests may be objec-
tionable to environmental groups. The adverse
effects of bad management may be magnified

by the shorter rotations and higher biomass
removal rates. Long-term debilitation of some
forest soils may be possible, and safeguards
against such an effect might be difficult to im-
plement,

Aside from these potential problems with in-
tensified management, increased wood de-
mand may promote practices that are unam-
biguously negative. The clearing of low-grade
wood from marginal sites, made more attrac-
tive by high fuelwood prices, has a high poten-
tial for short-term erosion damage and, in
some cases, failure of the forest to regenerate.
Stealing of wood will become increasingly at-
tractive and could be extraordinarily difficult
to prevent. Also, the entry of thousands of
homeowner-loggers into the logging communi-
ty may bring an increase in poor harvesting
practices as well as endanger personal safety
and Iives.

It is not possible with the current state of
knowledge to assess accurately how these pos-
itive and negative aspects will balance each
other. Many in the forestry community view
wood energy as an opportunity to achieve bet-
ter forest management and improved environ-
mental conditions, and this potential certainly
exists. On the other hand, the potential prob-
lems appear quite serious in light of the cur-
rent weak economic and regulatory incentives
for practicing good environmental manage-
ment
about

The
tricity

and the alarming lack of information
current logging practices.

Wood Conversion Impacts

conversion of wood to heat and elec-
and to Iiquid or gaseous fuels has poten-

tially serious environmental effects, especially
from the air pollution associated with the con-
version processes.

Residential wood combustion may create
serious particulate air pollution problems in
areas where a high density of units is combined
with occasional atmospheric inversions. Poly-
cyclic organic matter (POM), species of which
are known animal carcinogens, can comprise
as much as a few percent of this particulate
matter. Based on available emission data,
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POM emissions from wood stoves are likely to
be far greater per Btu than from systems they
would replace — residential oil or gas furnaces
or, indirectly, fossil fuel powerplants. 15 The air-
tight stoves, with their slower rates of combus-
tion, may aggravate the emission of these and
other organic particulate as well as carbon
monoxide (CO). On the other hand, emissions
of sulfur dioxide (SO 2) and nitrogen oxides
( N Ox) from small wood stoves are quite low
compared with the systems they replace.

Both the emissions and safety problems (see
“Social Impacts”) of wood stoves may be par-
ticularly noteworthy because the monitoring
and regulation of millions of units are difficult,
and proper operation depends on the actions
of millions of individuals with greatly varying
degrees of operating experience and under-
standing of the environmental and safety haz-
ards involved.

Wood-fired combustion units of large size
–for commercial, industrial, and even utility
use— should present few pollution problems if
equipped with efficient particulate controls.
N OX and SO, emiss ions are low; CO and
organic emissions may be 10 times as high per
Btu as emissions from large coal boilers but
can be held to tolerable levels by maintaining
good combustion efficiency;16 and particulate
emissions, while high, are control I able by elec-
trostatic precipitators, wet scrubbers, and
other avaiIable devices.

There has been very little actual experience
with wood gasifiers so their emissions and en-
vironmental effects are somewhat speculative.
Some early tests have indicated that emissions
from a gasifier-boiler combination would be
much lower than those from a similarly sized
wood-fired boiler. 17 The raw, intermediate-Btu

gas, however, could contain a number of toxic
pollutants including ammonia, hydrogen sul-
fide and cyanide, and phenols and other aro-
matic compounds,18 thus, leaks from the sys-
tem could pose occupational hazards. Also, al-
though there are no confirming data, the tar
and oil byproducts of gasification may be car-
cinogenic. A fraction of these condense out of
the system and may require careful handling.

Although such close-coupled, gasifier-boiler
systems may have no water effIuent aside from
cooling water, gasifiers producing a higher Btu
gas for transport off site or for methanol pro-
duction (see “Alcohol Fuels”) do produce an
effluent from the water initially present in the
feedstock or formed during the partial com-
bustion accompanying gasification. This efflu-
ent — as well as the water from any wet scrub-
bers used for air cleaning or condensin g tars
and oils —will be high in oxygenated hydro-
carbons and must be treated before disposal
because of its high biological oxygen de-
mand. Other potent ial  pol lutants include
trace heavy metals, sulfides, and thiocya-
nates.20 The condensed tars and oils will be
either recycled to the gasifier or disposed of.
The quantities collected will be considerably
larger than in a close-coupled gasifier and will
require simiIar careful handling.

Finally, in considering the environmental ef-
fects of wood energy, it must be remembered
that to the extent that wood energy displaces
oil, natural gas, or coal, it also reduces the en-
vironmental effects that occur in the produc-
tion, transportation, and consumption of these
fossil fuels. A comparative evaluation of these
effects was not attempted in this study.

.



Ch. 4—Fuel Cycles and Their Impacts ● 83

Social

The principal social impacts of the wide-
spread use of wood energy are the effects on
employment, on occupational health and safe-
ty, and on local tax revenues.

Wood energy harvesting and conversion are
likely to be more labor intensive than fossil
fuel alternatives. ” For example, table 5 com-
pares the average number of workers required
to harvest the energy equivalent of 1 Quad/yr
of wood with the mine labor needed to extract
an equivalent amount of coal. As can be seen
from this table, a wood-harvesting operation
could require from 1.5 to 30 times more work-
ers per Quad of fuel than a coal mining opera-
tion, depending on the wood harvesting and
coal extraction methods. Assuming that be-
tween 5 and 10 Quads/yr of wood energy could
be available, the increased employment in log-
ging would be substantial. Alternatively, the
use of wood to produce methanol would re-
quire 2,300 to 5,300 workers to harvest enough
wood to produce 1 billion gaI/yr of methanol
(or approximately 0.08 Quad/y r), depending on
the harvesting method. Associated employ-
ment effects for wood harvesting include the
manufacture of logging or other equipment as
well as the transportation of solid and liquid
fuels.

“ InterCroup Consulting Economists, Ltd , L/quid Fuels From
/?enewab/e  Resources A Feaslb//lty  Study (Ottawa Government
of Canada, Flsherles and Environment Serv!ces, 1978)

Table 5.—Labor Force Equivalents for
Wood Harvesting and Coal Mining

Impacts

Supplies of wood for residential heating
could be associated with commercial-scale
operations that would create jobs, or such sup-
plies could involve owner or part-time har-
vesting that would either increase the amount
of time spent procuring one’s own energy or
would add an additional source of family in-
come.

Finally, wood energy use will mean more in-
tensive forest management that will increase
the demand for professional and technician-
Ievel foresters.22 .

In addition to the jobs associated with har-
vesting and management, wood energy conver-
sion will mean increased employment in the
construction and operation of combustion and
gasification facilities as well as the manufac-
ture of facil ity equipment and residential
units.

The use of wood in steam-generating plants
also would create more jobs per Quad than the
use of coal. Wood-fired boilers probably will
continue to be smaller than 50 MWe, while
new coal-fired powerplants typically will range
from 200 to 1,200 MWe. As can be seen in table
6, from two to five times more construction
workers are needed to install an energy equiv-
alent capacity of 1 Quad/yr of wood fuel than
are needed for the same capacity burning coal,
although the actual number of workers would
be less for both fuels because not all sites will

~ZThOrnaS  t-l Ripley and R tchard  L Doub,  “Wood for Energy
An Overview, ” American Forests 84 16, October 1978

Total workers
needed to produce

Ton/ 1 Quad/yr
workday (thousands)

Logging residue
Skidder, chipper . . . . . . 18-21 33-38
Cable, chipper. . . . . . . . 18-19 35-40

Stand improvement
Feller-buncher
Skidder, chipper . . . . . . 16-18 38-43
Hand fell
Cable, chip. . . . . . . . . . . 12-14 49-57

Coal mining
Underground, East . . . . 8-17 11-21
Surface, West . . . . . . . . 65-130 2-3

SOURCE: James Bethel, et al., ‘r Energy From Wood,” OTA contractor report
(1979),

Table 6.—Jobs Associated With New
Wood- and Coal. Fired Boilers

Total workers needed for an
energy equivalent of 1 Quad of fuel

used per year (in thousands)
Peak construction Operation

Wooda. . . . . . . . . . . . . 65-80 8-15
Western coalb . . . . . . 17-34 2-3
Eastern coalc. . . . . . . 16-32 2-3

aA~~umln~ a fUel mol~tur~ ~Onten! of M percent,  4,600 Btu/lb,  and an 85-per-

cent load factor.
bA~~uming  a heat value of 9,~ Btu/lb  and a load factor of 65 pOrCOnt.
cA~~uming  a heat value  of 12,500  Btu/[b  and a load factor of 65 percent.

SOURCE: Office of Technology Assessment.
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be bui l t  s imultaneously and construct ion
workers will move from site to site. In addition,
the construction workers for wood capacity
probably would be needed for a shorter period
of time due to the smaller plant size. Similarly,
from three to seven times more plant person-
nel are required to operate wood-fired facil-
ities than are needed for an equivalent capac-
ity of larger coal-fired plants. Again, some
operating and maintenance workers could be
shared among several wood-fired plants lo-
cated near each other. However, at sites where
one large new wood-f i red boiler replaces sever-
al old small oil-fired boilers, operating and
maintenance jobs may decrease. 23

Finally, employment associated with metha-
nol plants is expected to be comparable to that
in ethanol distilIeries (discussed in the next sec-
tion).

The manufacture of wood energy conver-
sion equipment also will represent a number of
employment opportunities. For example, the
Wood Energy Institute lists 7 firms producing
commercial wood boilers, 12 manufacturing
residential boilers, and 73 companies making
residential wood stoves. I n addition, the Insti-
tute lists several hundred wholesale and retail
suppliers of wood energy conversion equip-
ment. While the current number of employees
in these firms is unknown and future employ-
ment is difficult to predict, the opportuni-
ties —especially for small business employ-
ment — are substantial, and will expand as
emerging conversion processes such as gasifi-
cation and onfarm distillation become widely
used,

Based on the distribution of the wood re-
source base and the location of existing wood
energy activities, it seems likely that new em-
ployment will arise in rural areas, primarily in
the South, North, and Pacific coast regions.
Where these rural areas currently experience
unemployment or underemployment, wood
energy jobs will be welcomed. For example, be-
cause timber can be harvested almost year
round and is harvested most intensively in the

winter, wood energy may mitigate seasonal
employment problems in the North. 24

However, a major concern accompanies the
increased employment related to wood energy
—the high incidence of occupational injury
and il lness in wood production relative to
fossil-fuel-related occupations. Table 7 shows
that the rates of reported occupational injuries
and i l lnesses per worker in forest ry,  logging, -

and total lumber and wood products are signif-
icantly higher than the national average for all
private industries. The total incidence rates per -
worker in logging and in lumber and wood
products are almost twice those for coal min-
ing. In terms of output, the logging and wood
products sector has 14 times more occupation-
al injuries and illnesses per Quad of fuel pro-
duced than coal mining, and 28 times more
than oil and gas extraction. However, recent
experience with the more mechanized equip-
ment used for whole-tree harvesting indicates
that there may be a much lower injury rate for
the production of energy chips than is associ-
ated with traditional logging, although the
actual number of injuries could still increase.

Harvesting and using wood for residential
heating also could pose safety hazards, Ama-
teur wood harvesting can be associated with a
variety of accidents including those related to
improper use of saws and axes as well as fall-
ing trees. In addition, improperly installed or
maintained wood stoves and fireplaces are re-
sponsible for as many as 6,700 explosions and
home fires each year. 25

These safety considerations raise a variety
of i ssues.  Unless  safer  logging techniques are .
developed and enforced, the widespread use
of wood energy will increase occupational ac-
cident rates and the resuIting disruption of per-
sonal and family life, as well as public expend- “
itures for workmen’s compensation insurance
and benefits. These occupational risks could
become an issue in labor-management rela-
tions in the woods as they have in the coal
mines, and thus could increase the risk of

4 I I)((i
‘[]rl~,] 10 ( {)IllIl~Lin I( ,It Iorl M It II ~1 j I Iro A{lr~l intil r,] t I(JII  [ ),1 t,1
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Table 7.—Occupational Injury and Illness Rates, 1976a

—
1976 annual Average number

average Total casesb per Lost workday Total casesb Lost workday of days lost

employment 100 full-t i me cases per 100 per Quad cases per Quad per lost

(in thousands) workers full-t i me workers produced produced workday case
— — —  ————

Private sector (all
industries) c . . . . 64,690 9 4 — — 17

Forestry . . . . . . . . . 11 13 5 — — 21

Logging . . . . . . . . . . . 84 25 14 — — —

Total lumber and
wood products d. 677 22 10 28 12 17

Bituminous coal
mining . 224

Oil and gas. . . . . . . . . 345
13
13

8
6

2
1

1
0.5

25
45

aThe~e flg “re~  only  ,”~ I ~de the o~c upatlonal  Injuries and III nesses  that are reported the numbers In some sectors are actually higher  because of unreported accidents

blncludes  fatalities
CExcludes  farms ~[th fewer than 11 employees

dlncludes  Iogglng

SOURCE Bureau of Labor Statlstlcs.  Char(book on Occupational  Injur/es  and Illnesses (n 7976, Washington D C
U S Department of Labor. report 535 (1978). and Of

flee of Technology Assessment

Photo credit USDA, George Robinson

Wood harvesting can pose safety hazards
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labor-related fuel supply interruptions. Similar-
ly, in the absence of comprehensive safety
standards and building codes, more frequent
home accidents and fires will cause personal
suffering and increase private insurance claims
and rates for wood-burning homes.

Increased production and use of wood ener-
gy could have other impacts as well, including
effects on local tax revenues and forestland
prices and ownership patterns, Much of the
wood available for energy is privately owned
and is classified as noncommercial for local
tax purposes. In many areas, producing timber-
land is taxed at a lower rate than non-
producing, and harvesting this land for energy

wouId shift the tax classification and reduce
local tax revenues. On the other hand, the con-
struction of large conversion facilities (such as
methanol plants or powerplants) will contrib-
ute substantial amounts to local revenues.
Also, increased demand for wood energy could
increase the price of forest land. Moreover, in
the regions with the highest potential for stand
improvement—the eastern half of the United
States – existing wood lots presently tend to be
highly dispersed and owned in small units. As
prices rise, these woodlots or their timber
rights might be bought or leased by the timber
products industry or conversion facility oper-
ators, or by State or Federal agencies, to facili-
tate efficient management.

.

,
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Alcohol Fuels

Introduction

In early 1980, the United States consumed
600 million to 900 million gal/yr of gasohol, a
mixture of gasoline and ethanol. (This corre-
sponds to 60 miIIion to 90 milIion gal/yr of eth-
anol.) Mixtures of methanol and gasoline may
also be feasible or the alcohols could serve as
standalone fuels for many uses, including
transportation fuel in properly modified auto-
mobiIes. With total U.S. consumption of gaso-
line running about 110 billion gal/yr, gasohol
represents a small fraction of the current fuel
Supply,

Nonetheless, gasohol and alcohol fuels have
attracted considerable interest because the
ethanol or methanol can be produced from do-
mestic, renewable resources (figure 21), and
the alcohol fuels have a wide range of applica-
tions (figure 22). Alcohol fuels, in other words,
are seen as one of many means for lessening
the United States’ dependence on imported oil
(current imports are about 7 million bbl/d or
about 100 biIIion gal/yr).

OTA’s analysis indicates that the potential
for alcohol fuels from biomass is highly de-
pendent on the feedstock used to produce the
alcohol. Conservative estimates indicate that
ethanol production from grains and sugar
crops may be Iimited to 2 billion gal/yr, before
competition for the feedstock and cropland in-
creases food prices significantly. 26 At the 2-
billion-gal/yr production level, ethanol could
reduce U.S. demand for oil imports by 120,000
bbl/d, a cut of 1.5 percent from the present
level, if it is used as an octane-boosting ad-
ditive in gasoline and produced in distilleries
not fueled by oil. Use of this amount of alco-
hol as a diesel fuel substitute (e.g., on farms)
would displace only about 50,000 bbl/d of oil
or less than 1 percent of oil imports.

Figures 23 and 24 show the geographical dis-
tribution of existing cropland and of land with

Figure 21 .—Likely Sources of Fuel Alcoholsa

Isolated
natural gas

Coal

Peat

Wood
\

Plant
herbage

Grains
I

Sugar

a l n prl nc I p Ie either alcohol can be made from al I of the sources sho A [l an(i
many others  as wel I (Met hanol  by means of carbon mono x Ide h YC rogen SY r)
thesis and ethanol by means of ethylene ox (de synthesis or hydroly  SIS
fermentation J Where two I I nes are shown the sol Id I I ne represents I he ro(l tt>
that probably WIII produce the less expens(ve  fuel

bplastlcs  ,n Munlclpal  solrd  waste may Interfere h Ith methanol SY nthesls  con

sequent Iy ethanol synthesis may prove 10 be the less e x pens Ive I Iq u I(I f Ue I
from this  source

SOURCE Office  of Technology Assessment

a high or medium potential for conversion to
cropland. If grains and sugar crops are the prin-
cipal ethanol feedstocks, then States with
large cropland resources will gain the most in
agricultural revenues. Benefits to these States
may include greater gasohol availability but
probably would not include preferential ac-
cess to Iiquid fuel in general (except for on-
farm distillation or if allocation decisions fa-
vor gasohol) because Iiquid motor fuels dis-
placed by ethanol could become available
elsewhere.

.,,- , r, : Q, –
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Figure 22. —Uses of Alcohol Fuels

Other standalone
fuel

aMay need other addttlves
bprobably  not  a preferred use If derived from grains  and su9ar  croPs

SOURCE Office  of Technology Assessment

Figure 23.—Cropland as a

Pacific

The greatest potential for alcohol fuels from
biomass, however, comes from wood, grass
and legume herbage, and crop residues (lig-
nocellulose). Methanol can be produced from
wood with existing technology although no fa-
cilities exist at present. Processes using grass
and legume herbage and crop residues prob-
ably would be quite similar, although the use
of these feedstocks must be demonstrated. By .
the mid- to late 1980’s, processes for economi-
cally producing ethanol from these materials
also may be available.

Although actual market penetration is dif-
ficult to predict, converting 4 Quads/yr of
wood, grasses, and crop residues to methanol
would yield about 30 bilIion gal/yr. Assuming
that 7 billion gal are used as octane-boosting
additives to gasoline and that the remaining 23
billion gal are used as standalone fuel, then

.

.

aLe~~ than 0.5 percent.

SOURCE: Soil Conservation Service, U.S. Department of Agriculture.
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Figure 24. —Potential Cropland With High or Medium Potential for Conversion, as a Percentage
of Total Land Area

. .
Northern ~” ‘~=”

Pacific Plains

7
9

11

-/

I

th is  quant i ty of  methanol would displace
about 1 milIion bbl/d of oil, or about 12 per-
cent of the current imports. A simiIar displace-
ment of imported oi l  probably could be
achieved by converting this type of biomass to
fuel ethanol, although commercial processes
for doing this are too poorly defined at present
to make a satisfactory estimate.

There is also the possibil ity of producing
other aIcohoIs and reIated chemicaIs that are
suitable as fuels. Although future develop-
ments couId make these aIternatives more at-
t rac t ive economica l ly ,  e thanol  cur rent Iy  ap-
pears to be superior in terms of commerciaI
readiness, and methanol i n terms of the quan-
tities that could be produced in the 1980’s.



90 ● Energy From Biological Processes

.

