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WELCOMING REMARKS - NATIONAL B1OENERGY
CONFERENCE

R. Keith Higginson, Director
Idaho Department of Water Resources

It is a real pleasure to be with you this
morning. The Governor of our state, Cecil D.
Andrus, would have liked very much to extend
his welcome personally, but he is unable to
do that, for the reason that it is difficult
for all of us to be here. He asked me to
extend a welcome to you.

I'd like to introduce three members of my
staff from our Division of Energy and hope
you will get acquainted with them, Gerry
Galinato, Gerald Fleischman, and Linda
Cawley. If any of you have any questions or
traffic tickets you need fixed, they'll try
to take care of you.

We are pleased we have this opportunity along
with the University of Idaho, the Department
of Energy, and Bonneville Power, to sponsor
the first bioenergy conference held in the
Pacific Northwest and Alaska region. We are
pleased to be able to hold it here in Coeur
d'Alene, Idaho, and we understand that there
are a number of you in the audience today who
have never been in this part of the world.
There really 1s an Idaho, and it's not
spelled I-O-W-A as many people in the east
think. Idaho and Iowa are not synonymous.
We're really another part of the world out
here, and we certainly welcome you to be here
with us.

The state of Idaho is a very diverse state.
We are almost divided by geography into two
separate areas. The southern part of Idaho
is very dry, a desert climate and
environment. It's the part of the state
where irrigated agriculture is the
predominent industry. We have over 4 million
acres of irrigated farmland in Southern
Idaho, and that's the major utilization of
that part of our state. You come north,
you'll immediately see that the landscape
changes, it's blessed with rivers and moun-
tains and forests and mining areas and
recreation. These are predominently the uses
of the landscape in this part of the state.
We find our citizens somewhat divided in what
their interests are, and we have tried to do
our best to protect those things that
Idahoans and people in the rest of the world
find important. When I first came to Idaho
some 25 years ago, the only thing of impor-
tance to any who approached our department
was, "Can I get a little water so I can grow
some potatoes?" We do grow potatoes here in
Idaho, and we hope you enjoy them while
you're here. Since then, we have done some
major things to protect the environment and
to consider other uses of the natural
resources of this state.

We like Idaho the way it is, and we want to
keep it that way. We want to protect It, so
we made a real effort. There are large areas
of our state that are now In designated
wilderness areas. There are large areas of
the state covered by federal designation of
wild and scenic rivers. We hope you might
someday find the opportunity to float our
Salmon River or one of the other rivers that
are free-flowing, Whitewater streams
protected for the future enjoyment of not
only Idahoans but some you who come but don't
stay, you know how it is. We'd love to have
you come but don't plan to stay.

We've also adopted three years ago in our
legislature a state comprehensive river
planning and protected rivers legislation.
Our water resource board studies river
basins, and a determination is made as to
whether those rivers ought to be protected
against certain types of uses, including
construction of dams, diversion of the water,
mining within the beds of those streams and
so forth. Three of those river basin plans
are currently before the legislature. That's
one of the reasons I've got to hurry back to
Boise.

We've also for the last 13 or 14 years al-
lowed the designation of instream flow to
protect fish and wildlife, aquatic habitat,
aesthetic beauty, and water quality of our
streams, so that the water will remain 1n the
streams. Unfortunately over the years as
water has been used in Western United States,
we have had to divert some streams In order
to grow crops and do other things with it,
and that has dried up many streams in the
Western United States includinq many in
Southern Idaho. But we now have a program in
place that will preserve those flows.

The economy in Idaho is good, and we're one
of the few states in the nation that has a
budget surplus. Our legislature is trying to
parcel it out.

Some of you may wonder, "What are you doing
here? You're the director of the Department
of Water Resources, and we're here to talk
about bioenergy. Bioenergy fits Into the
programs of the Department of Water
Resources. Within the state of Idaho, the
bulk of our energy is produced by
hydroelectric power. We have no large ther-
mal power plants anywhere in the state of
Idaho. We have some surrounding states that
do and some of our electric utilities par-
ticipate in those projects. But we have a
lot of hydroelectric power developed and used
in the state of Idaho.

The Department of Water Resources has about
170 employees and of those, 30 are in our
Energy Division. We are the Energy Division
of the State of Idaho and have responsibility
for a number of programs in energy conserva-
tion,- renewable energy resource, oil
overcharge rebate programs, and similar
related energy functions.
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There are number of things we have concerns
about with regard to bioenergy. We have
participated in the regional bioenergy
programs since about 1982, and for the last
four years the state has contributed money to
our department for that program. Within
Idaho there are 55 facilities using wood-
fired systems which are used for industrial,
commercial, or institutional purposes. We
have four projects in the state generating
110 megawatts of electricity from wood-fired
cogeneration. We have two waste water plants
producing biogas for cogeneration and one
producing biogas to run engines to displace
electric consumption. We have five wood
pellet plants in the state one one waste-Lo-
energy plant.

In the past eight years, the Department has
been involved in the bioenergy program and
completed a number of projects, feasibility
studies of wood-fired cogeneration systems,
and municipal solid waste for cogeneration,
assessment of biomass resources for enerav
recovery, using forest residues, mill
residues, crop residues, municipal solid
waste and animal waste. We've conducted
inventories of biomass and biomass uses and
issued a permit handbook for bioenergy
projects and done a number of other things
which we hope will promote the utilization of
bioenergy within the state of Idaho.

There are three major reasons why we feel it
is important that we be involved and that we
promote the development and use of bioenergy
projects. The first is that we see in this
region of the country an end to electric
energy surpluses. A few years ago, there was
an energy surplus in thu Northwest, and the
major energy supplier, Bonneville Power
Administration, was not looking for new
opportunities or resources. But that all
changed in the last several years. We're now
at the point where that organization as well
as other entities are actually openly looking
to acquire new energy resources. That's one
of the reasons why bioenergy must be part of
the mix. We must determine to what extent it
will help us meet our energy needs in the
future.

Secondly, it's obvious the concern that we
have not only here but nationally about our
continued reliance on imported oil. The
events of the last several months, the war in
the Persian Gulf, and as we saw on television
last night, the hundreds of wells still on
fire in Kuwait, and the fuel that is being
burned off there, and the problem we're going
to have in future years in continuing our
reliance on imported oil, lead all of us to
the desire and the need to look to alterna-
tive energy resources so they can be
developed domestically. We don't know the
extent that we can, but we need to implement
strategies to see that that happens.

The third concern we have that leads us into
the bioenergy area is our continued and
growing waste disposal .iroblems. We have
waste simply because of the continued growth

of population. We're clear up to a million
people in the state of Idaho. That's enough.
The population continues to grow throughout
the country, and with population growth we
have waste disposal problems. And the extent
to which we can utilize waste products from
expansion of human endeavor, we ought to take
advantage of that for potential energy
resource.

So we're really excited about the kind of
information you will exchange here at this
conference. We're pleased that you would come
to Idaho. We're pleased that you would come
to Lake Coeur d'Alene. For your information,
this lake is, in fact, a hydropower
reservoir. The Washington Water Power
Company operates an outlet control dam
downstream on the Spokane River which begins
in this lake, and that hydropower dam con-
trols the water level in Lake Coeur d'Alene,
and is used as the water is released from the
lake by that control dam for hydrupower
production.

There are major reservoirs like this on lakes
in Northern Idaho, Priest Lake, Pend Oreille,
and Coeur d'Alene, and they are all used for
hydropower purposes downstream. So, if
you're sitting on a hydropower reservoir and
it looks like a lake, it really is a lake,
but the power company Is able to control the
level that the lake is held. So it's held
during the summer recreation months, and
allowed to draw down in winter. If you look
out now around the pylons, you can see the
lake is down about two feet from the normal

After the spring runoff,
and will be held through

summertime level.
it will go back up
the summer season.

We welcome you to Idaho, and it's my pleasure
to be with you for a few minutes this morn-
ing, and I hope you have a successful
conference and a lot of information is ex-
changed that will help in the continued call
for bioenergy resources for the state and the
nation. Thank you.

Keith Higguuon.
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B10ENERGY IN THE UNITED STATES

J. Michael Davis, Assistant. Secretary
United States Department of Energy
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BIQMASS IS A KEY TO £.£.. ENERGY NEEDS AND
GLOBAL ENVIRONMENTAL" SOLUTIONS

James Jura, Administrator
Bonneville Power Administraten

Many areas of the U.S. are running out of
energy; and environmental problems
threaten our planet and very civi-
lization.

California is facing energy shortages;
and it has air quality problems that will
further affect its energy production.
The Northeastern U.S. has had brownouts
the past two years, as energy demand has
outstripped power resources. Air pollu-
tion problems in areas acreoss the
countryhave led to controls on growth and
economic development. And, in the
Pacific Northwest and other regions we
face the possibility of losing
hydroelectric power under the Endangered
Species Act.

At the national and international level,
acid rain is destroying forests and
poisoning lakes. The greenhouse effect
from atmospheric pollution threatens us
with global warming. And the waste
byproducts of civilization continue to
build up and pollute our land, our air
and our water.

I don't want to appear pessimistic with
these statements. No do I want to give
an impression of hopelessness. But I
cited those problems because they are
real; and because we need to take them
seriously. And to those of us in the
energy field, they are closely related.

Energy and the environment go hand-in-
hand as we look to the future. The
future of the world's energy and environ-
ment are on the cutting edge of progress
for our civilization. And I believe that
the energy and environmental challenges
that fac us are the very avenues for our
progress as a civilization.

So, in my remarks today I'll address
these issues from that perspective. And
it includes the opportunities the
Bonneville Power Administration sees for
bioenergy in the future.

First, let's look at where we are today -
in the Northwest and the U.S.

The bulk of electricity in the Pacific
Northwest comes from hydro power. After
a decade of surplus electric energy, our
region today is in what we call load-
resource balance. That means that our
electricity use about matches our energy
generation. It also means that we must
find new energy resources to meet our
future needs.

,<ut we are also faced with a new dilemma.
Our opportunities for new resources have
changed dramatically from what they were
in the past. We have c.\ily to look at the
past three decades to prae these changes.

The largest hydro projeccs in the
Northwest and most of the U.S. have all
been developed. And othsr potential
sites have been excluded from hyrdo
development - by federal and state desig-
nation of protected river.s and streams.

Major nuclear projects have hit huge
snags - from regulatory compliance; to
design and operating problems; to en-
vironmental disposal profcj.ams; to
skyrocketing costs and pul..ic opposition.
Fossil fuel plants - coal and oil - have
encountered many of the same problems;
but in addition they present other en-
vironmental problems ... already
mentioned.

So, today we in the utility field are
challenged in a new way to meet our
future energy needs. In the Northwest we
are facing this challenge in a number of
ways - by a combination of things.

The first of those is by cooperation. We
are working with other utilities, other
regions, and between nations to better
use existing energy resources. That
means exchanging power between areas with
different peak power seasons. It helps
replace the need for new resources that
individual utilities and regions would
otherwise have to build.

The second area we are pursuing is
conservation. That means more efficient
use of existing energy supplies. And, it
means improvements from the home to the
office to the factory - that save us
energy. Thise include: (1) Less energy
consumptive appliances; (2) Better energy
efficient industrial machinery; (3)
Improved lighting and heating techniques;
and (4) Widespread energy conservation
practices from home insulation to commer-
cial and industrial processes.

The third area in which we are making
efforts for future energy supplies is in
new energy resources themselves. This
includes small jointly-developed gener-
ation projects. It includes new and
innovative energy technologies from wind,
to solar, to geothermal, to cogeneration
and other sources. And, biomass or
bioenergy is a major part of this field.

Taken together, all of these efforts can
help us meet our future energy needs.

No single technology alone will be able
to do that. Individually, each one can
contribute. But together they can
provide the solutions to the challenges
we face - our growing energy needs and
our environmental problems.
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And that's why I'm enthusiastic! about our
diverso energy future.

Now I'll focus on biontftss anci bioenergy
which is what this national conference is
about. It has brought many of the lead-
ing experts in the field together. Your
agenda for the next few days covers
practical, real life projects that focus
on solutions. I'm not an expert in the
technical end, so my remarks will deal
with policy and what is being done in the
Northwest.

Earlier I included bioenergy in the field
of innovative energy development. That's
true - it is innovative because of the
future potential there is for bioenergy.
But in reality, biomass is the oldest
form of energy produced by mankind.

From the earliest discovery of fire in
prehistoric times, humans have burned
biomass to create energy. In fact, we
have probably used biomass far longer
than any other form of energy - from
heating crude dwellings of prehistoric
times, to our modern homes, factories and
offices.

So after two centuies of the industrial-
ised world that: led to the development of
large-scale central generation plants;
biomass is once again emerging as an
important de-centralized energy source.

And it only makes sense that bioenergy
should command a major place in our
future energy portfolio. The reason is
because of the changed role of electric
utilities - brought about by the problems
and challenges I already mentioned.

* We are no longer "just" suppliers
of energy.

* We are no longer "merely" involved
in delivering electricity to homes
and offices and plants.

* Today we are also involved in
protecting the envi :>nraent - from our
fish and wildlife and natural resources,
to the air we breathe ... the water we
drink ... and the land we live on and
grow our food on.

And in the years and dtoadds ahead, our
efforts for environmental protection will
take on even larger roles. That will
mean even tighter controls and more
challenges to meet our energy needs.

That's why the new efforts and alterna-
tives for smaller scale energy resources
are significant. And that's why biomass
is particularly suited for more
development.

It does more than provide energy
supplies. It also helps reduce pollution
by displacing fossil fuel generation.

And, it helps ur, solve our other environ-
mental concerns by reducing the growing
m<ir.n of by-products or "wastes" from our
civilization. It does? that by turning
our "waste" products into beneficial uses
- to produce energy.

In fact, with biomass the word "waste"
takes on a whole new meaning — it be-
comes an "opportunity".

In its 10-year power plan for the region,
the Northwest Power Planning Council
targets 1,350 megawatts of energy to be
saved by conservation. That's the equiv-
alent of more than the entire presentday
energy use of metropolitan Seattle.

And BPA this month increased our call for
new conservation and generating projects
- to 500 megawatts over the next 5 years.
Among the projects we hope to help
develop are several bioenergy projects.
While each bioenergy project is a new
source of generation, it might also be
considered an energy conservation
project, because it reduces the demand
for energy on BPA's system. So, we hope
to jointly develop more biomass projects
in the future.

Besides our latest proposal for joint
conservation and generation projects, we
are now implementing another program.
Last year we asked for bids for projects
that would reduce demand on BPA - for
which we will provide billing credits.

The response to that was overwhelming.
Forty-five utilities submitted 85
proposals for projects that would provide
130 megawatts of power. We will select
those projects to be funded by the end of
this year.

A partial list of those proposals in-
cludes 4 bioenergy projects with total
generationof about 220 million kilowatt
hours.

Three of them are cogeneration projects
with combined capacity of 27 megawatts.
And one is a 1.6 megawatt landfill gas
project. There are other projects that
wexre evaluating. And more projects are
likely to come forward in our newest
program which is open to independent
power producers, industries, and others
besides utilities.

We believe that the future of biomass in
the energy portfolio of the Northwest and
the nation is bright. We know that
because of the successes already recorded
in the country and our region.

We know that because of the growing
concern for our environment, and the
roles bioenergy plays in reducing pollu-
tion, protecting our environment, and
preserving our natural resources. And we
know that from the rising costs of tradi-
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tional power projects; and the improving
technology and efficiencies in the
bioenergy field.

The 5-year report (1985-90) of the
Pacific Northwest and Alaska Regional
Bioenergy Program has examples of the
benefits of bioenergy projects in our
region.

* One of those is St. Mary's
Hospital in Cottonwood, Idaho -
where wood pellets replaced oil-
fired boilers at a savings of
§19,000 per year.

* Another example is the new gener-
ation plant near Salem, Oregon,
that turns 550 tons per day of
municipal waste into 11 megawatts
of energy.

* Another example is the co-fired
generation plant at Tacoma,
Washington, that generates 45
megawatts of power.

* Still another example is a
cogeneration project at Heppner,
Oregon, that burns forest residues
in a 9.7 megawatt power plant.

* And another example is the
University of Idaho's wood-fueled
plant at Moscow, Idaho, that has
cut the university's fuel costs in
half.

We also know that the future is bright by
what is happening on the national scene
in electric generation. From 1980 to
1988, electric energy production in the
U.S. has doubled from the innovative fuel
sources.

Earlier I mentioned the 1,3 50 megawatts
of conservation targeted for the Pacific
Northwest. In the past decade BPA has
already saved more than 3 50 megawatts in
the extensive conservation programs we
have initiated. We did that at a cost of
about three quarters of a billion
dollars.

Yet the savings to BPA and the region go
beyond the reduced energy demand. They
include the deferral of other more costly
generation that we would otherwise have
had to build. And that includes reduced
impacts on our environment and natural
resources.

That saving represented a medium size
coal or oil plant we didn't have to
build. It is the equivalent of 5 and a
half million barrels of oil each year
that we didn't have to burn. Or the
equivalent of 1.5 million tons of coal we
didn't have to burn — each year.

With energy savings jnd resource conser-
vation of that scale, it's no wonder that
bioenergy has a bright future.

It went from 6 billion to 12 billion
kilowatt hours. That includes geother-
mal, wind and solar projects - whcih are
also important sources for our future.
But wood and waste projects accounted for
the bulk of the growth.

Finally, we know how promising bioenergy
is for the future from the progress being
made in biomass research, technology and
projects today.

New bioenergy industries are comming on
the scene, as technologies improve.
Research is expanding at universities,
and within the utility and energy fields.
Among those involved are EPRI - the
Electric Power Research Institute; and
the Oak Ridge National Laboratory.

New breakthroughs in bioenergy projects
are comming from the the work of the 5
regional bioenergy programs in the U.S.
And there j.s expanded utility interest
and investment in bioenergy projects -
including public entities like BPA, and
private utilities like Pacific Gas and
Electric.

According to the Pacific Northwest and
Alaska Regional Bioenergy Program, our
region creates enough biomass each year
to supply 7,600 megawatts of generation.
That would be like adding another Grand
Coulee Dam to our power system — and,
being able to operate it at full capacity
year-round.

Of course, much of that biomass may not
be recoverable. Some of it will have
more beneficial uses - for erosion con-
trol, ground cover and natural fertilizer
in the agricultural sector. Others of it
won't be practical to collect and convert
to electric energy. But even a fraction
of it can have a major impact on our
regional energy needs and our
environment.

Recovery and conversion of 10 percent
would provide 760 megawatts of energy -
more than double what BPA has already
achieved in the first decade of our
conservation programs. That amount would
probably meet our energy growth needs in
the Northwest for the next decade.

It would be more than all the energy now
used by metropolitan Portland. It would
be the equivalent of another large
nuclear plant, or two medium coal or oil
plants - that we wouldn't have to build.
And it would be the equivalent of 3.2
million tons of coal or 12 million bar-
rels of oil - each year - that we
wouldn't have to burn.
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Today bioenergy generation capacity in
the Northwest is about 660 megawatts.
But it's clear that there is great poten-
tial for much more energy from biomass.
Whether it's in the form of new direct
generation, cogeneration, or existing
energy replacement, it will contribute
significantly to our energy supply and
conservation efforts.

The potential may be much higher than 10%
- perhaps 15%, 20%, or more. We can
improve the capability, technology and
cost only by continuing to work in this
field.

So, I commend the regional bioenergy
programs of the Department of Energy; the
industry and the academic communities
such as the University of Idaho; and you
- the professionals who are here. Your
work and efforts are important for our
energy future and for our environment.

In closing, I want to borrow something
from the Northwest Bioenergy Program.
It's the formula that describes the logic
behind the Department of Energy's
regional bioenergy programs.

It is, simply put, "Biomass = Energy".
But I think - as the theme of this na-
tional conference suggests - we might
modify that formula. I think it should
be improved to read: "Biomass = Energy
plus Environment".

That better describes the contribution
that bioenergy can and does make to
society. And it describes the contribu-
tion that all of you make who are working
in this important field.

It describes the energy that we can save
and acquire by biomass projects. It
describes the preservation and protection
bioenergy provides for our environment
and natural resources.

And that best describes the challenges
facing all of us in the energy field
today. Thank you!

Jamajurm.
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STATUS Or WOOD ENERGY APPLICATIONS

John I. Zerbe, Program Manager
U.S.D.A. Forest Products Laboratory

The United States is fortunate to have
extensive supplies of wood, and each
year significantly more is grown than is
harvested. However, for such reasons as
the public demand for preserving old-
growth timber, extending the habitat for
threatened and endangered species, and
limiting clear-cutting practices, we
must make better use of the wood we
harvest. This is particularly true for
our national forests where the public
has placed more diverse demands on the
forest for non-commodity uses. However,
we must also be aware that it is only
through judicious harvesting and
management for needs such as carbon-
dioxide storage that the health and
vigor of many forested areas in
resisting fire, insects and disease may
be maintained. We can lower the impact
of reduced harvesting on our economy and
well-being through research to utilize
our harvests most efficiently and using
more of the wood we harvest
productively.

One of the most significant resources to
draw on for extending our supplies of
wood is to recycle fibers that are now
occupying valuable, and in many cases,
scarce landfill space. Another
important outlet for municipal solid
waste, which is 44% wood-based and other
wood-based residues, is energy. We must
also be concerned about conserving
fossil fuels. Innovative uses of wood
as a material and as a fuel can help
significantly in reducing our dependency
on oil from the violence-prone Mideast
and areas where supplies are dwindling
more rapidly.

We have significant accumulation of wood
residues each year from harvesting
operations, insect and disease attacks,
natural destructive agents such as
hurricanes and fires, and land clearing.

Except for the benefit from decay of
this material for recycling nutrients
back to the soil, it is often a disposal
problem and a wildfire hazard.

Many of these residues could be used as
a fuel with positive effects. For
example, in a new approach to cleanup
after a fire in California, residues
have been logged by helicopter and
processed for power plant fuel. This
use avoids some problems from using coal
or nuclear energy. In other
applications, research is aimed at
burning wood in combination with coal to
reduce the impact of sulfur emissions
from coal.

Press drying is a new drying technology
for supplementary use in papermaking
which also permits the use of hardwoods
for conventional purposes.
Traditionally, papermakers prefer
softwoods because their long fibers
bond more easily than high density
hardwood fibers which are ahort and
stiff. By applying heat and pressure to
a wet web of wood fibers simultaneously
racher than separately, press drying
produces strong paper from 100% hardwood
pulp or recycled fibers.

The sources of recycled wood fiber for
combustion include demolition wood,
pallets, containers and wood residue
from the wood products industry.
Demoloition wood is usually mixed with
wall board, cement, bricks, roofing,
insulation, metal, plastics and dirt.
Wood residue from primary wood
processing plants contains nearly all
wood except for adhesives and is being
burned for energy. Residue from the
secondary wood processing industry may
contain adhesives, plastics, paints,
varnishes and stains. Another source of
recycled wood is preservative-treated
wood from demolition of structures,
utility poles and railroad ties.

Paper available for combustion is
usually in the form of refuse-derived
fuel or old newsprint. Refuse-derived
fuel is produced from municipal solid
waste as a captive product, and it is
burned to recover heat and electricity.
Old newsprint that is not recycled could
be mixed with other fuel and burned to
recover energy.

Some discarded pallets and containers
are ground and recycled as mulch and
animal bedding, and some are used for
firewood. Most go to the landfill. If
used pallets and containers were
collected at central sites, they could
be crushed and milled to produce wood
fuel and burned for heat, steam and
electricity.

Wood energy applications are ceratinly
related to machinations in the
production and marketing of fossil
fuels, particularly oil. Wood fuel
really came back into prominence after
the oil crisis of 1973, and wood energy
were further strengthened after the oil
crisis of 1979. However, there has been
little, if any, growth in the use of
wood fuels for energy in the United
States since the precipitous drop in oil
prices in 1985.

It looked as if this might change
dramatically immediately following the
Iraqi invasion of Kuwait on August 1,
1990. On August 1, the West Texas spot
oil price was $21.59 per barrel. This
rose to $41.07 on October 11, 1990.
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However, on February 25, the price was
§17.78 per barrel. On March 12, the
price was $19.70. This doesn't mean
that oil and other fossil fuei prices
will remain low. Eventually our
supplies will be exhausted. And we
can't depend on assured availability of
other extensive supplies such as from
nuclear fusion anytime soon. Moreover,
we are critically dependent on Mideast
oil supplies, and this is by no means
comforting. None of this takes into
account the potential detrimental
effects of increased accumulation of
carbon dioxide as a result of fossil
fuel usage.

Given the needs and opportunities, what
is the potential for increased usage of
wood energy in the United States by 2010
and by 2040? In the DOE and within our
agency, we have not been very optimistic
of the prospects for using significantly
more wood energy. But I think the
prospects are better than our past
projections indicate. From our
assessment of the Forest and Rangeland
Situation in the United States, 1989
shows about a 3 0% roundwood fuelwood
harvesting increase from 1987 to 2010,
followed by a leveling and decrease to
2040. Other statistics from the DOE and
the Forest Service show a fuelwood use
annually of about 2.7 quads which has
changed little from 1983. Without
committment to using more wood for
environmental and security reasons in
addition to strict accounting for the
short term, we can see little increase
in wood energy use by 2010. Usually are
most optimistic projections have an
upper level of 4 quads.

I believe it behooves us to think beyond
this low artificial limit. Not only
does it inhibit our ability to improve
our economic potential, but it also
restricts opportunities we have for
improved forest management and a more
livable environment. The policy would
boost by the year 2010 electricity from
solar, hydropower, biomass and
geothermal sources by more than
threefold over today's level. I believe
we need to look beyond this framework,
and I believe there are good
opportunities to increase the use of
wood energy for all purposes threefold
by 2010. This would mean double the 4
quads that seems to needlessly stymy our
progress.

The future potential contributions of
biomass energy to global and U.S. energy
requirements could range from 10% to 90%
or more. Efficiency of biomass fuel use
could be comparable to fossil fuel in
applications where solid fuel is most
commonly burned, and less so where
gaseous and liquid fuels are commonly
used.

In the case of forest biomass,
production of wood for energy is usually
secondary to producing wood for other
consumer products, however tree
plantations dedicated to energy
production are becomming popular and
will be more common in the future. Wood
for energy will also become a more
significant part of forest production as
improved harvesting and utilization
methods are developed for this purpose.

Other side benefits of producing and
using more wood are conservation of
energy and sequestration of carbon
through use of wood products.

Efforts to increase growth on
timberlands and research to reforest
marginal timberland will result in a
higher rate of carbon capture on the
timberland. The more extensive our
forests, the more vigorous in growth,
and the more mass in tree stands, the
more effective for carbon capture.

Plantations with comparatively short
rotations of 15 years or less will grow
rapidly, but old-growth stands are often
overmature and grow at slower rates than
young trees. Standing large, old-growth
trees do sequester large amounts of
carbon accumulated over long lifetimes.
However, trees ultimately die and
recycle carbon back to the atmosphere.
Research can determine the appropriate
harvest cycle so that the trees can be
harvested at maturity when the growth is
slower so that a new, fast growing
forest can be started. Faster-growing
forests of selected species could be
employed in the production of recyclable
fiber products that could displace non-
disposable plastics from petroleum.
Selectivity in such changes could
increase species diversity and forest
productivity as well. At least some of
the increased productivity would be
available for use as fuel.

Effect of Wood Combustion on Climate
Change

Just as there is controversy in the need
for mitigation of climate change, there
is controversy over the benefits of
using wood fuel for mitigating climate
change. There are those who look at
wood combustion as part of the problem
rather than part of the solution. The
most efficient way to obtain energy from
wood by direct combustion is to recover
heat, steam or electricity. Combustion
of wood does return carbon to the
atmosphere. However, if the wood burned
is continually replaced through
reforestation, this carbon is
continually recycled and there is no new
carbon added to the atmosphere or carbon
sinks. To the extent that wood is used
to replace fossil fuels, there is a
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direct reduction of new carbon in the
atmosphere from fossil fuel combustion.
Thus wood that does not have other uses
should be used for energy to replace
fossil fuels.

However according to Rogers and Fiering
(Rogers, 1989), man's involvement in
contributing excess carbon to the
atmosphere is minimal and of the
contributions from civilization,
contributions from biomass are a
significant portion. Their reasoning is
based on net primary productivity of
terrestrial ecosystems of 60 billion
tons of carbon per year. This
anthropogenic "excess" is composed of
fossil fuel combustion (58%), biomass
fuel combustion (12%), crop residue
burning (1%), grassland burning (20%),
shifting agriculture (4.2%), cement
production (1.4%) and solid waste
production (1.1%). Total excess is
estimated at 6.5 +/- 1.5 billion tons of
carbon. These annaul fluxes are viewed
against an estimated stock of 560 +/-
100 billion tons in the living biomass
systems. Viewed in this perspective,
man's contribution from burning biomass
are in the same category as burning
fossil fuels, and man's contribution to
atmospheric carbon is small in
comparison to nature's.

Viewed from another context, such as
that expressed by Houghton (Houghton,
1989), the atmospheric carbon dioxide
balance hinges on the annual
anthopogenic emissions of this gas,
which are about 70% from fossil fuels
and 3 0% from forest abandonment from
shifting agriculture. Burning biomass
from forest lands that are managed on a
sustained yield basis is part of the
solution, since the carbon dioxide
released from burning and otherwise
consuming wood is constantly recycled
over a short time frame. I believe this
scenario is more realistic.

Regardless of the source, carbon has
been accumulating in the atmosphere at
the rate of about three billion tons
annually (Houghton, 1989). If we can
reduce the carbon dioxide flux into the
atmosphere by three billion tons
annually, the carbon dioxide level would
stabilize around the present level. The
major sources of which man has some
control is reducing the level of
combustion of fossil fuels which
releases 5.6 billion tons of carbon into
the atmosphere annually, halting
deforestation which releases 2.5 billion
tons of carbon, and implementing a
reforestation plan which might store 2.5
billion tons of carbon (Houghton, 1989).

Use of For Fuel

Modern combustion equipment is capable
of burning wood in most any form with
high heat recovery efficiencies.
Usually industrial burning of wood is
much more efficient and non-polluting
than burning wood in stoves or furnaces
for home heating, however modern
domestic wood fuel p.allet burning stoves
are highly efficient and can be vented
thru side walls without the need for
chimneys.

One problem with wood combustion is the
formation of particulates and
entrainment of these in the combustion
gases. Resecirch is needed on the
formation of ash and particulates during
combustion. At the primary and
secondary wood manufacturing plants,
byproduct wood residues are produced
that contain materials other than wood
suoh as resins, paints and plastics.
There is need to know the combustion
conditions needed to safely burn these
residues for energy so that the residues
do not need to be landfilled.

Liquid Fuels From Wood

There are several approaches to produce
liquid fuels from wood such as
gasification,' pyrolysis and hydrolysis
followed by fermentation. The fuels
most often considered are ethanol and
methanol because they can be used for
motor fuels.

Ethanol can be produced from the
carbohydrate in wood by acid or enzyme
hydrolysis to form monosaccharides that
ferment to alcohol. Through acid
hydrolysis, about 20% of the energy
potential of wood can be recovered in
ethanol. While applicable to a wide
variety of forest residues, acid
hydrolysis destroys all fiber properties
and creates significant waste products
that must be disposed. The kinetics of
acid hydrolysis are well understood and
sufficient data exist to design pilot
process equipment. Higher efficiencies
of energy recovery can be realized
through pyrolysis and methanol
production. Neither acid hydrolysis for
ethanol production nor wood pyrolysis
for methanol production are currently
economical. Further research is needed
to make liquid fuels from biomass more
competitive with gasoline and diesel
fuel from petroleum.

Enzyme hydrolysis of wood has been
promoted as a process that will result
in higher ethanol yields with smaller-
scale process efficiencies. Economic
studies of cellulose hydrolysis have not
shown this to be competitive in the wood
processing industry. However, enzymatic
hydrolysis and fermentation of
hemicellulose or recycled wood fibers
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may hold better prospects. In such a
process, ethanol would be produced from
the readily-hydrolyzed hemicellulosic
fraction while the cellulosic and lignin
fractions would be recovered for their
fiber and polymeric properties. For
enzyme hydrolysis, additional research
is needed to develop enzyme production
methods and demonstrate the hydrolysis
process on a pilot scale.

For methanol production, the next step
is the planned demonstration of a large-
scale wood gasifier for the production
of syngas that can be converted to
methanol.

Conservation of Energy Through Wood Use
as a Construction Material

Forestry and forest products is the
fourth most important sector of the
United States economy. The construction
industry, particularly housing, makes up
the largest segment of the forest
products market. Building on this
market will provide an economic boost as
well as opportunity to enhance energy
conservation through use of the
renewable, less energy-consumptive wood
resource. In addition, increased use of
wood in place of concrete avoids the
release of carbon dioxide during
concrete manufacture.

There is an excellent opportunity for
energy conservation in residential frame
construction to significantly extend
energy benefits from the use of wood as
a basic material. Research in
construction of tighter, but well
ventilated houses, application of
passive solar heating principles,
heating with wood fuel, shade tree
paintings to reduce cooling loads, and
urban or community forest paintings
would pay off handsomely in establishing
technology for reducing fossil fuel use.

Wood Preservation to Extend Service Life
and Length of Carbon Sequestration

In order for wood to provide service
durability fully equivalent to other
materials which are not susceptible to
decay and insect attack, wood must be
treated or otherwise protected in
exposed locations. Extension of service
life also means longer sequestration of
carbon and less energy consumption in
supply of replacement materials.

We will always need affordable, safe,
durable housing and other wood
construction. Chemical treatments will
continue to be needed to protect some
wood products, but with increased
emphasis on environmental safety, there
is less dependency on broad spectrum

pesticides. Research must be
implemented to acheive more economical
protection with less reliance on
chemical intervention. Approaches
include processing schedules for raw
wood that provide less opportunity for
biological deterioration, engineering
options for protecting products and
houses without pesticides, potentials
for biocontrol such as using
antagonists, antibiotics, or ecosystem
manipulation, and treatments which could
modify the chemical structure of wood
cell walls so that microbial enzymes
can't degrade them.

Press Drying as a Means to Reduce Global
Warming

The Forest Products Laboratory has
conceived and developed a unique
processing means for producing superior
paperboard from low value furnishes, at
higher yield, and with reduced use of
energy. An analysis of process
economics by Dr. P. Ince shows that
total process energy required for press
drying of high yield linerboard would be
less than 61% of that required for
conventional processing. Estimated fuel
costs for the press dry process would be
38% of those for the conventional
process - although electrical costs
would be 11% greater. Total process
energy required for linerboard
production is reduced form 24.6 to 14.9
gigajoules per metric ton. However,
press drying requires the developemnt of
new drying machinery for the industry.
Despite the significant advantages cited
for the press drying process, it has not
been put into practice by the industry.

The benefits of press drying have been
demonstrated in the laboratory. The
next logical step is demonstration in a
small-scale production machine.

Utilization of Contaminated Wood
Materials

Recently, there has been concern about
proper combustion of wood contaminated
with other materials such as paint,
adhesives, and/or preservatives. In
many applications, use of wood for
energy is economical and a contributing
factor to prosperity of local, often
rural, economies. However, improved
technology may make wood for energy more
competitive, even with oil prices
advancing more slowly than anticipated.
A major factor in using more wood for
energy is the high cost of forest
harvesting. It is prudent to use wood
for energy that is less valuable and
less suited for use in other consumer
products. However, the lower value wood
is often from smaller trees that are
more expensive to harvest, although this

XXI



factor does not appear to be as
important as stand volume and percent of
hardwoods in comparison to softwoods.

Possible Changes in Energy Technology

As a very rough approximation, use of
wood for energy is exemplified by three
categories of comparable consumption
quantities. These are residential,
black liquor and industrial. Lesser but
growing amounts of wood are consumed in
power generation and commercial and
institutional applications.

For residential use of wood for energy,
the traditional approach has been
roundwood consumption in fireplaces,
simple stoves and furnaces. Fireplaces
are inherently inefficient and are more
aesthetic than utilitarian. However,
fireplaces are being used more
efficiently with newer technology
developments in the control of nakeup
air and hot air distribution, and in the
use of better designed insert units
(stoves) for fireplace spaces. Stoves
are being designed to use roundwood more
efficiently with better control of air
for combustion.

A newer development is the combining of
improved fuels with improved combustion
units to attain more efficient and more
automatic operation. Fuels may be made
more effective and easier to handle by
control of size and moisture content.
Examples are dried chips and pellets. A
new product is chunkwood which comes in
larger size particles, and may be more
efficient to produce, handle and store.
More sophisticated stoves and furnaces
have been designed to take advantage of
improved fuels such as pellets.

In industrial applications, older
technologies such as the Dutch oven and
traveling grate are still operating
satisfactorily, but new technologies
including fluidized bed and gasification
are providing advantages in combustion
and emission control. Promising
developments for industry in the future
are a gravel bed combustor, new
technology for gas, liquid and char
fuels, and buring wood in combination
with coal.

Development of a Gravel Bed Combustor

Advanced industrial and utility power
systems often use gas or liquid-fueled
gas turbine engines. Burning fuels
directly in a turbine, without going
through an intermediate heat exchanger
to heat air for use in the turbine, is
an efficient means of generating
electricity. Using coal or wood to
directly power a gas turbine has yet to
be accomplished commercially, primarily

because the ash can cause erosion,
deposition and corrosion of the turbine
blades. The size, distribution,
concentration and composition of the
ash, as well as the turbine design
determine the lifetime of the turbine
blades. New direct combustion turbines
for wood to alleviate these problems are
UJIUT development. Successful
completion of this work could make wood
power generation in the
range crom 10-50 megawatts more
competitive.

Improvements in Technology For Providing
Gas. Liquid and Char Fuels

If wood is to become a viable
replacement for oil as oil becomes
scarcer and more expensive, wood needs
to be applied in ways other than a
boiler fuel and residential space
heating fuel. Wood may be converted to
liquid or gaseous fuels and to improved
forms of solid fuel such as charcoal.
Technology is available to make ethanol
from wood at a cost comparable to making
ethanol from corn, but this technology
is only economical with a large subsidy
in today's market. The large Federal
subsidy which sets the pattern for State
subsidies is scheduled for elimination
by the end of 1992, and a more
competitve liquid fuel is needed to
compete in later years. Provision of
gaseous fuels from wood can be achieved
with known technology, but the cost of
the gas derived from wood is much higher
than the cost of natural gas. Charcoal
from wood is not competitive with coal
in many applications.

Gasification and pyrolysis research may
lead to more economical liquid fuels
from wood such as methanol, pyrolysis
oils or convential gasoline. For the
near term, developemnt of a viable
methanol from wood process is realistic
to expect. Other potential products are
gas for operation of internal combustion
engines, turbines and lime kilns, and
pyrolysis oils for diesel fuel.

Definition of Processes For Burning Wood
in Combination With Coal

Federal regulations stipulate that for
coal boilers with capacities of 100
million Btu/hr or more, the emission
limit is either 0.05 lb/million Btu heat
input or 0.1 lb/million Btu heat input,
depending on whether and in what amount
other fuels are co-fired with coal.
Emissions of sulfur dioxide and oxides
of nitrogen from combustion of coal and
wood are based on total heat input, no
matter what the fraction of wood used.
These regulations provide a positive
advantage for burning wood in
combination with coal in large boilers,
particularly in the case of high sulfur
coals.
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For yise of Wood^ For

Increased use of wood for energy is
highly dependent on economics, economics
that may be enhanced by technological
improvements in harvesting, conversion
and use. Today about 3.7% or 2.7 quads
of our energy come from woody biomass.
Our production of energy from woody
biomass is comparable to our use of
hydropower and nuclear power. This
could be increased to about 10 quads or
about 13.5% of our current usage (Zerbe
and Skog). Much wood for energy could
come from material that is now not used
but which would be satisfactory for use
as fuel. Such material includes forest
residues, urban wood residues, wood from
insect, disease and fire killed trees,
and excess of wood growth in comparison
to annual cut.

Of the estimated 18 billion cubic feet
of roundwood timber harvested in the
United States in 1936, 3.1 billion cubic
feet or the equivalent of 0.9 quads, was
used for fuelwood (USDA Forest Service,
1988). Of this only 26% came from
material classified as growing stock
(i.e. live sawtimber trees, poletimber
trees, saplings, and seedlings meeting
specified standards of quality or vigor
and not including cull trees).

Much of municipal solid waste consists
o* paper, demolition waste, tree
t-'immings and other forms of biomass.
If more of this material were used for
fuel, it could mean a significant
savings in constantly increasing costs
for landfills. By the same token, in
public and private forests under
multiple-use management for timber
production and other purposes, much of
the management costs result from cleanup
after logging operations. Often brush
from logging operations is concentrated
and broad-cast burned to prepare land
for new tree growth. This consumes
management funds and subjects the
atmosphere to more particulate loading
as well. Now, however, in some parts of
the country broadcast burning is avoided
through cleanup credits for harvesting
excess wood for energy. This means that
wood is burned under controlled
conditions instead of being burned in
the open, and emissions to the
environment are therefore much reduced.
In other instances, dense brush in
forests at urban-forest interface areas
is being sucessfully harvested for
energy, thereby providing a
significantly decreased fire hazard to
houses at the forest perimeter.

Most of the problems associated with
deforestation of tropical forests occur
because of land clearing operations and
conversion of forests to other uses.
Because the wood and it's properties and

suitable methods for processing are
unknown, 'iost trees are felled and
burned to clear sites. Research is
needed to improve the utilization of
such material. This will enhance the
value of the forests and improve their
prospects for sustainable management.
With a new initiative in tropical
forestry, we plan to build on the
experience which has facilitated use of
some tropical species for timbers,
veneers, paper, rubber, tannin and other
forest products worldwide.

Our utilization program emphasizes
identification of wood decay fungi in
the tropics, improved drying processes
for tropical species, and improved
sawing of difficult-to-process tropical
species. We are also investigating new
panel and moulded products capable of
being manufactured with tropical species
and recycled wood and plastics. We have
strengthened our research effort in
identification of extractives from
tropical species. In an effort to
permit construction of affordable houses
with local materials, we are studying
construction techniques for the tropics.

Other important work that can lead to
improved economic opportunities in the
tropics includes determination of
properties and uses of native species
and modification of production processes
for mixtures of tropical species,
utilization of plantation species such
as eucalyptus for products and energy,
and protection of wood under severe
exposure conditions such as extreme
moisture and the Formosan termite.

The USDA Forest Service, by virtue of
its role as steward of the national
forests, its research mission, and its
long standing research expertise in new
uses for wood products at the Forest
Products Laboratory in Madison,
Wisconsin, is at the forefront of
efforts to turn problem wastes into new
opportunities. Some of our strongest
efforts are aimed at providing jobs and
useful products through recycling and
composites manufacture. Other areas in
which we make significant contributions
are new structural products, new wood
and wood-based materials for other
applications and new and better ways of
using wood and wood residues to mitigate
priority problems such as energy
supplies and atmospheric pollution. We
believe that using renewable wood
resources more efficiently in yiew ways
and through innovative applications
creates new opportunities for growth,
for progress and for further industry
competitiveness in a world that is
rapidly consuming many nonv.enewable
resources at an ever-increasing rate.
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BOOK REVIEW
B1OMASS ENERGY PROJECT DEVELOPMENT

GUIDEBOOK

JOHN M. VRANIZAN, P.E.
PRESIDENT OF CARROLL, HATCH & ASSOC., INC.

PROFESSIONAL CONSULTING ENGINEERS
PORTLAND, OREGON

Introduction

In 198S the Pacific Northwest and Alaska
Biomass Energy Program sponsored the
writing of a biomass energy project
development guidebook. The book is a
valuable legacy from that program.

The original book was co-authored by six
individuals. A period of eighteen months
was required to complete the work. The
book was originally distributed in July
1987.

There were a number of purposes for
writing such a book. They were:

1) To acquaint readers with
biomass fuels and biomass
energy projects in the
Pacific Northwest and Alaska.

2) To explain how to assess the
feasibility of using biomass
fuels.

3) To present the steps involved
in planning a biomass energy
project.

4) To point readers to sources
of additional information.

5) To collect in one source,
comprehensive information
about using wood fuels.

Each of the authors had one or more
particular areas of expertise that were
addressed.

Original subject matter included:

Chapter 1 - Planning For Fuel Supply
Chapter 2 - Fuel Characteristics,
Storage and Use
Chapter 3 - Selecting An Energy
Conversion Process
Chapter 4 - Conversion Technologies
Chapter 5 - Environmental
Considerations
Chapter 6 - Economics of Biomass
Projects
Chapter 7 - Financing Biomass
Projects
Chapter 8 - Plant Specific
Specifications
Chapter 9 - Glossary

The work also includes 10 case studies of
biomass energy projects.

Late in 1989, four additional chapters
were added. New Information Includes:

Chapter 10 - Contracting For Fuel
Chapter 11 - Wood Residue Recovery,

Collection and Processing
Chapter 12 - Small To Medium Sized

Modular Combustion Systems
Chapter 13 - Agricultural Residues

Authors

The book review will begin by recognizing
the authors and saying a few words about
the authors' qualifications.

Lawrence F. Brown, Professional Forester
in private practice. B.S. Forest
Management, Oregon State University.

Larry Brown provides forest management
services to public and private
organizations in southern Oregon from
his offices in Grants Pass, Oregon.
Larry has over 25 years of experience
in both public and private sector
forestry. Brown wrote the fift, chapter
of the book, Planning for Fuel Supply.
His experience comes from working with
wood product firms in securing timber
and residue materials from public and
private land sources.

Linda Craig, B.A. Mathematics, M.A.
Educational Psychology. B.A. Accounting.
Craig is currently in practice as a
certified public account in Portland,
Oregon.

Linda Craig worked for several years
in the Biomass program at the Oregon
Department of Energy soon after that
body was established. At the time
she worked on the guidebook, she was
a principal in a firm that she co-
founded which specialized in staging
energy related events and programs.
Linda wrote the Introduction to the
Guidebook and served as an editor
for uniformity and clarity for all
of the authors. She also was
instrumental in assembling the
Glossary, Chapter 9.

Richard DeZeeuw, B.A. Economics, M.A.
Environmental Arts & Sciences, University
of Wisconsin. Bioenergy Economist.

DeZeeuw had stints with the
California Energy Commission,
Western Solar utilization Network,
and the Oregon Department of Energy
prior to associating with Nero and
Associates. While he was with Nero,
DeZeeuw did research on various
parts of the guidebook and prepared
many of the case studies.

Dr. Robert Gay, B.S. Chemistry,
Southwestern University, Ph.D., Organic
Chemistry, Drake University.



Bob Gay wrote chapter 5, Environmental
Considerations. Dr. Gay had years of
experience in public and private
situations. He was at Nero and
Associates at the time he made the
environmental contributions to the
guidebook.

Peter J. Neild, P.E., Principal, Carroll-
Hatch (International) Limited, North
Vancouver, British Columbia. B.S.
Mechanical Engineering, University of
British Columbia.

Peter Neild has 25 years experience in
the wood products industry. During a
ten year span with MacMillian Bloedel,
Ltd. he worked on improving the
performance of hog fuel fired boilers
at many of the company's pulp mills
and sawmills. He also was a developer
of one of the earlier wood fuel
suspension burners. Peter contributed
heavily to chapters 2 and 4, Fuel
Characteristics, Storage and Use, and
Conversion Technologies, respectively.

John Vranizan, President, Carroll, Hatch
& Associates, Inc., Portland, Oregon.
BME, Santa Clara, University.

Since 1964 I have worked in providing
goods and engineering services to the
wood products industry. I was
principal author of Chapters 3, 6, 7
and 8. I coordinated the efforts of
all authors.

The process that was used to write the
book, called for co-authors to review the
work of individual authors. Each chapter
was principally the work of an
individual, but all authors contributed
when it was appropriate.

The reason that I am taking so much time
to qualify the authors and the manner in
which the original book was written, is
because I want the potential using
audience to appreciate the experience
that has gone into this work. The book
was written by individuals who have
operated in profit driven economies.
Tests of practicality were based on
actual experience.

Overview

Various parts of the guidebook are
directed at specific reader groups. The
introduction, is for all because it
explains how the book can be used most
effectively.

Chapters 1 through 4 are technically
oriented. Engineers, wood technologists,
technical planners and similarly oriented
persons will be most interested in this
part of the guidebook. Discussions
revolve around subjects like: energy
values, fuel refining practices and
energy conversion technologies.

Chapter 5 is also technical in that it
deals exclusively with environmental
issues. One of the realities of today is
planning for positive environmental
impacts in project work. No projects will
get off of the drawing board without
thorough environmental impact assessments.
Chapter 5 guides the user in these
processes.

Chapters 6 and 7 deal with project
economics and financing. Those people
interested in determining economic
viability and financing options will find
the material in these chapters of
considerable interest.

Chapter 8 contains some equipment
descriptions and costs as well as sources
for various items of equipment used in
biomass energy projects. As tine goes
bye, the accuracy of information in this
part of the book will diminish.

Chapter 9 is a glossary of terms. People
unfamiliar with industry jargon, should
find this section helpful.

The new section of the book includes two
chapters which enhance a users knowledge
about fuel supply. Chapters 10 and 11
address the specifics of contracting for
fuel supply and wood residue collection
techniques respectively.

Chapter 12 is like chapter 8 in that it
discusses specific sources of hardware.
The value of the information will diminish
with time as new equipment is developed
and as business change.

The final chapter, chapter 13, is devoted
to a agricultural biomass. Most of the
work on the book is directed at woody
biomass. This section considers many
other sources.

Major Subject Matters

Biomass fuels include a panorama of
material. Early in the discussions with
taskforce representatives, we recognized
the dominance of woody biomass in the
Pacific Northwest. A decision was made to
concentrate on wood as the principal
source of biomass energy in the region.
Other forms of biomass would be reviewed
but the in depth work would focus on the
most often used and most successfully used
form of biomass.

Much of the continuing discussion should
be understood to refer to woody biomass
unless otherwise mentioned.

Biomass Fuel

When an organization plans an energy using
facility, they must choose a form of
energy commensurate with their needs. In
days of energy abundance the predominant



use of oil or gas was quite common. When
a burner on a boiler was to be fueled
with one of the fossil fuels, a brief
description of the fuel was all that was
necessary to fully describe the energy
source.

Natural gas was commonly understood to
contain a fixed amount of energy, i.e.,
1000 Btu/cubic foot. The fuel would be
delivered at a specified pressure. There
would be no significant amount of
moisture in the fuel supply. Any number
of factory ready appliances could be
selected to burn the gas. Results
expected from the combustion process were
predictable and consistent.

The use of various types of oil and coal
resulted in similar predictability.

Now comes along our desire to use various
forms of biome^s as a reliable fuel
source. One quickly learns that a proper
fuel description becomes a mandatory
task. The task begins by asking one of
two questions:

1. How much fuel does the process
need?

2. How much fuel is available?

The amount of fuel needed in the process
is determined by first assessing the
amount of energy required in process and
then selecting an energy conversion
technology which will change potential
energy stored in the fuel into dynamic
energy that can be used in the process.
Of course, the nature of the fuel must be
understood before a conversion technology
can be selected.

An approach from the other direction can
provide quantitative information on how
much fuel is available, but without an
appropriate fuel description, the
quantitative information is of doubtful
value. Chapter 2 deals with fuel
characteristics, refining and use.

The basic question that must be answered
in each situation where biomass energy is
to be used as fuel, concerns the heating
value of the material. The challenge is
determining the usable heating value.

Literature contains higher heating values
(HHV) for many materials. Because
biomass is a hydrocarbons material, there,
is an energy loss as the material burns
due to the hydrogen-oxygen reaction which
forms water during the procass. The book
discusses how the HHV is changed to a
lower heating value (LHV) by accounting
for the energy loss due to the hydrogen
oxygen reaction.

Biomass materials almost always contain
water. The effect of intrinsic water
must be taken into account before the
usable energy value of the fuel can be

determined. Before fuel makes a
contribution to the process energy demand,
energy from the fuel mu6t be used to drive
the water out of the fuel so that the
hydrocarbons material may burn.

As one would suspect, the higher the
moisture content in raw fuel, the lower
net heating value available from the fuel.
Again the guidebook, provides directions
to the user in determining net heating
value (NHV).

It is the net heating value of a specific
biomass fuel that must be determined
before a meaningful assessment of how much
fuel in needed in the process or how much
fuel is available from some source.

Chapter 4 becomes quite specific in
dealing with fuels when it reviews the
chemistry of combustion. A person
desiring to understand the parameters
surrounding good combustion practice, can
learn about those important aspects by
studying this chapter.

Environmental Considerations

The author of this chapter asks the user a
series of questions about the process and
technology. By answering each question,
the reader is directed to go to a sub-
section of the chapter. The process is
repeated and the user finds he is
navigating his way to the information that
is pertinent to his project.

Kaintenance of air quality, water quality
and appropriate solid waste disposal are
all covered. Where regulations become
complex, there are references to
additional resources.

The book was written with the idea that
each individual state in the region was to
develop a unique guide to state licensing
requirements and procedures. A H of the
states have published the local guides.
Together the documents will save an
enormous amount of time on the part of an
environrcantsl compliance researcher.

Siomass Conversion Technologies

Energy in biomass fuel must be liberated
through the use of a device that has been
designed for that specific fuel. Table
3 - 1 , in Chapter 3, Selecting a
Conversion Technology, presents a matrix
which relates types of fuel to conversion
technologies.

By knowing the type of fuel to be used,
and the task to be accomplished, i.e.
making steam, a person can select one or
more broad conversion technologies that
will work. Refinements in fuel
description and task to be accomplished,
will allow a more definitive technology.



Generic questions about conversion
technologies are addressed in Chapter 4
of the guidebook. Direct combustion
techniques, gasification processes and
anaerobic digestion technologies are
reviewed and discussed. References are
provided at the end of most chapters so
that sources of additional research can
be found aasily.

Chapter 12, Combustion Systems, take
conversion technology a step further as
it identifies combustion equipment by
brand name.

Project Economics

Chapter 6, Economics of Biomass Projects,
presents a classical method of building a
financial model of the project.

A user is guided through the process of
developing project capital cost. The
user is shown how to go about projecting
operating costs for the project.

The guidebook shows how to construct a
pro forma statement of operations.
Flowing from that statement, a cash flow
analysis is constructed. There follows a
discussion of investment evaluation
criteria. Simple payback period
determination presents the simplest form
for evaluation.

For major projects, the time value of
money needs to be taken into
consideration. This leads to a
discounted cash flow analysis. Discount
rates, net present value, hurdle rate and
capital rationing are discussed in some
detai1.

A user will fulfill the basic due
diligence on a project when the outline
presented in this chapter is followed.

When the book was written, electronic
spreadsheets were very new. Never-the-
less, the value of spreadsheeting was
recognized at that time and the author
encourages the use of spreadsheet models.
Spreadsheets have become more
sophisticated and make the process
logical, arithmetic error free and
flexible.

Sensitivity analyses are easily
accomplished. This allows one or two
variables to be manipulated and the
resulting consequences to be evaluated
and easiiy presented in graphic form.

Because tax laws change, users may find
parts of the material obsolete. The
authors believe that the methodology used
in building the economic models is sound,
but as tax laws change, it will be
necessary to make appropriate
adjustments.

Incidently, the book was written while the
Tax Reform Act of 1986 was enacted.
Subject matter in the book complies with
the regulations of that law.

If a developer does not use such a
technique or a similar dedicated software
approach, his forecast should be viewed
with suspicion.

An important part of the chapter is the
discussion on Stop or Go decision making.
This includes definitions of various
stages of study work. Most work begins
with a conceptual phase where ideas are
generated and a few overal1 numbers are
investigated. The second phase is often
called "prefeasibi1ity study". The book
describes what information needs to be
included in a study at the prefeasibi1ity
level.

There may be, depending upon the size and
nature of the project, more prefeasibi1ity
studies that eventually lead to the full
feasibility study. Again, the aspects of
a feasibility study are covered. The Stop
or Go decision is made after completion of
the feasibility study. That study needs
to be accurate so assumptions need to be
minimized. Good data must be found or
developed. In general, the better the
feasibility study, the higher the probable
success of the project.

Case Studies

Everyone enjoys success stories. In the
list of ten case studies there are some
success stories and there are, indeed,
some failures. We attempted to present
the happenings of real life biomass.

Earh case is presented in a brief
descriptive fashion. Problems are
enumerated. Challenges are described and
both successes and failures are recounted.

The mix of projects include both private
and public sponsored ventures. Power
generation, steam generation, fuel
production and utilization of municipal
solid waste (KSW) are subject matter of
the case studies.

The value in case studies, is exposing to
new developers, the experiences people
have gone through in the past. This
should acquaint the new developer with a
universe of potential problems that might
be encountered. It will also, hopefully,
show how problems can be anticipated ana
avoided through good planning and
engineer ing.

It would be interesting to find out today,
how each of the projects have fared.
Perhaps PN&ABT would be interested sn a
five year follow-up. We'd be pleased to
obiige.



Summary

The Pacific No thwest and Alaska
Bioenergy Task Force saw to the creation
of a significantly valuable document.
Copies of the book have found their way
across country and into both western and
eastern Canada.

The guidebook provides an investigator
with a wealth of information in an
organized fashion. All of the
information is contained in one large
volume which is well indexed and
logically laid out.

Our world is becoming more aware of
energy problems. The use of alternate
energy sources, biomass, has taken place
in significant quantity in this region.
Through the use of the Biomass Project
Development Guidebook, many energy
demanding projects can be accurately
considered evaluated as targets for
bioenergy fuel.

John N.



Estimation of Agricultural Crop Blotnargy
Resource Availability In Kansas1

Richard G. Nelson and Mark D. Schrock2

Abstract: The-foeus of this paper is to provide a
methodology for estimating the amount of agricul-
tural crop residue that can be removed for energy
purposes without adversely affecting soil produc-
tivity. The agricultural crops considered in this study
were corn (irrigated and dryland), grain sorghum (ir-
rigated and dryland) and wheat (irrigated and con-
tinuously cropped). Computer programs (ACRRE
& ACRWE) were developed to simulate the effect of
residue removal on field soil loss due to these erosive
processes. Evaluation of residue availability was
based on limiting soil loss (tons/acrc/ycar) resulting
from cither rainfall or wind erosion. The analysis
was performed on each soil type not found to be
highly crodible in each county in Kansas.

The quantity of crop residue that can be removed
without exceeding the tolerable limit for soil !o;* is
strongly influenced by geographic location, soil type
(physical characteristics), and cultural practices.
Equivalent erosion protection provided by each of
the crops is directly related to the quantity of residue
that can be removed. Available biomass from the
three crops considered varies from 0 to roughly 72
percent of the above-ground crop residue produced.

Keywords: Residue, Rainfall Erosion, Wind Erosion,
Tillage.

INTRODUCTION
The state of Kansas has significant bioenergy

potential ir> the residue that remains after the harvest
of its crops. However, the amount of crop residue
that can actually be removed without affecting soil
erosion is in most cases less than the quantity of

1 Presented at the National Bioenergy Conference,
Coeur D' Alene, Id, March 18-March 21,1991.

2 The authors are respectively, Extension Specialist,
Energy, Engineering Extension Programs, and As-
sociate Professor, Department of Agricultural En-
gineering, Kansas State University, Manhattan, Ks
66506-2508

residue available immediately after harvest. The
amount of removable residue is a function of several
factors that includes crop yield, soil erodibility, til-
lage practice and local climate conditions. Other fac-
tors, such as maintenance of organic matter in the
soil, may limit the removable residue in some
geographic areas, but these factors were not con-
sidered in this study.

An analysis of residue availability was performed
on each soil type not classified as highly erodable in
92 of the 105 counties in Kansas. The soil types con-
tained in the remaining 13 counties have been clas-
sified by the Soil Conservation Service as highly
erodable and removal of crop residue from these
lands would only serve to worsen the erosion situa-
tion; therefore, these counties were not considered
in the study.

Residue removal was limited so that the tolerable
value for soil loss was not exceeded by either wind or
water erosion. Using this logic, it is possible that the
sum of wind and water erosion may exceed the
tolerable value.

PROGRAM LOGIC
Each program inputs acreage of a particular soil

tvpe, Us physical characteristics, determines the
amount of residue available at harvest, decreases this
residue by tillage and/or decomposition throughout
the year and calculates the cumulative loss of soil
due to reductions in residue cover. Residue could be
removed from this acreage if the loss of soil was less
than the tolerable limit. This process was repeated
for each of the three crops and for all non-highly
crodible soil types in that county. The flowchart
shown in Figure 1 provides a general overview of this
process.

The quantity of residue available immediately
after harvest is defined as total above-ground crop
biomass. Total crop biomass is estimated from the
product of the number of acres upon which a crop is
grown, the crop yield (bu/ac), the weight per bushel
of grain (lbs/bu) and the straw-lo-grain ratio. The
straw-to-grain ratio is defined as the ratio of straw
weight (straw, leaves, ears, etc.) to grain weight.
Straw-to-grain ratios for corn, grain sorghum and
winter wheat of 1.0,1.0 and 1.7, respectively, were
used in this study.

Crop yield and acreage data for each of the three
crops was derived from county data obtained from
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the Kansas State Board of Agriculture. Crop yields
and acreages over a nine year period from 1980 to
1988 were averaged for each county and used as a
representative sample of crop production within that
county.

Figure 1. Program Logic for Determining Residue
Removal

For this study, it is assumed that each soil type
within a county supports the growth of each of the
three crops. The number of acres that any one soil
type contributes to the growth of a particular crop

within a county is given by equation (1).

AST = (CA/TA)'STACRES (1)

where AST = Number of acres any one soil
type within a county con-
tributes to crop growth

CA = Number of acres within a
county upon which a par-
ticular crop is grown

TA = Summation of all potentially
or non-highly crodrble soil
type acreage within a county

STACRES = Acres of this particular soil
type within a county

RESIDUE REDUCTION
Residue reduction is achieved through tillage and

decomposition. Tillage occurs within the time frame
immediately after harvest until just before planting.
Residue decomposition starts on the day of harvest
and continues throughout the year. Determining the
correct amount of reduction due to decomposition
requires knowledge of the dates at which harvest and
planting occur.

Harvest and planting dates for each of the three
crops are based on the 50 lh percentile harvest and
plant dates reported within the agricultural statistic
district in which the county lies (Kansas Crop
Calender, 1986). Figure 2 shows each of the nine
agricultural statistic districts in Kansas. The 50 lh per-
centile harvest and planting dates are used for all
counties located within the district.

Residue reduction due to decomposition is de-
pendent upon the local climate (rainfall and
temperature) and varies among the type of crops.
Monthly averages for rainfall and temperature in
each county were used to determine monthly decom-
position values for each of the three crops within
that particular county.

Decomposition of crop residue was derived by
Gregory et al. (1985) and Ghiddy et al. (1985) and is
given by equation (2).

DC = (l-UDR»(14.1*30'(TEMP-30)
•0.1332*RNFL/100r (2)

where DC = Total decomposition within a



month
UDR = A constant; a function of the

stem radius
TEMP = Mean monthly temperature

(degrees Farcnheit)
RNFL = Average rainfall within a

month (in/yr)
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Figure 2. Agricultural Statistics Districts in Kansas

The amount of decomposition experienced
within a particular month is assumed constant for
each day of the month; i.e., the same percent reduc-
tion occurs for each day. The amount of decay ex-
perienced over a particular number of days within a
certain month, DC', is the rate of decomposition
within that month, DC, raised to an exponent consist-
ing of the number of days that the residue decom-
poses divided by 30. This relationship is shown in
equation 3.

DC' = DC <NDAYS'30) (3)

where DC' =Amount of decomposition
that occurs over a particular
number of days

DC = Monthly rate of decomposi-
tion as given by equation (2)

NDAYS = Number of days over which
decomposition occurs

The reduction of crop residue due to tillage
directly affects the quantity of residue that can be
removed for energy use. Tillage practices in Kansas
vary widely according to crop and geographic loca-
tion. Schrock et al. (1985) conducted a state-wide til-

lage practice survey for the crops of corn, wheat, sor-
ghum and soybeans. This survey reported the per-
cent acres covered by various tillage operations
within each of the nine agricultural statistic districts.
The overall residue reduction achieved through til-
lage for each crop within an agricultural statistic dis-
trict applies to that crop for each county located
within that particular district.

The percentage of crop residue that remains
within a county after a tillage operation, RT, is the
sum of the fraction of acres, PA, covered by this
operation multiplied by the fraction of residue, PR,
that remains after that operation plus the fraction of
acreage not affected by this operation, PANG This
is illustrated in equation (4).

RT = PA'PR + PANC (4)

where RT = Fraction of residue remaining
after a particular tillage
operation within a county

PA = Fraction of acres covered by a
particular operation within a
county

PR •> Fraction of residue remaining
after a particular tillage
operation

PANC = Fraction of acres not covered
by this tillage operation in a
county

Estimates for percent reductions achieved by til-
lage operations used in Kansas were obtained from
Stott et al. (1989). The fraction of crop residue
remaining within a county after all tillage operations,
TRRc, is given by equation (5).

TRRc = RTi * RT2 V RTn (5)

where TRRc fraction of crop residue that
remains throughout the coun-
ty after all tillage operations
have been performed

RTi = Fraction of residue remaining
after tillage practice # 1

RT2 = Fraction of residue remaining
after tillage practice # 2

and RTn = Fraction of residue remaining
after tillage practice # n



The percentage of crop residue that remains
after tillage in each of the nine agricultural statistic
districts is presented in Table I.

Table 1. Percentage of Corn, Grain Sorghum and
Wheat Residue Remaining after Tillage in each
Kansas Agricultural Statistic District.

NW
we
sw
NC
C
SC
NE
EC
SE

Corn

434
1.62
3.98
5.00
6.92
7.69

11.33
11.74
8.93

Grain
Sorghum

17.53
20.74
12.24
12.41
11.54
10.69
11.90
13.57
9.81

Wheat

16.68
24.05
20.75
7.77
9.12
9.41
6.87
9.54
5.33

Note: Data presented in this table reflects current
tillage practice, not future potential.

RAINFALL EROSION ANALYSIS

Soil loss due to rainfall erosion was estimated
from the universal soil loss equation, USLE (Gupta
et al., 1979). This equation predicts the annual soil
loss, A' (t/ac/yr), from cropland as a function of five
separate factors.

= R » K * L S " C » P
(6)

where A' = Annual soil loss
R = Rainfall erosivity index
K = Soil erodibility factor

LS = Slope-length factor
C = Cover-management factor
P = Support practice factor

Values of the soil erodibility factor, field slope
and tolerable soil loss T for each soil type inves-
tigated within a county were obtained from Soil Con-
servation Service soil interpretation data (Soil
Conservation Service, 1987).

The rainfall crosivity factor R is an interactive
term involving the product of rainfall energy and the

maximum 30 minute intensity. This value has been
determined from 30-year weather data and is con-
sidered constant throughout the county. A higher
value of R implies greater amounts of precipitation
and intensity of occurancc. Values of R in Kansas
range from 100 in the Western one-sixth of the state
to 250 in the very Southeastern section.

The soil erodibility factor K provides a measure
of the susceptibility of a particular soil type to erode.
The greater the value of K, the more susceptible a
soil is to rainfall and runoff erosion. K values for all
soil types evaluated ranged from 0.20 to 0.43.

The slope-length factor LS is determined using
the relationship developed by Wischmcier and Smith
(1978) and is given in the following equation.

LS = (Z/72.6)m»(65.41*S2 + 4.565*S + 0.065)
(7)

where LS = Slope-length factor
Z = Slope length in feet, a func-

tion of the percent slope
m = Function of the percent slope
S = Percent slope, input as a

decimal

The support practice factor P reflects the type of
cropping practice employed. P varies between 0.5
and 1.0 with a value of 1.0 implying no support
practice which is analogous to cropping parallel to
the slope. The soil support factor is not known for
all acreage considered in this study and is assumed
to vary throughout the state. For cropland in which
the soil support factor varies but is not equal to
either extreme, Wischmcircr and Smith (1965)
suggested a value of 0.8. Their analysts applies to
cropland with slopes less than or equal to 12 percent.
For this analysis, a more conservative value of 0.9
was used.