Photo credit USDA, Lowell Georgia

Al though alcohol fuels from biomass have attracted the most attention, other
may prove to be attractive for  onfarm      

Technical Aspects

                sourc es of liquid
use

 fuels, such as sunflowers,

Gasohol is a blend of 90 percent unleaded A 7 percent methanol (methyl alcohol or
gasoline and 10 percent ethanol (ethyl alcohol
or grain alcohol). Although information is in-
complete, it is probable that most cars in the
existing automobile fleet can use gasohol with
only minor changes in mileage and perform-
ance. An unknown number of cars, however,
will stall or have poorer performance with gas-
ohol due to a variety of causes. The longer
term effects of gasohol on the existing fIeet are
largely unknown. * Nevertheless, because most
new cars sold in the United States are war-
ranted for gasohol use, these problems are
likely to disappear as older cars in the fleet are
replaced with new cars.

wood alcohol) blend is roughly equivalent to a
10 percent ethanol blend in terms of the fuel’s
leaning effect. * Due to the greater reactivity
of methanol, however, it is likely that more
cars will experience problems with methanol
than with ethanol blends. Again the informa-
tion is incomplete, but it has been estimated”
that a minority of the existing fleet would be
seriously affected 28 with 5 percent methanol
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blends. There is, however, no good way to
judge the accuracy of this estimate, and, as
with ethanol, the longer term effects are large-
ly unknown.

The more serious problems with methanol
blends appear to be at the oil refinery and in
the distribution system. Although both ethanol
and methanol blends can separate into two
phases (layers) if exposed to water, the meth-
anol blends are more sensitive to this problem
and more stringent precautions must be taken
to ensure that the methanol blends remain dry.
Alternatively, cosolvents that decrease the wa-
ter problem may be developed; one such co-
solvent currently is being test marketed with
methanol blends by Sun Oil C0.29

Another problem with methanol blends is
their high vapor pressure, which increases
evaporative emissions from most cars and in-
creases the possibility of vapor lock. The com-
position of the gasoline can be adjusted to re-
duce the vapor pressure, but this reduces the
volume of usable gasoline produced from a
given amount of crude oil. Consequently, it
may be preferable to construct new cars to ac-
cept blends with high vapor pressures, or to
use cosolvents to reduce the vapor pressure. 30

In the 1980’s, if new cars are built to tolerate
alcohol-gasoline blends and appropriate fuel-
handling techniques are developed and used,
these problems should disappear gradually. If
more cars are equipped with automatic feed-
back carburetor adjustment devices (as in the
three-way catalyst cars in California), gasohol
with an alcohol content of more than 10 per-
cent may also become usable.

The addition of alcohol to gasoline raises
the octane of the blend over that of gasoline.
The exact increase depends on the widely vary-
ing composition of gasoline. Tests indicate
that 10 percent ethanol will raise the octane of
“average” gasoline by three to four octane
numbers; a comparable increase results from
methanol. The development in the 1980’s of
automobile engines that do not require high
octane fuels, however, wouId eliminate any en-

‘*B C Davis and W H Douthut, “The Use of Alcohol Mix-
tures as Gasoline Addltlves, ” Suntech, Inc , Marcus Hook, Pa ,
presented at 1980 NPRA annual meeting, March 1980

’01 bld

ergy savings or economic advantage that this
effect gives alcohol fuels when used in these
engines. Nevertheless, it is likely that a sub-
stantial fraction of the automobile fleet will
continue to need relatively high octane fuels
well into the 1990’s.

Automobiles also can run on pure alcohol.
Indeed, cars specifically designed for alcohol
wi l l  operate more  e f f ic ien t l y  than  the i r
gasoline-burning counterparts. The efficiency
(miles per Btu) of an ethanol- or methanol-
fueled engine can be 20 percent greater than
most gasoline engines due to the high octane
of these fuels, which allows a higher compres-
sion ratio in the engine, and to other modifica-
tions that improve efficiency. * The main hur-
dle in their development is overcoming start-
ing difficulties in cold weather. With over 10
percent of the existing automobiles in captive
f leets ,31 there is a considerable potential for
using alcohols in this way before a nationwide
commercial alcohol distribution network is in
place.

Another use for alcohol fuels is in diesel
engines built or modified for dual fuel use. The
modifications are relatively simple, * * and a
modified engine can use up to 30 to 40 percent
alcohol while continuing to use straight diesel
fuel when no alcohol is available. This option
could be useful when establishing an alcohol
distribution network, because users would not
be tied to a supply of alcohol.

Alcohols can also be used as a substitute for
light distillate oils and natural gas in gas tur-
bines used for peakload electric generation.
The modifications needed to use alcohols are
relatively minor in most cases and there is a
potential for displacing about 130,000 bbl/d of
light disti l late oil and about 100,000 bbl/d
equivalent of natural gas.32 Displacing all of
the light distillate oil could increase gasoline
supplies by about 130,000 bbl/d, or about 2
percent of current consumption.

“See “Use of Alcohol Fuels” In VOI II
“ Transportation Energy Conservation Databook (2d edftmn,

Oak Ridge National Laboratory, October 1977), ORNL-5493
● *See “Use of Alcohol Fuels” in VOI Il.
JZI-I R Adelman, R K Pefley, et al , “End Use of Fluids From

Biomass as Energy Resources in Both Transportation and Non-
Transportation Sectors, ” contractor report to OTA, January
1979.
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Photo credit USDA, David F Warren

Diesel farm machinery can be modified for dual fuel use

The options for distributing and using the
alcohols as standalone fuels require equip-
ment modifications, but do not suffer from
most of the problems with handling and stor-
ing the blends. On the other hand, using the
alcohols’ chemical properties as octane-boost-
ing additives to gasoline enables many oil re-
fineries to reduce their energy consumption by
producing a lower octane gasoline. However,
the actual energy savings and the complica-
tions vary considerably depending on the spe-
cifics of the refinery, the crude oil used, the
distribution techniques, and the end use. For
ethanol, the preferred use is probably as an
octane-boosting additive to gasoline. But there
is a need — particularly with respect to metha-
nol — to study the refineries, the petroleum dis-
tribution system, and various end uses for the
alcohols (including hydrocarbon synthesis) to
determine the best strategies (both in terms of
energy and cost) for expanding their use as oil
substitutes.

Ethanol

Ethanol can be produced from grains and
sugar crops with commercially available tech-
nology. The grains generaIIy provide a cheaper
ethanol feedstock and the conversion is less

expensive because they can be stored more
easily than most sugar crops, which often must
be reduced to a syrup prior to storage, Further-
more, grain distillation produces a byproduct
that can be used as a partial substitute for pro-
tein meal in animal feeds.

As shown in figure 25, in making grain etha-
nol, the disti l ler produces a sugar solution
from the feedstock, ferments the sugar to etha-
nol, and then separates the ethanol from the
water through distillation. In distillation, the
water-ethanol solution is boiled and the vapors
pass through a column causing numerous
evaporation-condensation cycles, each one of
which further concentrates the ethanol up to
95 percent. Higher concentrations, with cur-
rent technology, require further disti l lation
with the addition of chemicals. The capacity
of the typical commercial disti l lery ranges
from 10 million to 50 million gal/yr of ethanol,

Energy is consumed in the production of eth-
anol both in growing the crop and distilling the
ethanol (figure 26), As mentioned above, be-
yond the energy content of the ethanol, addi-
tional energy usualIy can be saved at the oiI re-
finery by using ethanol as an octane booster in
gasoline because it usually requires less energy
to produce a lower octane gasoline.

.

,
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Figure 25.—Synthesis of Ethanol
Sugar Crops
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It gasohol is to reduce U.S. dependence on
o i I i reports, it is cruciaI that as Iittle oiI is con-
sumed in the production of et ha no I from grain
or sugar as possible. WhiIe not much can be
done about oil and natural gas consumption in
the growing of ethanol feedstocks, disti l leries
shouId be required to use fuels other than pe-
troleum as a boiIer fuel. Otherwise, the oiI con-
sumed at the distilIery wiII eat up a significant
fraction of the oil displaced by ethanol use,
even with foreseeable improvements in the en-
ergy efficiency of distilIeries. (If naturaI gas is
used as a distiIIery fuel, then a significant part
of the o i I dispIacement is achieved at the ex-
pense of increased natural gas consumption )

If used as an octane-boosting additive and
distilled without use of premium fuels, each
gallon of ethanol can displace up to about O 9

gal of gasoline. (This is a displacement of pre-
mium fuel only, ) In contrast, if ethanol distil-
leries are fueled with oil and distributors do
not take advantage of ethanol octane-boost-
ing properties, * gasohol production actually
couId resuIt in a net increase in oiI demand. I f
ethanol disti l leries are fueled with coal or
biomass, but the ethanol is consumed in en-
gines in which it is only useful for its fuel value
(e. g., diesel engines or engines not requiring a
high-octane fuel), then each gallon of ethanol
from corn would displace, on the average, only
0.3 to 0.5 gal of gasoline, depending on the
engine used. The net displacement of premium
fuels can be considerably lower, however, if
more energy-intensive crops are used.

Because most onfarm uses of ethanol would
be as diesel fuel substitutes, emphasizing alco-
hol production for onfarm use would greatly
decrease the net oil displacement that could
be achieved at any given level of ethanol pro-
duction. Onfarm production of wet ethanol (5
to 10 percent water) from grains or sugarcane
is relatively simple, but the processes need to
be automated in order to minimize labor re-
quirements. Onfarm production of dry alcohol
cannot be accomplished economically with
commercialIy available technology, although
less expensive processes and equipment may
be developed in the future. Consequently, eth-
anol would have to be dried at central facil-
ities if it were to be used in gasohol. Numerous
site-specific constraints would also Iimit the
number of farms where wet ethanol produc-
tion would be economic. There is, however, in-
sufficient experience with onfarm ethanol pro-
duction to establish truly reliable cost esti-
mates. Nevertheless, farmers may wish to pro-
duce ethanol as an insurance against diesel
fuel shortages and in the hopes that it wilI raise
grain prices. * *
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Figure 26.— Premium Fuels Balance for Ethanol
(all numbers are gallons of gasoline energy equivalent per gallon of ethanol)

Energy savings Energy use

Premium fuels balance

Oil or natural gas
used as distillery
boiler fuel, ethanol
used as standalone
fuel, no use of
byproduct

Coat, biomass, or
direct solar used
as boiler fuel,
ethanol used as
standalone fuel,
full use of byproduct

Coal, biomass, or
direct solar used as
boiler fuel, ethanol
used as octane-boosting
additive. full use
of byproduct

.

.

+0.35 b

.

.

aThls  effect results from alcohol s tendency to produce an air/fuel ratio that appears to have more alr and less fuel, this  Increases the thermal efficiency of most cars
~Cars wtth  automatic carburetor adjustment would not show this effect
‘Uncertainty of * O 3

SOURCE: Of ftce  of Technology Assessment
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Commercial processes might become avail-
able for producing ethanol from wood, grass,
crop residues, and other IignocelIulose materi-
als at prices comparable to current grain proc-
esses by the mid- to Iate 1980’s One process
— the Emert process, formerly the Gulf Oil
Chemicals process--might be commercial by
1981-85, but significant uncertainties remain
concerning the ethanol costs from this process.

Methanol

M e t h a n o l  o r i g i n a l l y  w a s  p r o d u c e d  f r o m
wood, but only as a minor byproduct of char-
coal production. Methanol, however, can be
produced from wood with existing technology
(construction time: 2 years) using oxygen-
blown gasifiers (figure 27) although no plants
exist at present in the United States. Crop resi-
dues or grass and legume herbage also are fea-
sible feedstocks, but oxygen-blown gasifiers
capable of handling them must be demon-
strated.

Methanol synthesis consists of gasifying the
biomass to make a carbon monoxide-hydrogen
mixture, The ratio of these two components is
adjusted and the mixture cleaned and pressur-
ized in the presence of a catalyst to produce
methanol. Although relatively small methanol
plants could be constructed, there is a signifi-
cant economy of scale. Furthermore, plants
with a capacity of less than about 3 million to
10 million gal/yr wilI require a different type of
compressor than that used in large plants; this
could increase the costs further. *

Methanol, like ethanol, can be blended with
gasoline and used as an octane-boosting addi-
tive. Although methanol contains 25 percent
less energy per gallon than ethanol and 50 per-
cent less than gasoline, the net displacement
of oil from producing and using a gallon of
methanol from wood is as much as that for a
gallon of ethanol because it takes less energy
to grow, harvest, and transport trees from the
forest than it does to produce grains or sugar
crops. If the methanol is derived from crop

Figure 27. —Methanol Synthesis

Wood or
plant  herbage

I Shift gas composition I
I J

I

Methanol

SOURCE Off Ice of Technology Asses srT~e n I

residues or grasses, the net displacement per
gallon of alcohol is sl ightly less than with
wood due to the larger energy required to ob-
tain the farmed feedstocks, but it still falls in
the same range as for the various grains and
sugar crops. As with ethanol, the displacement
is maximized by using the methanol as an oc-
tane-boosting additive, but there are stiII some
unresolved questions about the best strategies
for expanding the use of methanol as a fuel.
Unlike ethanol, however, there is very little
danger that fuel methanol production could
lead to an increase in oil consumption.
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The economics of fuel alcohol
the feedstock as well as the way
used. Grain and sugar feedstocks

Economics

depend on
the fuel is

for ethanol
production are considered below, while the
methanol feedstocks, including wood, grass
and legume herbage, and crop residues, are
considered in the other fuel cycle sections.
Aside from waste byproducts and some types
of crop substitutions, the principal difference
between these types of feedstocks is that grain
and sugar production cannot be increased as
much as wood and herbage production, be-
cause high-quality cropland suitable for grain
and sugar crops is nearer to its productive
limits (with existing technology) than is pas-
tureland or forestland. Consequently, infla-
tionary competition between fuel and other
uses for the feedstocks is Iikely to occur at
lower levels of alcohol production from grain
and sugar crops than from wood and herbage.
For wood, however, the truth of this statement
wiII depend to some extent on the type of for-
est management that accompanies the in-
creased wood energy harvests.

Ethanol

Ethanol costs vary according to the feed-
stock used (table 8) and the size of the dis-
tillery. Ethanol can be produced from corn
($2.50/bu) in a coal-fired 50-million-gal/yr dis-
tillery for $1.1 9/gal with 100-percent private
equity financing, including a 13-percent return

on investment, or for $0.96/gal with 100-per-
cent debt financing. * The investment capital is
about $68 milIion (early 1980 dollars) for a 50-
million-gal/yr distillery. To the $0.96 to $1 .19/
gal cost, delivery costs must be added –$0.10
to $0.30/gal for deliveries of up to 1,000 miles
from the disti l lery. Currently, ethanol is trans- ●

ported in tank trucks, but as production vol-
ume grows other forms of transportation such
as barge, rail tank cars, and possibly pipeline .
may come into use. Under favorable circum-
stances, these modes could reduce ethanol
transportation costs to less than $0.10/gal.

Calculated simply on the basis of its energy
content, ethanol costing $1 .20/gal is equivalent
to gasoline sell ing at the refinery gate for
$1 .78/gal or about $46/bbl crude oil. However,
such a calculation fails to take into account
ethanol’s octane-boosting properties or its ef-
fect on engine efficiency. Although the cost
varies depending on the gasoline and other
specifics, OTA estimates that ethanol could be
competitive, without subsidies, as an octane-
boosting additive if the ethanol costs no more
than 1,7 to 2.5 times the crude oil acquisition
price. * *

A  ~(ItJ  ‘ t IIrtntlnt(]tit)ll  In \tIl I I

* * The average c rude 011 a{ qu l~ltlon  prl(  ~~ wa~ about $22 bbl  In

Januarv  1980, but w ill probably Inc rt~die to about $ H) bbl  bv th[’
end of 1980 For f u rt her df~t d I Is it~t> “US(’ ot Al( ohol” t u(’ls” Ill vOI

I I an(i box E

Table 8.—Cost of Ethanol From Various Sourcesa

Net feedstock
cost c ($/gal Ethanol cost Yieldd (gal of

Feedstock Priceb ethanol) ($/gal) ethanol per acre)

Corn . . . . . . . . . . . . . . $2.44/bu $0.57 $0.95-1.18 220
Wheat. . . . . . . . . . . . . $3.07 -4.04/bue 0.73-1.08 e 1.11-1.69 85
Grain sorghum. . . . . . $2.23/bu 0.49 0.87-1.10 130
Oats . . . . . . . . . . . . $1.42/bu 0.59 0.97-1.20 75
Sweet sorghum . . . . . $15.00/ton f 0.79 1.25-1.63 380e

Sugarcane . . . . . . . . . $17.03/ton9 1.26 1.72-2.10 520

aThe prod ”ctlon costs have been updated from OTA’S  technical memorandum on Gasohol to refleCt early  1980 costs
bAverage  of 1974.77 seasonal average prices
cThe difference In feedstock  costs might not hold over the longer term due to equlllbratlon of PrlCeS  through lar9e.  Scale

ethanol production
dAverage  of 1974.77 national average yields
eRange  due to dtfferent  prices for different tYpeS Of wheat
‘Assuming 20 fresh weight ton/acre yield, $300/acre production cost
gExcludes  1974 data due to the anomalously high  sugar prices that year

SOURCE U S Department of Agriculture, Agricultural Stat/stms, 1978, and Office of Technology Assessment
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Box E.–Two Ways to Calculate the Value of Ethanol

OTA presents here two methods to calculate the value of ethanol to a potential buyer. One
method focuses on the ethanol’s energy value and the other on its current market value. Although
the values calculated in the two examples will change as better data become available or as mar-
ket conditions change, the methods should be valid independent of these changes.
1. A refinery is the potential buyer. Assume that ethanol’s value is related only to its ability to deliver

automobile mileage or to save energy at the refinery. –Although there is considerable uncertainty
associated with the effects of ethanol on auto efficiency, available tests indicate that a gallon
of ethanol will displace about 0.8 gal of gasoline (i.e., gasohol mileage is 2 percent less than gas-
oline mileage). The refiner can also save some of the fuel needed to power the refinery— the en-
ergy equivalent of about 0.4 gal of gasoline for each gallon of ethanol — by taking advantage of
ethanol’s octane-boosting properties and producing a reduced octane gasoline to mix with it.
(If the refinery savings turns out to be significantly less than this estimate–as claimed by some
sources—then the value of ethanol to a refinery will be lower than that shown here. See box D
and “Use of Alcohol Fuels” in vol. I I for a discussion of the uncertainties associated with this
estimate). At the refinery gate, unleaded regular costs about 1.6 times the crude oil price. As-
suming that the fuels saved by the octane boost, which are of lower value than gasoline, cost
about the same as crude oil, the ethanol is valued at about

gasoline saved x gas price + refinery fuels saved x fuel price
=(0.8 x 1.6 + 0.4 Xl .0) x oil price
= 1.7 times the crude oil acquisition price.

2. A gas station is the potential buyer. Assume that the current markup the station obtains on gaso-
hol will not change as the gasohol market matures. –Gasoline retailers bought regular unleaded
gasoline for about $0.70/gal in July 1979 and sold gasohol for a rough average of $0.03/gal more
than regular unleaded. (The difference between this and the retail price of gasoline is due to
taxes and service station markup, which total about $0.29/gal.) One-tenth gallon of ethanol dis-
places a tenth gallon –$0.70 worth–of gasoline and should also be credited with gasohol’s
$0.03 markup, for a total value of $0.100, or $1 .00/gal. This is 2.5 times the July 7979 average
crude oil price of $0.40/gal.

These two estimates of ethanol’s “value” must be interpreted carefully because they are based on
t averages, whereas individual buyers will make decisions based on the actual values of crude oil

acquisition price, gasohol markup, and other parameters that determine ethanol’s value to them.
OTA concludes from the above estimates that in the absence of subsidies, manufacturers

should be able to find markets for their ethanol if they can price it at or below 1.7 to 2.5 times the
average crude oil price. This range is approximate, and changing price relations between crude oil
and gasoline as well as the demand for high octane fuels, can change the range.
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The price at which ethanol can be sold com-
petitively as an octane-boosting additive, which
is called its value, is displayed in figure 28 as a
function of the crude oil acquisition price at
varying levels of subsidies.

Figure 28.—The Estimated Valuea of Ethanol as an
Octane-Boosting Additive to Gasoline for Various

Crude Oil Prices and Subsidy Levels

.

I 1 I I 1 I
o $10 $20 $30 $40 $50 $60

Average crude oil prices paid by refiners (dollars/bbl)

avalue  ,~ defined  as the price  at which the ethanol becomes cOm Petltlve  as an

octane-boosting addltlve  to gasoline

SOURCE Off Ice of Technology Assessment

Ethanol made from $2.50/bu corn in a 50-
million-gal/yr coal-fired distillery can be deliv-
ered to a service station for $1.15 to $1 .50/gal,
making it competitive for blending with gaso-
line, using only the Federal subsidy on gasohol
equivalent to $0.40/gal of ethanol. At this price
ethanol would be competitive* without subsi-
dies when U.S. refineries pay an average crude
oil price of $19 to $37/bbl or when the average
retail price of unleaded gasoline is about $1.05
to $1 .80/gal .** This calculation, however, ig-
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nores the cost of modifying automobiles that
experience problems with gasohol (estimated
to be from $20 to $180/car affected 33).

A variety of factors that affect the costs and
pricing policies of refiners and distributors can
raise or lower the estimated value of ethanol
considerable y.* To a large extent, these pricing
policies will determine whether ethanol is eco-
nomicalIy attractive as an octane-boosting ad-
ditive.

Another very important economic consider-
ation involved with gasohol is the competition
between food and fuel.

Up to this point, the discussion of ethanol
economics has assumed the price of ethanol
feedstock that would prevail for incremental
supplies in the short run. In the longer term, if
billions of gallons are desired from starch and
sugar crops, distillers must bid up the price of
feedstocks as an incentive to make additional
feedstocks avai lable.  The three pr incipal
sources of the additional ethanol feedstocks
are: 1) food and feed exports, 2) crop substitu-
tions (e. g., growing corn rather than soybeans)
with reformulation of Iivestock rations and
possibly of human diets, and 3) expansion of
the quantity of cropland under production. All
these effects would occur simultaneously.

The first source represents a direct competi-
tion between domestic consumption and ex-
ports. Depending on harvests abroad and po-
litical decisions to embargo exports, the do-
mestic price changes can vary considerably
from year to year. Also, depending on how for-
eign demand changes with the prices of farm
commodities (the elasticity of foreign de-
mand), there may be an increase or a decrease
in revenues from food and feed exports as
grain prices increase.

Certain types of crop switching also can lead
to increases in ethanol feedstocks (figure 29).
One likely substitution is corn for soybeans; by
using the byproduct of corn distilIation to re-
duce demand for soybean meal, additional
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Figure 29.—Crop Switching: Two Methods to Produce Equivalent
Amounts of Animal Feed Protein Concentrate

Ethanol

Methods 1 and 2 provide equivalent amounts of animal feed protein concentrate

SOURCE Office of Technology Assessment

corn can be produced on some of the land that
would have been in soybean product ion.*
However, the amount of substitution is lim-
ited by the fact that the distillery byproduct is
not a perfect substitute for soybeans.

Cattle also could be fed more forage and
less corn, which would free corn for ethanol
production, but would reduce the weight gain
per animal per day and thereby reduce total
beef production. Similarly, a reduction in the
demand for grain-fed animal meat would pro-
vide additional ethanol feedstocks.

Cultivation on set-aside and diverted acre-
age often is cited as a possible source of etha-
nol feedstocks. In 1978 there were 18.2 million
acres in these categories and the 1979 total
was about 11.2 mill ion acres. The quantity of
set-aside and diverted acreage, however, will
fluctuate greatly from year to year. There is no
assurance that this land will be available for
energy production in the future.

OTA estimates that an additional 30 million
to 70 million acres of potential cropland could
be brought into crop production by the mid-
1980’s, over and above the land required for
food, feed, or fiber production (figure 30). In

\f’(’ \ \  tl<l ! I \ I II( I’otf,r)t  1,1 I c)t l)lf)fll<l~i  tf)r 1 )l\lJl,l{ Ill: ( I III

\ ( ‘l)! 1( )11,1 I I (11’1 \/ I 11 ( 11 {

the 1990’s, however, the situation may become
more precarious due to the expected increase
in demand for food attributable to a larger
U.S. population and increased export demand
for U.S. food production. By 1990, the crop-
Iand available for energy biomass production
could range from 9 million to 69 million acres
and by 2000, it couId be anywhere from zero to

Photo credit USDA, J Clark

The conversion of cropland to urban and other
nonagricultural uses will reduce the amount of cropland

available for energy production
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Figure 30. —Present Use of Land With High and
Medium Potential for Conversion to Cropland by

Farm Production Region -

Northeast

Lake
States

Corn Belt

Northern

Plains

A p p a l a c h i a

Southeast

(11.41)

(7.60)
(7.06)

Southern
Plains J ( 22)

M o u n t a i n (11.13)

SOURCE: 1977 National Erosion Inventory Preliminary Estimates, Soil Conser-
vation Service, U.S. Department of Agriculture, April 1979.

65 mi l l ion acres.34 (The uncerta inty in  the
availability of cropland for energy production
corresponds to less than plus or minus 10 per-
cent of the cropland needs in 2000. Conse-
quently, it is unlikely that more accurate pro-
jections can be made 20 years into the future.)

With this flexibility in the sources of ethanol
feedstocks, production will be limited primari-
ly by the rate at which distilleries can be built
in the next 3 to 5 years. By the 1990’s produc-
tion conceivably could reach a level of 7 bil-
lion to 10 billion gal/yr of ethanol from grains,
but expanding the production level beyond 1

billion to 2 billion gal/yr could, according to
conservative economic calculations, put etha-
nol into increasing competition with other uses
for the farm commodities, ’5 In the mid- to
long-term, this competition could become se-
vere. To maintain or expand an ethanol fuel in-
dustry, distilleries might have to turn to cellu-
Iosic materials for their feedstock. Constraints
here, however, may be the availability of cap- .
ital for the large investments that are Iikely to
be needed to convert distilleries to cellulosic
processes, and possibly the added cost of these
convers ion processes.  Furthermore,  the added 
complexity and equipment cost for these proc-
esses are Iikely to make them substantially less
suited to onfarm or small-scale facilities. No
definitive judgment can be made, however, un-
ti l future cellulose-to-ethanol processes are
better defined.

At this early stage in the development of the
ethanol fuel industry, the cost of the feedstock
is determined directly by the demand for food.
Greatly expanded gasohol demand that re-
quires substantially more than 2 billion gal/yr
of grain-based ethanol could very well reverse
this relationship, however, so that grain prices
could become dependent on the demand for
ethanol. The extent to which this will occur de-
pends critically on how much cropland can be
brought into production in response to rising
food prices, the amount of crop switching that
is practical, how easily grain can be bid away
from export markets, changes in eating habits
(e.g., less grain-fed meat) and, eventually, the
cost of producing ethanol from celIulosic feed-
stocks, These and other uncertainties, such as
weather, crop yields, and long-term changes in .

demand for food exports, make it impossible
to predict the full impact of large-scale etha-
nol production on food prices or the exact pro- .
duction level at which food-fuel competition
will start to become severe. But rough esti-
mates based on the expansion of cropland in
the early to mid-1970’s (due to the increased
demand for U.S. food exports) indicate that do-
mestic food consumers could pay $3 to $4 per
year in higher food prices for each additional
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Weather and other uncertainties can affect crop yields

gallon per year of ethanol* produced above
the level at which food-fuel competition be-
comes severe, if feed price rises are used to
bring more cropland into production and it dis-
tillery byproducts are utilized poorly. Never-
theless, numerous other factors such as a rise
in the international value of the dollar due to
decreased oil imports, which lowers the cost
for all U.S. imports, could decrease these in-
direct costs of ethanol production.

No truly satisfactory estimates can be de-
rived, but the increased food costs caused by
the competition between food and fuel pro-
duction could be enormous compared to the
quantity of ethanol produced, and caution

should be exercised when expanding ethanol
production from grains and sugars beyond the
2-bilIion-gal/yr level.

Some controversy exists over whether the
higher food costs should be characterized as
an indirect cost of ethanol production. This
point— that indirect costs for food consumers
should be charged to fuel ethanol — is clearest
when there is a Government subsidy such as
the present tax credit for gasohol. This tax
credit not only gives distilleries, and ultimately
fuel users, an advantage, but it also forces
food consumers to pay higher prices than
would be paid under normal market forces.
Without the subsidy, the price paid ideally
would equal the cost of products for al I pur-
chasers and, from a market viewpoint, greater
economic value would be obtained from the
same agricultural resources.

Even without Government fuel subsidies, se-
rious questions remain about indirect costs to
food consumers. If petroleum prices continue
to spiral, expansion of ethanol production may
cause unacceptable inefficiencies and inequi-
ties due to inelastic supply and demand for
food. In other words, grain and sugar produc-
ers may have difficulty supplying both food
and fuel needs, which are both relatively in-
flexible, so the net result would be that both
food and feedstock prices would rise to ex-
tremely high levels to achieve a market bal-
ance.

Beyond the increase in food prices, in-
creased demand for farm commodities also
will tend to increase farmland prices and the
year to year fluctuations in commodity prices.
The former results from the increased demand
for cropland and is necessary to expand the
amount of cropland in production. The latter
occurs because demand and supply for farm
commodities may be relatively inelastic at
large ethanol production levels and because
the increased production occurs on lands
where productivity is more sensitive to weath-
er variations. Unless policies are instituted to
increase the stabilization of farm commodity
prices (e. g., by larger buffer stocks), the com-
bination of higher farmland prices and in-
creased commodity price fluctuations would
put farmers who rent land or who have recent-
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Iy bought land in a more precarious situation
economically. Furthermore, the need for larger
buffer stocks and the higher cost of farm com-
modities also could increase Government ex-
penditures needed to maintain the buffer
stocks. On the other hand, farmland owners
could reap a windfall gain from the increase in
farmland prices. The net result would be an in-
come transfer from food consumers and tax-
payers to farmland owners and an increase in
farming costs due to the higher land costs, the
lower productivity of the new cropland, and
the higher risk of farming it.

Although ethanol production can lead to
greater fluctuations in the price and total sup-
ply of farm commodities, it also can provide a
buffer against extreme deprivation. Because
grain production would exceed the food and
feed demand, distillery feedstocks could be di-
verted to food use if severe crop failures oc-
curred at home or abroad. However, this
would decrease fuel supplies and place a hard-
ship on distiIlers and fuel users.

The production of fuel ethanol can influ-
ence a complex and interconnected set of mar-
kets. The exact impacts and market responses
are difficult to quantify and compare. De-
creases in U.S. dependence on imported oil
also would decrease the vulnerability of the
United States to political instabil it ies in oil-
producing countries. However, decreases in
grain exports could more than offset reduced
expenditures for foreign oil. The impacts of in-
creased food prices vary from reduction in do-
mestic meat consumption to a greater risk of
malnutrition at home and abroad, of windfall
gains for farmland owners, of increased eco-
nomic vulnerabil ity of farmers who rent or
have recently purchased land, and of retalia-
tory internat
exports.

ional responses to reduced grain

Methanol

As mentioned above, the economics of ob-
taining the methanol feedstocks — wood, grass,
crop residues, and other dry plant material —
are considered in the descriptions of the other
fuel cycles. The production and end use are
discussed below.

With methanol feedstock costs ranging from
$20 to $60/dry ton, OTA estimates that metha-
nol from biomass can be produced for $0.65 to
$1.30/gal; and the investment would be rough-
ly $100 million (early 1980 dollars) for a 50-mil-
lion-gal/yr plant, or somewhat more than a 50-
milIion-gal/yr ethanol distilIery using grain
feedstocks. For an average feedstock cost of
$30/dry ton of  wood, methanol  can be pro- .
duced for $0.75 to $1 .10/gal, depending on the
financing of the disti l lery. About $0.10 to
$0.30/gal should be added to this for delivery
of the methanol. .

Based solely on its energy content, methanol
costing $0.90/gal at the plant is roughly equiv-
alent to gasoline selling at the refinery gate for
$1.77 or $45/bbl of crude oil. Like ethanol,
however, methanol’s octane-boosting proper-
ties increase the price at which it can be com-
petitive as an additive to gasoline, which OTA
calls its value. In a manner completely analo-
gous to that used to calculate ethanol’s value
(see box E), methanol is estimated to have a
value of 1.5 to 2.3 times the average crude oil
prices paid by refiners, depending on whether
it is blended at the refinery or at the gasoline
station. (The upper value of 2.3 times the aver-
age crude oil price is particularly uncertain,
because there is little marketing experience to
judge the price consumers are willing to pay
for methanol-gasoline blends, or the cost of co-
solvents that ultimately may be used. )

Assuming the above range of values for the
alcohol, methanol costing $0.95 to $1.40/gal
(delivered) would be competitive as an octane-
boosting additive to gasoline when average
crude oi l  pr ices are $18 to $29/bbl,  or  when 
unleaded gasoline costs about $1.00 to $1 .90/
gal. * This calculation, however, does not in-
clude the costs  associated with addit ives or  .
with changes in the refinery, automobile, or
the fuel-handling system that may be neces-
sary. It therefore represents a lower Iimit for
the oil and gasoline costs at which methanol
would be competitive. Although these added
costs may be relatively small, an adequate
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evaluation of the factors is not currently avail-
able and is beyond the capability of this assess-
ment.

General Aspects of Alcohol Fuels

Despite fluctuations in the supply of bio-
mass feedstocks for producing alcohols, these
fuels probably are a more reliable fuel source
than imported oil, the supply of which is sub-
ject to the political whims of oil-exporting na-
tions. This factor— reliability of supply—does
not readily translate into dollars and cents, but
it does enhance the value of the alcohols. In
other words, the costs of oil supply disruptions
can be considerable although they are ex-
tremely difficult to quantify.

Ethanol from grains and sugar crops shares
an advantage with existing energy conserva-
tion technologies in that it uses current tech-
nology and thus may be an important energy
alternative during the 1980’s — before possibly
less expensive, domestic synfuels and newer or
improved conservation technologies become
avaiIable (see table 9 for the estimated costs of

var ious alternat ive l iquid fuels) .  Methanol
from wood probably shares this advantage, but
plants must be constructed and operated be-
fore this is shown to be the case.

Ethanol and methanol, as standalone fuels,
are unlikely to be competitive with methanol
from coal, but they may be comparable in cost
(per Btu) to the more expensive synfuels. How-
ever, future costs and supplies of the fossil-
based synfuels are uncertain. The future costs
of grains and sugar crops are aIso highly uncer-
tain, as are the future costs of the cellulose-to-
ethanol processes currently under develop-
ment. Furthermore, the lack of a reliable sup-
ply infrastructure for fuelwood, grasses, and
other Iignocellulose materials introduces un-
certainties into methanol production. These
uncertainties in the future costs of ethanol, the
lack of a feedstock supply infrastructure for
methanol, and the uncertainty in the future de-
mand for biomass alcohols may discourage
private investment in alcohol synthesis facili-
ties.

Some concern always will exist about intro-
ducing new transportation fuels that require

Table 9.— Estimated Costs in 1979 Dollars of Alternative Liquid Fuelsa

Raw liquid Refined motor fuelb 1990 potential
Fuel source $/million Btu $/million Btu $/gal (000 bbl/d)

Fuels requiring no automobile modification “
—

Imported crude . . . . . . . . . . . . . $5.10’ $9.37 $1.17 4,500-8,500
Enhanced oil recovery. . . . . . . . 3.00-7.00 5.50-12.90 0.69-1.61 300-1,500
Oil shale . . . . . . . . . . . ... . 5.90-7.30 12.50- 16.20d 1.56-2.03 30-300
Syncrude from coal. . . . . . . . . . 5.10-8.50 10.90- 17.80e 1.37-2.23 50-500

Fuels requiring automobile modifications if used as standalone fuels
Methanol from coal. . . . . . . . . . — 5.50-8.80 0.35-0.56 50- 500f

Methanol from biomass . . . . . . — 10.20-20.909 0.65-1.309 50-500
Ethanol from biomass. . . . . . . . — 10.70-17.80 0.90-1.50 50-200
—————.—
acost estimates for synfuels  may be low because commercial.scale Plants  have c$30/bbl

not been built The values given encompass currently accepted best estl. d Raw IIquld  cost of $35 to $43/bbl  PIUS $500 tO $9 00/bbl  for upgradln9

mates e Raw I,qu,d  cost  of $30 to $50/t)bl plu S $500  to $7 OOlbbl for upgradln9
bln order t. compare  refined liquids (e g methanol and ethanol}  with unrefined fThls  IS not  adcfltlve  to the potential of sync rude from coal

Ilqulds  (e g crude 011 011, shale 011 and syncrude),  the followlng methodology 9Thls  Price spread depends to a large extent on the range Of wood feedstock

IS used Where necessary (shale 011 and syncrude),  upgrading costs are added costs
to the raw Iiquld  costs The cost per gallon  of refined Ilqulds  IS then assumed
to be 164  times the cost per gallon of the upgraded raw Ilquld.  which IS the
current ratio of the cost of refinery gate regular unleaded gasollne  and the
average crude 011 acqulsltlon cost

SOURCES Off Ice of Technology Assessment; K A Rogers and R F HIII,  Coa/ Conversion Cornparlson,  prepared for U S Department of Energy under contract No EF-
77-C.01  .2468 Coa/ Lvqulds  and Sha/e 0//  as Transportat~on  Fue/s  a d!scusslon  paper of the Automotive Transportation Center. Purdue Unlverslty,  West La
fayette,  Ind July 6 1979, and E E Bailey, “Methanol From Coal. An Adapt Ion From the Past. ” Energy, PP 19-20. Fall 1979. Off Ice of Technology Assess.
ment An Assessment of  0// Sha/e Techno/ogles  June 1980

,, -+,, Q - CjJ - PI
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modified handling techniques and can cause not anticipate. The question surrounding the
difficulties in some cars. Until the procedures use of alcohol fuels is not whether the prob-
are fulIy established, mistakes can cost a com- Iems can be solved, but rather how to solve
pany some of its customers as well as added them in a way that minimizes the disruptions
time and effort. Consumers also are con- and costs.
fronted with inconveniences and costs they did

Environmental Effects
.

Although attention has focused on the air
quality effects of using alcohol blends in auto-
mobiles, each stage of the alcohol fuel cycle
has significant environmental effects. The
growing and harvesting of alcohol feedstocks
probably will result in the most serious effects,
although these effects wilI vary substantialIy in
kind and intensity depending on the choice of
feed stocks.