The crop-management factor C is a function of
the percent residue cover at planting. To obtain the
percent residue cover after planting, the amount of
residue (lbs/ac) at planting, RP, must be determined.
This value is the product of the residue present at
harvest, the amount of decomposition the residue un-
dergoes and the overall reduction due to tillage for
this crop. The following equation converts the
residue at planting from a mass basis to the percent
residue cover present at this time.
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RCVR = 1 - cxp(-a'RP) (8)
where RCVR = Percent residue cover present

at planting;
a = A constant; function of crop

type
RP = Residue at planting (mass

basis)

Once the value of RCVR has been established
the crop-management factor can be determined. A
regression analysis was performed to determine the
crop-management factor as a function of the fraction
of residue cover for each of the crops considered in
this study. The crop-management factor varies inver-
sely to percent residue cover; i.e., as RCVR in-
creases, C decreases (Soil Conservation Service,
1986).

Regression analysis determined that the SCS
relationship for the crop-management factor was
best described by quadratic equations. The regres-
sion coefficients a, b, and c of each of these equa-
tions are presented in Table II. Coefficients of
determination (R2) for each of these equations arc
0.998 for corn and grain sorghum and 0.986 for
wheat. The form of these equations is as follows.

C = a*RCVR2 + b*RCVR + c (9)

where C = Cover-management factor
RCVR = Percent residue cover

(decimal value)
and a, b, and c = Regression coefficients

Table II. Regression Coefficients a, b, and c used to
Determine the Crop-Management Factor as a
Function of the Percent Residue Cover

a

b
c

Corn and
Sorghum

0.1477

-0.4451
03211

Wheat

0.0795

-0.3328
0.2580

RH' = RP'/RRF

where RH'

RP' =

The crop-management factor is a function of
crop yield. If the crop yield is greater than 100 bu/ac
for corn or sorghum or 40 bu/ac for wheat, then
there is an increase in residue cover and C is
decreased by 20 percent which translates into less an-
nual soil ._ss. If the crop yield is less than 60 bu/ac
for corn or sorghum or 20 bu/ac for wheat, indicating
a decrease in residue cover, then C is increased by 20
percent which means greater annual soil loss.

The predicted soil loss A' is calculated using
equation (6) and compared to the tolerable limit for
this soil type. If the predicted soil loss is greater
than the tolerable limit, no residue can be removed
under current tillage practices. If the amount of soil
lost is less than the tolerable limit, it is possible to
remove some or all of the residue present at harvest.

Calculation of Annual Soil Loss due to Rainfall
Erosion

The quantity of removable residue is obtained by
replacing A' in equation (6) with T, the tolerable soil
loss, and solving for a new value of the crop-manage-
ment factor, C . This value of the crop-management
factor is converted to a percent residue cover by in-
serting it for C in equation (9) and solving for
RCVR. The new percent residue cover is then con-
verted to its mass equivalent using the relationship of
equation (8). This amount of residue, RP', is the
crop residue needed at the time of planting in order
to keep soil loss to the tolerable limit.

It has been established that the residue available
at planting is equal to the residue at harvest multi-
plied by a residue reduction factor, RRF, comprised
of reductions due to tillage and decomposition.
RRF is a function of tillage and decomposition, but
is independent of the amount of residue present
after crop harvest.

The amount of residue that must be on the field
at harvest, RH', in order for RP' to be present at
planting, is equal to RP' divided by the residue
reduction factor.

(10)

harvest to keep A' equal to T
= Quantity of residue that must

be present at planting to keep
A' equal to T



and RRF - Residue reduction factor

Therefore, the amount of residue that can be ef-
fectively removed from the field is the difference be-
tween the original residue at harvest and RH'
calculated in equation (10), assuming that the
residue is removed immediately after harvest.

WIND EROSION ANALYSIS

The quantity of crop residue that can be removed
for bioenergy purposes is directly influenced by the
rate of soil loss due to wind erosion. The amount of
soil lost to wind erosion, E, is a function of five inter-
related factors as shown in equation (11). These are
the wind erodibility index, I; the ridge roughness, K;
the field length factor, L; the climatic factor, C; and
the vegetive cover factor, V (Woodruff and Sid-
doway, 1965).

E = f( l ,C,K,L,V) (11)

where I = Wind erodibility index
C = Cb'matic factor
K = Ridge roughness factor
L = Field length factor
V = Vegetative cover factor

The wind erodibility index I is a measure of a
soil's suscept- ibility to detach and be transported by
wind. Sands are more erodable than loams. I is con-
sidered constant throughout the year. Wind
credibilities considered in this study ranged from 38
to 86 t/ac/yr.

The ridge roughness factor K describes the condi-
tion of the field surface at a particular time. The
value of K estimates the reduction of erosion caused
by nonerodible aggregates and is a function of ridge
height and row spacing. K varies between 0.5 and
1.0 with a lower value implying greater protection
from wind erosion. For this analysis, K is set to a
constant value of 0.75 (Skidmore, 1991).

The field length factor L is the unsheltered travel
distance along the prevailing wind direction. L is
considered constant for this analysis and is given the
value of 1640 feet.

The climatic factor C is a function of precipita-
tion, net solar radiation and mean annual wind

speed. It is defined as the
whole number percentage of erosive wind energy

at a particular
location relative to a reference value of 100 in-

dexed to climatic conditions at Garden City, Kansas.
A larger value of the climatic factor implies a greater
severity of erosion due to wind forces. The value of
C ranges from 8 in the Southeastern portion of Kan-
sas to 120 in the Northwest section of the state (Soil
Conservation Service, 1987).

The vegetative cover factor provides a measure of
the protective value offered by agricultural crops and
their residues to reduce soil loss due to wind. The
equivalent amount of protection offered by a par-
ticular crop depends upon the type of crop, the
weight of cover (growing crop and residue or residue
by itself) and the orientation of its residue (flat,
standing). For this analysis, all residue resulting
from harvest was considered to lie flat, yielding a
conservative estimate of the cffcctivncss of the
residue.

Distribution of Wind-Energy
There are three wind energy zones in Kansas as

shown in Figure 3 (Soil Conservation Service, 1986).
The total yearly wind energy experienced within a
zone throughout the year is the sum of the percent
wind energies that occur within individual ten-day
partitions which are divided between the 10th, 20
and last day of each month. These percentages can
vary with respect to the location (zone) being
analyzed over a particular ten-day period. For ex-
ample, the percentage of the total yearly wind energy
that occurs at a certain location between March 10
and March 20th is 5 percent for zone A, 4 percent for
zone B and 6 percent for zone C.

Protective Value of Vegetative Covers
The weight of a growing crop and its residue has

considerable value in helping control soil erosion
due to wind forces. The quantity of soil lost to wind
erosion is directly related to the amount of vegetive
cover present. The equivalent wind erosion protec-
tion provided by various types of vegetive covers is
given by that residues' flat small-grain equivalent,
SGe, as shown below.

SGe = a*Rwb

where SGe - Flat small-grain equivalent
(Ibs/ac)

(12)

12



(lbs/ac)
Rw - Mass of growing crop and/or residue

)
a,b = Crop regression coefficients

WIND-ENERGY DISTRIBUTION ZONES FOR KANSAS

Figure 3. Wind Energy Distribution Zones in Kansas

This equation applies to most crops and their
residues as well as several types of range grasses.

For an equal quantity of residue (mass basis,
lbs/ac), wheat has a much greater influence as a
protective cover from wind erosion than does corn
or sorghum. Table HI presents the regression coeffi-
cients a and b used in equation (12) to determine the
flat small-grain equivalent for each of the three
crops.

Table III. Regression Coefficients for Calculating the
Flat Small-Grain Equivalent (SGe) of Corn, Grain
Sorghum and Wheat

Corn 0.696692 1.009041
Sorghum 0.6666671 1.000000
Wheat 6.779000 0.791000

For the time period in which a crop is being estab-
lished and residue remains from the previous har-
vest, a special combination of the flat small-grain
equivalents of each component is required.

Because the SGe's arc non-linear, a composite

flat small-grain equivalent cannot be obtained by
summing the SGe's of each component. Instead, the
following methodology is used.

The flat small-grain equivalents of both com-
ponents (growing crop and residue) are calculated
and the greater of the two is chosen as the prime
component. The mass, Rw \ of the prime component
needed to contribute a SGe equal to the flat small-
grain equivalent of the lesser component, SGci, is
determined.

Rw1- (SGel/a') (13)

where Rw' = Mass of the prime component
needed to contribute an
equal SGe of the lesser com-
ponent

SGci = Flat small-grain equivalent of
the lesser component

and a\b' = Regression coefficients for
the prime component

This mass is then added to the mass of the prime
component Rw and a composite flat small-grain
equivalent, SGec, is determined from equation (12)
with the coefficients a and b being the regression
coefficients of the prime component, a' and b \

a'*[Rw (14)

The equivalent vegetive cover present, V (Ibs/ac)
for the case of residue alone or in conjunction with a
growing crop, is given by equation (15).

V = 0.2165'fSGe)1.363 (15)

where V = Equivalent vegetive cover
(Ibs/ac)

and SGe = Flat small-grain equivalent of
growing crop and/or residue
(Ibs/ac)

Soil loss due to water erosion was based on the
amount of residue cover present at the time of plant-
ing. Knowledge of the amount of cover present at
various times between harvest and planting was not
required.

Estimating residue availability as a function of
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wind erosion requires knowledge of the residue
cover throughout the year. Evaluating the amount of
cover present on the field between harvest and plant-
ing differs from how residue cover is determined
from planting to harvest. The period from harvest to
planting involves residue reduction due to tillage and
decomposition while the time from planting to the
next harvest involves continued residue decomposi-
tion but an increase in cover due to crop growth.

Tillage reduces crop residue at very discrete
times between harvest and planting and there is con-
siderable variation throughout the state concerning
the dates upon which tillage takes place. Figure 4 il-
lustrates how the reduction of residue cover can vary
between harvest and planting according to the tillage
practice employed. Due to the large variation in
timing and type of tillage practices used in Kansas,
the reduction of residue from harvest to planting due
to tillage was modeled by the straight line in Figure 4.

Calculation of Annual Soil Loss due to Wind Erosion
Annual soil loss (t/ac/yr) due to wind erosion is

estimated by calculating the loss of soil that occurs
during the individual ten-day periods throughout the
year, as defined by the distribu- tion of wind energy,
and summing these losses to obtain an annual rate.
The rate of erosion during each period is directly re-
lated to the amount of equivalent residue cover
present.

TheTc are three distinct sections throughout the
year in which the effects of residue removal on soil
erosion due to wind are considered. These are the
time from harvest to plant, plant to crop growth start
day, and start of crop growth until maturity. Figure 5
illustrates how field biomass (growing crop and
residue) of any of the crops varies throughout the
year.

To calculate the amount of expected soil erosion
due to wind forces from harvest to planting, the
folowing methodology was employed.

The simulation of residue reduction every ten
days between harvest and planting due to tillage is
determined by subtracting the residue at planting
from the residue present at harvest and dividing by
the number often-day periods between harvest and
planting. The total reduction of residue within any
ten-day period after harvest is equal to the reduction
caused by tillage within this period plus the amount
of decomposition that the residue experiences. The
amount of erosion that occurs within a ten day
period was determined using a SGC based on the
average amount of residue present over this ten-day
period.

1.0

08

o.e

04

0.2

1 illage Scenarios lor Residue Reduction

f Atamth

HMVMT Pta*

Figure 4. Tillage Scenarios for Residue Reduction

YMrty Variation of FMd BkMnws

1 2 3 4 B • 7 • • 10 11 12
ThiwolYcw

Figure 5. Variation of Field Biomass (Growing Crop
and Residue) from Harvest to Maturity

From the time of planting until the date that crop
growth starts, wind erosion calculations are con-
cerned with loss of residue due only to decomposi-
tion. The amount of decomposition experienced
within this time frame is given by equation (3). The
SGe is based on the average quantity of decaying
residue present on the field.
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The calculation of equivalent vegctive cover from
the crop growth start day until harvest involves ac-
counting for residue decay of the previous crop in ad-
dition to crop growth.

The quantity (Ibs/ac) of crop present at any time
after the crop growth start day is determined by a
crop growth curve. These curves relate the percent
of total dry matter present to the number of days
past the crop growth start day. The total dry matter
present at harvest is determined by adding the grain
weight to the residue weight.

The rate of crop growth varies not only between
crops but also between certain maturity dates within
each crop's growing season. Crop growth between
certain maturity dates was modeled as a linear func-
tion; i.e., the crop growth per day is constant. The
maturity dates at which the slope of the crop growth
curve changed were 10 and 50 percent for corn, 10
percent for sorghum and 5 and 10 percent for wheat.
Crop growth curves for each of the three crops arc
shown in Figure 6.

The amount of crop growth within any period of
time between maturity dates is the product of the
crop growth per day multiplied by the number of
days within this period. The flat small-grain
equivalent of the growing crop is based on the
average crop weight during this period. At the same
time, residue from the previous harvest is continually
decaying.

The flat small-grain equivalent of this decaying
residue is also based on the average residue weight
during this same time period. The equivalent vege-
live cover offered by the combination of a growing
crop and decaying residue is determined by equation
(14).

If the amount of residue cover present at any
time has a flat small-grain equivalence of 3300 Ibs/ac
or greater, there is sufficient cover to protect the
field and no soil is lost to wind erosion over the par-
ticular time period investigated. If the SGe is less
than or equal to 3300 Ibs/ac, then soil loss calcula-
tions are performed.

Wind Erosion Subroutine
The subroutine for determining soil erosion due

to wind is calculated according lo the following logic
(Skidmore, 1988).

General Crop Growth Model*
Corn, Grain Sorghum, and Wheat

3

*
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Figure 6. Crop Growth Curves for Corn, Grain Sor-
ghum and Wheat

The flat small-grain equivalent obtained from the
residue weight is converted to the vegetive cover fac-
tor, V. The factors E2, E3 and E4 as given by equa-
tions (16), (17) and (18) are calculated from the
physical constants that describe the condition of the
field and climate of this particular location.

E2 = I»K (16)
E3 = I"K*C/100 (17)
where I,K and C are as previously defined

E4 = (WF0 3 4 8 + E3o : M 8-E2o : M 8)2 8 7 (18)

where WF=
E2*(1.0-0.122(ULo)-0383*exp(-3.33IVLo)
andLo =
1.56*106*E2-1-26*exp(-0.00156»E2)

The parameters PSI1 and PSI2 are functions of
the vegetive cover present and are determined by
equations (19) and (20).

PSI1 = exp(-0.759*V-4.74e-02»V2 )
(19)

PSI2 = l+8.93e-02*V + 8.51e-03*V2-1.5e-05*V3

(20)

E5 = PSI1*(E4PSI2) (21)
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Agricultural Statistic District

The value of E5 is the annual rate of erosion
during a particular accounting period subject to the
climatic conditions that occur during this period. In
order to determine the actual loss of soil during this
accounting period, E5», ES is multiplied by the per-
cent of total yearly wind-energy that occurs during
this time, Pwe.

E5, = E5*Pwe (22)

This process is repeated for the following time
period and continues until either the flat small-grain
equivalent is greater than 3300 Ibs/ac or the amount
of soil lost to wind erosion exceeds the tolerable
value.

RESULTS and DISCUSSION

Residue removal is affected by many factors of
which geographic location, soil characteristics, and
crop type are most important. The following case
studies help demonstrate how these factors affect the
removal of residue for energy purposes.

Geographic Location
Geographic location within Kansas plays an im-

portant role in determining the quantity of residue
that can be removed. Location within the state
directly affects the severity of the erosion mechanism
and which mechanism is most dominant. Residue
removal is completely dominated by wind forces in
the Western one-third of Kansas (NW, WC and SW)
as well as the South-Central district, while residue
removal in the three Eastern agricultural statistic dis-
tricts (NE, EC and SE) is strictly limited by rainfall
and runoff forces. The predominant erosive force
varies between counties in the North-Central and
Central agricultural statistic districts of Kansas.

Table IV presents the percentage of removable
crop residue in each of the nine agricultural statistic
districts for each of the three crops.

TABLE IV Estimated Percentages of Removable
Corn, Grain Sorghum and Wheat Residue for each

(Highly Erodable Soil Types Excluded)

Continuously

Irrig. Dryland Irrig. Dryland Irrig. Cropped

Corni C

Wheat

NW
WC
SW
NC
C

sc
NE
EC
SE

43
2

34
60

38
61
53
55
50

'urn

0
0
0

21
18
5
58
34
35

Sorghum

16
3
34
40

31
45
48
38
35

Sorghum

0
0
0
17

19
6
46
30
28

66
72
61
57

53
67

na
na
na

Wheat

27
28
12
53

44
54

50
38
40

Influence of Soil Characteristics on Residue Removal
The physical characteristics of the various soil

types that comprise cropland acreage have a tremen-
dous influence on the quantity of residue that can be
removed.

An analysis of the variation in removable residue
of irrigated corn was made for Sherman and Thomas
Counties in the Northwest Agricultural Statistic Dis-
trict of Kansas. In these counties, the dominant
erosive force is due to wind. The climatic factor in
Sherman County was greater than Thomas County
(90 v. 80) and the crop yield in Sherman County was
9 percent less than Thomas County. Both counties
were subjected to the same reduction of residue due
to tillage, and decomposition reductions were within
3 percent. However, a higher percentage of residue
was removed in Sherman County (42 percent v. 39
percent). This can be attributed to a greater percent-
age of the acreage in Sherman County having a lower
wind erodibility index than acreage of Thomas Coun-
ty-

Soil characteristics play an important role con-
cerning residue removal within a county as well. A
comparison was made between the quantity of ir-
rigated corn residue that can effectively be removed
from acreages of two different soil types in Neosho
County, Kansas, which is dominated by rainfall and
runoff forces. Two comparisons were made: residue
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removal from acreage consisting of soils with the
same credibility factors but different slopes and
residue removal from acreages with the same slope
but variation in the soil credibility factor.

Acreage considered in the first portion of this
analysis was comprised of soils with an crodibility
vr'ue of 0.28 and sloped at 2 and 3 percent. Residue
removal from acreage consisting of 2 percent slope
was 58 percent of the lo'al crop biomass while no
residue could be removed from the acreage consist-
ing of 3 percent slope. Soil erodibility factors for
acreage considered in the second part of this study
were 0.28 and 0.43. All acreage was sloped at 1 per-
cent.

For acreage with a soil erodibility of 0.28, all
residue could be removed while only 67 percent of
the total crop biomass could be removed on acreage
consisting of the other soil type (K = 0.43).

Influence of Crop TVpe on Residue Removal
Vcgctivc cover and, specifically, the flat small-

grain equivalent (SGe), provides a measure by which
protection from wind erosion due to residue cover is
determined. Earlier analysis revealed that the type
of crop has significant influence on the equivalent
amount of protection offered to reduce erosion.
This amount of protection is directly related to the
quantity of residue that can effectively be removed as
well as overall soil loss.

A comparison was made to determine the effec-
tiveness of like quantities of wheat and grain sor-
ghum residue as protective covers in helping limit
soil loss in Sheridan County, Kansas. The wind
crodibility index was 48 t/ac/yr and the tolerance was
S t/ac/yr. The percentage of residue remaining after
tillage was 16.68 and 17.53 for wheat and grain sor-
ghum respectively. The quantities of residue
originally present at harvest were 5049 lbs/ac of
wheat and 5275 lbs/ac of grain sorghum.

Removal of 2000 lbs/ac from the original quan-
tities of residue produced annual soil losses of 4.08
t/ac for wheat and 4.37 t/ac for grain sorghum.
Removal of an additional 1000 pounds from acreage
consisting of each type of residue resulted in annual
soil losses of 4.98 t/ac for wheat and 5.18 l/ac for
grain sorghum. Therefore, over 1000 Ibs/ac of addi-
tional residue can be rerr.oved from acreage consist-
ing of wheat than acreage on which grain sorghum is
grown.

This illustrates that for similar quantities of
residue present at harvest and comparable reduc-
tions in tillage, wheat provides greater protection
against wind erosion than docs grain sorghum. This
can be attributed to the greater protective value of-
fered by the flat small-grain equivalent of wheat ver-
sus that of grain sorghum.

For each of the crops considered in this study,
Table V displays the quantity of total crop biomass
and the amount of removable residue.

CONCLUSIONS

1. A methodology has been developed to assess
the availability of corn, grain sorghum and wheat
residue based on limitations of wind or water
erosion.

2. Biomass availability varies widely as a function
of geographic location, soil characteristics, and cul-
tural practices.

3. Considering wind or water erosion limitations,
the available biomass varies from 0 percent to 72
percent of the above-ground crop residue
produced.

4. A more realistic estimate of residue
availability could be achieved by considering wind
and water erosion concurrently, rather than as
separate process.

TABLE V. Estimated Quantities of Agricultural
Crop Residue (Total and Removable) for the Slate of
Kansas

Crop

Irrigated
Corn

Dryland
Corn

Total

Biomass, tons

1,391,903

384,868

Crop

Residue, tons

626,561

155,362

Removable
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Irrigated
Sorghum

Dryland
Sorghum

Irrigated
Wheat

Continuously
Cropped
Wheat

765,589

2,942,299

1,428,548

6,818,914

245,684

592,812

898,093

2,975,008

'Applicable to non-highly erodable soil types only.
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HAWAII INTEGRATED BIOKUKL.S RESEARCH
PROGRAM"1^- ~~~

Vicior D. Phillips*

' The Hawaii Natural Energy Institute at the University of
Hawaii is conducting research on the production and conversion of
biomass resources 10 gaseous and liquid fuels and other high value co-
products. The Hawaii Integrated Biofucls Research Program, presently
in its fourth year of funding by the U.S. Department of Energy via the
Solar Energy Research Institute, features basic and applied research on
biomass resource assessment and crop production, ihermochemica! and
biochemical conversion technology, and biomass systems integration
and economics. This paper outlines the program's research
accomplishments and future plans for developing superior integrated
bioencrgy systems to establish a viable biomass industry in Hawaii. (

\ with related potential for the United Stales and elsewhere. __. /

Key words: Hawaii, Biofuels, Biomass Crops, Renewable Energy,
Methanol, Ethanol

Presently, about 90 percent of the energy used in Hawaii is supplied
by imported oil, at an annual cost of over $1 billion; more than 60
percent of this oil is consumed as liquid fuels (gasoline, diesel and jet
fuels) for transportation, with only about 30 percent for electricity
generation (Figure 1). Due to ihe large expense of importing oil to the
Stair and the disproportionate amount of the oil being used in
transportation fuels, Ihe development of nonpetroleum-based
transportation fuels is the highest priority energy issue facing Hawaii
today (Phillips and others 1990). Many other states in the U.S. and
other nations are in a similar situation- Furthermore, while currently
depressed oil prices do not provide much incentive for converting from
petroleum-based fuels to biofuels, perhaps the growing environmental
concern over combustion of fossil fuels and the threat to economic
security of becoming increasingly dependent on foreign oil supplies
will enter the economic equation and make biofuels more attractive.

Figure 2 indicates (hat by taking advantage of its ideal conditions tor
plant growth. Hawaii can harvest sufficient fast-growing trees and
grasses on less than S percent of its land to provide all of the liquid
fuels used in the State for surface transportation (Takahashi and others
1990). Hawaii is uniquely suited to serve as an international showcase
and leader in ihe development, production, and utilization of alcohol
from biomass because (I) Hawaii has no indigenous fossil fuels, thus
the need for an alternative fuel exists, (2) irical environmental conditions
for plant growth exist in Hawaii to produce high yields of biomass
feedstocks. (3) a wealth of experience and expertise exists in the
Hawaiian agricultural industry and university community to develop tin'
required technology. (4) gaseous and liquid fuels such as methane,
mcthanol. and ethanol manufactured locally from biomass feedstocks arc
the most viable alternatives to gasoline and diesel fuels for
transportation in Hawaii, (S) the combustion of biofuels is cleaner than
burning petroleum products and contributes no net atmospheric CO. to

aggravate the greenhouse effect, and (6) limited driving distances on the
islands allows for convenient refueling at nearby service stations
(Phillips 1989; Phillips and others 1989).

Presented at the National Bioenergy Conference, Cocur d'Alcnc, ID,
March 18-21, 1991.

Manager of Bioresources and Environmental Research, Hawaii Natural
Energy Institute. University of Hawaii at Manoa. Honolulu. HI.
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GREENING OF HAWAII'S ENERGY SYSTEM

The Hawaii Integrated Biofuels Research Program is a premier
research and development activity of the Hawaii Natural Energy
Institute (HNEI) of the University of Hawaii, with support totaling
S2.75 million over five years by the U.S. Department of Energy
through the Solar Energy Research Institute. This comprehensive
research and development effort addresses biomass energy system
modeling, biomass crop production, as well as thermochemical and
biochemical conversion to biofuel products. Our goal is to assess the
potential of biomass resources and to develop technical and economic
information on the most promising biomass crops and their conversion
lo liquid and gaseous fuels for transportation and/or electricity
generation. The results are directly applicable in ihe American
territories throughoui the Pacific Basin and Caribbean, and also to many
parts of the United States and worldwide.

The work tasks of the project are organized into three research
components: (I) Biomass Systems Integration, (2) Biomass
Production, and (3) Biomass Conversion. Under (1), research focuses
on integrating information developed in the Biomass Production and
Biomass Conversion research components in matching biomass crops
with suitable and available sites as well as estimating yield and
economics of alcohol fuel manufacture. Identifying the fastest growing,
highest yielding biomass energy (roe and grass species from field tests
statewide, improving yields through plant breeding programs, and
developing cosi-cfficient biomass plantation management strategies,
including least-cost harvesting, processing, and transport systems, are
the targeted goals of the Biomass Production (2) tasks. In the Biomass
Conversion (3) component, research activities emphasize Ihe analysis
and testing of several thermochemical processes used in the conversion
of biomass feedstocks u> synthesis gas and methanol. Biochemical
conversion of biomass waste resources to ethanol is also being
investigated. Brief descriptions of specific tasks completed or in
progress for these research components are outlined below (HNEI 1989;
HNEI 1990; HNEI 1991)

19



<p fKauai

Sevan Potential Biomass Plantations at
40,000 - 60,000 acres each

(Numerals In islands represent number
Oahu o t P ° l e n t l a l Plantations on each Island.)

Molokal
15 dry tons acre*1 year-'btomass

no hydrogen addition luH hydrogen addition
(- 163 gallons dry ton-') (- 353 gallons dry ton-') L a n a l

Hawaii

2.440 gaKons acre-' year-' 2,590 gallons acre-' year-'

X X

360,000 acres 166,000 acres

i I

860,000.000 gallons year-' methanol
to replace all gasoline and diesel fuel

tor surface transportation

Fig. 2. Land required to grow methanol tor surface transportation in Hawaii
(alter Phillips, Nelll, and Takahashl, 1988)

RinmiKS Systems Inlppatigf) Tâ fcf;

Biomass Resource Assessment and System Modeling: Develop
information and analytical tools needed lo plan for large-scale biomass
crop production and its conversion to biofucls; assess the potential of
biomass resources in Hawaii icing a land resources database and
geographical information system; develop or modify existing computer
models of components of a biomass energy system and integrate these
components within an economic framework for the production of
gaseous and liquid fuels.

Methodologies for Siting Biomass Plantations: Develop biomass
productivity and economic models using a geographical information
system to identify the most cost-efficient biomass crop production
system(s) ai specific sites in Hawaii using methodologies evaluating
land suitability and land availability criteria; identify viable plantation
sites including acreage and expected yields.

Comparative Economic Analysis of Methanol and Ethanol Production
Systems: Analyze the economics of methanol and ethanol production
systems based on Hawaiian feedstocks and specific thcrmochemical and
biochemical processes under investigation in Hawaii through an
integrated evaluation of biomass crop production costs, post-harvest
handling and processing costs, and conversion costs to mcthanol and
ethanol fuel products.

Study of Eucalyptus Plantations for Energy Production in Hawaii:
Develop information and refine guidelines for total management
operations of Eucalyptus biomass plantations in Hawaii for energy
production, including establishment, maintenance, and harvesting
strategics for optimizing yield within an economic framework.

Biomass Productivity Studier. Conduct field trial comparisons of
various woody and herbaceous crops at enisling, well-characterized
research sites featuring widely different environmental conditions; model
the productivity of these potential biomass energy crops; select elite
individuals from the highly variable seedling uees for conventional and
micropropagauon techniques.

Nitrogen-fixing Tree Research: Provide experimental data for various
tropical hardwoods capable of ruing nitrogen to maximize biomass
yield and site adaptability it various sites using shon-rouiion intensive
culture and harvesting strategies, including coppice regrowih and genetic
improvement research; outstanding provenances of Leucaena spp..
Acacia spp.. and other nitrogen-fixing trees have been identified for
selection in an accelerated plant breeding program and field trials of a
variety of nitrogen-fixing tree species for developing biomass yield
equations continue on schedule.

Breeding. Culture, and Selection of Tropical Grasses for Increased
Energy Potential: Develop high biomass-yielding varieties of
sugarcane and other grasses through breeding, culture, and selection
techniques for increased energy potential; a wide array of germplasm
from Sacchamm and Pennisemm genera has been screened for
developing high-fiber, sterile clones in on-going biomass field tests.

Isozyme Characterization of Tropical Hardwoodr. Investigate the
genetic variation within Eucalyptus and other tropical hardwood
cultivars and provenances which have been identified by field trials as
promising biomass crops; results of the isozyme analysis will be used
to identify superior germplasm for future plant breeding of high-
yielding biomass crops.

Post-Harvest Processing: Analyze the effects of different feedstock
materials and size reductions on drying rales and energy requirements;
develop a methodology for selecting the most efficient post-harvest
biomass feedstock handling, transport, drying, and processing system
integrated with feedstock harvesting and energy conversion systems.

Bininaw fnnvnriion Taiks

Fundamental Solvolysis Research: Describe quantitatively the
production of sugars from various biomass substrates by flash, acid-
catalyzed hydrolysis in near-critical water; examine the influence of
reaction conditions on glucose yields from cellulose and on pemose
yields from sugarcane bagasse: develop mathematical models which
describe the results of these experiments.
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Effects of Feedstock Composition on Pyrolysis Products, Develop
rapid analytical methods using pyrolysis-molecular beam mass
specirometry for determining •"* chemical composition of biomass
feedstocks and muliivariate data analysis lo determine the rvlulivo
amounts of the principal components; identify desirable biomass
feedstock compositions for advanced thermochemical conversion
processes and transfer this information lo plant breeders and process
engineers.

Pyrotytic Gasification of High Moisture Content Biomass in
Supercritical Water. Conduct experimental research on the partial

oxidation of algae at near-supercritical conditions (3000 psi, 375 C) lo
determine product gas yields at short residence limes and kinetics of
ligmn and cellulose conversion of model compounds and actual biomass
samples using a laboratory-scale reactor.

Comparative Study of Biomelhanol Conversion Systems: Conduct a
comparative study of alternative systems for convening biomass to
melhanol; perform an integrated analysis (cost and design estimate) of a
commercial-scale biomelhanol manufacturing facility ai a specific sue
in Hawaii, including identifying sufficient biomass feedstocks, the best
biomass gasificr/mcthanol synthesis technology, environmental issues
which require attention and appropriate scale.

Parametric Testing of Biomass Gasification: Test biomass feedstock
characteristics and correlate conversion behavior with measurable
properties and theoretical predictions using results from n bench-scale,
indirecily-hcaicd fluidized bod biomass gasificr, determine the influence
of different biomass feedstocks and feedstock characteristics as well as
gasifier conditions on gasifier product composition; predict the extent of
feedstock variations on melhanol production costs.

Kl'TUBK WORK

Building upon the success of the Hawaii Integrated Biofuels Research
Program lo date, Hawaii is well-suited lo serve as the international
showcase of methanol-from-biomass. HNEI is coopcraung wilh the
Pacific International Center for High Technology Research, ihc Institute
of Gas Technology, ihe Ralph M. Parsons Company, the Hawaiian
Commercial and Sugar Company, and others lo construct and operate a
5010 200 dry tons per day biomass gasificr scale-up facility at the Paul
sugarmill on the island of Maul. This biomass conversion centerpiece,
funded at approximately S10 million over three years (including S5
million from ihe U.S. Department of Energy and over S4 million from
the Stale of Hawaii) will demonstrate the technological and prc-
commcrcial feasibility of producing a mcdium-Btu synthesis gas
suitable for electric power generation or mcthano! production. We
envision » follow-on demonstration to actually manufacture methanol
and/or elecincity from biomass.

In an expanded Hawaii Integrated Biofuels Research Program, we
propose to explore aquatic biomass crop production coupled wilh waste
resource utilization for conversion lo hydrogen or cihanol fuels and
associated high-value co-producls, and to investigate integrated
biomass/fucl cell systems, for generating electricity. As an example of
other HNEI initiatives, a bill lo establish a 100-acrc biomass energy
farm on the island of Molokai is being considered in the current Stale of
Hawaii legislative session. If passed, this could represent the first
installment of a statewide "Strategic Biomass Energy Reserve' and a
major step in helping meet the needs of the citizens of Molokai.
Molokai can become a model for all islands in Hawaii, many places in
ihc U.S., and elsewhere for demonstrating how indigenous energy can
be utilized lo replace imported oil, create jobs and economic
development opportunities, and reduce the pollution from fossil fuels

A mounting concern ova global environmental change induced b>
humans is driving a strong public demand for cleaner, mure
environmentally benign fuels and energy technologies (Phillips and
Takahashi 1989). Btofucls hold great promise for the "greening" of our
energy/fuel system The Hawaii Integrated Biofucls Research Program
will continue to make significant contributions to developing the

requisite information for private industry lo munufuclurc uli'ohol fuels
and electricity from hiomoss feedstocks wilh environmental integrity
and economic success. Hawaii is serving as a model und providing the
leuilcrship in this endeavor.
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METHODOLOGY STUDY
CO-GENERATION FEASIBILITY AT SAWHILLS1

John Host5

Introduction: Practically all primary wood
processing plants require large quantities of
energy in the form of heat, steam, and
electricity for their manufacturing processes.
They also create a supply of fuel - sawdust,
bark, chips, shavings, and wood residues in that
same process. Many of the larger lumber and
plywood producers have found it advantageous to
operate cogeneration plants to supply their
energy needs. Surplus electrical energy has
been sold to local utilities.

Smaller wood processing operations may find
it difficult to install cogeneration plants
because of capital or fuel limitations. Studies
of electric power generation using forest
biomass found fuel supplies to be critical.
Handling and transportation costs make this fuel
source prohibitively costly. However,
cogeneration in these operations might be
feasible without selling excess power, If all
operating benefits are considered.

Before the current crisis in the Middle East,
oil prices were predicted to increase faster
than inflation and consumer prices (2,4,6).
Purchased energy prices are beyond the
consumers' control. This cost is considered to
be an uncontrollable production cost. However,
there are direct and indirect benefits from
cogeneration that tend to lower overall costs.

Controlling and lowering operating costs can
increase cash flow and improve competitiveness
for raw materials. Reducing residual disposal
costs and improving the public image by using
residues for fuel is another advantage.
Producing electric power in-house protects
against external factors affecting power cost -
oil and utility price increases and the
possibility of power rationing by the utility.

This paper discusses the possibility of
installing cogeneration units in small and
medium size wood processing plants by examining
the energy and fuel requirements for processing
different volumes of product.

Profit

In general, regional competition determines
log prices and national markets determine
product prices. Both prices are, to a large
extent, beyond the control of the wood
processors. The cyclical nature of the wood
products industry requires a strategy of
maximizing profits during upper portion of the
cycle to cover the losses in the negative
portion of the cycle. Some production costs,
such as electricity, are not sensitive to the
same cycle. Producers rely on volume to lower
total production costs. Raw material supplies
are affecting this strategy. Timber sales from
Federal lands are becoming increasingly
expensive because of sale withdrawals and
delays. The end result is a shrinking operating
margin for successful producers.

To counteract the increased log costs,
milling technology has increased the
productivity per man-hour. Also, product
recovery today is much greater than the recovery
of earlier years, but the capital Investment has
been increased as well - as much as eight times
the cost of a sawmill of 20 years ago.

Electric power costs are usually considered
too low (2-5% of total cost) to warrant much
attention. However, a cogeneration plant with
costs equal to utility power has certain
advantages.

1. Electric utility rates will continue to
Increase because of environmental concerns and
higher fuel costs. Cogeneration has a constant
cost structure except for labor and water
treatment chemicals because these costs are
boiler plant operating costs.

2. Cogeneration fuel consists of production
residues that are costly to dispose of by other
means.

3. The available supply of electric power
may be subject to radical changes. A national
power grid may transfer electric power from a
surplus area to others in short supply.*

IMPORTANT FACTORS

In any evaluation of cogeneration plants
there are a number of important factors that
must be considered. Some of these factors are:

'Presented at the National Bioenergy
Conference, March 18-21, 1991, in Coeur d'Alene,
Idaho

2The author is a private consultant in
Missoula, Montana, JH,Inc.

One profit factor overlooked because of
concentration on the cost-volume relationship is
the impact of the cost-profit relationship. For
example, if profits represent 2 per cent of the
selling price, a Jl cost reduction represents the
same profit that would result from selling 50
units of production. This is of particular
importance when production volumes can be limited
by available log supplies.

*Wood, per se, has opportunity benefits which
make it too valuable as a fuel. In this report
undefined fuel refers to fuel bark or bark
residues generated from processing logs.
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Fuel SUDDIY

Some studies of electrical cogeneration have
indicated that fuel supply and fuel dependent
costs are critical factors controlling
feasibility when selling excess power. If log
processing can generate enough fuel bark and wood
residues to adequately supply the boilerplant,
outside fuel sources are not relevant.

Fuel Volumes for Electric Power

The following case study information shows
some energy-production relationships. The
results are used as an indication and should not
be interpreted as applicable in every situation.

Log Input
Kilowatt Used

18,398 MBF-LS
3,814,801

Bark produced
0 725#/MBF-LS 13.34 x 109 #100.0.

BTU P 8600/#0>D. 114.71 x 101J BTU
KWH 9 3413 BTU/KWH 33.62 x 10* KWH

Assume 45% moisture content,
60% boiler efficiency

Available KWH equals 9.09 x 10* KWH
Available KWH exceeds required amount (3.81 x
10*) by 2.4 times.

Lumbermill

Log Input
KWH Used

37,584 MBF-LS
7,870,509

27.25 x 10* #0.0.
234.34 x IP12 BTU

Bark produced
9 725#/MBF-LS

BTU P 8600/# O.D.
KWH 9 3413 BTU/KWH 68.66 x 10y KWH

Assume 45% moisture content
60% boiler efficiency

Available KWH equals 18.54 x
Available KWH amounts
required.

Log Input
KWH Used

10¥

to 2.36 times the amount

22,065 MBF-LS
4,901,215

Bark produced
P 725#/MBF-LS

BTU P 8600/# O.D. 137.57 x ID" BTU
KWH P 3413 BTU/KWH 40.31 x 10* KWH

Assume 45% moisture content
60% boiler efficiency

Available KWH equals 10.88 x 10*
Available KWH amounts to 2.22 times the amount
required.

The above examples suggest there is a
considerable surplus of fuelbark generated at
the debarker for electric power generation.

In Montana, there is a limited market for
fuelbark, but this market has no effect on the
cogeneration needs. Several mills estimate that
45-60 per cent of the bark residue might be
available for sale. The remaining amount would

be sufficient to fuel a cogeneration plant,
sales provide direct income and a residue
disposal alternative.

The

Keegan and Jackson (3) have estimated the
following amounts of wood residues produced In
processing logs.

Residue-TvDe

Coarse5

Sawdust
Shavings
Fine

Total

Lumber
#/MBF-LT

2000
575
525
-

3100

PIywood
#/MSF

100
-
-
50
150

These data show that wood fuel Is available in
addition to the bark component. Debarking
produces 725# of fuelbark per thousand board
feet - log scale. With a 50 per cent overrun,
this volume becomes 483# of bark per thousand
board feet - lumber tally, or about 16 per cent
of the wood fuel (3100 pounds).

Van Hersett concludes that the small
cogeneration of 1-6 MW Independently financed is
probably the most likely way cogeneration will
be developed In northern Idaho (7).

Process Fuel Needs

Cogeneration research funding, especially
through the Department of Energy and the
Bonneville Power Administration, has
concentrated on electric generating feasibility
with little consideration of boilerplant
operation. Consequently, boilerhouse impact on
cogeneration feasibility has been assumed or
rsglected. This seems an anomaly since fuel
costs have been determined to be such a critical
element for feasibility. It is important to
consider process fuel needs as an element of
electric cogeneration.

Process heat quantities are extremely
variable. For instance, one sawmill producing
50MM BF annually has a 1250 horsepower
boilerplant. This process Includes dry kilns,
carriage drive, and log turner. Space heating
in cold weather is also available. Another 50
MM BF per year operation has a 400 HP
boilerplant for dry kilns only.

Another important variable is boilerplant
operating efficiency. Some mill operators
consider the boilerhouse as an unavoidable cost.
Since it only amounts to a few dollars per

Coarse residues have been reduced by 85 per
cent to allow for coarse residues to be used as
raw material for pulp and board plants. With
changing utilization practices the total amount
of residues will most probably decrease.
However, until some alternative use for bark is
developed, the amounts of bark available for fuel
will be relatively constant or increase due to
smaller log sizes.



product output, it's not worth the worry. Other
operators look upon the boilerhouse as a
competitive cost center. It is often assumed
that a boiler efficiency of around 60 per cent
is normal. One well managed boilerplant tested
out at 72.6 per cent burning efficiency. The
point being made is that it is unreasonable to
assume a definite fuel requirement for process
steam production, but it is helpful to have some
idea of fuel needs.

Power Demand

In three case studies, it was determined
that an ample fuel supply was available for
electric cogeneration from log processing. This
power need was based on an operating period of 6
to 12 months and the generating capacity was
based on the average for the operating period.
Of course, demands would fluctuate around the
average with the generating capacity sufficient
to s.atisfy the peak demand.

Using the data for the studmill, lumbermill,
and the plywood mill, the average power
consumption can be determined by dividing the
total KWH by the operating time. On this basis,
the power consumption was:

STUDMILL
LUMBERMILL
PLYWOOD HILL

2.337 MW per Hour
1.967 MW per Hour

2.784 MW per Hour

Wood processing plants in the Inland Empire
were surveyed to supplement this information.
The response from the studmills and plywood
mills was insufficient for analysis. However,
production levels and electric power consumption
for 13 lumber-mills were analyzed. The results
are shown in Table 1. These data show that 140
HBF per shift will use 2.9 MW of electric power.
Allowing 20 per cent surplus factor, the value
is increased to 3.5 MW. In addition, these data
suggest generating capacities of 2 to 6 MW are
in order.

TABLE 1 - ELECTKC POWER DEKAMD BASED ON

Lumz* rxoDucrxox PER SHIFT
SHIFT
VOL.

H8F

• 0
1 0 0
1 3 0
1 4 0
1 6 0
ISO
2 0 0

Mm. ( i )
VOL.

Hirer

41.6
92 .0
62 .4
72. i
• 3 .2
93. e

104.0

ELECTRIC

XV

i.ao4
2.161
2.S33
2.(97
3.262
3.636
3.990

REV.

2
3
3
4
4
S
6

: DEMAND
( 2 )

KV

. 7

.3

. 1

. 3

. 9

. 4

. 0

RHD. (3)

KM

3 . 0
3 . 5
4 . 0
4 . S
5 . 0
5 . 5
6 . 0

(1! Annual volum* baaad on 520 B-hour ahlfta.

(2) Elactrlc dsund Is adjusted for SOI autplua capacity to
allov for axpanalon, paaklng, and contingency. Load
factor correction la Includad In baaic collactad data.

(3) Roundad valuaa of ravlaad column.

COST SAVINGS OF COGENERATION

The scope of this report requires some
simplifying assumptions for analyzing the cost
savings of this hypothetical cogeneration
project. These are:

1. A boiler plant is necessary for process
steam, particularly for dry kiln operations.
There are usually other steam requirements such
as a steam driven log carriage, steam log-
turner, and space heat in cold weather. This
steam can be taken off the turbine exhaust. If
the boiler plant capacity is not adequate for
cogeneration, the incremental cost for increased
cogeneration, the incremental cost for increased
boiler capacity would be charged to
cogeneration. The boiler plant cost is assumed
to be a log processing charge. (Boiler plant
capacity must be analyzed for actual output at
60 to 70 per cent of rated capacity).

2. Fuel supply 1s more than adequate and
free of cost for cogeneration. That is,
fuel bark handling is considered to be a log
processing cost, and fuel will be considered as
cost neutral for generating electric power.

3. The electric generating facility is
considered to be a cost center. Taxation
impacts are not a consideration. Realistically,
taxes are dependent upon the total operation of
which cogeneration is not a major effect such as
log costs or market prices.

4. A new generating unit is considered to
have an operating life of 30 years: a rebuilt
unit has a 20-year life. A rebuilt unit costs
50 per cent of a new one. Both units have a
zero salvage value for the sake of determining
straight line depreciation rates. Who can guess
20-30 years from now?

5. Annual operating costs amount to 5 per
cent of the total installed costs of the
generating unit. -1.5 per cent for repair and
replacement, 1 per cent for property tax and
insurance, and 2.5 per cent for contingency.
Labor cost is a boilerhouse charge as a small
part of the fireman's duties.

Three Case Studies

The data used in this analysis has covered a
9-year period. To make them comparable, they
have been updated to 1990 using a GNP deflator
with 1988 as the base year.

Case Cost Comparisons

Case I compares a new and rebuilt Turbine-
Generator unit (TG). These have different
installed costs and project lives which
significantly affect the operating cost
structure. A rebuilt TG unit is assumed to cost
50 per cent of a new unit. The net result is a
relatively high cost per KWH for the new unit
and a competitive cost for the rebuilt unit.

Case II is presented to show the impact of
changing the operating life and dependent annual
depreciation and interest costs on the final
cost per KWH of 1.6 and 2.0 cents for the 30 and
20 year project lives respectively. (This
results in a close approximation to actual costs
and tends to suggest an acceptable degree of
credibility in the analysis.) Realistically,
turbine-generators can operate a long time if
the steam is free of contaminants and upkeep is
satisfactorily programmed.
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Case 111 1s an extension of Case I. It Is
presented to show the effect of a larger
generating unit. The resulting cost per KWH Is
very similar to Case I - the rebuilt unit costs
1.4 cents per KWH as compared to 1.5 cents per
KWH for Case I.

Table 2 summarizes the electric cost-savings
of the three different cases.

TABU 3 - O m m i H k T I O N Of t t t C T M C U COSTS FOR SAHNILLS
WITH DirrntiHT PRODUCTION LEVELS AND DOLLAR
SAVINGS AT A 4CIWH AHD 2C/KVK UTILITY BATE

CASE
CONDITION
ANN. PROD'N.
PROJECT LIFE
NRS OPERATED
GEN.CAPACITY
TOTAL POKE*

CAPITAL COST
PRICE
INSTALLED

SAINT, k
OP. COST
INTEMST
SEPREC.
TOT,ANN.COST

COST PER mm
COST PER ItlF

ANN. COST
• 4CKHH
SAVINGl
PAHkACIt
RETURN KATt

ANN. COST
1 2C/KKH
SAVINSS
PAV1ACK
RETURN

UNIT

KK1F
*R.

NN
XCTH

SNN

SN
in
in
5N

c

s

IN
IN

»

SN
SN
VR
t

TABLE 2 NOTES

NOTE

3

6

1

2
4
3

10
7
11

9
10
7

11

NIK
S6
30

:
REBUILT

66
20

3.2 3.S
23320

2.3
4.9

243
233

111

10^20

3

11.0

(l»«l

sasi
1.13
2.33

116
122
Ul
394

1.3
5.36

93)
37 9
4.0
24.»

113
20.6

II
REBUILT REBUILT

32 32
30 10

3.3 3.3
25200

1.30
2.90

143
149
-22
391

1.6
'.32

loot
616
4.7

11.:

113
23.7
3.9

1.30
2.90

143
152
US
442

I.S
a.50

1001
3«6

3.1
19.9

62
46.1
2.1

III
NEW REBUILT
104 104
10 20

6.0 6.2
43200

3.0
7.6

382
393
Hi
1032

2.4
9.92

172«
696
11.0
9.1

11)1!

1.53
3.9

195
!05
1SL5
395

1.4
S.72

M

14.3

Installed cost, in 1990 dollars, equals
purchase price times 2 plus $30,000.
Maintenance and Operating Cost equals 5
per cent of installed cost per year - 1-
1/2 per cent repair and replacement, 1 per
cent property tax and insurance, 2-1/2 per
cent for contingency.
Hours Operated per Year amount to 7200
hours - 300 days and 24 hours - includes
kilns and 1ighting.
Average Annual Investment -

2N

N = Number of years in
period. Investment rate

10.

11.

I = Investment.
investment
= 10 per cent.
Depreciation rate is straight line with
zero salvage value.
Total Power - M KWH is 7200 hours times
generating capacity.
Payback is the time, in years, to recover
investment.
Project life is the useful life of the
turbine-generator.
Annual Cost at prescribed utility rate =
7200 hours times the rate.
Savings is the difference between annual
cost and determined cost/KWH.
Return Rate indicates the return on
investment during the payback period.

Case Savings Comparison

The lower portion of Table 2 shows the
savings, or loss, of these cases when proposing
a utility rate of 4c/KWH and a prorated rate of
2c/KWH. The savings can be converted to payback
by dividing the annual savings into the total
Investment (Installed cost).

Using a very limited sample of three various
sources, the average electric power cost from
electric utilities is $8.46 per MBF-LT. These
results are comparable.

California Primer Basis

The California Energy Commission published
"Biomass Energy: A Technical and Financial
Primer"{2). This is a very useful introduction
to analyzing biomass energy systems. The
following analysis is provided as an additional
base to the previous cases. Thereby some
limitations from the small sample might be
overcome.

Table 3 indicates how the capital cost
inputs were derived for the analysis of the
hypothetical cases from the "Primer". The 1983
cost was extrapolated from Exhibit 4-14 of that
publication. This cost was then updated to 1990
by using the GNP Inflation deflator. Previous
examination of capital investment analyses
suggest that the electric generating portion of
the total investment amounts to around 40 per
cent of the total Investment. Hence, the 1990
derived cost for the T-G unit amounts to 40 per
cent of the total. The next column amounts to
50 per cent of this cost to allow for installing
a rebuilt T-G unit.

TABLE 3 - INSTALLED COST OF NEW AND REBUILT TURBINE-
OENERATOH UNITS Ot DIFFERENT CAPACITIES

UNIT
SIZE

2.0
2.5
3.0
3.2
3.5
4.0
5.0
f.O

1983(1|
COST

S1OOO

4350
5S95
6112
6943
7026
7940
9687

11046

1990(2)
COST

S100O

5568
677B
7823
8759
8993

10163
12399
14139

INSTALLED COST
NEW(3J REBUILT!*)

S100O

2227
2711
3129
3504
3597
4065
4960
S656

51000

1113
1356
1565
1752
1799
2033
2480
2828

12)

(3)

Coit of coKpl«t« cocjonfration unit, boilarplant and
turbin«-q«n«rator, in 1983. Source: Exhibit 4-14 !Pss>
California En«rgy cooxisiion (2).

1983 coit adjuittd for inflation to 1990.

Installed co»t of 1990 turbin»-9«n«rator unit at 40> of
total cost.

In«t»ll«d eo»t of rebuilt T-0 unit in 1990 at 50» of new
cost.

John R. Host.
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Table 4 Notes

critical. Payback relates it to planning
horizons which can be more critical than
financing In light of expected timber supply
problems. The various payback outcomes bear out
the benefit of Installing rebuilt turbine-
generator units.

SUMMARY

This report discussed the various factors '
that should be studied and evaluated before
establishing a cogeneration plant. The results
of three case studies and a survey of energy
needs in smaller and medium size sawmills are
also presented.

In general, cogeneration is feasible for
supplying electric energy required for
processing logs using fuelbark and other
residues from the manufacturing process. A
rebuilt turbine-generator unit is an initial
cost saving alternative that is advantageous ,
throughout the life of the operation. \

1. Installed Cost is derived from Exhibit 4 -
14; page 55, California Energy Commission.
The midpoint to the figure was used at the
intercept for the chosen generating
capacity. Since there is interest, only in
generation costs, turbine-generator
installed cost is assumed to equal 40% of
the total cost as derived from Exhibit. 4-14.
Rebuilt installed cost amounts to 40 per
cent of the new unit.

2. Maintenance &. Operating Cost equals 5 per
cent of installed cost.

3. Interest Rate is 10 per cent of Average
Annual Investment.

4. Straight line depreciation is used with zero
salvdye value.

5. Cost/KWH at 4c rate assumes full utility
rate is charged against electric power
generation.

6. 2c/KWH represents an allocated charge to
electric power generation with consideration
for boilerplant operation cost.

The last two columns are the inputs for capital
cost items in Table 4.

Table 4 is essentially the same format as
Table 2. The capital investment inputs are
derived from Table 3, the "California Primer"
source. The results are more favorable than
those in Table 2. Table 5 summarizes the final
results in Tables 2 and 4. This comparison is
used because the "Payback" technique emphasizes
the time through which the capital Investment
will be returned. Capital financing is

TAILZ 3 - S U H K M Y - PAYIACK 1AJI3, IH YEARS

KZGAHATT CAPACITY
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APPENDIX -- CONVERSION FACTORS

1 MBF - LS 1s the log scale volume measured in a
log.

1 MBF - LT is the lumber tally recovered from a
log. Because of differences in log breakdown
practices and production efficiencies, lumber
recovery will exceed log scale. The difference
is called overrun factor. In this report the
overrun factor is assumed to be 50 per cent.

Bark recovery per MBF-LS equals 725 pounds,
ovendry. 1 pound ovendry bark produces 8600
BTU.
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FEASIBILITY STUDY OF WOOD-FIRED
COGENERAT1ON AT A WOOD PRODUCTS
INDUSTRIAL PARK BEL1NGTON. WV1

S.K. Vasenda & C.C. Hassler

I ^ABSTOAe'T: This feasibility sludy was conducted to
determine if a wood-fired cogeneration system is a cost
effective source of electricity for 12 companies located within
and near a wood products industrial park in Belington, WV.
Data was collected from each company regarding the amount
and characteristic of residue generated, and quantity and cost
of electricity and natural gas usage. Amount of residue
generated by all companies included in the study was
estimated at 161 tons/day, of which approximately 97 percent
is above 40 percent moisture content (wet basis). Size of
facility was based upon amount of residue generated and
determined to be 2.5 MW, Capita] cost was estimated to be
$4.3 Million, and annual operation/maintenance cost was
estimated to be $422,000 for the first S years, and $502,000
thereafter. Savings of electricity nnd natural gas was
estimated at $179,51? and $381,163, respectively. Avoided
cost rate and MARR were altered in a cash flow analysis.
Feasibility at » 4-year discounted payback period with NPV of

i $5,439,203 based upon 20-years was realized at 10 percent
I MARR and an avoided cost rate of $0.05023. -—"
I*™1——.

Keywords: biomass, wood energy, wood industry, wood
utilization, wood waste

INTRODUCTION

Traditionally, electricity and thermal energy are
produced at two separate locations, a conventional utility
power plant and a conventional heating/cooling plant. The
heat produced when electricity is generated at the utility is
rejected into the atmosphere at several points in the system,
and reject heat is again produced at the healing/cooling plant.

Cogeneration is a long-established technology which has
received a renewed interest during the last decade as a proven
and effective method of increasing energy efficiency. Unlike
the two conventional systems, the reject heat in cogeneration
is recovered to produce useful thermal energy, making this a
more efficient process. This reduces long-term energy costs
while providing environmental benefits by decreasing the
amount of thermal energy released into our atmosphere
(Schiller ct al. 1986)

The Public Utilities Regulatory Policies Act (PURPA),
passed by Congress in 1978, provided for cogeneration
facilities by its creation of Qualifying Facilities (QFs) which
were entitled to certain benefits stipulated by PURPA, such
as: all power offered by QFs must be purchased by utilities
and buyback rates must be based on the utilities avoided

1

costs; QFs may simultaneously buy and sell electric power;
utility rates for supplemental, back-up nnd standby power
must be non-discriminatory; and QFs are exempted from state
regulations regarding rates and financial disclosure nnd also
from the Federal Power Act and Public Utility Holding
Company Act (Cowlcs 1981).

Background and Assumptions

The purpose of this study was to determine if a wood-
fired cogeneration facility is an economically feasible
investment for a wood products industrial park located in
Belington, West Virginia (Figu'e 1). The Belinglon site was
selected for study because it exhibits several important criteria
which make cogeneration ar attractive option: 1) several of
the companies produce wood residue which may be used as
fuel; 2) there are consumers of both process steam and
electricity on a 24-hour basis; and 3) together, the companies
may be better able to combine equity to attract potential
investors than would a single owner.

The 54-acre Belington Industrial Park is located
approximately 1.5 miles south of the city of Bclington in
Barbour County, West Virginia. All the companies in the
park are either primary or secondary wood products firms.
The companies included in this sludy and are listed in Table 1
and were categorized into three groups. All companies
presently located inside the pork (companies 1-7) comprised
Group 1. Group 2 was made up of two companies that will
locale inside the pnrk in the near future (companies 8-9), and
group 3 included an additional three wood products
companies located nearby the park (companies 10-12). Group
2 was included in this study because both these companies
have expressed an interest in the project and were contacted
to be certain that they will locate in the park. Group 3 was
included because it was thought they might be able to receive
electricity generated by the plant either in exchange for
residue to be used as fuel or else in exchange for an
investment in the plant.

TABLE 1. Companies included in siuOy, listed by group.

Group 1

Companies Presently
Located in the Park

Company Type of
No. Fcritin

1. Lumber
Trolling

2 Dry Kiln

.1 Pinning Mill

4. Sawmill

5. Rustic Fence
Mfg.

6. Concentration
Yard

7 Sawmill

Group 2

Companies that will
be Locating in the

Park
Company Type of

No. Facilitv

8. Sawmill

<> Dry Kiln

Group 3

Companies Located
Nearby the Park

Company Type of
No. Facilin1

10. Furniture
Mfe.

11. Dimension/
Moulding

12. Sawmill

' Presented at the National Biocnergy Conference, Coeur
D^AIene, ID. March 18-19, 1991.

: Assistant Extension Specialist and Leader, respectively,
Appalachian Hardwood Center, Division of Forestry, West
Virginia University, Morgantown, WV 26506-6125.

Three assumptions were made for this study: 1) residue
from plants in all three groups would be made available as
fuel as the size of the cogcncraiion plant was based upon the
amount of fuel available; 2) all companies from all three
company groups could obtain electricity from the plant in
exchange for fuel and/or an investment arrangement; and 3)
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Figure 1. Layout of Belington'Inciuslri-il Park.

the two dry kiln companies in the park would be the only
users of the thermal energy produced by the plant. Although
a cogeneration plant could provide hot and chilled water to
all companies, the cost of doing this in the industrial park
would be prohibitive.

MATERIALS AND METHODS

Residue Generated

The mills generate wood residue in the form of bark,
sawdust, shavings, chips, and slabs. At the present time, all
the residue is disposed of; none is being used to create
energy. Nearly all the companies in this study sell their
residue to a nearby charcoal manufacturer. The remainder is
sold to other sources or given away. Most of this residue is of
very little market value and is considered n nuisance to the
sawmill operators.

The amount of wood residue that could be made
available as fuel to the cogencraiion plant was obtained from
estimates provided by each company generating residue;
estimates were given in tons per truckload (assuming one
truckload holds approximately 20 tons). Data on residue
characleristics was obtained by collecting samples on each of
four different occasions of each type of residue generated.
Moisture content (MC), green basis, was calculated from
these samples.

Table 2 is a summation of the amounts of residue,
organized by moisture content within company group.
Adjusted for moisture content, it was determined that

approximately 1,512,460,000 Btu/day is available. Since this
residue is produced 5 days/week. 7,562,300.000 Btu
(1,512,460,000 Btu/day x 5 days/week) is available per week
(before combustion).

TABLE 2. Amount of residue generated, adjusted by moisture
content.

U) (2) fj; (4) (5)
Moisrurt Ami Hem Slu MMBtu

Caiimi (Wei Geiiermed/Doy of GcnaattllDty GencrmallYr
Group Dam (%)) lib;.) Combustion (col 2 x col 3) (cut 4 x 2S0)

1

2

3

Tolal

30-40

•10 50

> 50

» 50

10-20

40-50

> 50

4.000

82.000

82.000

40.000

6,000

36.000

72.000

322.000

6015

5150

4300

4300

7750

5150

4300

24.060.000

422,300.000

352,600,000

172.000.000

44,500.000

185.400.000

309,600.000

I.512.4AO.OOO

6,015

105.575

68.1511

43.000

11.625

4A.3W

77.400

378.115

The calculation to determine Hem of Combustion shown
in column 3 is (Aton ci al. 1979):

HHV (Btu/lb., actual) = HHV (oven dry)(l-x)

where, x is the fractional moisture content, wet basis. For
example, a wood sample which has a HHV of 8,500 Btu/lh.,
oven dry, has a HHV of 4,250 Btu/lb. at 50 percent MC.
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TABLE 3. Energy profiles of all companies in study.
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l-lcctric and natural gas bills were analyzed to delermuu-
approximate peak, average and annual energy usage lor eath
company. The two most recent years of bills were requested
from companies in Groups 1 and 3, while energy dala '.'or
companies in Group 2 was estimated from conversations with
owners regarding anticipated energy requirements.
Equipment horsepower was also totalled to determine
potential usage.

An approximation of energy usage for each company is
shown in Tahlt 3. This table was produced without
"onsiderauon of seasonal changes in energy usage because
energy usage is limited by the market lor wood products,
which is somewhat unpredictahlc.

System Sizing

A lopping cycle provides electricity as the primary
product with process steam as a byproduct; a bottoming cycle
provides process steam as the primary product. Most
cogcneralion facilities are topping cycles (Easterly and
Lowensicin 19S6). Since every company uses electricity and
there is excess residue to provide not only electricity 10 the
park, hut also to sell electricity back to the utility, a topping
cycle is recommended for this situation.

System size is dependent upon the amount of residue
available. To determine the average BHP (boiler
horsepower) for energy1 usage, two factors must be accounted
for: 1) the fact that this residue will only be produced 40
hours a week, yet the system will be running continuously
throughout the week; and 2) system losses due to the high
moisture content of the fuel. Typically, energy losses in a
wood-fired system using wood ol high moisture content is
approximately 33.8 percent (0.5 percent electricity loss + 32.5
percent boiler loss + 0.8 percent blow-down loss) before thc
stcam reaches the turbine (Vramzan el al. 19S7).

Taking both factors into consideration, it was calculated
that the size boiler necessary 10 generate the amount of steam

(average) would be 863 BHP, While (his is the average BHP
based upon the amount of residue avnilnble, the boiler will
likely be turned up during the daytime to accommodate
electricity requirements of the users and also lo take
advantage of increased revenue that can be obtained from the
sale of electricity during peak limes. Based upon data from
manufacturers and developers, it is assumed that an increase
of approximately 1.5-fold would be reasonable to expect.
Based upon this, maximum boiler horsepower was estimated
to be 1294.5 BHP or 44,600 PPH (pounds of steam per hour).

The size of the condensing turbine/generator that can
utilize the maximum amount of electricity that could be
produced from the maximum boiler size is:

44,600 PPH / 17.43 PPH/kW = 2,559 kW.

From Table .3, Column 2, the maximum amount of
electricity that would likely he required based upon demand is
1395.2 kVV. Therefore, electricity requirements of the users
could be met by the residue available with excess electricity
production 'hat could be sold to the utility to provide
revenue.

In addition 10 electricity, steam production is also a
factor. The kilns may require, al maximum, 11,600,000
Biu/hour (Table 3, Column 6). The size of a backpressure
steam turbine 10 produce the maximum amount of process
steam is determined us (Oimin and Turner 1990):

11,600,0(10 Btu/hotir / I.I7.S Btu/PPH = 9,872.3 PPH
9.872.3 PI'H / 17.43 PPH/kW = 566.4 kW

System losses were not used to calculate the size of ihe
backpressure turbine needed for the kilns since Btu
I'vailabiiity is ample to service the kilns. Therefore, a 2,500
kW condensing turbine will be needed to produce the
maximum amount of electricity, while in addition, a 600 kW
back-pressure sleam turbine will be needed to produce the
required amount of process steam. The steam from Ihe boiler
is routed into each turbine, depending upon the demand.

System Selection and Cost

Capital cost estimates for equipment were provided by
developers and by equipment manufacturers based upon
preliminary descriptions of this project; no on-site visits were
conducted. Percentages of capital cost to be allocated to
insurance, etc. were provided by developers of similar projects
and arc general industry' rulcs-of-thumb. Operating cost
csiimaics were provided by developers of similar projects.
Estimates of revenue and savings were calculated based upon
data Irom the site. County officials have indicated that the
property required for the plant would be made available free
of charge, hence cost of properly and property tax is assumed
to be nonexistent. Capital costs are shown in Table 5 and
operating costs in Table 6.

Savings and Revenue

The two primary benefits from a cogencration plant are
savings from electricity and steam production that would
otherwise need to be purchased from the utility, and revenue
from Ihe sale of excess electricity to the utility.
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TABLE 4. Capital oosi climates for cogeneraiion system. TABLE 5. Operating cost estimates for cogencration system.

Efuifmuu

Fuel SlonfC HIM) Handling ( T O M I )

Sue prep (excavation, foundation)

Truck dumper, comcyen

Hoyer

Siltx (2 @ 30' I SO')

Installation

Boiler System (Toul).

Bolter (2) @ 700 BHP

Mclcnng bin. controls, vifvca, puntp*

Installation

Turtune/Generaior (Total)

Condensing lurrxne/fcncralor (2500 kW)

Hackpressure lurbine (600 kW)

Controls, relays, swuchgear, piping.
varvci. pumps

Installation

Cooling Tower (Total)

Cooling lower (2 cells, rounlerflo-.v.
induced draft)

Purap-v iMfins, v»lve» (FRP. 52.JOQ.OOO

tlTUH, 5250 GPM)

Installation

Piping lo Steam Dry Kilni (To" ' )

Piping (J.VX) li o( 6" Sch Hfl pipe)

Installation

Cyclone Collector (T041I)

Equipment

Installation

Plant (Toul) C5' i <0' Wd( )

Toundotion

Interior mcchjnics (plumbtn|,(M)

EAca\-3tion and Bile prep.