Obtaining the Feedstock

If grains and sugar crops are the primary feed-
stocks, production of ethanol in greater quanti-
ties than can be supplied by surplus crops and
food wastes (a few hundred million gallons per
year) may involve additional crop production
through more intensive cultivation of present
cropland and the development of potential
cropland currently in forest, range, or pasture.
A commitment to produce enough ethanol
from these crops for a 10-percent blend in all
automotive fuel could require putting as many
as 30 million to 70 million acres into intensive
crop production. The acreage could be sig-
nificantly lower, however, if extensive crop
switching is demonstrated to be a valid alter-
native to increasing acreage in product ion.*

Soil erosion and its subsequent impact on
land and water quality will be a major conse-
quence of an expansion of intensive agricultur-
al production. Agriculture currently is the pri-
mary cause of soil erosion in the United States
— at least a billion tons of soil from American
farms wash into the Nation’s surface waters
each year. 36 The eroded soil causes turbidity,

f i l l s  reservoirs  and lakes,  clogs i r r igat ion
canals, and damages aquatic habitats. In addi-
tion, the soil transports other pollutants in-
cluding phosphorus, pesticides, and bacteria.
Although the extent of the damage to aquatic
ecosystems is unknown, yearly material dam-
age from sedimentation has been estimated at
over $1 bill ion.

Sustained soil loss also can damage land
productivity, although it often takes a long
time to do so. For example, a net loss of 10
ton/acre-yr leads to a loss of only an inch of
topsoil in 15 years— and the loss in productive
potential during this time may not be large on
some lands because of their depth of topsoiI or
the nature of their subsoil. Even a significant
loss may go unnoticed, because it may be
masked in the short term by productivity in-
creases resulting from improvements in other
farming practices or more intensive use of agri-
cultural chemicals. This lack of visibility may
be one of the reasons why much of U.S. inten-
sively managed cropland currently is eroding
at rates in excess of Soil Conservation Service
(SCS) guidelines. For example, sheet and rill
erosion alone on intensively managed crop-
Iands averages 6.3 ton/acre-yr nationally and
7.3 ton/acre-yr in the Corn Belt, * while SCS
guidelines call for rates below 5 ton/acre-yr
(and less on more vulnerable lands). Indefinite
continuation of this loss rate will eventually
cause a decline in U.S. farmland productivity.

New intensive crop production for ethanol is
likely to have more severe erosion problems-–
per acre – than those described above for food
and feed production (table 10). The lands most
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Photo credit USDA —Soil ConservaflOn  Dlstrlc(

Agricultural operations can cause significant soil erosion problems

Table 10.—Erosivity of Cropland
————

Acreage now in Current erosion rates in
Soil capability intensive product ion, these capability classes, b Acreage that could be

class a 10’ acres (%) ton/acre-yr added,c 106 acres (O/. )———..————

I . . . . . . . . . . . . 28 (9) 3.2 6 (3)

II . . . . . . . . . . . 151 (50) 4.3 69 (38)

Ill . . . . . . . . . . . 94 (31) 6.9 74 (40)

Iv . . . . . . . ~ . 27 (9) 11.5 34 (19)
——

aA ~ea~ure  of the ~on~tralnts  on crop production (1) means excellent capability and few restrictions. ‘hlle (Iv) ‘cans ‘evere

Ilmltatlons  on crop choice with spec!al  practices required
bwater.caused  erosion only  during Intensive production
cpresent  ~ropland  not now In Intensive use plus land with high and medium potential for swltchlng,  this Is likely  to be an up”

per bound

SOURCE 1977 National Erosion  Inventory
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likely to be shifted to ethanol production ap-
pear to be about 20 percent more erosive than
land that is presently in intensive crop produc-
tion.* Also, if this land is less productive (as it
is expected to be) than existing cropland in in-
tensive production, then erosion rates per unit
of production will go stilI higher.

A large expansion in intensively managed
cropland will have important effects in addi-
tion to soil erosion. For example, pesticide
use — currently about 1 bil l ion lb/yr in the
United States 38— will probably expand some-
what proportionally to the expansion in crop
acreage. Increased application of chemical
fert i l i zers  wi l l  a lso resul t .  The runoff  and
leaching of nutrients to surface and ground
waters will cause premature aging of streams
and damage to aquatic ecosystems.

The increase in cropland will also lead to a
transformation of unmanaged or lightly man-
aged ecosystems, such as forests, into inten-
sively managed systems. A large-scale national
gasohol program would increase pressure to
clear as many as 10 million to 30 million acres
of unmanaged or Iightly managed woodland.

All of the impacts associated with increased
crop production are functions not only of the
type of crops grown but also of land capabili-
ty, production practices, improvements made
to the land, and other factors. There is enough
freedom of choice in the system to significant-
ly reduce the environmental impacts of a ma-
jor gasohol program. Aside from choosing the
land to be cultivated as well as the crop and
tilling procedure, farmers may reduce impacts
by using a variety of environmental protection
measures such as integrated pest management
procedures, soil analysis to minimize fertilizer
applications, and the development of disease-
resistant crops. The Environmental Protection
Agency (EPA) (through its section 208 areawide
planning process to control nonpoint sources

‘ ll,l~~d on ( onl~)utt>r runs ( oncl LJ{ t~~cl t{)r () 1 A by t 11[1 Soil ( o11-

~t~rv,l  t Ion St>r\  I ( t>, t ronl t ht’ / 077 Nat Iond / f roj Ion /n L en tory
‘“f)fafl /mpIC  ( A na/}\l\ $Idlwnenl RLIrJ/ ( /c~c]n it ater  IVoxrdm,

op c It

“’13,1MKI on d,~t,] in “ 1,~bl~~~ of I>otent 1,11 (’rol)l,lnd,’”  /[)77 N,]-
fion.?/ / ro$l(m /nL en tort — Pre/lrnlr]ary  f $Iln]d((>i (Wa ~hl ngt on,
[) ( ’  U  5 [>epdrtnlellt ot Agrl(  Ll[tllr(>,  soil (’on~f>rvdt Ion Servl( (>,

A~)ril 1979)

of pollution) and the Department of Agricul-
ture (through SCS programs) have made only
limited progress, however, in shifting farming
practices toward less water polluting and more
soil-conserving methods. * Also, there is consid-
erable controversy surrounding the net envi-
ronmental effects and the potential impacts
on crop yields of some of the measures advo-
cated as environmentalIy beneficial.

In light of farmer resistance to controls, the
apparent low priority assigned most agricultur-
al environmental problems by E PA, and the
possibility that certain environmental meas-
ures may replace one adverse effect with
another— for example, minimum ti l lage re-
duces soil erosion but increases herbicide
use–-OTA concludes that the environmental
effects of converting tens of millions of acres
to intensive grain and sugar crop production
will be at least as severe as those found on ex-
isting cropland and probably worse where mar-
ginal Iand has been converted.

If alternative alcohol feedstock sources
such as wood, crop residues, and grasses be-
come primary ethanol feedstocks —or if meth-
anol from these same feedstocks becomes an
important fuel or fuel component—then the
environmental effects will be markedly differ-
ent from those discussed above (these effects
are discussed in detail in the other fuel cycle
sections). Because perennials provide more
soi l  eros ion protect ion than annuals ,  and
close-grown crops more than row crops, inten-
sified production of grasses (which are peren-
nial, close-grown crops) will have few of the
erosion problems associated with increased
production of corn and other sugar and starch
ethanol feedstocks. As much as 1 Quad/yr of
crop residues may be harvested without ex-
ceeding SCS eros ion guidel ines, although
strong pressures may have to be exerted to pre-
vent excessive removals in some instances, and
some questions have been raised concerning
negative effects on long-term soil productivity
(although OTA has not been able to identify
convincing evidence of any adverse effect; see
“Crop Residues”). Sti l l  larger quantities of

‘ See ‘‘1- nvlronmentd I I nlp~]( t~ – (;cnerl( (-on(  ern~f  ,lt the bt)-
gI nn Ing ot t hl~ ( h.ipter
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wood are available from harvesting logging
residues and intensifying forest management
practices, the short-term effects of which
potentially can be quite mild if properly con-
trolled (but current regulatory and economic
incentives for control may not be adequate,
and questions have been raised about possible
long-term degradation of forest soils; see
“Wood Fuel Cycle”). Also, large-scale alcohol
production based on crop residues and grasses
may be accomplished without replacing other
ecosystems, and the wood production may
alter the character of much of the forest but
can be accomplished without reducing the
acreage of forested land.

Ethanol Production

Much of the energy required to run an etha-
nol plant is generated onsite in conventional
boilers. Thus, a comparison to electric power
generation is useful in getting a sense of the air
pollution potential of the large-scale deploy-
ment of new ethanol-manufacturing capacity.
New energy-efficient plants producing ethanol
from grains or sugar crops probably will re-
quire at least 50,000 Btu/gal  of  ethanol  pro-
duced to provide electricity and to power the
distilling, drying, and other operations. * A 50-
mill ion-gal/yr disti l lery wil l consume slightly
more fuel than a 30-MW powerplant. * * A 10-
bil l ion-gal/yr ethanol industry wil l consume
about the same amount of fuel as a 6,000- to
7,000-MW electric power output.

The degree of air pollution control and sub-
sequent emissions from new ethanol pIants are
not fuIIy predictable, because New Source Per-
formance Standards have not been formulated
for industrial combustion facilities. The most
likely fuels for these plants wil l be coal or
biomass (crop residues, wood, etc.). The major
source of any air pollution problems probably
will be their particulate emissions. Coal and
biomass combustion sources of the size re-
quired for dist i l ler ies,  especial ly dist i l ler ies
built to serve small local markets, will have to
be carefully designed and operated to avoid
high emission levels of unburned particulate

hydrocarbons, including POM. The use of high-
sulfur coal as a fuel —quite likely in parts of
the Midwest–also could lead to high local
concentrations of SO2.

Water effluents from ethanol plants will re-
quire careful controls. The untreated effluent
from the initial disti l lation step in ethanol
production —called “still age”- is very high in
biological and chemical oxygen demand and
must be kept out of surface waters. The stil-
Iage from corn and other grains is a valuable
feed byproduct and it will be recovered, there-
by avoiding a potential water pollution prob-
lem. The sti l lage from some other ethanol
crops is less valuable, however, and may have
to be strictly regulated to avoid damage to
aquatic ecosystems. Control techniques are
available for the required treatment, although
controls for still ages from some crop materials
may require further development.

If fermentation and distillation technologies
are available in a wide range of sizes, small-
scale, onfarm alcohol production may become
popular. The scale of such operations might
simplify water effluent control by allowing the
land disposal of wastes. On the other hand, en-
vironmental control may in some cases be
more expensive because of the loss of scale ad-
vantages. I n addition, as noted above, the
smaller combustion sources are more likely to
produce high emissions of unburned particu-
late hydrocarbons. Finally, the current technol-
ogy for the last distillation step in producing
anhydrous (dry) alcohol uses chemicals such as
cyclohexane and ether that could pose severe
occupational hazards at inadequately oper-
ated or maintained distilleries. Although safer
dehydrating technologies may be developed,
special care must be exercised in the meantime
to ensure proper design, operation, and main-
tenance of these small onfarm plants.

Ethanol may also be produced from wood,
grasses, and other Iignocellulosic sources by
producing fermentable sugars through acid or
enzymatic hydrolysis, and then fermenting and
distilling in a manner identical to that used for
grain and sugar feedstocks. Aside from the ini-
tial step, the impacts also would be identical.
Because presently available processes are not
part icular ly  eff ic ient,  future processes for
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large-scale ethanol production may be signifi-
cantly different in design, with uncertain im-
pacts. The waste streams of the present proc-
esses do not present any unusual control prob-
lems.

Methanol Production

There are no facilities for converting wood
(or other Iignocellulosic feedstock) to metha-
nol in the United States, and a detailed envi-
ronmental analysis is not available. Neverthe-
less, the components of the process–wood
gasification, various types of gas and water ef-
fluent cleanup, and conversion of synthesis
gas to methanol — are moderately well under-
stood, and the general environmental difficul-
ties that may be associated with a methanol
plant are predictable.

In contrast to the ethanol distillation plant,
very Iittle of the energy required for the metha-
nol production process is supplied by external
combustion sources; most of the energy is ob-
tained from the heat generated during gasifica-
tion of the feedstock and from the final metha-
nol synthesis step, and the comparisons to sim-
ilarly sized powerplants used for ethanol distil-
lation are irrelevant.

The gasification process, which is the major
source of pollutants, will generate a variety of
compounds such as hydrogen sulfide and cya-
nide, water, carbonyl sulfide, tars and oils con-
taining a multitude of oxygenated organic
compounds (organic acids, aldehydes, ketones,
etc.), aromatic derivatives of benzene (such as
phenols), and particulate matter. The concen-
trations of most of these pollutants are de-
pendent on process conditions, and improved
control of the gasification process may be an
important polIution control mechanism.

As with low-Btu wood gasi f icat ion (see
“Wood Fuel Cycle”), air quality concerns of a
biomass-to-methanol plant focus on acciden-
tal leakage rather than stack emissions. The
small concentrations of toxic inorganic and
organic compounds in the gas stream from the
gasifier will make raw gas leakage a substan-
tive occupational hazard if good plant house-
keeping is not maintained. On the other hand,
cleanup of the gas stream would be necessary

even without strict air quality regulations,
because the final methanol transformation
step requires an extremely pure input gas (the
pollutants would poison the catalysts and re-
duce plant efficiency).

The water effIuent may also require sophisti-
cated controls to avoid damage to water qual-
ity. It appears likely that most plants will at-
tempt to capture and recycle the tars and oils
in this effluent in order to produce additional
synthesis gas. The remaining pollutants have
not been characterized adequately, but they
wilI include a variety of oxygenated hydrocar-
bons as well as small amounts of phenols and
other benzene derivatives. Some of the pollut-
ants may be controlled adequately with stand-
ard industrial treatment methods — aerated
lagoons, or biological reactors similar to those
used in refineries. More sophisticated controls
may have to be used for the remaining pollut-
ants, but the necessity for such controls is not
clear at this time.

Alcohol Use

Blends.– The effects of alcohol-gasoline
blends on automotive emissions depend on
how the engine is tuned and whether or not it
has a carburetor with feedback control. Be-
cause the emission changes are extremely
mixed (some polIutants increase and others de-
crease), it is difficult to assign either a ben-
eficial or detrimental net pollution effect to
these blends,

The use of alcohol-gasoline blends will have
the following effects on the emissions of most
cars on the road today: 40

●

●

●

●

increased evaporative emissions, al-
though as much as half of the new emis-
sions are not particularly reactive and
shouId not contribute significantly to pho-
tochemical smog;

decreased emissions of polynuclear aro-
matics (proven for methanol blends only);
decreased emissions of CO;
increased emissions of aldehydes, which
are reactive and conceivably may aggra-
vate smog problems; and

●
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● increased N Ox emiss ions with decreased

emissions of exhaust hydrocarbons, or de-
creased NOX with increased hydrocarbons
(depending on the state of engine tune).

Emissions changes involving CO, aldehydes,
exhaust hydrocarbons, and NO X will be consid-
erably less in automobiles that are automati-
calIy adjusted to maintain air-fuel ratios.

Pure Alcohols. – In contrast to the ambigu-
ous emission effects of the blends, the use of
pure alcohols as gasoline substitutes will have
a generally positive effect on emissions. Al-
though aldehyde emissions would increase sig-
nificantly in cars without oxidation catalysts,
substantial reductions in other reactive hydro-
carbon and NOX exhaust emissions will occur
with methanol and, to a lesser extent, with eth-
anol. Particulate emissions and polynuclear ar-
omatic compounds are reduced virtualIy to
zero with methanol, and simiIar effects are ex-
pected with ethanol. This effect is especially
significant if the alcohols are substituted for
leaded gasolines, which create higher and
more toxic particulate emissions than un-
leaded gas.

Social

The widespread production and use of alco-
hol fuels can be expected to bring a number of
social and economic changes, including ef-
fects on employment, health and safety, food
and land prices, and ethical considerations.
Those impacts that could accompany the pro-
duction of ethanol from grain are discussed
below. Social and economic changes associ-
ated with the use of wood for methanol and
with grasses and residues for either fuel alco-
hol are discussed in their respective fuel cycle
sect ions.

A number of  d i f ferent k inds of  workers
wouId be required if grain ethanol production
were increased. For example, it would take ap-
proximately 11,5 million to 15 million hours of
farm labor to produce enough corn for 1 bil-
lion gal/yr of ethanol. (Comparable productivi-
ty estimates are not available for grain feed-
stocks other than corn. ) Workers also would be
needed for the transportation of feedstocks to

Diesels. – Few data are available to allow the
prediction of emission changes from the use of
alcohol fuels and blends in diesel engines. A
likely effect, however, is the reduction of par-
ticulate emissions. This would not only ease
the problems of auto manufacturers in meet-
ing particulate standards but conceivably
could allow the use of oxidation catalysts to
improve control of hydrocarbon emissions.

Gas Turbines. – Although tests in unmodified
turbines have been conducted, few experimen-
tal data exist on which to base predictions of
the emissions effect of using alcohol fuels on a
suitably designed gas turbine. Methanol use in
an automotive turbine has produced a tenfold
increase in hydrocarbon emissions, but this
may be inapplicable to an optimally designed
engine. 41 The most significant expected effect
is a substantial drop in NOX emissions, which
can be a problem in gas turbines; methanol
should be more effective than ethanol in this
regard,
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Impacts

distilIeries and of ethanol to refineries or gaso-
hol distributors, as well as for the manufacture
and del ivery of fert i l i zer ,  pest ic ides,  farm
machinery, and distillery equipment, and for
the construction and operation of distilleries.
Estimates of the number of distillery operat-
ing, maintenance, and supervisory personnel
required to produce 1 bilIion gal/yr of ethanol
from corn range from 920 to 3,100, depending
on the size and number of distilleries. Compa-
rable figures are not available for disti l lery
construction or for the manufacture of distill-
ery equipment.

The production of distillery fuels also would
require labor on farms or in coal mines. The
use of cellulosic materials to fire disti l lery
boilers would require additional farm labor,
but not on the same scale as would the produc-
tion of corn for ethanol feedstocks. These are
discussed in detail in the next section. Alter-
natively, if distilleries are fueled with coal, ap-
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proximately 290,000 to 465,000 underground
coal mine worker shifts or 95,000 to 155,000
surface mine worker shifts would be required
to produce 1 billion gal/yr of ethanol, depend-
ing on the type of coal and the size of the dis-
til leries.

It should be noted that estimated labor re-
quirements in agriculture are very uncertain.
Crop production is highly mechanized and
labor requirements have declined continuous-
ly since 1950. If farm labor productivity con-
tinues to increase, the estimates given above
are high. Other uncertainties are introduced by
the projected method of increasing produc-
tion; more labor usually is required to expand
the number of acres in production than to in-
crease the output per acre, and some crops re-
quire more labor than others. Moreover, during
peak farm seasons, such as planting and har-
vesting, agricultural labor often is scarce. Em-
phasizing crops that require less intensive
management and that are harvested at differ-
ent times of the year from conventional food
and feed crops (e. g., grasses) could alleviate
this problem.

The impacts of new employment depend in
part on where it occurs and in part on whether
the jobs are filled by residents or in-migrants.
Onfarm employment and new jobs associated
with distillery operations (except for jobs re-
quiring special skil ls) probably will involve
long-term rural residents. Farmers who would
prefer to produce at full capacity will consider
the increased labor a benefit. In addition, in
rural areas with declining economies, new jobs
could reduce off-farm migration, shift the age
distribution in rural areas to a younger popula-
tion, and revitalize small farming communi-
ties; these could strengthen the rural family
and farming as a way of life. On the other
hand, distillery construction is more likely to
involve temporary immigrants or commuters.
Although these workers may temporarily in-
crease demand for some goods and services,
their impact is not expected to be significant.