Fe<3

Corntrucuon of tlutlding

I'cmin

lOTALFlanl ^ Bquipmcm

Project Coit (Tola!)

tn-incerinf (S3364,050 I 0.06)

Project Minijcmcm (S3.364.0501 0 03)

Continjency (S3.364.050 x 010)

Coiuiruction Insurance ($3,364,050 x 0 01)

LegAl Fees

Inierconnrclion Cost

l'cmil\

f'ropcrr\

TOTA1 CAPITAL COST

lltm
Cost

190,000

135,000

75,000

90,000

110.000

200.000

230.000

385.000

455,000

200.000

162.] 50

I-IO.OOI)

75.000

40.0X10

6V0O0

271.900

;ofi,9oo

130.000

60.000

22^00

15.000

2Z500

7J00

75.000

7.5O0

201.843

100.922

334.405

33.641

Tout
Cost

$500,000

815,000

1,057.150

180,000

471.900

190.000

150.000

3.364.050

572.811

75.000

200.000

50.000

none

V> 361 8A)

Savings - Electricity

11 was important to accurately determine the amount of
electricity required in order to calculate not only the quantity
of electricity that would meet the needs of the users but also
to calculate the quantity thai could be produced as excess and
sold in the local utility. Annual savings of electricity was
calculated lo be 9.144.450.900 Blu/yr Converting In kWh nnci
multiplying by the current utility rate charged to industrial
customers of S0.067/lcWh. annual savincs was $179,513.

lien

l i icd (Tout)

Litxir (A full time. 1 pan. lime)

Opersnon/Mainienance*

inmancC'EqurpmcM (SI .50 per S100 or

equipment)

Insurance-Buildin( (12 75 per SI00 ol

huildinc)

Properly Taxes

Parti

Supplies

Contingency

Variable (Total)

Water (@ 164,000 gallons/month)

nicciricity (standby char(c)

Chemicals (waier treatment)

Ash Dispoul (uppint tee)

TOTA1. Operaim( Com

lltm Con

Jl 45.465

160.703

32.612

4.1Z5

none

10.000

6.000

15,000

2,017

28,000

14,600

3,120

Total Coa

J373.V05

47,737

S42I.642

' hquipmcnt cent (S3.2I4.0S01 005 - $160,703) lor first 5 yean, then

(13,214,050 > 0075 « S241.O34 thereafter) (Vraniun el •) 1987)

Savings • Steam

The cost of natural gas used for steam production is
approximately $().45/thcrm. Estimated annual Btu
consumption (for the two dry kiln companies) is 64,703
MMBtu, or 647,030 therms. Annual savings in natural g.is
used for process steam is therefore $381,163 (847,030 therms
x $0.45/therm).

Revenue - Sales

Annual revenue from sale of electricity is somewhat
difficult to determine. However, since sales are dependent
upon consumption, a calculation can be made based upon
approximate annual savings of electricity and savings of
natural gas subtracted from approximate annual output. From
Table 2. it is seen that 378,115 MMBtu/year are available
from residue generated, adjusted for moisture content.
Adjusted for losses in the system, the amount available for
energy is:

378.115.000.000 Btu/yearx 0.642 • 250.312.130.000 Utu/ycar

It is estimated that plant utilization capacity is
approximately 80 percent. This accounts for lost lime due lo
niiiintcnancc and repair and possible shutdowns or cutback in
hours of the plants (hat produce fuel. This would further
reduce Ihe amount of available energy to:

250.312.130.000 Btu/year x 080 - 200.249.704.000 Btu/year

From previous calculations of energy requirements for
annual electricity (9,144,450,900 Btu/year) and process steam
(84,703,000,000 Btu/year) a total of 93,847,450,900 Btu/year
will be used for energy purposes, leaving 106,402,253,100
Btu/year (31.175.580 kWh/year) available for excess elcciricily
production. A determination of revenue is dependent upon
ihe avoided cost rate to be obtained from the electric utility.
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RESULTS AND DISCUSSION

Economic Analysis

Economic analysis of the Belington site takes into
account capital and operating costs, and savings and revenue.
to ultimately produce a discounted cash flow for the estimated
life of the project which is used to determine project
feasibility.

Depreciation Methods

Biomass property which is also a qualifying small power
production facility within the meaning of section 3(17)(c) of
the Federal Power Act. is classified lor depreciation purposes
in Section 48{1)(15) of the Internal Revenue Code (Hasslcr
and Jones 1986). Depreciation was taken on three separate
classes of items: 1) equipment. 2) the building as
nonresidential real property, and 3) business start-up costs.

Equipment was depreciated using ihe 5-year MACRS
(modified accelerated cost recovery' system), using 200 percent
declining balance with a half-year convention. The nmount of
depreciable equipment for this project is S3.214,050. The
building is considered nonrcsidcniial real property and is
depreciated over 31,5 years using ;t straight-line method. The
amount of depreciable nonresidential real property is
$150,000. Permitting and legal fees, along with project cost
are considered business start-up expenses and can be
amortized for not less than 60 months; therefore an
amortization period of 60 months was chosen for this project.
Amount of start-up costs is 1997,811.

The net present value method was used to evaluate the
economic feasibility of this project (Weston and Brigham
1977). This method finds the present value of the expected
net cash flows of an investment, discounted at the cost of
capital, and subtracts from it the initial cost outlay of the
^project. If the net present value is positive, the project is
acceptable, if negative, unacceptable. For this report, the cost
of capital is the minimum accepted rate of return (MARR)
the investor will accept for a project and is assumed to be 10
percent.

Discussion of Cash Flow Analysis

Seven assumptions were made for the cash flow analysis:
1) there would be no inflation rate, 2) the cogeneration plant
would be funded entirely by equity from companies in all
three groups; 3) Plant life is 20 years; 4) the plant is a new
facility; 5) fuel will be made available to the plant from all
tenants free of charge; 6) state tax rate @ 9 percent and
Federal tax rate @ 34 percent, and 7) without negotiation,
the avoided cost rate for excess electricity sold to the utility is
50.015/kWh.

The base case, with avoided cost at S0.015/kWh and 10
percent MARR does not meet MARR requirements as NPV
is ($380,629). However is a likely that, through negotiation
with the utility, one could obt.nn a higher avoided cost rate.
Therefore, it was decided to perform a sensitivity analysis to
determine under what conditions of avoided cost rales and
MARR the project would be feasible.

Since industry rule-of-thumb for feasibility is a 4-year
discounted payback period, avoided cost was escalated by
increments of $0.004/kWh. starting from $0.0lS/kWh until the

4-year discounted payback period was achieved. The results
of this analysis ore shown in Tuble 6. The combinations of
MARR and avoided cost rates that do achieve this criteria
are: $0.0471 @ 8 percent MARR, $0,05023 @ 10 percent
MARR, and $0.05345 @ 12 percent MARR,

Table 6. Net present value at varying avoided cost rates,
different MARR values and years to discounted payback.

Avoided
Coti
SA'rtl

50015

SO 0.9

JO 02.1

S0027

SO 03!

10035

10039

501)43

SO 047

5OO5I

Ducounlcd
Payback
(Yean)

18.39

1306

8.75

726

6 19

5.24
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1,001,737
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While this project meets MARR requirements in terms
til' nut present value (except for 10 percent MARR and
avoided cost $0,015. 12 percent MARR and avoided cost
S0.015. and 12 percent MARR nnd avoided cost $0,019), the
payback criteria would be generally unacceptable to investors.

CONCLUSIONS

The Bclington Industrial Park appears to be an ideal
location for a cogencration facility. Positive aspects include
proximity and availability of an ample fuel supply and process
steam use on a 24-hour basis. Additionally, a cogeneration
plant could attract other businesses to this area, providing <i
boost to the local economy.

However, as this report shows, there are several
fundamental deterrents which render this project unfeasible.
One major problem is the high capital cost of the plant, which
impacts heavily on the net present value of the project as well
as on the discounted payback period. With cogeneration
plants of this small size, capital costs do not meet economics
of scale as well as they could in a larger size plant. Based
upon data from developers of biomass projects, economics of
scale arc best met at plants between 10 - 20 Megawatts.

Another obstacle is the small size of the system, which
has an effect on the avoided cost and hence, on the amount
(if revenue to be received for sale of electricity. Many
cogencration plants that are able to sell electricity to their
utility rely on revenues received. A project of this size (2.5
MW) will only sell back to the utility excess electricity that is
generated during times when it is not required by the users.
Therefore, during peak periods when the utility needs
electricity and will pay the most for it, the cogeneration plant
will not be selling. Conversely, during off-peak periods, the
plant will sell more electricity which is not worth as much to
the utility as during peak periods, hence, the lower the
anticipated rate.

While this project appears to be initially unfeasible in
light of the avoided cost rates, other possibilities could be
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examined lo determine passible leasihle ,illci names. This
might include examining the use of used or alternative
equipment. Alternative equipment may include gas turbine
systems, rather than the steam turbine system examined for
this study. Also, many additional producers of wood residue
are located nearby the Bclington Industrial Park. These
sources need to be contacted lo see what additional amount
of fuel might be obtained for this plant that would make for a
larger sized plant, thereby achieving some economies of scale.
Phase II of this project, which is presently being conducted In
the Appalachian Hardwood Center involves exploring these
and other possibilities to discover an achievable combination
ihat would make this an economically feasible investment.
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MARKET DYNAMICS OP BIOMASS FUEL IN
CALIFORNIA1

William F. Delaney and Glenn A. Zane2

r-AbstauitT The California market for biomass fuel
purchased by independent power producers has grown
substantially since 1980. The PURPA legislation that
based power purchase rates upon the "avoided cost" of
public utilities resulted in construction of nearly 900
Megawatts of capacity coming online by 1991. Until
1987, most powerplants were co-sited at sawmills and
burned sawmill residue. By 1990 the installed capacity
of stand-alone powerplants exceeded the capacity co-
sited at wood products industry facilities. The 1991
demand for biomass fuel is estimated as 6,400,000
BDT. The 1991 market value of most biomass fuel
delivered to powerplants is from $34 to $47 per BDT.
Biomass fuel is now obtained from forest chips,
agriculture residue and urban wood waste. The
proportion of biomass fuel from the wood products

L
industry is expected to decline and non-traditional ;
fuels are expected to increase in availability. ^ J

Keywords: Biomass Fuel, Powerplanl, PURPA, Urban
Wood Waste, Agriculture Residue, Forest Chips, Mill
Residue, Prices

I. The California Market for Biomass Fuel

The California market for biomass fuel is at un-
precedented levels in volume of demand and prices to
sellers because of the rapid expansion of the biomass
energy industry since 1985. As of 1991, the California
demand for biomass fuel for commercial electricity
production is nearly 6,400,000 BDT per year from an
installed capacity of 889 Megawatts (Mw).

The Public Utilities Regulatory Policy Act of 1978
(PURPA) requires public utilities to purchase
electricity under longterm contract from independent
power producers at the utility' •. jost of production or
"avoided cost". Most powerplants constructed in
California since 1985 have Pacific Gas and Electric
Standard Offer #2 or Standard Offer #4 contracts
signed when the avoided cost was high and the
perception was that energy prices would continue to
escalate. The SO#4 contract is based upon oil prices

1 Presented at the National Bioenergy Conference,
Coeur DAIene, ID, March 19, 1991.

' The authors are respectively Associate and Vice
President of Mason, Bruce & Girard, Inc.. consulting
foresters of Portland, OR, and are stationed at the
Redding, CA field office.

as high as $38 per barrel. The SO#2 and SO#4
contracts that have terms favorable for project finance
have not been issued since March 1986 and April 1985
respectively. The power purchase contracts secured
the revenue stream required to finance the develop-
ment of new powerplants and the rates in the cont-
racts increased the value of biomass fuel.

Historically, the primary generation and use of
biomass fuel has been internal to the wood products
industry where residues were burned to produce steam
and electricity for manufacturing operations.3

Biomass fuel now used in California includes recycled
urban wood waste, agriculture residue, mill residue
and forest chips. Fuel has been delivered from the
Pacific Northwest by rail, barge and truck. Public
policy incentives and the market-driven development
of fuel supply infrastructure is expanding the supply of
fuel.

The biomass energy industry has forged a link
between the wood product, waste disposal and
agriculture industries. All three industries entered the
1990's in a state of change because of high operating
costs and a new awareness of the environmental
limitations of historic practices. The market for
biomass fuel has enabled managers to meet air quality
and waste disposal regulations and decrease waste dis-
posal costs. In some cases, the market has provided a
new profit center or allowed modified methods of
environmental management. Entrepreneurs and large
companies have adapted or developed consolidation
and processing technology as part of a new and
massive industrial opportunity to supply biomass fuel.

II. Difficulties Within the California Biomass
Energy Industry

Many individuals familiar with the biomass energy
industry are aware of operating and financial
difficulties faced by a number of the biomass-fired
powerplants in Califoi.ua. Most powerplants have
performed on an economic basis. MB&G predicted in
a number of reports prepared from 1988 - 1990 that
prices of biomass fuel would spike in the 1990-91 time
period before stabilizing at more predictable
equilibrium levels. MB&G expects that inflation-ad-
justed 1993 prices will be lower than 1990 prices.

The two primary causes of the 1990-91 price spike
in California are:

1. The large amount of new generating capacity that
came online in the period 1987-90.

2. An inadequate fuel supply infrastructure 10 satisfy
all the new demand.

' This report does not include the production of steam
or cogeneration by black liquor recovery boilers al pulp
mills.
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Other factors that have exacerbated the impact of
the two primary causes are:

1. The cyclic lumber market has entered a period of
lower product sales value and a corresponding de-
crease in sawmill lumber and residue byproduct pro-
duction. A significant number of mill closures have oc-
curred since 1988, particularly independent, mid-sized
mills most likely to sell fuel on the open market.

2. Uncertainty attendant to timber-related
environmental, regulatory and political issues.

3. Fuel suppliers deriving high profit or ascending the
learning curve at the purchaser's expense. Since 1988
most fuel suppliers have benefitted from a seller's
market because of a lack of competition on the fuel
production side.

4. Fuel collection and processing technology that has
performed less economically than expected, particu-
larly in the case of agriculture residues.

5. Poor powerplant design.

6. Fuel procurement strategy at specific powerplants
that has allowed prices to increase with few controls.

111. Growth or the California Market For Biomass
Fuel

Through 1984, the total biomass energy capacity in
California was less than 200 Mw. By the end of 1991,
California will have nearly 900 Mw of capacity on-line.
A majority of the powerplants that started operations
prior to 1987 were co-sited4 at large sawmills, pulp
mills or at food processing plants. Stand-alone5

powerplant capacity was under 125 Mw as of 1987.
Since 1987, nearly 400 Mw of stand-alone capacity has
come on-line as well as 80 Mw co-sited at sawmills.
Fifty-four Mw of the new capacity at sawmills must
buy timber and fuel chips on the open market as the
operating companies own no fee timberlands. In gen-
eral, stand-alone powerplants operate in a more
competitive market for fuel than powerplants that

receive all or a portion of fuel supply from related
business entities. The graph below shows the
cumulative capacity of the commercial biomass energy
industry in California.

4 In the context of ihis report, "co-sited" means owned
and operated by & related business entity; in most cases,
the powerplant is located on the same site as
manufacturing operations with common ownership.

' "Stand-alone" refers to a powerplant that is owned
and operated as a distinct business entity and all or a
portion of fuel supply is not a byproduct of a primary
manufacturing business.
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IV. California Market Areas for Biomass Fuels

California can be divided into six (6) distinct wood
fuel market and resource areas: North Coast, Northern
Interior, Sacramento, Central Coast, San Joaquin and
Southern California. The areas differ as to fuel supply
base, urbanization, installed capacity and degree of
market development. Most of the state is served by
Pacific Gas and Electric and Southern California
Edison. The Pacific Gas and Electric service area
includes all powerplants operating in the North Coast,
Northern Interior, Sacramento and Central Coast
areas and the north portion of the San Joaquin area.
The Southern California Edison service area includes
all the Southern California area and the south portion
of the San Joaquin area. Small areas within the state
are served by local utilities and Pacific Power and
Light serves the extreme northern part of California.

V. Demand Tor Wood Fuel

Table 1 summarizes by Market Area the demand
for wood fuel expected to be online by the end of
1991. Almost all capacity sells power under Standard
Offer #2 (SO#2) and Standard Offer #4 (SO#4)
power sales agreements. As SO#2 and SO#4 con-
tracts have not been issued since March 1986 and
April 1985 respectively, new financing of large wood-
fired powerplants is expected to be more difficult to
obtain until an overall rise in energy prices or a
significant increase in efficiency of conversion
technology occurs. The vast majority of the co-sited
powerplant capacity is in the wood products industry.
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VI. Sources of Biomass Fuels

Table 2 summarizes by market area the sources of
fuel expected to be used as of 1991 by the installed
capacity. Some co-sited powerplants are required to
purchase fuel to meet all requirements. Forest chips
includes chipped logging residue, material from timber
stand improvement and cull logs removed as round-
wood for conversion to fuel and pulp chips.
Agriculture residues includes orchard pruning and
removal, food processing waste, vineyard pruning and
removal, rice straw and minor amounts of annual
crops. Recycled urban wood waste includes wood
from remanufacturing, pallets, construction,
demolition, land clearing, stumps and tree trimmings.
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Prior to 1985, sawmill hog fuel was the primary
wood fuel used in California. Hog fuel could usually
be obtained by a payment that was no more than a
reimbursement of the handling and hauling costs.
Many sawmills operated woodwaste-fired lumber dry
kiln boilers that have since been replaced by
cogeneration or natural gas systems. Open air tepee
burners operated under air quality variance permits to
burn fuel now used in the production of steam; and
other mill residues were landfilled, given away or
stockpiled.

The following graph illustrates the volume of fuel
consumption by the biomass energy industry from 1980
to 1991 by source type. The use of biomass fuel in
California is expected to exceed 6,000,000 BDT for the
first time in 1991. Fuels that are consolidated from
forest and agriculture wastes or segregated from the
urban waste stream are now important. The amount
of sawmill hog fuel that is available cannot meet all
demand and is in declining supply.

COMMERCIAL BIOMASS ELECTRICITY
PRODUCTION IN CALIFORNIA

AMOUNT OF FUEL SUPPLY BY SOURCE
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VII Wood Fuel Quality and Quantity Measure

In California, biomass fuel is most frequently
purchased and inventoried on a bone dry ton (BDT)6

basis. Price paid per BDT should reflect fuel quality
as well as quantity. The primary determinants of
biomass fuel value are moisture content and density.
Properties of wood most critical to combustion are
chemical composition and physical and thermal
properties. Measurements of fuel quality are the
ultimate analysis, proximate analysis, higher heating
value (BTU/lb dry weight or HHV), moisture content,
particle size distribution and ash composition. The
fuel mix must be compatible with boiler design, ash
disposal, fuel handling and inventory considerations.
Ash disposal can be a significant cost item.

Moisture content (MC%) for biomass fuel is
measured by the following formula:

MC% = Green Weight - Dry Weight
Green Weight

The concept of net effective fuel value is used to
compare fuels that vary in quality characteristics and
price. The variables are S per BDT paid for the fuel,
moisture content, boiler efficiency as a function of
moisture content and the gross MM BTU per BDT as
delivered. The formula calculates $ per MM BTU
and can be modified to account for ash content.

$ / MM BTU - S per BDT
MM BTU/BDT • Efficiency

Where: MM BTU/BDT = 2000 » HHV/lb
1,000,000

6 A bone dry ton is 2000 lbs at 0% moisture content.
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The graph below can be used to estimate boiler
efficiency, if specific operating and design
characteristics are unknown.

TABLE 4 contains the range of delivered prices of
wood fuel observed during Winter 1990-91. Market
prices should not be confused with the value of fuel
purchased by co-siled powerplants at a transfer price
from a related business.

EFFECT OF MOISTURE CONTENT
ON BOILER EFFICIENCY FOR

A GENERIC WOOD-FIRED BOILER

lOOt

sot
sot
rot
sot
sot
40%

30*

20t

lOt

ot
ot

MNf I

—"—<

iMWa

T

»

i i i • i Vi
Kr* 20% 3 0 t 4 0 * &0» Q0« ?Oft 8 0 * 00% K X »

Mo<tlur« % 01 wooo Fu«i «| FW«o

Table 3 uses the net effective fuel value formula
and the boiler efficiency curve to compare the values
of three fuel samples.

TABLE 3 : NET EFFECTIVE FUEL VALUE USED TO
COMPARE FUEL SAMPLES

Mhtf

I/MHWV

If the urban wood and redwood hog fuel samples
were compared against a standard BDT with a HHV
of 8,500 at 40% moisture content, the recycled urban
wood fuel would cost $27.55 per BDT and the
redwood hog fuel would cost $29.94 per BDT. The
urban wood fuel would be a 9% cost savings despite a
purchase price of an additional $2.00 per BDT on
delivery.

VIII. Current Prices for Wood Fuel

As of Spring 1991, there is a strong seller's market
for wood fuel in California. Contracts developed in
1990 for fuel deliveries at most established stand-alone
powerplants were priced in the range of $34 to $47
per BDT delivered. Recent spot market prices have
been observed in excess of $50 per BDT delivered in
the Sacramento and San Joaquin Valley market areas,
a price level that may be above profitable operation
costs under many Qualifying Facility (OF) contracts.
High priced contracts are often for fuel of low
moisture content or for "offset" fuels.

TABLE 4: WINTER 1990-91 HOG FUEL PRICES IN
CALIFORNIA DELIVERED $ PER BDT AT
POWERPLANTS

MARKET AREA
Central Coast
North Coast
Northern Interior
Sacramento
San Joaquin
Southern Calif

LOW
$23
12
22
32
32
22

HIGH
$48
30
50
58
58
48

IX. Historical Prices for Wood Fuel

MB&G has maintained a database of market
biomass fuel prices since 1974. Until 1987-88, the
database was predominately sawmill hog fuel. The
chart below shows the high range (including
transportation charge) of delivered wood fuel by
market area since 1982 in nominal dollars. Much of
the rise in value is the result of the ability to pay
established by power sales agreements with public
utilities. The PURPA legislation created a major
profit center in the California wood products industry
as a steady stream of revenue could be generated from
the lowest utility byproduct of lumber manufacture.

WOOD FUEL PRICE HISTORY
HIGH RANGE $ PER BDT DELIVERED

BY CALIFORNIA MARKET AREA
I MK MT DCLIVCMO

YEAR

NORTH OOMT
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NOHTHCHN mTIMOft

MCTO «tut Mtaum

The wood products industry is a cyclic segment of
the economy. When interest rates are high or the cost
of obtaining logs exceeds the ability to generate profit,
lumber production drops. During the recession of the
early 1980's, lumber production dropped but the value
of pulp chips achieved nominal price levels not seen
again until 1989 markets as chip production also
declined. Market prices for pulp chips have histori-
cally run counter-cyclic to lumber production in the
western United States as most pulp chip supply has
been a byproduct of lumber production.
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The following chart illustrates the relation between
pulp chip prices, lumber production and hog fuel
prices in the Northern Interior Market Area through
ihe end of 1989. Note the rise in pulp chip prices
during'ihe 1980-82 recession and the jump in hog fuel
prices when substantial capacity came online in 1987.
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X. Projected Prices for Biomass Fuel

Prices are expected <o stabilize at real (inflation
adjusted) levels below the 1990-91 market within the
next three years. Some biomass now used as fuel with
ihe attributes for use in higher valued markets (such
as for pulp chips and panel products or as
supplemental feeds for livestock production) is likely
to become less available for fuel. New sources of fuel
are likely to be developed from biomass waste that
requires efficient and environmentally clean disposal.
Avoided disposal costs (such as landfill tipping fees) -
should aid in making fuel available at costs acceptable
to Qualifying Facilities. The need to manage waste at
least cost and public mandates for air quality and solid
waste diversions from landfill is pushing fuel suppliers
and equipment vendors up the learning curve.

The two graphs that follow are examples of fuel
price trends assumed in project proforma for
powerplants developed since 1986 in California. The
powerplants varied by market area, type of power
sales contract and nature of the fuel supply. The eight
examples are part of a larger data set MB&G
compiled on a blind basis with two other consulting
firms active in biomass powerplant development to
assess market expectations. The trends have been
adjusted to the 1990-2000 decade with the Producer
Price Index.

PROFORMA AVERAGE PRICE PROJECTIONS
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While some power projects are having difficulty
purchasing fuel at acceptable prices in the 1990-91
market, the price for biomass fuel is projected over
time to achieve average price levels that allow profit
under power sales agreements. Fuel procurement
areas for powerplants are expected to stabilize over
the next five years as additional biomass powerplants
are unlikely to be financed given current available
contract rates and apparent declines in available
timber supply. Factors most important to market
equilibrium are production costs, transportation costs,
suppliers access to potential fuel and price competition
for fuels located at the overlapping edges of fuel pro-
curement areas. "Offset" fuel supply that is required
to meet use permits and finance covenants will
continue to be in high demand but prices should
moderate as supply-side competition and available
equipment develops.

XI. Supply of Biomass Fuel

Table 5 summarizes an estimate of the biomass fuel
used by the California biomass power industry as of
1990 and supply trends over the next five (5) years by
source. In general, biomass fuel is projected to be less
available from the wood products industry and more
available from non-traditional sources of fuel. One
exception is that more fuel is expected to be derived
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from forest stand improvement thinnings and logging
residue recovery. In the future, some fuel will likely he
obtained from Euci'lyiHUS. Sidis or other energy
plantation species.

TABLE 5: ESTIMATE OF AVAILAM.K RIOMASK FUEL IN
CALIFORNIA FOR THE KIOMASS POWER INDUSTRY

sawmill residue can be offset in volume
but not in price by increased harvest of
logging residue and excess or poor
formed trees in timber stand
improvement. The mechanized logging
equipment necessary for this type of
activity have become common in the
Northern Interior region of California.
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XII. Conclusions

The California supply of biomass
residue with the potential to be
processed into and used as fuel is in
excess of the demand established by the
biomass power industry. Over the short-
term, some operations are having
difficulty obtaining adequate amounts of
fuel at an acceptable price. The free
market and public policy is a defacto
partnership that is fostering an
expanded supply of biomass fuel to meet
the new demand. While fuel will be less
available from the wood products
industry, non-traditional sources of
fuel are of growing importance. Factors
that are expected to improve the
economics of fuel supply are improved
collection and processing systems,
integrated environmental management,
subsidies that are the result of public
policy and learning curve effects.

One important consideration is that
timber harvest is projected to decline
in California's major timber producing
areas over the next decade. The timber
supply issue and more complete utili-
zation of higher valued residues within
the wood products industry is likely to
reduce the availability of sawmill hog
fuel to stand-alone powerplants.

During 1989, a high operating level
for the lumber industry, California
sawmills provided an estimated 3,400,000
BDT or over 50% of fuel required by the
biomass industry at 1991 capacity.
Sawmill residue available as fuel is
likely to be as low as 2,700,000 BDT in
1995 and nearly 80% would fuel co-sited
powerplants in the wood products
industry. The decreased availability of
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WASTE REDUCTION: ENERGY AND
MATERIALS CHOICES'

James D. Kerstetter2

/ -Abstract; The use of energy to supply consumer
products and to meet our basic energy needs is reviewed
from the perspective of the available options und the
implications of choosing those options. Waste reduction

, is shown to be an advantageous choice and several
examples are given. -—

Keywords: Energy, Municipal Solid Waste, Waste
Reduction, Environment

The sources of energy and materials society chooses to
satisfy its demand for goods and services have
environmental and economic impacts. These choices
have effects today, and perhaps more importantly, they
impact the choices available to future generations.
Management of solid waste also effects both energy use
and the environment. Traditional management options
included disposal at an incinerator or a landfill. Today,
the options include waste reduction, recycling, and
energy recovery.

This paper takes a global look at how energy, the
environment, and economics are inter-related and how
waste reduction options impact both energy and the
environment. Waste reduction is broadly defined, in this
paper, to include using energy and materials more
efficiently as well as the choice of energy and materials
sources to meet our needs.

The purpose of this paper is to stimulate thinking
about the choices we make today and how they may
affect the future. Historical energy data are reviewed to
givs a perspective on past trends. The use of energy to
provide us with material and the inter-relationship with
the economy are reviewed. Finally, examples of waste
reduction strategies that have been used and can be used
in the future are discussed.

HISTORICAL ENERGY USE

Growth and industrialization increased energy
demands and forced a shift from dependence on
renewable fuels to dependence on fossil fuel. In fact, in
1885 the United States crossed a threshold and became
more than SO percent dependent on fossil fuels (Bureau
of Census, 1975). Another transition occurred around
1940 when the U.S. became more dependent on
petroleum fuels than on the nations most abundant
fossil fuel, coal. These changes reflect the need for both
more convenient and more concentrated energy sources.

The change from an agrarian society to an industrial
society increased per capita use of energy. Since 1900,
population increased by a factor of 3.2 while energy use
Increased 8.3. The per capita use increased from 126
million British thermal units (MBtu) per person in 1900
to 307 MBtu/person in 1988. This increase was due to
the choice of materials used to produce products, the use
of energy and machines to displace human and animal
labor, and to the reliance on virgin raw materials rather
than recycled materials.

The energy required to produce consumer products
depends on the type of material used and the conversion
efficiency for changing raw materials into finished
products. For example, the energy required to produce
aluminum house siding is much greater than '.ceded to
produce wood siding. The choice of material to meet a
particular need is one example of a waste reduction
option. It is wasteful of energy to produce a product
serving the same need if a less energy intensive product
could be used.

1M0 1M0 1900 1K0 1M0 1M0 1M0
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Figure 1. Historical Percentage Contribution of Energy
Sources in the United States from 1855 tlim 1988.

ENERGY AND THE NATIONAL ECONOMY

We have become more efficient in our use of energy
and one measure of this is the relationship between
economic growth and energy use. The gross domestic
product (GDP) is a measure of the goods and services
produced in the country. The historical relationship
between energy consumption and GDP is significant.
From 1950 to 1971 the relationship between energy use
and GDP showed a correlation coefficient of 0.992
(OTA, 1990). That means that 99.2 percent of the
energy use can be accounted for by changes in the GDP.

However, since the early 1970's the apparent link
between GDP and energy us? was no longer evident
Between 1972 and 1988 GDP increased 53 percent
while energy use only increased 15 percent. The
disconnect between GDP and energy was probably
caused by the rapid increases in energy costs during that
time and the resultant increases in energy efficiency and
structural changes. The Office of Technology
Assessment (OTA) estimates that two-thirds of the
decline in energy intensity was because of energy-
efficiency improvements; the remaining third was due to
structural shifts in the economy toward less energy-
intensive industries (OTA, 1990). This illustrates the
case where waste reduction, i.e. increased efficiency,
allows for increased economic growth without a
proportionate increase in energy use.
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The ability to continue these energy-efficiency
improvements is important when planning for future
energy supplies. It has been estimated that home
heating needs can be reduced 90 percent, automotive
energy use reduced 65 percent, and the energy needed to
prxJuce paper can be reduced by 40 percent (Scientific
American, 1989). If these energy savings are achieved
the economy can continue to grow without a great
increase in energy use.

One of the structural shifts is an increased quantity of
energy imported in the form of embodied energy.
Embodied energy is the energy used to produce finished
products from raw materials. The energy used to
produce goods in foreign countries and then imported
into the United States does not enter our energy
accounting system and thus indicates an improved
energy to GNP ratio. For example, as more of our steel
is produced overseas less energy is used in the United
States. From a global perspective, if less energy is
required to produce steel because a higher grade ore is
available in a foreign county than the energy efficiency
increases. However, from a national perspective, it may
be more appropriate to recycle our existing stock of
materials and accomplish the same energy savings.

MATERIALS AND ENERGY USE

The production of goods and services requires energy
and also produces air and water emissions. The quantity
and type of energy and emissions depends on what
goods are produced. The energy intensity of producing
products varies dramatically. Manufacture of aluminum
cans from bauxite consumes three times more energy
than making a glass bottle. If the glass bottle is refilled,
even more energy can be saved.

The net energy, or energy required to extract and
provide energy' in a useful form, is also important. As
more energy is required to provide the energy form
ultimately used, the total energy requirement will
increase. The recovery of bituminous coal is an
example.

The energy required to recover bituminous coal has
increased since 1958 (Bureau of Census, 1982). The
ratio of energy in the coal recovered to the energy
required to mine the coal has dropped from 129 in 1958
to 76 in 1982. That means it is taking more energy to
recover the energy we can actually use. If this trend
were to continue, a point would be reached where it
takes more energy to recover a Btu of fuel than that fuel
provides. Of course, in some cases that already occurs
because we are using Btu's to increase the quality of the
energy we want to use. The best example is electricity,
where about three Btu's of fuel energy are used to
generate one Btu of electric energy. However, we can
do many things with electricity that we cannot do with
only heat sources. Nevertheless, as the energy required
to recover our basic energy resources increases, it will
leave less available for providing our goods and
services. The choice of what source of energy should be
used to meet an energy need is another example of a
waste reduction management option.

The energy required to produce some of our raw
materials is also incieasing. Copper ore containing one
percent copper requires about 52 million Btu's to
produce one ton of pure copper. If the ore only
contained three-tenths of a percent copper the energy
requirement would increase to 102 million Btu. On the
other hand, if impure scrap copper were reclaimed it
would only take one million Btu's to produce the pure
copper. In the United Slates the average copper ore
grade has decreased from 2.5 percent in 1905 to 0.5
percent in 1980. The result is an increased energy
requirement for copper produced in the U.S. and more
imports of copper from foreign countries that still have
higher grade ore deposits.

Recycling of materials is one way to manage solid
wastes and also reduce energy needs. Figure 2 shows
th? energy requirements for producing one ton of
material from virgin feedstocks and from recycled
materials. For materials like plastics and aluminum, the
energy savings are dramatic. The savings for materials
like glass and newsprint are not as great. Interestingly,
glass and newsprint are recycled at much greater levels
than plastics. Obviously, energy considerations are not
the driving factors.
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Figure 2. Energy Required to Produce One Ton of
Materials from Virgin Sources and Recycled Soun

In Washington State the potential energy savings by
recycling plastics could amount to five trillion Btu/year.
That is enough energy to supply 100,000 homes with
their energy needs for one year. This is based on the
current amount of plastics that are discarded and the
energy savings per ton. Today, only a very small
quantity of plastics are being recycled. Washington
recycles about 12 percent of its glass and saves 0.02
trillion Btu/year. If all the glass were recycled the
energy savings would be 0.2 trillion Btu, much less than
the potential savings from recycling plastics.

METHODS FOR REDUCING WASTE

Recycling is one of the more popular waste
management options. There are several other ways to
reduce the quantity of material that we discard. They
include: 1) building things that last longer, i.e.
durability, 2) using less material for accomplishing the
same purpose, i.e. light weighting, 3) substituting
materials, 4) process changes, and 5) policy actions.

Building products that nave a longer useful life can
reduce the amount of discards and save energy.
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Unfortunately, our current trend is towards less durable
goods and more disposables, ranging from razor blades
to cameras. Automobiles may be an exception to the
disposable attitude. The average age of automobiles has
increased from 5.5 years in 1970 to 7.5 years in 1987
(Polk, 1988). A companion to durability is repairability,
Our current system often makes the cost of buying a
new item less than the cos: of repair.

Light weighting of materials has been occurring for
many years. The weight of aluminum beverage cans has
been reduced by 22 percent since 1965. Newspaper
have seen a six percent weight reduction since 1974 and
the weight of automobiles dropped sixteen percent from
1975 to 1985. The weight of train locomotives presents:
a classic example of light weighting and substitution
(Williams, 1987). In 1810 a typical locomotive weighed
1300 kg/horsepower. In 1980 the weight is less than 50
kg/horsepower. The reduction is due to conversion from
cast iron steam locomotives to diesel electric
locomotives, both a change in materials and technology.

Substitution of materials can affect both energy
requirements and emissions. A recent study by the
German Office of Environment compared the energy
needs and emissions for producing kraft paper bags and
polyethylene bags (Federal Office of the Environment,
1988). They accounted for the energy and emissions
starting at the oil well or forest and following through to
delivery of the bag to the store. The assumption was
one time use of the bags. They found that it take 50
percent more energy to make the kraft bag. They also
showed that a reusable jute bag would only require five
percent of the energy needed to make the ''mft bag. The
study also showed that sulfur oxide, nitrogen oxides, and
carbon monoxide emissions were all lower for the
polyethylene bags. The volatile organic carbon
emissions were higher for the plastic bags. Once again
the choice available to the consumer has an affect on
energy and the environment.

Government policy can be very influential in affecting
energy and environmental decisions. Gasoline prices
offer a prime example. In 1987 gasoline sold for $4.00
per gallon in Italy and only $0.88/gallon in the U.S.
Since the cost of producing gasoline from crude oil is
basically the same world wide, the difference in price at
the pump is due to taxes. Nations that want to limit the
quantity of gasoline used can do so by imposing a tax on
the fuel. The result is lower energy use and lower
emissions.
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CONCLUSIONS

Waste reduction is a preferable management option
because it requires less energy and produces less
environmental degradation. There are many ways to
achieve waste reduction and most choices result in net
benefits to society.
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LANDFILL GAS MANAGEMENT AND END USE1

David G. Vonasek3

INTRODUCTION

I Landfill gas, like sewer and marsh gas, is a biogas.
It is generated by the biological decomposition of (

organic matter in solid waste landfills. Once gas
production begins, it can continue for 30 to 50 years or
more, until all of the organic matter is completely
decomposed. The evolution of landfill gas
management in the United States began in the 1970s
because of the concerns for health and safety. Over
the years, there have been many documented cases of
loss of human life or serious injury caused by
explosions or accumulations of landfill-derived gases.
The federal Environmental Protection Agency's
(EPA's) Resource Conservation and Recovery Act of
1976 (RCRA) established the first federal regulatory
performance criteria requiring landfill owners and
operators to control the escape of landfill gas. These
regulations have led to the installation of hundreds of

I gas control systems at landfill sites across the country.1
! W Y

Following the oil embargo in the mid-1970s, the
need for new energy sources led to the development of
the landfill gas-to-energy industry. Today, there are
approximately 150 gas recovery projects within 20
states that have, or plan to have, landfill gas recovery
projects in operation.3 The economic feasibility of
landfill gas recovery depends on the energy market
and the physical characteristics of the landfill. The
technical feasibility, however, has been clearly
demonstrated. Today, there are still a large number
of recovery projects being planned, even in the face of
reduced energy prices over recent years.

LANDFILL GAS CHARACTERISTICS AND
PRODUCTION

Landfill Gas Characteristics

Landfill gas is a generic name describing the by-
product gases produced by the anaerobic
decomposition of organic matter in most municipal
solid waste landfills. Like all biogas forms, it is
composed primarily of methane at 50 to 70 percent by
volume, with the balance being carbon dioxide. Trace

'Presented at the National Bioenergy Conference in
Coeur d'Alene, Idaho, March 19, 1991.
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amounts of other gases, including oxygen, nitrogen,
and hydrogen are also typical in the gas. Depending
on the character of the waste in the landfill, the gas
can also contain trace amounts of volatile organic and
inorganic compounds. Some of the more commonly
found trace constituents found in landfill gas include
vinyl chloride, trichloroethylene, toluene, benzene, and
hydrogen sulfide.

Pure methane is colorless, odorless, and lighter
than air. When mixed in air and in the presence of an
ignition source, it is combustible at concentrations
between 5 to 15 percent by volume. While methane
and carbon dioxide are not considered to be toxic to
humans, they are simple asphyxiants that can displace
oxygen in the air if allowed to accumulate in a
confined area or space. Landfill-derived methane has
a characteristic pungent odor similar to that of rotten
eggs. This odor is generally attributed to the presence
of sulfur-based compounds, i.e. mercaptans, which are
present in almost all landfill gas sources.

Landfill Gas Production

Landfill gas undergoes a four-step evolutionary
process before it achieves steady-state, methanogenic
production. The first phase, which lasts several days
to weeks, is aerobic, with oxygen and nitrogen as the
principle gases in the landfill. They are present as
components of air trapped during the placement of the
refuse. Also during this phase, the initial formation of
carbon dioxide begins. Phase two, lasting up to
several weeks, is characterized by the transformation
from an aerobic to an anaerobic environment
following depletion of oxygen within the landfill.
During this time, the production of carbon dioxide
continues to increase, along with a small amount of
hydrogen. The third phase, which is anaerobic, can
last several months to several years. During this
phase, a gradual reduction is seen in the production of
carbon dioxide, along with the depletion of hydrogen.
Also, the first evidence of methane occurs. Finally,
the pseudo-steady-state condition occurs under which
the production of methane and carbon dioxide achieve
equilibrium. This phase can last several years to
decades until all organic matter within the landfill has
been depleted.

The rate of landfill gas production is directly
affected by the suitability of the landfill for optimum
anaerobic, biological activity, and the physical
characteristics of the landfill itself. Environmental
factors that affect the rate of gas production include
moisture content, temperature, pH, presence of
nutrients, and oxygen concentrations within the
landfill's interior. Physical factors include the
geographic location of the landfill, biodegradability of
the waste components, depth of refuse, degree of
refuse compaction, and the type and depth of the
cover soils used during landfill operations.
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The production of landfill gas is continuous within
almost all municipal solid waste landfills. As the
storage capacity of the landfill is exceeded by the
produced gas, a positive static pressure develops that
can drive the gas from the landfill, creating subsurface
migration or emissions of odors and potentially toxic
or other "greenhouse" gases. Internal pressures can
reach 25 inches water column, depending upon the
rate of biological activity with the refuse.

Research in the kinetics of landfill gas production
has suggested that, theoretically, an average of
between 1.0 to 4.0 cubic feet of landfill gas can be
ultimately produced by each p-. <nd of dry municipal
solid waste. This, however, does not mean that every
pound of refuse produces gas. The composition and

the homogeneity of the refuse within every landfill
varies greatly. The percentage of nondecomposable
and inert material in municipal solid waste facilities is
significant and greatly influences the amount of gas
produced.

Experience has shown that total overall gas
production within a landfill gradually increases with
time during the active life of the site. Following
closure, the gas production typically peaks within
approximately 3 to 10 years, then declines
exponentially over the next several decades.

REASONS TO INSTALL A LANDFILL GAS
COLLECTION SYSTEM

Landfill gas collection systems are usually installed
to satisfy regulatory requirements. Over the past 15
years, federal, state, and local environmental
regulations pertaining to the management of landfill
gas have become more stringent. The U.S. EPA is
now considering additional landfill gas control
regulations to address air quality concerns such as the
emissions of VOCs and potential greenhouse gases
(i.e. methane and carbon dioxide).

To comply with these regulations, an increasing
number of gas control systems will have to be installed
in landfills across the country, in addition to the large
number of systems already in operation. Because of
the sometimes minimal investment required to convert
a "control" system into a profitable "recovery" system,
many gas recovery programs have been developed
from existing control systems. A significant portion of
the cost to construct a recovery system is in the
installation of the collection field (welis, collection
piping, condensate systems, and so on) all of which are
also necessary for an effective control system.

In general, revenues generated from the operation
of a gas recovery system usually increase with the
quantity of methane extracted from the landfill.
However, when using a gas control system for recovery
purposes, one must realize that the primary purpose of
the collection system is regulatory compliance. To

maintain the level of control required to mitigate
landfill gas migration or emissions, the high rate of gas
extraction by an active collection system may result in
ambient air being drawn into the landfill. Eventually
this air enters the gas stream and reduces the methane
quality. To increase revenues, attempts are often
made to reduce gas extraction rates in an effort to
improve the gas quality. These actions often sacrifice
the system's control capabilities; the landfill may no
longer be in compliance with regulations. For some
sites, it is possible to have two separate operating
systems; one for control and one for recovery. The
control system maintains site compliance, while a
separate recovery system can extract high quality gas
from the remaining areas of the landfill.

Another decision to develop a gas collection
system may be purely economic. In such situations,
the landfill may be in compliance with gas control
requirements and thus, no mitigative measures are
necessary. Under this scenario, the gas collection
system is free to operate without constraints; methane
quality and quantity can be maximized.

There are no concrete rules that can be applied to
a landfill site to evaluate it as a candidate for a
recovery program. It has been suggested that if a
landfill has more than 1,000,000 tons of inplace refuse
and site closure is less than three years past, it could
be feasible. However, even if a site meets these
criteria, one must not immediately start drilling gas
wells. Developing a landfill gas recovery program is a
complex process and must be properly planned.

COMMON APPLICATIONS OF LANDFILL GAS

There are several ways in which landfill gas can be
used. Like most biogas forms, landfill gas is generally
composed of methane and carbon dioxide in
approximately equal amounts. In its natural form, it is
considered to be a medium-Btu energy source because
of the large concentration of carbon dioxide. If the
carbon dioxide and other trace gases are removed, it
can be converted to a high-Btu energy source, or pipe-
line-quality gas. Some of the more common uses of
landfill gas include the following.

Medium-Btu
- Space heating
- Boiler feed
- Onsite electrical generation

High Btu
- Natural gas

However, the most common application for landfill gas
is onsite electrical generation for operating internal
combustion, gas turbine, or steam-driven generator
sets. Once generated, the produced power is metered
and fed directly into the local utility's power grid. The
federal Public Utility Regulatory Policies Act
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(PURPA) requires utility companies to purchase
generated power from small-source generators, which
include landfills. Revenues are based on current
"avoided rates" established by the utility and are
usually paid on a per-kilowatt basis. The economic
breakeven point for a landfill gas-to-eiectric is roughly
in the $0.04- to J0.05-per-kilowatt range.

If there are commercial businesses within a 2- to
3-mile radius of the landfill that use natural gas,
landfill gas can be conveyed and sold to these users as
a fuel source. This application is generally not
economically attractive for more distant customers
because the costs of pipeline construction and
operation.

The process equipment necessary for the
conversion of the landfill gas to a pipe line quality
product is costly and expensive to operate, making this
option feasible mainly for landfills capable of
producing in excess of 3 to 4 million cubic feet per day
of landfill gas.4

DEVELOPING A LANDFILL GAS-TO-ENERGY
PROJECT

The initial step in developing a recovery project
normally begins with an evaluation of the amount of
recoverable gas that can be expected to be produced
and collected, and an evaluation of potential energy
users.

s Gas Production and RecoveryPrediction ftf
Potential

Computerized mathematical models have been
developed that can provide conceptual estimates of
the amount of gas produced by a landfill. However,
field modeling is indispensable for providing a more
accurate estimate of the quantity and quality of
methane than can be recovered. Field modeling, or
testing, simulates actual operating conditions to
physically measure the amount of methane that can be
extracted from a representative portion of the landfill.
A cluster of gas extraction wells are installed and
connected by piping to a portable motor/blower. This
unit provides the negative pressure used to extract the
gas from the landfill during the dynamic phase of the
test. During the operating period, gas parameters such
as gas composition, pressure, and flow rate are
measured at each of the wells. The flow rates are
then adjusted to achieve maximum methane quantity
and quality under steady-state conditions. To provide
information on the recommended spacing of future

'Maxwell. G., "Will Gas-to-Energy Work at Your
Landfill?", Solid Waste and Power. Vol. IV, No. 3, June 1990,
pp. 44-50.

extraction wells, pressure monitoring probes are
installed radially from a selected number of wells to
measure the horizontal influence within the refuse
during gas withdrawal. The data collected by the field
test are then used to estimate the amount of
recoverable gas that can be expected from the entire
site.

Based on the results of the field test, the
mathematical model can be modified to reflect a more
accurate long-term prediction of the site's production
potential and for use in analyzing the economics of
recovery.

Evaluation of Potential Customers

The feasibility study for a landfill gas recovery
program also includes an evaluation of the potential
market for the recovered gas. Potential customers
must be located, their energy needs determined, and
an estimate must be made of the revenues that can be
expected from selling the energy.

Economic Analysis

Once a long-term prediction is made of the
amount of gas that can be recovered and an end use
of the gas has been determined, an economic analysis
is then undertaken to determine recovery feasibility.
No landfill gas recovery program should proceed past
this point without first understanding the likely costs
and returns on investment.

Results of the field and mathematical modeling
are submitted to developers that specialize in these
projects, or to equipment manufacturers to obtain cost
estimates for supplying and installing the recovery
equipment. The gas collection system construction,
and system operating and maintenance cost estimates
are also prepared for use in the analysis. All of these
cost-and-revenue projections are used to develop a
long-term economic forecast for the proposed project.
This is the "go, no-go" point for many gas recovery
programs.

Negotiate Sales Contract With User

If the economic analysis indicates the program will
be profitable, the next step is the negotiation of a sales
contract with the energy purchaser. In most cases, the
length of these contracts runs between 5 to 20 years.
However, with the declining cost of oil and other
energy sources over the past several years, the landfill
recovery industry is no longer experiencing the
exponential growth and high sales revenues that it was
during the late 1970s and early 1980s. Today, these
energy sales contracts often fall short of generating the
revenues required to justify the cost of installing and
operating a landfill gas recovery program.

45



In certain instunces, these costs can be offset
through federal lax credits that are available for
alternative energy sources. To reduce our country's
dependence on foreign oil, the federal government
established tax credits as an incentive for the
development of alternative sources of energy. To
qualify for the credit, the energy must be sold to an
independent third party; the credits are not available
to those who use the energy on site for use as an
energy source to offset the cost of landfill operations.
For 1991, the credit has been projected to be
approximately $90 per million Btu's of recovered
energy.

Under the current tax laws, a candidate landfill
site must have "substantially completed" installation of
the gas recovery system by December 31, 1992, to
qualify for the tax credits. Once the system is installed
and operating, the credits can be received until the
year 2002. A House bill is currently under debate in
Congress lo extend the period for receiving the credits
out to the year 2010.

Permitting

One of she major obstacles to landfill gas
collection system construction is the permitting
process. With society becoming increasingly aware of
environmental issues, obtaining regulatory approval for
most solid waste-related programs is becoming more
and more difficult. Operating and construction
permits for a landfill gas recovery system can be a
painstaking process and can take several months to a
year or more, depending upon the location of the site.

Concurrent with the permitting process is the
design development for the gas collection and energy
recovery systems. Once designs are completed, and all
construction permits have been issued, construction
can begin.

COMPONENTS OF A LANDFILL GAS
COLLECTION SYSTEM

An efficient gas collection system is generally
composed of the collection field, including gas
extraction wells; collection piping; valves; gas
condensate system; and the equipment complex that
includes the mechanical and electrical systems.

Collection Field

To protect it from the corrosive nature of landfill
gas, most collection systems are constructed from
thermoplastic piping systems, i.e. polyvinyl chloride
(PVC) or high-density polyethylene (HDPE). The
most effective gas extraction wells are generally
vertical wells drilled into the refuse to a depth
approximately equal to that of 75 to 85 percent of the
depth of the waste. Vertical wells are typically spaced
every 150 to 300 feet apart, depending on refuse depth

and cover soil type, in a symmetric configuration. The
well casing consists of a perforated section installed
along the lower portion of the drill hole connected to
a solid riser section that extends up to the surface. A
coarse aggregate is backfilled around the perforated
interval, followed by an impermeable seal of bentonite
clay just above the lop of the aggregate. The
remainder of the boring is then backfilled with a fine-
grained soil up to the surface. Each well is equipped
with an adjustment valve to regulate gas extraction
rates, and sampling ports to enable gas composition,
pressure, and flow rate to be monitored. Gas
extraction wells can also be horizontal, thereby
permitting them to be installed in lifts as the landfill is
constructed. The perforated piping is installed into
aggregate filled trenches excavated into the refuse
during landfilling operations. Horizontal wells are
typically spaced approximately 200 to 250 feet apart
horizontally and every 50 feet vertically.

The gas extraction wells are connected together by
a collection piping system that conveys the gas from
the wells to the equipment complex. Because landfill
gas is produced within the landfill at temperatures in
the range of 90 to 130°F., a liquid condensate is
generated as the gas temperature drops upon reaching

the landfill surface. To prevent accumulations of the
condensate from obstructing gas flow, the collection
piping must be sloped to low points at which the
condensate can then be discharged from the system.
Past practices have allowed this condensate to be
recycled back into the landfill. However, under the
new proposed EPA Subtitle D regulations, tha'
practice will no longer be allowed unless the landfill is
equipped with a composite base liner and leachate
collection systems. If the landfill lacks either of these
systems, the condensate must be collected and
disposed of at a wastewater treatment facility, or by
other acceptable means of disposal.

Equipment Complex

The gas is extracted from the landfill by negative
pressure generated by centrifugal blowers or
exhausters. For most gas collection systems, these
electrically driven units are generally sized to provide
a total system pressure in the range of 20 to 70 inches
water column.

Before entering the inlet of the blower, the landfill
gas stream passes through a moisture knockout vessel
to remove excess moisture and paniculate matter. If
not removed prior to entering the blower, the moisture
and particulated in the gas could posibly rust or be
abrasive to the blower impeller or bearings.

Following the discharge of the gas from the
blower, the landfill gas is prctreated before use as an
energy source. It is here that carbon dioxide or the
trace constituents are removed. If the gas is not being
recovered for energy, the raw landfill gas is simply
incinerated in state-of-the-art flares designed to
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provide destruction efficiencies of VOC's in excess of
94 percent. Following •my pretreatinem, the gas is
then conveyed to the point at which it will be used.

System Operation

Once the system is on line, the collection field
requires routine monitoring to maintain the quantity
and quality of landfill gas required by the energy
recovery equipment. Usually once each month, all

wells must be monitored and adjusted as necessary.
All system components must also be inspected and
maintained regularly to assure system integrity and
effectiveness. It :s crucial that an effective operating
program be developed and implemented. Operating
records must be kept of monitoring results, equipment
repairs and maintenance, downtimes, or any other
pertinent information.

CONCLUSION

In closing, the management of landfill gas is an
industry that has become, and will continue to be, of
major importance. Gas control is becoming more
actively scrutinized by regulatory agencies. Left
uncontrolled, it can create environmental problems
that affect health and safety issues^pose potential—
hazards, and degradejurjjuadityJLandfill gas
recovery^ however/has aiso been demonstrated to be a
profitable venture. The success that the landfill gas
recovery industry experienced in the 1970s, 1980s, and,
hopefully, in the 1990s, has proven that it is possible to
use our landfills in a beneficial manner, while reducing
our country's dependence on foreign oil. \

David G. Vomasek.
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TOXIC AND HAZARDOUS AIR POLLUTANTS FROM
CO-FIRING BIQMASS FUELS, FOSSIL FUELS,
MSW AND RDF1

David C. Junge*

/-A

I a
: Toxic and hazardous pollutants

are defined and then are considered front
the perspective of pollutants which enter
the combustion process with the fuel
(principally the metals and metallic
compounds) and pollutants which are
formed as products of incomplete
combustion (PICS). Control strategies
are reviewed through the entire process
including fuel preparation and storage,
combustion control and the application of
air pollution control devices.
Measurement techniques for specific toxic

I and hazardous air pollutants are
I discussed.

INTRODUCTION AND BACKGROUND

In June 1989, the Alaska Energy
Authority published a monograph entitled
"Use of Mixed Fuels in Direct Combustion
Systems" authored by D. Junge. The
publication provides a technology
assessment of co-firing, that is, burning
two or more fuels simultaneously in
boilers, furnaces and other combustion
devices. Chapter 8 of the publication
summarizes the principal environmental
concerns associated with co-firing of
fuels. The text touches on emissions of
toxic and hazardous pollutants but does
not go into great detail.

Recognizing the growing importance of
toxic and hazardous air pollutant
emissions on the siting and operation of
combustion and energy recovery
facilities, it seemed appropriate to
prepare and publish a follow-on monograph
dealing with that topic. Thus, in June
1990, the Alaska Energy Authority
published a second monograph entitled
"Toxic and Hazardous Emissions Associated
with Co-Firing of Fuels in Direct
Combustion Systems," again authored by D.
Junge.

1 Presented at the 1991 National
Bioenergy Conference, Coeur d'Alene, ID,
March 18-21, 1991.

2 The author is a Professor of
Mechanical Engineering at the University
of Alaska Anchorage, Anchorage, AK.

The technical paper presented today is
based upon the June 1990 monograph of the
Alaska Energy Authority. A second paper
presented at this conference entitled
"Co-Firing Biomass and Fossil Fuels"
summarizes some of the important findings
of the monograph published in June 1989.
Copies of the complete text of each of
the two monographs are available by
request from the Alaska Energy Authority,
P.O. Box 190869, Anchorage, AK 99519-
0869.

TOXIC AND HAZARDOUS AIR POLLUTANTS

It is helpful at the outset to define
"toxic and hazardous air pollutants".
Stern (1984) suggests that toxic
substances are those which result in
acute or chronic damage to living systems
whereas hazardous substances are
characterized as either flammable,
explosive (or highly reactive),
irritating, sensitizing, corrosive,
radioactive or genetically interactive
(mutagenic, teratogenic, carinogenic).

If you read through air pollution
texts, technical papers and federal and
state regulations on air pollution
looking for some standardized, accepted
definitions, you will find authors do not
all agree on those offered by Stern.
However, most authors a^ree that toxic
air pollutants and hazardous air
pollutants are air pollutants which may
be either toxic or hazardous but which
are not included in the "criteria"
pollutants (CO, HC's, oxidant, SO2, NOx,
TSP and lead). Also, there is agreement
that toxic and hazardous air pollutants
are distinguished from "hazardous wastes"
and from "principal organic hazardous
constituents - (POHCs)" as defined under
RCRA. Commonly used terms such as "air
toxics", "toxic air pollutants", and
"hazardous air pollutants" appear to be
synonymous.

Toxic and hazardous air pollutants
which are found in the exhaust gas
streams from most combustion processes
can be attributed to either one of two
sources:

o They may be toxic or hazardous
materials which enter the combustion
process with the fuel and which leave
the combustion process in a toxic or
hazardous state. The most common
example of such materials are trace
components of metals.

o They may be generated as products of
incomplete combustion (PICs). PICs
may include both the "criteria
pollutants" such as CO or HC's and
the toxic and hazardous pollutants
such as benzo-a-pyrene, formaldehyde,
and polycyclic aromatic hydrocarbons.

48



Pollutants Which Enter the Combustion
Process with the Fuel

There are many pollutant materials
which are constituents of commonly used
fuels. That is true in the case of
fossil fuels, wood fuels, municipal solid
waste (MSW) and refuse derived fuels
(RDF). But if the fuels are reasonably
well prepared for combustion, and the
combustion process is reasonably well
controlled, then the majority of the
pollutant components entering the process
with the fuel(s) are physically and/or
chemically converted to "non-polluting"
products of the combustion process.

That is not true in the case of trace
raetal constituents of fuels. Trace
metals entering combustion processes can
be expected to leave the process as toxic
and hazardous materials even though they
may have undergone oxidation/reduction
reactions.

Most fuels contain metals in trace
concentrations. Of the fuels which are
commonly fired, only natural gas is free
of trace metal contaminants. Order of
magnitude estimates of the annual
emission rates of these trace metals can
be made based on annual fuel use rates,
the concentration of trace metals in each
fuel used, and on the capture efficiency
of any air pollution control devices that
may be attached to the furnace or boiler
facility.

Western Coals

Coal is known to contain trace
quantities of metals plus the
radionuclides thorium and uranium. Upon
entering the combustion process, these
materials will be divided between bottom
ash and fly ash. The fraction that
becomes part of the total bottom ash will
leave the boiler or furnace vith the
bottom ash stream. That portion which
leaves the boiler or furnace as fly ash
will be separated into collected fly ash
(gathered in pollution control devices)
and emitted fly ash (that which leaves
the system entrained in the exhaust gas
stream).

Table 1 contains average
concentrations of metals and
radionuclides for western coals. The
table also includes estimates of the
percentage of the trace elements that

3 Since there is as yet no official
designation of C02 as a pollutant, it may
still be permissible to refer to N2, C02,
and H20 as non-polluting products of
combustion.

become entrained as fly ash (Dickson
1987, p. B-5). Based on these estimates,
calculations can be made to determine how
much of each of the trace elements would
be emitted from the combustion process as
fly ash per ton of western coal burned.
Note that the last column assumes that no
emission control systems are operating on
the furnace and that all of the fly ash
is released to the atmosphere.

Table 1: Concentration of Metals in
Western Coal & Uncontrolled Emission
Factors

Metal

Arsenic
Beryllium
Cadmium
Chromium
Manganese

Mercury
Nickel
Radionuclides

£EMJ

15
0
5.0
15.5
55.8

0
59

92
70
83
77
69

Cono^

0.028
0.00083
0.0083
0.024
0.077

0.19 99 0.00038
14.9 82 0.024
2.05 67 0.0027

1) PPM « lbs of metal/million lbs coal
2) EF » percentage of incoming metal

which leaves the combustion
zone as entrained material

3) Cone - concentration of pollutant
metal expected in the exhaust
gas stream assuming no emiss-
ion controls downstream from
the combustion chamber. The
values shown are expressed in
units of lbs of metal/ton coal

Note in Table 1 that 99% of the
mercury in the fuel evaporates and is
carried out of the furnace/boiler as
mercury vapor at low concentrations.
Mercury vapor is extremely difficult to
capture in the exhaust gas streams of
combustion sources.

The information in Table 1 can be used
to predict annual emissions of metals
from boilers and furnaces which fire
coal. However, assumptions must be made
concerning the degree of emission control
applied to the system for each of the
metals. To illustrate, assume that a
facility burns coal at a rate of 9,500
lbs per hour in order to generate steam
at a rate of 100,000 lbs per hour. If
the collection efficiency in the
pollution control devices is 98.5% for
the cadmium component of the fly ash,
then the annual emission rate to the
atmosphere for cadmium would be
approximately 5.11 lbs/ye&r. This can be
verified with a relatively simple
calculation.
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Similar calculations can be made to
estimate the amount of metals that would
be collected in the bottom ash and in the
air pollution control devices. Such
calculations may be helpful in
determining the quantity of toxic
materials that would be included in the
disposable collected ash. In this
particular example, one can expect to
find approximately 405 lbs of cadmium in
the collected ash. Just to keep this in
perspective, note that if the total ash
content of the coal is 5% (a nominal
value), the total ash collected in the
course of a year would be approximately
4.1 million lbs.

Wood Fuels

Emission factors for trace metals
emanating from residential wood
combustion were reported by DeAngel is et
al (1980). The metals included arsenic.
cadmium, chromium, manganese, mercury and
nickel with values ranging from 7.2 x 10-
5 to 3.4 x 10-3 lbs per ton of fuel
burned. These values were judged to be
insignificant (Dickson 1987, p. B-36).

No data of ? similar nature were found
for industrial wood combustion. However,
as an order of magnitude check, assume
that the emission factors for residential
wood combustion are similar to those for
an industrial wood fired boiler. Assume
further that 7 tons of wood (dry basis)
are burned per hour to generate 100,000
lbs/hr of steam. The average annual
emission rate of any of the trace metals
can then be estimated as 105 lbs/year.

Admittedly such calculations are of
limited value since they are highly
speculative rather than being based on a
sound data base. However, they do
suggest an order of magnitude level of
emissions of trace metals.

Municipal Solid Waste

Using data from several literature
sources, Dickson et al (1987, p B-18)
developed a table of emission factors of
trace metals from three types of
municipal waste incinerators (multiple
chamber, single chamber, and controlled
air). The information is reproduced in
Table 2.

For co-firing installations in which
municipal solid waste (MSW) is one of the
fuels used, the data in Table 2 can be
used to estimate the annual emissions of
trace metals. For example, assume that
coal and MSW are co-fired such that 90%
of the energy comes from coal and 10% of
the energy comes from MSW. If the plant
generates 100,000 lbs of steam per hour,
then the approximate rate of MSW feed

Table 2: Metal Emission Factors for 3
Types of Municipal Waste Combustors

**

As
Be
Cd
Cr
Pb
Mn
Ni

**

Type of Combustion Svstem

Multiple
Chamber
(Lbs/ton)

0.00084
0.000021
0.0055
0.034
0.13
0.013
0.029

Units are in
of fuel.

Single
Chamber
(Lbs/ton)

0.0018
0.000045
0.012
0.074
0.29
0.027
0.062

Controlled
Air

(Lbs/ton)

0.000168
0.000004
0.0011
0.0068
0.027
0.0025
0.0057

lbs of metal per ton

will be 1.7 tons per hour. Most coal
combustion facilities will be roughly
equivalent in design to a single chamber
incinerator (in terms of the effects on
emissions of trace elements). It is
assumed (for illustrative purposes) that
the air pollution control device on the
coal fired plant will capture 96% of the
lead. Using these assumptions it is
possible to calculate the annual exhaust
gas emissions of lead (emanating from the
MSW only) at 170 lbs/year. The annual
collection rate of lead from the MSW in
the bottom ash and collected fly ash can
be calculated as 4,089 lbs per year.

In June 1987, a report entitled
"Emission Data Base For Municipal Waste
Combustors" was completed by Midwest
Research Institute. This report includes
10 pages of extensive data tables
regarding measured emission levels of
arsenic, beryllium, cadmium chromium,
lead, mercury and nickel from municipal
waste combustion facilities. Interested
readers may wish to refer to this report
for additional data on metallic emissions
related to combustion of MSW.

Refuse Derived Fuels

Refuse derived fuels (RDF) come from
municipal solid waste. The MSW is
typically processed to remove white goods
(refrigerators, washers, dryers, etc.),
large pieces of non-ferrous materials, a
high percentage of all ferrous materials
(via magnetic separation), storage
batteries, glass, aluminum cans, etc.
The shredded, processed waste may also be
subjected to air separation which
classifies the waste according to density
and removes rocks and other dense objects
from the accept fuel stream.
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Cleverly et al, (1987, p. 3-13)
provides data on metal emission rates
from RDF but fails to specify the type of
combustion facility that was used to burn
the RDF. In view of the differences
noted in emission factors as a function
of combustor type for MSW (see Table 2),
it is suspected that combustor types
would have a significant influence on RDF
as well. Cleverly's data for RDF is
reproduced in Table 3.

Table 3: Metal Emission Factors for
Refuse Derived Fuels

Meta] Emission

Arsenic
Beryllium
Cadmium
Chromium (hexavalent)
Lead
Mercury
Nickel

Note: Emission factor values
units of micrograms of
per gram of controlled
late emissions.

Factor

90
65
106

10,912
10,530

868
5,770

are in
metal
particu-

Some of Cleverly's data for RDF is
subject to question. The values given
for beryllium, for example, are
significantly higher for RDF than for
MSW. That doesn't follow logically in
view of the preparation of RDF from MSW.
Similarly it is noted that chromium
levels for RDF are reported higher than
for MSW. There is no apparent
explanation for the increase.

Application of Cleverly's data for
purposes of estimating annual emission
rates of metals due to combustion of RDF
may be accomplished through calculations
similar to those used for MSW. To
illustrate, assume that 1.7 tons per hour
of RDF is burned (on a co-fired basis
with coal) to supply a portion of the
total heat input to a boiler or furnace.
Junge (1989, p. 92) estimates that the
higher heating value of RDF averages
5,800 BTU/lb and that the exhaust gas
flow rate for RDF is 29,200 ACF per
MMBTUin. If the particulate emission
rate from the facility is 0.05 gr/SDCF,
then the annual emission rate of lead can
be estimated as 217 lbs per year. This
compares with the estimated value for MSW
combustion of 17 0 lbs per year and
indicates that at least the estimated
values are within an order of magnitude.
This should not be surprising since the
fuel preparation involved for RDF does
not specifically attempt to remove lead
from the MSW except for storage battery
removal.

This completes the discussion of trace
metals that enter the combustion process
wiLh luels. The information provided
herein may be used to guide readers in
estimating approximate annual emission
rates of trace metals expected when these
types of fuel are fired. Such estimates
should prove to be particularly useful as
s^ate and federal regulations for toxic
and hazardous air pollutant emissions
take effect in the next few years.

TOXIC AND HAZARDOUS PRODUCTS OF
INCOMPLETE COMBUSTION

Products of incomplete combustion
(PlCs) are found in the exhaust gas
streams of most combustion processes.
Usually they are found in low
concentrations, typically in the range of
a few parts per million or a few parts
per billion. The number of chemical
compounds may be quite large, however,
not all PICs for any given exhaust gas
stream are apt to be classified as toxic
or hazardous.

Emission factors for PICs generated
from the burning of coal, wood, MSW and
RDF have been reviewed based on a survey
of the literature. Unfortunately the
technical literature provides a very
incomplete data base on emission factors
for PICs at this time. The present list
includes formaldehyde, chlorobenzenes,
chlorophenols, polycyclic organic matter
(POM), polycyclic aromatic hydrocarbons
(PAH), polychlorinated biphenols (PCBs),
polychlorinated dibenzo dioxins (PCDDs)
and polychlorinated dibenzo furan*
(PCDFs). The limited data base is
understandable since PICs have not been
given high priority in air pollution
research and development. Most of the
published data in this area has been
generated only within the past 5 years.

Coal-Related PICs

The literature yields only two
emission factors of PICs for coal: one
for formaldehyde and one for POM. USEPA
(1985) lists emission factors for
formaldehyde for 5 types of coal
combustors. These are shown in Table 4.

TABLE 4: Formaldehyde Emissions From
Coal Combustion

TvDe of Combustor

Pulverized coal
Chain grate stoker
Spreader stoker
Underfeed stoker
Hand-stoked

Emission Factor
fna/J)

0.048
0.060
0.095
0.53
0.027
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For purposes of this paper, it is
appropriate to consider an average
emission factor for formaldehyde based on
pulverized coal boilers, chain grate
stoker systems and spreader stokers. The
arithmetic average emission rate for
these three combustors is 0.068 ng/J.

The units (nanograms per Joule) may be
awkward for some applications. However,
they can be readily converted to units of
lbs per ton if the higher heating value
of the coal is known. For example, if
the higher heating value of coal is
assumed to be 12,500 BTUs per pound, the
emission factor can be converted to an
equivalent value of 0.0040 lbs of
formaldehyde per ton of coal burned. The
conversion is a fairly straight forward
linear equation based on equivalent
units.

This emission factor (i.e., 0.0040 lbs
of formaldehyde per ton of coal burned)
can now be used to estimate annual
emissions of formaldehyde from a given
coal burning facility. For example,
assume that 9500 lbs of coal are burned
hourly to generate 100,000 lbs/hr of
steam. The estimated annual emission of
formaldehyde from this process is 164
lbs/year.

A range of emission factors for POM is
provided by Kelly (1983). The range is
given as 7 x 10~6 to 4 x 10~5 lbs POM per
ton of coal. This range is based on
combustion facilities whose particulate
emissions are controlled using an
electrostatic precipitator (ESP).

The emission factor can be used to
estimate the range of annual emissions of
POM expected from coal combustion. For
example, if coal is consumed at a rate of
9500 lbs per hour to generate 100,000 PPH
of steam, the range of annual emissions
of POM expected from the facility would
be 0.3 to 1.6 lbs of POM/year.

Wood Fuels

A report by the Tennessee Valley
Authority (TVA 1983) provides emission
test data on uncontrolled emissions of
POM from test burns of white oak and
mixed logs in a test boiler. The
resulting average emission factor for POM
was calculated to be 0.16 lbs of POK per
ton of wood fuel. No emission factor was
offered for formaldehyde or other
emissions although such emissions are
expected from the combustion of wood
fuels in industrial boilers.

For a boiler that consumes 7 tons of
wood per hour to generate 100,000 lbs per
hour of steam, the average annual
emission rate of POM may be estimated
using the TVA emission factor as 9700 lbs
of POM/year.

it should be noted that the emission
factor developed by TVA cam* as a result
of a limited number of tests using fuels
which are not typical of those used in
industrial wood-fired boilers.

Municipal Solid Waste

Dickson (1987, p. B-18) provides emission
factors for organic compounds emitted
from the combustion of MSW. The data are
shown in Table 5 end include 4
categories.

TABLE 5: Organic Emissions From
Combustion of Municipal Solid Waste

Constituent

PAHs
PCBs
PCDDs
PCDFs

Converted Emission
Factor fib/ton1

0.12
0.002 x
0.0002 X

X 10
10
10

0.003 X 10

-3
-3
-3
-3

Carrying forward the example from the
earlier discussion of emissions of trace
metals, assume that a co-fired plant
burns coal and MSW such that 10% of the
plant energy is received from MSW. If
the plant generates 100,000 lbs per hour
of steam, the approximate feed rate of
the MSW will be 1.7 tons per hour. Using
Dickson's data for PAH emissions, the
estimated annual emission rate would be
1.76 lbs of PAH/year.

Annual emission rates for PCBs, PCDDs
and PCDFs can be estimated in a similar
manner. Note that their annual emission
rates will be substantially less than
that calculated for PAHs. For example,
the annual estimated emission rate of
PCDFs would be 0.044 lbs PCDF/year.

Cleverly (1987, p. 3-10) provides a
more detailed breakdown of organic
emission factors for combustion of MSW
for three different types of combustion
systems. The data are reproduced in
Table 6 expressed in units of lbs of
component per ton of MSW burned.

A comparison of the data presented by
Dickson (Table 5) and by Cleverly (Table
6) indicates some differences for PCBs
and CDD/CDFs, but note that the emission
factors are at least of the same order of
magnitude.

Using the data in Table 6, one can
estimate the annual emission rates of
each component based on fuel use rates.
For example, annual emission rates of
formaldehyde expected from the combustion
of 1.7 tons per hour of MSW would be 153
lbs/year.
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TABLE 6s Organic Emission Factors for
Municipal Waste Combustors

Combustor A B C
Component fibs/ton) fibs/ton) fibs/ton)

1.90X10"6. 6.20X10"^ 0.14xl0~fCDD/CDF
BAP 9.60X10
PCB 4.20x10
Formal- 1.04x10
dehyde

Chloro- 6.40x10
benzenes

Chloro- 9.20x10
phenols

-5
-6
-2

-4

-4

60X10
20x10
04x10

-5
-6
-2

7.60x10
9.00x10
2.60X10

6.40x10-4 3.60X10-5

9.20X10-4 3.60X10-5

Combustor types:
A) Waterwall lined combustion chmbr
B) Refractory lined combustion chmbr
C) Modular starved air combustor

Refuse Derived Fuels

Cleverly (1987, p. 3-10) also provides
data on emission factors for refuse-
derived fuels. The data are reproduced
in Table 7.

Table 7: organic Emission Factors for
Refuse Derived Fuels (RDF)

ComDonent

CDD/CDF
BAP
PCB
Formaldehyde
Chiorobenzenes
Chlorophenols

Emission Factor
fib/ton RDF)

4.0 X 10"*
2.6 X 10~*
2.8 X 10";
2.2 X 10"^
2.8 X 10"4

3.6 x 10"4

A comparison of the data in Tables 6
and 7 can lead to some interesting
conclusions. Note, for example, that the
emission factors for BAP derived from
burning RDF are an order of magnitude
higher than for BAP derived from burning
MSW. That may be explained in part as a
concentration of the materials which
would produce BAP in the process of
preparing RDF from MSW. On the other
hand, concentrating materials which might
produce BAP in the process of converting
MSW to RDF is likely only to account for
at most a doubling of BAP, certainly not
an order of magnitude increase in BAP.

The same logic may apply to PCB
emission factors. However, note that
Cleverly's data in this case suggest an
increase in PCB output for RDF which is 3
orders of magnitude larger than the
output for MSW. Such a large variation
raises some question about the accuracy
of Cleverly's data base.

The Midwest Research Institute report
entitled "Emission Data Base for
Municipal Waste Combustora" (1987)
provides over 40 pages of detailed,
measured emission data of PICs from
municipal waste combustion systems. The
data, however, is limited to PCDDB and
PCDFs and does not include the more
general categories of PAH* and POKs or
emission data for individual compounds
such as formaldehyde, chlorobenzene and
chlorophenols. The report is recommended
for readers interested specifically in
PCDDs and PCDFs.

CONTROL STRATEGIES FOR TOXIC AND
HAZARDOUS AIR POLLUTANTS

Control of emissions of toxic and
hazardous air pollutants which result
from the combustion of coal, wood, MSW
and/or RDF may be approached from three
specific considerations:

o Attention to fuel preparation and
storage

o Attention to control of the
combustion process

o Application of air pollution control
devices.

Each of these areas is briefly summarized
in the following discussion.

Fuel Preparation and Storage

Proper attention to the preparation
and storage of fuels can assist in
reducing the release of toxic and
hazardous air pollutants at facilities
which co-fire fuels. Preparation steps
for solid fuels include sizing, moisture
control, removal of objectionable
components, and (in the case of coal)
washing to reduced the ash content of the
coal and to remove sulfur bearing
pyrites.

Fuel sizing can be accomplished by
screening, grinding, air classifying and
related operations. The specification of
sizing equipment depends, of course, on
the type of fuels used. Proper attention
to fuel sizing can prevent occasional
plugging of the fuel system components
due to the presence of oversize fuel
particles. This, in turn, will limit
transient combustion upset conditions
which generate toxic and hazardous air
pollutants. Limiting fuel particle size
for solid fuels will also improve
combustion conditions in many co-fired
boilers and furnaces.
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High moisture content of solid fuels
reduces the temperature of the combustion
zone and increases the time requires for
fuels to burn to completion. If the
moisture level is too high, an increase
in emissions of products of incomplete
combustion will result. High moisture
levels are generally of concern for coal,
wood waste fuels, MSW and RDF. Steps
that can be taken to reduce moisture
levels include covering of fuel storage
piles, installation and operation of fuel
drying systems, contract modifications to
provide incentives for delivery of low
moisture level fuels, review of in-house
processes that, generate fuels to limit
moisture levels and management programs
to seek employee cooperation in keeping
fuels dry.

Removal of objectionable fuel
components (fuel cleanup) is often
advantageous for limiting emissions of
air toxics as well as for reducing plant
maintenance problems. Any steps that can
be taken to remove non-combustible items
such as glass, ferrous and non-ferrous
metals, rocks, dirt, batteries, etc. will
improve furnace combustion. Front end
cleanup is not the only option. Others
include modification of fuel delivery
contracts to include penalty clauses for
non-fuel materials delivered, contract
modifications for RDF with strict fuel
specifications included, improvement of
the in-plant processes that generate
waste wood fuels and employee training
programs.

Coal washing is done with roughly 50%
of the coal mined in the U.S. (Engdahl,
1977). Typical processes including size
reduction and screening, separation of
coal from ash and pyrites through washing
and dewatering of the product coal. The
U.S. Bureau of Mines test results
indicate that the sulfur content on
bituminous coals can be reduced from 15%
to 30% and the ash conttnt can be reduced
from 20% to 50% as a result of coal
washing (Duerbrouck, U>6* and Engdahl,
1977).

Elapsed fuel storage time for MSW and
RDF is critical due to odor problems and
fuel packing problems. As a general
rule, these fuels should be handled on a
first-in, first-out basis and managed so
that the maximum fuel storage time at the
plant site is 3 days.

Control of the Combustion Process

Combustion controls can significantly
influence the formation of PICs. The
classical approach to completing the
combustion reactions is to provide
adequate time, temperature and turbulence
in the combustion zone (furnace or
boiler) and to ensure that there is an

appropriate level of air:fuel ratio.
These combustion parameters are important
during both steady state and transient
conditions as the boiler or furnace load
swings.

Time and temperature are interdepend-
ent parameters for controlling PICs. It
appears from the literature that 1 second
residence time at 1500 - 1600 deg F is
adequate to control PICs (Lee, 1988).
However, where co-fired fuels include any
hazardous wastes (i.e., waste oils), BACT
may well require 2 seconds of residence
time at 1500 - 1600 deg. F.

Temperature in combustion zones is
dependent on higher heating value (HHV)
of the fuel(s), fuel moisture content,
temperature of the combustion air, the
level of excess air and the design of the
combustion chamber. HHV is usually not a
controllable variable. However, fuel
moisture content, combustion air
temperature and excess air levels are
controllable variables. CO tuning is
becoming popular as a means of providing
fine adjustment on the level of excess
air since low CO levels seem to coincide
with low levels of PICs (Hasselriis,
1987). Not all boilers can use CO tuning
(i.e., spreader stokers) (Makansi, 1987).

Combustion chamber design is not
easily or inexpensively changed and,
therefore, arguments that chamber design
influences temperature and PIC formation
are generally moot, only on rare
occasion can a significant design
alteration on an existing boiler or
furnace be justified for purposes of
limiting PICs. It is usually much less
expensive to clean up PICs in the flue
gas with tail end air pollution control
devices.

An important argument regarding
temperature is offered by Visalli (1987).
He points out that maintaining high
temperatures for extended residence times
is all well and good for controlling
PICs, but that these same conditions may
increase the emission of metallic
compounds. There is considerable
controversy about the toxicity of PICs
and the hazards associated with PICs.
But there is little controversy about the
toxic properties and hazards of metals.
Oppelt (1987) puts forth the same
argument couched in reference to risks
associated with PICs and with metals.
The gist of these arguments is that maybe
it would be of greater overall benefit to
the environment to control combustion
temperatures more to limit emissions of
metals than to limit emissions of PICs.
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Turbulence is a necessary component to
bring about complete oxidation/reduction
reactions in combustion. But it is very
difficult to measure and difficult to
ensure on a continuous, 3 dimensional
basis over the full operating envelope of
a boiler.

Mixing energy is required to bring
about turbulence. The mixing energy can
be supplied by nozzles or air jets used
to introduce combustion air at the
primary, secondary and tertiary levels in
a furnace. In-situ closed circuit TV
cameras are sometimes helpful in locating
stagnation points in a flame zone.

Other combustion controls that may
assist in limiting PICs include careful
attention to fuel feed rates, proper
distribution of fuel in the combustion
chamber and proper allocation of primary,
secondary, and tertiary air supplies.

The worst possible example of
inappropriate fuel feeding is to slug
load or batch feed a furnace. The best
situation is to carefully meter and
control feed rates for each fuel that is
fired on a continuous basis and further,
to ensure that the air:fuel ratio for
each fuel fired is in an appropriate
range to assure complete combustion.
These goals are often very difficult to
achieve, particularly when solid fuels
are co-fired. A major limitation in
feeding of solid fuels is that there is
currently no accurate technology
available to measure the feed rate of
solid fuels on a continuous basis.

Fuel distribution in the combustion
chamber to promote complete combustion is
very dependent on furnace design.
Certainly attention should be given to
this combustion parameter for all solid
fuel fired combustion facilities.

Combustion air distribution between
primary, secondary, and tertiary air
supplies is also important. Proper
combustion air distribution at different
points in the furnace will improve
turbulence, reduce grate gas velocity
which thereby limits entrainment of solid
fuel above the grate, and stages the
combustion reaction for the purpose of
limiting formation of NOx. The ability
to separate combustion air into primary,
secondary, and tertiary components does
depend on the design of the furnace.

Application of Air Pollution Control
Devices

Particulate and gaseous air pollution
control devices used on combustion
sources are typically designed and
operated with the goal of controlling the
criteria pollutants, principally
suspended particulate, S02 and NOx. At

modern plant sites which burn coal, MSW
or RDF, particulate matter collection is
most often accomplished using
electrostatic precipitators or fabric
filters as these two alternatives appear
to be most successful in meeting today's
stringent emission standards. Wet
collection systems are not as popular
since cleanup of the liquid poses
operational problems, and those systems
which are effective in meeting stringent
emission standards may have very high
energy requirements.

Gaseous emission control for S02 is
done with flue gas desulfurization (FGD).
There are many design variations used to
bring S02 into contact with limestone
where it forms calcium sulfate. Residual
limestone plus the calcium sulfate are
collected either in ESPs or fabric
filters downstream from the limestone
injection/reaction zone.

NOx control is accomplished with
ammonia injection at high temperature in
a process called selective non-catalytic
reduction (SNR) or in a lower temperature
process in which ammonia is injected
prior to a catalytic reactor. The second
process is selective catalytic reduction
or SCR. Each process has its advantages.
A concern with SCR relates to possible
poisoning of the catalyst due to trace
metals which are commonly found in the
fuel feed at plant sites co-firing coal,
wood, MSW or RDF (Kosusko, 1990).

Products of incomplete combustion are
best controlled by careful control of the
combustion process. The goal, of course,
is to limit formation of PZCs. Those
PICs which do exit the combustion
process, normally include a wide array of
molecular compounds whose potential to
condense, thereby forming collectable
particulate matter, is temperature
dependent. The lower the temperature of
the flue gas as it enters the air
pollution control devices, the better the
opportunity for condensation of PICs and
their subsequent collection in scrubbers,
ESPs or fabric filters. Limited
adsorption of gaseous PICs may occur in
the filter cake of a fabric filter.
While it is theorized that lower
temperature will have a positive impact,
on condensation and collection of PICs,
the literature contains no references to
plant sites which do this purposefully.
An offsetting consideration is that
temperatures above the acid dewpoint must
be maintained for fabric filters and for
some ESPs (Makansi, 1987).

Metals and metallic compounds leaving
combustion processes may exist as gases
or solids depending on their
temperatures. Those metals which are
cooled to the point of condensation may
be collected in scrubbers, ESPs or fabric
filters. Those which remain in the
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gaseous state may be adsorbed to a
limited extent in baghouse filter cake,
however, there is no published data which
supports this theory. Metals are known
to condense on submicron particles.
Since fabric filters can collect fine
particles with greater efficiency than
ESPs, fabric filters are thought to have
a slight advantage over ESPs in meeting
PM-10 restrictions (Hakansi 1987).

Non-criteria acid gases from
combustion process include the halogen
gases and hydrogen halides. The halides
can be easily removed with liquid
scrubbing. The halogen gases can be
removed best with caustic scrubbing.
Thus, those plant sites equipped with FGD
systems involving wet processes have good
success in controlling emissions of
halogen gases. For co-fired facilities
the principal non-criteria acid gas of
concern is HC1.

MEASUREMENT TECHNIQUES FOR TOXIC AND
HAZARDOUS AIR POLLUTANTS

Existing and proposed air toxics
regulations require that stationary
sources be tested to determine emission
rates of specific toxic and hazardous air
pollutants. These regulations raise
questions about which methods to use to
measure the emission rates.

EPA has promulgated reference
measurement techniques for air pollution
emissions. These are found in two
sections of the Code of Federal
Regulations: 40 CFR 60, Appendix A and
40 CFR 61, Appendix B. In addition,
EPA's reference techniques associated
with RCRA and published in EPA SW-846 may
prove useful for evaluating flue gas
emissions from some furnaces and boilers.
Both EPA SW-846 and Method 18 (from 40
CFR 60, Appendix A) provide analytical
methodology for determining organic
constituents of flue gas.

Source sampling methods are crucial in
obtaining useful data on toxic and
hazardous air pollutant emissions.
Sampling methods most commonly used are
Method 5, Modified Method 5, and the
Volatile Organic Sampling Train (VOST).

The Toxic Substances Control Act
(TSCA) deals with toxic and hazardous
materials and does provide analytical
procedures specifically for determination
of PCDD and PCDF. However, the focus of
the Act is not with toxic and hazardous
air pollutants emitted from stationary
sources. The analytical procedures are
unlikely to be applicable to boilers and
furnaces firing fossil fuels, biomass
fuels, MSW and/of RDF.

Four tests are currently provided in
40 CFR 60, Appendix A to determine the
concentration of metals in stack gases.
Test procedures for other metals listed
in Table 8 are presently being developed
by EPA, however, no date for final
publication has been set.

TABLE 0: Metals For Which EPA Plans To
Provide Air Emission Source Testing
Methods.

Antimony
Arsenic
Barium
Beryllium
Cadmium

Chromium
Copper
Lead
Manganese
Mercury

Nickel
Phosphorus
Selenium
Silver
Thallium
Zinc

There are many technical articles in
the literature which deal with
measurement and testing technology of
toxic and hazardous air pollutants.
Given the rapid advancement of measure-
ment and testing technology, it is
natural to expect that alternative
measuring/testing techniques will find
their way into the technical publica-
tions. Good sources of technical
information tvjr specific Measuring and
testing techniques in the field of toxic
and hazardous air pollutants include the
following:

o Proceedings from the annual
technical conferences on Measurement
of Toxic and Related Air Pollutants,
published annually by AWMA

o "Proceedings from the annual
International Symposia on
Chlorinated Dioxins and Related
Compounds," published by Pergamon
Press under the journal title,
"Chemosphere"

o The Journal of the Air and Waste
Management Association

o Atmospheric Environment (Journal)

o Environmental Research (Journal)

o Environmental Science and Technology
(Journal)

In addition to the journals and
proceedings noted above, technical papers
from specialty conferences of the Air and
Waste Management Association occasionally
have useful information. Texts are also
available which provide pertinent
information on measurement and testing
techniques. Berman (1980) is an
excellent example of such a text.
Finally, in conference papers, journal
articles, texts and even in the EPA-
promulgated reference methods, one can
always find closely-related articles
listed in the bibliographies.
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IMPACT OF THE 1990 CLEAN 4IR ACT
AMENDMENTS TO TtUTBIOMASS INDUSTRY1

Christopher A. James and
David C. Bray2

Introduction

The 1990 Amendments to the Clean Air Act have
been called the most comprehensive piece of
environmental legislation ever passed by the Congress.
Its language embodies over 20 years of experience
since the initial Act was passed in 1970. ^
1—

The Act's direct impacts on the existing biomass
industry will be focused in four areas: Title I
(nonattainment), Title III (air toxics), Title V
(operating permits) and Title VII (enforcement).
These four Titles will result in tighter emission
limitations and other requirements on existing sources
of air pollution. Two other areas should provide
incentives for new biomass utilization. Title II (mobile
sources) will promote the development of a clean fuels
program; biomass is expected to play a key role as
etnanol fuel resources are explicitly promoted by the
Act Title IV (acid rain control) will encourage the
generation of power through renewable energy
sources, including biomass.

While there are several new requirements which
will require industry to tighten controls and reduce
emissions, there are also significant benefits to the
biomass industry as well. A Title by Title description
wHl explainable applicable new requirements and the

I potential economic opportunities.

Title I

Congress designated new or expanded
nonattainment areas for ozone (O3), carbon monoxide
(CO), and paniculate matter (PMl0). Existing
stationary sources in nonattainment areas will be
required to employ reasonably available control
technology (RACT), or even the best available control
technology (BACT) in highly polluted areas. New
major stationary sources will need meet the lowest
achievable emission rate (LAER).

'Presented at the national Bioenergy Conference in
Coeur d'Alene, Idaho March 18-21, 1991.

*The authors are respectively, Environmental Engineer
Air Operations Section, USEPA and Senior Scientist, Air
Programs Development Section, USEPA

The combustion of biomass in residential wood
heating devices and open burning will have to employ
reasonably available control measures (RACM) or
even the best available control measures (BACM) if
such activities impact PM1(] nonattainment areas. In
some areas this may result in restrictions on, or even
the elimination of, open burning as well as restrictions
on the use of wood for home heating. Material that
was formerly considered to be a "waste" will be
available to the biomass industry as an energy source.
This has a strong potential to help increase the
electrical margin, especially in the Northwest, where
large quantities of slash are currently burned.
Directing this material to a controlled combustion
device will help an area attain NAAQS and provide
power/steam to utilities and industrial users.

Title II

The ethanol fuel program will receive a further
jump start under the provisions of this title.
California's State Clean Air Act requires a percentage
of its vehicles as zero emitters. While many consider
this to be an area that will be dominated by electric
cars, there are also opportunities for clean fuel
vehicles. Reformulated gasoline will be required in
many areas which currently do not attain the NAAQS
for ozone. As of 12/31/90, nine areas will be required
to reformulate to attain the ozone NAAQS; these nine
areas represent 22 percent of the US gasoline market.
Other areas may opt in due to public demand and/or
as a measure to provide a cushion for future growth
in population and VMT.

The Act also requires all 44 current carbon
monoxide (CO) nonattainment areas to sell gasoline
with a minimum oxgen content of 2.7% by weight
during the winter months, beginning November 1,
1992. These areas represent 27% of the US gasoline
market.

Refineries do not have the capacity to supply the
MTBE necessary to satisfy projected market demand
by November 1992. In addition, many areas are
expected to opt in to either a "clean fuels" or the
oxygenated fuels programs. Further compounding the
market demand will be the inability to sell either of
the two products in precise market areas e.g. only
within trie narrowly defined boundaries of a CO or
ozone nonattainment area. It is therefore possible
that reformulated gasoline and/or oxygenated fuels
may be sold throughout the entire contiguous United
States. Biomass fuels could therefore satisfy a
significant part of the fuel demand, since the
oxygenates and the clean fuels must be available for
sale within 18 months. Biomass fuels could satisfy an
even larger part of the demand as areas opt in to the
program and as areas look for ozone control strategies
based upon vehicle emissions.
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Congress has directed EPA to promulgate
emission standards for 189 air toxics by November 15,
2000, Recognizing the glacial pace with which
NESHAP standards were developed (only 8 over 20
years under the 1970 Act and 1977 Amendments),
Congress has specified a schedule for the development
of these air toxics emissions standards, (include
proposed schedule as a figure).

Many of the pollutants emitted by biomass
facilities will be regulated under title HI. These
include: polycyclic aromatic hydrocarbons (benzo
(a)pyrene, et al), chlorinated compounds such as
dioxins and furans and chloroform.

Congress identified 189 compounds for which EPA
will be required to promulgate emissions limits.
Congress also specified a schedule for the
implementation of standards for the pollutants
identified in Title III. Within two years, EPA is
required to propose emission standards for 40 source
categories and for coke ovens, within four years,
standards for 25% of the pollutants must be proposed,
within 7 years, standards for an additional 25% must
be proposed and standards for all pollutants must be
proposed within ten years (by November 15, 2000).
Further recognizing that EPA is often hampered by
legal and administrative constraints in proposing and
promulgating standards, Congress has indicated that if
EPA misses a deadline by 18 months, then industry
must meet the best technology and practices in
existence at that time and be subject to specific
emission requirements through an operating permit.
All 189 pollutants are exempt from consideration in
PSD permitting.

Compliance with the Title III emission standards
will mean meeting MACT (Maximum Achievable
Control Technology) limits. For new sources, MACT
means the best of the best, or similar to reductions
required for sources subject to LAER (Lowest
Achievable Emission Rate), limits that are applied to
sources located in nonattainment areas for criteria
pollutants. For existing sources, MACT means the
average of the top 12% best controlled sources,
excluding LAER within 18 months of proposal or 30
months of promulgation. MACT emission limits would
be incorporated into the operating permit for the
source.

The list of 189 pollutants will be periodically
reviewed. The Amendments specify the process by
which pollutants may be added or deleted from the
list.

Title IV

The acid rain provisions of this title will not effect
sources West of the Mississippi until after 1997. In

addition, Congress specifically exempted Alaska and
Hawaii from the provisions of this title, Congress has
established a system of sulfur dioxide emissions
allowances for nearly every fossil-fuel-fired utility
steam electric generating unit. An affected steam
electric generating unit may not operate unless it holds
allowances and may not emit in excess of the
allowances it holds. These allowances offer several
opportunities for the biomass industry. An affected
unit may reduce its sulfur dioxide emissions by
switching from coal or oil to wood and use the credits
from future expansions and/or as market commodities.

Congress added specific incentives for the
development of renewable energy sources such as
biomass. Special Title IV allowances are available for
emissions avoided through the use of renewable
energy. Electric utilities can convert to use biomass at
existing units, or construct new biomass-fueled units,
and obtain allowances which can be sold or used at
their own fossil-fuel fired units.

After 1997, the Centralia power plant in Centralia,
WA and the Portland General Electric plant in
Boardman, OR, will both be subject to the acid rain
title. Biomass opportunities will therefore exist for
these two facilities in the future. Furthermore, new
power plants, such as Washington Water Power's
proposed Creston facility, will need to procure
allowances in order to operate.

Title V

The operating permits program required by Title
V is the most significant procedural reform in the
Amendments. Under this program, most industrial
sources will need to obtain renewable operating
permits and pay permit fees in order to operate their
facilities. Operating permits are required for all
"major" sources as defined in any portion of the Act
and to all sources subject to a standard under §111
(New Source Performance Standards) or §112
(Hazardous Air Pollutants). It is almost certain that
any biomass-fired facility will be required to have a
permit to operate under this program. It is also
possible that residential wood stoves and slash burns
will need to have operating permits. In accordance
with the schedule established by Congress, affected
sources will need to submit operating permit
applications by no later than November 31, 1995,
although many states will require applications much
earlier.

One of the most important aspects of the
operating permits program is the requirement for
compliance plans. Under these compliance plans, the
permittee must certify periodically that the facility is in
compliance with all applicable of the permit and
promptly report and deviations from permit
requirements to the permitting authority. These
certifications must be signed by a responsible
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corporate official who must certify the truthfulness and
accuracy of the information submitted.

Permit fees are to be collected and retained by
the permitting authority (either EPA or a State/Local
agency) to cover the cost of operating the permitting
program. The fees must be sufficient to cover all of
the direct and indirect costs, including permit review
and issuance, inspections, ambient air monitoring
networks, word processing equipment, vehicles, etc.
The fee program must collect, in aggregate, a
minimum of $25/ton of pollutants emitted by all of
the permitted sources. This amount must be adjusted
upward annually in proportion increases in the
Consumer Price Index.

EPA's role in overseeing the state and local
agency1 operating permit programs is substantial. The
Act states that no permit can be issued if EPA has
objected to it. A state or local permitting authority
must submit each permit to EPA for review. If within
45 days, EPA objects to the permit, the permitting
authority has 90 days to revise the permit to meet
EPA objections. If the permit is not revised, EPA
must issue the permit.

The public also has a significant role in the
operating permits program. First, the issuance of each
permit must involve full public participation at the
state or local level. EPA must object to a permit if
there has not been an adequate public participation
process. Second, any person can petition EPA to
object to a permit if EPA does not object within its 45
day review period. The public has 60 days to file and
objection, and EPA then has an additional 60 days to
grant or deny the petition. Finally, judicial review of
actions at the federal, state or local levels are
available in the appropriate courts.

ru le VI

EPA is required to submit a report to Congress by
11/15/92 on the effects of methane emissions from the
open burning of biomass from grasslands, agricultural
residues, land clearing and forest operations.

Title VII

The Amendments considerably strengthened
EPA's air pollution enforcement program.
Enforcement actions in the air program now have
enabling language which is similar to that of other
environmental statutes, such as those enacted for the
Clean Water Act or the Resource Conservation and
Recovery Act. A multimedia perspective will be taken
as much as possible in order to minimize cross-media
transfers and to recognize the need to establish
priorities when the resolution of a case may include
efforts to address violations of more than one media.

As u result of the Amendments, the air
enforcement program will be comprised of three parts:
a Department of Justice, litigation route for serious
violations, those for which EPA will/has assessed a
penalty of greater than $200,000 and/or violations
which will require more than one year to resolve; an
Administrative route for moderate violations, those
with a penalty assessment of less than $200,000 and
those which can be resolved in less than one year and
a Field Citation program for minor violations
discovered as part of an inspection. The Field Citation
program is limited to penalty assessments of $5,000 or
less and for violations which can be corrected quickly.
EPA expects that the bulk of violations will be
resolved through the administrative process, consistent
with enforcement experience in other media which
have similar enabling statutes (RCRA, TSCA, et al).

Both the Administrative and the Field Citation
components will require EPA to publish guidance and
to promulgate regulations before either program will
be effective. EPA expects to be able to implement
both programs by November 15, 1992. At this time, it
is not clear as to whether or not either the
Administrative or the Field Citation program will be
able to be delegated to a State and/or Local air
pollution control agency.

Criminal provisions under the Amendment have
also been considerably strengthened. Maximum
penalties have been raised from 1 to 15 years with a
ceiling of $1,000,000. Compliance certification reports,
required under Title V, must be complete and
accurate to the best of the person's knowledge.

Contract debarment provisions have also been
strengthened. Under the old Act, EPA could only
debar the offending facility from receiving government
contracts. Under the Amendments, EPA may now
consider debarring the entire company from receiving
such contracts. For biomass sources, this could have
broad implications; for example: as many companies
hold logging contracts with the U.S. Forest Service or
supply power to the Bonneville Power Administration.
It is therefore extremely important for sources to be in
compliance continuously and to take appropriate steps
as soon as possible when compliance cannot be
achieved. These steps include notification of the
appropriate agency when an "upset" condition exists, or
if a major piece of equipment breaks and a
replacement cannot be quickly received.

Citizen suit provisions have also been
strengthened. Under the Amendments, citizens may
receive a cash award of up to $10,000 or 10 percent of
any penalties collected for information provided to the
agency which leads to the conviction.

EPA no longer has to prove 30 day continuing
violations in order to assess penalties for
noncompliance. EPA may now use any information
available on the source to determine its compliance



status. It is expected that CEMs will play an increasing
role in stationary source enforcement. CEMS will he
utilized by the Agency to prove continuing compliance
and/or continuing violations. More CEMS will be
required to be installed and certified at more sources
as EPA, State and Local agencies place more
emphasis on continuous compliance and record
keeping.

Title VIII

Miscellaneous provisions of the Amendments
include requirements to address regional haze,
perform a study on incentives for renewable fuels.
Positive opportunities therefore exist for the biomass
industry.

Summary and Conclusions

It should be obvious that there will be many
changes to the air pollution control programs which
will have an affect on the btomass industry. New
emission limitations for criteria pollutants in
nonattainment areas and for toxic compounds will
require the installation of emission controls on both
new and existing facilities. Tighter permitting
requirements for new sources and modifications will
affect the siting and construction of new power
generating capacity. Operating permits and permit fees
will affect the viability of certain categories of sources
and activities.

On the other hand, many of these same
requirements will work to promote the development of
biomass as a "clean" fuel. Restrictions on the use of
residential wood heating devices and on the open
burning of agricultural and forestry wastes will make
more biomass available for other uses. Incentives for
"clean fuels" for motor vehicles and for "renewable
energy sources" for electric utilities will encourage the
use of biomass. Emission based permit fees will also
encourage sources to switch to lower polluting fuels.

Christopher A. James.
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IMPLICATIONS FOR MOENERGY
DEVELOPMENT1

Thomas E. Wilson'

/ UbstfSt^r The Clean Water Act establishes several
constraints that bioenergy developer* should keep in
mind. These center primarily around the need to
ensure that any contaminated waters or waste products
are disposed of in a manner that does not harm the
groundwater. In fact, states throughout the country
are currently developing groundwater protection
programs.

These efforts to protect groundwater may, in fact,
have both direct and indirect benefits to bioenergy
development. For example, both dairies and feed lots
will be under increasing pressure to reduce
contamination from animal waste. These controls will
be costly. This, together with rising energy costs, may
make cogeneration for such facilities economically
attractive.

Alternatives to burial may also have to be found
for other organic material that has been shown to
cuusc groundwater contamination, such as onion culls,

j chicken carcasses, etc. This could increase its
\ economic viability.

I. WHAT THE CVVA CAN DO:

To You:

IV. GROUNDWATER PROTECTION NEEDED

• Nationally, supplies 50% of drinking
water

• In Idaho, supplies 95% of drinking water
• Cleanup generally impossible or

enormously expensive

V. GROUNDWATER PROTECTION

More stringent Controls On:
• Animal waste disposal
• Crop residue disposal

Greater Disposal Costs From:
• Burial prohibitions
• No-leak storage lagoons

VI. SUMMARY

Economic Opportunities Because:
• Costs/restrictions of land disposal of

waste organics increasing
• Demand for alternative disposal will

increase both bioenergy marketplace and
supply of organic feedstocks

• Cost criteria for acceptability will shift
from "profit" to "least cost alternative" as
traditional disposal costs rise

Waste stream controls
Disposal limits

For You:
* Greater feedstock supplies
* Greater marketplace incentives

II. REGULATED ACTIVITIES

* Process water control
' Waste disposal

Site runoff

III. REGULATORY PROGRAMS

Surface Water: NPDES discharge
permits

* Groundwater: New state programs

'Presented at the National Bioenergy Conference,
Coeur d'Aiene, ID, March 18-21, 1991.

•'Chief, Office of Water Planning, EPA Region 10,
Seattle. WA 98101.

Thomas E. Wilson.
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Biomass Energy Applications in the
Southeast

Phil Badger, Tennessee Valley Authority,
Southeastern Regional Biomass Energy
Program

The use of wood for energy is the number
one use of wood in the U.S. Eight of
the top 10 industrial wood using statas
are located in the Southeast United
States with Georgia the number one
state. Approximately 50 per cent of
these facilities are in the primary and
4 0 per cent in the secondary forestry
industry. Approximately 90 per cent of
these facilities generate steam.
Facilities range from large paper plants
to furniture plants to schools, prisons,
and hospitals. A case study of a veneer
plant that uses a thermal oil heat
transfer medium instead of steam is
discussed. Thermal oil has several
advantages including freeze protection,
open (unpressurized) systems, no
corrosion, no water treatment, no
"boiler" operator requirements, and
lower maintenance costs. Initial
thermal oil system costs are comparable
to steam systems.

Phil Badger.
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WOOD ASH DISPOSAL AND UTILIZATION1

Alton G. Campbell'

I •AiJStnw'; Wood ash is becoming a major disposal problem
to the forest products industry as solid waste regulations
become more stringent and as landfill costs escalate. The
objective of this paper is to present information on wood
ash that can be used to evaluate disposal and utilization
alternatives. This paper reviews the literature on the
chemical and physical properties of ash, methods of
disposal and utilization, land application practices, and
regulations concerning disposal.

Wood ash has been used for centuries as a source of
potash and lime for agricultural fields. Based on the
properties of wood ash and the disposal alternatives, land
application appears to be a safe, relatively simple and
economical method for ash disposal. For example, several
ash producers in the Northeast and Northwest currently
land apply wood ash based on the liming requirements of
the soil. Wood ash is a valuable liming agent and soil
amendment which should be recycled back to the land i
rather than being concentrated and buried in a landfill.

Keywords: Wood ash, disposal, utilization, regulations,
land application, landfilling, chemical composition

The U.S. obtains approximately 2.7 quads (1013 BTUs) of
energy per year from biomass while producing 1.5-3.0
million tons of ash. In the future, energy from biomass
should increase to 4 quads, and perhaps go as high as 10-
20 quads (1). Most of this energy comes from paper mills,
sawmills, and electrical generating plants that bum large
quantities of wood residues to produce steam and
electricity. The ash residue, generated at rates of 1-100
tons/day/site, is becoming a significant disposal problem as
environmental regulations become more stringent and
landfill sites become less available and more expensive. To
date, the extent of the ash generation and disposal problem
has not been fully recognized since biomass is viewed as a
dean-burning, environmentally benign fuel.

WOOD ASH

Wood ash is the inorganic and organic residue
remaining after combustion of wood. Ash content and
chemical composition are variable among tree species and
also depend on soil type and climate. Temperate climate
woods yield 0.1-1.0% ash, while tropical and subtropical
woods yield up to 5%. Hardwoods, in general, contain
more ash than softwoods.

Ash content is highly variable within the tree, being
highest in the foliage and then decreasing in the bark,
twigs, roots, branches and stem. Within the stem, ash is
highest in the pith, earlywood (springwood), and juvenile
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wood. Bark contains a much higher ash content than
wood, as indicated by the 1-3% ash content in hog fuel.

Literature comparisons among industrial wood ashes are
difficult as the moisture content, carbon content, and type
of ash are not commonly mentioned. The physical and
chemical properties of ash collected from combustion
systems vary significantly depending on the temperature of
combustion, the type of fuel (species of wood and amount
of bark) and where it is collected in the combustion system.

Ash has a small particle size and low density. Density
varies with the carbon content; the greater the carbon
content, the lower the density of the ash and the lower the
concentration of elements in the ash. The carbon content
can vary from 1% in iluidized bed combustion systems to
70% in inefficient burners, with 5-30% a typical range (2).

The moisture content is also highly variable. Many ash
collection systems commonly add water in order to cool the
ash and reduce fugitive dust problems. Other ash
collection systems use a wet bottom furnace where the hot
ash is dumped into recirculated water and the suspension
is sent into a settling pond or waste treatment system. The
leached ash residue is ultimately dredged from the settling
pond, dewatered and then landfilled.

Ash is composed of major and minor elements needed
by the tree for growth as shown in Table I. The major
elements are calcium (7-33%), potassium (3-4%),
magnesium (1-2%), phosphorus (0.3-1.4%), manganese
(0.3-1.3%), and sodium (0.2-0.5%). Essential trace
elements for plant growth include zinc, boron, copper,
molybdenum, and others at mg/kg (ppm) levels. Heavy
metal concentrations are typically low. With the concern
over heavy metals, it should be noted that the total metal
concentration in the ash is quite different from the
extractable or available concentration. It should also be
noted that wood ash is substantially different from coal ash
which has a lower alkalinity but higher silicon, aluminum,
iron and heavy metal content.

The combustion temperature directly affects the total
yield and chemical composition of ash. Some elements,
particularly potassium, are volatilized at high combustion
temperatures thereby lowering their content in the ash.

The alkali metal and alkaline earth elements in the
wood ash are present mainly in the form of oxides,
hydroxides, and carbonates such as potassium oxide,
calcium oxide, potassium carbonate, and calcium carbonate
(Table II). The oxides react exothermically over time with
moisture and carbon dioxide to form hydroxides and
carbonates. These components produce a highly alkaline
ash with a typical pH range of 11-13. The soluble
potassium hydroxide and potassium carbonate react rapidly
with acids, while the less soluble calcium hydroxide and
calcium carbonate react more slowly.

POTASH PRODUCTION FROM WOOD ASHES

From the 1700's through the early 1900's, wood was
combusted in the U.S. to produce ash for chemical
extraction. The wood ash industry in the Northeast
actually generated 2 million dollars in 1810. The ash was
mainly used to produce potash for fertilizer, but some also
went into soap and glass manufacture and into potassium
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Table I. Elemental composition of five industrial wood ash samples and a ground limestone.

Ground

Macroelements

Phosphorus
Potassium
Calcium
Magnesium
Sodium
Aluminum
Iron

Microelements

Arsenic
Boron
Cadmium
Chromium
Copper
Manganese
Molybdenum
Nickel
Lead
Sulfur
Zinc
Mercury
Selenium
Cobalt
Antimony
Barium
Vanadium
Total Nitrogen 600

Chemical Properties
CaCO3 Equiv.
PH
Electrical

Conduct.
Combustibles
Total solids (%)

• anil, m

1.36
4.17

33.14
2.24
0.30
2.43
1.91

0.69
2.86

10.94
1.62
0.16
.
0.33

Concentration (1

0.33
1.66

12.80
0.81
0.20
1.59
1.32

Concentration fmg/kgi

8
26
92

140
6705

123
50

127
4354
692

-

•

•

-

•

92.4
13.1

160
<5%

10
127

3
14
78

3470
-

12
66

6800
794

<4.9
<0.25

4
.

-
500

35.70
12.94

.
32.18

.
4.2
9.1
40

6600
-

11.6
38

200
<0.1

•

500

35
11.9

72.4

0.79
3.08

27.00
1.55
0.27
1.59
1.11

.
7.9

21.1
903

12700
-

49.1
72.2

.
381

-

•

12.7

99.71

.
2.60
7.35
0.71
0.54
3.20
1.70

55
4.4
27

120
3300

.
47
59

370
<0.84

11.0

<2.1
910
79.0

-

11.7

0.90
3.0

13.6
1.39
0.15
2.0
2.1

3

16
25
70

9100
3.0
50
70

560

20

0.5
27

800

0.06
0.13

31.4
5.09
0.07
0.21
0.29

290-
0.7
6.0
10

453
.

20
55

113

100

9.9

m

m

100

Sources: Ash 1(10), Ash 2 (18), Ash 3 (11), Ash 4 (12), Ash 5 (23), Ash 6 (2), and Limestone
(12).

Table II. Typical reactions of wood ash components.

Wood + Oj > Charcoal + CaO + K,O + M.O,

+ CO, + H,O

CaO + H,O > Ca(OH),

Ca(OH), + CO, > CaCO, + H,O

CaCO, + H,0 + CO, — > CafHCO,),

K,O + H,O > 2 KOH

2 KOH + CO, > K,CO3 + H,O
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cyanide used in recover)' of gold from tailings and low
grade ores (3),

The potash production process was unsophisticated and
labor intensive (4). The soluble potash was leached from a
battery of 18-24 leach vats containing 1.5-2 tons of wood
ash per vat. Approximately 10 gallons of water were added
three times a day to each vat for approximately 10 days.
The weak lye solution was evaporated in pans and purified
in melting kettles to yield a crude potash that might
contain 44% potassium hydroxide, 19% potassium
carbonate, 16% potassium sulfate, 6% potassium chloride,
and 8% sodium carbonate (3). The yield from the ash was
typically 4% potash.

Carson and Weeter (5) recently evaluated a more
sophisticated continuous Qov ash extraction system, but
problems with ash settling deterred further development.
They also considered using rain to leach potash from an
ash landfill into a liner and leachate control system.
Problems with clogging, soil solubilization and corrosion
may limit this approach. Even though these ash extraction
processes failed, other variations might yield a valuable
potash product and also reduce the alkalinity of the ash
making it more acceptable for landfilling. On the other
hand, the relatively low ash volumes available at particular
sites, 10,000 tons per year from a 50 megawatt power plant,
could make a potash extraction process impractical from an
economic standpoint.

DISPOSAL/UTILIZATION

Until recently, ash was a valuable raw material, but
today ash wastes have a negative value due to their
disposal costs. For the most part, ash is either landfilled
(90%) or land applied. In the Northeast, approximately
15% of wood ash is landfilled, 80% is land applied, and 5%
is disposed of in some other way, mainly as a sewage
sludge composting agent (2). Most other areas of the
country landfill wood ash. In Europe, ash is used as a
feedstock, for cement production, a soil amendment on
forest lands, and a roadbase material (2).

Several ash disposal/utilization methods have been
evaluated in the late 1980's as environmental concerns have
increased. The research has used the high alkalinity and
the absorbent nature of the ash to neutralize acidic wastes.
Gray et al. (6) evaluated the treatment of landfill leiichate
with wood-coal ash. Ash columns were prepared in the
laboratory, and landfill leachate was passed through them
at a loading rate of 1 gpd/ft2. Approximately 33% of the
BOD and COD and 88% of the TSS were removed. In
addition, the ash column removed 80-100% of the heavy
metals. This study suggested that ash could be used to
cover landfills or added to landfill leachates to reduce
metal and organic content of leachate.

Ash has been used effectively in four Northeastern
towns as a bulking and odor control agent in composting of
municipal sewage sludge in aerated static piles (7,8). In
addition, ash has been granulated to yield a fertilizer and
liming agent (9). Land application appears to be one of
the best methods for ash disposal, as the nutrients that
were taken from the land during harvest are recycled back
to the land.

LAND APPLICATION

Wood ash can be used to lime acidic agricultural and
forest soils and replace micro and macro-elements removed
during plant growth and harvesting (10-16). Ash hat a low
fertilizer equivalent (NPK ratio of 0:1:2), but it can be used
as an excellent substitute for lime and limestone to
neutralize acidic soils and to add calcium, potassium and
magnesium. Liming with wood ash may also reduce the
toxic effect of aluminum and manganese in acidic soils (5).
Ash will probably be sold in the future as a liming
agent/soil amendment.

Land application of ash is presently being practiced in
Maine, New Hampshire, Vermont, New York, and Oregon,
and it appears to be a safe, cost-effective disposal method,
assuming transportation distances are relatively short. The
application rate should be limited to a level that maintains
the soil pH within acceptable ranges for plant growth.

Agricultural lind application

Naylor and Schmidt (12) evaluated wood ash liming
characteristics and macro and micro-element availability in
soil. An industrial wood ash, equivalent to a 0-1-3 NPK
fertilizer, was mixed with two soil types in pots at
application rates of 0,2.24,4.S, 9.0,17.9,35.9 metric
tons/ha. After two months of incubation, the extractable
phosphorous, potassium, and calcium and pH of the ash
were linearly related to the rate of ash application.

Naylor and Schmidt (11) also conducted a field study on
the growth of alfalfa applying ash at 0,9.4,11.7,17.3,22.6,
31.2,49.8 metric tons/ha. The wood ash was equivalent to
a 0-1-2 NPK fertilizer and had a total neutralizing value
(TNV) of 35 compared to limestone as a standard with a
TNV of 100. The ash increased the exchangeable
concentration of potassium, calcium, manganese, and
magnesium. The exchangeable iron and aluminum
decreased because of the rise in soil pH. Hay yields and
protein content increased at all application rates compared
to the control. The application rate had little impact on
the trace metal composition of the alfalfa. In general, the
ash appeared to be a good soil amendment and liming
material, even at high application rates.

Lerner and Utzinger (14) performed a field study using
ash from four different wood species, plus a species mix.
The ashes had an average composition of 26% Ca, 7.0% K,
and 1% P and an effective calcium carbonate equivalent
range of 83-116%. In a field study using application rates
of 2.4-9.7 metric tons/ha, the ash increased the soil pH but
had no net effect on snapbean growth and yield.
Research by Etiegni et al. (10) evaluated wood ash at high
and normal application rates as an agricultural soil
supplement and liming material in a greenhouse study.
Wheat and poplar were grown on six different Idaho soils
amended with different ash concentrations (0, 40, 80, 160,
320, and 640 metric tons/ha). In addition, wheat was
grown at 0, 2.5, 5, 10, and 20 metric tons/ha. No
detrimental effects were observed at ash levels equal to or
lower than 40 metric tons/ha. In fact, the biomass of the
wheat and the caliper and height of the poplar cuttings
increased more at 40 metric tons/ha than with the control
soil, probably due to the increase in soil pH and availability
of soil nutrients.
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A second greenhouse study examined the phytotoxicity
of wood ash at high application rates on snap bean growth
and yield (17). The alkalinity, potassium content, and
boron content of the ash were examined as potential
toxicants. The experiments demonstrated that the
alkalinity was the most important growth limiting
component in ash, but potassium was also an important
limiting element. Research in progress is evaluating the
response of spring wheat in a field study to different
application rates of wood ash as compared to limestone
(18).

Magdoff et al. (15) evaluated land application of wood
ash in a greenhouse/laboratory research project. Two soils
were mixed with wood ash, limestone, and a limestone-ash
mix (90:10). Plant growth, nutrient uptake, and soil
chemical changes were measured during the growth of corn
and alfalfa. Ash gave better growth responses than
limestone. The effect of over liming was reduced when ash
was added with the limestone, probably due to the extra
nutrients in the ash. The study demonstrated that wood
ash could be used as an effective liming material by
following the currently recommended guidelines for
limestone. Magdoff recommended that crops should not
be planted immediately after ash application, as ash
absorbs herbicides and pesticides and could cause
concentrated alkaline conditions before neutralization by
the soil. Magdoff also recommended that because of ash
variability, the calcium carbonate equivalent should be
measured routinely.

Zibilskc and Clapham (19) evaluated wood ash as a
liming agent and soil amendment in a greenhouse
experiment with spinach, a pH sensitive plant. Spinach
yield per pot increased linearly with the ash application
rate up to the target pH.

Gray and Rock (16) simulated the effect of precipitation
on the leaching of ash components after land application.
A loamy sand and a silt loam soil were mixed with wood
ash at a loading rate of 27 metric tons/ha, and then water
at a pH of 5.6 was added to the column at a rate of 90
cmVday. The study concluded that ash could be applied to
the loamy sand at 12 tons/acre but should be applied at a
lower rate on the silt loam.

In summary, wood ash is a valuable liming agent and
soil amendment that enhances agricultural productivity.
Ash can be used as a substitute for agricultural lime and it
also provides supplemental macro and micro-elements
needed for plant growth. Land application appears to be a
safe method for disposal and utilization.

Forest l»nd application

Weber et al (20) studied the effect of wood ash and
NPK fertilizers on microbial activities over a 3-year period
in an intensively cultivated acidic, nitrogen-rich peat soil
planted with Salix sp. The wood ash increased all
microbial activities that were examined: nitrogen
availability, mineralization, cellulose decomposition,
nitrogen fixation, and denitrification.

Lumme and Laiho (21) examined the effects of conifer
bark ash on the growth of fast growing willow (£ajjs
jquatica). The ash was considered to be a good P, K, and
Mg fertilizer and liming agent. The elements in the ash

were released more slowly than those in the fertilizer,
showing a higher release in the second growing season. No
significant increase in microbiological activity was observed.
The study suggested that ash application rates of 5-10
metric tons/ha were beneficial, while at higher rates (10-20
metric tons/ha) the ash may interfere with plant nutrient
uptake.

Forest land spreading will probably grow in importance,
because forest land is available and close to ash producers.
In addition, forest nutrients will have to be replaced,
particularly with more intensive forest growth and
harvesting practices. The application of ash to forest land
is more difficult than to agricultural land, but mechanical
equipment is improving. One problem with forest land
spreading is that the pH requirements for forest trees are
not fully established, and there are fears that ash could
increase soil pH and thereby favor the growth of
undesirable hardwoods over softwoods.

Commercial Land Spreading

Resource Conservation Services (RCS), a private
marketing company in the Northeast, is presently land
spreading wood ash from several wood-fired plants (22).
RCS has placed a positive value on the ash based on its
potassium, phosphorous, magnesium, lime, and micro-
nutrient content. The heavy metal content is typically
below the minimum state standards of Maine and New
Hampshire (Table III), but the cadmium content can
sometimes exceed the strict State limits of 10 ppm. Table
III also compares the metal content of ash, limestone, and
a typical soil. Land spreading of ash is regulated in Maine
and New Hampshire, but ash is licensed like limestone in
New York.

Table ID. A comparison of the maximum heavy metal
standards allowed in Maine and New Hampshire with the
concentration in an average ash (22), limestone and soil
(27).

Metal

Cadmium
Chromium
Copper
Lead
Nickel
Zinc

ME and NH
Standards

Ash Ground
Limestone

Concentration (mg/kg)

10
1000
1000
700
200

2000

3.5
26.1

123
28
75.5

521.6

0.04
!1

.
9

Average
Soil

0.06
100
20
10
40
50

Ash is applied based on the calcium carbonate content
of the ash and the equivalency needs of the particular soil.
For example, if two tons of lime are needed per acre and
the ash has a 50% lime equivalency, then four tons of ash
would yield the proper liming rate. Ash can be spread with
conventional manure spreading equipment and is either
topdressed or incorporated. During the winter, ash is
stockpiled to avoid runoff problems that could contaminate
ground water.

In Maine, wood ash is classified as a specified waste
which requires regulatory approval prior to land spreading.
The first step requires the landowner to prepare an
application for land spreading. The site is examined using
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soil and topographic maps to determine ils suitability. A
soil scientist then collects soil samples and recommends
loading rates based on desired crops and specific soil
characteristics. The company generating the ash then
reviews the application and sends copies to the Maine
Department of Environmental Protection (DEP), town
officials, and the landowner. The Maine DEP then sends
copies to various agencies for review and comment and
also re-examines the suitability of each site. The approval
process takes approximately 6 months.

Agri-Tech, another private marketing company, operates
a similar program in western Oregon (24). The ash is
managed as an industrial byproduct in a beneficial use
program under Oregon law. The State of Oregon
Department of Environmental Quality (DEQ) does not
require permits for each individual property but does
require quarterly and annual reports identifying which
properties are being utilized. County governments regulate
ash utilization to the extent that they are responsible for
land use issues and solid waste disposal. Some counties
require that every adjacent property owner be notified by
mail that the ash is to be utilized on a given site.

The Agri-Tech program uses modified manure spreaders
with light four wheel drive tractors. This equipment
increases the length of the spreading season, but stockpiles
are required during the wet months. Application rates are
limited to a maximum of three tons of lime equivalent per
acre which matches the agronomic rate used in local farm
operations. Soil samples are collected and analyzed before
and after the ash application.

DISPOSAL COSTS

With stricter landfill regulations and a decreasing
number of acceptable sites, the cost for landfilling has
increased abruptly and is certain to continue. Landfill
costs vary widely. Based on 1989 costs in Maine and New
Hampshire, the tipping fee at a "secure" landfill, with a
liner and leachate collection and control system, was $55-75
per ton (22). A wood burning facility producing 5,000 tons
of ash per year (14 tons/day) would have annual tipping
costs of $275,000-$375,000 plus transportation costs.
Landfill costs in other sections of the country are lower
because landfills regulations are not as strict. Land
application of ash is approximately 33-66% less costly than
landfilling in the Northeast (2).

REGULATORY QUESTIONS

Many regulatory agencies have difficulty in classifying
wood ash. Under the Resource Conservation and
Recovery Act (RCRA), ash is not characterized as a
hazardous waste as there are no pH criteria for a solid.
But the state of Washington classifies wood ash as a
dangerous waste when its pH exceeds 12.5. This
classification necessitates special handling and disposal
procedures which have caused major problems for several
ash generating facilities. For example, a pulp and paper
mill in Washington attempted to neutralize its ash for three
months with sulfuric acid, but the cost was prohibitive.

Heavy metal concentrations in ash do not appear to be a
significant problem. As shown in Table IV, the extractable

metal concentrations of» Northwestern wood ash did not
exceed the limits of the EP Toxkity Test (25) for
classification as a hazardous watte. It should be noted that
ash produced from mixed fuels such as wood, coal, and
municipal waste may have higher heavy metal
concentrations.

Table IV. The concentration of total and extractablc
metals in an industrial Northwest wood ash as compared to
the maximum extractable metal concentrations allowed in
the EP toxicity test (28) before classification u •
hazardous waste.

Cone.
Metals

Aluminum
Antimony
Arsenic
Beryllium
Barium
Boron
Cadmium
Chromium
Cobalt
Copper
Iron
Lead
Magnesium
Manganese
Mercury
Molybdenum
Nickel
Selenium
Silver
Strontium
Thallium
Tin
Titanium
Zinc

D H • 13.4 at

Total
Metal Cone.
Metal Cone.

fmg/lcgi

11,000
<300
<20
0.3

1,100
110
6.9
14
5

54
8,500

28
14,000
3,300

<0.2
4
14

<50
<2

470
<200
<10
450
570

1:2 dilution

Soluble

fmg/n

<2
<3
<0.2
<0.01
0.7
2.0
0.04
<0.1
<0.1
<0.1
3
<0.1

110
13
<0.005
<0.1
<0.1
<0.3
<0.1
<0.2
<2
<0.2
<0.1
0.7

Maximum
Metal

fmg/n

-
5.0
•

100
-
1.0
5.0
-
•

•

5.0

•
0.2
•
.
1.0
5.0

-

Zinc at 200-800 ppm will probably be the rate limiting
metal component in land application of wood ash.
Cadmium, averaging 6-15 ppm, does not appear to be a
problem when ash is applied at reasonable application
rates. For example, the maximum annual cadmium loading
is 0.5 kg Cd/ha/yr (26), and the maximum cumulative
loading is 5 kg Cd/ha on a soil with a cation exchange
capacity of less than 5 meq/lOOg and a pH of less than 6.5.
The pH and potassium thresholds for the land will be
exceeded long before the land is limited by cadmium and
zinc. From past and current research, it appears that
application rates based on the liming requirements of the
soil pose little risk to the environment.

CONCLUSIONS

Wood ash should not be viewed as a problem, but as a
valuable raw material containing elements concentrated by
plants and the combustion process. The recycling of ash
back to agricultural lands can help improve soil
productivity and also conserve valuable landfill space.
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Land application appears to be a safe and economic
method for disposing of and utilizing wood ash.
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POTENTIAL FOR RENOVATION OF
MUNICIPAL WASTEWATER USING
BIOMASS ENERGY HARDWOOD
PLANTATIONS1

Dennis Mengel and Douglas Frederick2

r— . —\
/-Abstri^r Application of municipal wastewater to
t hardwood plantations offers a viable opportunity to

dispose of nutrients and pollutants, while protecting
water quality. Production of woody biomass for energy
or pulp mill furnish, at levels greater than thai obtained
in non-irrigated plantations, is feasible and markets
exist in the eastern United States for this biomass.

^ Plantations of sycamore (Platanus occidentals L.),
** *" sweetgum (Liquidambar styraciflua L), and loblolly

a pine (Pinus taeda L.) are being established on the
V coastal plain of eastern North Carolina at the city of

Edenton for application of municipal wastewater.
Research investigating the production of biomass,
production costs, and wastewater renovation are
presented. Dry weight biomass following the fourth
year of growth for sycamore and sweetgum was 18.7
and 7.4 Mg/ha, respectively. Plantation establishment
and system costs were $26,460.12/ha, Comparison costs
with a smaller but similar system at Woodland, NC, are
presented. Nutrient assimilation and wastewater
renovation data are being collected and are not yet
available for publication.

Keywords: Sycamore, Sweetgum, Biomass
Production Costs

Concern over environmenta1 problems, and in
particular water quality, has become a major policy
issue at local and national levels. One component of
water quality protection is ecologically sound
renovation of municipal wastewater. Land disposal of
wastewater can utilize the assimilative capacity of
biological systems to remove and store pollutants.
These systems are more desirable than those that
discharge directly into surface waters. If the
assimilative capacity can be combined with woody
biomass production for energy or fiber needs, these
systems will have the potential for widespread

1 Presented at the National Bioenergy Conference,
Coeur D'Alene, ID, March 18 - March 21, 1991.

2 The authors are, respectively. Environmental
Scientist, CH2M HILL, Atlanta, GA; Professor of
Silviculture, North Carolina State University, Raleigh,
NC.

application in North Carolina and the southeastern
United States. Biornnss markets exist in eastern North
Carolina, and revenue from the sale of woody biomass
can offset the cost of establishment and maintenance of
the biomass plantations and possibly produce income
(Urie 1986). This paper includes a discussion of a
current research project investigating biomass
production, cost of biomass production, and wastewater
renovation in hardwood plantations located in eastern
North Carolina.

Approximately 7 million tons of wastewater is being
produced in the United States and production is
increasing, particularly in rapidly growing areas of the
Southeast (Maness 1987). The Environmental
Protection Agency (EPA) recommends that municipal
and industrial wastewater and sludge be disposed of
using land-based systems (EPA 1984). This means that
many communities in North Carolina and the Southeast
will have to adopt new or modify existing systems to
land-based systems. Shallow groundwater tables found
in much of the Atlantic and Gulf Coastal Plain regions
necessitate the use of systems that can remove and
store large amounts of polluting substances to prevent
groundwater contamination. Hardwood plantations are
an attractive land-based system alternative, because
they can produce substantial quantities of usable
biomass for energy while storing potentially harmful
nutrients.

FOREST-BASED LAND APPLICATION SYSTEMS

Installation of forest-based wastewater disposal
systems is growing, but at a slower rate than that of
agricultural systems. Several reasons have been
identified for this slower growth (Nutter and Red
1986). Foremost is the lack of information on the
nutrient cycling and storage capacity of forest-based
systems, upon which to base design criteria. Forest-
based systems also require a larger land surface relative
to agricultural systems, given comparable waste
application rates (Nutter and Red 1985). This is due
to differences in crop rotation length. Unlike
agricultural crops, forest rotations extend over many
years and some of the annual biomass production
(containing assimilated wastes) is returned to the forest
floor each year. This results in reduced system
efficiency and a larger land requirement.

Forests are particularly well-suited for wastewater
application. According to Cole and others (1983): (1)
trees have perennial root systems which allow year-
round uptake of wastewater, (2) forests have a high
capacity to immobilize nutrients, (3) large areas of
inexpensive forest land are available that are well-
drained and not subject to flooding, (4) forests are not
food chain crops, (5) forest soils are not usually prone
to surface runoff, and (6) forest soils are usually
nutrient-deficient and capable of assimilating large
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amounts of nutrients through soil adsorption and
microbial reduction.

Very little research has been completed on the
renovative capacity of forest plantations. Much of the
existing literature has been based on natural stands.
Results from existing studies have shown that forests
can be successfully used to remove and store potential
pollutants from municipal wastewater. A 5-year study
in Washington showed that young plantations of
Lombardy poplar (Populus nigra L.) and Douglas-fir
(Pseudotsuga menziesii) removed over 50 percent of
applied nitrogen (Schiess and Cole 1981). Nitrogen
renovation in an older plantation (25 years) of red pine
(Pinus resinosa Ait.) in Michigan was near 70 percent
when applied at a high rate of 88 mm/wk, and
exceeded 90 percent when applied at a low rate of 22
mm/wk (Urie 1979). Approximately 30 percent of the
nitrogen applied annually to a forest treatment site in
the mountains of Georgia was removed (Nutter and
Red 1985). As the range of nitrogen renovation values
above indicates, it is difficult to predict nitrogen
renovation on a site-by-site basis due to the complexity
of the nitrogen cycle, differences in vegetation, and site-
dependent factors.

Phosphorus is another nutrient with potential to
pollute groundwatcr supplies (Sopper and Kerr 1979).
Forest soils are efficient at removing phosphorus and
storing it in the soil profile; therefore, phosphorus
renovation rates are typically high. All the phosphorus
applied in one study was retained in the soil profile
(Stednick and Woolridge 1979), and on an upland
Georgia site, phosphorus renovation was reported at an
average of 98.7 percent (Nutter and others 1979).

LAND TREATMENT SITE AND WASTEWATER
TREATMENT

The wastewater treatment facility used for this
research is supplied with municipal wastewater from
the city of Edenton, NC. Approximately 145 ha of
sycamore, sweetgum, and loblolly pine were planted in
February 1987 to serve as the sprayfield, and the
system became operational in January 1989.

The site is dominated by two soil series, State and
Conetoe. The State series is a fine loamy, mixed,
thermic, arenic Hapluduit, and the Conetoe series is a
fine loamy, mixed, thermic, typic Hapluduit. Both
series have a clay B-horizon, which occurs at
approximately 61 cm in the Conetoe series and 30 cm
in the State series. This layer restricts infiltration and
should provide the majority of the cation exchange sites
for waste treatment. Wastewater is applied to a depth
of 25.4 mm (1 in) over a 4-hr time period, 1 day every
2 weeks. Irrigation water is supplied via underground
pipes to impact-typt sprinklers on 1.2-m risers at 18.3
m x 24.4 m spacings. The operating pressure is 2.8
kg/cm2 (40 Ib/in2).

The wastewater is pumped to an 11.5-ha oxidation
lagoon, with an influent rate of 4.8 x 102 mVs (1.1
mgd). The wastewater is chlorinated for odor control
before it enters the oxidation lagoon. The plantations
are irrigated with water from the oxidation lagoon.

STUDY DESIGN AND METHODS

Separate plots have been installed to measure
biomass production and nutrient assimilation. The
wastewater renovation data are being collected on the
nutrient assimilation plots.

Biomass

Eight 25-tree plots (4 each of sycamore and
sweetgum) havs been installed for collection of biomass
information. All trees were measured at the end of the
growing season, and unpublished biomass equations
developed by the North Carolina State University
Hardwood Research Cooperative were used to
estimate green and dry biomass. Estimates represent
all above-ground wood and bark bioniass. Data have
been collected through year 4.

Nutrient Assimilation and Wastcwtcr Renovation

Eight 36-tree plots (4 irrigated and 4 non-irrigated)
have been established to measure tree nutrient content
in both the sycamore and sweetgum plantings. Four
trees will be destructively sampled for nutrient analysis.
Concentrations of nitrogen, phosphorus, calcium,
potassium, magnesium, and sodium will be determined
in the wood, bark, and foliage. Trees will be harvested
in February and August to collect dormant- and
growing-season information, respectively.

The nutrient content of the percolating wastewater
will be determined from leachate collected in suction
lysimeters installed at 46 cm (sycamore), 30.5 cm
(sweetgum), and 122 cm (both species). A cluster of
two lysimeters (2 depths) was installed in each plot,
above and below the clay horizon. Continuous
recording tensiometers will record soil water tension
values at the same depths, to allow for calculation of
nutrient concentrations on a volume basis. One set of
tensiometers was installed in each group of 4
plots/species.
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RESULTS AND DISCUSSION

Biomass

Biomass data for swcetgum and sycamore are
presented in Tables 1 and 2, respectively. The overall
survival rate has been excellent, with sweeigum having
a slightly higher rate than sycamore. Sycamore height
growth and biomass production have been twice those
observed for sweetgum. This is not unusual, as early
sweetgum growth is typically slow. Sycamore inter-tree
competition, coupled with a growth increase in
sweetgum as it matures, will reduce growth differences
in coming years.

Table 1. Stand and biomass data for sweetgum.