However, with these potential benefits come
several drawbacks. First, both commercial-
scale and onfarm grain ethanol production can
pose health and safety hazards. The incidence
rate of reported occupational injuries and ill-

nesses in agricultural production is 25 percent
higher than the average rate for all private in-
dustries. Unless safer farming methods are de-
veloped, increasing agricultural output to
meet energy demand could increase the num-
ber of farm accidents. Onfarm stills also pose a
safety hazard; leaks in the distilling system can
result in fires and explosions. Additionally, on-
farm stills represent a source of cheap bever-
age alcohol, one that is especially attractive to
minors because of its accessibiIity. The alcohol
may contain poisons, including fusel oil, acet-
aldehydes, and methanol, that can cause liver,
kidney, and brain damage as well as blindness,
but these contaminants can be avoided easily
and inexpensively by careful distillation and
filtration through activated charcoal. If signifi-
cant amounts of the ethanol produced onfarm
were consumed, it wouId seriously undermine
U.S. policy to tax alcoholic beverages.

In addition, increased ethanol production
could have significant effects on the price of
food and farmland. As noted earlier, using
grain for ethanol could inflate farm commod-
ity prices. Increased farm commodity prices
would, in turn, result in increased farmland
prices that could make it more difficult for
new farmers to enter the business and could in-
crease the proportion of farmland under cor-
porate ownership.

Increased corn prices also would increase
the price of meat and other foods. This in-
creased price falls disproportionately on the
poor and reduces their purchasing power rela-
tive to other income groups still further. In ad-
dition, increases in U.S. food prices are likely
to increase the price of food on the interna-
tional market. Some countries will not be able
to afford food imports, and others will export
crops now used domestically for food or feed
or switch production to crops that can be ex-
ported.

Finally, the increased production and use of
gasohol wil l  intensify the confl ict between
food and energy uses of land. In the United
States, this conflict has revolved around the
use of prime agricultural land for surface min-
ing as well as energy uses of water in the arid
regions of the West. Increased demand for
farm commodities to be used for domestic fuel

.

.
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wiII heighten this conflict because fuel produc- could compete with domestic consumption of
tion can compete directly with U.S. food and food and feed, and dietary habits  could
feed exports. If food exports were reduced sig- change, for example, from marbled beef to
nificantly in order to augment U.S. energy sup- range-fed beef or to sources of protein other
plies, adverse foreign responses might result. than red meat.
The use of farm commodities for ethanol also
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Crop Residues and Grass and Legume Herbage

Introduction

Crop residues and grass and legume herbage attainable in the near term from existing agri-

are discussed together because they have simi- cultural operations without major environ men-

Iar physical and chemical properties, they both tal or economic disruptions.

occur in the farming regions of the United
States, and farmers can harvest them for ener-

OTA’s analys is  indicates that crop res idues .

gy and additional income. For the sake of sim-
could supply 0.7 to 1.0 Quad/yr. The energy po-
tential of grasses is somewhat greater —l.3 to

plicity, the use of “grass” or “lignocellulose 2.7 Quads/yr in the short term and perhaps as
crop” refers to both grass and legume herbage. much as 5 Quads/yr  by 2000,  depending on -

It should be noted, however, that these are cropland needs for food production.
not the only sources of Iignocellulose material
for energy production. Indeed, such lignocellu- Although crop residues and grasses consti-

Iose plants as short-rotation trees also may tute negligible energy supply sources at pres-

yield “high quantities of dry matter per acre. ent, they have the potential for making a note-
Only
Iyzed

the energy potential of grasses is ana- worthy contribution to the bioenergy supply

here, however, because grass is readily (figure 31).

Figure 31 .—Usable Crop Residues and Potential Near-Term Herbage Production (million dry ton/yr)

I
I

aLess than O 1

bl-he  ~alor source  ,s sugarcane  bagasse  ~hlch ,S “Ormally  harvested  with  the  sugarcarle Thus  this  arises  as a sugarcane  processing byproduct and IS currently burned

to generate electricity and supply process steam to the sugar refineries

SOURCE. Off Ice of Technology Assessment.
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Technical

Crop residues are the materials left in the
field after harvest–stalks, leaves, and other
organic debris. About 5 Quads of crop residues
are left on U.S. cropland each year (figure 32).
Over 80 percent of this, however, is needed to
protect the soil from erosion or would be lost
during collection and storage, which leaves 1.0
Quad/yr on the average. In addition, crop yield
fluctuations can reduce the quantity that can
be removed safely from year to year. When
these reductions are accounted for (by assum-
ing a plus or minus 20-percent local fluctuation
in crop yields), the reliable supply of crop
residues is about 0.7 Quad/yr. Consequently,
the potent ial  supply of  crop res idues for
energy is estimated to be about 0.7 to 1.0
Quad/yr. If food production increases by 20
percent in 2000, than the usable crop residues
would total about 0.8 to 1.2 Quads/yr.

Figure 32.—Crop Residues by Type

Total usable residues =
78.2 million dry ton/yr

I

I Small

.

Aspects

To compensate for the loss of soil nutrients
that result from crop residue removal, farmers
wil l have to ferti l ize their land more inten-
sively at an estimated cost of $7.70/ton of resi-
due removed. Furthermore, the harvesting of
residues delays the fall plowing. In years when
winter rains come early, the fall plowing may
be impossible. When this happens, the spring
planting is delayed (because of the additional
time needed in the spring plowing) and, if corn
is being grown, yields will decline. Using com-
puter simulation of the actual weather condi-
tions in central Indiana from 1968 to 1974, it
was estimated that this would decrease the
corn yield by 1.6 bu/acre on the average, cost-
ing the farmer about $2.70/ton of residue. *
Other crops, however, are less sensitive to the
exact planting time and, consequently, are less
Iikely to suffer from this problem.

Normally many of the crop residues are
plowed under during the fall plowing. This
practice renders them useless as a protection
against soil erosion. Removal of some of the
crop residues W ouId allow various types of
farming practices that actually could reduce
the soil erosion (see “Environmental Effects”).

Most of the usable crop residues are located
in the most productive agricuItural regions of
the Midwest and California, Washington, and
Idaho (see figure 31). The average quantities
available in States having a potential of more
than 0.015 Quad/yr are shown in table 11.

Currently about 125 million acres of pasture
and hayland in the eastern half of the United
States have sufficient rainfall to support in-
creased grass production. About 100 miIIion
acres of this could be harvested. * Current
practices usually limit the annual forage grass
production to about 2 to 3 dry ton/acre of
grass. (This supplies sufficient grass to cover
the feed and bedding needs for which this
grass currently is used. ) By applying fertilizers
to this land and harvesting the grass one or two
additional times, farmers can increase their
harvested grass yield by about 1 to 2 ton/acre-

~t’(,  Agrl[  IIlt  ~lr(~  III  k 01 I I
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Table 11 .—Average Crop Residue
Quantities Usable for Energy

Quantity ——

State
Minnesota. . . . . . . . . . . . . . .
Illinois . . . . . . . . . . . . . . . . . .
Iowa. . . . . . . . . . . . . . . . . . . .
Indiana . . . . . . . . . . . . . . . . .
Ohio. . . . . . . . . . . . . . . . . .
Wisconsin. . . . . . . . . . . . . . .
California . . . . . . . . . . . . . . .
Washington . . . . . . . . . . . . .
Kansas . . . . . . . . . . . . . . . . .
Nebraska. . . . . . . . . . . . . . . .
Texas. . . . . . . . . . . . . . . . . . .
Arkansas . . . . . . . . . . . . . . . .
South Dakota . . . . . . . . . . . .
Idaho . . . . . . . . . . . . . . . . . . .
Michigan. . . . . . . . . . . . . . . .
Missouri . . . . . . . . . . . . . . . .
Oregon . . . . . . . . . . . . . . . . .
North Dakota . . . . . . . . . . . .
Other . . . . . . . . . . . . . . . . . . .

Total . . . . . . . . . . . . . . . . .

(million dry
ton/yr)—

10.2
9.0
8.5
6.2
3.8
3.7
3.3
3.0
2.5
2.4
2.3
2.3
2.3
2.0
1.7
1.6
1.3
1.3

10.8

78.2

(Quads/yr a)—
0.13
0.12
0.11
0.08
0.05
0.05
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.14

1.02

aAssumes 13mllllonBtu/cjryton
bsum~  may not agreeduet~ round off error Estimated uncertainty f 20°~

SOURCE Offlceof  Technology Assessment

yr on the average. This could result in 100
million to 200 million ton/yr of grass or about
1.3 to 2.7 Quads/yr.  (After deductin g t h e
energy needed for cultivation and harvesting,
this corresponds to 1.1 to 2.2 Quads/yr). The
estimated quantities of forage grass that could
be harvested for energy in the near term are
shown in table 12 for those States with a capa-
bility of over 0.015 Quad/yr.

By 2000, anywhere from zero to 65 million
acres of marginal cropland could be available
f o r  e n e r g y  p r o d u c t i o n .42  Th i s  range cor re -  .
spends to an uncertainty of less than plus or
minus 10 percent in the cropland needs for
food production in 2000, so it is unlikely that
more accurate projections can be made 20
years into the future. Assuming average annual
grass yields of 6 ton/acre on this land, any-
where from O to 5 Quads/yr of grass could be
available for energy.

4-() (’ l)fx’rlng,f)t) (II

.
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Table 12.—Potential Excess Grass Production,
Assuming 2-Ton/Acre Annual Production Increases”

‘Quantity
(mill Ion dry

State ton/yr) (Quads/yr)b

Missouri . . . . . . . . 26.2 0.34
Iowa. . . . . . . . . . . . . . . . . . . . 14.2 0.18
Wisconsin. . . . . . . . . . . . . . . 13,8 0.18
Kentucky. . . . . . . . . . . . . . . 13.6 0.18
Minnesota. . . . ~ . . . . . . . 12.7 0.17
Tennessee ., . . . . . . . . . . 11.5 0.15
Mississippi . . . . . . . . . . . . 8.8 0.11
Arkansas. . . . . . . . . . . . . 8.8 0.11
Illinois. . . . . . . . . . . . . . . . . . 8.5 0.11. Florida. . . . . . . . . . . . . . . . . . 8.5 0.11
New York. . . . . . . . . . . . . . . 8.2 0.11
Alabama . . . . . . . . . . . . . . 8.1 0.11
Ohio. . . . . . . . . . . . . . . . . . 7.8 0.10
Virginia. . . . . . . . . . . . . . 7.3 0.09
Pennsylvania . . . . . . . . . . . 6.8 0.09
Indiana . . . . . . . . . 6.3 0.08
Louisiana ..., . . . . . . . . . 6.3 0.08
Georgia . . . . . . . . . . . . . . . . . 5.9 0.08
Michigan. . ..., . . . . . . . . 5.6 0.07
North Carolina . . . . . . . . . 4.0 0.05
West Virginia . . . . . . . . . . . . 3.4 0.04
South Carolina. . . . . . . . . . . 2.7 0.04
Vermont ., . . . . . . . . . . . 1.7 0.02
Maryland. . . . . . . . . . 1.2 0.02
Other . . . . . . . . . . . . . . . . . 2.6 0.03

Total C. . . . . . . . . . . . . . 204.5 2.66

aAssumesaddltlonal production on all hayland, cropland pasture, and one-half
of noncropland pasture in areas with  sufficient rainfall to support the In.
creased production

bA55umes  13mflllongtu/dry  ton
cEstlmated  uncertalflty  * 30 ‘O

SOURCE Offlceof  Technology Assessment

Crop residues and grasses can be made
available with existing technology. They can
be burned directly or together with coal, con-
verted to an intermediate-Btu gas, converted
to various Iiquid fuels, or gasified in anaerobic
digesters (figure 33) Some crop residues, such
as rice straw, have special problems (e.g., high
silica content that can create a sandblast ef-
fect and cause excessive equipment wear);

. their use may require specialized development
efforts.

Grasses and crop residues are quite bulky.
Therefore, their most economic use generally
will be in the area where they are produced.
Processes to concentrate these materials into
pellets or similar materials could redeveloped
but they will add to the costs of the fuel.*

However, the convenience of using the pellets
may outweigh the added cost.

Direct combustion of the residues together
with coal (cocombustion) has been tested and
found to work satisfactori ly. In most cases,
however, the residues or grasses currently cost
more than the coal they replace. While the
grasses and residues are low in sulfur, leading
to a reduction in sulfur emissions with cocom-
bustion, the decrease is not sufficient in most
cases to translate into an economic advantage.

Grasses and residues also can be burned as
the sole fuel for a boiler or home heating. But,
their bulkiness may be a constraint in some ap-
plications, although there is little experience
to judge the severity of this problem.

Grasses and residues also can be gasified (by
partial or incomplete combustion) in interme-
diate-Btu gasifiers currently under develop-
ment. The resultant fuel gas could be burned
in retrofitted oil- or natural gas-fired boilers.
Users could then revert to oil or natural gas
without additional cost if temporary shortages
of grasses or residues develop and the other
fuels are available. A major problem with grass
is its tendency to bridge and clog in the re-
actor, but with adequate development support
suitable gasifiers (and possibly pretreatment)
could be commercially available in 2 to 5
years.

The gas from gasifiers also could be used for
drying crops and other process heat needs.
However, farmers would have to be assured of
reliable operation that would under no circum-
stances pollute the grain with tars, oils, or par-
ticulates. Gaining the operating and engineer-
ing experience required for these assurances
may take somewhat longer than for boiler ret-
rofit gasifiers.

Gasifiers also have been used in the past to
fuel internal combustion engines with wood
and charcoal. If used in a diesel engine, some
diesel fuel is still required to ignite the fuel
gas. However, spark ignition engines can be
converted completely.

The principal use in engines is likely to be
for crop irrigation pumps, where the farmer
would fill the gasifier once a day with residues
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Figure

~ Combustion I

Steam

Hot water

Heat

M e t h a n o l

Ethanol
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for the day’s pumping. The principal disadvan-
tage with use in internal combustion engines is
that the gas must be cooled before entering
the engine (in order for sufficient fuel gas to be
drawn into the combustion chamber and to
prevent misfir ing). The cooling process re-
moves considerable energy from the gas, there-
by lowering the overall efficiency and raising
the costs. Nevertheless, if grass and residue
gasifiers are developed, they could be com-
petitive with some alternative irrigation pump
fuels..

Crop residues and grasses also can be con-
verted to methanol, ethanol, and pyrolytic oils
with processes completely analogous to those
described under “Technical Aspects” of Wood
Energy. Methanol conversion appears to be the
nearest term option, but facilities require dem-
onstration with these feedstocks primarily be-
cause of the feeding and handling problems
mentioned above. The other processes for liq-
uid fuels could be commercially available by
the mid- to late 1980’s with adequate R&D sup-
port.

Untreated crop residues generally do not di-
gest well in anaerobic digesters, which pro-
duce biogas —60 percent methane (i. e., the
same chemical as natural gas) and 40 percent
CO,. (Manure is more digestible and is dis-
cussed in the next section. ) Some types of
grasses (e. g., Kentucky blue grass), however, do
digest well and could be used as feedstock for
anaerobic digesters, but l ittle development

work has been done on digesters aimed at
these grasses. Consequently, the costs or tech-
nical problems for such digesters are largely
unknown.

With grasses at $30/dry ton, however, the
feedstock cost alone would run about $4.60/
million Btu. Thus, it probably would be pro-
hibitively expensive to sell the gas produced
from grass in anaerobic digesters to natural gas
distributors (after removing the CO,) in the
near future. However, increased natural gas
prices could change this situation.

Alternatively, digester gas could be used for
direct combustion or to fuel internal combus-
tion engines. Both processes, however, should
be compared to the (partial combustion) gasifi-
e rs  cons idered above.  Because the (par t ia l
combustion) gasif iers are considerably more
efficient than current anaerobic digestion (85
v. 50 percent), relatively dry feedstocks l ike
grasses can usually be used more economical-
ly in (partial combustion) gasifiers if the prod-
uct is to be burned. The low efficiency of (par-
tial combustion) gasifiers when used to fuel in-
ternal combustion engines would put the two
alternatives on a more equal footing. More-
over, biogas stores well and is easy to use.
Under some circumstances, therefore, diges-
tion of the grasses may be attractive relative to
(partial combustion) gasification. Further work
on the anaerobic digestion of grasses and crop
residues is needed, however, before unambigu-
ous choices can be made.

Economics

beyond
feed and

Obtaining incremental supplies of herbage The economics of herbage fuels are quite
current requirements for l ivestock similar to the economics of wood, the other

bedding will cost $30 to $40/dry ton major source of Iignocellulose for energy. Lig-
($2.30 to $3.10/million Btu) 43 not including any
charge for the use of the land. In the case of
residues, land rent should be paid by revenues
from the primary product. Additional supplies
of herbage can be made available through
higher yields with more intensive management
and there should be no additional rental
charge for these incremental supplies.

nocellulose of all kinds — and especially herb-
age — is of low quality compared to fossil fuels
due to its low energy content per pound, bulki-
ness, high water content, and perishability. The
low energy content and bulkiness require that
the point of end use be near the fuel source.
Hence, local market imbalances cannot be rec-
tified easily by regional integration. On the
other hand, herbage is a decentralized, renew-
able, and domestic energy source with the ad-
vantage, compared to oil, that supplies are not
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l ikely to be disrupted for political reasons.
They can, however, be interrupted by unpre-
dictable weather patterns, both during crop
growing seasons and along transportation
routes between producers and intermediate
processors and end users. Because herbage is a
bulky, perishable fuel, it also is more difficult
to stockpile as insurance against fuel supply
interrupt ions.

The inferior fuel characteristics of herbage
also dictate higher costs for end users. Because
it is bulkier, costs for conversion equipment
and for machinery to handle herbage can be
expected to be somewhat higher than for
wood. Consequently, the load factor, or the
number of hours a year equipment is operated,
is more important in spreading capital costs
over many Btu of output. As an extreme exam-
ple, assume that capital costs for a herbage
gasifier per million Btu are 1.5 times as large as
for wood (see table 4). At a 90-percent load fac-
tor, the capital cost per million Btu would be
$0.75. Decreasing the load factor then leads to
an increase in capital costs that is also 1.5
times as great as for wood, making capital a
larger factor in the total energy costs.

When both of these economic conditions
(location and load factor) are favorable, end
users can afford to pay the farmer up to $70/
dry ton ($5.40/million Btu) for herbage, assum-
ing that the alternative is fuel oil at $0.90/gal.
This fuel value compares favorably with pro-
duction costs of between $30 and $40/dry ton
($2.30 and $3.10/million Btu) for incremental
supplies of either type of herbage beyond cur-
rent requirements for livestock feed and bed-
ding. It is important to emphasize, however,
that costs vary greatly among local areas.

To obtain several Quads per year of energy
from these two sources would require prices
higher than $40/dry ton, but the necessary in-
centive is impossible to estimate precisely. In
any case, as demand for food expands, while
the land base stays the same, the cost of pro-
ducing Iignocellulose will increase due to high-

er land rents, which must be paid to meet com-
petition from food and feed crops, or due to
lower productivity per acre as herbage crops
are relegated increasingly to less productive
land.

Those most  l ike ly to pay premium fuel
prices for Iignocellulose are industrial process
heat or steam users because they can obtain .
high load factors. If oil fuel prices continue to
rise as expected, locating industrial plants i n
agricultural areas will become more and more
attractive. .

Farmers are the next most likely end users
because they have advantages similar to those
of the forest products industry in the use of
fuelwood. Farm applications generally would
not have high load factors. But many farmers
already produce herbage for feed and bedding,
so they have the necessary handling equip-
ment and expertise. Using herbage for energy
on farms also would cut transportation costs
and eliminate final transaction costs. That is,
the farmer need not accept wholesale dis-
counts on produce sales nor pay retail mark-
ups on purchased energy inputs. Moreover,
farm vulnerability to fuel supply interruptions
would be reduced.