Variable
Age in field
Planted trees/ha
Percent survival
Height (m)
Basal diameter (cm)
DBH (cm)
Green biomass (Mg/ha )h

Dry biomass (Mg/ha)

1988"
2

1650
100

1.5
3.6
..
1.6
0.7

Year
1989

3
1650

100
3.0
6.6
..
9.9
4.3

1990
4

1650
100

4.0
9.1
5.6

15.5
7.4

* Measured after the 1988 growing season
b Whole-tree biomass (wood and bark only)

Table 2. Stand and biomass data for sycamore.

Year
Variable 1988» 1989 1990
Age in field
Planted trees/ha
Percent survival
Height (m)
Basal diameter
DBH (cm)
Green biomass (Mg/ha)h

Dry biomass (Mg/ha)

2
1788
93
3.4
6.1

7.2
3.2

3
1788
93
5.9
9.6

21.1
10.1

4
1788
93
8.5
•1.4
7.6
40.3
18.7

' Measured after the 1988 growing season
b Whole-tree biomass (wood and bark only)

Biomass production for both species has almost
doubled in the 1990 growing season. A significant
component of this increase can be attributed to
wastewater irrigation. The irrigation system was not
operational for the first two growing seasons, during
which time the area experienced a severe drought. We
believe that irrigation during the fust 2 years could

have increased biomass production by an additional 2
to 3 Mg/ha.

This level of production exceeds biomass yields
frequently obtained in other biomass studies. Past
research has shown that higher yields are obtained as
tree density increases. The tree spacing in this study
(approximately 1.7 x 3.0 ra) is wider than that used in
most biomass plantations. Yet these wastewater-
irrigated plantations have produced more biomass than
some plantations with smaller spacings. For example,
3-year-old sycamores planted at 0.9 x 1.8 m spacings on
the Ohio River flood plain yielded 4.7 Mg/ha on a dry-
weight basis (Wood and others 1976). Comparison of
the yields from Edenton with those reported for a study
located in the Georgia Piedmont region reveals the
benefits being derived from wastewater irrigation.
Estimated sycamore (1.2 x 1.8 m spacing) green weight
yields at ages 3 and 4 years were 23.1 and 31.6 Mg/ha,
respectively (Saucier and others 1972). Yields from
Edenton at comparable ages were 21.1 and 40.3 Mg/ha,
respectively. We expect the yields at the Georgia site
to be lower because it is a less productive site, which is
typical of the Piedmont region. However, the much
wider spacing in our study would partially negate the
differences that were due to site quality.

Sycamore and sweetgum have the ability to
regenerate via coppicing. It stands to reason that
growth originating from an established root system is
faster than that obtained via seedling stock. Current
growth indicates that the sycamore can be harvested in
2 more years (at age 6). Rotation age for the
sweetgum will probably be about 15 years. Research
conducted by the North Carolina State University
Hardwood Research Cooperative has found that 1-
year-old coppice growth averages 5 to 6 times the
green-weight biomass of 1-year-old seedling growth
(North Carolina State University 1985). The increase
in growth should result in shorter rotation lengths for
both species in subsequent rotations.

Cost Analysis

Table 3 presents system and plantation
establishment costs for the Edenton site. We are also
establishing a system for the town of Woodland, NC;
cost data on the Woodland system are included in
Table 3 for comparison purposes. The Edenton site
was constructed on abandoned agricultural land,
whereas the Woodland site (considerably smaller at
20.2 ha) represents conversion of an existing turf
system to a tree system. Turf systems in eastern North
Carolina are experiencing high operating costs incurred
in cutting and bailing the hay. Recent nitrate poisoning
of cattle fed from wastewater-irrigated hay has made
hay disposal a problem as well. In addition, the
frequent trafficking required for cutting the hay is
causing severe compaction problems in the wet soil,
leading to further operating costs to ameliorate the
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compacted soil. These costs are making conversion to
tree-based systems more attractive.

As Table 3 indicates, the overall costs associated
with the Woodland site are greater than those of the
Edenton site. Given economies of scale, this is
expected. However, plantation establishment costs at
Edenton were considerably higher than at Woodland.
There are several reasons for this difference: (1) local
contractors were used at Woodland versus non-local
subcontractors used for engineering work at Edenton;
(2) 28.3 ha at Edenton had to be replanted due to
losses from forest tent caterpillars; and (3) the
contractor used for herbicide application at Woodland
charged a lower labor rate than the one used at
Edenton.

Table 3. Plantation and system costs (1989 dollars) for
establishing tree-based land application systems at
Edenton and Woodland, NC.

Variable
Site

Edenton Woodland

Plantation establishment costs
Seedling cost
Planting
Site preparation
Herbicide
Subtotal

Pump and handling
infrastructure costs

Materials/construction
Design engineering
Subtotal

Sprayfield costs
Materials/construction
Design engineering
Subtotal

Total costs

197.40
196.61
263.45
187.77
845.23

($/ha)

147.56
123.50
165.55
117.99
554.60

11,643.61 34,610.03
1,446.65 4.153.20

13,090.26 38,763.23

11.182.70 15,411.71
1,341.93 1,849.42

1. 524.63 17,261.13

26,460.12 56,578.96

One cost advantage not yet realized from this
project is the ability to coppice the existing plantations
following the first harvest. We expect to obtain 3
coppice crops in addition to the first harvest. This will
greatly reduce or even eliminate costs associated with
establishing the next 3 rotations.

The plantations are still too young to determine the
benefit side of the cost/benefit analysis. Revenue will
be gained through sale of the biomass produced in the
plantations. There is a viable biomass market in
eastern North Carolina for furnish to pulp mills and
wood energy producers. Unlike the turf systems, wood
biomass is not part of the food chain and should have

no restrictions on disposal. On the contrary, it will be
in high demand during early spring when harvesting
restrictions limit the availability of hardwood from
bottomlands. Operating expenses will also be lower for
this system than for turf systems, as no mowing will be
required following canopy closure.

Nutrient Assimilation and Wastewater Renovation

Work on the nutrient partitioning and fluxes is
currently under way; results are not yet available. As
mentioned previously, overall renovation achieved may
be lower than that of a turf system due to nutrient
recycling during fall leaf drop. It also takes several
years for the root systems to become established and
for nutrient uptake to reach maximum levels. One
advantage to the coppice method of regeneration will
be ti.at subsequent rotations will have well-established
root systems and nutrient uptake following harvest will
be higher than that achieved with seedling regeneration
methods. Whole-tree harvesting at the end of the
growing season will remove all above-ground biomass
(including foliage) from the site.

Some research has been reported on the relative
efficiency of trees versus turf in reducing the leaching
of nitrate into groundwater (Breuer and others 1979).
In year 1, the turf system was more efficient at
removing nitrate than either Douglas-fir or poplar.
However, by year 2 at the 180 cm depth, nitrate
concentrations were 92, 50, and 10 kg/ha for turf,
Douglas-fir, and poplar, respectively.

CONCLUSIONS

Land application of municipal wastewater on forest
plantations is a viable alternative to traditional turf-
based systems in the eastern United States.
Establishment costs of trees versus turf are higher, but
disposal of the biomass is easier as it is not part of the
food chain. In addition, operating expenses are lower
for the tree systems, which do not require mowing
foilowing canopy closure. Biomass production in
wastewater-irrigated plantations currently exceeds that
observed in non-irrigated plantations, and biomass from
coppice rotations should exceed that produced from
seedlings. Data that are being collected on the
renovation efficiency of the plantations will help to fill
gaps in our knowledge of how these systems will
perform.
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URBAN WOOD: FUEL FROM LANDSCAPES AND LAND FILLS'

Thomas R. Miles and Thomas R. Miles. Jr.J

Wood recovered from urban landscaping, |
construction and building demolition has become an
important fuel for several new power plants.
Sources, composition, and requiremetts for fuel
preparation, handling, firing and emissions
control are described from experience at several
plants. Urban wood waste fuels are suitable for
steam and power generation if precautions are .
taken to process the fuel and provide uniform flow
to the boiler. .—J

Keywords: Biomass Power, Wood Fuel, Urban Wood

Wood recovered from urban landscaping,
construction and building demolition has become an
important fuel in California, where more than 800
MW of biomass capacity has been added at 57 plants
since 1980 for an accumulated demand of 7.5
million dry ton? "f per year. Independent powev
producers are adapting to uroo: wood fuels in
increasing quantities. Some special requirements
for fuel preparation, handling, firing and
emissions control are described below that result
from our experience at many of these plants.

A NEW INDUSTRY

Urban wood waste (UWW) is available everywhere.
Until recently, its separation and use as fuel was
limited to a few wood working industries. However,
as land fill space for solid waste has diminished,
Incentives, uses and markets h<jve been found for
wood wastes in composition board, compost and
fuel.

Fuel markets tiv California have created an
urban wood waste industry almost over night.
Public Utilities Regulatory Act (PURPA) inspired
power plants located in the Central Valley
increased wood fuel demand by almost 2.5 million
dry toT.s per year during 1989-1°91, a quantity
that forest industries alone cannot supply.
Agricultural residues, including hulls, pito,
straw and stalks, are not used because they are
costly, difficult to burn and cause problems with
deposits in furnaces. Consequently, an industry
has developed in which fuel processors ha\i set up
operations at land fills; fuel brokers have
arranged contracts with biomass plants; and
truckers haul urban wood fuels to biomass plants
from as far away as 300 miles. Urban wood waste
consumption in California is estimated at 250,000
dry tens per year, and may incraase to more than
1,500,0000 dry tons per year as 25 stand alone
power plants pay from $25 to $45 per dry ton.

Most municipal land fills are too small to have
their own UWW processing facilitips, so
independent contractors come on site and work down
a collected pile for certain periods during a
year. Tipping fees for a clean load of wood, with
no paint or sheet rock, will cost $35 per ton at a
landfill, but only $3 per ton at a fuel grinding
facility. In other cases, woody biotnass is
diverted to a processing yard which can also make
fuel frora agricultural residues and other sources.

1 Presented at the National Bioen^rgy Conference,
Coeur D'Alene, Id, March 18 - March 21. 1991.

2 The authors are respectively, professional
engineer an 1 project manager, Thomas R. Miles,
Consulting Design Engineer, 5475 S.W. Arrowwood
Lane, Portland, Or 97225-1323.

Contractors and fuel suppliers In California
expected 15 percent of the annuai supply of 5
million cons of solid waste per year to be
recoverable as fuel. But they have found some
concentrations of wood waste to be higher than
expected, up to 25 percent at some land fills.
Individual power plants may receive fuel from as
many as 25 individual contractors, haulers, and
suppliers. Few power planes process bulk urban
wood residues on sine, But several power producers
already support brokers and fuel processors to
guarantee their fuel supplies, and some are
preparing to enter the fuel processing business
themselves.

California is probably one of the largest areas
to use UWW for combustion or gasification. Fixed
and fluidized bed gasifiers have been used to
process UWW at demonstration sites, but are no
longer in use. UWW is a good fuel for
gasification, since it is usually quite dry, at 12
percent to 18 percent moisture content. Elsewhere,
several small scale UWW burning systems were
installed during periods of high gas and oil
prices. In a cooperative study that will benefit
other communities interested in usinp UWW, the New
York State Energy Research and Development
Authority (NYSERDA) and others will use data from
California to characterize the environmental.
Impacts of urban wood wastes.

URBAN WOOD WASTE AS FUEL

As a fuel, UWW fails between woody and non-
woody materials. It can include wood pallets,
landscape brush, plyvoorf and building demolition
materials. Like industrial wood residues, it is
available all year, it can be storod outside, it
has an economic density for hauling and handling,
it can be handled in bulk and it burns well. It
presents few ash fusion problems, since high ash
materials like gypsum board are usually diverted
directly to the landfill. Because UVW is ground
when it is dry and brittle, it is mostly slivers
and contains a high proportion of dry sawdust and
fine dirt.

Like other non-woody fuels, such as orchard
prunings, straws and stalks, UWW is bulky and must
be processed before transportation to a power
plant. Metals must be separated by reprocessing.
Some sizing is required at the plant for trouble-
free feed to the boiler. Like agricultural
residues, UWW is dusty. Dust control is essential
at power plant and storage facilities, since fines
and dust account for more than 30 per cent of the
fuel. Unlike crop residues, UWW has caused few
problems with ash fusion or agglomeration in the
boiler.

The chemical composition of UWW is an
environmental concern that is being studied by the
NYSERDA group and hss been confronted by at least
one plant. There, fines in the incoming fuel were
found to contain chlorides which were not captured
by the air pollution control equipment. The power
plant screened the fines from the fuel, returning
up to 30 percent to the land fill until better
futil could be found.

Toxic pcliutants, such as mercury from
batteries or lead from piint, have been the focus
of some concern about urban wood fuels. In ons
case, demolition debris from earthquake damaged
buildings was suspected of containing toxic
materials not usually found in urban wood waste.
In practice, most processors separate batteries
and unacceptable materials by sorting at the
landfill before shredding and grinding.
Unacceptable materials are identified and
determined by what the biomass plants can use and
still meet permit requirements for air and water
quality and ash disposal.
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PROCESSING

Most urban wood fuel procassorr. are small
businesses, owned and operated by Individual
haulers, brokers or processors who have Invoscod
i« trucks, front-end loaders, grinders and
conveyors.

Special loader attachments arc used to comb
through the debris and load it into hammer hogs.
Some hanasor hogs are equipped with grapple loaders
for bulky residues. Special hydraulic shears are
sometimes used to break or process stumps. Most
systems have one or two operators to handle bulk
materials vhile another watches the shredder.

Several types of hammer mills have been adapted
from agriculture and the wood products industry
for use at urban land fills. These include tub
grinders, vertical and horizontal swinging hammer
nogs, and shear shredders. Methods to break down
material before scooping it into the grinders
range from crushing waste under the wheels of
mobile compactors to compacting chain feeders and
horizontal shear shredders. Most suppliers use
simple grinding equipment since capital costs are
high, and cost margins and incentives are low
compared to MSW separation in general. Equipment
life is limited and maintenance is high on all
land fill systems.

In most cases, a single shred is accomplished
before the material is loaded and shipped in bulk.
A few installations process wood in more than ono
stage; shredding, grinding nnd screening before
final shipment. Sore have installed shaker
screens, "finger" screens, and coarso disc acresns
to separate fines and dirt before grinding.
Because few round holed, oscillating deck screens
are used, there is a lot of ovor-sizo and over-
length wood in the delivered fuel.

Because it is dry, UWW is brittle and tends to
shatter and sliver in hammer hogs. Disk chippers
are not used because metal would damage chipper
knifes. Hence the product is made of long oversize
together with a very high percentage of fines, up
to 40 percent, that will pass through a 1/4 inch
round hole screen. Only large metal pieces are
removed from UWW at the source. Nails, coins and
wire must be further separated from the fuel at
the plant.

Oscillating deck sceens with 2 inch round
holes have recently been installed in two 25 MW
power plants that burn large quantities of UWW.
Replacing disc screens solved many problems in the
bins, airlocks and feed screws.

If there is a high percentage of dirt in the
fuel, the fines are sometimes separated and
returned to the land fill or sold as a soil
amendment. But low prices of $3 to $4 per cubic
yard do not always justify additional screening,
so the fines and dirt are usually passed on to the
power plant.

Dust can be a problem at all stages of urban
wood fuel handling. Some installations have used
cyclones to separate dust at the grinder. Most
have not.

AT THE POWER PLANT

The power plant regards urban wood fuel as a
stable fuel that is dry and available all year.
Plants chit rely on large quantities of UWW take
several ,'iecautions to design adequate receiving,
handling and stoking systems. Truck unloading
equipment needs to be designed to move large
quantities of fuel to the pile in a short time.
Some brittle, over length demolition wood will
"jack straw" in the unloading bins of truck dumps,
jam conveyors and block the system completely.

Fuel reprocessing at the plant, such as
screening, should bo provided with adequate surge
capacity to allow the trucks to dump and lenva
quickly. Fuel can be reprocessed more easily at
reclaim rates of 20 to «Q tons per hour than at
the dumping rates of 60 to 120 tons per hour. Host
automatic systems to stack and reclaim wood fuel
from a pile will work properly with UWW.

Plants that depend only on a primary, high
capacity, disc screen at the dumper have
subsequent problems, unless a final deck screen is
installed on the way from the pile to the fuel
bin.

Reprocessing typically includes oversize
screening and grinding, sizing, and three or more
metal detectors or magnetic separators. Some
plants accumulate several tons per month of nails,
bicycle rims and tool handles from the UWW. These
must be removed to protect rotary airlocks, and to
prevent metal from accumulating in ash systems
which upsets fluidization in a sand bed.

Fuel size is important to all pressurized
reactors, such as fluidized bed and circulating
fluidized bed boilers. Oversize fuel must be
removed and reground to feed through stokers and
rotary airlocks. Plants have found that disc
screens are not adequate for final fuel sizing
because large pieces dive between the rolls to
later jam screw conveyors and airlocks. Often
these plants have been retrofitted to improve
sizing with additional oscillating deck screens,
or rotating trommel screens.

The reclaim and reprocessing systems must be
designed to handle the large quantities of dust in
the fuel. Long drops into the final fuel bin
should be eliminated to prevent air classification
In which coarse fuels roll to the outside of the
pile in the bin, causing fuels of different
densities to be fed to the boiler stokers.

Dust collection equipment is often necessary at
the truck dump and throughout the fuel handling
system.

COMBUSTION SYSTEMS

Travelling grate stokers with pneumatic feeders
have few problems with UWW. However, a steady diet
of dry, dirty UWW fed to a furnace designed for
very wet fuels can cause agglomeration and damage
refractory. And, air spreader stokers tend to
encourage dry fines to fly.

Contaminants and burning fines that are carried
directly to the boiler often cause localized
temperature problems. If the air distribution
system is not balanced they can cause excessive
carbon monoxide and nitrogen oxide emissions and
deposits in cyclones, loop seals and hot gas
ducting. Ash and dirt accumulations at hot spots
can also form deposits. Sometimes this only occurs
when small quantities of UWW are burned with
auxiliary oil or gas.

Several of the new plants in California use
circulating fluidized bed boilers to burn UWW
because they accept a wide variety of fuels, are
very efficient, and afford good combustion
tesnpsrature control. Systems designed to feed fuel
above the fluidized bed have problems with fines
carry-over and accumulation that are not
experienced with in-bed feed systems. When fuel is
fed above the fluidized bed the light, dry fines
become suspended and dispersed Immediately into
the gas stream without being processed in the
abrasive hot sand fluidized bed.
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FUEL MIXING
Urban wood waste ia normally mixed with other

fuels as it is fed into the plant, depending on
the kind of combustor and reclaim system. Feeding
mixed fuel uniformly into a combustor helps to
solve many fuel related problems.

The dry UWW should be fired in combination with
wet fuels for stable combustion and to eliminate
the nuisance of dust and dirt. Dry UWW burns
evenly if it is mixed with wet hog fuel in the
reclaim system. Moisture in wood regulates the
rate of combustion as it diffuses through the wood
structure and evaporates. Mixing offsets surges
caused by evaporation of moisture in wet fuel and
dampens the reactivity of UWW.

Few plants are designed for good fuel mixing or
uniform feeding. Several have improved feeding and
handling systems to solve combustion problems.

Electrostatic precipitators and baghouse dust
collectors installed for air pollution control at
most new facilities are adequate to handle the
dust and dirt that accompany urban fuels. At one
plant, some lime is added to prevent fluidized bed
media agglomeration and reduce acid gas emissions.
Sulfur, chlorides and other elements associated
with refuse have not caused air or ash disposal
problems at most plants firing UWW, so dry
scrubbers have not been necessary.

CONCLUSIONS

Urban wood wastes are available from every
community, and for a few years will probably have
little competition from other uses. UWW can bo a
reliable fuel for biomass stoam and power
generation, if there are adequate moans for fuel
preparation, on site reprocessing, handling,
sizing, metals separation, dust control, uniform
feeding at the proper place in the furnace and
proper air control. Potential toxic contaminants
from urban wood combustion will be addressed in
current studies. It is likely that contaminant
emissions can be controlled by improved materials
separation at the land fill.
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Production Costs for SRIC EojiuJjiAS Blommas1

Charles li. Straus*2

.Abstract: Production costs {or short rotation,
intensive culture (SRIC) Populus blomasa were
developed fron coauereial-sized plantations
under investigation throughout the US. Populus
hybrid planted on good quality agricultural
sites at a density of 850 cuttings/acre was
projected to yield an average of 7 ovendry (OD)
tons/acre/year. Discounted cash-flow analysis
of multiple rotations showed pre-harvest
production costs of S14/ton (OD) . Harvesting
and transportation expenses would increase the
delivered cost to $35/toa (0,0). Although this
total cost comparad favorably with the regional
market price for aspen (Populus tremuloides),
future investments in SRIC systems will require
the development of biomass energy markets.the

Keywords: Financial, Uni<- Cost, Plantation

Foreign restrictions of oil imports to Che
US during the 1970s resulted in n review of
energy-use policies and an allied search for
alternate energy sources. The perceived energy
crisis brought about an accelerated oxploratlon
for domestic sources of fossil fuels and an
investigation into the use of solar energy and
allied forms of renewable energy (OTA 1980).

Woody biomass can serve as a supplemental
fuel source, both In terms of expanded supplies
from domestic forests and from short rotation,
intensive culture (SRIC) energy plantations.
During the 1970s wood provided a snail portion
of US energy supplies, amounting to 2 percent of
annual energy needs (OTA 1980). Host of this
was used for residential heating and .>
supplemental energy within the forest product
industries. In terns of the future, an expanded
use of forest growth, mortality, and virban wood
waste, above and beyond current forest industry
usage, could provide about 8 percent of US
energy needs (Peterson 1933). An additional 6
percent of our energy needs could be developed
by converting one-tenth of the nation's private
forest, range, and pasture lands to SRIC
plantations (OTA 1980). However, one of the
unresolved questions is whether woody biomass
could compete, cost-wise, with other fuel
sources.

One of the better options for SRIC biomass
would be as a feedstock for ethanol production.
Liquid fuels are In strategic short supply
within the US, asking this country vulnerable to
supply and/or price disruptions (Wright 1988).
The production of ethanol from woody biomass has
been proposed under several processes, with the

'Presented at National Bloenergy Conference,
Coeur d'Alene, ID, March 18-21, 1991.

2Professor of Forest Economics, School of Forest
Resources, The Pennsylvania State University,
University Park, PA 16872102.

final product potontlnlly competitive under opan-
markoi situations (Wright and d'Agincourt 198^,
Iterftoron et al. 1988). Bloraass from SP.IC Eggulgs.
plantations would bo particularly well suited to
those convorr.ion processes on the basis of
material characteristics and supply capabilities
(Ranncy et al. 1987, Strauss et al. 1988).

SRIC production is designed to promote high
yields at young stand ages. The more cost-
effective cultural approaches include the use of
Improved clonal material, intensive site
preparation and weed control, planting densities
of 600 to 1600 trees/acre, fertilization, coppice
regeneration, and two to three harvest cycles of
five to eight years each (Ranney et al. 1987).
In order to implement these cultural designs and
secure a maximum output, most of the SRIC
plantations have been placed on good agricultural
lands. Hardwoods have been preferred due to
their rapid early growth, good stress tolerance,
and strong coppicing ability. Major attention
has been directed to the poplars (Populus spp.
and hybrids), eucalypts fEucalyptus spp.), silver
maple (Acer sacchnrinum), sweetgun (Liquldambar
styraciflua), sycamore (Platanus occldentalls)
and black locust (Rohlnla pscudoacacla). Willows
(Sallx spp.) have been investigated in Canada and
northern U.S., Involving "wood grass" strategies
with over 10,000 stems/acre and ultra-short
rotations of one to three years (Wright et al.
1988).

Research on SRIC technology in the U.S. was
initiated in the mid-1960s, with najor Improve-
ments secured through numerous experimental
trials. Much of this work was funded or co-
funded by the US Department of Energy and
coordinated through its Short Rotation Woody
Crops Program (SRWCP) (Wright et al. 1989).

In determining the economics of SRIC
programs, plantations have been evaluated under
two general stages of research. These include
feasibility studies sf proposed systems (Perlack
et al. 1986, Strauss et al. 1988) and, more
recently, the scale-up analysis of actual
commercial plantations (Wright 1990). This
latter effort includes economic and viability
trials of 50-acre or larger monoculture
plantations established by several research
institutions and private companies through cost-
sharing programs.

This paper develops a general production
model from these combined research efforts;
focusing on the establishment and maintenance of
commercial-sized Populus plantations. Unit costs
for biomass are developed and compared to the
current market price of similar wood supplies
from domestic forests.

PROCEDURES

In an effort to summarize the central
findings of SRWCP-sponsored research, a woody
blomoss production model was developed and
evaluated under a discounted cash-flow design.
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Plantation Design and Operations

The proposed SRIC system usos P_£j>M.lu£
hybrid planted on good agricultural sites at a
density of 850 trens/acre. Rotation length war.
expected to fall in the range of five to eight
years, with two to three rotations anticipated
"from the initial planting. Selection of the
optimum-length rotation was dependent on a
discounted cash-flow analysis of production
costs.

The establishment of SRIC plantations is
similar to the procedures used for agricultural
row crops, involving a fall preparation of the
site and spring planting of the poplar cuttings
(Perlack et al. 1986, Grado et al. 1988).
During the fall period, the site receives a
total- kill herbicide and mowing oparation to
remove old field vegetation, followed by offset
disking to prepare the soil for planting. Lime
may be added at this time, depending on soil
acidity. In the spring, the soil is disk
harrowed, with a pre-emergent herbicide applied
to counter residual weed sources. In order to
build an adequate nutrient base for tree growth,
phosphorus and potassium may be added prior to
planting. However, nitrogen would not bo
applied until third and fifth growing seasons to
avoid augmenting weed growth in the Initial
growing seasons. Machine planting was assumed
wiehln the cost structure of the raodol, with the
poplar cuttings produced at a self-owned nursery
(Grado et al. 1988).

Additional herbicide applications wore
scheduled at the beginning of the first and
second summer periods to limit weed growth.
Protection from insect and canker attack was
provided through a biennial insecticide/
fungicide spray program. This represented an
insurance cost in reducing the susceptibility of
monoculture systems to infestations, such as
cottonwood leaf beetle (Chrvsomela scripta) and
Septoria canker (Ostry et al. 1988).

Annual charges were also assessed for land
rent, proper:y taxes, and the managerial
supervision of the entire production effort. In
this mai.ier, land and management were identified
as specific Inputs to the production system.

Establishment and Annual Operating Costs

Estimated costs for the individual
operations were developed froo the SRWCP data
base and are reported in U.S. dollars for the
1987-1988 period (Table 1). Contract charges
for the establishment and annual operations of
commercial-sized plantations compared well to
previous models of SRIC systems (Lothner et al.
1985, Perlack et al. 1986, Grado et al. 1988).
Variations in costs were largely attributed to
the differences in equipment and prescribed
materials used on alternate sites. The final
budget reflected the establishment and annual
operations of a site having good aspect and soil
quality.

Establishment costs totaled $23O/acre,
including the cost of the first- and second-

Tab If 1. Establishment and maintenance costs
for SRIC plantations, 1987-88.

Operations

Total kill
herbicide

Mow ing/b rush ing

Plowing

Liming

SPRING
ESTABLISHMENT:

Disking

Pre-emerg.
herbicide

Cofit
Components

machine and labor
materials (1.3 lb/a)*

machine and labor

machine and labor

machine and labor
materials (1 ton/a)

machine and labor

machine and labor

S/ncre

2.
30.

8.

14.

3.
14.
71.

5.

2.

Fertilization

Planting

SUMMER
ESTABLISHMENT:

Herbicide-year 1

Herbicide-year 2

MAINTENANCE:

Insecticide/fung.
(years 2,4,6)

Fertilization
(years 3,5,7)

Land rent

Land taxes

Managerial

* combination of
** combination of

materials (1.6 lb/a)*

machine and labor
materials (50 lb/a each

N.P.K)

planter and labor
materials (850 cuttings/a)

machine and labor
materials (1.0 lb/a)*

machine and labor
materials (1.0 lb/a)*

36.

6.

11.

9.

111.

2.
22.

2.
2JL.
48.

machine and labor 1.
materials (1.4 lb/a/

appl.)** 9.

machine and labor 3.
materials (110 lb/a/

appl. of K) 11.

(5.0% of $690/a) 35.

(0.75% of S690/a) 5.

labor and facilities 14.

av. annual 66.

1Inuron/glyphosate.
Sevin/Dylox.

year herbicide operations (Table 1). Herbicide
operations were 51 percent of establishment
costs, with materials constituting over 90
percent of this expense. Land preparation and
planting were 34 percent of establishment costs,
with 54 percent of this expense tied to the
poplar cuttings (Grado et al. 1988). First-year
liming and fertilization constituted the final 15
percent of establishment costs.

Annual maintenance included additional
nitrogen on an alternate year basis ($14/acre/



application) and the application of
Insecticides/fungicides on an alternate year
schedule ($10/acre/application). In addition,
an annual managerial cost of §l't/acro was
assessed for administrative and personnel
requirements (Strauss et al. 1968).

Annual rent was placed at 5 percent of cho
land value, with annual property taxes estimated
at 0.7$ percent of land value. Land was valued
at $690/acre, representing the capitalized net
return of a good corn production site (120 bu
corn/acre/year). This was representative of the
land values fron several SR1C projects and was
20 percent above the 1988 U.S. average for farm
real estate (USDA ERS 1986).

Plantation Yields

Growth and yield functions were also
developed from SRUCF data sets. These included
yield information from partial and first
rotations of several Populus systems planted ac
700-1400 trees/acre and one double rotation
system planted ac 8500 trees/acre.

An estimated growth curve was developed for
an 850 trees/acre plantation, having, as a
targeted yield, 7 ovendry (0D) Cons/acre/year.
This production level was consistent with
current research results and was considered a
conservative estimate of future SRIC yields
(Ranney et al. 1987). Recent summaries of
record SRIC small-plot yields for Populus hybrid
have shown production levels in the range of 6-9
tons (OD)/acre/year (Hansen 1988).

The projected growth of POPUIUS hybrid
represented an average function for first and
second rotations (Table 2). Typically, the
above-grovind growth secured during the initial
portion of the first rotation will be 20-40%
lower than for comparable points in the second
rotation due to the concurrent development of
root systens in the first rotation.

Current annual Increment (CAI) was
projected to accelerate during the first five
years, reaching a maximum of 10.5 tons (0D)/acre
in the 5th growing season. As expected, mean
annual increment (MAI) increased at a more
gradual rate, attaining the targeted maximum of
7.0 tons (00)/acre/year after the 6th growing
season. The narrow range of MAI values in the
5th to 8th years reflected the high CAIs in the
3rd to 6th growing seasons.

Unit Biomass Costs

The unit cost of biomass was developed as a
function of the discounted cash flows
originating from the establishment and annual
operations of the SRIC system and the discounted
yields of the plantation (Strauss et al. 1990):

C - (R/i)

and

R «• annual maintenance costs, per unit
area (land rent, taxes, managerial)

T - periodic maintenance coats, per unit
area (Insect./fung. fertilization)

E - establishment costs, pet' unit area
Yt » yield, per unit area
k - interval between periodic costs
t - rotation age In years
n - plantation life expectancy In years
i - real interest rate.

Annual costs. Including land rent, taxes, and
management, were discounted as annual perpetual
series. Periodic costs were discounted as
periodic perpetual series. Established costs
were compounded to the end of Che plantation's
life expectancy and discounted as a periodic
perpetual series. It was assumed that the
requirements and costs of reestablishing a new
plantation would approximate those used in the
original establish- ment. fields were discounted
as perpetual periodic series specific to their
individual rotation lengths. The plantation's
life expectancy was based on the number and
length of rotations assumed in any given analysis.
A S percent real rate of return was used
throughout the analysis.

RESULTS

Unit Costs of Biomass

The discounted cash-flow analysis of pro-
harvest production costs under • two rotation
system placed the least-cost solution in the 6th
year at $14.45/ton (Table 2). Optimum rotation
coincided with maximum MAI due to the compression
of the plantation's growth function into a
relatively short period. During this period,
annual growth changes were more volatile than the
respective increases in cost, with the short tine
span also reducing the effects of discounting.
Of further interest, extending the plantations
into the 7th growing season only increased output
cost by less than 1 percent. This reflected the
modest decline of CAI in the 7th year.

Table 2. Yields and cost of blomass for SRIC
plantations.

Year

•

4
5
6
7
8

Yields

(ton(OD)/
acre)

23.7
33.9
42.8
49.1
53.6

Cost* - 2
Rotations

($/ton)

18.23
15.57
14.45
14.64
15.27

Cost* - 3
Rotations

($/ton)

16.62
14.06
13.43
13.63
14.44

where,

C — biomass cost, per unit of yield

Discounted cash flow analysis at 5%.

The principal cost in the SRIC model was
land rent and taxes, amounting to 44 percent of
the total. Managerial costs, fertilizer and
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lime, nnd herbicides each represented from 13 to
IS percent of the total. The composite of land
preparation, planting, and insecticide/
fungicides was the final 14 percent of expenses.

If the plantations could support a third
rotation under the same yield pattern, tho
least-cost solution would again occur in the 6th
year, with the unit cost reduced to $13.43/ton
(Table 2). The 7 percent reduction in unit cost
resulted from the extended prorate of the
establishment costs over the additional
rotation.

Harvesting costs were added to the model
and were based on a feller/buncher unit designed
for closely-spaced, small-diameter trees (Stokes
et al. 1986. Uoodfin et al. 1988, Strauss et al.
1988). The harvested material would be chipped
in the field, and transported 25 miles with
tractor-trailer units. Under this design,
hat-vesting and transportation costs were
estimated at $18/ton (OD). Assuming that the
net delivery of harvested biomass would be 85
percent of plantation yields, the final
delivered cost of the bioroass would be $35/ton
(OD) ($14.45/.85 + $18.00).

DISCUSSION

Marketing and Pricing Considerations

Given tho financial profile for SRIC wood
production, some question remains as to whether
this venture is a viable economic option. In
terms of US fiber production, domestic hardwood
forests are usually overstocked with small
diameter trees. Furthermore, softwoods are the
principle force in pulpwood markets, with the
shorter-fitered hardwoods representing a less
attractive product. This is generally verified
in terms of stumpage prices, with softwoods
typically carrying two to three times the value
of hardwoods (Peterson 1990).

An exception to this hardwood dilemma is
provided by aspen (Populus tremuloides) In the
Lake States. This lighter weight and faster
growing species has generated a major roundwood
narket among the partlcleboard and paper
Industries. Current prices for delivered,
unpeeled aspen in the Lake States are $38-40/ton
(OD) (Peterson 1990). Of interest, aspen shares
many of the mechanical and chemical properties
of the hybrid poplars, with both species groups
adaptable to the production of ethanol. Several
ethanol-conversion studies have proposed
feedstock prices in the range of $38-42/ton (OD)
(Wright 1989, Bergeron et al. 1989). As such,
SRIC biomass at $35/ton (OD), delivered, would
be competitive with domestic aspen and also meet
the expected feedstock prices for ethanol
production.

In many respects, Populus biomass is a
unique product. It Is homogeneous in terms of
physical and chemical properties and can be
genetically engineered for sensitive chemical
processes (Blankenhorn et al. 1984).
Furthermore, SRIC designs would permit a
constant and sustained rate of production.
Probably the best example of commercial SRIC

£S£&Lu production In the US l» the 7000 acres
of plantations developed by the Jamas River
Corporation alonp, the Columbia River in Oregon.
These plantations wore Initiated in WB'i In
response to hardwood shortages anong Pacific
Northwest paper mills (Stanton 1987). Their
general design and estimated output level
parallel the SRIC model presented In this paper.

Plantation end Harvest Costs

Sensitivity analysis was used to evaluate
the parameters having the greatest Impact on pre-
harvest and delivered costs. The pre-harvest
cost was most sensitive to land coses and blonass
yields, with harvesting and transportation having
the greatest effect on total delivered cost. A
further address of these factors was considered.

The general SRIC model included land rent
and taxes as specific cost requirements. These
charges represented 44 percent of pre-harvest
costs and were a direct reflection of land's use
in other agricultural pursuits. In order for
SRIC proposals to be competitive, comparable or
higher net returns would be required from the
biomass enterprise. The use of lower priced,
marginal lands would reduce this cost but, in all
probability, would also result In lower yields.
Further investigations of the preci.se economic
niche for SRIC production among soil classifica-
tions will bo required.

Plantation yields had the greatest impact on
pre-harvest unit costs. If, for example, yields
were reduced by 25 percent, plantation coses
would be increased by 32 percent. In contrast, a
25 percent increase in output would decrease pre-
harvest costs by over 20 percent. A comparison
of record experimental yields to actual field
yields among agricultural crops and for SRIC
Populus plantations (Hansen 1988) suggested an
immediate potential for SRIC plantations within
the range of 4.5 - 5.5 ton/acre/year. Further
increases were considered possible, with the
realization of future gains dependent on cultural
and breeding research. More recent estimates of
growth in commercial-sized Populus plantations by
Wright (1990) have pointed to 7 - 9 ton/acre/year
as an attainable objective.

The design of SRIC plantation is paramount
in determining their production success. This
involves a careful matching of clonal hybrids to
growing sites and the successful implementation
of prescribed cultural strategies. Attention to
these design prerequisites will, in large
measure, enhance the degree of success in SRIC
ventures.

Harvesting and transportation costs, plus
those associated with material loss, had the
effect of more than doubling the final delivered
cost of biomass in the SRIC nodel. Currently,
most SRIC harvesting systems represent either
developing technologies or adaptations of
existing systems used in native forests. Cost
reductions can be anticipated, as harvesting
equipment is better designed for the needs of
biomass plantations (Stokes et al. 1986, Woodfin
et al. 1988). However, a certain stalemate
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exists In the development process owing to
Halted investments in SRIC plantations and
allied conversion technologies. In all
likelihood, the feasibility of energy-
conversion technologies must first be resolved
before further attention Is placed on SRIC
harvesting equipment.

SUMMARY AND CONCUJSIONS

A general model of a commercial-sized SRIC
biomass plantation was developed from a series
of research programs coordinated by the US
Department of Energy's Short Rotation Woody
Crops Program. The model centered on the use
of POPU]us hybrid, planted on good quality
agricultural sites at a density of 850
cuttings/acre. Establishment costs amounted to
5230/acre, with weed control and site
preparation/ planting representing 51 percent
and 34 percent, respectively, of this total
expense. Average annual maintenance, including
the prorated cost of land, amounted to
S66/acre/year.

Plantation yields ware projected to reach
a maximum MAI of 7 tons (OD)/acre/year by the
sixth year. Discounted cash-flow analysis of
cost and growth parameters indicated that two
6-year rotations would achieve a pre-harvest
unit cost of $IVCon. Land was the dominant
cost factor, representing 44 percent of the
unit cost. Managerial costs, fertilizer and
lime, and herbicides each contributed about IS
percent to the unit cost. Harvest and
transportation requirements placed the total
delivered cost oi fopulus biomass at $35/ton.

In its proposed operational form, SRIC
biomass would be competitive with aspen from
domestic forests and also fulfill the cost
requirements of a feedstock for ethanol
production. The major cost of land within the
financial model suggests the need for
evaluating less expensive and lower quality
growing sites. However, the linkage between
site quality and yields represents a critical
balance in the cost equation. Although
improvements In harvesting and transportation
technologies could provide major cost
reductions, their developments will depend on
further industrial commitments to biomass
production.
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COST TO DELIVER SWEET
SORGHUM FERMENTABLES TO

A CENTRAL MILL'

John S. Cundlff

f -ABSTRACT: Cost lo provide readily fermentable feedstock (juice
/ sugar) and silage for fiber conversion, up to the point fermentation

begins, was determined for three harvesting systems: forage
chopper, pith combine (forage chopper modified to leave a 10
percent rlnd-leaf fraction In the field), and Piedmont system (allows
lor 30 to 60 days whole-stalk storage before processing). Costs
were $i.06/gal for the forage chopper system, $i.06/gal for the
pith combine, and $1.16 for the Piedmont system. The inost
optimistic projection ol etrwnol yield from fiber conversion (100
gal/dry ton) was used. No opportunity was Identified for a
significant reduction in feedstock cost; consequently, cuirent
market value ol etharol must Increase before a sweet sorghum-to-

I ethanol industry In the Piedmont will be economically viable.

INTRODUCTION

One method to reduce air pollution In EPA non-attainment areas
Is lo mandate oxygenated fuel lor vehicles operating In those
areas. Currently 8% ol tho U S. gasoline supply Is an ethanol
blend, and Importance of ethane) use is exported to increase as
more health issues are related to air quality.

Corn is tho leeastock for 90 + percent of fuel ethanol currently
produced. II fuel ethanol Increases from 0.65 billion gallons
produced in 1989 to 4 billion gallons per year, the price of com Is
expected to rise to level where food prices are Increased;
consequently, there is considerable Interest in production or liquid
fuels from renewable sources other than com.

Both herbaceous and woody crops represent possible sources of
fiber for conversion to ethanol. Herbaceous crops harvested as
hay are generally field-dried and stored outside in round bales.
Woody crops have the advantage of a relatively long harvest
season (40 wks/yr) which reduces storage requirements. They
too are dried naturally and stored In open-air storage facilities.

Sweet sorghum can produce, per unit land area, large quantities
of both readily fermentable carbohydrate and fiber for conversion
via enzymatic hydrolysis. In fact, on the average, sweet sorghum
produces more carbohydrate per unit land area than com in the
drought-prone southeastern Piedmont. Unlike com, sweet
sorghum does not concentrate carbohydrates in grain, but stores
them In the stalk. Many tons of high moisture content material
must be handled to collect the fermentable constituent, and
equipment cost is directly related to tonnage handled. Also, the
harvest season Is short - on the order of 4 to 6 weeks. The
challenge is to harvest the crop, separate It Into Juice and fiber,
and store each constituent for year-round use as ethanol
feedstock.

This study determines the cost, expressed In $/gal of ethanol, to
deliver sweet sorghum to an ethanol production facility In the
Piedmont. Options exist for each step of the process - harvesting
and field processing, use of rind-leal fraction, and final processing

to othanol - and costs vary according to option. For this study,
a 1 million gallon per yoar (GPY) ethanol plant, operating year-
round was envisioned. Selection of a 1 mHllon GPY plant for
analysis does not Imply an optimum size for production; k Is
simply an arbitrarily chosen basis of comparison.

Overview ol a Sweet Sorqhum-to-Ejhanft Industry for the
Piedmont

The southeastern Piedmont, a physiographic region extending
from thr» southeastern corner ol Pennsylvania to the middle of
A<abama, has relatively small, Irregularly-shaped fields on rolling
terrain. The Piedmont was chosen a representative area for sweet
sorghum production because much effort has been expended to
develop drought-tolerant crops for this region, and sweet sorghum
has emerged as the leading candidate for carbohydrate production
with minimum Inputs.

In developing a concept for a sweet sorghum-for-ethanol industry
in the Piedmont, an attempt was made to encourage the
involvement of a large number of growers with varying production
units, perhaps as small as 30 acres. It Is hypothesized that •
centralized ethanol production plant wM buy whole-stalk sorghum
standing In the field and wSI be responsible for harvesting,
processing, and transporting the crop. The grower wUI provide
bunk sUo space to store the fiber constituent. Perhaps the central
plant will own the necessary harvesting equlpmeM, or perhaps It
will contract with a harvesting company, In either case, the farmer
wUI not be requlrod to own harvesting •qulpment, used only a
small fraction of the year, to harvest his small acreage.

COST OF ETKANOL FEEDSTOCK IN THE PIEDMONT

Field Production

Based on ccst data reported by Maxey (1969), Worley and CundKf
(1991) calculated cost to produce sweet sorghum, up to harvest,
at $i48/ac. If a sweet sorghum-for-ethanol Industry is organized
In the Piedmont, and a central plant It responsible for harvesting,
K Is probable that Piedmont farmers would grow sweet sorghum
for a net return of $50/ac. Gross return to the farmer Is then $146
+ $50 - $i9t»/ac. Assuming an average yield of 18 ton/ac.
achievable with modest Inputs, the cost to the central sthanol
production faclity ts $11 /ton.

Harvesting/Field Processing ot Sweet

'Presented at the National Bioenorgy Conference, Coeur
D'Alene. Id. March 18-21, 1991.

'The author is a Professor of Agricultural Engineering,
VPI & SU. Blacksburg, VA 24061-0303.

Presently, there are no commercially available sweet sorghum
harvesters designed specifically for conditions found In the
Piedmont; however, with possible modifications, equipment for
sHage-maklng appears to be reasonable harvesting option. For
this study, three sweet sorghum harvesters are considered: 1) •
conventional forage chopper, 2) a 'pith combine" consisting of a
conventional forage chopper, modified to collect the pith fraction
and to drop the rind-leaf fraction back on the Reid, and 3) a pud-
type harvester that will cut whole stalks and place them In a
windrow In the field.

The following Is envisioned for the forage chopper option: whole-
stalk sorghum Is chopped with a conventional forage chopper,
blown Into forage wagons or trucks, and transported to a truck-
mounted screw press parked inside a bunk s8o. Chopped
sorghum Is passed through the press to express the juice, and the
residue is conveyed Immediately Into the sHo. Juice Is collected
in a storage tank which is emptied periodically (twice daly. or
more K indicated) by a tanker truck. At the ethanol production
plant, juice Is fermented directly or concentrated to syrup for
storage. This system, hereafter referred to as the "forage chopper*
system, could be Implemented today with existing technology.
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Periormancfi pammators for tho various pieces of equipment -n tho
forage chopper system aro known, except lor tho scrow press,

Research corxlucted by Cundlff and Worley (1991) and Crandell
and others (19S9) indicates that a forage chopper could be
modified to collect sweet sorghum pith and drop rind-leaf back on
the field. This machine, referred to as a 'pith combine', fci
envisioned as an assembly of the following subsystems: a foragt
chopper pickup machanism, slightly modified forage chopper feed
rolls and chopper assembly, a set of straw walkers mounted
behind the chopper, and a conveyor to load pith Into a forage
wagon. For this study, a 'pith combine* system is denned by
replacing the forage chopper In the forage chopper syste/n with a
pith combine. Ail features of the forage chopper and pith combine
systems are identical except the pith combine leaves a rind-leaf
fraction equal to 10 percent of the whole-stalk mass on the field.

A whole-stalk harvester is being developed for the Piedmont (Rains
and others, 1990). A system hereafter referred to as the Piedmont
system, is expected to operate as follows. The whole-stalk
harvester cuts stalks and deposits them In windrows (Figure 1).
A field loader dumps stalks onto trailers for transporting and
stockpiling at a processing site adjacent to a bunk silo. At some
later time, periiaps after 30 to 60 days storage, stalks are loaded
Into a processor consisting of feeder, chopper, and pith separator.
The processor Is mounted on a flat-bed trailer for transport from
farm to fa-m Stalks are fed Into the chopper/separator, which
operates like the pith combine, except that It separates out a rind-
leaf fraction equal to 30% of tho whole-stalk mass. After passage
through the screw press to capture juice, pith presscake Is
recomblned with tho rind-leal fraction and conveyed Into the bunk
silo. Resulting silage Is IdentHiod as 'combination' silage lo
differentiate It from siiage produced with tho pith combine system,
which does not Include the 10 percent rind-leaf fraction left in the
field. Juice produced by the Piedmont system Is handled In the
same manner as the other two systems.

SsSssPS5̂ ?

• y

\

Figure 1. The Piedmont harvest system. A whole stalk harvester
cuts sorghum and deposits It In windrows, and a field
loader dumps the stalks onto a trailer ior transport to
the field processing site.

The forage chopper system has one key disadvantage compared
to (ho pith comblno or Piodmont system, Passing chopped whole
stalk through the pross reduces press capacity and Juice yield.
Little sugar Is contained In tho fibrous leaf or rind fruition, but H
absorbs Juice, thus reducing tho total juice tliat can bo expressed.
Because juice expression is a relatively expensive processing step,
It Is Important to Investigate options which maximize the juice yield
per hour of press operating time.

Using the assumption that the sugar content of juice remaining In
the presscake (fiber that exits the screw press), Is equal to the
sugar content of the expressed |u(ce, total soluble sugar In the
materia' Input to the press Is,

TSS, = W, MC, S,/(1 - S) (1)

where

TSS,
W,
MC,

total sugar In Input material (kg),
mass of Input material (kg),
Input material moisture content (w.b.) (decimal),
and
juice sugar (fructose + glucose + sucrose)
(kg/kg solution).

Total soluble sugar In the presscake Is,

TSS, • W, MC, S/(1 -S) (2)

where

TSSp = total sugar In Input material (kg),
Wp = mass of presscake (kg),
MC, = presscake moisture content (w.b.) (decimal),

and
S, = juice sugar (kg/kg solution).

Total sugar collected in the expressed juice is,

TSS, - S, W, (3)

where

TSS, = total sugar in expressed juice (kg),
S, = juice sugar (kg/kg solution), and
W, = mass of juice (kg).

A sugar extraction percentage Is defined by

SE

Screw press performance Is defined by the mass of juice
expressed per unit mass of input,

ER (S)

where

ER = expression ratio (decimal),
W, = mass juice (kg), and
W, - mass Input (kg).



When a rind-Joal traction Is separated prior to Juice exprosslon,
then the sugar lost" In this Iractlw i Is,

(6)

Worloy and Cundlfl (1931) dovoloped a systems model ol sweet
sorghum harvesting, and estimated costs for harvesting and juice
expression via forage chopper, pith combine, and Piedmont
systems. Costs wore $11.91 /ton w.ti. (forage chopper), $8.1S (pith
combine), and $14.57 (Piedmont).

where

TSSn - soluble sugar In rind-loaf (kg),
Wrt = mass of rind-tot (kg),
MQ, - rind-leaf moisture content (w.b.) (decimal), and
S, « total sugar In expressed juice (kg/kg solution).

Using the equations presented, it is possible to calculate (he sugar
collected in the |ulce for several whole-stalk tractionation options.
One experimental parameter It needed, the expression ratio
[Eq.(5)]. Unfortunately, the Iterature provides only limited
information on this parameter. Crandell and others (1969) ran a
single experiment for a 65 and 75 percent ptth fraction and found
that the expression ratio was 0.625 and 0.60, respectively. Cundifl
and Rains (1991) did a replicated experiment and found that the
expression ratio for chopped wholo stalks (w.s.) was 0.36, and for
a 90 percent pith fraction It was :>.46. Based on these limited data,
the following expression ratios wore assumed for the material
produced by the three systems

System

Forage chopper

Pith combine

Piedmont

Material Exprosslon
Produced Ratio

Chopped w.s. 0.35

90% p:th 0.45

70% pith 0.55

Stripping away rind-leaf mass equal to 10 percent of the w.s. mass
increases the sugar yield per ton of Input to the press by 29
percent When a 30 percent rind-leaf fraction Is eliminated, sugar
yield per ton Input Is increased by 57%. The increase In w.s.
sugar captured in the |uice Is 16 percent for the 90 percent pith
fraction and 10 percent for the 70 percent ptth fraction. If the
press has the same capacity (ton/h) for the pith fractions as the
chopped w.s., then press operating cost per unit of sugar captured
in the luice is minimized for the 70 percent pith traction. The 90
percent pith fraction represents a compromise choice which
maximizes w.s. sugar yield In the juice, and still achieves a 29
percent increase in screw press performance. It is hoped that this
brief analysis provides the needed background for the choice of
the three harvest systems analyzed in this study.

The forage chopper system requires the lowest equipment
investment and the Piedmont system requires tha greatest. A key
question is. does increased yield of juice fermentables pay for the
additional equipment Investment?

The Piedmont system has one key advantage over the forage
chopper and pith combine systems - it allows fo: whole-stalk
storage. Without whole-stalk storage, sorghum must be processed
(juice expressed and residue ensBed) es it is harvested. Therefore,
harvest and juice expression operations are tied together - if one
machine breaks down the entire systfim is delayed. Whole-stalk
storage allows the harvest season to be extended at least 30 days
and maybe 6C days without significant degradation of sugars.
Extension of harvest season :esu!ts In cost savings at an elhanol
production plant by reducing peak capacity requirement. If the
harvest season can be extended from 8 weeks to 12 weeks,
processing equipment capacity can be reduced by one-third.

Qptlons lor Fiber Fractions

The by-products of sweet sorghum processing (whole-stalk
presscake or rind-leal fraction and pith presscake), represent a
significant percentage of a sweet sorghum crop, and their use
(and associated value) significantly Impacts the economics of
ethanol production. Possible uses for sweet sorghum by-products
include burning to provide heat energy, pulp for paper or fiber
board manufacture, hay, silage for animal feed, and .stage for use
as a feedstock In fiber conversion to ethanol. Worley and others
(1990) considered possible uses and determined monetary values
for by-products. Harvest system seiactkxi determines In part
which uses are feasible and the relative yields of juice and ensled
fiber residue. Total value on a per acra basis ranged from $141.41
for combination slage (pith prosscaka and rind-leaf frictions
recombinod after |ulce expression) fod to cattta on the grower's
farm, to $80.69 for combination stag* sold for flow conversion at
$42/dry ton.

Conversion Efficiencies

The |ulce sugar Is assumed to be converted at 85 percent
theoretical, or 6.52 gal ethanol per 100 lbs. Costs In this papar am
calculated based on an average |ulca sugar concentration of 15
kg/kg solution (approximately 17° Brtx), which Is attalnabl* in th»
Piedmont. Juice Brix of 18° havt bean reported in Louisiana
(Rlcaud and Arcemeaux 1989), and tome higher sugar varieties
tested In Georgia have produced 22° Brtx Juice (Bryan and
Monroe 1985).

Potential ethanol yield from the fiber Is more difficult to predict.
Emerging enzymatic hydrolysis technology has not been proven
on commercial scale. Since sweet sorghum Is not currently a
commercial crop, and Is not expected to compete with com as an
ethanol feedstock until fiber conversion is * commercial option, M
Is appropriate to use the projected conversion efficiency for the
mid 1990s. I.e., 100 gal/dry ton9, which equates to 35 gal/ton
silage at 35 percant dry matter.

Based on an average yield of 18 ton whole stalks/ac, the potential
ethanol yield per acre from both Juice and fiber Is given in Table
1. The calculations were based on expected silage yields of 0.617
ton sUage/ton whole stalks (forags chopper), 0.47 (pith combine),
and 0.553 (Piedmont). Juice yields were 79 gal/ton whole stalks
(forage chopper), 91.7 (ptth combine), snd 87 (Piedmont).

Cost to Transport Feedstock

Trie 1982 Census of Agrlculturo was consulted to obtain data on
harvested cropland for the five southern Piedmont states, and thus
determine rf areas exist where the percentage of land area In
cropland Is sufficient to grow sorghum for • million GPY facllty.
Harvested cropland as a percentage of total area ranged from 13
percent In North Carolina to 2.5 percent in Alabama. Based on
data from state crop reporting service, approximately 28 percent
of harvested cropland In Piedmont counties was in row crops.

3Di. Norman Hinman, Manager, Blofuets Program, Solar
Energy Research Institute, 1617 Cole Boulevard,
Golden, CO 80401-3393.
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Row crop land as a percentage ot tat?1 area ranged trom 3.4
percent in North Carolina !o 0.7 percent in Alabama.

Basod on the poientlal othanot yiolds (Table 1) the maximum
production tuoa required tor a 1 million GPY production facility
ranges Irom 2,130 acres (pith combine) to 1,860 acres (forage
chopper), or about 1 percent of the total land area In a 10 mile
radius. Many locations with sufficient surrounding row cropland
for a 1 million GPY plant are available, and It Is probable that
locations can be found for 5 million GPY plants.

Tabit 1. Potential ethanoi yield from sweet sorghum |ulce and
fiber.

System

Forage chopper

Pith Combine

Piedmont

Potential
Juice

150

174

165

Yield Ethanoi (gal/ac)
Fiber Total

388

296

348

538

470

513

Road networks In the Piedmont are such that, within a 10-mile
radius, estimated average trucking distance to bring feedstock to
a central facility Is about 10 miles. Energy In the dloso! fue) to
truck juice 10 miles is equivalent to 1.5 percent ol the energy In
the ethanoi produced. With silage the transport energy Is 1
percent ol the energy In the othanol. For comparison, the average
energy to move petroleum from the wellhead to a rotoll outlet Is 4
percent of the energy In the petroleum.

Trucking cost was determined by contacting companies engaged
in trucking operations similar to the needed operations. A
molasses hauler reported a cost of $1 .S0/mi for short deliveries.
(All trucking costs are presented as mileage charge for travel In
both directions, empty and loaded). A logging contractor reported
a trucking cost ct $i.25/ml., and a feed mill reported $L20/ml.
Cost to haul silage was taken to be $1,25,/ml and cost to haul
juice was taken to be $i.50/mi.

Cost to Transport Expressed Juice

Assuming a tank;* truckioad carries 23 tons (5,200 gal of juice)
and each load requires a 20 mile round trip at $1.50/mile,
transportation cost is:

(20 mi) x ($1,50/mi) x (1 trip/5200 gal) = $0.0058/gal juice.

Cost to Transport Silage

Assuming an average load ol 22 tons, round trip milage of 20
miles, and cos! of $i.25/ml, transportation cost is:

(20 mi) x (51.25/mi) x (1 trip/22 tons) = 51.14/ton silage.

Cost of Evaporation at the Central Plant

To store fermsntables In sweet sorghum juice for year-round use,
juice must be concentrated into syrup. The Audubon Sugar
Institute (1984) found that 60° Brix syrup would store satisfactorily
if loaded Into storage while hot and the top of the tank has
ultraviolet light to inhibit mlcrobial activity. Safe storage without
special provisions can be achieved If syrup Is concentrated to
more than 72° Brix.

Syrup must be diluted before it can be fermented, consequently
there is a trade-off in the amount of concentration that should be

done. It syrup Is concentrated to 79.5° Brix (concentration for
commercial syrups) storage volume Is reduced, but cost of
concentration Is Increased. High evaporator capacity Is needed to
handle the flow of product during a short harvest season.
Reducing the amount ol water removed per unit of |ulce reduces
evaporation cost. Sinco evaporation cost Is expected to be higher
than storage cost, an ethanoi plant may have enough storage to
store all syrup at 60° Brix and then rerun a large percentage of ft
after the harvest season to take It down to concentrations required
for safe long-term storage. An analysis to optimize choices
between concentration and storage Is beyond the scope of this
paper; consequently, the assumption Is made that juice received
at the central plant averages 15° Brtx and Is concentrated to 60°
Brix.

Evaporator capacity will be computed for the forage chopper
system only. Capacity for the other two systems was computed
similarly.

1.8608C x 18 ton whole stalks

ac
x 79

2.64 million gal juice

Given an 8-week season, the fact that 182,700 gal juice per week
will be used for direct fermentation, and assuming continuous
operations, the required evaporator capacity Is 15 GPM. Total
evaporation cost was estimated to be $1.20/gal ethanoi potential
from the stored syrup.

Storage Costs

Juice Fermenlables

Cost to store sorghum syrup was based on a price quote from
Pacific Molasses, Co., which operates commercial molasses
storage and handling facilities. The current market rate for
receiving, storage, and repumping 85° to 89° Brix feed-grade
molasses ranges from $5.00 to $6.50/lon throughput per year.
Assuming a cost ot $6.50/ton for new facilities, storage cost of
60° Brtx syrup is $0.078/gal expected ethanoi yield.

Silage Fermentables

Cost of storing 65 percent moisture content material in a bunk silo
was estimated to be $4.51/ton (Woriey and others 1991}. It Is
probable that the central plant will rent :''o space on the grower's
farm. This option will allow the silage to be trucked In as needed,
and permits the use of a small fleet of trucks operating year-round
rather than a large fleet operating only during the short harvest
season. Assuming the grower must receive at least 5 percent
prorn on his storage lease, the total cost to the central plant is 1.05
x $4.51 = $4.74/ton silage, which Is equivalent to $0.135/gal
expected ethanoi yield.

Total Feedstock Cost

Costs to provide sweet sorghum syrup and sweet sorghum silage
for year-round ethanoi production at a 1 million GPY are presented
In Table 2. All costs were computed by taking the total cost for a
line Item and dividing by the 1 million GPY production. For
example, transportation cost was computed by adding the cost to
transport both the juice and silage, and dividing by 1 million GPY.



Tablt s. Total cost of feedstock ($/gal expected athanol yield)
when the syrup Is fermented and the silage Is converted
and fermented.

Field Production Cost

Harvest/Bold Processing Cost

Transportation Cost

Evaporation Cost

Storage Cost

DISCUSSION

Forage
Chopper

0.368

0.398

0.039

0.150

0.108

Pith
Combine

0.421

0.312

0.041

0.180

0.102

Piedmont
System

0.386

0.511

0.040

0.120

0.099

The forage chopper system uses existing commercial equipment,
consequently It Is appropriate to discuss this option In detail. The
total cost shown In Table 2, $i.06/gal expected ethanol yield, Is
equivalent to $37.iO/ton silage, assuming the silage yields 35
gal/ton. At 65 percent moisture content, $37.10/ton sHage is
equivalent to $iO6/dry ton, or approximately twice the feedstock
cost assumtd (or some fiber conversion studies. What
opportunities exist to reduce cost? The analysis was isdone with
the juice expression step eliminated; the crop was treated simply
as a forage crop. Whole-stalk sorghum was cut with a forage
chopper and ensiled In a bunk sVo. Harvesting cost was
$i08.40/aa Assuming harvestlng/handllng/storaga losses of 15
percent and w.s. silage at 72.5 percent moisture content, the
harvesting cost equates to $25.76/dry ton. Total cost (per gal
expected ethanol yield) was $0,471 (production) + 0.258
(harvesting) + 0.042 (transportation) + 0.172 (storage) -
$0.943/gal. whclh is equivalent to $94.30/dry ton. By eliminating
juice expression, the total cost was reduced only 11 percent. This
small difference may, or may not. be meaningful. Ethanol yield
was 420 gal/ac for the forage chopper system (fiber conversion
only) as compared to 538 gal/ac. or 28 percent more, when the
juice is also collected and fermented.

If the central plant Is organized such that all the juice Is fermanted
at the rate It is produced during the harvest season (evaporation
cost eliminated from Table 2 and syrup storage subtracted from
storage cost), then the total cost is $0.903/gal expected ethanol
yield. Thus cost is 4 percent less than the cost computed for
ethanol production from the silage only. It makes sense to size
the central plant such that It can utilize all the juice during the
harvest season.

The pith combine and Piedmont system options were developed
In an attempt to reduce the cost of lermentables collected in the
juice. Using the assumption of 100 gal/dry ton for fiber
conversion of the silage, the yield from the juice is a minor part of
the total yield per ton of whole stalks. 28 percent (forage chopper).
37 (pith combine), and 32 (Piedmont). Differences between these
systems and the forage chopper system are obscured by the
slage yield. The analysis does show a slightly lower cost for the
pith combine, suggesting that return of a 10 percent rind-leaf
fraction to the field as a contribution to sustainable agriculture may
be a viable option. The Piedmont offers the advantage of whole-
stalk storage and subsequent extension of the harvest season from
8 to 12 weeks. Since this system only has a cost 8.5 percent
higher than the forage chopper system, It also merits further study.

CONCLUSIONS

Three harvwllng/handllng systems were analyzed to determine tbt
cost lor dotlvery ol sweet sorghum ferrrwntablas for year-round
operation of an ethanol plant. Predicted costs ranged from $1.00
to $i.i6/gal expected ethanol yield. For comparison, com at
$2.50/bu represents a feedstock cost of $1.00/gal «xpected
ethanol yield. There Is so little difference In the projected cost for
the three systems, none should be excluded from further study at
this time. Should a central plant be bult to operate on sweat
sorghum, It Is probable that a mix of all three harvesting systems
would be used.

Two options were considered, harves.ing the crop for slage only,
and harvesting for juice expression and slage. Feedstock cost,
computed up to the point conversion begins, ranged from $90 to
$116/dry ton. If the objective Is simply the delivery of a ton of
fiber for a conversion process, It does not appear that a high
moisture crop like swaet sorghum, which must be stored by
ensiling, can be delivered att: cost competitive wtth high-yielding
perennial grasses which are harvested and stored Ilka hay.
Ensiling does provide an opportunity for biochemical modification
of the fiber during storage, and this advantage may increase the
competitiveness of an ensiled crop.
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WOOD GASIFICATION IN NEW-LANDS
AGRICULTURAL DEVELOPMENT

IN ALASKAl

Don C Tomlin and Wayne E. Burtons

I AbertraW? Wood gasification was proposed \
as an alternative to the bulldoze and
burn method of land clearing in the Point
MacKenzie Agricultural Development Proj-
ect near Anchorage. The proposed pilot-
plant demonstration would have used the
predominantly birch timber from 400 acres
of land per year to generate all of the
energy used by the project, and still
would have had to sell an average 65
kilowatts per minute of surplus energy,
for about 250 days per year. _̂ ~

Keywords: Wood Gasification, Land
Clearing

The State of Alaska has been Involved
in several agricultural development
projects since 1977. One was across Knik
Inlet from Anchorage, 15,000 acres of
mature paper birch-white spruce (ffetula
papvrifera and Plcea glauca) timber which
was to be cleared for dairy farming.
Aside from the waste of timber, and ex-
pense of the bulldoze and burn, then pile
and reburn, method of clearing (about
$175-250 per acre), it was a few miles
upwind from 260,000 people, half the
population of Alaska.

One of our clients was seeking a per-
mit to harvest birch from some of the
Project lands for firewood sales3. His
survey indicated a market for 2000 cords
per year. A search for more efficient
use of this timber uncovered a strong
demand for furniture grade birch billets,
as well as for debarked birch pulpwood
chips. All of the sawmill waste and log-
ging slash, and the stumps from the land
clearing, could be put through a wood gas-
ifier to provide energy for the timber
and mill operations.

Presented at the National Bioenergy
Conference, Coeur d'Alene ID, Mar'91.

The authors are, respectively, Natural
Resource Specialist, USDI Bureau of
Indian Affairs; and Professor of Agri-
cultural Economics (retired), Univer-
sity of Alaska Fairbanks. At the time
of this project, they were partners in
AgroNorth Consultants, Palmer AK

Dan Hill Birch Firewood, Wasilla AK

Wood gasification ia atill in the ex-
perimental phane in North America, but
has been successfully used for over 150
years in Europe. About all of the auto-
mobiles and trucks in civilian use in
Europe during World War II were powered
by gas from portable gasifiers. There
are several different types of wood gas-
ifiers, but the updraft type seemed best
suited to our purpose. It is simplest in
both design and operation, and has an ad-
vantage that up to 3 percent of the out-
put is in condensible liquid hydrocar-
bons, mainly mothanol, which can be used
for liquid fueled engines.

The air-blown gasifler puts out a low-
energy "producer gas," averaging 150 BTU
per standard cubic foot (BTU/scf), or
1335 kilocalories per cubic meter. The
gas can be used in modified gasoline or
diesel engines or gas turbines to gener-
ate electricity, or it can be used dir-
ectly for any other gas-fired processes.

About this same time the Matanuska-
Susitna Borough became interested in com-
mercial ethanol production from farm prod-
ucts which could be grown in the area;
fodder potatoes, fodder beets, and a per-
ennial herb, comfrey. There was one com-
mon link beteen the two projects; gasi-
fication created a great deal of heat out-
put, while ethanol production required a
large heat input. Therefore, the pilot-
plant study of the two processes were
combined in one proposal.

Wood Gasification Plan

The plan derived for the demonstration
project was to use the first year to as-
semble equipment and construct the mill
and plant, while conducting the timber
harvest and land clearing. The gasifier
would be fed the logging slash and saw-
mill waste the second year, and the chip-
ped stumps the third year, at which time
the data would be analyized and a deci-
sion made on further use of the plant.

The objective was to cut 2.5 million
board feet (M.b.f.) of mature birch tim-
ber per year, which could be taken from
400 acres of the better birch stands in
the Point MacKenzie project, or through-
out the lower Susitna River Basin. (Any
incidental spruce would be sold separate-
ly in the firewood trade.) This would
yield one M.. b.f. of rough-sawn lumber,
2000 cords of firewood, 2000 tons of saw-
mill waste, and 4000 tons of logging
slash. Stump recovery was estimated at
6000 tons. All of this is figured at an
average 50 percent moisture content (pet.
m.c.). After drying and grading, the
rough lumber would be resawn and planed
to furniture dimensions, with a yield of
about 40 percent.

92



Since debarking equipment would have
increased project coats by roughly 50
percent, it did not seem justified for
this pilot plant. All of the logging
slash and sawmill waste would be put
through a chipper and stored in a pole
barn with overhead conveyor from the
chipper, and drag-chain conveyor in the
floor to feed the gasifier. The stumps
would be stacked at the mill site and
hogged/chipped as needed for the gasifi-
er, but only after storage at least one
winter to loosen dirt from the roots.

There is a fairly large evolvement of
waste heat from the gasifier, which in
this plan would be collected and blown up
through the floor into the wood-chip stor-
age to dry the fuel. Gasifier efficiency
is optimized around 19 pct.m.c. and de-
creases to nearly zero at 50 pct.m.c.
Dried wood also produces less tars in the
gasifier, which tend to clog the gas
train.

As the crude gas comes from the gasi-
fier it is carrying a number of impuri-
ties. The first separation is in a dust
cyclone beside the gasifier. The dust
can include fine particles of wood, but
is mostly dirt carried in the bark. The
air-flow would be regulated to separate
the heavier soil particles and recycle
the wood fines into the air stream being
blown into the base of the gasifier.

From the cyclone, the gas is routed
through a diesel oil scrubber to remove
the tars, which are the moat troublesome
contaminant in any wood gasification sys-
tem. They will precipitate on any sur-
face cooler than the gas flow. Because
of their viscous, adhesive nature, the
tars must be removed from the gas as
early as possible. The gas cyclone and
pipeline through this stage will have to
be insulated, possibly heat-jacketed, and
probably lined with Teflon. After collec-
ting the tars, they are precipitated from
the oil. While the tars (creosote) may
have limited use as a wood preservative,
in usual practice they are injected into
the hottest zone in the gasifier.

The diesel oil scrubber also collects
the condensible liquid hydrocarbons from
the gas train. These are primarily meth-
anol, with some acetone and benzol, and
other minor components including acetic
acid. Boiling points of the major compon-
ents are in the range of 56 to 80 C, and
they can be flash-distilled from the oil.
Acetic acid bolls at 118 C, and can be
converted to alcohol, but in the minute
quantity found here is not worth the ef-
fort. While the yield of 3 percent
liquids aeems small, this is nearly 9
gallons of methanol-equivalent per ton of
oven-dry (o-d) wood, or an estimated
27,000 gallons per year for the demon-
stration project.

Even after these treatments there will
be aome moisture remaining in the produc-
er gas, which would have to be removed in
an absorbent column. When saturated, the
column can be regenerated by heating.

The one item not shown on the schematic
diagram is a storage/surge tank to level
out the flow of gas. This is no more
than a cylindrical iron tank, with a
weighted floating lid bearing a flexible
neoprene skirt. It would be located just
downstream from the gas dehydrator. After
these treatments, the producer gas can be
used in almost any situation suitable for
natural gas.

Ethanol Plan

This part of the project would have
been developed concurrently with the wood
gasification. Variety tests and field
trial plots of the most promising crops
would have been grown each year. These
crops were European varieties of stock-
feed potatoes, sugarbeet/mangel hybrids,
and the perennial herb, comfrey. This
would have provided materials for tests
with both laboratory size (1 quart per
hour) and pilot-plant commercial size (10
gallons per hour) fermentation and distil-
lation units.

An alternative energy publication (Sol-
ar Energy Research Center, 1980) gave a
good discussion and equipment list for
small scale (25 gallons per hour of abso-
lute) ethanol production. This was easi-
ly scaled down to the perceived needs of
this project.

While most commercial ethanol fermenta-
tion is still done by batch process, a
search of the literature found a new pro-
cedure (Sitton et al, 1979) for a fixed-
film continuous flow alcohol fermentation
that was claimed to be simpler than the
standard batch method.

Engineering Parameters

Based on data reported by Hokanson and
Rowel1 (1977) on the Moore-Canada updraft
gasifier, and expanded in phone conversa-
tions with the engineers* on the project,
63 lb. of o-d wood are consumed per sq.
ft. of gasifier hearth area per hour of
operation. Given 3000 o-d tons of wood

Phone conversations, Oct.1980:
Bill MacFarland and Peter Gurney,
Intercontinental Engineering,
Vancouver, B.C.
Alan Fernie, Wright Engineers,
Vancouver. B.C.
Al Smith, Ainsworth Lumber Ltd.
Chasm, B.C
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waste, and 250 days of operation per year
(9-10 months full time), a gasifier of
4.5 ft. internal diameter was required.
Data reported by Galliet e£ ai (I960)
indicated air velocity in an updraft
gasifier should be 3.28 feet per second
(f/s) in an empty gasifiar, or 8.2 17s
loaded, assuming 40 percent voids in the
chipped wood fuel. In the proposed gasi-
fier vessel, an air flow of 3130 cubic
feet per minute is indicated.

Residence time of fuel in an updraft
gasifier is about 2.5 hrs (Galliet).
Since the proposed gasifier will consume
1000 lb. of o-d wood per hour, it must be
capable of holding 2500 lb. (Actually, at
optimum 19 pct.m.c, this is 3086 lb.)
At 25 lb. per cu.ft. of chipped o-d wood,
internal volume of the gasifier is 100
cu.ft. Assuming that the walls of the
gasifier should taper inward at a 1:20
ratio to avoid bridging the fuel, the
internal height of the vessel should be
7.5 ft.

To facilitate ash removal and avoid
problems with clinker development on the
hearth, a rotating grate is incorporated
in the base of the gasifier. This, plus
the gas collection hood and fuel-feed
system, would nearly double the overall
height of the gasifier system.

Galliet also indicates that 0.4 lb.
of water is required per lb. of carbon
consumed, for the "water-gas shift
reaction":

C + H2O - - - CO + H2

Maximum efficiency of this reaction oc-
curs at temperatures of 1540 F in the gas-
ifier, and ceases below 1112 F. Wood av-
erages 50-51 percent carbon on an o-d
basis, so this gasifier would require 200
lb. water (or steam) per hour to be injec-
ted into the combustion chamber.

The gross heat content of wood aver-
ages 18 M BTU per o-d ton, although this
varies somewhat with species. Galliet
indicates:

86 pet efficiency in pyrolysis of wood
85 pet efficiency in gasification, w/

direct use of hot gas,
65 pet efficiency in gasification, w/

use of cooled, cleaned gas in
engines, and no waste heat
recovery.

The 65 percent figure is appropriate in
calculating the volume of storable produ-
cer gas. With the figures given previous-
ly, this plant should produce 234 million
cubic feet (M scf) of gas containing 35.1
billion BTU (fi BTU) of recoverable heat-
ing energy per year. Or put another way.
It would have an hourly gross output of
9 M BTU, with a net output of 39,000 scf

containing 5.85 H BTU. Of course, the
plant is designed for recovery of waste
heat, primarily to dry the fuelwood, and
overall efficiency should be 75-80 per-
cent, or 40-43 E BTU per year.

While the energy content is about 1/7
that of natural gas, less oxygen has to
be added to the producer gas for combus-
tion, so overall intake by an internal
combustion engine is nearly comparable.
Reciprocating engines running entirely on
producer gas are generally de-rated about
20 percent in power, however, diesel en-
gir.es using producer gas in the air in-
tak«, and fired by diesel oil injection,
have operated as low a.. 4 percent of
total energy from diesel oil without any
decrease in power.

Gas turbine engines are readily adap-
ted to operation on producer gas. The
Anchorage representative for a gas tur-
bine manufacturers said their turbine -
powered 800 kW generator would use about
4.5 E BTU of natural gas per year. This
company has discontinued manufacture of
their 200 kW units, which would have been
more appropriate for this project, but
they had reconditioned units on sale for
around $15,000. The time between over-
hauls for a gas turbine is at least 50
percent greater than for stationary dies-
el engines, and the downtime for over-
haul of a turbine is about a half-hour,
compared to days for the diesel.

In drying wood products, an average in-
put of 1700 BTU is required to remove one
lb. of water. If birch averages 3.6 lb.
per b.f. (air-dry, 12 pct.m.c.), then lum-
ber sawn at 50 pct.m.c. would require re-
moval of 2.74 lb. water per b.f. Similar-
ly, drying firewood from 50 to 19 pet.
m.c. involves removal of 2380 lbs. water
per cord. The energy budget for the wood
processing is:

electrical generation
rough lumber, 1 M-b.f.
firewood, 2000 cords
chipped fuel, 6000 tons

1.50 E BTU
4.65
4.05
7.80

18.00 fi BTU

per year, assuming all energy for drying
came from the gaaifier and none from sun-
light.

Conclusions

Since there is 40-43 £ BTU total energy
available per year from the wood gasifica-
tion, and the entire wood processing op-
eration requires only 18 S BTU, other
uses must be found for the rest of the

Solar Turbines, Inc., Anchorage AK
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gas. It could have been used for the
ethanol project, if that had survived.

What finally killed the ethanol proj-
ect was the the storage requirement for
any commercial scale production. Of the
three potential crops, potatoes, hybrid
beets and comfrey, only the beets miatlt
have been suitable for unprotected winter
storage. Potatoes certainly would have
required expensive housing to be kept
from freezing. Cotnfrey, at 87 pet m.c,
could only have been ensiled, which would
have used up a good part of the carbohy-
drates needed for ethanol production.
The investors promoting comfrey thought
it would take 20,000 acres, at more than
20 tons per acre, to support a commercial
ethanol plant, so the sheer volume of mat-
erial to be harvested and stored was
beyond reason. Therefore, the energy
budget for the ethanol project was never
calculated.

In all this, the important considera-
tion is not the gasifier operation cat
as, but demonstration of the integration
of wood gasification into a total forest
utilization system. This would seem to
be particularly important in planning any

further projects in agricultural develop-
ment, largo-area timber stand Improve-
ment, or any remote-area project where
traditional electric energy i3 either not
available or is prohibitively expensive.
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THE ECONOMIC IMPACTS OF FEDERAL TAX REFORM
FOR INVESTMENTS IN SHORT-ROTATION FOREST
PLANTATIONS1

VilUam C. Si«R«l*

I - In discussing Che potential
contributions of short-rotation forest
plantations to the fuel wood supply, a
nunber of economic factors have been
considered and analyzed. Very little,
however, has been written on Che income
tax aspects of Che subject. The tax
treatment of such plantings is an
extremely important factor. The federal
income tax, in particular, can have a
significant impact on production costs and
is a major factor in determining the
economic feasibility of this type of
investment. The major federal income tax
provisions of significance are those that
deal with capital expenditures, currently
deductible costs and sale receipts.
Several alternative tax approaches were
available prior to passage of the 1985 Tax
Reform Act. The new act's provisions,
however, have conpleCely changed the
federal income tax treatment of timber
income and expenditures, including those
associated with short-roCatlon
plantations. This paper analyzes the
changes and discusses their economic
Implications for fuel wood culture.

Keywords: Federal Income Tax, Biomass
Plantations, 1986 Tax Reform Act.

Renewable energy is expected to be a
significant component of America's energy
future. One of the most viable of the
potential sources of renewable energy is
represented by fuel derived from recently
living organisms -- that is, biomaa*.
Several independent studies, including
ones by the Congressional Office of
Technology Assessment and the U.S. Energy
Department's Energy Research Advisory
Board, have projected that Che
contribution of biomass to the nation's
energy supply could become as high as IS
percent by the year 2000 (Collins 1985).

Biomass has been utilized to date
largely through the direct combustion of
wood (Frank and Hayes 1985). It has been

^Presented at the National Bioenergy
Conference, Coeur D' Alene, Idaho, March
18 - Harch 21, 1991.

*The author is Project Leader and Chief
Economist, Law and Economics Research,
Southern Forest Experiment Station, USDA
Forest Service, New Orleans, Louisiana.

demons traced that the use of wood energy
for apace heating, industrial applications
and generntion of electricity can
generally be cost competitive (Collins
1985). The home fuelwood market and the
forest products industry are currently the
largest users of woody blomass.

Wood fuel use by non-forest product
companies, however, is small. The
proportion in 1985 was reported to be
between 2 and 3 percent (Young et al
1985). Many factors contribute to this
situation (Young et al 1985, Kennel 1985).
One of the most significant is uncertainty
as to the long-term wood supply (Mueller
and Stavrou 1984). Another major concern
is that the cost of wood will increase
beyond what is economically competitive.

Short-rotation, intensive culture
fuel wood plantations are seen as one
answer to this problem. Considerable
research has been done and reported in
recent years on the silviculture! and
economic aspects of short-rotation woody
crop systems (see, for example, Shen et al
1984, Campbell 1988, Lothner et al 1988,
Rockwood and Dippon 1989, Strauss et al
1988, Strauss and Wright 1989, end Wright
and Ehrenshaft 1989). Many investigators
believe chat intensive, short-rotation
forestry can be expected to provide a
technically viable alternative Co
conventional fuel wood sources.

The economic competitiveness of
short-rotation forest plantations in the
United States, on the other hand, varies
widely -- depending on a number of factors
such as end-product use and price,
conversion technology, yields, and land
costs. The cost of land, in particular,
is an important factor (Lothner et al
1988, Strauss et al 1988) and is usually a
direct reflection of its productivity for
other agricultural pursuits. Good quality
agricultural land derives its market value
from the net returns secured in various
cropping enterprises -- which in turn are
strongly influenced by federal faro
programs and subsidies tied to the land.
For short-rotation biomass plantations to
compete for this resource, comparable or
higher net returns oust be available from
woody biomass production. The option of
using lower priced, marginal lands would
reduce that cost impact but, in all
probability, would also lower the yield
potential of biomass plantations.

In discussing and analyzing the
potential contributions of short-rotation
forest plantations to the fuel wood
supply, most of the major economic factors
have been considered. Very little
attention, however, has been focused on
the Income tax aspects of the subject.
The federal Income tax, in particular, can
have a significant impact on production
costs and in raost instances will be a
major factor in determining the economic
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feasibility of biomass plantations. In
same situations following the optlaun
Income tax procedures chat are available
may be Che deciding factor in asking an
energy plantation cost-effective.

This paper discusses the federal
income tax approaches Chat were available
prior to passage of the 1986 Tax Reform
Act, analyzes the changes made by the Act,
and discusses the economic Implications of
the changes for fuel wood culture.

CAPITA!. EXPENDITURES

For federal income tax purposes,
expenditures associated with establishing
and managing fuel wood plantations may
generally be classified as either (1)
capital costs, or (2) currently deductible
costs. The former include those expenses
recoverable over a period of years prior
to cutting through depreciation or
amortization, as well as chose that must
be added to basis and deducted from sale
proceeds after cutting, The latter arc
those that nay be deducted each year as
incurred.

Section 263 of the Internal Revenue
Code provides that funds expended for real
property or equipment used for business or
investment purposes, or to make
improvements chat increase the value of
such property, are non-deductible capital
expenditures. The tern "non-deductible" as
used here does not mean that such costs
are not deductible per se, but rather that
they usually cannot be taken as a current
deduction in the year they are incurred.
The general rule is that the benefits of
capital expenditures are either permanent
or that they will last for a determinable
period of more Chan one year. Examples of
such expenditures associated with energy
plantations include land purchases, and
costs of machinery and equipment with a
useful life of more than one year. Other
examples are expenditures for construction
of bridges, roads, and firebreaks; for
site preparation and tree planting; and
for major repairs that prolong the life of
equipment.

Capital expenditures must be placed
inco a capital account and generally
recovered over a period of years or upon
disposing of the asset --a process called
"capitalization". This Is usually nuch
less advantageous than deducting costs in
their entirety each year as incurred --
sometimes known as "expensing".

The basic rules governing which
timber-related costs must be capitalized
have not changed under the new law and
apply equally to all timber investments,
including shore-rotation fuel wood
plantations. Those costs directly
associated with stand establishment are
capital expenditures and must be

capitalized. On the other hand, chose
associated with stand maintenance may be
expensed.

Stand Establishment Versus Stand
Maintenance

Some silvicultural situations
obviously fall into the establishment
category and some into the maintenance
category. For example, the law is clear
that direct costs incurred in connection
with site preparation, natural
regeneration, seeding, and planting are
part of the establishment process and must
be capitalized (Siegel 1985). The law is
less clear, however, regarding
silvicultural operations performed shortly
after regeneration has been accomplished -
- that is, when such activities are part
of the establishment process and when are
they associated with maintenance of an
established stand. Some of these issues
have been addressed by the Internal
Revenue Service (IRS) and still others by
the courts. The answer is that costs of
practices essential for seedling survival
must be capitalized. On Che uthar hand, If
a particular practice merely enhances
seedling growth and vigor, but IK noc
essential for survival, the cose is a
maintenance expenditure and may be
expensed.

The IRS has addressed certain
practices applicable to energy plantations
-- such as brush removal, weeding, and
cleaning -- in Revenue Ruling 66-18.
Whether the costs of such activities must
be capitalized or may be expensed depends
on the timing of the practice (Siegel
1985). The critical factor is whether the
seedlings have become established or not.
The correct tax determination will
obviously vary from one situation to
another. If it becomes an issue,
independent professional forestry judgment
should suffice to settle the question.

Fertilization

Fertilizer can represent s
significant cost of growing ennrgy
plantations (Stavrou 1985). The IRS has
to date issued only one formaL ruling
(General Counsel Memorandum 39791 dated
June 9, 1989) on the tax treatment of
fertilizer expenditures and it was
recently revoked. The ls*ue has never
been heard In court. Fertilizer treatment
that is clearly a part of site preparation
is obviously associated with stand
establishment and the cost should be
capitalized as such. Such expenditures
that occur after planting, however, are
treated as aaortizable expenses by the IRS
(Pitsenbarger 1982). This is because
seedling survival does not depend on the
practice at that point in time. The cost
is amortized by allocating the total
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amount among equal annual deductions over
the beneficial life of the particular
fertilizer being used. The only problem
is that the beneficial life of most
fertilizers Is still In question, and
there are even considerable differences of
opinion within the IRS on this point.
Therefore amortization periods are usually
negotiated on an individual basis between
the taxpayer and the IRS and generally
range from 5 to 15 years (Pitsenbarger
1982). In the south the IRS currently
recognizes a five year amortization period
for nitrogen and 10 years for phosphate.
Fertilizer costs nay also be capitalized
in the regular manner and recovered when
the trees are cut or sold.

Reforestation Amortiration and Credit

Although the basic capitalization
rules have not changed, the new tax law
did address some of the methods that
taxpayers can use to recover certain
capital costs. One such area of the law
concerns the reforestation amortization
and credit. Since 1980 taxpayers other
than trusts have been able to amortize
over an 84 month period up to $10,000 of
capitalized reforestation costs incurred
during the tax year. The other
alternative is to recover such
expenditures by deducting them from
proceeds realized when the trees are cut
or sold. An investment tax credit equal
to 10 percent of a maximum of $10,000 has
also been available for the tax year in
which the reforestation funds are
expended. The credit applies, however,
only when the trees Involved have a normal
growing period of seven or more years.
For most energy plantations, this
provision should not present a problem.

There is no question that most
short-rotation commercial fuel wood
plantations are eligible for the
amortization and credit. The primary
requirements, as specified in Treasury
Regulation 1.194-3(a), are that the
property must be at least one acre in
size, and held for the growing and cutting
of timber which will either be sold for
use in, or used by the taxpayer in, the
commercial production of timber products.
The law lists two types of plantings that
are not eligible -- shelter belts and
ornamental trees. The latter tern
includes Christmas trees. Neither of
these exceptions would apply to fuel wood
plantations.

As originally enacted, the law left
no question that the entire capitalized
reforestation basis, to the annual limit
of $10,000, could be amortized and that
the full 10 percent credit could also be
taken on that amount. Enactment in 1962
of the Tax Equity and Fiscal
Responsibility Act (TEFRA) created some
confusion in this regard, however. With

respect to depreciable property, TEFRA
generally requires a taxpayer who claims
che full amount of the investment tax
credit to reduce the depreciable basis of
the property by one-half of the amount of
the credit claimed. It was unclear until
1987, however, whether this change applied
to the reforestation amortization and
credit. The IRS late that year settled the
question by Issuing proposed regulations
that definitively subject forestry
plantations to the TEFRA requirements
applicable to depreciable property.

The basic provisions of the
reforestation amortization and credit were
not changed by the 1986 Tax Reform Act.
The new law did repeal the investment tax
credit for most property placed In service
after 1985, but not for qualified
reforestation property. Certain other
property, termed "transition" property,
will continue to be eligible Cor the
credit on a temporary basis past 1985. The
new law requires, however, that the basis
of any "transition property" be reduced by
the full amount of the investment credit
allowed. This provision has created some
confusion among owi.ers of reforestation
property. Qualified reforestation
property, however, is not "transition
property" and therefore it not subject to
the new 100 percent reduction rule
(Condrell et al 1987).

A word of caution is in order.
Recapture provisions associated with the
amortization and credit could be highly
significant for energy plantation
investors. If the trees are cut at less
than 10 years of age, all aaortization
deductions previously taken would be
recaptured as ordinary income. Likewise,
if the trees are cut within seven years,
all or part of the investment credit would
also be recaptured, the amount depending
on the age of the trees. If they are cut
at less than three years, the entire
credit claimed is recaptured; three or
more but less than five years, two-thirds
of the credit claimed is recaptured; and
five or more but less than seven one-third
of the credit claimed is recaptured.

Depreciation

Taxpayers are permitted a reasonable
allowance for the exhaustion, wear and
tear, and obsolescence of property used in
a trade or business or for the production
of income. This allowance takes the form
of an annual depreciation deduction on the
tax return. Although the 1986 Tax Reform
Act raade major chances in the general
procedures used to calculate depreciation
deductions, it provides no special rules
for the various assets used in timber
operations •- such as fences, bridges,
roads, tractors and planting aachines
(Condrell et al 1987). The regular
depreciation provisions apply with respect
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to these items In all situations,
Including chose related to energy
plantations. The roost significant change
affecting short-rotation forestry is the
recovery period. For example, pick-up
trucks •- previously in the 3-year class
-- are now in the 5-year class. Host
machinery and other items used in timber
growing operations •• such as planting
machines, tractors, and fences -- were
previously in the 5-year class
but are now in the 7-year class.

Expensing of Depreciable Costs

Prior to enactment of the new law,
most taxpayers could elect to deduct
currently as an expense, rather than
recover through depreciation, up to $5,000
of the cost of new or used property
purchased during the year provided that
the property was eligible for the
investment tax credit and used in a trade
or business. Property held for the
production of income, but not used in a
trade or business -- that is, investment
property -- did not qualify. By making
this election, taxpayers forfeited the
investment tax credit.

The new law continues to allow such
expensing under Section 179 of the
Internal Revenue Code, but with several
modifications. It raised the eligible
amount to $10,000, but reduced the limit
dollar for dollar if over $200,000 of
qualified expense property Is placed in
service during the taxable year. Further,
it limits the aggregate deductible amount
Co the total of taxable income derived
during the year from the taxpayer's active
conduct -- not passive conduct --of any
trade or business, a limitation not
present under prior law. This means that
a short-rotation forestry fuel wood
enterprise would have to qualify as a
trade or business, not as an investment,
in order for an active owner to meet the
requirements of the expensing provision.
The distinction between active and passive
will be discussed later in this paper.

The significance of Section 179
expensing can be illustrated by a simple
example. Assume that, in 1991, a taxpayer
acquired and placed in service qualifying
property that cost $10,000. Assume
further chat the property is "7-year
property". If che taxpayer properly
elected to do so under the expensing
provisions, he could deduct the full
$10,000 cost of the property on his 1991
tax return. If he does not choose the
expensing option, the taxpayer would have
to recover the $10,000 cost through annual
depreciation deductions over eight tax
years.

DEDUCTIBLE EXPEKPITORSS

All ordinary nnd necessary costs
associated with the management of
established timber property •- Including
short-rotation fuel wood plantations -•
are basically eligible, subject to certain
stipulations, to be deducted each year as
incurred rather than capitalized. Such
expenditures are usually called operating
costs or carrying charges, and Include the
expenses of silvicultural and protection
activities, as well as property taxes and
interest. The deduction process is
sometimes called expensing.

Prior to enactment of the 1986 Tax
Reform Act, timber management expenses
were fully deductible each year as
incurred by all categories of taxpayers,
provided the taxpayer was engaged in the
timber growing activity for profit (Siegel
1987). In addition, timber owners --
regardless of their profit motive -- could
also deduct property taxes and interest
paid during the year. As a genet. >1 ::ule,
these amounts could be deducted in ful 1
against income from any source, If,
however, a non-corporate taxpayer's timber
was considered an investment rather than a
trade or business, the aggregate deduction
for interest was limited to the amount of
net income from all investments plus an
additional $10,000. As an alternative to
expensing, timber owners could elect to
capitalize these types of expenditures.

To expense timber related costs, it
was not necessary that the property be
currently producing income (Siegel 1987).
The owner, however, must have had a profit
notive. The IRS automatically assumed
such a motive and usually did not question
legitimate deductions if there was a
profit in at least two out of every five
consecutive years. Failure Co meet this
standard, however, was not necessarily
indicative of the lack of a profit motive.
The tern "profit" could be limited
to appreciation in value and was che
criterion often used for tiaber activities
that produced no income for periods of
many years.

The 1986 Tax Reform Act made a number
of significant changes in the procedures
associated with Che current deduction.of
management costs, caxes and interest.
These changes imposed several limitations
on such deductions which have important
implications for energy plantation
ventures.

Pre«uaptlon-Of-Proflt Rule

The presumption-of-profit rule now
requires a profit in three, rather than
two, of the last consecutive five years.
There has been no change, however, in the
principle that "profit" includes
appreciation in the value of assets used
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In the activity (Slegcl 1987). The
amendment of the rule should therefore
make little practical difference to most
energy plantation owners•

Uniform C«pit»llr«tlon Rules

The new law contains a comprehensive
set of rules that generally provide for
the capitalization rather than expensing
of the costs of purchasing and holding
property for resale, and of constructing
and manufacturing property. These rules
have significant application to timber
holdings, including energy plantations.
First of all, the term "property" under
the new provisions specifically excludes
timber. This means that a taxpayer does
not have to capitalize current costs
associated with timber that he grows and
harvests, or with the real property
underlying the trees. The term "timber",
in turn, is defined in terms of certain
exclusions. These are listed as trees
bearing fruit, nuts, and other crops, and
all ornamental trees except evergreens
that are more than six yoars old when
severed from the roots and which are sold
for ornamental purposes •- that is,
Christmas trees. Tills last exclusion
clearly would not Include trees in fuel
wood plantations that are cut when less
than six years old, since such trees are
not sold for ornamental purposes. They
continue to be defined as timber.
Therefore the preproductive expenses
associated with established short-rotation
fuel wood plantations are governed
entirely by what is termed the "passive
loss rules".

Passive Loss Rules

The passive loss rules essentially
limit, in certain cases, the ability of
taxpayers to use deductions (technically
termed "losses") and credits attributable
to one activity to offset income realized
from other sources. They apply to
individuals, estates, trusts, personal
service corporations, and closely held "C"
corporations. A closely held "C"
corporation is one in which more than 50
percent of the value of the stock is held
by five or fewer shareholders. The
passive loss rules do not apply to other
types of "C* corporations which may
continue to deduct management costs,
taxes, and interest in full from income
from any source each year as incurred - -
the same situation as under prior law.
The new rules distinguish three categories
of activities. Among these, the options
for taking deductions will vary --
depending on which of the categories the
particular fuelwood plantation activity
fits.

The first category is a trade or
business in which the taxpayer materially

participates -• that in, he or she must be
involved, in the words of the new law, on
a "regular, continuous, and substantial"
basis. In this situation, «s under prior
law, all management costs, taxes, and
interest are fully deductible against
Income from any source each year as
incurred.

The second category is timber held
as an investment, rather than as part of a
trade or business. Under the new law, an
investor's deductible timber management
and protection costs are" miscellaneous
itemized deductions". These may be
deducted only to the extent that, when
aggregated with all other miscellaneous
deductions, the total exceeds two percent
of adjusted gross income. The portion of
"miscellaneous itemized deductions" that
falls below the two percent floor is
permanently lost. Property and other
deductible taxes attributable to timber
held as an Investment can continue to be
expensed in full against Income from any
source just as under prior law. Timber
Investors may also continue to deduct
Investment interest expense but only up to
the amount of net investment Income.
Investment Interest deductions unable Co
be taken in the current year, however, may
be carried forward Indefinitely to be used
in subsequent years when investment Income
is realized.

The third category of activity for
purposes of the passive loss rules is
timber held as part of a trade or business
in which the taxpayer does not materially
participate. In this situation, no
deductions associated with the passive
timber activity may be taken against
income arising from nenpassive activities.
Passive-related timber deductions may only
be made against passive timber income or
passive income from other sources. The
sole exceptions to this rule are closely
held "C" corporations which nay offset
passive deductions against income from
certain active business sources. Passive
deductions unable to be used during the
current tax year may be carried forward
indefinitely (suspended) to be used In
later years in which passive income is
realized.

Implications of the Passive Loss Rules for
En«rev Plantations

The passive loss rules have serious
implications for energy plantations. It
will clearly be to the owner's advantage
to be directly and actively involved with
operation of the property to ensure that
it will be considered a trade or business
in which he or she materially
participates. Otherwise, deductions may
be postponed or even lost forever -- with
serious disruptions to the return of
capital. Timely deductions could very
well be the deciding factor as to the
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profitability of a short-rotation
plantation. If, however, the owner's
involvement Is such that the activity is
not likely to be deemed a trade or
business coupled with material
participation, then whether it Is
preferable to be categorized as an
investment, or as a passive enterprise,
will depend on the taxpayer's particular
situation.

An owner whose activity is classified
as an investment would have the advantage
of being able to currently deduct property
and other taxes paid against incoae from
any source. An investor may also deduct
management costs against income from any
source to the extent that such Income Is
available, but subject to the two percent
floor on miscellaneous itemized
deductions. This means that at least a
portion of such a taxpayer's managenent
costs will be permanently lost if he seeks
to deduct them. He has the opportunity to
recover the full amount of management
costs only by capitalizing then and
offsetting thorn against income realized
upon sale of the timber. Moreover, an
energy plantation owner who is viewed as
an investor will also be subject to the
limitations on deducting investment
interest.

If the owner of a fuel wood
plantation has or anticipates having
income from other passive activities, he
or she may prefer that the venture be
characterized as a passive activity,
rather than as an investment. In such a
case, the taxpayer will not be subject to
the limitations on deducting investment
interest or to the two percent floor on
miscellaneous itemized deductions. If
sufficient income is realized from other
passive activities, the owner need not
wait until the trees are cut or sold to
recover timber-related expenses; rather,
they may be used to offset income from the
other passive sources. If an energy
plantation owner has no business or
investment activity other than timber,
however, and does not anticipate having
any passive income, it will probably be
more advantageous to categorize the
activity as an investment. A point to
keep in mind Is that a timber owner's
status is not likely to change from year
to year without a significant shift In the
level of involvement.

RECEIPTS FROH THE SALE OF TIMBER

When reporting proceeds from the
sale of timber for federal incoae tax
purposes, the taxpayer must determine the
amount, as well as the type, of gain or
loss realized. The amount is calculated
by reducing the total proceeds by the
adjusted capitalized basis of the timber
and also by any expenses directly related
to the sale. If timber acquired as a unit

Is disposed of over a period of years as
the trees nature, the owner muse use
special procedures to determine the
deductible basis to be recovered at any
one time. The rules for doing this were
not changed by the 1986 tax law.

Capital Cains Taxation

Prior to 1987, noncorporate
taxpayers paid federal Income tax on only
40 percent of their net long-tern capital
gains for a maximum effective rate of just
20 percent as compared to a maximum rate
of 50 percent on ordinary Income. For
corporations, the maximum long-term gain
rate was 28 percent as compared to 46
percent on ordinary income. Thus all
taxpayers benefltted If the proceeds of
their timber sales qualified as long-tern
gains rather than as ordinary income. In
enacting the 1986 Tax Reform Act, however,
Congress lowered the maximum rates on
ordinary income, and repealed the
differential between the rates at which
ordinary Income and long-term gains were
taxed. Beginning In 1988, the rate
differential was entirely eliminated for
all taxpayers. Nevertheless, there is
still a recognized difference In the tax
law between ordinary Income and capital
gains. The rules governing whether a
timber owner's gains and losaes qualify
for capital gain or loss treatment remain
unchanged. Beginning In 1991 a very small
long-tern capital gain rate differential
was relnstituted for high bracket
taxpayers (31 percent Tor ordinary Income
versus 28 percent for long-term gains).

It may still be advantageous far
certain energy plantation owners to be
certain that income fron the sale of their
trees continues to qualify as a long-term
capital gain (Condrell et al 1987). For
example, under the new law, capital losses
nay be used to offset only $3,000 of
ordinary income per year, but there is no
limit on using such losses to offset
capital gains. Then, too, sole
proprietors or partners whose energy
plantations constitute a trade or business
are subject to self-employment tax for
social security purposes on their ordinary
income derived from the plantation, but
not on capital gains. This is an
important consideration for owners who are
retired or semi-retired and who have
little or no income fron wages or salary.
The rate of self-employment tax for 1991
is 15.3 percent and will be levied on
$53,400 of self-employaent earnings. In
addition, 2.9 percent (the Medicare
portion) will be levied on Che amount
between $53,400 and $125,000 of earnings.

Section 631fa> Election Chanya

The new law contains a special
provision that permits tinber owners who
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have been qualifying their timber income
for capital gain status, by doing their
own cutting under a Section 631(a)
election, to revoke the election
unilaterally. Under prior law, revocation
required IRS consent. Because of the loss
of the rate differential, revocation may
be advantageous If timber is not disposed
of in the saae tax year in which it is
cut. Without revocation, such taxpayers
would be taxed in the year of cutting on
the tinber's gain in value as stumpage,
even though no income has yet been
realized from its disposal. For some
energy plantation owners, however, it may
•• as has been pointed out - - be more
advantageous to retain capital gain status
rather than revoke the election.

CONCLUSION

The 1986 Tax Reform Act made
significant changes in the federal income
tax treatment of timber related receipts
and expenditures. Timber income is now
generally taxed at n higher rate than
under prior law and it has become note
difficult for some taxpayers to deduct
management costs, taxes, and Interest in
the year Incurred. Nevertheless, most
investors in short-rotation fuel wood
plantations -• with proper planning --
should be able to continue to take such
deductions. Expensing these costs now
takes on added significance with the
general loss of the long-term capital gain
differential for timber income. Careful
record keeping, however, will be
necessary. A diary or journal reflecting
decisions made, personnel hired, equipment
purchased, and visits to the property will
be extremely helpful in establishing the
taxpayer's participation. Owners of
energy plantations may wish to consult a
professional tax advisor for assistance in
adapting to the new rules, and in
appropriately structuring and documenting
their activities. Under the right
circumstances and with careful planning,
investing in short-rotation, fuel wood
culture can still be a profitable venture
- - one that will compete favorably under
the new tax law with many other
investments.
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ABSTRACT

An economic guide is developed to assess
the value of anaerobic digesters used on
dairy farms. Two varieties of anaerobic
digesters, a conventional mixed-tank
mesophilic and an innovative earthen
psychrophilic, are comparatively
evaluated using a co6t-effectiveness
index. The two case study examples are
also evaluated using three other
investment merit statistics: simple
payback period, net present value, and
internal rate of return. Life-cycle
savings are estimated for both varieties,
with sensitivities considered for
investment risk. The conclusion is that
an earthen psychrophilic digester can
have a significant economic advantage
over a mixed-tank mesophilic digester
because of lower capital coat and reduced
operation and maintenance expenses.
Because of this economic advantage,
additional projects are being conducted
in North Carolina to increase the rate of
biogas utilization. The initial step
includes using biogas for milk cooling at
the dairy farm where the existing
psychrophilic digester is located.
Further, a new project is being initiated
for electricity production with thermal
reclaim at a awine operation.

METHODS

Considerable research has been conducted
on anaerobic digestion, which can convert
organic materials into biogas for use as
an alternative energy resource.
Conventional anaerobic digesters used on
farms and agricultural processing
facilities are generally designed to
operate in either the mesophilic (20°C -
45°C) or thermophilic (45°C - 60°C)
temperature ranges, usually to allow for
higher loading rates of organic
materials.

Anaerobic digestion in the psychrophilic
(<20°C) range has not been as extensively
evaluated. However, the past decade has
seen the concept of using a floating
membrane cover for the purpose of
recovering biogas on an anaerobic lagoon
operating at low temperatures emerge.
Floating covers, which collect the biogas
as it escapes from the lagoon's surface,
have been successfully installed on swine
and dairy operations1 •*.

The psychrophilic digester has good
potential for widespread adoption in the
United States, especially in its

southeastern region, because many
facilities use hydraulic flushing for
manure collection and anaerobic lagoono
for waste treatment. Hence, the
development of psychrophilic technology
allows a choice in treatment technique*
when anaerobic digesters are employed.
All other things being held equal, the
major difference is in the relative cost
of the substitution.

Given that we have at least two treatment
techniques available, it is desirable to
employ objective criteria so that a
rational decision may be made when
choosing between the competing
alternates. Such criteria will allow us
to rank our treatment techniques in terms
of their relative cost-effectiveness,
since we do not wish to use a choice that
costs more to own and operate.

A Cost-Effectiveness Index (CEI) can be
defined using the reciprocal of a
financial benefit-cost ratio called the
Profitability Index', which in thie
situation could be interpreted as the
marginal efficiency of investment. The
CEI and the Profitability Index measure
investment results per dollar of initial
outlay, which is desirable in comparing
projects of different sizes and costs.
Specifically, a CEI of less than 1.00
indicates that a project has economic
merit.

To establish an equivalent dollar-to-
dollar ratio to the traditional energy
resource being displaced, the annual
investment required for each anaerobic
digester is divided by the annual energy
savings it provides with biogas. The
basic CEI formula for each digester is:

CEI
annual owning cost ($/year)

average annual savings (S/year)

There is a small technical detail in
calculating the annual owning cost of an
item with a multiyear life where the
investment is made with an upfront lump
sum. This is done by multiplying the
capital cost of each digester by a
capital recovery factor (CRF). CRFs are
used to convert a dollar lump sum today
to an equivalent series of payments over
a specified period of time. When
incremental annual operation and
maintenance expenses increase annually at
a compounding rate over the life of a
project, an appropriate CRF can also be
used to convert them into an equivalent
annualized cost. Thus, the CEI accounts
for the time value of money over project
life via a discount rate used in the CRF.

The information required to calculate the
CEI is the same required as for the more
traditional cash flow investment
statistics of Simple Payback Period
(SPP), Net Present Value (NPV) and
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Internal Rate of Return (IRR). Why use
the CEI instead of the traditional
statistics? One reason ia symbolics It
allows alternative energy resources like
anaerobic digesters to be fungibly
analyzed with conventional energy
resources as a "loast-cost" planning
option. More importantly, each of the
traditional statistics have
disadvantages, which, under certain
circumstances, may limit the affirmation
of the correct investment decision
between mutually exclusive choices.

Cash flow is a schedule of annual net
profit (or loss) resulting from an
investment, and can take into account
such factors as amortization or the
inflation rate for displaced fuels. The
important point about cash flow is that
"less money spent" is equal to "more
money made". However, cash flow does not
account for the time value of money. The
time-value of money concept explains that
a current dollar is more valuable than a
dollar occurring in the future. To put
dollars into a consistent, present value,
cash flows are adjusted by the discount
rate, on the basis of which the true
profitability can be assessed. The
discount rate can be interpreted as the
interest rate anticipated from an
alternate investment opportunity, against
which the prime opportunity i6 compared
to see if one would be financially worse
off by making it. Before continuing, the
interrelationship of these investment
merit statistics should be briefly
discussed.

From cash flow, a SPP for the investment
can be quickly calculated. SPP is the
"break-even" length of time necessary to
recover the initial investment through
positive cash flow. SPP is often used as
a criterion for determining investment
acceptability. For example, many
businesses have policies of only
undertaking investments with a two-year
simple payback. However, while payback
may be useful in measuring the liquidity
of an investment, it offers no insight on
profitability because the time value of
money has not been accounted for.
Further, positive cash flows occurring
after the payback period are not
accounted for. Hence, for mutually
exclusive projects with equal cash flows,
the project with an infinite lifetime
would receive the same ranking as a
project with very short lifetime if they
both had the same payback period.

NPV describes the present worth of an
investment in dollars. It is calculated
by the compound discount^g of the
investment's annual cash flow with a
specified discount rate, and then summing
the discounted cash flows over the
investment life to arrive at its net
value. If NPV is a positive figure, the
investment provides a greater return than

the alternate choice aaaumed by the
discount rate. If the NPV is a negative
figure, the alternate presents the better
opportunity. If NPV equals zero, we ore
said to be indifferent between choices.
If there ia more than one competing
investment, the higher NPV in preferred.
However, in a capital rationing
situation, NPV has an inherent bias in
favor of large projects.

IRR is a percentage figure providing the
discount rate yielding a zero NPV. IRR
allows direct comparison between the
yields offered by different investment
opportunities. If the IRR from an
investment is greater than the discount
rate, the investment is more worthwhile
than the alternate choice. However, IRR
suffers in two areas. The first is if a
project has a cash outflow at the end of
a project, multiple rates of return
exist. While this is not the case with
the data to be analyzed, the situation
occurs, for example, in the event of
abandonment costs. Another area where
bias is introduced is in the implicit
assumption that all positive cash flows
are reinvested over the remaining life of
the project at the calculated IRR. "This
may be an unrealistic assumption,
especially for projects with relatively
high Internal Rates of Return. While
this does not affect the decision to
accept or reject a project, it does
affect the relative ranking of projects
when one is comparing their relative
profitability*."

Although the IRR and NPV methods will
lead to the same decision to accept or
reject an individual project, they can
provide conflicting clues when choosing
between mutually exclusive projects.
That is, one project can have a higher
IRR but lower NPV. This problem arises
because the IRR is the implied
reinvestment rate in the IRR method,
while the discount rate is the implicit
reinvestment rate used in the NPV method.
NPV is generally superior because
reinvestment will likely occur at a rate
close to the cost of capital.

To paraphrase Phillips5, an investment
decision can seldom be understood out of
context; that is, it cannot be understood
except in its relation to other competing
investments. Once again, the use of
ratios like CEI or its reciprocal, the
Profitability Index, normalize all
projects so that an equal comparison may
be made on the benefit to be achieved for
each project dollar involved. These two
ratios provide a standard score to which
any investment opportunity can be placed
on a scale common to all investment
opportunities. All of the investment
merit statistics are related, and for
comparative purposes they will be
benchmarked below.
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DESCRIPTION OF DATA

The mixed-tank meaophilic digester
information was obtained from an
operation built on the Washington State
Dairy Farm in Monroe*. The Monroe
digester was designed on the model of a
municipal sewage treatment plant
digester, and was a transfer of state-of-
the-art treatment plant technology to an
agricultural application. The manure
volume was sized for a milking herd of
180 to 200 Holstein cows. The net energy
output of the biogas produced by the
system was estimated to be 1108 GJ. The
biogas was used to fuel the boiler on the
farm's creamery. Although somewhat
dated, the project data are assumed to be
representative of the methane production
method.

After adjusting the given cost data for
the effects of inflation in the United
States between 1976 and 1968 by the
difference in the Consumer Price Index7

for all items less food and energy,
specific assumptions are: 1) Siting cost
of $1,975 (US$), 2) Site-built system
capital cost of $78,950, 3) Yearly
reduction in energy costs of $9,750, 4)
Incremental annual operation and
maintenance expenses of $2,880, and 5)
Theoretical project life of 20 years.

The earthen psychrophilic digester
information was obtained from a
demonstration project being conducted by
North Carolina State University and the
Energy Division2, with major funding
provided by the Southeastern Region
Biomass Energy Program, the North
Carolina Agricultural Research Service
and the North Carolina Dairy Foundation.
The manure volume was sized for a milking
herd of 150 to 160 Jersey cows, and the
digester has been in operation for
slightly more than one and one-half
years. Current biogas production rates
are now averaging about 970 GJ annually,
with an average CH4 content of 69%. Like
the Washington State Dairy Farm, the
biogas is also being burned in a boiler
and the resultant hot water used in dairy
operation.

When the bacteria colony in the system
fully matures, it is anticipated that
biogas production will be between 3% and
5% higher than the average values
recorded during the start-up period of
the demonstration project. The economic
analysis is based upon a steady-state
annual biogas production rate of 1000 GJ.
With this caveat, the remaining data are
also assumed representative of the
treatment method. Specific assumptions
are: 1) Siting cost of $1,100, 2) Site-
built system capital cost of $44,000, 3)
Yearly reduction in energy cost of
$8,800, 4) Incremental annual operation
and maintenance expenses of $1,270, and
5) Theoretical project life of 15 years.

General aaaumptiona shared by both case
studies are: 1) All biogas produced is
used as a displacement fuel for liquid
propane gas (LPG) coating $8.80 per GJ,
2) Real growth rate in operation find
maintenance expenses of 2% annually, 3)
Real growth rate in energy prices of 0%
to evaluate a "worst-case" LOW price
scenario, 4) Real discount rate of 7%, 5)
The exchange is "cash-and-carry" with no
budget constraints, and 6) The exchange
uaea the end-of-year convention. This
means during Time 0 the costs of
implementing the projects are incurred
and the accounts are balanced on December
31 of the following Years.

\a mentioned above, a CEI of less than
i.,00 indicates a project has economic
m. "ic. Evaluating the data (Table 1)
revealed that the earthen digester has a
CEI of 0.67, to be compared with the CEI
of 1.14 for the mixed-tank digester.
This index implies that the earthen
digester is about 70% more cost-effective
than the mixed-tank digester, which ia
also demonstrated to be not coat-
effective. The paychrophilic digester'a
economic advantage ia thought to exist
for two principal reasons: lower
relative first-cost to install and lower
annual operation and maintenance
expenses. Looking at the CEI reciprocal,
the Profitability Index is 1.49. This
implies a gain of about $0.49 in present
value for each project dollar invested.

Evaluating the other investment merit
statistics for the two treatment
techniques using the "worst-case"
scenario presented by LOW energy prices
provides a SPP of S.O years for the
earthen digester versus 12.4 years for
the mixed tank digester (Figure 1).
Further, the earthen digester
demonstrated a superior IRR (14.2% jjj.
4.7%) and NPV ($22,040 v*. -$13,115) when
compared to the mixed-tank digester.

Based on the economic evidence, the
analysis patently favorB the earthen
psychrophilic digester. Most striking is
the IRR, which implies the psychrophilic
digester is more productive than both the
mixed-tank and the alternate investment
for which we assumed a 7% discount rate
by an order of magnitude difference.

The economic advantage of the earthen
psychrophilic digester exiBted throughout
the sensitivity analyses conducted
between the two choices for NPV to
discount rate (Figure 2), and Net Present
Value to project life (Figure 3).

SUMMARY AND CONCLUSIONS

The conversion of agricultural wastes,
animal manures in particular, into an
alternative energy resource has been the
emphasis of intensive research for well
over two decades. Much has been learned
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with rogard to how manure can bo utilized
as an energy and nutrient source.
However, the American farmer has not been
motivated to adopt now practices bocauso
of unfavorable economics. Hence, more
cost-effective manure management
techniques like psychrophilic anaerobic
digestion using covered earthen lagoons
are needed to help stimulate farmers to
use their animals' waste for conversion
into energy and nutrients. This will
also help mitigate situations where
animal manures are now handled in ways
contributing to air, surface, and
groundwater pollution.

A first-order analysis conducted by tho
Energy Division based on Jones and Ogden"
indicates that as much as 1600 TJ in
energy via biological processes is
economically recoverable from the dairy
and swine manures generated each year in
North Carolina. Assuming that a market
penetration of 50% of the economically
recoverable animal manures is captured by
anaerobic digestion, about BOO TJ of
biogas energy could be produced annually
on farms in North Carolina. If the
biogas displaces liquid propane gas
costing $8.BO per GJ, the value of the
product exceeds $7 million per year.
This analysis discounted the economic
value of the recoverable high-nutrient
co-products useful as fertilisers or
other goods. The analysis did not
include any indirect effects such ae
pollution control or economic development
via the implicit multiplier effect.

Projects which inform livestock producers
and processors through practical
demonstration and educational outreach
about the merits of low-cost, easily-
managed psychrophilic anaerobic digesters
suitable for use on working farms and
agricultural processing facilities are
hoped to increase the rate of market
penetration for this technology.
Educational outreach in the form of
"field-day" tours, a comprehensive
workbook and workshops to explain the
approach to the agricultural community
and others interested in anaerobic
digestion occurred during 1990.

Technologies that increase the rate of
biogas utilization at the dairy farm are
now being evaluated, and include milk
cooling and transportation-related
possibilities. An additional project for
electricity production with thermal
reclaim at a 1000-sow farrow-to-finish
swine operation is in the planning stage
for 1991. The swine operation offers the
biogas potential to essentially displace
the electric load now used at the
demonstration site.

TABLE 1
LIFE-CYCLE ANAEROBIC DIGESTER SUMMARY

AT LOW ENERGY PRICES

STATISTIC
CEI*
NPV* (S)
IRR (%)
SPP (years)

CASH FLOW STATISTIC
Direct Effects ($)

1.14
-13,115

4.7
12.4

0.67
22,040

14.2
6.0

44,099 64,937

* real discount rate set equal to 7%.

REFERENCES

(1) Chandler, J. A., Hermes, S. K. 6
Smith, K. D. 1983. A low cost 75-kW
covered lagoon biogas system. Presented
at "Energy from Biomaaa and Wastes VII",
Lake Buena Vieta, FL.

(2) Safley, Jr., L. M. 6 Lusk, P. 1990.
Development and marketing of an
innovative low temperature lagoon biogas
digester system. Prasented at "Energy
from Biomaaa and Waatia XIV, Lake Buena
Vista, FL.

(3) Shim, J. 1988. Handbook of
financial analysis, forecasting and
modeling. Englewood Cliffs, Prentice
Hall.

(4) McGuigan, J. & Mover, R. 1975.
Managerial economicst private and public
sector decision analysis. Hinsdale (IL),
The Dryden Press.

(5) Phillips, J. 1973. Statistical
thinking. San Francisco. W. H. Freeman
and Company.

(6) Coppinger, E., Baylon, D. & Lenart,
J. 1980. Economics and operational
experience of full-scale anaerobic dairy
manure digester. In: Biogas and alcohol
fuels production, ed. J. Golstein, Emmaus
(PA), The JG Press.

(7) Economic Report of the President.
1988. U.S. Government Printing Office,
Washington, D.C.

(8) Jones, H. IB. & Ogden, E. A. 1984.
Energy potential from livestock and
animal wastes in the south. Agricultural
Economic Report Number 522, U.S.
Department of Agriculture, Washington,
D.C.

108



Char-Recirculation Biomaoe Gasification System—h
Site-Specific Feasibility Study'

Kon R. Purdy, Clayton P.
Brian 0. Hanalay:

Kerr, and

j AbsTr«efcT A site-specific feaaibility study was I
' conducted for a char-recirculation biomaas

gasification plant which would dispose of the
chippable solid residues of the area sawmills.
The plant would receive green hardwood chips and
convert them into active charcoal while producing
process steam and electrical power. An economic
analysis was performed on the basis of not-for-
profit operation, marketing crushed active
charcoal to a broker at a discounted price, and
displacing purchased electric power. Given a

\ market for the active charcoal, the plant was /
\ judged to be economically viable. . I

Keywords: Hardwood Chips, Pyrolysis, Gasifier,
Active Charcoal, Economic Analysis

There in a aerioua need for an economic
means for disposing of the chippable solid
residues of the area sawmills. Counting only
eight of the larger mills, their weekly
production is about BOO green tons of white-oak
and 350 grean tons of yellow-poplar alaba and
end-cuttings. The mills are equipped to chip
these residues, but the nearest chip market is
250 miles away, too far to be a cost-effective
outlet.

A preliminary analysis of a resource-
recovery plant, practicing the char-recirculation
biomass gasification process (Bowen 1978,
Anderson 1986), indicated that at least half of
this wasto would be needed to generate enough
electric power to meet the cooling needs for
Tennessee Technological University. By locating
the plant on or near the campus, it could play a
dual role aa a commercial waste utilization
cogeneration facility and a self-funded research
and development facility.

To help offset the disposal costB and
maximize the RSD funds generated, use of this
gasification process permits the production of
active charcoal as a saleable product. In
powdered form, the charcoal may be used in the
PACT* process, an activated sludge wastewater
treatment process that is inherently stable,
allows for single-stage nitrification, and haB
increased sludge settling velocities, thereby
increasing the hydraulic capacity. With the more
stringent effluent requirements for wastewater
treatment plants, the PACT* process is expected
to play a significant role in the future.

OBJECTIVES

To investigate the opportunity of assisting
the hardwood-products industry of the region by
developing a solid-waste-disposal/resource-
recovery facility to use their residues, and an
RSD facility to further the development of
biomass conversion processes, the objectives of

'Presented at the National Bioenergy
Conference, Coeur d'Alene, ID, March 13-21, 1991.

:Professor of Mechanical Engineering and
Professor of Chemical Engineering, respectively,
Tennessee Technological University, Cookeville,
TN; State Biomass Contact,Tennessee Department of
Economic and Community Development—Energy
Division, Nashville, TN.

this feasibility study werei

Q To specify a complete biomass energy plant)

• To perform thermal decomposition studies of
pulp-grado white oak chips, and develop an
ompirical model suitable tor uee in the
plant simulator.

Q To experimentally simulate the thermal
decomposition and gasification processes in
a batch reactor.

• To tailor the computer simulation of the
plant (Anderson 1988) to the specifications
and obtain mass and energy balances for all
unit operations.

Q To design the plant using existing ChE
software.

Q To determine the plant cost and its
operating costB, including debt service.

• To Perform a financial analysis of the
plant to determine its economic
feasibility.

RESEARCH APPROACH

The workplan for this study consisted of
the following steps.

Plant Specifications

The utility records of the University plant
operations were to be used to determine the
electrical/steam requirements to be met by the
plant. Essentially all of the summer demand
associated with cooling and heating were to be
met. Baaed on these data, the plant steam
generation and electric power generation were to
be specified, thereby providing the basis for
specifying the remainder of the plant's systems.

Thermal Decomposition Studies

Thermal decomposition studies were
initiated prior to thie investigation using an
existing manually-controlled pyrolysis system.
One kilogram samples of mixed hardwood chips were
heated in an oxygen-free chamber. This resulted
in evaporation of the free moisture and thermal
decomposition of the dry chips, yielding
charcoal, gases, and vapors. The condensible
vapor* were collected down to -70*C, and all of
the gases were metered and then collected in 100-
liter gas bags. The chemical properties of the
resulting materials were determined.

These pyrolysis data were used to develop a
preliminary model for the thermal decomposition
of mixed-hardwood chips. This model waa to be
used in the plant simulation model while an
automatically-controlled pyrolysis system waa
developed to obtain data for white oak chips.

Batch-Mode Simulator

Using much of the thermal-decomposition
apparatua, a batch-mode simulator was to be
developed. By sequential processing, starting
with wood chips, each of the thermal and
thermochemical processes experienced by the chips
in the reactor was to be simulated. This would
permit samples of partially gasified charcoal to
be produced for property determinations.
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Computer $}.rnulatlon,

Tha existing computer simulation of a char-
recirculation gaaification plant (Anderson 1908)
was to be tailorad to meet the specifications of
the Univaraity plant. Preliminary calculations
of mass and energy data wara to ba baaad on an
existing thermal decomposition modal for plna
•awduat data (Knight 1976). Tha preliminary
mixed-hardwood chip* data (Purdy 1990A) wara to
ba uaad to generate second generation
specifications.

Plant Peaion

Ueing the mass and energy data for tha
plant, aach of the major equipment itama was to
be sized. For commercially available equipment,
auch aa tha storage ailo, dryer, metering bins,
gasifier, combustion system, waste-heat boiler,
and steam-electric generator set, vendor data for
sice and coat were to be sought.

alao assumed. This would permit • bass-load
delivery of about one megawatt and a peak-load
delivery of up to 1.5 megawatts of power.

A eyatem-by-system description of the plant
follown.

Green-Chip Receiving/Storage/Reci.
Delivery System

This chipyard system includes a truck
scale, a trailer dumper, a live-bottom
receiving/reclaim hopper, a magnet, a disc
screen, a bucket elevator, a 3-day
storage/reclaim silo and a chip-van-loader bucket
elevator to permit tha return of defective
feedstock.

Arrangements with the chip suppliers for
keeping at least a 2-waok supply of chip* ax«
necessary. This material would be periodically
recovered to limit ita degradation.

Plant Cost

The cost estimate was to consist of tha
following subdivisions: purchased cost of
fabricated equipment and prccess machinery,
installation of purchased equipment,
instrumentation and controls, piping, electrical
facilities, buildings, yard facilities, service
facilities, land, engineering and supervision,
construction expenses, contractor's feaa,
contingency, and working capital.

Operating Costs

Using the utility data from the proceas
flowsheet, the utility costs were to be
determined. Cost for the hardwood chips was to
be taken aa a variable. Maintenance costs were
to be determined from vendors and conventional
estimating methods.

Financial Analysis

The financial analysis was to be performed
using existing ChE software for project/venture
analyses. Typical utility, product, and cost-of-
ooney data were to be used for the analyaia of
thia not-for-profit plant.

Recommendat ions

Basad on the results of the financial
analysis, recommendationa were to be mada about
actions to be taken.

RESULTS

The results of each of the research steps
follow.

Plant Specifications

Using the utility records of the
University's plant operations, the biomass energy
plant was sized. A hardwood chip processing rate
of about 2.5 ovendry tons per hour was required—
about 7G0 green tons per week. This rate
permitted the production of wastawater-treatmant-
grade active charcoal (iodine number of about
900) and about one megawatt of electrical power.
There was no practical market for steam at the
University.

For this study, the plant was taken to be
sited on tha west side of the campus. A suitable
electrical feed at the high demand source was

Drying/Chip-Metering System

Upon reclaim from the hopper, tha green
chips (up to 50-waight-parcent free moisture on a
wet basis) are fed to a heavy-duty, triple-pass
dryer for drying to the required moisture
content—typically, 22 down to 10 plus-or-minus
two percent, depending on the mode of operation
of the gasifier. Following screening to remove
fines, tha chips are conveyed/elevated to the
driad-feed metering bin which holds about a 2-
hour supply of chips. Thia bin is elevated
sufficiently to feed the gaeifier.

Char-Reclreulation Gauifier

Driad chips are automatically fad to tha
gasifiar at a nominal rate of 5,000 ovendry
pounds per hour. They anter ita top through a
rotary-valve seal which minimizes the ingestion
of ambient air. (Tha raactor pressure is
slightly balow atmospheric pressure at thia
point.) In addition to the "new" chips being fed
to the reactor, a second metering bin feeds
screened, recirculated charcoal chips to tha
reactor through a aecond rotary-valve eeal. The
charcoal feed rate is controlled ao that tha
chips are fed at their recirculation rate—
raactor charcoal discharge rate minus the
charcoal production rate. The two streams are
mixed by s screw conveyor prior to thair
discharge to the top of the bad.

A leveling device distributes the chips
ovar tha top of tha bad and stirs (mechanically
fluidizes) the top 6 to 12 inches of the bed.
The wood and charcoal chips thereby become part
of the downwardly flowing packed bad of solIda.
Tha "gasaa" formed in the reactor are drafted
from the free space above tha bed. This produces
a countercurrant (upward) flow of gases and
vapors. These "gases" exit the top of the bed
and the reactor at a controlled temperature
sufficiently low to prevent thermal degradation
of the organic vapors present in the off-gaa
stream—typically about 300*F.

Tharroal energy is transferred from the
gaaas to the solids. This results in preheating,
drying, and further heating of the mixed-chip
stream until the pyrolyais temperature of the new
hardwood chips is reached. At this level in the
vertical bed of solids, the wood chips thermally
decompose to form high-volatile charcoal, organic
vaporn, water vapor, carbon dioxide, carbon
monoxide, methane and higher hydrocarbons. These
gases and vapors join the upward flow of gaaes
from the lower part of the bed.
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Addition*], therm*! energy transfer from the
gas stream to tha mixed charcoal stream—naw
charcoal and partially-gasified charcoal—
continual tha aolida haating process. Tha naw
charcoal ia devolatilixed, and the carbon of tha
mixed charcoal stream finally becomea chamically
raactiva. Below thia laval, tha charcoal
atraam"a fixed carbon ia gasified by chemical
raactiona with water vapor and carbon dioxide.

In order to accurately control tha off-gas
atraam temperature and to provide for eaay start-
up of the reactor, an esuentially-oxygen-free,
l,200°F "gas" stream ia injected at thia level in
the reactor. Under design operating conditions,
the amount of "gas" injectsd is relatively amall.
Its temperature ia controlled by a natural gaa or
propane burner. (Use of a 1,200°F gaa stream
during normal operation proved to be unwiae in
that it producea an excessive heating rate during
the initial exothermic pyrolysia proceaa. Use of
the appropriate amount of a cooler gaa stream
permits control of this heating rate. This will
be discussed in some detail later.)

A mixture of low-pressure procass-air-and-
steam is injected into the moving solids bed at
three (or more) levels, chemical reaction of the
injected oxygen with hydrogen and carbon monoxide
provides the thermal energy required to sustain
the carbon/water-vapor reaction (thereby
reforming hydrogen and carbon monoxide) and the
carbon/carbon-dioxide reaction (thereby reforming
carbon monoxide). By simple control of the
relative amounts and distributions of tha air and
steam injected, it ia possible to control the
amount of solid carbon that ia gasified, as wall
as the bed temperature profile. The combination
of a strong flow o* solids through tha oxidation
xonas and control of the bed temperature profile
permits, if desired, practically complete
gasification of the charcoal without Blagging.

The charcoal output from the reactor is a
controlled variable. Typically, it will be set
between 20 and 30 percent of the new wood chip
input—i.e., 1,000 to 1,500 ovendry pounds per
hour. A volumetric flow device supports the
vertical bed of aolida and metera charcoal from
the bed at a prescribed rate. (Compare thia with
a once-through gasifier. With just an aah
output, the solids velocity practically goes to
zero. The char-racirculation gasifier has an
extra degree of freedom of operation, providing
for its very simple, precise control.)

Before being discharged from the reactor
through a rotary-valve aeal, the mixed charcoal
stream is water-spray cooled to generate steam
for the final gasification process. The gases
and vapors are drafted from the reactor so as to
maintain a very slight vscuum at this seal.

The charcoal output stream is than cooled
and humidified, and tha carbon product stream is
intercepted. The remaining charcoal stream is
conveyed, elevated and discharged to the
recirculated-char metering bin.

Off-Gaa-Traatment/Combustion System

The off-gaa streaia is drafted from the
gaaifier and blown directly into a commercial
low-Btu-gaa burner wherein it is burned with
excess air controlled by an oxygen detection
system set for 2-3 percent oxygen by volume. The
high-temperature combustion products are then
tempered with recirculatad 600°F boiler-exhauat
gases to about 1,600'F in a refractory-lined
combustion chamber. To be certain that any
entrained aolid finaa are adequately burned, a
design residence time of one second is used. The
burner is also designed to fire one or two
conventional fuels—natural gaa, propane and/or
Ho. 2 fuel oil. This permits the boiler and

dryer to be brought on line prior to starting tha
gaslfier.

Stack/Waste-Heat-Dollar Systems

Upon leaving the combustion chamber, the
l,800°F products are drawn through the base of a
refractory-linad exhaust stack and through a
waste-heat boilsr by an induced-draft blower.
Under normal operating conditions, all of the
products flow to the boiler and the dryer. The
stack only vents hot products to the atmosphere
during transient periods; e.g., system start-up
or shut-down, and/or a sudden drop in steam
demand.

The boiler induced-draft blower supplies
600°F axhauat gas to the dryer to meet ite
thermal energy needs and to the combustion system
to meet ita tempering requirements. Any
additionel exhaust gas is discharged to the
atmosphere at 600°F from a separata stack.

For an optimum plant configuration, the
only gaa discharge is from the dryer induced-
draft fan at a temperature of about 220*F,
producing excellent thermal efficiency.

Cogenaration System

The waste-heat toiler can qenerate
sufficient superheated steam at 400 psia and
SOOT to drive a 1.5 megawatt condensing-steam-
turbine electric-generator set. A cooling tower
is used as tha thermal energy sink for the
condenser. Under normal conditions, one megawatt
of electrical power will be generated to base-
load the University system. By burning an
auxiliary conventional fuel, such as natural gas,
tha generation rate can be increased to 1.5
megawatts during peak load periods.

Thermal Decomposition Studies

In order to predict product yields for the
thermal decomposition processes in the gasifier,
it is necessary to have empirical models for the
pyrolysis of the hardwood feedstocks—white oak
and yellow poplar paper-grade chips. Based on
previous experience (Knight 1976), it was
anticipated that this could be achieved by
pyrolyzing each feedstock at about five different
final temperatures in a simple batch reactor.

Tha initial atudy of this project
determined the pyrolysis product yields for mixed
hardwood mini-chips (Purdy 1990A). A manually-
controlled furnace wae used to heat the wood
chips in a batch reactor. Unfortunately, the
condenaibla-organics yield was found to decrease
with increaaing final temperature, a phenomenon
which would not occur in a continuous flow
reactor. It ia felt that the portion of the
condensible organic vapors that remains in the
reactor at the end of the initial exothermic
pyrolysis process undergoes a series of chemical
reactions which alter its chemical composition
and decrease ita yield. A hot-nitrogen purge
system was developed for the reactor. However,
due to lack of time and priority, its
effectiveness was not confirmed.

Upon completing the initial study of mixed-
hardwood mini-chips, paper-grade white oak and
yellow poplar chips were produced at an area
sawmill. In a division of effort, it was decided
to continue the experiments with the white oak
chips before correlating the mini-chip data and
before developing the hot-nitrogen purge system.
Therefore, additional data were obtained with the
effect of the thermal degradation of the
condensible organics very evident (Martin 1990).
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To »»«Ut with these studies, a
microprocessor-controlled furnace powar supply
was obtained, and it was installed just after the
white oak chip study was completed. In
programming the temperature profile, a heating
rate waa selected that differed somewhat from
that which had resulted from manual control of
the furnace. Using this heating rate, the yiolda
of charcoal and condenaible organic* differed
significantly from those obtained earlier for the
same final temperature.

Therefore, a second complication was found.
It raised a sari.oua question about the validity
of applying the results that were being obtained
for a batch reactor to a continuous-flow reactor,
especially if the heating rates differed
significantly.

An approximate analyaia of the heating rate
in the pyrolysis zone of the proposed reactor was
performed. For a gas injection temperature of
1.200T, the rate was found to be an order of
magnitude greater than that which can be produced
in tha laboratory. However, decreasing this
temperature to about 8S0°F, decreased this rate
to tha laboratory range. Thus, as configured,
tha gasifiar has the capability of controlling
the pyrolysis-zone heating rate.

Having found a significant "new" variable
lata in this study, all efforts ware directed to
determining ita influence on tha pyrolysis
product yields, especially the charcoal yield
and, ultimately, the active charcoal yiald. A
aeries of experiments was performed for a single
final temperature of about 900°F and five heating
rates ranging from about 1.8 to 17cF/min (Martin
1990, 1991).