Gasification technology for crop herbage is
especially important for initial onfarm appli-
cations, such as corn drying and irr igation
pumping. Aside from its fuel-switching capa-
bil ity, the intermediate-Btu gasifier can be
coupled to existing combustion technology
with very little loss in performance. In corn
drying, the fuel gas can be combusted and the
exhaust gases blown through the grain for dry- .
ing. In water pumping, the fuel gas can be used
in existing combustion engines with only minor
changes but, as mentioned above, the cost (per
Btu) would be higher than in process heat ap-
plications because of lower conversion effi-
ciency. Once gasifiers have become familiar
machinery on farms, various other applica-
tions may evolve, especially space heating for
hog farrowing, poultry, and farm homes.
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Environmental Effects

.

The conversion of grasses and crop residues
to energy can substitute for oil and natural gas
(through close-coupled gasification or conver-
sion to methanol) or coal (by cofiring with coal
or used by itself as a boiler fuel) and thus must
be credited with the benefits associated with
forgoing the use of these fuels.

Obtaining the Resource

Although the collected grass and crop resi-
due resources are comparable in value as ener-
gy feedstocks, the impacts of growing and har-
vesting them are dissimiIar.

Grasses.– Although large quant i t ies of
grasses probably would be obtained by intensi-
fied production measures–regularly ferti l iz-
ing and harvesting several times a year— the
impacts of growing and harvesting grasses for
energy are Iikely to be less severe than those
associated with crops such as corn — the major
gasohol  feedstock.  Grasses are  perenn ia l ,
close-grown crops. As discussed in volume 11,
intensive production of grasses, in contrast to
annual row crop production, is not expected to
lead to significant increases in erosion because
the root systems of grasses survive after har-
vest, grasses provide more coverage of the soil,
and grass production does not require erosive
cultivation. At the present time, pesticide use
on grasslands is virtualIy nonexistent. Although
it is possible that the added stress caused by
multiple harvesting could lead to intensif ied
need for pesticides on these lands, the lower
level of runoff and erosion will reduce the loss
of pesticides and other chemicals to surface
waters, FinalIy, most or all of the intensive
grass production will occur on land that is now
in some sort of grass production, and major
ecosystem changes are not expected. (How-
ever, a portion of present grass production is in
pasture, is not mechanically harvested, and
supports wildlife that may not survive if the
grass crop is mechanically fertilized and har-
vested several times per year. ) I n conclusion,
unless the stresses on the grassland ecosystems
from intensified production are greater than
expected, the environmental impacts associ-

ated with obtaining substantial quantities of
grass feedstocks should be relatively mild. This
conclusion is predicated on the assumption
that intensive grass production will not e n -
croach to a great extent on lands that are now
in forest or other high-value environmental
use.

Crop Residues.– The environmental effects
of collecting large quantities of crop residues
for use as an energy feedstock are complex,
largely because the residues currently are
treated in a variety of ways—they are, alterna-
tively, left as a cover on the soil, plowed under
after the harvest, coIIected, or burned in
place–and, when allowed to remain on the
land, they have a variety of positive and nega-
tive effects that would be eliminated or mod-
erated with colIection.

The most widely recognized attribute of
crop residues left in place on the land is their
ability to reduce soil erosion. For example, ero-
sion may be cut in half on conventionally tilled
land when the residue is left in place as a pro-
tective cover. ” The important role of residues
in erosion control accounts for concerns that
their collection may lead to increased farm-
land erosion.

For a number of reasons, these concerns
should be tempered. First, much of the erosion
protection is lost anyway because the residues
often are routinely plowed under or removed.
Although it can be argued that these practices
could be altered in the future, most are done
for economically rational reasons. For exam-
ple, as noted above, retention of residues on
the surface will hinder soil warming and thus
delay spring planting, which in turn decreases
yields in corn. In some areas and with some
crops, retention leads to “poor seed germina-
tion, stand reduction, phytotoxic effects,
nonuniform moisture distribution, immobiliza-
tion of nitrogen in a form unavailable to
plants, and increased insect and weed prob-

-1 ~ ,, - ,
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Iems.” 45 Second, a substantial portion of the
residues that currently are retained apparently
can be removed (according to SCS calcula-
tions)” without significant erosion damage. If
farmers can be convinced to follow SCS guide-
lines, erosion increases from residue removal
should be minimal. Third, in some cases re-
moval of a portion of the residues makes herbi-
cidal control of weeds more effective and
therefore encourages adoption of minimum til-
Iage systems which lead, in turn, to reduced
soil erosion.

Unfortunately, the present economic incen-
tives for soil conservation are weak. Farmers
may tend to respond to the short-term mone-
tary benefits of harvesting residues that are
needed for erosion control. Substantial in-
creases in cropland erosion (and, as a conse-
quence, increased sediment damages to lakes
and streams) could occur if residue collection
for energy is encouraged without providing
strong incentives for farmers to follow erosion
control guidelines.

A second potential impact of widespread
collection of crop residues is associated with
decreases in soil organic content. The reduc-
tion of soil organic content has been identified
as a significant impact of residue removal, 47

and soil scientists have long thought that soil
organic content is a critical variable in the
health of the agricultural ecosystem (e.g., in-
creasing the organic content of soiIs can stimu-
late the growth and activity of soil micro-orga-
nisms that compete with plant pathogens).
However, despite a variety of papers in the
agronomy Iiterature that treat yield as a func-
tion of soil organic level,48 there is insufficient
experimental evidence to establish that any
significant effects on crop yields would occur

if these levels declined. Also, the much higher
yields of today’s agriculture mean that remov-
al of half of the residue will leave the same
amount of organic material as would have oc-
curred 25 years ago if all of the residue had
been left on the land. Although the long-term
danger associated with reductions in soil or-
ganic content clearly deserves further re-
search, it appears to have been assigned a level 
of certainty in excess of that warranted by the
scientific evidence.

An additional impact is the effect of the in- -
creased need for chemical fertilizers caused by
residue collection. Although such ferti l izers
can compensate for the depletion of nutrients
in the residues, they pose some additional risk
of nutrient losses to surface and ground wa-
ters.

Conversion

The gasification of grasses and crop residues
to produce an intermediate-Btu gas should
have impacts similar to those experienced with
wood gasification, described earlier. I n gener-
al, air pollution problems are more likely to
arise from leaks of the raw product gases
rather than from later combustion of the gases.
The raw gases may contain ammonia, hydro-
gen sulfide and cyanide, and polynuclear aro-
matic compounds, all of which could cause
occupational hazards. Water effluents from
the gasifiers will be high in biological oxygen
demand, and tar byproducts may be carcino-
genic. However, the present lack of experience
with gasifiers makes any impact projections
specuIative. ●

Conversion of these materials to ethanol will
have impacts that are identical to those de-
scribed earlier for a corn-to-ethanol disti l lery -

except for the initial transformation of the
materials to sugars suitable for fermentation,
Because present processes do not appear to
allow these Iignocellulosic materials to be
competitive with corn for ethanol production,
the final forms such processes may take— and
their impacts— are uncertain. Present proc-
esses have waste streams with concentrations
of calcium sulfate, calcium chloride, or other
materials, most of which are not particularly
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.

toxic. As discussed in the earl ier section on
gasohol ,  major  e thanol  impacts  inc lude a i r
po l lu t ion –espec ia l ly  par t icu la tes-–f rom boi l -
ers to power the distillery, and a high biologi-
cal and chemical oxygen demand effluent that
requires carefuI disposal.

Conversion to methanol, as described in “Al-
cohol Fuels, ” will generate some toxic air and
water pollutants requiring sophisticated con-
trols as welI as good plant housekeeping.

An important energy use for grasses and
crop residues may be their direct combustion,
either alone or in combination with coal, for
the generation of heat, steam, and electricity.
For example, the widespread use of corn for
ethanol may be accompanied by the use of the

Social

Both grasses and crop residues could have
significant employment effects. Intensive man-
agement of grasses resulting in yields of 3 to 5
ton/acre-yr would require from 29,000 to
43,000 workdays per 0.1 Quad/yr. Labor re-
quirements for harvesting residues and moving
them to the roadside range from 0.3 hour per
acre for corn or grain sorghum collected in
large stacks to 2.5 hours per acre for rice resi-
dues collected in bales (table 13). Actual labor
needs would depend on whether the grasses
were used in distillation or combustion facili-
ties, Collecting residues need not add signifi-
cantly to farm labor, but could create new
business for custom operators who work under
contract to farmers who either do not have ac-
cess to the necessary equipment or do not
have time to harvest residues.

Table 13.—Labor Requirements for Harvesting
Collectible Residues (work hours/acre)a

Large round bales Large stacks

Corn . . . ., . . . . . . . . . 0.7- 0.8 0.3- 0.4
Small grains. . . . . . . 0.5- 0.6 0.4- 0.5
G r a i n  s o r g h u m . 0.5- 0.6 0.3- 0.4
Rice. . . . . . . . . . . . . . . . . . . 1.5- 2.0 —

Sugarcane . . . . . . . . . . . 2.0- 2.5 —

aA~SU ~es use of current technologY

SOURCES Stanley E Barber et al ‘The Potential of Producing Energy From
Agriculture OTA contractor report May 1979 and the Off Ice of

Technology Assessment

corn residues to power the distiIleries. Because
of the lower combustion temperature and low
levels of sulfur and fuel-bound nitrogen in the
feedstock, the burning of grasses or residues
may yield low nitrogen and sulfur oxide and
moderately high carbon monoxide air pollu-
tion levels. Particulate levels could be high if,
as with wood combustion, significant amounts
of particulate hydrocarbons are emitted, The
larger combustion units should be able to con-
trol particulate with electrostatic precipita-
tors or other devices as well as by maintaining
high combustion efficiency (which will also
control carbon monoxide formation). High
combustion efficiency may be difficult to
maintain, however, if the boiler was originally
designed for coal or if a wide variety of feed-
stocks is used.

Impacts

As with the farm labor requirements for gas-
ohol, the labor needed to produce forage
grasses and crop residues for energy probably
would involve long-term residents and would
be regarded as a benefit among farmers who
feel they are underproducing or who would
welcome the added income from each crop.

Additional employment increases associ-
ated with the production of forage grasses and
crop residues for energy include transportation
to the conversion facility as well as the manu-
facture of farm machinery, fertilizer, and other
agricultural inputs. Finally, employment would
arise in the manufacture and distribution of
conversion equipment and the construction
and operation of faciIities. The labor require-
ments for ethanol or methanol plants using
grasses or residues as feedstock would be simi-
lar to grain ethanol distilleries; these are dis-
cussed in “Alcohol Fuels. ” The labor needs for
constructing and operating cocombustion fa-
cilities would be comparable to coal- or wood-
fired plants and are discussed in the wood fuel
cycle.

The principal economic impact associated
with energy from grasses and residues is the in-
crease in farm income attributable to the sale
or use of energy products. Where the grasses
and residues are on small tracts, their use for
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energy would enable small farmers to use their
land more fully and thus remain competitive.

Favorable farm attitudes toward increased
production of forage grasses and the harvest-
ing of residues for energy will be necessary. In
general, the demand for these materials or
education programs that demonstrate the net
profitabil ity of these practices, given their
labor, fertilizer equipment, and energy inputs,
wouId be sufficient to convince farmers to

adopt them.49 In some cases, however, the
commercial potential of grasses and residues
would have to be substantial in order to dem-
onstrate to farmers a need to change their tra-
ditional grass management and residue-han-
dling methods. 50
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Anaerobic Digestion of Animal Wastes

Introduction

OTA estimates the energy potential of chick-
en,  turkey,  cat t le ,  and swine manure to  be
about 0,2 to 0.3 Quad/yr. However, the bene-

. fits of anaerobic digestion of manure are
greater than this figure suggests. Besides pro-
ducing biogas, anaerobic digestion is a waste
treatment process and the effluent can be used.
as a soil conditioner (low-grade fertilizer), de-
watered and used for animal bedding, and per-
haps even as livestock feed.

This analysis has centered around digestion
of animal manure on relatively small confined

livestock operations and on digesters suited to
these needs. Other applications, such as mu-
nicipal sewage treatment, are subject to dif-
ferent conditions and limitations that usually
dictate different types of digesters. Also, very
large applications such as the largest feedlots
and kelp digestion wil l have the option of
using more technologically sophisticated di-
gester systems. These and other possibilities
are considered in more detail under “Anaero-
bic Digestion “ in volume II.

Photo credit USDA

All kinds of confined animal operations could benefit from anaerobic digestion of wastes
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Technical Aspects

Anaerobic digestion occurs when biomass is (table 14). The best feedstocks are various
put into a chamber without access to air. Bac- aquatic pIants, certain types of grass, and ani-
teria consume the biomass and, in the process, mal manure. The supply of aquatic plants is
release biogas—a mixture of 40 percent CO2 likely to be small in the 1980’s and the cost of
and 60 percent methane, the principal compo- producing grasses (see “Crop Residues and
nent of natural gas. Grass and Legume Herbage”) usually will make

biogas product ion f rom them uneconomic at 
Crop residues and wood are usually poor present. Consequently, the most promising

feedstocks for anaerobic digestion, although near-term application of anaerobic digestion is
pretreatments can improve their digestibility with animal manure as the feedstock.

Table 14.—Characteristics of Various Substrates for Anaerobic Digestion

.

Feedstock Availability -

Animal wastes
Dairy. . . . . . . . . . . Small- to medium-sized farms,

30 to 150 head
Beef cattle. . . . . . Feedlots, 1,0OO to 100,000

cattle
Swine. . . . . . . . . . 100 to 1,000 per farm

Chicken . . . . . . . . 10,000 to 1 million per farm

Turkey . . . . . . . . . 30,000 to 500,000 per farm

Municipal wastes
Sewage . . . . . . . . All towns and cities

Solid wastes All towns and cit ies

Crop residues
Wheat straw . . Some cropland

Corn stover . . . . . Some crop land

Grasses
Kentucky blue. . Individual home lawns

Orchard grass. . . Midwest

Alfalfa . . . . . . . . . Throughout the United States
Aquatic plants

Water hyacinth . Southern climates very high
reproduction rates

Algae ... . . . . . Warm or controlled climates
Ocean kelp . . . . . West coast, Pacific Ocean,

large-scale kelp farms
Various woods . . . Total United States

Kraft paper . . . Limited

Suitability for digestion—

Excellent

Excellent

Excellent

Excellent

Excellent

Excellent

Organic material other
than plastics very good

Fair, perhaps better
suited to direct
combustion

Fair, perhaps better
suited to direct
combustion

Good

Fair

Good

Very good

Excellent
Excellent

Poor, better for direct
combustion or
pyrolysis

Excellent, need to
evaluate recycle
potential and other
conversion processes

Special problems

No major problems, some systems
operating

Rocks and grit in the feed require degritting,
some systems operating

Lincomycin in the swine feed will inhibit
digestion—full-scale systems operating
on university farms

Degritting necessary, broiler operations
need special design due to aged manure,
tendency to sour

Bedding can be a problem, manure is
generally aged, no commercial systems
operating

Usually too dilute for efficient net energy
yield, vast experience

Need separation facilities on the f rent end,
commercial system in operation, digests
slowly

Particle size reduction necessary, low
digestibility, no commercial systems

No commercial systems, no data available,
particle size reduction necessary

Distribution of feedstock disperse, no
commercial systems, digests slowly

No commercial systems, no data on
sustainability of yields

No data

No commercial operations, needs
pregrinding

Full-scale operations not proven, no present
value for effluent

Will not digest

Premixing watering necessary

.

SOURCE T Abeles, D Ellsworth, and J Genereux, “Biological Production of Gas, ” contractor report to OTA, April 1979
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OTA estimates that about 0.27 Quad/yr of
biogas could be produced if all the animal ma-
nure in confined Iivestock operations were di-
gested.* Assuming that 15 percent of this out-
put is needed to operate the digester, the net
output wouId be about 0.23 Quad/yr. This esti-
mate includes manure from laying hens, broil-
ers, turkeys, dairy cows, cattle on feed, and
swine (figure 34), Although the manure han-
dling techniques used for about half of the
manure make it unsuited to anaerobic diges-
tion (because it is allowed to dry or significant
quantities are allowed to wash away by rain),
these techniques probably wil l  change if an-
aerobic digestion becomes economically at-
tractive.

Figure 34.—Types of Animal Manure From Confined
Animal Operation

Dairy
330/0

Total energy potential =
0.2 -0.3 Quad/yr

A more serious limitation, however, is the
size of many confined livestock operations.
Like other conversion technologies, there is an
e c o n o m y  of scale in anaerobic digestion.
About 75 percent of the manure resource is on

animal operations of 1,000 head of cattle or
less (or the equivalent for other animals such
as swine, turkeys, chickens, and dairy cows),
and 50 percent is on operations one-tenth this
size or smaller. Only 15 percent of the manure
resource occurs on large feed lots of the equiv-
alent of more than 10,000 head of cattle. Be-
cause manure cannot be economically trans-
ported for long distances, exploiting the ma-
nure resource will require digester designs suit-
able for relatively small animal operations. Im-
portant features of these digesters will be auto-
matic operation and low installation costs.

Several companies offer digester systems for
onfarm use. Helping to demonstrate a large
range of designs using different manure types
and different sized operations, however, could
improve the flexibil ity and reliabil ity of di-
gesters. Furthermore, alternative digester types
may be developed, which could lower the capi-
tal investment. *

In a common digester system (figure 35), a
settling pond is used to store the manure prior
to digestion. The digester consists of a long
tank into which the manure is fed from one
end. After several weeks, the digested manure
exits at the other end and is stored in an ef-
fluent lagoon. Gas exits from the top of the
digester tank, the small hydrogen sulfide con-
tent is removed if necessary, and the biogas is
used to fuel an internal combustion engine
that drives an electric generator. The system
suppl ies electr ic i ty for  ons i te use and for
wholesale sales to the electric utility. The heat
from the engine is used onsite with any excess
heat going to waste.

There are other possibil it ies for digestion
systems. On relatively large operations near ex-
isting natural gas pipelines, the CO2 can be
removed from the biogas and the methane
sold to the pipeline company. In some cases, it
might be introduced into pipelines without
removing the CO2 if it is diluted sufficiently
with high-Btu natural gas. Alternatively, the
gas could be used only for heat, but generally
there are not enough heating needs associated
with livestock operations to make full use of
the biogas, and the costs would be prohibitive.

~t~(,  ,,1 fl(l(’r( )11 I( I ) I ~[’it I( )11 II) \ t ) I I I
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Figure 35. —Anaerobic Digester System

I Other operation
I

I I

1 [ I I I I

SOURCE Office  of Technology Assessment

Livestock operations, however, might be able
to use or sell the gas for nearby applications,
such as greenhouse heating.

The digester effluent can be used as a fer-
tilizer, just as manure sometimes is. The ef-
fluent also can be dewatered and sold as a fer-
tilizer, or used as animal bedding or as an ani-
mal feed supplement for its protein content.
The animal feed option, however, needs fur-
ther testing to determine if the effluent is a
suitable feed and, if so, what its value is. There
also is an issue of which digester types produce
the most suitable animal feed.

The system analyzed in detail in this report
has sufficient gas storage capacity to vary the
electric generation to match daily peak elec-
tric demands. If proper farm-utility interfaces
are developed, the utility could control the
times that electricity is being fed into its sys-
tem by sending coded signals along the power
transmiss ion cables or  te lephone l ines,  or
through other load management techniques. In

many cases, however, this couId require some
adaptation of onfarm energy use to the utili-
ty’s needs. Both the interface problem and the
overall effect of decentralized electric genera-
tion on the utility operation will be dealt with
further in a forthcoming OTA assessment of
dispersed electric generation.

The total quantity of electricity generated
would be relatively modest. If half the manure
resource were digested and the resultant bio-
gas used to generate electricity with an (as-
sumed) efficiency of 20 percent, the total elec-
tric generation would be only slightly more
than 1,000 MW of capacity. At the same time,
about 0.08 Quad/yr of heat would be pro-
duced. The principal impact would be on the
livestock operations themselves. Many live-
stock operations could become energy self-
sufficient and some would have the opportuni-
ty of expanding into energy-intensive enter-
prises such as vegetable or flower cultivation 
in greenhouses or possibly onfarm or coopera-
tive ethanol distilIation.

Economics

Unlike the three preceding fuel cycles, and reject into the environment than raw manure
especialIy in contrast to ethanol from grain and it may be preferred as either a fertiIizer or
and sugar crops, biomass energy from manure an animal feed, although this has not been ful-
would not compete directly with the produc- Iy established.
t ion of other commodit ies. Rather, biogas d i -
gestion makes better use of an existing re- However, the economics of digestion remain
source without destroying its value for other unclear due to limited commercial experience
purposes. Digester effluent is at least safer to in the United States. The fact that it is eco-
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nomical in other countries, where labor costs
are much cheaper and where standards of ma-
terial comfort are much lower, does not imply
that comparable technologies will penetrate
American agriculture. One reason for limited
commercial experience is that farmers are re-
luctant to adopt a new technology that re-
quires a large initial investment. It is perhaps
the most extreme example of biomass capital
intensity considered in this report.

Rising prices for purchased fuels, however,
will make digestion more attractive. Also, as
an onfarm energy resource, biogas would tend
to insulate farmers from some fuel supply in-
terruptions. FinalIy, biogas may become eco-
nomical as a result of environmental quality
standards that force farmers to sanitize ma-
nure wastes before rejecting them into the en-
vironment.

In deciding whether or not to install a di-
gester for its energy product, economic cal-
culations depend heavily on three aspects of
l ivestock operations. First, there must be a
minimum amount of manure suitable for di-
gestion, so that high capital costs can be
spread over a suff ic ient ly large product
stream, lowering the cost per unit of energy ob-
tained. Second, onfarm utilization of biogas,
either by direct combustion or indirectly by
electric generation, enhances its value by dis-
placement of purchased energy at retail prices.
The alternative is selling electricity to utilities
at lower, wholesale rates. Third, to displace the
maximum amount of purchased electricity, the
rate o f  non fa rm electricity y consumption
should have a steady (base load) component,
assuring a high load factor for generating ca-
pacity. Sales to electric utilities may offset an
irregular load pattern, but if many farmers
with the same load characteristics try to sell
their excess power at the same time its whole-
sale value could be low.

Looking at digestion for its biogas product
alone, its first widespread application may be
on large poultry farms in the northern tier of
States. Poultry manure from this region ac-
counts for between 15 to 20 percent of the po-
tential energy in manure resources. Digesters
must be able to accommodate the high solids
content of this manure as well as some asso-

ciated inert material (grit), but unusual eco-
nomic opportunities exist because biogas dis-
places premium liquid fuels and electricity for
heating, lighting, feeding, and manure collec-
t ion.  In h ighly control led poult ry envi ron-
ments, all activities related to biogas produc-
tion and use can be coordinated and equip-
ment sized for maximum load factors. Poultry
farming was the first type of animal husbandry
to be automated and, for the same reasons, it
may be the first to generalIy adopt manure
digestion if appropriate digester systems be-
come available.

Among the other types of livestock farming
(beef, dairy, and swine), no one type has a clear
overalI advantage over the others in the adop-
tion of digesters. Each type of operation has
both advantages and disadvantages.

Beef feeding may be an attractive applica-
tion because thousands of head often are kept
in adjacent pens, making it possible to use
highly specialized equipment for manure col-
lection, digestion, and for storage and disposal
of digestion products. On the other hand, the
energy in beef manure is much greater than the
amount of energy used by the feedlot. More-
over, feed lot energy consumption is concen-
trated during short periods of feeding and
manure cleaning, and the fuel used is often
gasoline or diesel (for tractors and trucks to
distribute feed and to remove manure) which
biogas cannot displace easily. Furthermore, if
the feedlot is not hard surfaced, manure may
dry out quickly or be contaminated with soil,
gravel, and other nondigestible material. De-
spite these disadvantages, digestion may still
be economical for large lots that are highly
electrif ied, that have sufficient volume to
justify upgrading gas to pipeline quality, or
that can combine digestion with ethanol distil-
lation, In the latter case, the biogas would pro-
vide the heat of distillation and the distillers
grain might be fed wet to the cattle, thus
avoiding drying costs. An alternative to diges-
tion, for the same purpose of supplying energy
to a distillation process, would be to combust
dried manure. The latter approach may be pre-
ferred if the value of the digester effluent were
insignificant and the polIution and other prob-
lems associated with manure combustion were
adequately solved
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Swine farming has an advantage in colder re-
gions of the country in having a more or less
continuous demand for space (or fIoor) heating
during cold months. Heating is especially im-
portant at farrowing time and while pigs are
young. Electric power demand for automated
feeding may also be nearly continuous as pigs
are often self-fed. That is, they are allowed to
eat as much as they want, whenever they want.
Although hog operations are growing steadily
in size over time, they remain relatively small
compared to poultry and beef farms and con-
sequently cannot take advantage of similar
economies of scale.

Dairy farms have an advantage in using
large quantities of hot water year round that
could be heated by the direct combustion of
biogas. They have, however, many of the same
disadvantages of beef operations. Much more
energy exists in the manure than is needed by
the dairy operation and the rates of use are
concentrated around milking time, mainly for
running compressors (used by milking ma-
chines and bulk tank coolers) and for lights.
Dairies also are likely to be even smaller than
hog operations because the hired labor neces-
sary for very large operations is generally not
sufficiently motivated to achieve maximum
miIk production.

It should be emphasized that
mates are extremely site specific,

all cost esti-
but it is clear

that digestion currently is an expensive source
of energy if all digester costs are charged to
the biogas product alone. For the most profit-
able poultry operations, capital costs are
equivalent to oil at $60,000 to $100,000/bbl/d
of capacity, or about twice the capital costs of
Alaskan North Slope oil. If 20 percent of the
energy in biogas were converted into electrici-
ty, and all capital costs were charged to elec- 
tricity (i. e., no use of waste heat), then the cost
per kilowatt of electric power generated would
be about $3,500, or about three times the capi- 
tal cost of electricity from coal. These high
capital costs make it difficult for farmers to ex-
periment with new technology.

Byproduct credits for waste treatment could
lower these costs significantly (see “Environ-
mental Effects”). In fact, digested manure for
refeeding to livestock could turn out to be
more valuable than biogas. The necessary
feeding experiments have not been done but
the payoffs could be large if effluent protein
were considered equivalent to protein in ex-
isting feed supplements. Taking into account
that about 30 percent of manure weight is lost
in digestion, the economic value of manure
feedstock could be increased from between $0
to $20/dry ton at present to between $40 to
$70/dry ton.

Environmental Effects

Anaerobic digestion of animal manure gen- gen demand. Runoff from cattle feedlots has
erally is viewed as an environmentally benefi-
cial technology because it is actually an envi-
ronmental control process to reduce polIution
from feed lots and other confined animal oper-
at ions. The energy product — biogas — is a by-
product of the control process, which converts
the raw manure, often a substantial disposal
problem, into a lews harmful sludge material.

The environmental benefits associated with
reducing polIution from confined animal oper-
ations are extremely important. The runoff
from these operations is a source of high con-
centrations of bacteria, suspended and dis-
solved sol ids, and chemical and biological oxy-

caused large and extensive fish kilIs because of
oxygen depletion of receiving waters; high
nitrogen concentrations in ground and surface
waters, which can contribute to the aging o f
streams as well as to nitrate poisoning of in-
fants and livestock; transmission of infectious
disease organisms (including salmonella, lepto-
spirosis, and coliform and enterococci bac-
teria) to people, livestock, and wildlife; and
coloring of streams.51
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The major problem associated with the di-
gest ion process iS waste disposal and the asso-
ciated water polIution impacts that couId re-
suIt. As noted above, anaerobic digestion is
basically a waste treatment technology-it
breaks down the organic (volatile) solids initial-
ly present in the manure. However, although
the process reduces the organic polIution con-
tent of manure, it does not eliminate it. The
combination of liquid and solid effluent from
the digester stiII contains organic solids as welI
as fairly high concentrations  of Inorganic saIts ,
some concentrate ions of hydrogen suIfide (H2S)
and ammonia ( N H3 ), and variabIe amounts of
metaIs such as boron and copper that may be
toxic to plants .5 2 (The composition of the
waste stream depends on the diet of the ani-
maIs as welI as the efficiency of the digester)
For operations where the manure is collected
onIy intermittently, smalI concentrate ions of
pesticides used for fly control may be con-
tained in the manure and passed through to
the waste stream.

A variety of disposal options exist for the Iiq-
u id and sludge wastes of anaerobic digestion.
Generally, wastes will be ponded to allow settl-
ing to occur. The liquid, which is high in or-
ganic content, can be pumped into tank trucks
(or, for very large operations, piped directly to
fields) to be used for irrigation and fertiliza-
tion, although the high salt content and small
concentrations of metals in the fluid make it
necessary to rotate land used for this type of
disposal. Large operations may conceivably
treat the water and recycle it, but the treat-
ment cost may prove to be prohibitive. Other
disposal methods for the liquid include evap-
oration (in arid climates), discharge into water-
ways (although larger operations are likely to
be subject to zero discharge requirements by
E PA), and discharge into public sewage treat-
ment plants. Where the Iiquid deliberately or
accidentalIy comes in contact with porous
soils, contamination of the ground water sys-
tem is possible. As with virtually all disposal
problems of this nature, this is a design and en-
forcement problem rather than a technologi-
cal one; for example, evaporation ponds can

be lined with clay or other substances to pro-
tect ground water resources.

The organic content of the liquid effluent,
which varies according to the efficiency of the
digester, will present a biochemical oxygen de-
mand problem if allowed to enter surface wa-
ters that cannot dilute the effluent sufficiently
or that do not have additional assimilative
capacity. SimiIar problems can occur with or-
ganics leached from manure storage piles.
However, this problem exists in more severe
form in a feedlot or other operation that has
no anaerobic digester.

The sludge product can be disposed of in a
landfill, but it appears that the sludge has
value either as a fertiIizer or cattle feed. Suc-
cessful experience with anaerobically digested
municipal sludges (with higher metals concen-
trations) as ferti l izer imply that the sludge
should present no metals problem. 53 In areas
where chemical fertiIizers are unavaiIable or
too expensive (e. g., in the developing coun-
tries), the retention of the manure’s fertilizer
value is a particularly critical benefit of the
biogas process,

Although the H2S (and related compounds)
content of the effluent may present some odor
problems, this problem, as well as that of the
very small pesticide content, should be negligi-
ble. 54

Pollutant concentrations caused by biogas
combustion should be of Iittle consequence to
public health. Although the biogas does con-
tain small (less than 1 percent each55) concen-
trations of H2S and NH3, neither should pose a
problem. NH, is oxidized to NO X in fairly low
concentrations during combustion. H 2S forms
corros ive sul furous and sul fur ic acids and
must be scrubbed out before combustion in
order to allow the gas to be used. Fortunately,
simple and inexpensive scrubbing methods are
avaiIable.



130 . Energy From Biological Processes

Leaks of the raw product gas can represent
an occupational health and safety problem as
well as a potential public nuisance, The occu-
pational health problem is related to the H2S
contaminant in the raw gas. The raw biogas
can contain H 2S in concentrations of over
1,000 ppm.56 Although exposure to this full
concentration seems extremely unlikely, con-
centrations of 500 ppm can lead to uncon-
sciousness and death within 30 minutes to 1
hour, and concentrations of 100 ppm to respi-
ratory problems of gradualIy increasing sever-
ity over the course of a few hours. The Occu-
pational Safety and Health Administration’s
standard is a maximum permissible exposure
level of 20 ppm.57

Although rapid diffusion of the gas will con-
fine health problems associated with H2S to
occupational exposures, venting of raw gas
can cause severe odor problems to the genera I
public. In this case, odor problems associated
with gas venting shouId be similar to the more
certain odor problems associated with the
often haphazard treatment of manure that the
biogas operation replaces.

{ I 1)1(1
I 1)1(1

Because methane is explosive when mixed
with air, strong precautions must be taken to
avoid biogas leakage into confined areas and
to prevent any possibility of the gas coming
into contact with sparks or flames. Although
this will be a universal problem with biogas fa-
cilities, it is particularly worrisome with small
units.

The institutional problems associated with
assuring that there is adequate control of di-
gester impacts are very similar to those of eth-
anol plants; it is likely that plants will be small,
and thus may have some environmental ad-
vantages over larger plants (mainly ease of
locating sites for waste disposal and smaller
scale local impacts), but will not be able to af-
ford sophisticated waste treatment, are unlike-
Iy to be closely monitored, and may be oper-
ated and maintained by untrained personnel.
Improved system designs are likely if small on-
farm systems become popular and the size of
the market justifies increased design efforts on
the part of the manufacturers. These will prob-
ably diminish the safety and health hazards to
a certain extent, but the ease and lower cost of
building homemade systems coupled with
farmers’ traditional independence could pro-
vide potent competition for the manufactured
systems.

Social Impacts

The primary employment increases associ-
ated with the use of manure in anaerobic di-
gesters would result from the manufacture,
distribution, and maintenance of reliable syS-
tems for farm use and in the operation of large
feedlot systems. Because so few digesters are
currently in use, it is not possible to estimate
the additional jobs that would be needed if
readily available animal waste were converted
to methane, At least 10 firms currently are in-
volved in digester research and engineering; it
is not known how many employees they have
or how many they expect the digester industry
to have in the future. 58 Most confined feeding
operations (such as dairy farms and feedlots)

already are required by State or local law to
collect the animal waste, 59 so the principal
new farm labor input to an anaerobic digestion
system would be in the operation of the equip-
ment. For the few onfarm and feedlot digester
systems now operating, the labor requirements
range from 4 hours per week for a small farm
digester using 4 ton/d wet manure (100 cows)
and producing 2.5 million Btu/d, to 17 people
per year for a feedlot system using 340 ton/d
wet manure (50,000 head) and producing 570
m i I I ion to 670 miIIion Btu/d methane.60

u

.
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The principal economic impacts of anaero-
bic digestion would be the reduced farm ener-
gy and waste management costs and increased
energy self-sufficiency, as well as the potential
export value of improved digesters.

Favorable attitudes among farmers toward
anaerobic digestion will be necessary for the
widespread adoption of this practice. Ensuring
favorable opinion is partly a matter of demon-
strating that the technology works and is prof-
itable, and partly convincing farmers that they
need to change their traditional manure-han-
dling practices. The best predictors of the
adopt ion of agriculturaI innovations are farm
capital, size, and sales and the farmer’s educa-
tion.’ )’ For example, a survey of dairy farmers
concluded that those most
methane production are under
(47), higher than average in 

‘ 1’(11111)(,1  ,10(1 \ ,111 I  i 01) ( It

likely to adopt
the median age
education, well in-

formed
least 50
of over

about the methane potential, have at
cows, and receive gross annual income
$40,000. However, the dairy farmers

considered a methane-production system to be
low priority among their possible choices for
using capital. Before they would be willing to
commit capital they wanted to see working
models and to be assured that reliable mainte-
nance and service wouId be avail able. 62 Thus,
the overriding considerations among most
farmers seem to be a demonstrated need to
change their current farming and waste and
residue-handling practices and an operational
(nonexperimental), automatic, and relatively
inexpensive technology.63
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Bioenergy and the Displacement of Conventional Fuels

The way biomass is converted to useful heat
or work will strongly affect its technical ability
to substitute for conventional fuels. Currently,
the major use is direct combustion in the resi-
dential and industrial sector with a small
amount of conversion to a Iiquid fuel (ethanol)
for use in the transportation sector. Existing
technology limits direct combustion to appli-
cations such as boilers and space heating. Cur-
rent policy and economics already are causing
a shift away from premium fuels for large com-
mercial and industrial boilers so that biomass
wiII be joining with coal and direct solar in
displacing oil and natural gas in these markets,
Therefore, a substantial penetration of solid
biomass could be at the expense of coal.

For other uses, such as process heat, feed-
stocks, and transportation, direct combustion
of solid biomass is not now technically feasi-
ble. Here, the dominant fuels will continue to
be natural gas and oil. To use biomass in these
applications, either new direct combustion
technologies will have to be developed, or con-
version to a gas or Iiquid (alcohol) will be nec-
essary. Therefore, if the major portion of the
available biomass fuel supply is to displace
significant quantities of oil and natural gas, it
will have to be converted to gas or alcohol.

The best way appears to be airblown gasifi-
cation in terms of thermal efficiency and the
range of applications that it allows. There are
some I imitations here, however, which are re-
lated to the low-Btu content of the gas. This
puts centralized production and distribution
through a pipeline system at a severe econom-
ic disadvantage relative to high-Btu natural
and synthetic gas, making onsite gasification
almost a necessity. Although oxygen gasifica-
tion would increase the Btu content of the gas,
it also would increase the costs.

Methanol production, although less effi-
cient than gasification and direct combustion,
does allow use in the transportation sector,
and has some advantages over gasification in
terms of the economics of transporting the
fuel. (The efficiencies may be more compar-
able, however, if the methanol is used as an

octane-boosting additive to gasoline). Unless
more detailed economic analysis proves other-
wise, a multiple conversion approach may be
the best way to maximize biomass use.

While conversion to l iquids and gas will
greatly expand the potential for biomass to
displace oil and natural gas, it will be done in
competition with coal. As technologies are put
in place for converting the major portion of
our biomass resource (wood, grasses, and other
Iignocellulose materials) into gas or alcohol,
technologies for converting coal to gas or liq-
uids will also come onstream. Therefore, the
real question wilI be how does the biomass op-
tion compare to coal in replacing oil and natu-
ral gas. Besides the important consideration of
the relative costs of raw biomass and coal, this
choice involves a number of issues that can
only be listed here. Many of these points about
biomass are discussed in the remainder of this
report while some of those about coal are pre-
sented in the OTA study The Direct Use of
Coal . 64 However , no detailed comparative
analysis has been made.

The first issue is reliabil ity of supply. The
user wilI want to make sure a long-term, steady
supply of the fuel is guaranteed before making
a commitment to the necessary conversion or
end-use technologies. Second is the necessary
environmental controls at the point of use.
Which fuel wil l require the least expensive
technologies to burn? Third is colIection, trans-
portation, and storage costs. Here the density
of the resource, and its proximity are of con-
cern. Fourth is the scale of operation. A small-
scale operation with access to biomass may
find it more attractive than coal because of
the limited quantity demanded. Fifth is the
issue of renewability of the resource. If it is
determined that the United States must shift to
renewable supplies as soon as possible, then
biomass may be used even where it now is less
economic than coal. FinalIy, the relative merits
of the combustion and conversion technolo-
gies must be considered. Gasification of bio-

.

.
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mass may be less complex and more econom-
ical for small-scale operations than coal gasifi-
cation, and the dispersed nature of biomass
will generally Iimit its application to smaller
operations than for coal. However, coal can
produce liquids closer to natural crude oil than
can be obtained from biomass. Further, coal
can produce methanol at a cost that is Iikely to
be less than alcohol from biomass.