The charcoal yield was found to drop
sharply with increasing heating rate at tha low
rates, conditions under which the solids have to
be cooled during the initial exothermic pyrolysis
process. However, at a rate of about 7.5'P/min,
tha charcoal yield began to drop much more slowly
with increasing rate, a condition that will be
most significant if it holds for final
temperatures up to about l,200"F.

In order to complete the pyrolysis studies,
a second series of rate experiments is being
conducted with white oak chips for a final
temperature of about l,200°F as well as a series
of experiments at one rate—about 12*F/min—and
final temperatures ranging from about 9Q0°F to
l,200°F for white oak chips (Dubayeh 1991).
(Studies for yellow poplar chips are still to be
done.)

Batch-Mode Simulator

The most important property for predicting
the economic performance of the proposed plant is
the yield of active charcoal at a given level of
activity, expressed in mass of active charcoal
per unit mass of ovandry wood chips and iodine
number, respectively. To determine this factor,
a batch-mode simulator was developad for the
gasification of charcoal chips with water vapor
and/or carbon dioxide (Hartin 1990 £ 1991,
Dubayeh 1991). The level of gasification/
activation is controlled by the amount of these
oxidizera supplied to the reactor.

Steam activations ware performed for tha
various charcoals produced in the pyrolysis
studies (Hartin 1990, 1991). In each case, the
iodine number of the active charcoal decreaaad
linearly with increasing charcoal yield,
expressed in mass of charcoal per unit mass of
ovendry wood, euch that the product of tha iodine
number (internal surface area) and tha yield is
essentially a constant. Carbon "burnoff" was
varied to give io* ine numbers ranging from that

of tha charcoal feedstock up to about 1,100.

Tha most significant finding to data is
related to the activation of the white oak
charcoals from the heat rate studies (Hartin
1990, 1991). Except for the two lowest heating
rates, which required significant cooling during
the initial pyrolyais process, tha relationship
between the iodine number and the active charcoal
yield was found to be independent of the heating
rate. This will ba a vary significant finding if
it holds for charcoals produced at temperatures
up to 1,200°F. Thia work is also being continued
(Dubayeh 1991).

In summary, these studies indicate that
conservative results are being given by the
approximate empirical models of tha pyrolysis and
steam activation processes which are currently
being usad in the gasifiar simulator. Therefore,
thaae models were judged to be adequate for
estimating the economics of the plant.

Computer Simulation

Tha simulator starts with predried wood
chips being fad to tha gasifiar. Thus, the chip
feed rate, temperature, and moisture content ara
taken to be independent variables. (Tha
simulator must ba run to determine the proper
"window" for tha moisture content of tha chips.
If tha charcoal is to ba completely gasified, a
minimum moisture content of about 22 percent, on
a wat basis, is required. Hinimums of lass than
about 10 percent place an impractical demand on
the dryer.)

Once tha wood chip feed rate, in ovandry
pounds par hour, is set, operation of tha plant
ia fixed by aalecting the charcoal discharge rate
from tha gaaifiar and tha active-charcoal
production rate, in percentages of the dry feed
rate, and by selecting the minimum electric power
generation, in kilowatts. (Note that the
charcoal racirculation rata is tha difference
between the charcoal discharge rata and the
active-charcoal production rate, a rate that must
be greater than or equal to zero.) As specified,
the active-charcoal production "rate" is related
to the iodine number of the active charcoal.

With these given conditions, tha off-gaa
stream temperature, and certain other property
data, the gasifiar simulator determines: the
proceas air and steam distribution, interactively
with the operator; tha hot drying gases needed to
support the upper bed processes! the quench water
required to cool tha active charcoal; tha heat
"loss" required to cool tha sparger tubes; and
the composition of the gasifiar off-gas stream.

The off-gas stream is drafted from the
gasifier and blown directly into tha combustion
chamber where it is burned with sufficient air to
produce a specific combustion-product oxygen
content. The temperature of tha combustion
products ia set at say l,800*F, and sufficient
boiler exhaust gas must then be supplied to the
combustion system to tamper tha products to thia
temperature. The plant simulator performs these
computations. If tha electric powar requirement
exceeds that which can be produced with just tha
off-gas stream, the simulator augments these
gasaa with natural gaa to meet the power
requirement. (This is an automatic interactive
proceas with those for the boiler, dryer, and
electric-ganerator set.)

The hot gases from the combustion system
supply thsrmal energy to the dryer, both
indirectly through the boiler and directly aa
required. The simulator computes tha "strengths"
of these streams aa wnll as the ambient air flow
rata required by the triple-pass rotary dryer.
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Those hot gasaa that flow through the
waste-haat boiler axit the boilar at a design
temperature of 600*F. Tha boiler uaa apecifiod
to generate 400 paia steam at 500°F. Knowing
these conditions, tha simulator computes tha
staam generation rate. Not* that process staam
is required, and that tha net generation is
supplied to the electric generator set.

Using vendor operating data, the efficiency
of the steam turbina waa computed. By specifying
the electric power to be generated, this was then
used to determine the necessary turbine steam
flow rate. Finally, the simulator computes the
condenser cooling water requirements. As an
integral part of these computations, the
oparating requirements of the boiler feedwater
deaerator are determined.

In order to simplify the financial
computations, a parametric analyeia of tha plant
simulator was performed, and correlations were
obtained for all of the product and utility data
required by the economic model.

Setting up the simulator to produce a
water-grade active charcoal with an iodine number
of about 900, resulted in the data presented in
table 1 (Purdy 1990B).

Plant Deaian

A brief description of the major plant
components follows. The chipyard is a package
item selected to meet the specifications and
coated by the L.I.S. Corporation. It conalats of
a 70-foot truck scale and control room, a 70-foot
truck dump*;.', a receiver/reclaimer, a magnet, a
disc screen, a chip hog for overs, a 40,000-
cubic-foot green-chip atorage silo with
reclaimer, and varioua conveyors and bucket
elevators.

The drying system is a package item
selected to meet the specifications and costed by
the MEC Company. It consists of a graen-chip
metering bin, a heavy-duty triple-paca rotary
dryer, a cyclone separator, a dryer axhaust fan
with stack, a finaa scraan, a dried-feed metering
bin with a weigh-bolt feeder, and varioua
conveyors and bucket elevators.

The gasifier, combustion system, and
charcoal-handling system were sized and costed
based on data supplied by American Carbona, Inc.
These systems consisted of a refractory-lined
vertical-shaft reactor, a process air supply
system, a gas-fired steam superheater, an
induced-draft blowar, a low-Btu-gas combustion
system with a 1-second residence time, a charcoal
crusher, charcoal storage bine, and various
conveyors, bucket elevatorB, rotary valves,
piping, and gas ductwork.

The steam and electric power generation
system is a package item selected to meet the
specifications and costed by First Thermal. It
consists of a water-tube boiler, a turbine/
generator set, a generator switchgear set, a
water-cooled condenser, a cooling tower, a
bo Her-feedwater deaerator and pumping system,
and a cooling-tower pump.

Except for the American Carbons gasifier,
the plant consists of well-proven, off-the-shelf
components.

Plant Cost

Tha plant coat was determined using
existing ChE software that had been developed for
factored cost estimates of complete plants, given
the total purchased cost of the items on tha
process flowsheet (determined as part of the

plant design).

The cost estimate consisted of tha
following subdivisions: purchased cost of tha
fabricated equipment and process mtchinary,
installation of purchased equipment,
inotrumantation and controls, piping, electrical
facilities, buildings, yard facilities, service
facilitiaa, land, engineering and supervision.

Table 1—Oparating conditions predicted by tha
simulator for & char-recirculntion biomaaa
gasification plant configured to produce water-
grada active charcoal and 1.5 megawatts of
electrical power.

Property

Feedstock
Dry chip input rate
Temperature
Moisture content

Recirculated charcoal
Dry char disch. rata
Charcoal prod, rate

Value

5000.00
60.00
10.00

1000.00
693.00

Dry char racirc. rata 307.00
Recirc, char moisture 16.16
Discharge temperature 200.00
Discharge moisture

Ambient air
Temperature
Pressure
Relative humidity

Procaaa air

5.00

60.00
14.70
50.00

Flow rata (humid air) 2552.02
Temperature 5S0.00

Process steam (saturated)
Flow rata
Pressure

Quench water
Flow rate
Temperature

437.94
100.00

68.68
60.00

Sparger-tube heat losses
Total

Hot-drying gas
Temperature
Methane rata
Moist-air rata
Saturated-steam rate
Steam pressure

Off-gas stream
Temperature
Flow rata
Adiabatic flama temp.
Higher heating value

Staam-turblna/generator
Steam inlet

Preasuro
Temperature

Steam outlet
Pressure

Powar generated
Combustion system

Off-gas stream
Natural gas suppl.
Theoretical air
Excess air
600°F recycle gas
1800°F comb, gas

Dryer
600°F boiler gas
1800°F com)-, gas
60°F ambient air
Moisture evaporated
Faed inlet temp.
Feed outlet tamp.
Gas outlet tamp.

Boiler
Pressure
Temperature
Steam generated
Net steam generated

999.00

1200.00
10.78

195.19
366.35
100.00

300.00
8509.70

. 3000.00
26451.00

400.00
500.00

1.47
1500.00

8509.70
391.88

25502.65
5996.41

38959.54
79360.18

34520.84
5879.80
3695.27
4444.44

60.00
150.CO
220.00

400.00
500.00

25334.03
22396.10

Unit(s)

lbm/hr
•F
pet. (wat)

lbm/hr
lbm/hr
lbm/hr
lbm/hr
•F
pet. (wat)

°r
psia
pet.

lbm/hr
°F

lbm/hr
psig

lbm/hr
op

kBtu/hr

op
lbm/hr
lbm/hr
lbm/hr
psig

•F
lbm/hr
op
kBtu/hr

psia
°F

psia

kw

lbm/hr
lbm/hr
lbm/hr
Ibm/hr
lbm/hr
lbm/hr

lbm/hr
lbm/hr
lbm/hr
lbm/hr
•F
•F
o F

psia
°F
lbm/hr
lbm/hr
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construction expenses, contractor's fees,
contingency, and working capital. The process
classification was taken to be a solid-fluid
processing plant. The plant costs are given in
table 2.

Table 3—Operating costs for a char-recircuiatlon
biomaas gasification plant configured to produce
water-grade active charcoal and up to 1.5
megawatts of electrical power.

Table 2--Capital costs for a char-recirculation
biomaae gasification plant configured
water-grade active charcoal and up to
megawatts of electrical power.

Element Cost in I

Direct costs
Chipyard (turnkey item; includes

purchased equipment, delivery,
installation, instrumentation
and controls, piping, and
electrical):

Dryer
Purchased equipment:
Delivery:
Installation:
Instrumentation and controls:
Piping (installed):
Electrical (installed):

Gaaifier
Purchased equipment:
Delivery:
Installation:
Instrumentation and controls:
Piping (installed):
Electrical (installed):

Boiler/turbine-generator
Purchased equipment!
Delivery:
Installation:
Instrumentation and controls:
Piping (installed):
Electrical (installed):

Complete plant
Purchased equipment:
Delivery:
Installation:
Instrumentation and controls:
Piping (installed):
Electrical (installed):
Building (including services):
Yard improvements:
Service facilities:
Chipyard (turnkey item):

Direct-cost total:
Other coats

Engineering and supervision:
Construction expenses:
Contingency:
Construction financing:

Other-cost total:

Fixed capital investment:
Working capital:

Total capital investment:

Qperatina Costs

to ]
1.5

1989

1,

5,

2,

7.

8,

produce

dollars

932,

600,
24,

280,
56,
99,
62,

551,
22,

258,
51,
91,
57,

802,
32,

375,
75,

133,
83,

,954,
78,

914,
182,
325,
203,
508,
264,
203,
932,

567,

315,
907,
691,
374,

287,

855,
282,

138,

000

000
000
800
160
840
400

910
076
294
659
838
399

950
118
781
156
611
507

860
194
874
975
289
305
264
297
305
000

364

123
369
239
055

786

150
870

020

Element

INPUTS
Site conditions

Base electrical load:
Peak electrical load:

Value

1022
1500

Boiler/aenerator ooeratiopt 1^0•JVr 4k * ^ v a ^ f %e^*ti^Ba> *•» w > ^ •* ^# h#^pt#b •• >* <M»^#t

Boiler/generator usage:
Electrical demand charge:
Electrical rate: 0
Natural gas cost:
Water cost:
Sewage cost:

Assumptions
Gaaifier operation:
Gasifier usage:
Feedstock

Type:
Moisture content:
Cost (wet basis):

Natural gas HHV:
Tims at peak demand:
Active charcoa'.

Iodine number:
Moisture content:
Price»
Discount rate•

Inflation rates
Revenue items

Electricity:
Active charcoalt

Expense items
Feedstock:
Personneli
Electricity:
Natural gas:
Water S sewage:

24
8.99

.03027
0.350
1.26
1.50

328.5
24

Units

kW
kW
dws/vc
hi•/day
S/kW
$/kH-hr
$/100-ft>
S/kgal
$/kgal

days/yr
hrs/day

Mixed-hardwood chips
50

10.00
1,040

20

900
S

1,440
30

S
4

4
4
5
1
1

Maintenance £ repairs: 8
Operating supplies:
Laboratory charges:
Employee benefits:

Construction time:
Project life:
Payment method:
Salvage value:
Coat of capital:
Land cost:

Gasifier parameters
Ovendry feed. proc. rate:
Charcoal discharge rate:
Charcoal production rate:

OUTPUTS
Products

Electricity
Demand;

4
4
4
1
15

pet. (wet)
$/ton
Btu/ft1

pet.

mgl/gc
pet. (wet)
5/wat-ton
pet.

pet.
pet.

pet.
pet.
pet.
pet.
pet.
pet.
pet.
pet.
pet.
year
years

End of period
0

8.50
0

5,000
1,000
693

1,500
Production: 9,391,100

Active charcoal (wet):
Consumables

Feedstock (wet): :

2,876

99,420
Natural gas: 28,157,194
Electricity

Demand: 379
Usage: 2,488,639

Water: :
Sewage:

18,079
1,000

$
pet.

s
lbm/hr
lbm/hr
lbm/hr

kW
kW-hr/yr
tone/yr

tone/yr
kBtu/yr

kW
kW-hr/yr
ki»al/yr
kgal/yr

Using correlations of ths utility data from
the plant simulator and the unit cost of
utilities, the utility costs were determined.
The model computes the total electrical cost to
operate the plant as if the power were being
purchased. Maintenance costs were taken to be
two percent of the fixed capital investment.

The 1989 unit operating costs and the dobt
service elements are given in table 3. For this
measure of the project viability, the feedstock
cost was taken to be $10 per wet ton (50 pet.

MCW), and the cost of money was taken to be 8.5
percent. A construction time of one year and a
project life of 15 years ware also used.

The Year-1 financial projection in 1989
dollars is given in table 4. It is based on the
financial data of tables 2 and 3.
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Table 4--vear-l financial projection for a char-
recirculation biotnass gaaifieation plant
configured to produca watar-grade active charcoal
and 1.5 megawatte of electrical power.

Table 5—Investment analysis for a char-
recirculation biomaas gasification plant
configured to produce water-grade active charcoal
and l.S megawatt* of electrical power.

Element 1989 dollars Element 19S9 dollare

Revenues
Electricity:
Active charcoal (IN

Total ravenuaa:

900):
446,089

2,897,370

Operating axpenaea
Feedstock ($10/gr«an-ton):
Pereonnel

Operating:
Supervisory:
Clerical:

Utilitiea
Electricity:
Natural gaa:
Water:
Sewage:

Maintenance and repairs:
Operating auppliea:
Laboratory chargea:
Employes benefits:
Incremental net working capital:

Total operating expanses:
Operating Income:

Debt aervice (8.SO pet.):

Research and development funds
generated:

3,343,

394,

218,
95.
13,

116,
94,
22,
1,

145,
21,
21,

136,

1,281,
2,061,

979,

459

200

320
000
500

227
760
780
501
096
764
832
794
0

774
605

984

1,081,701

Financial Analysis

Since the plant waa taken to be located on
University property, no land cost was included.
Also, not-for-profit operation of the plant waa
assumed. Therefore, aimple payback period, net
present value, internal rate of return, and
profitability index are adequate indicators.

A good measure of the project viability is
given by the scenario of table 3, defined under
"Inputs." The gasifier waa set up to produca
active charcoal with an iodine number of 900 and
electric power such that: the boiler/generator is
operated 350 days per year, producing unaugnented
power 80 percent of the time (1,022 kW) and
augmented power of 1.S00 kW 20 percent of the
tine; and the gasifier is operated 328.5 days per
year. Dovntime for both is due to scheduled and
unscheduled maintenance.

Data generated by the economic model are
given under "Outputs" in table 3, and in tables 4
and 5. Brief descriptions of these data follow.

The products are electric power and active
charcoal. Since this plant will be displacing
power, not selling power, its value is the full
value of purchased power, including demand.
(Note that natural gas must be purchased to meet
peak demand.)

The value of the active charcoal was
obtained by taking it to be that of a commercial
wood-based active carbon with an iodine number of
900. Since the plant's charcoal is to be sold in
bulk in crushed form to an active carbon
supplier, the charcoal price was discounted by 30
percent.

The "Consumables" require no explanation;
however, note that the plant has a peak demand of
379 kW ior its operation. Thus, it is an
exporter of electric power to the University.

Nat investment:

Simple payback:

Net present value of operating
income for project life at
assumed cost of capital:

Internal rate of return for
project life:

Profitability index:

8,138,020

3.95 years

14,201,482

29.02 pet.

2.745

The total capital investment is 8.14
million dollars, an extremely high cost if it
were only a biomass energy plant. The importance
of the active charcoal product is clearly shown
under the Yaar-1 revenues in table 4.

with a Year-1 operating income of over two
million dollars and a debt service cost somewhat
lass than a million dollars, almost 1.1 million
dollars are generated for RGD activities.

The investment analysis given in tabla 5
puts a positive light on the economic feasibility
of this project in that the simple payback period
is about four years, the net present value (NPV)
is 14 million dollars on an 8-million-dollar
investment, the internal rate of return (IRR) is
about 29 percent, and the profitability index
(PI) is about 2.7.

By its very nature, the unit price of
active charcoal varies such that its product with
the plant's charcoal yield is essentially a
constant. Taking this to be the case, the effect
of the charcoal yield on the plant's internal
rate of return and the charcoal's iodine number
is shown in figure 1. With the revenue from the
sale of charcoal a constant, the IRR increases
with decreasing charcoal yield because of the
increased gasification, and the concomitant
increased electrical power generation.
Therefore, the active charcoal product can be
changed to meet the market opportunities with
little effect on the economic performance of the
plant.

Conclusion

Recognizing that the mixed hardwood models
for the pyrolyais and activation processes are
economically conservative, given a market for the
active charcoal, this plant is judged to be
economically viable.

Recomroandat ions

Based on the results obtained with the
pyrolysis and gasification models for mixed-
hardwood mini-chips, the recommendations are as
follow*:

• The pyrolysis and gasification studies for
white oak and yollow poplar paper-grade
chips should be completed, and empirical
models of these processes should be
developed.

• The economic model should be modified to
permit direct entry of product and utility
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data from the plant simulator, thereby
allowing a first-law thormoecanomic
analysis of the plant under specific
operating conditions.

Q Comparative analyses should be performed on
the active charcoals produced in the
simulator and a commercial wood-baaed
active carbon of similar activity (an
iodine number of about 900). (This study
is currently being conducted with
University support (Lin 1991).)

Q Using the outcomes of the first three
recommended studies, a second-generation
prediction of the economic feasibility of
this project should be made.

• Assuming another positive outcome is
obtained, a project should be formulated to
perform a more sophisticated economic
analysis which would include: a detailed
design of the plant; the negotiation of
feedstock contracts; a detailed
determination of the value of the electric
power to be generated; the development of a
firm contract for the sale of the active
charcoal product, either in crushed or
powdered form; and a firm commitment for
project funding.

Thio activity would provide an adequate
basis for deciding whether or not to
proceed with construction of a plant.
Industrial partners should bo sought to
perform thio analyoio.
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Winter Kfipesaed O H as a Renpwahle Fuel for the

United States1

D. I.. Auld, C. L. Peterson and R. A. Korus2

rAbrsTrStrtV Production of winter rapeseed and
Canola is expected to increase rapidly over the
next few years In the U.S. The University of
Idaho, In cooperation with the Dept. of Energy's
Herbaceous Energy Crops program, has conducted
research since 1985 to identify potential
production areas in this country where rapeseed
could be grown as a source of BIODIESEL.
Because of the severe winters in the northern
tier of states, spring cultivars are best
adapted in that area. Across much of the center
of the country, conventional biennial cultivars
have produced good seed yields. In the
southeast, winter cultivars could optimize
production. Endurance engine tests have shown
that BIODIESEL (methyl estsr of industrial
rapeseed oil) was equivalent to dlosel in both
engine performance and durability. Commercial
production of Canola and rapeseed crops could
create a tremendous reservoir of vegetable oil
which could he processed and used as BIODIESEL
to provide a biologically renewable,
environmentally friendly source of liquid fuel.

Keywords: BIODIESEL, Methyl Esters, Conola,
Engine Endurance, Engine Emissions

During the past decade, the United States
has become Increasingly dependent upon imported
oil to meet our energy demands. In 1989,
approximately 2,940 million barrels of oil,
nearly 45 percent of total U.S. consumption,
were imported (U.S. Dept. of Commerce 1990). An
interdisciplinary research team at the
University of Idaho has shown that the American
farmer can help reduce our country's dependence
upon imported oil by using excess agricultural
production to grow winter rapeseed as a part of
the U.S. Farm and Energy Policy.

The oil extracted from winter rapeseed can
be processed into a b.ologically renewable
diesel fuel (BIODIESEL) using very simple
technology and relatively inexpensive equipment
(Auld et al. 1988, 1990; Peterson et al. 1989).
BIODIESEL is produced by reacting the oil
extracted froa rapeseed and other oilseed crops
with either methanol or ethanol. Engine tests
conducted at the University of Idaho indicate
ti.at BIODIESEL could be directly substituted for
diesel fuel in unmodified engines without

1 Presented at the National Bioenergy
Conference, Cocur d'Alene, ID, March 18-March
20. 1991.

2 Professor of Plant Breeding & Genetics,
Professor of Agricultural Engineering, Chairman
of Kept, of Chemical Engineering, respectively,
University of Idaho. Moscow, ID

significantly reducing performance or expected
engine life (Auld et al. 1988, 1990; Peterson ot
nl. 1990). The oil oxteracted from industrial
rapesped, edible quality raposeod (Canola),
r.pocinlly designed fuel cultivnrs of rnposeed,
and other oilseed crops could all potentially be
used to produce BIODIESEL (Auld et al. 1990).
This paper briefly summarizes recent research on
BIODIESEL conducted at the University of Idaho.

MATERIALS AND METHODS

BIODIESEL Yields

Six cultivars of winter rapeseed and Canola
(Brassica napus L. ssp. olelfera (Metzg) Sinsk.)
were evaluated at selected sites across the U.S.
from 1986 to 1990 to determine the potential
yield of BIODIESEL. These cultivars which were
selected to represent a broad range of potential
adaptation and were grown as part of the U.S.
Winter Rapes"eed Variety Trial coordinated by the
University of Idaho. During the 1986-87, 1987-
88, 1988-89 and 1989-90 growing seasons, seed
was harvested at 10, 11, 10, and 17 locations,
respectively (Mahler & Auld 1987, 1988, 1989.
1990). At each location, the six check
cultivars were evaluated for seed yield, percent
oil and total oil production, These trials used
a randomized complete block experimental design
with four replications. The six cultivars
evaluated in the 1987, 1988, and 1989 trials
were Bionvenu, Bridger, Cascade, Dwarf Essox,
Glacier, and Jet Neuf. The six cultivars
evaluated in the 1990 trials were Bienvenu,
Bridger, Cascade, Humus, Glacier, and Tapidor.
Percent oil was determined by the University of
Idaho using a Newport MKIIIA Nuclear Magnetic
Resonance (NMR) instrument on 12 g of oven-dried
open-pollinated seed obtained from each plot.

BIODIESEL Processing

The batch esterification plant used to
generate the methyl esters (BIODIESEL) has a 756
1 capacity. The components of the system
include: a 1096 1 conical bottomed, cross-
linked polyethylene tank; an R.S. Corcoran model
2000D explosion proof centrifugal pump (75-95 I
per minute capacity) and a 0.2 kW mixer with a
3.4:1 gear reduction unit (1725 motor rpm). The
polymer tank and system pump were mounted on a
1.2 H by 2.4 M steel platfora with caster wheels
and forklift eyes. PVC pipe end fittings were
used for all system plumbing. All of the
reaction, settling, washing, and separating
occurred in the cross-linked polyethylene tank.
The tnethanol and potassium hydroxide catalysts
were premixed in a 189 1 tank prior to being
transferred to the larger system tank.

BIODIESEL Engine Tests

Exhaust Opacity Test

Exhaust opacity and horsepower output were
determined on a 4 cylinder, John Deere turbo-
charged diesel engine. The John Deere turbo-
charged diesel engine was coupled to a 150
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horsepower. Cenoral Electric (GE) dynainoraoter
and opacity raeter, The opacity meter is a
standard ond-of-llno, light extinction
opacitnotei" manufactured by Tolonlc/Borkeley.
Data collection was done using a Hewlett Packard
(HP) 87 computer with HP Basic and a HP 3497-A
data acquisition unit. The experiment was
conducted using a modified Environmental
Protection Agency's (EPA) smoke exhaust test
procedure and the Society of Automotive
Engineer's (SAE) smoke measurement procedure.

1000 Hour Endurance Test

Three Vannar 3TN75E-S diesel engines (3-
cylinder, 4-stroke, naturally aspirated, direct
injection) were used as the test engines. Each
has a bore and stroke equal to 75 mm, a
displacement of 994 cc, an compression ratio of
17.6:1 and a one-hour power rating of 16 kW at
3000 rpm. These engines were mounted in test
stands to load and monitor engine tests. Each
stand had a hydraulic dynamometer consisting of
a Hydroco gear pump that was cradled for torque
measurement and coupled directly to the engine
clutch shaft. A Sperry-Vickers electronically
modulated relief valvo was used to control the
pressure on the pump and thus load appliod Co
the engine. The fuels used in this study were
100 percent BI0DIESE1. (methyl ester of
industrial rapeseed oil), 100 percent No. 2
commercial grade diescl, and a 50:50 (v/v) blend
of No. 2 diesel and BIODIESEL.

This research evaluated the effect of the
three fuels in an extended version of Che Engine
Manufacturers Association (EMA) standard 200
hour screening test which has a severe load
cycle. The EMA test was designed to allow
identification of durability problems associated
with the use of alternative fuels in a
relatively short test period. In this study,
the screening test was extended to 1000 hours
and was the equivalent of five back to back EMA
tests in measuring engine durability. The EMA
test utilizes four engine load cycles
(programmed) over a three hour period. Three
consecutive sets of these load cycles or nine
hours of continuous operation was followed by a
nine hour minimum period during which Che
engines are shut down and allowed to reach
ambient air temperature. This test cycle was
continued until 1000 hours of operation were
logged on each engine.

Prior to the test, the engines were
completely rebuilt and then subjected to a short
break-in period using conventional No. 2 diesel
as recommended by the manufacturer. Ac 30 hour
intervals- oil samples were taken from each
engine's crankcase and analyzed wear mecal
concentrations and viscosity changes. At 100
hour intervals, the crankcase oil was changed
and engines were evaluated for torque Injector
performance and cylinder compression.

RESULTS AND DISCUSSION

These trials identified five production
zones where rapeseed could be grown as a
comnerclal crop (fig. 1). In Che northern Cler
of sCates, rapeseed will be primarily grown as a
spring annual since existing biennial cultlvara
have failed to survive Che extreme winters of
this region (Auld et al. 1989; Mahler & Auld
1987, 1988, 1989, 1990). Across much of the
central U.S., rapeseed can be grown using either
the very hardy biennial cultivars of turnip
rapeseed (£. campestris I..) or conventional
biennial cultlvars of £. naous. In Che southern
portions of the U.S., rapeseed will be most
competitive If grown as a winter annual using
either cultivars with specific vernalization
requirements and cold tolerance or by fall
planting, spring culclvars with high levels of
frost tolerance.

The severe winters characteristic of Che
northern tier of states, wich minimum
temperature of -30°F or lower, have
consistently killed even well established winter
rapeseed (fig. 1) (Mahler & Auld 1987, 1988,
1989, 1990). Commercial rapeseed and Canola
production in thia zone will require the
production of spring planted cultivars. Insect
infestations, high summer temperature* and
moisture stress have historically limited
commercial production of spring planted rapeseed
across much of this zone. Exotic species of
oilseed Brasslcas such as £. luncea (L.) Cross
and JJ. hlrta Moench, which are more tolerant of
Insects, heat and drought, could expand the
spring production area if oilseed cultivars were
developed in these species.

Existing culcivars of winter rapeseed and
Canola have consistently survived the winters in
the northern U.S. only in those areas in which
the climate has been moderated by proximity to
large bodies of water or where consistent snow
cover protects the seedlings during the most
severe part of the winter (fig. 1) (Mahler &
Auld 1987, 1988, 1989, 1990). Since across much
of this zone, minimum winter temperatures can
often approach -20°F, test locations in
Nebraska and Kansas have ofcen had very low oil
yields of less than 250 1 ha"1 (table 1). The
very hardy cultivars of Curnip rapeseed (£.
campestris) may be adapted to some of these
areas where fi. napus does not normally survive
and produce good sped yield. Cultivars of
winter hardy turnip rapeseed with both low
levels of eruclc acid and low levels of
glucoslnolates may be commercially available in
the near future from northern Europe (Auld et
al. 1989).

The biennial cultivars of Jg. napus currently
grown across much of Northern Europe appear to
be well adapted to the Pacific Northwest, the
lower Plains States and the Northeast where
minimum winter temperatures seldom exceed -10°F
(fig. 1) (Mahler & Auld 1987, 1988, 1989, 1990).
Mosc of chese culcivars require from six to
eight weeks of vernalization to initiation
flowering and utilize the whole growing season
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Table 1--Average annual ra in fa l l , average oi l yield, and optimum oil yield of six cultivars of winter
rapeseed grown as pare of the U.S. national winter rapesoed variety t r i a l from 1986 to X990,

Biennial & Hardv
Biennial Zones:
Kalispell, MT
Moscow, ID
Prosser, WA
Corvallis, OR
Ithaca, NY
Lincoln, NE
Urbana, IL
Colby, KS

Zone Average

Facultative Winter
Annual Zone:
Orange, VA
Milan, TN
Plymouth, NC
Clinton, NC
MS State, MS
Clovis, NM
Vernon, TX
Blaokville, SC
Griffin, GA

Zone Average

Winter Annual Zone:
Tifton, GA
College Station, TX

Zone Average

Latitude

---ifi---

48.1
46.4
46.2
44.6
42.3
40.5
40.1
39.2

38.1
35.9

35.5
34.6
34.2
34.1
34.1

33.2
33.1

31.7
30.6

Average
Annual

Rainfall
--BE--

548
616
180
916

667
1009
296

900
1359
998
819
628
178

1280
739
874

864
760

J.987

1182
358

1971
1521
.-

..

1258

62
..
--

458

..
1013
_4I9
503

518
333
425

Average Oil Yield
1988

652
2474
1738
1296
..

550 .
1342

1214

--

1010
..

292
801
829

399
260
329

1989

1938
1394
00

1336

1556

643
984
--

505
--

145
..
583
611
585

325

325

1990

1518
1123
2139
337
..
55

668
228
866

608
867
565
858
--

245
799
974
622
699

775
116
445

Ave. 1987
•1 oil ha-'---

1117
1473
1810
1051
1336
55
668
389
987

631
925
565
607

1010
195
799
715

_6_5_2
' 677

504
2.26
370

1343
442
2136
1968
..
..
..

1472

127
--
.-

664
.-

..
1147
588
631

768
410
589

Optimum Oil Yield

J.988.

949
3101
2543
1665
..
--
-.

606
1772

1357
..
--
.-

1256
-.
..
639
845

1024

S01
383
442

1999

..
2422
1894
..

1608
-.
..

1974

719
1171
..

681
-.
172
..
958
8J.4
752

659

659

1990

1962
1446
2459
610
..
80

1014
3492
1131

820
958
637
1000

-.
306
998
1155
826
837

876
448
662

Ave.

1418
1852
2258
1414
1608
80

1014
477
1265

755
1064

637
781

1256
239
998
974

_Z££
830

701
lill
557

Mnfcnum Winter Twrparatura
Spring Annul -30 to -2Cf F
Hrty BttnM -20 to -1(fF
KmW -10 to (ft
FfccuMh* WVmr Anut 0 to «fF

10 to afF

Figure l . --Five major production zones where Canola and industrial rapeseed can be grown as
of BIODIESEL in the United States. > source
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to produce a crop. Across nineteen trials In
this area, oil yields have averaged 987 1 ha'1

(2.6 barrels acre"1), but the best adapted
oultivara produced average oil yields which
exceeded 1250 1 ha"1 (3.3 barrels acre"1) (table
1). Areas with limited moisture and severe
winters, such as the High Plains, have produced
relatively low oil yields.

The mild winters, adequate winter rainfall
and potential to double crop make the southern
U.S. a promising site for rapeseed production
(fig 1) (FAS 1989; Mahler & Auld 1987, 1988,
1989, 1990). One of the major factors presently
limiting rapeseed and Canola production across
nuch of the southeastern U.S. is the lack of
adapted cultivars. Above 33°N latitude in
Tennessee and Virginia, conventional biennial
cultivars are well adapted, but mature too late
to allow double cropping. Existing cultivars of
biennial rapeseed and Canola produced average
oil yields of 677 1 ha'1 (1.79 barrels acre'1) in
22 trials in this region (table 1).
Conventional biennial cultivars grown below
33°N latitude are often not exposed to
sufficient cool weather to satisfy stringent
vernalization requirements and subsequently
flower and mature during warm summer
temperatures which limit seed production.
Cultivars with minimal vernalization
requirements, good cold tolerance and early
maturity are needed to optimize seed yield
potential of rapeseed grown as a source of
BIODIESEL across much of the southern U.S.

In extreme southern regions of the U.S.,
Canola and rapeseed cultivars developed for
spring planting in more northern latitudes can
be successfully grown as a winter crop (fig. 1).
Seed yield in the seven trials in this area has
averaged only 370 1 ha"1 (0.98 barrels acre'1)
(table 1) (Mahler & Auld 1987, 1988, 1989,
1990). Production of cultivars adapted to this
area with good frost tolerance and good pest
resistance could improve yield by over 50
percent to 557 1 ha"1 (1.5 barrels acre"1).

Using adapted cultivars of winter rapeseed,
most regions in the U.S. could produce in excess
of 900 1 of oil per hectare (2.4 barrels per
acre) (Peterson et al. 1990). With yields of
this level, diversion of approximately 25
percent of the available crop land in the U.S.
to the production of BIODIESEL fuels could
replace all of the petroleum products previously
imported from both Iraq and Kuwait (fig. 2). If
the 33 billion liters (218 million barrels) of
oil produced on this land were used as
BIODIESEL, it could provide a third of our
country's transportation dlesel while reducing
our deficit of foreign trade by over five
billion dollars.

BIODIESEL Processing

The 5496 liters of BIODIESEL (methyl ester
of industrial rapeseed oil) fuel used in these
engine tests were produced in the batch
esterification plant. The total volume of
BIODIESEL that has been produced in this plant
is 8782 liters to date. The methyl ester

production capability with the current plant is
757 liters per weok.

The BIODIESEL has n higher cetane rating,
lowor cloud point and higher viscosity than
dicsel (table 2). This biologically renewable
fuel also has very low concentrations of both
sulfur and aromatic compounds.

BIODIESEL Engine Tests

Exhaust Opacity Test

Since BIODIESEL has equivalent energy
content as a No. 2 diesel on a volume basis,
BIODIESEL can be used in unmodified diesel
engines without significantly reducing
horsepower output (fig. 3). Since BIODIESEL
contains very low levels of both sulfur and
aromatic compounds, BIODIESEL has had
significantly reduced emissions as measured by
opacity of the exhaust (table 2 and fig. 4 ) .
The reduction in particulate emissions of
BIODIESEL could play a major role in the
Improvement of air quality.

1000 Hour Endurance Test

At the initiation of the 1000 hour EHA tost,
the dlesel fuel engine had the highest
horsepower followed by the 50 percent BIODIESEL-
50 percent diescl and the BIODIESEL engines.
The diesel fueled engine reached its peak power
output at 200 hours and gradually declined
through the remaining test period. The
BIODIESEL fueled engine reached its peak output
at 500 hours and the engine fueled on the 50
percent BIODIESEL fuel mix reached its peak at
800 hours. The BIODIESEL fueled engine produced
more power than the engine fueled with the 50
percent BIODIESEL from the 200 hour mark on.

Engine wear was evaluated on the basis of
the concentrations of iron wear metals in the
lubricating oil. Iron was used as an index of
engine wear since it reflects erosion of
cylinder walls which have historically been a
consistent site of engine failure. Iron
concentration in the crankcase oil of the diesel
fueled engine was consistently higher than in
the BIODIESEL and 50 percent BIODIESEL fueled
engines (fig. 6). However, wear of all engines
was well within the allowable limits. The
BIODIESEL fueled engine nay have had lower iron
concentrations since the combustion of BIODIESEL
produces both lower peak pressures and a slower
rate of pressure rise.

Based upon evaluation of engine power and
iron wear in the 1000 hour EMA test, the
durability of engines run on BIODIESEL appears
to be equivalent to or perhaps slightly better
than engines run on conventional diesel fuel.

SUMMARY

The University of Idaho will continue to
conduct research to develop the technology
necessary for commercial production of BIODIESEL
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Table 2--Fuel properties of a BIODIESEL (nethyl
ester of winter rapeseed oil) in conpariaon to
No. 2 dlesel.

PROPERTIES BIODIESEL Diesel

Cetane Rating
Flash Point (qC)
Cloud Point (°C)
Pour Point (°C)
Viscosity (cs) @ 40°C

@ 100°C
Sulfur (pct.wt)
Density (kg/L)

Heat of Combustion
kJAg (gross)

54.4
87.0+
-2.2
-9.4
6.0
2.39

< 0.005
0.874

35376

47.8
80.0
-12.2
-28.9
3.2
1.26
0.29
0.852

38537

Based on analysis of samples sent to Phoenix
Chemical Lab. Inc., Chicago, Illinois.

% Opacity

2700 2800 290.

Engine RPM
3000 3100

Figure 4.--Smoke emissions measured as percent
opacity of a BIODIESEL fuel (nethyl ester of
Industrial winter rapeseed oil) and dlesel at
five engine speeds.

% 1939 U.S. Pttroltum Mtrkala

TRANSPORTATION DIESEL

10 15 20
% U.S. Total CTOD Arm

25

Figure 2.--Potential of BIODIESEL to replace oil
historically imported from Iraq and Kuwait and
transportation diesel used in the U.S.

25-
Horstoowcr

DIESEL

20*-

1 5 -

BIODIESEL

o-i—
2700 2900

Engine RPM
3000 3100

Figure 3.--Horsepower of BIODIESEL fuel (methyl
ester of industrial winter rapeseed oil) and no.
2 diesel at five engine speeds.

ENGINE POWER (hp)

BIODIESEL

IS

50% BIODIESEL

100 300 900 400 500 600 700

ENGINE HOURS
aoo 900 IOOO

Figure 5.--Power vs. hours during a 1000 hour
EMA endurance engine test of BiODIESEL, a
mixture of SO percent BIODIESEL/50 percent No. 2
diesel, and No. 2 diesel.

PPM Iron

50

40

30 f

20

10

DIESEL

50% BIODIESEL

BIODIESEL

300 400 500 800 700
Engine Hours

900 1000

Figure. 6.--Concentrations of iron wear netal In
the crankcaae oil of three diesel engines run on
BIODIESEL, a mixture of 50 percent BIODIESEL/50
percent Ho. 2 diesel, and No. 2 dlesel during a
1000 hour EMA endurance engine test.
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as part of a long terra U,S, Energy and Form
Program. This research will concentrate on four
raain areas: 1) Increasing the yield of
BIODIESEL per acre; 2) Improvement of BIODIESE1.
processing; 3) testing of both pnrtlculnto and
gaseous emissions of engines run on BIODIESEL
fuel; and 4) improving the cold weather
utilization of BIODIESEL. Increasing the yield
of BIODIESEL fuel from 680 1 ha"1 (2.4 barrels
acre'1) Co yields exceeding 1320 1 ha"1 (3.6
barrels acre"1) by genetic enhancement would
improve Che economics of fuel production while
reducing the acreage necessary to dedicate co
the produceion of this energy crop. Improved
methods of extracting oil from the .seed and
forming the methyl esters would increase the
yield of BIODIESEL fuel and reduce the cost of
fuel processing. Analyses of CO, C02, N0x and
other gaseous emissions are needed before
BIODIESEL can be commercialized. Both engine
modification and fuel modification have
potential for enhancing engine heat release
races and further reducing exhaust emissions.
The relatively high pour and cloud point of
BIODIESEL fuel limit its utilization during cold
weather conditions. These limitations could be
eliminated by genetically changing the chemical
composition of the oils or developing
appropriate fuel additives to winterize
BIODIESEL such as is currently dono with
conventional diesel fuels. Using existing
technology, it has been estimated that BIODIESEL
fuels would cost approximately $1.35 per gallon,
making them competitive with highway taxed
dioscl. This research will help ensure the U.S.
of a continuous supply of high quality,
biologically renewable fuels.
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ETHANOL FROM MIXED WASTE PAPER 1

James D, Kerstettcr & John Kim Lyons-*

- - 1

-Abse&tT The technology, markets, and economics for
converting mixed waste paper to ethanol in Washington
were assessed. The status of enzymatic and acid
hydrolysis projects were reviewed. The market for
ethanol blended fuels in Washington shows room for

. expansion. The economics for a hypothetical plant
j using enzymatic hydrolysis were shown to be profitable.

Keywords: Ethanol, Municipal Solid Waste, Mixed
Waste Paper

Washington State has taken aggressive action on the
management of municipal solid waste. A recycling goal
of fifty percent was established by the legislature. For a
recycling program to be successful, there must be a
convenient collection service, continuing education and
promotion, and a market for collected materials.

The domestic market currently has or is building the
capacity to use all the glass, newsprint, aluminum, tin
cans, and corrugate materials that ore collected. Mixed
waste paper is the one commodity that presently has
limited domestic markets and the one without any clear
future markets. A majority of the mixed paper collected
in Washington state is exported, and the selling price is
decreasing.

This paper assesses the technologies, markets, and
economics for producing ethanol fuel from mixed waste
paper in Washington. The chemical and physical
characteristics of mixed paper are reviewed as well as
the quantity generated. Several conversion
technologies are considered and the expected yields and
economics are assessed. The current and potential
market for ethanol fuels in Washington are evaluated.
Finally, the economics of using an enzymatic process to
produce ethanol from mixed paper at a hypothetical
facility in Washington are presented.

CHARACTERISTICS OF MIXED WASTE PAPER

Mixed waste paper (MWP) is a heterogeneous mixture
consisting of box board, magazines, junk mail, some
newspaper, and other varieties of paper. A recent study
characterized the composition for several sources of
MWP (Matrix, 1990). They found newsprint, corrugate
and magazines to be the principal components of
residential recyclables; ledger paper, catalogs, and
corrugate were the principal commercial components.
The variety of grades of paper is one reason MWP is
difficult to sell to the traditional fiber markets.

1 Presented at the National Bioenergy Conference, Coeur
d'Alcne. ID, March 18-21,1991

^Bioenergy Program Manager and Energy Specialist 3,
respectively, Washington State Energy Office, 809
Legion Way FA-11, Olympia, WA 98504-1211.

A study by the Washington State Energy Office
(WSEO) evaluated MWP ns a fuel in existing boilers
and determined the MWP chemical composition (Lyons
and Kerstetter, 1990). The MWP average ash content
was 9.8 percent, moisture content was 7.3 percent, and a
higher heating vuluc of 7,187 Btu per pound. The heavy
metal composition of the MWP was also measured and
found not to constitute an environmental problem.

The conversion of MWP to ethanol fuel involves
degrading the paper to simple sugars and then
fermenting the sugars to ethanol. Glucose and mannose
are easily fermented, xylose requires special treatment.
Samples of residential and commercial MWP were
collected and analyzed for potential sugar content:

Component Residential Commercial

Glucose
Mannose
Xylose
Lignin & inert

Weight Percent
55.97 68.63

5.61 7.76
8.32 12.35

30.10 11.26

The relatively low xylose concentrations make the
recovery of ethanol from xylose uneconomic.
Commercial MWP has higher glucose and mannonse
concentrations and lower lignin anr1 inert concentrations
than residential MWP. Both of these characteristics
make commercial MWP the preferred feedstock.

QUANTITY OF MIXED WASTE PAPER

The study performed by Matrix determined that
recycling programs collected 60,000 tons of MWP in
1990. About 20,000 tons were used by mills in the
region and the remainder was exported to Pacific Rim
countries. They projected that 550,000 tons may be
collected by the year 2000 if MWP prices increase.
Western Washington would generate over 80 percent of
this amount. Matrix asserted that the recycling rate for
MWP must increase to over 50 percent for the state to
meet its 50 percent recycling goal.

CONVERSION TECHNOLOGIES

There are three basic steps in converting paper into
ethanol. First is the separation of cellulose,
hemicellulose, and lignin. A pretreatment process
mechanically reduces the size of the feedstock and then
chemically reacts the material producing a mixture that
can be separated into component streams. Cellulose is
the major component and must be broken down
(hydrolyzed) into glucose before it can be fermented to
ethanol. This can be accomplished by use of acids or by
enzymes. The hemicellulose is generally convened into
xylose sugars during the initial pretreatment steps.
Lignin is separated but not changed during pretreatment.

The second step is conversion of sugars into ethanol.
Ordinary yeast can be used to convert glucose to
ethanol. Yeast will not convert xylose into ethanol and
different organisms must be used. In general, the xylose
sugars would not be fermented because of their
relatively low concentrations in paper. The final step is
concentrating the ethanol by distillation. The lignin and
xylose can be recovered and used as a fuel to generate
steam and electricity or used to produce by-products
such as animal feed or furfural.
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Previous Studies Specific for Puper Feedstocks

Six published studies evaluating waste paper as
feedstock for conversion to ethanol fuel were reviewed.
Two of the studies investigated dilute acid hydrolysis
processes. One by Rugg and the other by the Tennessee
Valley Authority (TVA). Four studies investigated
enzymatic hydrolysis, including those by Gulf Oil
Chemical, U.S. Army Natick Laboratory, Proctor and
Gamble, and the Solar Energy Research Institute
(SERI). Unpublished paper to eihanol activities were
identified and contacted by telephone including the
work by Ontario Ministry of Energy and Biomass
International. The work by TVA. Gulf Oil Chemical
Company, and SER1 all evaluated the cost of production
and their results are discussed in the economics section
of this paper.

In 1975, the U.S. Army Natick Laboratory reported
sugar yields obtained by converting several different
types of industrial paper waste using enzymatic
hydrolysis (Andren, 1975). They also showed the
importance of pretrcatment methods on sugar yields.
For example, yields ranged from 26 percent for boiled
water pretreatment to 70 percent for a pot milling
pretreatment.

Procter & Gamble Paper Company recently evaluated
the simultaneous saccharification and fermentation
process to produce cthanol from their pulp and paper
mill waste fiber (Easley, 1989). Testing was done in the
laboratory and at a pilot plant fermemer with a 2,600
gallon capacity. Various fiber pretreatments were also
evaluated. The pilot scale optimization studies indicated
yields of 86 to 94 gallons of ethanol per ton of fiber.

Since the mid-70's. Professor Barry Rugg has been
working on a dilute acid hydrolysis process that uses a
modified screw extruder (Green and others, 1989). The
extruder allows accurate control of temperature,
pressure, and residence time, all of which are critical in
dilute acid hydrolysis process. A one ton per day pilot
plant was constructed with support from the
Environmental Protection Agency. Using a refuse
derived fuel (RDF) type of feedstock, glucose yields of
50 percent were achieved. That is equivalent to an
ethanol yield of 47 gallons per ton of RDF.

Biomass International, a privately funded organization
located in Ogden, Utah, have an agreement with Weber
County, Utah to process all the county's MSW,
approximately 550 tpd. Biomass will separate the
MSW into a fiber fraction, a recyclable fraction, and a
disposal fraction. They will use concentrated
hydrochloric acid (HC1) hydrolysis to convert the fiber
into sugars and expect an 85 percent recovery of
fermentable sugars. This should give a yield of 40
gallons of ethanol per ton of as- received MSW. Their
56 tpd MSW to ethanol demonstration pilot plant was 50
percent complete as of December 1990.

The Ontario Ministry of Energy recently entered into a
jointly funded project with Biohol and Stake
Technology to investigate the conversion of waste paper
to ethanol. The projects objective is to compare the
ethanol yields from paper samples using acid hydrolysis
and an enzymatic hydrolysis technology to determine
which is the "best". Pretreatment will be by a steam
explosion process. The project is scheduled for
completion by November 1991.

ETHANOL FUEL MARKETS IN WASHINGTON

The use of ethanol blended fuels has grown
substantially over the past decade. In 1979,194,000
gallons of cthanol fuel were consumed in Washington
State. By 1989, nearly 6.5 million gallons of ethanol, or
65 million gallons of ethanol blended fuel, were
consumed by Washington motorists (Washington State
Department of Licensing. 1990).

Independent oil companies dominate the regional
marketing of cthanol blended fuel as all of the large oil
companies discontinued its sale in the mid-eighties.
The three primary companies responsible for
distributing ethanol blended fuel in Washington are
Time Oil Company of Seattle, Washington, Ethanol
Marketing Inc., of Boise, Idaho and CENEX, a national
agricultural co-op.

Time Oil serves Western Washington dealers,
providing ethanol fuel to approximately 50 retail
stations composed primarily of Jackpot dealers. Time
sells approximately 300,000 gallons of ethanol per
month. Ethanol Marketing Incorporated (EMI) and
CENEX supply Eastern Washington dealers, serving
about 60 outlets comprised primarily of CENEX and
Circle-K Stores. EMI distributes approximately 100,000
to 120,000 gallons per month of elhanol iq Eastern
Washington dealers. CENEX supplies a similar amount
to their dealers.

The demand for ethanol currently exceeds the region's
production capacity. Combined Washington, Idaho and
Montana consume more than 11 million gallons of
ethanol per year, with Washington being the largest
market followed by Idaho at 4.5 million gallons and
Montana at 250,000 gallons. This level of consumption
exceeds the region's production capacity by 3 million
gallons, the balance being imported from outside the
region.

Future markets

Future ethanol markets in Washington State could
include an expanded presence as a gasoline extender and
octane enhancer. In 1988, motor gasoline sales in
Washington exceeded 2.2 billion gallons. Over the
same time, blended ethanol sales reached slightly more
than 59 million gallons (5.9 million gallons of ethanol),
representing a market share of less than 3 percent of
total gasoline sales. Other states, most notably those
located in the corn rich Midwest, have achieved much
higher ethanol penetration rates than Washington. For
example, in 1988, ethanol blended fuel sales in
Nebraska exceeded 34 percent of total gasoline sales.
By comparison, ethanol blended gasoline accounts for
slightly more than 7 percent of the total U.S. gasoline
consumption (DOE, 1989).

Increasing the demand for ethanol blend fuels in
Washington should not present a problem. Given an
ethanol blend market share of only 7 percent of total
state gasoline use, the national average, would increase
the stale consumption of ethanol to over 15 million
gallons per year. Under a more aggressive scenario of
25 percent of the total state gasoline use, more than 53
million gallons of ethanol fuel could be consumed in
Washington each year.
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Ethanol's Market Value ECONOMICS OF ETHANOL PRODUCTION

The cthanol fuel industry is heuvily subsidized by lax
credits and at present could not exist without
Government support. These credits are integral to the
value of ethanol. In Washington State, federal and state
tax credits combine to form a subsidy of approximately
9 cents per gallon for a 10 percent ethanol/gasoline
blend. This is equivalent to $0.90 per gallon of ethanol.
The Federal and State subsidies are scheduled for sunset
on December 31,2000. and December 31,1992,
respectively.

While government subsidies help set the value of
ethanol to the producer, the rack, or wholesale price of
gasoline sets the market price for ethanol blend fuels.
Unless it can be marketed as a premium fuel, the pump
price for a 10 percent ethanol blend should equal the
price of regular unleaded. Therefore, a distributor of
ethanol blends has to sell his fuel at a price equal to or
below the wholesale price a dealer would pay for regular
unleaded. Since a dealer would be indifferent to an
ethanol blend if it is sold at the same price as gasoline, a
distributor will typically sell the fuel at a cost 1 or 2
cents below wholesale gasoline prices.

The historical relationship between wholesale gasoline
prices and ethanol selling prices is shown in Figure 1.
The ethanol prices are FOB Decatur, IL. The wholesale
gasoline prices are national average figures. The
calculated cthanol price curve is the sum of the
wholesale gasoline price and the federal and Illinois
state incentives, less an assumed marketing cost of
$Q.22/gallon. The calculated price is very close to the
actual selling price beginning in about 1985. Before
1985 ethanol sold for a premium sometimes even above
the indifference price. For predictive purposes, the
cthanol selling price in Washington is assumed to follow
the relationship between wholesale gasoline prices and
incentives.

1978 1080 1982 1964 1986 1988

• WhatouKQuohw— • ActuilBhtnol - - CafcuMad Ettwiol

Figure 1. Historical relationship between wholesale
gasoline prices, ethanol fuel selling price, and calculated
ethanol selling price based on incentives.

Information on the cost of producing ethanol from
waste paper comes from published reports by TVA
(Barrier, 1990). Gulf (Emeret, 1980), and SERI (SER1,
1990).

These reports are based on proposed facilities using
technologies that in some cases have not been
demonstrated on a commercial scale. These studies
provided data on the cost of production and the major
assumptions for each facility are shown below:

Parameter TVA Gulf SERI

Feedstock RDF RDF Paper
Size.tpd 500 2,000 2,000
Yield, gal/ton 30 71 65
Technology acid enzyme enzyme
Capital Cost,M$ 45.5 134.6 90.6
Capital Cost,$/gal 8.72 2.68 2.24
O&M Cost. $/gal 1.07 0.61 0.34
Feedstock Cost.S/ton -30 14 10.75
Feedstock Cost,$/gal -0.95 0.185 0.166
Depreciation, yr 20 10 15
By-products furf animal elec

elec feed
By-product CO2
Credit, $/gal 1.08 0.42 0.07
ROI, percent 19 BT 15 AT 10 AT

Selling Price, S/gal 1.25 1.44 0.88

Abbreviations:
O&M= operations and maintenance, no feedstock costs
ROI = return on investment, all assumed 100% equity
AT = after federal taxes and BT = before federal taxes
MS = million 1990 dollars
furf = furfural; elec = electricity

The TVA, Gulf, and SERI studies are differentiated by
the technologies considered, the size of the facility, the
capital cost, the feedstock cost, and the by-product
credits. These differences, in general, are the factors
most sensitive in determining the required selling price
of ethanol fuel.

TVA considered dilute acid hydrolysis at a relatively
small facility. Both the technology and the small size
result in a high capital cost per gallon of annual
capacity. TVA used a cost of $8.72 per gallon of annual
capacity, while Gulf and SERI used a capital cost of
$2.68 and $2.24 per gallon of annual capacity,
respectively. This high capital cost results in high fixed
costs for this type of facility.

TVA also assumed that they would receive a tipping
fee of $30/ton for the waste-derived feedstock. Gulf and
SERI assumed they would purchase feedstock at a cost
of $14/ton and $10.75/ton, respectively. The yield of
ethanol per ton of feedstock also showed substantial
differences. TVA assumed 30 gallons per ton. Gulf
assumed 71 gallons per ton, and SERI assumed 65
gallons per ton. Thus the contribution of feedstock cost
per gallon of ethano! were $0.17/gallon for the SERI
process, $0.19/gallon for Gulf and, a credit of $1.00 per
gallon for the TVA process.
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By-products play an important role in determining the
required selling price for ethanol fuel. TVA assumed
income from the sate of furfural, carbon dioxide, and
electricity in addition to the ethanol sales. The by-
product credits were assumed to provide $1.08 of
income for each gallon of ethanol produced. This large
by-product credit plus the tipping tee income
counterbalance the large capital and operating costs for
their proposed facility. Gulf and SERI also considered
incomes from by-product sales. Gulf assumed that they
would produce an animal feed from the material that
was not convened into ethanol. SERI assumed that they
would burn the non-fermentable material and provide
process energy plus excess electricity that could be sold.

Each study looked at the overall economics of the
facility from a different viewpoint. TVA assumed a
selling price for the ethanol and by-products, assumed
100 percent equity financing, and calculated a return on
investment before taxes. Gulf computed the required
selling price of ethanol to provide a 15 percent after-tax
return on investment. SERI calculated an operating cost
after taking by-product credits and determined the
required cthanol selling price to provide a 10 percent
after-tax rate of return.

Economics of Ethanol Production from
Mixed Waste Paper in Washington

The estimated cost of producing ethanol fuel from
mixed waste paper in Washington is based on previously
published studies (SERI, 1990 and Emcret. 1980). The
values assumed should only be used to consider the
practicality of such a venture and the sensitivity of the
project to major project variables. The actual costs of
producing ethanol requires more in-depth and detailed
examination.

A hypothetical facility was considered that uses
enzymatic hydrolysis and has a capacity to process
250,000 tons per year of mixed waste paper. The
feedstock is be purchased at 515/ton from both
residential and commercial recycling programs. The
facility produces 17.5 million gallons of ethanol per year
and sells electricity as a by-product. The Gulf and SERI
studies were used to arrive at reasonable base case
values for capital and O&M costs. The yields are based
on samples of mixed waste paper collected in Olympia
and analyzed by the Tennessee Valley Authority and
Mycotech, Incorporated. Base case assumptions for the
hypothetical plant are:

Parameter Value

Size,tpd
Capital Cost. S/gal-yr
Capital Cost. MS
Yield, gallons/ton
Feedstock Cost, $/ton
Feedstock Cost, $/gal
O&M Cost, S/gallon
By-product credit. S/gallon
Depreciation period, years
Debt fraction
Tax credit. $/gallon

758.00
3.00

52.50
70.00
15.00
0.21
0.45
0.05

15.00
0.00
0.07

Revenues from Sale of Ethanol

Revenues arc the most important factor affecting
profitability. The selling price for cthanol fuel depends
on wholesale gasoline prices, federal and stute
incentives, and marketing costs. Marketing costs and
incentives are fairly well defined. Gasoline prices are,
and probably will continue to be, volatile. Federal
incentives are currently worth $0.54 per gallon of
ethanol when blended with gasoline and state incentives
are worth $0.37/gallon. Marketing costs vary between
$0.20-0.30/gallon of ethanol. The ethanol selling price
is assumed equal to the wholesale gasoline price plus
$0.70 to account for incentives and marketing costs.

The future price of wholesale gasoline and thus the
price of ethanol fuel cannot be accurately predicted.
However, by assuming that gasoline prices will vary as
they have in the period 1978 through 1990. the expected
distribution of ethanol prices can be computed. Figure 2
shows the cumulative frequency distribution of
wholesale gasoline prices over the past thirteen years
and provided the basis for determining the probability of
wholesale prices exceeding a particular value. For
example, over the past thirteen years the wholesale
gasoline prices have been greater than $0,55 per gallon
80 percent of the time. Ethanol prices would be higher
by the value of the incentives available.

0.40 0.50 O.M 070 O.tO 0.00 1.00 1.10

Figure 2. Cumulative distribution of United States
wholesale gasoline prices, 1978-1990.

Return on Investment

The profitability of a venture to produce tihanol fuel
from mixed waste paper can oe represented by the return
on investment (ROI). The return on investment is the
ratio of net income after federal taxes to the dollars
invested in the project. Revenues result from the sale of
the ethanol fuel and any by-products. Expenses include
the cost of the mixed waste paper-feedstock cost--,
labor, chemicals, maintenance-O&M costs- , and
depreciation costs. Depreciation is not a cash
expenditure but represents the return of the capital
invested. The difference between revenues and
expenses is the gross revenue. Federal taxes are paid on
the gross revenue. The amount of taxes paid is equal to
the tax rate times the gross revenue less any applicable
tax credits. The difference between gross revenue and
taxes is the net income. The net income divided by the
capital invested is the return on investment.
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Die ROI is calculated using the following equation:

ROI=l(revenues - expenses) x tax rate + tax
creditj/capital

where:
Revenues -• gasoline price + incentives + by-products
Expenses = O & M - feedstock/yield -
capital/depreciation
Capita] = Capital cost per gallon of annual capacity
Tax Rate - federal income tax rate
Tax Credit = federal tax credits

The selling price of ethanol is the most sensitive
component affecting return on investment. A ten
percent increase in selling price would increase the ROI
by 23.6 percent. Since the base case ROI is 12 percent,
the increased selling price would yield a 14.8 percent
ROI. On the cost side, capital cost is the most sensitive
factor. A ten percent increase in capital cost would give
a 12.5 percent decrease in ROI, down to 10.5 percent.
Figure 3 shows the ROI sensitivity to other revenue and
expense variables.

federal t u end*

xecMton pancd

capMccet

etwnolyMd

O&Mcaet

byproduct erect

eVianol price
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•86 1 ^ 1
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-30 -20 -10 0 10 20 30 40
Percent Charge In ROI

Figure 3. Sensitivity of after tax return on investment
from base case to a ten percent change in revenue and
expense variables.

It is possible to calculate the probability of a particular
ROI based on wholesale gasoline prices. Figure 2
showed the historical probability of wholesale gasoline
prices. A return on investment can be calculated for a
particular gasoline price. The probability of equalling or
exceeding the calculated ROI is equal to the probability
of the wholesale gasoline price. The effect of changes
in capital costs, O&M costs, feedstock costs, and state
incentives on ROI for various wholesale gasoline prices
were investigated. The probability at a particular ROI is
based on gasoline prices and not on the probability of
the capital, feedstock, or other costs.

The following example will help explain how to
interpret the results. Figure 4a shows the effect of
changes in capital cost on ROI. The base case assumed
a capital cost of $3.00 per gallon of annual capacity.
There is a 60 percent probability, based on wholesale
gasoline prices, thai the ROI will be equal to or greater
than twelve percent. If the capital cost were $4.00 per
gallon of annual capacity, there would be a 60 percent
probability that the ROI would be equal to or greater
than nine percent. Likewise, there is a 100 percent
probability, again based on the predicted pnee of
gasoline, that the ROI would exceed 21 percent if the
capital cost were $1.50 per gallon of annual capacity.

100 80 60 40 20 0
Probability ROI > Staled Value, %

100 80 00 40 20 0
Probability ROI > stated value. %

Figure 4. Sensitivity to return on investment. (A) Effect
of changes in capital cost. (B) Effect of changes in
feedstock cost.

Since one reason for producing ethanol from mixed
waste paper is to create a market that may pay higher
prices for paper, its impact on ROI is important. Figure
4b shows the effect of mixed paper prices on
profitability. There is a 100 percent probability that the
ROI will be greater than 4 percent for a $30/ton
feedstock cost and an ROI greater than 10 percent for
$10/ton feedstock.

The stale incentive on profitability is important The
ROI would decrease eight percentage points if the state
incentive were removed. For the base case, and a fifty
percent probability based on wholesale gasoline prices,
the ROI would decline from 16 to 8 percent.
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Summary

On the basis of the analysis presented above the
production of ethanol fuel from mixed waste paper
appears to be promising Even for the worst case of no
state incentive the project would break even at the
lowest gasoline prices seen in the last thirteen years. On
the upside, there is a fifty percent probability of the after
tax ROI exceeding sixteen percent.

CONCLUSIONS

This report shows that mixed waste paper can be
convened to ethanol fuel using existing technologies.
The market for ethanol fuel is far from saturated and
could use all the ethanol that is produced. The federal
and state incentives make the economics look promising
and the federal incentives will remain in effect for ten
more years. The supply of mixed waste paper is
expected to increase with no new markets readily
apparent. Thus, the pnee of MWP should remain stable
or decrease.

Janus D. Ktntttttr.
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ETHANOL PRODUCTION FROM
REFUSE-DERIVED WASTE USING DILUTE
SULFURIC ACID HYDROLYSIS1

J.W. Bamer, M.M. Bulls, T.M. Shipley2

INTRODUCTION

Each year about 1300 pounds of municipal solid
waste (MSW) is produced per person in the United
States [3]. In 1988 alone, about 160 million tons was
generated by consumers in the form of residential and
commercial rubbish [5]. This figure >s expected to
reach 193 million tons by the year 2000 [5]. In
addition to the problem of increasing garbage
generation, the number of landfills available for
disposal of this waste is decreasing. By 1993, more
than one-third of our existing landfills will reach their
capacity |3]. Also, because of tougher environmental
regulations, many olUer landfills will be forced to close
regardless of their futi re capacity.

As a result of thes; problems, several technologies
have been designed to reduce the amount of garbage
requiring landfilling by producing marketable products
from MSW. Traditional alternatives to landfilling
include mass burning (burning the entire waste
stream) and refuse-derived fuel (RDF) burning which
involves combustion of the waste after recyclables
(metals, glass, and plastics) ha-e been removed. Both
types of plants produce either steam or electricity.
About 13% of the nation's waste is treated in this
manner [4], As an alternative to these two methods of
waste utilization, the Tennessee Valley Authority

(TVA) is developing technology to produce ethanol
and other chemicals from refuse-derived waste.

[ A dilute sulfuric acid hydrolysis process has been I
evaluated in laboratory studies using several
refuse-derived feedstocks including RDF and
newsprint. Based on the results of these studies,
preliminary technical and economic evaluations have
been conducted to determine the commercial potential
of the technology. This report gives the results of
these evaluations.Lr

'Presented at the National Bioenergy Conference on
March 18-21. 1991, in Coeur d'AJene. ID, 83843

"Presenters are respectively, Program Manager, Project
Engineer, and Engineering Aide for the Tennessee Valley
Authority, Muscle Shoals, AL 35660

PROCESS DESCRIPTION

A flow diagram of the dilute acid hydrolysis
process is shown in Figure 1. Feedstock is fed to the
hydrolysis reactor where dilute sulfuric acid (about
2%) is added. The mixture is heated to 160-180°C for
10-25 minutes in which time the cellulose is converted
to sugars. Small amounts of furfural and acetic acid
are also produced. The mixture is dewatered, and the
remaining solids are used for boiler fuel. The liquid
containing sugars, furfural, acetic acid and sulfuric acid
is fed to a stripper where furfural and acetic acid are
removed. The sulfuric acid in the hydrolyzate is then
neutralized with lime, and the resulting gypsum
filtered. The sugar solution is then fermented to
ethanol. Beer from fermentation is distilled, and the
ethanol is dehydrated.

Flow diagram o» RDF hydrofytl* procMtlng iyit«rn

LABORATORY EVALUATIONS

Laboratory tests to define hydrolysis conditions for
maximum fermentable sugar yield were performed on
three types of MSW derived feedstocks as well as
newsprint. The MSW materials varied significantly in
the amount of non-hydrolyzable (plastic, fabric, metal,
glass and ash) compo:itats. The newsprint was used as
a homogeneous feedstock to more clearly identify
relationships between hydrolysis parameters (e.g.
hydrolysis time, liquid-to- solid ratio, acid
concentration, temperature, and hydrolyzate sugar
composition). Tests on both MSW and newsprint
were performed in a monel-lined, 20-liter rotating
digester. The majority of the MSW tests have used
RDF pellets obtained from a commercial MSW
classification facility in Humboldt, Tennessee.
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Table 1 summarizes process conditions and
maximum yields obtained from the MSW feedstocks
and newsprint using a one-stage hydrolysis.
Temperatures ranging from 150-18Q°C and retention
times up to 120 minutes were evaluated. Maximum
sugar yields using newsprint corresponded to about 24
gallons of ethanol per ton of feedstock. This yield was
achieved at 160°C using a 15 minute retention time.
The next highest yield was obtained using RDF
pellets. The maximum ethanol yield (calculated from
sugars produced) using this feedstock was about 21
gallons per ton. This yield was achieved at 180°C and
a retention time of -34 minutes (the negative number
indicates the time from start of heatup).