In connection with conversion to liquids and
gases, it is important to continue efforts to

.
develop new and more efficient ways to con-
vert wood, grass, crop residues, and other lig-
nocellulosic materials to gas and alcohol.
Although some processes are commercially
ready now, the realization of the fulI biomass
potential will likely require additional devel-
opments in these areas.

In a related effort, expansion of bioenergy
provides the opportunity to look for ways to
use the unique properties of these fuels in
altering processes or process steps to increase
industrial energy use efficiency. When coal
replaced wood in the last half of the 19th cen-
tury, many industrial processes were changed
or developed to take advantage of new proper-
ties that coal brought, such as its coking abili-
ty. These were largely the result of coal’s dif-

ferent chemical properties. There may be anal-
ogous opportunities for biomass fuels.

This discussion has indicated some of the
general trends and concerns about the poten-
tial role of biomass in displacing oil and natu-
ral gas. To get a better picture of these consid-
erations, two plausible energy supply and de-
mand futures for 2000 are presented and the
way biomass could fit into these futures is dis-
cussed. This is done by substituting the maxi-
mum available biomass supply into each sec-
tor, one at a time, for each future. This is
highly unrealistic because considerations such
as proximity of supply, transportation and stor-
age of the raw biomass, and environmental
control requirements will limit the amount of
biomass that could go to any one sector re-
gardless of fuel form. This approach is taken,
however, because the way the biomass supply
may actually be distributed among sectors
could not be projected. The method will give
an upper limit. In addition, it is quite likely
that costs and time needed for installing the
necessary end use and conversion equipment
under normal market forces wi l l  l imit  the
amount of biomass that could be used to be-
low the maximum available supply. Therefore,
this analysis also indicates the technical limit
for premium fuels displacement
jor sources of biomass by 2000.

from the ma-

Current Supply and Demand

I n table 15, the 1979 energy demand figures put and do not show how much electricity is
are given by fuel for each sector along with the used by each of the first three sectors. Because
supply figures by fuel. The numbers are in bioenergy will be a substitute for a direct fuel,
Quads/yr. These show only the direct fuel in- (although it may displace some electricity) this

Table 15.—1979 Energy Picture (Quads/yr)

Demand sectors

Residential/ supply

Fuel commercial Industrial Transportation Electricity Domestic Import

Oil and NGL . . . . . . . . 6.9 7.4 19.2 3.6 20.5 16.9
Natural gas. . . . . . . . . 7.9 7.8 0.5 3.6 19.2 1.2
Coal . . . . . . . . . . . . . . 0.2 3.7 — 11.3 17.4 —

Nuclear. . . . . . . . . . . . — — — 2.8 2.8 —
Hydroelectric. . . . . . . — — — 3.1 3.1
Biomass. . . . . . . . . . .

—
0.2 1.3 — — 1.5 —

Total . . . . . . . . . . . . 15.2 20.2 19.7 24.4 64.5 18.1

SOURCE Monfh/y  Energy Review Energy Information Admlnlstratlon,  Department of Energy, May 1980
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is the most useful way to display energy supply
and demand balance.

Currently, biomass contributes about 1.5
Quads/yr, nearly all of which is wood used in
the forest products industry. The energy is ob-
tained to a large extent as a byproduct of re-
covering paper-pulping chemicals. Substantial
quantities of wood also are burned for process
steam and the most practical current alterna-
tives are residual fuel oil and natural gas. The
boilers also could use coal and some do, but
wood has a clear economic advantage in this
industry due to the need to recover the pulping
chemicals in any case and to wood’s acces-
sibility compared to coal in most cases.

Future Supply

One possible supply-demand picture for
2000 is displayed in table 16. This is based on a
forecast given in the report National Energy
Plan II (NEP Il), by the Department of Energy.
This forecast (future A) assumes a world oil
price of $38/bbl by 2000 as measured in 1979
dollars. The increases that have occurred this
past year, however, make an even higher price
quite likely. The effect of this possibility is dis-
cussed below. The use of the NEP II forecast
does not indicate that OTA endorses it, but
rather it is being used solely as a means to ex-
plore the potential impact of bioenergy in dis-
placing conventional fuels. An alternative fu-
ture with considerably lower demand also is
presented to see how this changes the poten-
tial role of bioenergy.

The major feature in future A of interest to
this analysis is the decline in oil use from 1978

The other areas where bioenergy is making
inroads are transportation (via gasohol) and
residential/commercial space heating (wood).
The former does not provide any significant
substitution for oil or natural gas, partially
because the ethanol is not now produced or
used in a way to displace the maximum
amount of these premium fuels. That is, cur-
rent dist i l ler ies use natural  gas as a fuel ,  and
the octane-boosting properties of ethanol,
which can reduce refinery fuel use by refining
a lower octane gasoline as the gasohol base,
are not being fully taken advantage of. OTA’s -
analysis indicates that the amount of wood
used for space-heating is about 0.2 to 0 . 4
Quad/yr, which principally displaces oil.

and Demand

levels by all sectors except transportation. This
decline would largely be the result of in-
creased efficiency and substitution by coal
(either directly or through electricity) and
solar. In the residential/commercial and indus-
trial sectors oil would be used for space heat-
ing, process heat, and chemical feedstocks.

Only in the electric utility sector is any oil used
in boilers. Even this estimate may be high if oil
prices rise more than this projection assumes,
because there will be even greater incentives
to convert to coal or phase oil plants out
altogether. Natural gas use is projected to in-
crease in the residential/commercial and in-
dustrial sectors but decline to zero in the elec-
tric utility sector. As with oil, the principal uses
will be for space heat, process heat, and chem-
ical feedstocks. The largest use of oil in this
project ion would be the t ransportat ion sector  

Table 16.—U.S. Energy in 2000: Future A (Quads/yr)

Demand sectors

Residential/ supply

Fuel commercial Industrial Transportation Electricity Domestic Import

Oil and NGL . . . . . . . . 3.0 5.0 21.0 2.0 22.0 10.0
Natural gas. . . . . . . . . 9.0 12.0 — — 19.0 2.0
Coal . . . . . . . . . . . . . . — 9.0 — 30.0 39.0
Nuclear. . . . . . . . . . . . —

—
— — 17.0 17.0

Hydroelectric. . . . . . . —
—

— — 4.0 4.0
Biomass. . . . . . . . . . .

—
0.5 2.5 — — 3.0

Solar. . . . . . . . . . . . . .
—

1.0 1.0 — — 2.0 —

Total . . . . . . . . . . . . 13.5 29.5 21.0 53.0 106.0 12.0

SOURCE. Natlorra/  Errergy P/an //, Department of Energy
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where very Iittle conversion to new fuel forms
is projected by 2000.

There are a number of uncertainties in fu-
ture A that may affect the potential for bioen-
ergy. First, domestic oil production is likely to
fall well below 22 Quads/yr (11 million bbl/d),
leading to greater imports, reduced demand,
and/or the need for substitution by other fuels.
The possible shortfall could be as much as 6 to
10 Quads/yr. (i. e., production levels of 6 mil-
l ion to 8 mill ion bbl/d), and could v i r tua l l y

remove oil as a fuel for stationary sources if
the United States chose not to increase im-
ports and was unable to reduce transportation
fuel use significantly.

The second major uncertainty is the nuclear
supply projection. Future A shows an increase
of nearly a factor of six over current use, to 17
Quads/yr. In light of the economic, environ-
mental, and safety uncertainties now sur-
rounding nuclear power, this increase may be
opt imist ic.  If it does not reach this level, the
alternatives wiII be coal-f ired electric power-
plants, and reduced electric demand (through
conservation or direct fuel use).

Other uncertainties involve the amount of
natural gas the Nation will produce and the
quantity of coal that can be burned. The pro-
jections show 19 Quads/yr of natural gas to be
produced, which may be high. However, recent
discoveries of natural gas plus the potential for
unconventional gas resources make this less
uncertain than oil.

As for coal, the amount projected can be
produced while still meeting current environ-
mental regulations. 65 A major issue here is
whether emerging environmental problems
such as acid rain and increases in atmospheric
C O2 concentrations will be serious enough to
slow down or halt increased coal combustion.

Finally, the demand figures given here prob-
ably are higher than wilI occur. Certainly there
is potential for much greater energy efficiency
than implied by future A. For example, indus-
trial energy use, including electricity, is fore-
cast to be 36.5 Quads/yr compared to 21.8
Quads/yr in 1978. This is a 2.6-percent average

““I  bl(l

annual increase which compares with the 3.5-
percent annual increase from 1960 to 1970,
when energy growth was faster than any dec-
ade this century, and the 0.8-percent annual in-
crease during the 1970’ s.”

To illustrate the effects of these uncertain-
ties, a second supply-demand future (future B)
is presented, in which rising prices, full imple-
mentation of cost-effective energy efficiency
improvements, and declining supplies of crude
oil dampen energy demand growth. Under fu-
ture B, energy demand is 90 Quads/yr by 2000,
compared with 117 Quads/yr in future A or
with 1979’s 79.4 Quads/yr.

Future B assumes a doubling of current coal
use for industry and electric utilities which the
OTA coal study states is an easily achievable
goal; the operation of only those nuclear
plants currently online or under construction;
and a direct solar contribution consistent with
the base case of the recent Domestic Policy
Review of solar energy. 67 In addition a syn-
thetic fuel contribution of 3 million bbl/d is
assumed. If the current congressional goal of 2
million bbl/d by 1992 is reached, this figure for
2000 should be easily achieved. This will re-
quire an additional 4 to 6 Quads/yr of coal pro-
duction as well as 2 to 4 Quads/yr of shale oil.
The upper bound of 36 Quads/yr of coal (6 for
synfuels, 30 for electricity and industry) is still
reasonable as expressed in the OTA coal study.

On the demand side, OTA assumes a resi-
dential/commercial demand consistent with
projections in the OTA study on residential en-
ergy conservation, 68 the current ratio of energy
use by the residential sector to the commercial
sector, 69 an industrial energy use growth rate
equal to the 1960-79 rate, and a transportation
demand equal to the low-demand case given in
future A. The results of this hypothetical fu-
ture are shown in table 17.

.{ l– ]1
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Again, future B is not meant to be an OTA in future A has been maintained). The data in
forecast, but rather a plausible lower energy table 17 indicate a much lower quantity of
demand future in which to view the potential conventional l iqu ids  used by stat ionary
contribution of biomass beyond that already sources — about 3.0 Quads/yr.
forecast (the base biomass contribution given

Table 17.—U.S. Energy in 2000: Future B (Quads/yr)
—

Demand sectors

Residential/ supply .

Fuel commercial

Oil and NGL . . . . . . . . 1.0
Natural gas. . . . . . . . . 4.5
Coal . . . . . . . . . . . . . . —
Nuclear. . . . . . . . . . . . —
Hydroelectric. . . . . . . —
Solar. . . . . . . . . . . . . . 1.5
Syn fuel . . . . . . . . . . . —
Biomass. . . . . . . . . . . 0.5

Industrial Transportation

2.0
11.5
9.0
—
—
1.0
1.5
2.5

16.0
0.5

3.5
—

Electricity -

—
0.5

21.0
7.0
4.0
1.5
1.0
—

Total . . . . . . . . . . . . 7.5 27.5 20.0 35.0

SOURCE Off Ice of Technology Assessment

Biomass Potential

Domestic Import
15.0 4.0
16.0 1.0
30.0 —
7.0 —
4.0 —
4.0 —
6.0 —
3.0 —

85.0 5.0

Increased use of biomass is now considered drying, an additional 0.5 Quad/yr in the resi-
by examining the size and nature of the poten-
tial supply of bioenergy and analyzing how
technically it might fit into the futures just
described. To do this the upper limit of the
estimates of the potential supply was consid-
ered, which is about 17 Quads by 2000. This in-
cludes 10 Quads/yr of wood, 5 Quads/yr of
grass from haylands and cropland pasture, 1.2
Quads/yr of crop residues, 0.4 Quad/y r  o f
ethanol, 0.1 Quad/yr from agricultural product
processing wastes, and 0.3 Quad/yr from ani-
mal manure. The estimate for grass from hay-
Iands and cropland pasture may be optimistic,
because of increased demand for food and
feed crops. This upper limit was used, how-
ever, to illustrate the technical limits in the
displacement of premium fuels.

First, futures A and B, as given above, con-
tain biomass inputs of 0.5 Quad/yr in the resi-
dential/commercial sector and 2.5 Quads/yr in
the industrial sector. All of this is from wood
through direct combustion. OTA believes that
existing trends project greater use than this,
however, with no additional incentives other
than increased prices for alternative fuels.
OTA estimates an additional 1.5 Quads/yr in
industry, including about 0.1 Quad/yr for crop

dential/commercial sector, about O to 0 . 4
Quad/yr in transportation (ethanol from grains
and sugar crops –O to 4 bil l ion gal/yr) and
about 0.1 Quad/yr from animal manure. This
gives a new baseline estimate of about 5.5
Quads/yr total for bioenergy by 2000. Again,
the principal contribution would be direct
combustion of wood. In this case, the addi-
tional 2.5 Quads/yr of bioenergy could expect
to displace 1.4 Quads/yr in the industrial sec-
tor, about 0.5 Quad/yr of oil or natural gas in
the residential sector, about O to 0.4 Quad/yr
of oil in the transportation sector, and 0.2
Quad/yr of natural gas and oil in the agricul- .
tural sector. The additional bioenergy used in
the industrial sector would largely be in the
fo res t  p roduct s  indus t ry  to  rep lace o i l  now .
used, and for future growth of that industry. In
the latter case, the wood probably would be
used instead of coal.

Next, consider what would happen if actions
were taken to reach the practical limit of the
remaining bioenergy supply. As described at
the beginning of this section, this analysis is
done by applying all of the remaining supply
to each sector, one at a time, for each future.
Because of the projection that about 5 Quads/
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yr from wood will be used without these ac-
tions, this leaves about 5 Quads/yr from wood,
6 Quads/yr from grasses and crop residues,
plus various smaller contributions from other
sources. This is roughly 10 Quads/yr that could
be used by direct combustion or conversion to
a synthetic gas or l iquid (methanol). (The
uncertainties in the estimates are too large to
warrant greater accuracy in the calculation).

First, direct combustion is considered. Ac-
counting for relative efficiencies of burning
biomass and oi l ,  natural  gas,  or  coal,  I O

Quads/yr convert to about 9 Quads/yr of net
input to final demand. Currently, the average
combust ion eff ic iency of sol id biomass i s
about 25 percent less than of coal, oil, or natu-
ral gas but higher efficiencies are likely to be
the rule in 2000. First, this 9 Quads/yr are ap-
plied to the residential/commercial sector. In
the case of future A, this could displace the
equivalent amount of oil and natural gas since
about 90 percent of the 12 Quads/yr of oil and
natural gas projected for that future —10.8
Quads/yr–- is used for space and water heat-
ing.* These are the two uses most readily
adaptable to direct combustion of biomass. In
future B, however, only about 4.0 Quads/yr of
the oil and natural gas are used in this sector
for space and water heating. Using the entire 9
Quads/yr in this sector, therefore, would mean
displacement of a large amount of coal or nu-
clear electricity and/or direct solar used for
space and water heating. Allocating the bio-
mass to industry, in either future, would mostly
displace coal. The reason, as described above,
is that most of the direct combustion processes
for which solid biomass could be used will be
using coal by 2000 in either future. Only in fu-
ture A is there likely to be any oil used for
these purposes. Finally, there will be no uses
for direct combustion of solid biomass for
transportation and any use to generate elec-
tricity will displace coal, nuclear, hydro, or
geothermal in either future.

In the residential/commercial sector, gasifi-
cation is similar to direct combustion. Addi-
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tional uses, such as cooking and clothes dry-
ing, could now use biomass, however. Further,
gasification, would make retrofits easier and
reduce the investment needed to convert to
biomass in many cases. Having this option
could improve market penetration, but the lim-
its to displacing oil and natural gas would only
increase a small amount.

In the industrial sector, gasification of the
biomass allows its use for nearly all direct en-
ergy purposes for which oil, natural gas, and
coal would be used in either of the energy fu-
tures. Therefore, biomass could displace large
quantities of oil and natural gas used as fuels.
To substitute for chemical feedstocks, further
synthesis would be required and this is not con-
sidered here. Assuming about 40 percent of the
oil and natural gas will be used for feedstocks,
about 10.2 Quads/yr are needed for fuel pur-
poses in future A. 7 0 In future B, about 9.0
Quads/yr of the oil and natural gas are needed
for fuel purposes. In either future it would be
technically possible for all or nearly all of the
available bioenergy to be used to displace oil
or natural gas in this sector. As stated above,
however, synthetic gas from coal will also be
available so the real choice is between bio-
mass and coal. It is important to note that the
same choice is applicable to the residential/
commercial sector where coal gas would also
presumably be available.

The final possibility for using biomass is to
develop technologies for converting it to meth-
anol. Currently, biomass, in the form of grain,
is being converted to ethanol. Conversion to
methanol, however, may be a better way to use
all forms of biomass resource as a liquid fuel
although technologies for converting grasses
must still be demonstrated. (Alternatively, eco-
nomic technologies for producing ethanol
from these types of biomass may be devel-
oped.) The potential for using biomass in this
way is simiIar to that of gasification in the case
of stationary uses. But in this case, conversion
losses reduce the incremental 10 Quads/yr of
solid biomass to about 4.8 Quads/yr for final
demand, which is the least of any form. Equip-
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ment modification would also be necessary to
account for the different combustion proper-
ties of methanol compared to fuel oil, al-
though these should be minor. In this connec-
tion, the different combustion efficiencies be-
tween methanol and conventional fuels would
have to be considered in determining final fuel
displacement just as in the case of gasification
but these should be small. Again, technologies
for converting coal to methanol are also avail-
able, so the choice is still between biomass and
coal. There are considerations here, however,
that were absent in the gasification case. Pri-
mary among these are the other liquids that
can be produced from coal and oil shale,
which in turn can be converted into conven-
tional fuel oils.

The major advantage of conversion to meth-
anol, however, is that it allows all forms of the
biomass resource to be a possible source fo r
transportation fuels. I f  al l  4.8 Quads/yr of
methanol were used as a standalone fuel, it
would be the equivalent of 2.2 million bbl/d of
gasoline but OTA estimates that an additional
0.6 Quad/yr of oil displacement can occur
from usin g part of it in blends and 0.8 Quad/yr .
from its higher efficiency in cars built to use
methanol. This raises the total to 6.2 Quads/yr.
It would be necessary to make changes in new
automobi le  eng ines  to  bu rn  methano l  as  a  -
standalone fuel. These are not substantial,
however, and the same thing would be re-
quired for methanol from coal. As with station-
ary uses, the choice here is between synthetic
liquids from coal and from biomass. ‘

Summary

The results of the above analysis are sum-
marized in figure 36 for the three fuel forms of
direct combustion, gasification, and conver-

sion to methanol. This figure shows the tech-
nical potential for displacing oil and natural
gas in the three sectors by allocating the sup-
ply of biomass, not already committed, to
each sector, in turn, for each future. The re-
sults underscore the points raised at the begin-
ning of this section about the limitations of
displacing oil and natural gas, the advantages
of gasification in making this displacement,
and the potential competition with coal, either
directly or as a synthetic fuel. The potential for
displacement is large, however, and programs
designed to use biomass in its three fuel
forms—with preference to gasification –and
to promote use in all three sectors can prob-
ably ensure that a large fraction of our bio-
mass supply will be used to help alleviate U.S.
dependence on oil and natural gas.

Figure 36.—Fuel Displacement With Biomass
(Quads/yr)

Biomass supply Future

Gross After conversion A
losses

B

❑4,8

SOURCE Office of Technology Assessment