Table 1. Results of One-Stage Dilute Acid Hydrolysis
of Refuse-Derived Feedstocks"

Table 2. Results of Two-Stage Dilute Acid Hydrolysis
of Refuse-Derived Feedstocks*

FEEDSTOCK

MSWI-180

MSW2-180

HUMBOLDT-190

NEWSPRINT-160

TIME

(min)b

-30

0

-34

15

TEMP

(°C)

162

180

180

160

ETHANOL
YIELD
(gal/ton)c

10.1

17.8

20.5

23.8

* 5:1 liquid/solid ratio, 2% sulfuric acid
b Positive numbers indicate hydrolysis time after

reaching target temperature, negative numbers
indicate time from start of hydrolysis

c Assumes 100% sugar recovery, 100% sugar
conversion, theoretical ethanol yield and 100%
ethanol recovery

There were large differences in yield among the
different feedstocks tested. Because compositional
analyses of Humboldt RDF and newsprint residues
showed significant quantities of unhydrolyzed cellulose,
tests were conducted to evaluate the improvement of
fermentable sugar production by rehydrolyzing the
residue. Table 2 shows the improvement in sugar
yield with reprocessing using a second hydrolysis step.
As shown, potential ethanol yields totaling about 44
gallons per ton of newsprint are possible using a
two-stage process. Two-stage hydrolysis of Humbolt
pellets yielded 32 gallons of ethanol per ton. These
results indicate the presence of additional cellulose
that remains unhydrolyzed after a one-stage hydrolysis.
Additional one-stage hydrolysis tests will be conducted
to determine if higher temperatures and shorter
retention times will result in higher yields.

FEEDSTOCK

TIME TEMP

(min)b («C)

HUMBOLDT-ONE -34 180
HUMBOLDT-TWO 25 170

TOTAL0

NEWSPRINT-ONE 15 160
NEWSPRINT-TWO 30 170

TOTAL11

ETHANOL
YIELD

(gal/ton)

20.5
12.0
32.5

23.8
20.5
44.3

5:1 liquid/solid ratio--2% sulfuric acid-best sugar
yields
positive numbers indicate hydrolysis time after
reaching target temperature; negative numbers
indicate time from start of heat-up
assumes 100% sugar recovery, 100% sugar
conversion, theoretical ethanol yield and 100%
ethanol recovery
yield from a ton of input feedstock

Though not shown in Tables 1 or 2, furfural and
acetic acid are produced during the hydrolysis process.
Yields of these chemicals have averaged 30 and 40
pounds per ton of feedstock, respectively, for either
newsprint or RDF.

TECHNICAL AND ECONOMIC EVALUATIONS

Based on laboratory results, a conceptual design
was developed for a commercial integrated MSW
processing system with TVA's hydrolysis process as
the core. A block diagram of the proposed system is
shown jn Figure 2. The system involves a front-end
classification step designed to remove

Integrated MSW Processing System

IfcjMSWCtASSinCAV " N ^
" ANORECVCUNO J ^

' FUELS ANOCHEMCALS
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non-hydrolyzable materials (glass, metals, plastics, etc.)
for potential recycling. The remaining material
(mostly paper producis and yard and food wastes) is
fed to the hydrolysis and fermentation process where
ethunol, furfural, acetic acid and carbon dioxide are
produced. The solid residue from hydrolysis is then
used to produce steam and electricity. Electricity in
excess of process requirements is sold.

A preliminary analysis of (he system was
conducted to determine economic potential. To make
this determination, the tipping fee required to give a
15?t return on investment (ROI)(based on revenues
and operating costs) was calculated and compared
with fees associated with other existing MSW
utilization technologies.

Design Premises

A 1000 ton per day plant size was chosen for the
base case plant design. It is assumed that about 35%
of the incoming raw garbage is removed in the
classification section prior (o hydrolysis. Of this 35%,
about 67% is recovered in the form of recyclables and
the remaining 33% is landfilled. In the hydrolysis
section, a one-stage hydrolysis step with an average
eihanol yield of 30 gallons per ton of hydrolysis
feedstock was used in the design. Furfural and acetic
acid yields of 32 and 15 pounds per ton, respectively,
were used for the base case design. The residue from
hydrolysis which is burned for steam and electricity
production was given a Btu content of 8500 Btu per
pound (based on laboratory results).

Cost Estimates

An estimate of total capital investment for the
MSW processing system is shown in Table 3. These
capital costs are based on vendor quotes for the major
equipment items and include direct and indirect costs
such as piping, electrical, engineering and supervision,
contingency, etc. A total capital investment of $104
million has been estimated for the plant design.
Operating costs for the plant are shown in Table 4.
Raw material costs include sulfuric acid, lime, yeast,
nutrients for fermentation, and ethanol denaturant.
Utilities, landfilling, labor, supplies, and fixed charges
make up the balance of the operating costs. Fixed
charges include depreciation (straight line, 20 years),
insurance, taxes, maintenance, and plant overhead.
Because of the tipping fee associated with the disposal
of MSW, the "cost" for this feedstock is negative and
provides a credit to the process.

Revenue from the process is based on the sale of
recyclables, chemicals, and electricity. Recyclables
include aluminum, ferrous metals, plastics, and glass.
Price estimates are based on national averages for
these items [6]. As shown in Table 4, total annual
revenue from recyclables is estimated to be $7.8
million. Chemicals produced in the process include
ethano), furfural, acetic acid, and carbon dioxide.

TOTM. CAPITAL JNVEflTMENT
1000 TP0 MSW PROCESSING FACILITY

ITEM TOTM. COST

DIRECT COSTS

PURCIIASED-EQUirNENT DELIVERED
PURCHASED-EQUIPMENT INSTALLATION
INSTRUMENTATION AND CONTROLS
PIPING
ELECTRICAL
BUILDINGS
VARD IMPROVEMENTS
SERVICE FACILITIES
LAND

525,7m, J55
57,735,306
S2-,S78,43S
50,672,531
51,547,061
55,930,402
51,289,218

$12,111,647
51.547,061

TOTAL DIRECT PLANT COST 564,203,044

INDIRECT COSTS

ENGINEERING AND SUPERVISION
CONSTRUCTION EXPENSES

55,930,402
S6,446,089

TOTAL DIRECT

CONTRACTOR'S FEE
CONTINGENCY

WORKING CAPITAL

AND INDIRECT PLANT COSTS

FIXED-CAPITAL INVESTMENT

TOTAL CAPITAL INVESTMENT

576

S3
S7

587

516

510«

,579

,094
,735

,40B

.759

,!<•

• 534

,113
,306

,963

. »J1

,794

Tlbln 4 PRODUCTION C08TS
1 0 0 0 . 0 0 TPD
RAM GARBAGE

S/UNIT S/VEAR

RAM
MATERIALS

MSW J30.000
SULJURIC ACID 8,865
LIME 6,493
YEAST 414
POTAS. DIHY. PHOSPHATE 2 0 1
UREA «7
SODIUM SULTITE 414
DEHATOWINT (GAL) 2M.33I

-3».37
70.00
4S.O0

150.00
50.00

115.00
475.00

0,50

(12,662,065)
620,537
292,186
62,039
10,423
95.127

196,45«
110,764

0TILITII3

PROCESSING MATER (KG)
COOLING MATER (MG)

LANDFIIAING (TONS)

LABOR

SUPPLIES

riXED CHARGES
DEPRECIATION ( 2 0 YEARS)
INSURANCE
LOCAL TAXES
MAINTIHAMCE
PLANT OVERHEAD

4 0 500.00 20,001

615 50.00 30,771

•7.717 30.00 2,632,113

2,640,538

524,454

. . . 4,293,095
(74,090

. 174,090
3,496,359
1,320.269

TOTAL COSTS 5 , 4 3 1 . 2 4 9

REVENUE

ETHAXOL (CM.) 4,652,096
CARMH DIOXIDE (TON) 14,592
rUKFURAL (TON) 1 , 3 6 4
ACETIC ACID (TON) 1 ,107
ELECCTtlCITY 7 .93E«07

(XWH/YR)
ALUMINUM (TON) 4 , 1 S S
GLASS (TOM) 30 .490
HOPE (MILK) (TON) 8,4(5
PET (SODA) (TON) 4,3«9
FERROUS METALS (TON) 27,7««

1.2S
10.00

800.00
510.00

0.06

1000.00
IS.00

140.00
140.00
50.00

TOTAL REVENUES

RETURN ON INVE5THEMT

5,115,107
145,MS

1,891,568
641,865

4,757,969

4,158,000
457,351

1,185,030
614,460

1.389,300

21,056,5<8

15.001
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Prices for these ilems were obtained from industry
quotes and the Chem,ic»' M-Tkcting Reporter |2],
Total revenue from chemicals produced in the process
is estimated to be $8.5 million per year. Annul
revenue from excess electricity is estimated to be $4.7
million, based on $0.06 per kWh.

Based on the costs and revenues associated with
the process, and a required return on investment of
159o, the required tipping fee was calculated to be
$38.37/ton of MSW.

In a study conducted by the Bechtel Group, Inc.
for the Electric Power Research Institute (EPRI),
tipping fees for 1000 on-per-day mass burn and RDF
combustion facilities were $56.67 and $61.10 per ton,
respectively (15% ROI included |1]). As can be seen,
TVA's process is competitive with these technologies
in this preliminary estimate.

CONCLUSIONS

Ethanol production from MSW has been achieved
by TVA using dilute sulfuric acid hydrolysis. Product
yields however, have not been optimized and
additional laboratory research is necessary.

Preliminary economic analysis of the processing
system shows that TVA's technology has the potential
to be competitive with existing technologies for waste
utilization. Additional economic evaluations will be
conducted as the process is optimized.
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Performance of a Low Temperature Anaerobic
Digeater

L.M. Safley, Jr. and P.W. Weaterman

animal production industry in the United Stataa
Bines many facilities already utilize hydraulic
flushing for manure collection and anaerobic
lagoons for waste treatment.

LITERATURE REVIEW

An earthern digester was constructed
to treat the separated liquids from flushed
dairy cattle manure. A floating cover waa used
to harvest the biogas produced. Satisfactory
digester performance waa found for both winter
and summer conditions. However, biogae production
waa found to fluctuate seasonally with reduced
biogas production being noted during the winter.
Mean methane yield was found to be 0.39 m3 CHfl/kg
VS added. Mean biogas concentration was 68.7
percent CH4 and 28.2 percent COj. The loading
rate during the period of study (10/31/88 -
12/17/91) was» 0.12 kg VS/m3-day.

Keywords: biogaa, lagoon

Anaerobic digestion is a natural process
whereby bacteria existing in oxygen-free
environments decompose organic matter.
Anaerobic digesters are designed and managed to
accomplish this decomposition. AB a result of
this digestion organic material is stabilized
and gaseous by-products, primarily methane and
carbon dioxide, are given off. Typically
anaerobic digesters are designed to operate in
either the meaophilic (20°C - 45°C) or
thermophilic (45°C - 60°C) temperature ranges.
However, methanogeneais has been observed at
temperatures approaching 0°C. The anaerobic
decomposition of organic matter at low
temperatures (< 20°C) is referred to as
psychrophilic anaerobic digestion. Anaerobic
digestion at psychrophilic temperatures has not
been as extensively explored as that occurring
at either mesophilic or thermophilic temperature
ranges probably due to little anticipation for
the development of economically attractive
systems using this technology.

In the past decade the concept of covering an
anaerobic lagoon for the purpose of biogas (CH4

and COj) recovery has emerged. Lagoons are
widely used in the United States to anaerobically
treat animal wastes. Floating covers for
harvesting biogas have been successfully
installed on lagoons in several locations
throughout the world (Kelvin and Crammond, 1981}
ADI, Inc.,1988; Balsari and Bozza, 1988;
Cadwallander, 1987j Chandler et al., 1983;
Seaman Corporation, 1989). The basic concept
is to use the floating cover to harvest methane
as it escapes from the surface of the lagoon. A
collection system is then used to concentrate the
biogas flow. This type of digester design has
the potential for widespread adoption in the

Presented at the National Bioenergy Conference,
Coeur D'Alene, ID, March 16-22, 1991.

L.H. Safley, Jr., Professor and P.W. Westerman,
Professor, Biological and Agricultural Engineering
Dept., North Carolina State University.

Many different anaerobic digester designs
have been proposed for treating animal wastes
(Aahworth et al., 1984). Some researchers have
explored the possibility of biogas production at
temperatures lower than 35°C. Stevens and
Schulte (1977) thoroughly reviewed the
literature regarding low-temperature digestion
and found that methanogenasis occurs at
temperatures as low as 4°C. Furthermore, they
reported that increases in temperature front 4°C
to 25°C dramatically increased the rate of
methanogenesis. some of the authors reviewed by
Stevens and Schulte (1977) found that methane
yield (B, m3 CH4/kg volatile solids (VS) added)
at lower temperatures (20°c-25°C) and higher
retention timeo approached that of higher
temperatures and relatively shorter detention
times, in their own research Stevens and Schulte
(1977) found that at loading rates of 0.61 -
1.80 kg VS/m-day at low temperature (<25°C)
anaerobic digestion of swine manure proceeded
without indications of failure. However, low
temperature digestion required a solids
retention time approximately twice as long to
achieve the same VS reduction as did meaophilic
digestion. Sutter and Wellinger (198S)
reported similar findings for cow manure. They
indicated that bacteria can adapt to
psychrophilic temperatures and exhibit linear
gas production increases in the range of 10°C -
20°C.

Anaerobic lagoons are one type of anaerobic
digester (Hart and Turner 1965). However,
compared to conventional anaerobic digesters,
anaerobic lagoons are designed for relatively
light loading rates. ASAE (1985) Engineering
Practice 403 (Design of Anaerobic Lagoons for
Agricultural Haste Management) recommends
maximum loading rates for anaerobic lagoons in
central North Carolina of 0.06 to 0.08 kg VS/nT-
day. The recommended loading rates increase
with increasing mean ambient temperature.

Humenik and Overcash (1976) measured a
biogas production rate of 0.21 m /m -day (0.113
m3/m3-day) from the surface of a pilot scale
anaerobic swine lagoon having a loading rate of
0.36 kg VS/m3-day. Lagoon temperature at the
time of biogas measurement was not reported.
The gas composition was 70 percent CH4 and 25
percent C0j. This would give a methane yield
(B) of 0.22 m 3 CH4/kg VS added. Allen and
Lowery (1976) studied gas production from a
full-scale anaerobic swine lagoon and pilot-
scale dairy and poultry lagoons. Design volumes
of these lagoons were approximately 0.16, 0.09,
and 0.10 m /kg of live animal weight for
poultry, swine, and cattle, respectively. Kean
biogas production for the full-scale swine
lagoon was 0.006 m /m -day for the period of
September 10, 1974 to February 28, 1975. Mean
lagoon temperature during this period was 14°C.
However, the biogaa production rate was 0.055
m3/m -day for a three-day period in August, 1975
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when lagoon temperature waa 27.5 C, Biogas
production from tho poultry and dairy pilot
•cale lagoons ranged from 0.001 to 0.02 m /m -
day and the biogas was 65 - 77* CH4. Riogas
production increaaed with increasing lagoon
temperature. Hart and Turner (1965) documented
CH_j concentrations in biogas at the surface of
poultry lagoona that ranged from 70.4 to 83.9
parcant. Thoy auggastad deep lagoona for the
purpose of encouraging anaerobic digestion.
Oswald (1988) has been successful in harvesting
biogas from sludge pits located on tho bottoms
of facultative ponds treating municipal
wastewater.

Chandler et al. (1983) reported on a project
in California where a 1070-m2 floating cover

waa installed on an anaerobic lagoon receiving
waste from a 1000-1100 sow farrow-to-finish
swine unit. The hydraulic retention time for
this digester was SO days. The gas was used to
fuel a 75-kW engine/generator. Biogas
production varied from 0.66 to 0.92 nT/nT-day
(0.11-0.15 m3/m3-day) for the covered portion of
the lagoon (approximately one-third of surface
area) with CH4 concentration averaging 69
percent. The depth of the lagoon was 6.1 m.
Lagoon temperatures varied from 11°C - 22°C
during the year. The estimated loading rate of
the lagoon waa 0.11 kg VS/m -day. The system
has been functioning continuously since Harch
1982.

Cullimore at al. (1985) have reported on
ambient temperature mathanoganeais for anaerobic
swine lagoon liquid. They indicated that bioga*
production was initiated between 3 - 9°C in an
anaerobic lagoon. Furthermore, they found that
the minimum temperature at which biogas waa
produced decreased as the age of the lagoon
increased. Biogas production was cyclic as a
function of lagoon temperature. Recently,
additional data on biogas production rates from
lagoons has been reported by Safley and
Westerman (1988). Saflay and Hesterman (1989)
have also reported on floating covers used to
harvest biogaa from the surfaces of anaerobic
lagoons.

PROJECT OBJECTIVE

passed through a Sweco (R) separator (841 micron
openings) to remove solids. The separated
solids are land applied. The separated liquid
manure flows by gravity into a settling vessel
used to remove sand. The liquid la than pumped
to the earthen digester.

During the design phase of this project the
separated liquid stream waa characterized to
determine flow and volatile aolids (VS)
concentration. A design loading of 0.16 kg

VS/m -day was used for the earthen dlgeeter
based on a design concept presented by Safley
and Luak (1990). The earthen digester was
constructed by enlarging the flrat cell of the
lagoon system. This lagoon was flrat emptied
and than excavated to the deeired dimensions.
The earthern digester has a working volume of
approximately 1980 m . The liquid surface of
the digester is approximately 24 m by 24 m and
the liquid depth is 6.7 a. The mean hydraulic
residence tima of the digester is 66 days.
Effluent from the digester flows into the second
cell of the lagoon system. Figure 1 is •
schematic of the dairy's manure handling system.
Figure 2 is a schematic of the lagoon digester.

iRUSH TANK

PARLOR O FREE STAIX BARN

FREE STAU BARN

a FREE STALL BARN

-STORAGE MT AND
S0U0S SEPARATOR

EFFLUENT
TO LA000N

BKXMS UNE

' "RECYCLE LINE FROM TKtRO LAGOON

Fig. 1. Schematic of Haste system for
Randleigh Dairy

The objective of this project was to design,
construct and monitor a full-scale
psychrophilic digester for processing liquid
dairy cattle manure at the NCSU Randlaigh Dairy.

ANAEROBIC DIGESTER AT RANDLEIGH DAIRY

One of the farms operated by North Carolina
State Univereity is known as Randleigh Dairy,
which has a milking herd of approximately 150
Jersey cattle. Randleigh Dairy was selected for
the full-scale testing of the lagoon biogas
recovery system for two reaBons: (1) the farm
is operated as a demonstration unit and,
therefore, manure production is consistent and
(2) a hydraulic flush manure system was already
in place along with a three-cell lagoon system.
Manure is flushed daily using recycled lagoon
liquid and collocted in a sump. The slurry ia

A system for heating settled sludge wae
installed in the digester before it waa filled.
The system consists of a grid of 2.5 cm PVC
pipes positioned on the bottom of the digester
and connected to a bank of three solar panels
(1.2 m x 2.4 m, each). The PVC pipes in the
heating grid are arranged parallel to each
other, 1 m on center. The heating system is used
primarily during the early aprlng. Several
thermocouples were positioned in the digester
along the heating grid and beneath the cover
prior to installation.

The liquid levol in the digester is held
conetant by use of a standpipa that controls
liquid diacharge. This overflow pipe ia
located on the corner of the digester opposite
the influent line.
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Figure 2. Schematic of Covered Lagoon Oig«at«r

A reinforced concrete wall was constructed
parallel to one edge of the lagoon approximately
1 m inland (Fig. 2). The wall is uaed to secure
the floating cover, stainless steal anchor
studa were installed 30.S cm on center along the
top of the anchor wall. A 10.2 cm PVC pipe was
located adjacent to the anchor wall and serves
as a biogas collection manifold. This pipe is
perforated with 1.2 cm holes to allow biogas
entrance. A 5 cm PVC pipe connects the manifold
to a 0.19 kW Rotron (R) regenerative blower.
This blower is located approximately 183 m from
the digester and transports biogas from the
cover system to a point near the milking parlor
where the biogaa is to be used. A Roots Dresser
(R) temperature-compensating gas meter waa
placed in-line to measure gas flow. A portion
of the biogaa is utilized as a fuel for a
Pearless (Ft) model G-561 natural gas boiler.
The boiler produces hot water that is stored in
an insulated 946 1 hot water storage tank until
needed by the dairy.

Biogaa ia collected from the liquid surface
of the digester by a floating covar. The
floating cover was fabricated by Engineered
Textile Products, Inc. (Mobile, AL) uslny 8130
grade XR-5 (R) manufactured by Seamons
Corporation. XR-5 is an ethylene interpolymer
alloy. The cover ia 21.3 m x 24,4 m in size and
ia divided into two bays separated by Dow
Ethafoam (R) cloued-cell float logs (10 cm x
30.5 cm x 2.7 m) held in position on the liquid
side of the cover by XR-5 fabric pockets. Float
loga were also located along three sides of the
cover for flotation. The void created by the
cover draping over the float logs allows the
biogas to migrate from each bay to the main
biogas manifold along the bank. A vertical
weighted apron (0.5 m) was attached during
manufacture along the three sides of the cover
in the liquid and serves an a gas seal. Nylon
ropes are attached to the perimeter of the cover
through gromnets and used to secure the cover to
posts located on the digester banks. Weighted
2.54 cm PVC pipes are positioned on the cover to
channel rainwater to a sump in the cover. A
small sump pump removes rainwater as collected.

The digester system was constructed during
the summer of 1988. Liquid from the third cell
of the three-cell lagoon system was used to fill
the digester in September 1988. At that point
the digester started receiving processed slurry
manure. The floating cover was installed in
late October 1988. Biogas production waa
monitored for approximately one year prior to
installing the boiler to utilire a portion of
the biogas.

SYSTEM MONITORING

Once the digester system was operational,
visits were made twice each week to collect
digester temperature and biogaa production data
along with waste samples. On each visit one
manure sample was taken from the settling pit
prior to feeding and another was taken from the
digester discharge pipe during an overflow
event. Each of these samples were refrigerated
and returned to the laboratory for analysis.
Each sample was analyzed for TS, VS, total
Kjeldahl nitrogen (TKN). HH3-N, conductivity,
alkalinity, VFA, and pH. TS was determined by
evaporation at 103 C (USEPA, 1979). VS was
computed as the difference between TS and fixed
nolids (USEPA, 1979). TKN was analysed using
persulfate digestion modified for automated
procedures (USEPA, 1979; Technicon, 1973).
NH3-N waa determined using salicylate reaction
modified for automated procedures (USEPA, 1979;
Technicon, 1973). Alkalinity waa analyzed using
standard Methods procedures (APHA, 1981) and
reported as ppm Caco3. V F A was determined using
a procedure developed by Taraa (1979).

Biogar production data and biogas samples
were taken twice each week. The methane
concentration in the biogas was determined using
a Shimadtu model GC-15A gas chromatograph. No
corrections were made to compensate for
temperature, atmospheric pressure or gas
moisture. In addition, on-aite COj and HjS
readings were made of the biogas using Draeger
tubes (National Oraeger, Inc.).
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PRELIMINARY SYSTSM PERFORMANCE CONCLUSIONS

Tabla 1 characterise!) tha digester influent
and effluent (or tha first aavantaan month* of
operation. Comparing tha effluent
concentrationa of TS, V.S, COD and VFA to tha
Influant concantrationa of thaaa parametera
givaa an indication of tha degree of treatment
accomplished by the digaitar. TS, VS, COD and
VTA raductiona war* 66 parcent, 75 parcant, 66
percent, and 77 percent, reapectivaly.

Table 2 givaa digester performance data In
term* of biogaa production. Hath' na
concentration in the biogas averaged 69.5
percent and waa found to vary little. The
methane yield over the period tested averaged
0.39 m3 CH4/kg VS. This compares to values of
0.20 ra3 CH4/kg VS reported by Hills and
Kayhanian (1985) for the liquid fraction of
separated dairy aanura (35 C, 10 day HRT) and
0.22 m 3 CH4/kg VS reported by Jewell (1979) for
unsoparated dairy manure (35 C, 30 day HRT).
Tha extended HRT utilized in this design
apparently contributed to a higher mathane
yield. The loading rate experienced by the
digeater (0.12 kg VS/m3-day) was lower than
originally expected. Part of thifl can be
explained by a reduction in tha hord aite
during a portion of this test period.

Figure 3 indicates methane production and
aludge temperature over time. It is obvious
that digester temperature influenced methane
production. Figure 4 compare* mathane yield to
aludg* temperature.

Table 1. Characteristics of Digester Influent
and Effluent*

The low temperature covered lagoon digeater
produced reasonable quantities of biogaa
throughout the year. However, biogas production
was greatest during summer months. Mean methane
yield (0.39 mJ/kg VS addnd) was higher than
anticipated. Biogaa quality whs very high (66.7
percent CH4; 28.2 percent C O 2 ) . Baaed on this
research low temperature covered lagoon
digastars appear to be feasible for climates as
warm or warmer than Raleigh, MC. However,
biogas production fluctuation must be considered
when siiing biogas utilination equipment.
Additional research is required to determine
optimal designs for this type of digester.

Table 2. Performance of Randleigh Dairy
Digester*

Parameter

Biogas, mJ/day
CH4, Percent
CO2, Percent
HjS, ppm
Loading Rate, kg

VS/m3-day
Methane Yield,

m 3 CH4/kg VS added
Methane per unit volume,

m3 CH4/m
3 digester

Methane per unit
surface area,
m3 CH4/m

2 digester

Mean

125.2b

£8.7

28.2
790

0.12

0.39

0.041

0.172

Standard
Deviation

37.6

4.3
4.4
439

O.OS

0.19

0.011

0.044

Influant Effluent
a Time period 10/31/81' - 12/17/90
b 82 samples

Parameter Mean
Standard
Deviation Mean

Standard
Deviation

TRN, ppm
HH4-N, ppm
Total Solids,

ppm
Volatile

Solids,
Percent TS

COD, ppm
Alkalinity,

ppm as
CaCO,

724"
227

11,113

72.5
12,428

1,761
7.01pH

Phosphorus,
ppm 176

Conductivity,
microsiemens
/cm 3,248

VFA as acetic
acid, ppm 1,603

309
83

464
0.33

64

496
.108

441 3,463

3.0 51.3
6,338 3,170

2,099
7.36

124

683 3,687

767 311.7

187

43

699

6.6
4,872

182
.17

59

385

318.0

O
100'
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a Time period 10/31/88 - 12/17/90
b 99 samples

Figure 3. Volumentric Methane Production and
Sludge Temperature Documented Over
Time for the Randleigh Dairy
Digeater
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Figure 4. Effects of Digester Temperature on
Methane Yield for the Digester at
Randleigh Dairy
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National Survey of Pelletized Fuel Manufacturers'

Gary L Whitney2

A national survey was conducted to belter
' understand the peUetized fuel industry. Information from
the survey was combined with previously published
information and extrapolated to the industry as a whole to
draw an industry profile. The industry profile separates
producers by feedstock type, and provides information on
reported production & capacity and total estimated
production & capacity. -—""

Keywords: wood pellets, densified biornass fuels

Rapid growth has attracted renewed attention to
producers of pelletized fuel. Stakeholders such as the
financial community, potential entrants and customers arc,
more than ever, seeking information on the industry's
status. To help develop a better understanding of the
industry, a national survey of manufacturers was conducted
in the fall of 1990. The survey results are reported here.
Next an industry profile is drawn based on information
reported in the survey in combination with previously
available information. The appendix to the text is a listing
of the producers of pelhtiied fuel.

The densified biofucl industry produces numerous
forms of fuel including pellets, nuggets, briquettes, and
logs. Pellet producers comprise the largest segment of the
densified fuel industry, however the other products have
their niche. Briefly, nuggets and briquettes usually have
lower relative density than pellets while being the same
approximate size. Fuel logs, on the other hand, have
roughly the same density as pellets, but are much larger and
therefore cannot be burned in a pellet appliance, but can be
used in a conventional wood-burning appliance.

Pellets differ from other densified fuels in that quality
standards have been developed by an industry organization.
In 1988 the Association of Pellet Fuel Industries (APFI)
published its standards for residential pellet fuel (Pickering,
1990). The standards developed by APFI address
numerous fuel characteristics, but by far the most critical
was the designation that residential fuel must contain less
than 1 percent ash. On the other hand, then* is no ash
content standard for commercial grade fuel, partly because
commercial combustion systems are able to handle higher
ash fuels. The ash content standard has had a widespread
impact on the industry, as the survey results indicate.

SURVEY METHODOLOGY

A national survey was conducted during the fall of
1990. Prior knowledge of producers and industry contacts
were used to locate and survey a total of 50 companies.
Two producers were dropped from the list due to the
likelihood that they would not be producing during 1991,
while others that were not producing at the time of contact,
but were deemed likely to resume production, were left on
the list. Of the remaining forty-eight companies,

1 Presented at the National Bioenergy Conference,
Cocurd'Alene, ED, March 18-21, 1991.

2 Financing Specialist. Washington Slate Energy Office,
809 Legion Way SE. Olympia, WA 98504-1211.

the list. Of the remaining forty-eight companies,
information was received from thirty, for an overall survey
response rate of 62.5 percent. The survey consisted of
seven questions and a cover letter, addressed to a key
person at the plant.

The cover letter explained who was conducting the
survey, why, and what information was being sought. The
letter promised confidentiality to respondents, and
indicated that follow up phone calls would be made to non-
respondents. This approach gave a high response rate,
although not all respondents answered all the questions.
The two questions receiving the poorest response were
those asking for the plant's capacity and its actual
production.

The Questionnaire

The first question asked the reader to identify the
products made in their plant. It listed these categories:
residential pellets, commercial pellets, residential
briquettes, commercial briquettes, fuel logs, and other. The
question also asked for the ash content of the fuel and
whether it was APFI certified.

While the question seems straight forward, difficulties
arose from the lack of an industry wide definition of what
constitutes a residential fuel versus a commercial fuel.
Without accepted standards to define these fuels,
respondents were forced to rely on their own definitions.
Usually this meant that if a fuel was sold to a commercial
user it was considered commercial fuel, even though the
fuel may be of the same quality as the residential fuel as
measured by the ash content portion of the question. So the
question was valuable in that it reflected industry practice.

The second question also had three parts. For each
product manufactured, it asked for the feed stocks used to
make that product, it asked for the percentage of each feed
stock in the product and it asked for the type of waste used
(chips, shavings, sawdust etc.).

The third question asked for the amount of the product
produced during 1989, while the fourth question asked
whether a binder was used in the product. The next
question asked for the brand name of the densification
machine used and the capacity of the machine(s) in tons per
hour. The fact that some machines, particularly older
models, don't have a factory rating when used with wood,
meant that this question didn't always get answered
correctly. Some respondents listed output, while others
listed their best ever output. These misunderstandings
indicate that caution should be used in estimating industry
capacity from the results of this survey.

Question six asked for the year of the last capacity
additions at that plant. The final question was in two parts
asking first if the plant was experiencing difficulty in
obtaining feed stock and if so what feed stocks are difficult
to obtain and why. The purpose here of course was to
combine information from question two on the amount and
type of feed stock used to gauge the depth of the feedstock
availability problem and how costly it was to those
producers affected.

SURVEY RESULTS

It is not surprising that the survey results show a rapidly
growing industry that is heavily focused on the residential
market Also, it is evident that most of the industry's
production comes from a relatively small group of
producers.



As previously mentioned, thirty of the forty-eight
producers responded to the survey, for an overall response
rate of 62.5 percent. Eleven respondents (37 percent)
claimed to have APFI certification of their residential fuel,
information provided by the APFI shows that, as of
February 1991, it has certified, a total of 16 producers.
Industry growth is reflected in the fact that 43 percent of
the respondents have added capacity or have started
initial operations between 1987 and 1990. Only three
respondents (10 percent) reported using a binder in their
product.

The most popular brand of pellet mill machine is
Sprout Waldron (now called Sprout Bauer). Eleven
respondents (37 percent) repotted using this company's
machines, while 27 percent (8) reported using CPM
(California Pellet Mills) machines. Of the other types of
pelletizers in use, none were reported more than once by
the survey respondents.

Feedstock availability is a problem for some but not
for others. The feedstock reported most often to be in short
supply was the high quality mill waste needed to produce
the low ash residential fuel Mill closures and competition
with other uses were cited as reasons for feedstock
availability problems. Of the thirty survey respondents that
use all-wood feedstocks, eleven or 37 percent reported
problems in attaining feedstocks. Some producers reported
having to haul feedstocks greater distances while others
reported losing production time when feedstocks are
unavailable.

Seven of the thirty respondents use mixed biomass
feed stocks such as agricultural by-products or paper
products mixed with wood. This group didn't report any
problems in attaining feedstocks.

Survey Stratification

For analysis, the companies were divided into
three separate strata, according to the type of feedstock
used and the size of their facility. These criteria were
selected in order to minimize the variability within each
stratum. The three strata are:

1. "Mixed Biomass Feedstock Producers"- those using
mixed biomass feedstocks such as agricultural by-
products, or paper products mixed with wood.

2. "Large, All-wood Producers"-Those producing over
12,000 TPY (tons per year) and using 100 percent
wood as a feedstock.

3. "Medium and Small, All-wood Producers"-- Those
producing 12,000 TPY or less and using 100 percent
wood feedstocks.

The survey results from each stratum are summarized in
table 1.

Table 1: Survey Result

Producer Reported
Production
Tons/year

Average
Capacity
Tons/hr

Ash
Content
Percent

Stratum 1
Stratum 2
Stratum 3

23,000a
174,0O0d
52,8008

10.16b
6.75C
3.16h

2.93%<=
0.45%f
0.42%>

4 data points, given in tons per year (TPY). There is an
estimated 20-80 split between residential and
commercial fuel in this category.
6 daui points.
5 data points. The standard deviation of the sample is
.59 (1 data point, an APFI certified fuel producer, was
excluded).
8 data points.
6 data points.
6 data points. The standard deviation of the sample
was .16.
13 data points.
14 data points.
13 data points. Sample standard deviation equals .267.

The companies within stratum one range in size from
the very small to fairly large. Seven of the nine
companies in this stratum responded to the survey. Only
one of these producers is making an APFI certified fuel,
while others report selling residential pellets with up to
three percent ash. Overall, an estimated 80 percent of this
group's fuel production is sold in the commercial market.
Only one producer in this group uses a binder.

This stratum contains a lot of capacity. However, for
those producers using agricultural by-products as
feedstocks, fuel is not their primary product. Hence it is
reasonable to assume that most of the capacity of this
stratum is not available to the fuel market. However
several of these companies arc strongly focused on the fuel
industry, and will likely continue that focus in the near
future.

Agricultural by-products being used as feedstocks
include com cobs, peanut hulls and skins, and sunflower
hulls. Paper and paper products such as cardboard are also
used.

Stratum two contains information on the large
producers using all-wood feedstocks. This group accounts
for most of the residential pellet fuel production. Seven
companies from this stratum responded to the survey.
Production information on one additional producer was
taken from an Oregon Department of Energy publication, "
Densified Biofuel Manufacturers in Oregon" and included
in the survey results.

This group's strong focus on the residential market is
evidenced by the very low ash content of it's fuel. Also, the
fuel's ash content has little variability as measured by the
sample standard deviation of .16, the least of the three
strata. The size of these producers varies significantly
although all produce over 12,000 tons per year. In contrast
to stratum one, about 80 percent of this group's production
is sold in the residential market. Within this group only one
respondent reported using a binder.

Stratum three contains the medium and small all-wood
producers. Fourteen of the twenty-nine companies in this
group responded to the survey. Their average ash content
shows a clear focus on the residential fuel standard. This
g-oup appears to have production difficulties. As a whole,
the group's capacity is only slightly less than half that of
the large producers yet the medium and small producers are
reporting only about 30 percent as much output

AN INDUSTRY PROFILE

The following profile provides estimates of total
industry' production and total capacity. The estimates are
developed by first categorizing all producers by size and
feedstock type and then listing reported production &
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capacity by category. The number of producers in each
category is estimated and the reported average fuel ash
comem'by producer category is listed. Finally, industry
conclusions are developed based on the data.

Information on producer type was taken from several
sources. First, the survey data was supplemented with
information from a 1991 directory (Alternative Energy
Retailer, 1991). In the remaining cases, producers were
called and asked about the type of feedstock being used.

Since the survey didn't provide production information
on all producers, the number of "large" producers had to be
estimated based on information form various sources.
Industry contacts with knowledge of production
information provided some estimates while a literature
review provided information on others. Enough
information was available to enable cross checking of the
reports, justifying a high level of confidence in the results.

The industry consists of 48 producers that were
divided into three separate strata for analysis. Stratum one
consists of nine producers that are estimated to have
produced about 23,000 tons of fuel in 1989, with about 20
percent going to the residential market and 80 percent
going to commercia' users. Stratum two consists of ten
producers that are estimated to have produced about
217,500 tons of fuel in 1989, about 80 percent of which
went to the residential fuel market. Stratum three contains
twenty-nine companies that produced an estimated 117,800
tons of fuel in 1989, about 80 percent of which was for the
residential market.

Table 2 below shows how these estimates were developed
and gives the industry totals.

Table 2: Industry Summary

Producer Number Reported
Type Prod.

Est.
Est. Annual

Prod. Capacity

Stratum 1
Stratum 2
Stratum 3

Totals

9
10
29

23,000
174,000
52,800

23,000
217,500
117,770

23,000
135,000
183,280

48 249.800 358,270 341.280

For stratum one, the estimates of industry production and of
capacity were held equal to reported production. This was
done because there is no reliable method to further define
these estimates. Recall that most the producers in stratum
one use agricultural by-products as their primary feedstock
and that fuel is a secondary product. There may be more
production and capacity available for fuel production, but
there is no way to reliably estimate it.

Stratum two produces an estimated 217,500 tons per
year. The estimate was derived by determining an average
production from the survey results then multiplying that
average times the number of producers in the stratum. The
stratum has an estimated capacity of 135,000 tons per year,
an estimate that was developed in the same way as the
production estimate with one significant difference. That is
the survey provided capacity information in TPH (tons per
hour) which was convened to annual production by
multiplying it by an assumed production time of 40 hours
per week and 50 weeks peT year (or TPH times 2000) to
give an estimate of annual capacity per shift. The fact that

estimated production is greater than estimated annual
capacity per shift may indicate that these producers are
already working more than one shift for most of the year.

The estimates for stratum three were developed using
the same procedure as for stratum two. Stratum three
produces an estimated 117,770 tons per year and has annual
capacity estimated at 183,280 tons per shift. These
estimates show that there is a significant amount of unused
capacity within this group of producers. The low capacity
utilization factor along with the feedstock availability
problems reported by these producers may mean that some
in this grouping are having a difficult time establishing
their profitability.

Thirty-nine of the producers in the pclletizcd fuel
industry use all wood feed stocks, and fifteen of these thirty
nine have received APFI certification (Association of Pellet
Fuel Industries, 1990). Based on the survey results, it is
reasonable to assume that, as a group, the all-wood
producers make a lower ash product than would be the
norm for all 48 producers. Also, the all-wood producers
subgroup is more likely to have APFI certification.
Clearly, within the all-wood producers subgroup, the large
producers produce almost twice as much as the medium
and small producers, yet the latter group contains nearly
three times as many members. With lower production and
with feedstock availability problems it is likely that the
medium and small producers are struggling with
profitability. Should some of these producers end up
halting operations it could give the public perception that
fuel pellet availability will diminish (or prices will rise), the
worst fears of the residential appliance owner. For this
reason continued confidence in the pelletized fuel industry
may be tied to the continued survival of the growing
numbers of small producers.

The survey results show a residential fuel industry that
is focused on the 1 percent ash content standard of the
APFI. The promulgation of this very low ash content
standard has been credited with helping increase the
reliability and convenience of residential pellet appliances
thereby spurring sales growth in the residential market. But
the low ash standard also forces producers to use
feedstocks that are not always readily available. Over one
third, 37 percent, of the survey respondents reported
difficulty in acquiring the feedstock needed to produce the
very low ash content fuel. This can mean lost production
and decreased profitability for those producers affected and
diminished fuel availability for the consumer.

Resolving the issues of feedstock supply, producer
profitability, and fuel ash content is crucial for continued
industry growth. To continue its growth in the residential
market and to expand into the small commercial market
(where higher ash fuel is less troublesome) the industry
must be able to demonstrate that reasonably priced fuel will
be available for years to come. Yet the most readily
available feedstocks that can support this growth are of the
higher ash content variety. Paper products, cardboard, and
some types of mill waste continue to be underutilized,
readily available, and inexpensively priced. At least part
of the solution may be to segment the fuel market by using
more than one residential fuel standard. The trend toward
increased market segmentation caused by consumer
pressures can allow increased profitability for those
companies that best meet the customer's expectations.
(Nevens, Summe and Uttal, 1990) By segmenting its fuel
customers, the industry may define multiple fuel grades,
and end up expanding the whole market by developing the
associated market segments.
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PELLET FUEL PRODUCERS

Aderson Industrial Prod.
P.O. Box 119
Maumee. OH 43537
(419) 893-5050
Norm Pettier

Bsar Mtn. Forest Prod.
751 Frankton Road
Hood River, OR 97031
(503) 386-4799
BobSourek

Bio-Plus Inoorp.
Industrial Drive
Ashburn, GA 31714
(912) 567-3566
Jeannie Myers

Brtterroot Timber Prod.
P.O. Box 53
Darby, MT 59829
(406) 821-4428
Jerry Dutton

Blackloot Forest Prod.
P.O. Box 188
Lincoln, MT 59639
(406! 362-4868
Louie Bouma

Blakely Peanut Co.
P.O. Box 708
Blakely. GA 31723
(912) 723-3701
Ralph Smith

Browning Cut St.
P.O. Box 439
JuBaetta, ID 83535
(206) 276-3494
Jack Browning

C D . Pellet Co.
P.O. Box 3185
Omsk, WA 98841
(509) 826-2059
Dick Peterson

C.N.2. Corp.
932 Kroe Lane
Sheridan, WY 82801
(307) 672-9797
Orrin Connell

Coeur d'Alene Fiber Fuels
3550 Wost Settee Way
Coeur d'Alene, ID 83814
(208) 765-0608
Ron Green

Consolidated Pelletlzers
P.O. Box 129
Damascus, GA 31741
(912) 725-3303
Joann Simpson

E. Perry Lumber
P.O. Box 105
Frohna, MO 63748
(314) 824-5272
Bruce Lorenz

Eureka Pellet Mills
P.O. Boss 667
Eureka, MT 59917
(406) 296-3109
Greg Schmid

Fiber Resources
P.O. Box 8727
Pine Bluff, AR 71611
(501)535-1759
Bill Weaver

FireTech
P.O. Box 146
Union, OR 97883
(503) 562-5057
Andy Short

Gilman Forest Prod.
400 N. First Ave.
Gilman, Wl 54433
(715) 447-8221
Tom Slaugtner

Gold Country Pellet
9720 East Mac!) St.
P.O. Box 639
Plymouth, CA 95669
(209) 245-4500
Ron McKlnney

Great Lks Fuel Pellets
6831 County Road 34
Naples, NY 14512
(716) 374-2021
Russ Gardner

Great Western Pellet Mills
708 Golf Course Road
Enterprise. OR 97828
(503) 426-4515
Glen Anderson

Green Mountain Pellet
P.O. Box 4327
Burlington, VT 05406
(802) 862-9228
Pat Irish

Hoo Doo Ml. Pellets
1870 S. Highway 2
Lbby, MT 59923
(406) 293-5019
Lea Disney

Hammon Products Co.
P.O. Box H
Stockton, MO 65785
(417) 276-5181
Jim Jones

Jensen Lumber
P.O. Box 6
Ovid, ID 83260
(208) 847-0889
Bob Jensen

Johnson Pellet Mill
P.O. Box 4
Sultan, WA 98294
(206) 793-3133
Stan Johnson

Lignetics of Idaho
P.O. Box 1706
Sandpoint, ID 83864
(203) 263-0564
Ken Tucker

Manke Lumber
1717 Marine View Dr.
Tacoma, WA 98422
(206) 572-6252
Milt Farvour

MJM Pellet Mill
Rt. 1. Box 104
Brewster. WA 98812
(509) 689-3188
Mathew Michael

Modoc Energy Prod.
P.O. Box 257
Klamath Fls, OR 97601
(503)884-3177
Kurt Schmidt

Modular Energy Co.
Rt. 2. Box 389-2
Bealton, VA 22712
(703) 439-1482
Chuck Sacra

Neo Wood Products
447 Wall Street
Tiffin, OH 44883
(419)447-9700
Mike .'"Her

NW Pellet Mills, Inc.
34401 Lake Creek Dr.
Brownsville, OR 97327
(503)466-5115
Dan Knight

Pacific DensHled Fuels
P.O. Box 3569
Arlington, WA 98223
(206) 435-8771
Mel Kuhlman

Panorama Wood Prod.
P.O. Box 250
Kettle Fads, WA 99141
(509) 738-6831
Rich Farnan

Pennington Seed
P.O. Box 338
Greenfield, MO 65661
(417)637-5978
Keith Hanklns

Recycle King
808 "G" Street
Fresno, CA 93706
(209) 485-2236
Chuck Bate

Rivard's Quality Seeds
P.O. Box 303
Argyle. MN 56713
(218) 437-6638
Ken Schuster

Rocky Mountain Mills
P.O. Box 46
Ravalll. MT 59863
(406) 745-2492
Allen Zemple

R & R Enterprises
P.O. Box 1075
Sturgis. SD 57785
(605) 347-4556
Mike Ringer

Simmons DensHled Fuels
2318 S. First St. #3
Yaklma. WA 98903
(509) 453-6008
Ron Simmons

South and Jones
North Highway 89
Evanston, WY 83931
(307) 789-2398
Dan South
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Spokane Pras-To-Log
N. 3124 Flora Road
Spokane, WA 99216
(509) 924-2807
Derald Kuhnhausen
Larry Jespersen

Tecor, Inc.
HCR5. Box 40
Houston, MO 65483
(417)967-4838
Jerry Stricklln

Thronson Mgmt
P.O. Box 424
Menominea, Ml 49858
(906) 663-1208
Don Thronson

Union Camp
P.O. Box 178
Franklin, VA 23851
(804) 569-4620
Jim Lawler

Valley Forest Res.
Star Rt., Box 27
Marcell, MN 56657
(218)832-3611
Larry Probst

West Oregon Wood Prod.
2300 Second Street
Columbia City.OR 97018
(503) 397-6707
Chris Sharon

Westway Trading Corp.
P.O. Box 40
Mapleton, ND 56059
(701)282-5010
Jetf Olson

Wood Fuel Processing
5079 S. Township Rd.
Yuba City. CA 95991
(916) 895-1806
Roy Farrell

Gary Whitiuy.
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MORE ENERGY WOOD FROM FORESTRY
OPERATIONS THROUGH INTEGRATED HARVESTING
AND MULTI-PRODUCT PROCESSING1

Michael B

L: Abundant supplies of forest blomass that
could potentially be used for energy wood are not being
accessed because of marginal economics. Inadequate
harvest methods, and restrictive land management
practices. Future forestry objectives may impose even
more restrictive conditions. Improvements In efficiency
and effectiveness of harvest methods, marketing, and
beauracratlc processes may, however, render more
energy wood while meeting new post-harvest stand .
conditions. Some improvements have been achieved: I

A others He on the horizon. -—

Keywords: biomass. Umber, hogfuel, transportation,
forest management

Excess blomass from forest lands can be made
available for energy conversion purposes by refinement
In: 1) integrated harvesting and 2) multi-product
processing. Both areas focus on increasing the
efficiency and effectiveness of forestry operations. As
efficiency improves, costs per unit of production are
reduced, which means that more woody materials can
be handled. Increases in both efficiency and
effectiveness are being required by current trends in
forest management practices, which emphasize
ecological aspects as well as timber harvesting goals.
Fortunately, many operational improvements that are
good for better land management may also render
energy wood. In some cases, energy wood recovery and
marketing may enhance overall operational economics.

BACKGROUND

Management of the nation's forests Is becoming
increasingly complex. Public concern for the
perpetuation of the full range of forest values is
resulting in fervent attention to forest management
plans. Special interest groups are bringing litigation
and court decisions that are cause for reflection, such
as protection of the spotted owl. At best, planning
takes longer than usual. As a direct result, the total
number of forested acres available for timber
production is declining. Not surprisingly, the allowable
sale quantity is also decreasing. The acres that remain
In production arc being considered in new light,
requiring meticulous attention throughout the planning

1 Presented at the National Bloenergy Conference, Coeur
d'Alene. ID. 20 March 1991.
3 Mechanical Engineer, Pacific Northwest Research
Station. Forest Service. U.S. Department of Agriculture.
Portland. OR.

and management processes, Land management
objective stipulations placed on logging through post-
harvest stand descriptions potentially raise operational
costs significantly. More efficient mills, processing less
Umber from fewer acres, signal waning supplies of mill
wastes for energy. Ironically, Just as needs for alternate
energy sources are Increasing, opportunities to consider
wood from forests appear to be declining.

It Is time to focus on new solutions. Another look
tells us that energy wood gathering chances are not all
that bleak. Research shows that one forth to one half
of the total above-ground blomass of cut trees is not
removed during conventional logging operations. This
is too much blomass to leave on most sites. At the
same time, environmental concerns for clean air dictate
no broadcast nor pile burning in many locations. Here,
then, is a huge supply of energy wood, provided it can
be economically accessed. Future supplies of energy
wood may come from improved systems and methods
for forestry operations (better product recovery on the
supply side). This will require that the processes used
to harvest and transport wood to the mills be improved
In order to benefit land managers, contract loggers, and
the forest itself.

As we learn how to streamline the total Job, we can
increase the quality of work that Is done in the woods
and at the same time recover materials that are now
viewed as a liability on the ground. Much of the extra
material will be best used as energy wood. Again, the
key may be In increasing the efficiency of harvesting
operations in order to realize sufficient economic
leverage to recover energy wood during integrated
harvesting practices.

NEEDS

Wood For Energy

The reality of this National Bloenergy Conference is
evidence of the need for bioenergy sources. Activities In
the Persian Gulf have underscored that need.
Industrial and commercial energy derived from wood is
competitive with energy from coal, gas, and, oil. The
balance of competition Is often tipped, however, by the
costs of handling and transportation. Most wood used
for conversion to energy comes as waste products from
mills that produce other products. Where mill wastes
are used for energy, wood energy costs are typically
lower than oil-based fuels because handling and
transportation costs are low. Wood quickly loses its
competitive edge, however, when specific energy wood
harvesting is undertaken or where transportation
distances are long. The supply systems for fossil fuels
are quite mature and stable, whereas systems for
supplying energy wood are not. Development of
efficient and effective systems for transferring energy
wood from rural forests to energy conversion sites Is
needed.

The availability of mill wastes is declining. Fewer
mills are operating now than in the past. And, as
remaining mills are redesigned to become more efficient
In terms of product recovery, they produce less waste.
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MULTIPLE-PRODUCT HARVESTING AND MARKETING

Multiple-product harvesting means using a single
(perhaps augmented) system to transfer more than one
marketable product to roadside. The marginal costs
associated with bringing more than one product In can
often be offset by Incremental revenue that contributes
to more profit in the operations. This Is usually much
more sensible than using a completely different system
to enter the post-harvest stand in an attempt to retrieve
the extra products. In principle, harvesting multiple-
products simultaneously is more efficient and cost
effective than separate operations, which are sometimes
attempted in practice. Experience shows that follow-on
harvest entries often cannot be economically Justified by
the add-on revenue produced. Therefore, opportunities
to use some resources are lost. At the same time, the
forsaken materials often represent a hazard or
environmental detriment, to be dealt with at additional
costs.

In addition to ecological resource objectives such as
scenic beauty, environmental quality, wildlife habitat,
etc., there are various forms of commodity resources
that can be harvested simultaneously to help Improve
the efficiency of forestry operations and bring in extra
revenue. The most obvious exlr.i revenue-producing
forest commodity Is energy wood. !• is associated with
virtually every harvesting operation. Financial returns
on energy wood may be small when compared to other
products, such as peelers, saw logs, or clean pulp
chips, but even small income, coupled with money
saved by avoiding later slash clean-up can Justify the
trouble of handling and marketing wood for energy.
With the proper systems and methods, low marginal
costs of an added operation can yield supplementary
profits. And energy is not the only extra revenue-
producing commodity that can be harvested. Still, it
can often be made to be a part of multiple-product
schemes, because with every harvested wood product
comes a certain percentage of woody material that can
best be directed into an energy market. If the extra
woody material is not directed into a market of some
kind, it results in too much slash left on site or on the
landing.

SOLUTIONS, CONCEPTS, EXPERIENCES. AND
POSSIBILITIES

Some progress has been made in applications of
integrated harvesting and multiple-product marketing
in this country. It is interesting to note that both
solutions fit together well. Two examples are described
here to illustrate the potential of these experiences and
to stimulate creative ventures on other specific
opportunities. Several other innovative concepts are
also described in anticipation of changes in forest
harvesting and management practices.

Hermann Brothers System

In 1986. an integrated, multiple-product harvesting
system was observed operating on the Olympic National
Forest in western Washington. The system was used to
successfully harvest and process dense, stagnated

stands of small diameter trees. Several previous
attempts lo harvest single products had been
uneconomical. Average diameter of the stands was
under 5 inches dbh. Extremely dense reproduction of
western hemlock and Douglas-fir had grown naturally
following catastrophic bums about 90 years ago. The
successful harvesting/processing system Is shown In
figure 1. A flow chart of the material handling process
Is shown in figure 2. The harvesting part cf the system

Figure 1 Typical Hermann Brothers in-woods central
processing site near Port Angeles. WA.

was Integrated in that It brought all marketable
components of the stand to a central processing site at
roadside. In the harvest process, the system also
prepared the site to the desired post-haivest condition,
ready for planting. All standing trees greater than 1
Inch dbh were removed from the site.

HARVESTING

FORWARDER

PROCESSING

BUCK/
LIMB

-

LOADER/
SORTER

SHREOGER

•

s

OEBAROER/
DELIMBER

CHIPPER

SAW
LOGS

fHDGGEOl
IFUEL

CLEAN
. CHIPS,

Figure 2 Material flow chart for Hermann Brothers
integrated harvesting and central processing system.

The system processed all materials into three
marketable products: saw logs, clean pulp chips, and
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hogged tuel (energy wood). All materials that were
removed from the site went to market In one of these
three forms. The only materials that were left on the
ground were trees under 1 inch dbh and dead, decayed
culls, which pushed the capabilities of handling
systems and were actually needed for nutrients and soil
protection; therefore, they were not removed.

The operator separated and processed materials
according to their respective best use and his
customers' needs. Capital and operating costs of this
system were relatively high, compared to a single
product harvest system, but the combined revenue for
all products made the operation profitable. A small
portion of funds saved by unneeded site treatment was
paid to the operator to increase his revenue and
compensate for Innovation.

Establishment of new technology was required to
accomplish this unsolved task. Three of the six
machines used by the Hermann Brothers were brand
new prototypes. In addition to a clam bunk skiddar,
used as a forwarder for whole trees, a mobile chipper to
make pulp chips, and a loader for sorting/loading, they
added a prototype steep-slope feller/buncher to access,
cut. and bunch trees, a new chain-flail
debarker/delimber for cleaning boles to be chipped, and
a novel shredder, which was designed and built to
process all materials that were unsultabel for log and
chip markets into hogged boiler fuel (fig. 2.) A study
showed that the system harvested and processed trees
at a combined-system cost of $7.80 per green ton at a
production rate of 455 green tons per day. The
delivered product mix was 53 percent chips. 21 percent
saw logs, and 26 percent hogged fuel by weight
(Lambert and Howard 1990).

This example shows the success of integrated
harvesting and multiple-product marketing in a
situation that could not be economically addressed by
any other approach. Resources were recovered that
would have otherwise been wasted. At the same time,
thousands of acres were converted to productive status
for future desired management and full production
potential. Without the innovative approach described,
no products were accessible, not even energy wood.

Firewood, House logs, and Saw logs

Currently, on the Coeur d'Alene District of the
Bureau of Land Management, an interesting
opportunity for multiple product harvesting Is under
consideration. The District has an epidemic of dead
and dying mature Englemann spruce trees. Five years
of below average precipitation has enhanced the
number of outbreaks of the spruce beetle Dendroctonus
ruflplnnls throughout the forests of central Idaho. The
forest is now dominated by snags, creating concern
about short and long-term fire hazards3.

The BLM is planning a project with the goal of
reducing the Impending fire hazard, harvesting dead
and soon-to-be dead trees, and reforesting the area with

a diversity of species. About five million board feet of
dead and green Umber will be offered for sale this year.
The proposed sale Is designed for predominantly
helicopter logging with minimal road construction.
Many of Uie soils are highly credible because they are
shallow and located on steep terrain. The area is
partially within a non-motorized area, located in close
proximity to a designated wilderness and also a
wilderness study area.

Earlier attempts to salvage the dead trees have been
unsuccessful, because usual appraisal and sale
processes fojus on single products, and no single
product has been able to support the costs of
harvesting the degraded spruce. The BLM is
considering a possible solution that uses an integrated
harvesting and handling system to transport marked
trees to a sorting facility. At the sort yard, trees will be
graded and bucked into saw logs or house logs for "log
cabin" construction. The two markets use different
cutting and grade specifications. Tree components that
do not fit into either market will be sold as firewood or
hogged fuel. (See figure 3.)

HARVESTING

FORWARDER

PROCESSING

BUCK/
LIMB

GRACE/
SORT

SPLIT BUCK/
LIMB

'HOUSE 1

LOGS

3 Letter from Fritz Rennebaum. BLM District Manager.
Coeur d'Alene. ID.

Figure 3 Flow chart for proposed BLM Integrated
harvesting-multiple products sale near Coeur d'Alene. ID.

Again, a multiple-product approach may succeed
where single product ventures cannot. Without the
innovative approach, these resources could not be
recovered, not even for energy wood. By capitalizing on
the efficiencies of a multiple-product approach,
however, forest health can be Improved, saw logs and
house logs are put into the marketplace, and more
energy wood may be made available.

Portable Comminution Device

An Important, common element in Integrated
harvesting and multiple-product systems is a
mechanism for processing random-size, low value
woody materials. A dependable device Is needed to
process crowns, chunks, culls, and very small stems.
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When mill production is down because of Umber supply
or marketing problems, the supply of energy wood from
this source dwindles. Moreover, competition for mill
wastes for secondary manufacturing has Increased.
Energy wood sources In addition to mill wastes are
needed.

There is a shrinking Umber land base, because of
set-asides and ecology-related litigation. Younger,
second-growth trees have less defect than old-growth
trees. In addition, crusades toward stand structural
diversity and uneven age management mean fewer trees
are targeted for cutting per acre. Plus, the challenge of
actually accomplishing the required harvesting in the
realm of New Perspectives in forestry is not yet fully
acknowledged. Based on these trends, logging costs are
more likely to be increasing rather than decreasing.
How will energy wood be handled under this scenario?

Timber sales and logging contracts are currently
written with single products or outcomes in mind,
stifling creativity on the part of purchasers and
operators. The time may be close at hand when
Improvements In appraisal methods, contracting, and
accountability practices may help to encourage better
resource utilization and energy wood production.

Wood extracted directly from forests comprises a
vast, scarcely tapped resource of alternate energy for
power generation and cogeneratlon. But viable means
of transferring forest raw materials to the point of use
will command Ingenuity.

New Perspectives

A ma|or overhaul Is encompassing the world of forest
management in the form of a revitalized ethic of basic
ecological stewardship, which changes the order of
questions that are contemplated during the land
management planning process. The old order was 1)
How much Umber can be extracted from this unit?,
followed by 2) what can be accomplished with what's
left after harvest? The new order Is 1) How can this
landscape be managed to achieve the opUmum resource
benefits?, followed by 2) will any commodlUes be
available as by-products, whose market value might
help to achieve the resource obJecUves? Under the US
Forest Service New PerspecUves Program, a balance Is
sought between commodiUes and ecological amenlUes.
The realizaUon of both goals will require new
approaches.

Efficiency

In a climate of new challenges. compeUUon. and
increasing sophisUcaUon, the need to improve
operational efficiencies is paramount. As efficiency
Improves, unit costs will be lower. With lower unit
rosts, lower value materials can be handled.

AltemaUvely. more Improvements can be wrought upon
the land. A trend In this dlrecUon is urgently needed to
maintain the supply of woods commodlUes from a
shrinking umber land base, while simultaneously
meeUng land stewardship needs. There is a need for
less lost Ume. money, and moUon.

Effectiveness

Ecological challenges call for Improved post-harvest
stand conditions: increased structural and biological
diversity, Improved wildlife habitat, minimum soil
disturbance, watershed protecUon, scenic beauty, and
other considerations. At the same Ume. demands will
be place on future operaUonal acUvitles to get the Job
done with dispatch and precision. This means careful
selecUon of forest components to be manipulated, elthe
for removal or rearrangement to meet post-harvest
stand obJecUves. There Is no room for unproducUve nc
counter-producUve efforts.

Rural Economies and Employment

Resource-based industry is the essence of producUv
power. It sustains life throughout a nation.
Unfortunately, the reducUon of our timber land base,
the closing of many mills, and the curtailing of the
timber industry are all Jeopardizing the livelihood of
many families. Many workers unemployed, while other
shift, to non-resource-based businesses. AddiUonal
resource-based businesses and Jobs are needed
everywhere, especially In rural areas. More complete
use and management of forest lands may open new
resource-related Jobs, but new approaches will be
necessary.

Safety

Working in the woods has tradlUonally been
dangerous, especially where mature trees are felled.
Many of the stand manlpulaUons prescribed by New
PerspecUves could Increase hazards to woods workers.
Technology and methods that protect workers are
criUcal.

INTEGRATED HARVESTING

Integrated harvesting means to do the whole Job of
commodity extracUon, staid manipulation, and site
preparaUon (clean-up, slash treatment, etc.) with one
plan, minimizing redundant operations such as extra
contracting, redundant equipment move-in, excessive
road and landing construcUon. Inefficient passes over
the ground, and so forth. It means that pre-harvesUng
decisions must be made about where all the woody
materials should end up. The post-entry, desired fores
condlUon is known at the outset, with thought given to
the management objecUves of each parcel. The
Integrated harvesUng process proceeds in a smooth,
continuous fashion. The site Is left ready to support
the overall land management objective, whether It
includes replanting for Umber or forage, diversified
stands as habitat for certain species, visual resource
protecUon, a combinaUon of uses, or whatever.

Advanced Integrated harvesUng will contribute
greatly to meet many of the needs menUoned above by
improving operaUonal efficiencies. Increasing land
management effectiveness, and reducing redundant
acUvlUes. It will, however, require InnovaUon In many
sectors.
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Unless a means Is provided to keep these materials
moving, the flow of other products can be stifled.
Because the most obvious market for these elements Is
energy- wood and because the most common form of
energy wood for handling, transportation, and
conversion purposes ' s hogged fuel, it is important to
process the random-size tree parts into hogged fuel
form as soon as possible.

The Hermann Brothers answered this need by
building a shredder, which was basically a large drum
chipper that could handle the range of debris
accumulating on their central processing site (figs.
1 & 2). Figure 4 shows a prototype mobile shredder
which is being developed by Clarke's International of
Eugene. OR to meet this need. This device tears wood
with a high-torque, slow rpm auger. Figure 5 is
another mobile device built by Bar 7A Trucking of
Redmond, OR to process piles of thinning slash in
central Oregon. This trailer-mounted machine uses a
Jeffrey Hog to get the job done. It has only been
operating about a month. It is doing a good job of
recovering energy wood for regeneration and at the
same time removing fire and visual menaces near
Bend, OR. The next step is to use this mobile hog
in an Integrated system, simultaneously with the
thinning operation.

I

Figure 4 Prototype low RPM shredder under de-
velopment by Clarke's International. Eugene, OR.

Figure 5 New mobile hog built by Bar 7A Trucking
producing boiler fuel near Bend, OR.

Mechrmlcal Drying and pensincallpn

The value of energy wood Is measured by the
quantity of heat energy It contains. Accordingly, hogged
fuel Is purchased on a diy ton basis because moisture
has no fuel value. Therefore, it is economically
important to handle and transport energy wood In the
driest form possible. Unfortunately, green wood
processed In the forest contains moisture on the order
of 50 percent, wet basis. When hogged fuel Is delivered
in this condition, payment is based on only half of the
total weight delivered. This inefficiency in
transportation becomes critical over long distances.
One solution to this problem Is to process and transport
fuel only after it has been allowed to air dry. This Is
sometimes objectionable, because of the aesthetic and
fire hazards during the drying time. There are also
certain inefficiencies incurred by the need for multiple
entries and set-up that may be economic
considerations.

Another concept Is to accelerate the drying process
in an Integrated system by mechanical compression.
Research and trials show that Immediate reduction of
hogged fuel moisture content to 30-35 percent can be
achieved. Compression also reduces the volume of
comminuted fuels. After compression volumes as low
as only 20 percent of the uncompressed, hogged fuel
volume have been achieved. Compressed fuels have
reached densities In excess of seventy pounds per cubic
foot4. Dense, dry modules of fuel wood may be
transported and stored in much less space than
undensifled hogged fuel. Savings in transportation
costs of 40 percent have been estimated.

Walking Machine

Access to unroaded, sensitive, or steep forest lands
that cannot be travelled by wheeled or tracked vehicles
because of physical limitations or adverse site
disturbance may be attained by machines that walk
instead of roll. Such machines may make additional
resources. Including energy wood, accessible. They may
aid forest management in the ecological realms of future
forestry, because of their ability to traverse gently over
fragile soils. When fully developed, these machines may
help lower costs of difficult mechanized forest tasks,
while improving worker safety.

A six-legged, computerized, robotic walking
machine, called the Adaptive Suspension
Vehicle (ASV) was recently demonstrated in
Blacksburg VA. The ASV is a proof-of-concept
machine developed by Adaptive Machine Technologies
and Ohio State University of Columbus, OH (fig. 6).
Tests showed that the computer-aided, electro-
hydraulic drive system of the ASV was able to control
the machine as it maneuvered over uneven terrain
and obstacles to perform simulated forestry tasks
(Lambert 1990). Because walking machines leave
footprints instead of continuous tracks common
to wheeled and tracked vehicles, they affect the

4 Unpublished test results on file. PNW Research Station,
Portland. OR. Reference Martha Shingler of Ashburn, GA.
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ground much differently -- more like large animals.
With unique ability to move in any direction, (hey can
maneuver among standing trees carefully and quickly.
The software-driven control system simplifies operator
control tasks and protects the machine from performing
unsafe maneuvers. Woods worker safety is enhanced
by the protective structure of the control cab. Properly
designed legs and feet give walking machines the ability
to work on slopes up to 100 percent. These features
may prow to be very beneficial in doing meticulous
work within closed canopies on steep or sensitive sites.

Figure 6 Proof of concept, computer-aided walking
machine during trials near Blacksburg, VA.

Much development work remains to be done on this
concept before production machines are available for
work In the forests, but when mature, the technology
may contribute to the efficiency and effectiveness of
integrated systems. They could be used as
feller/bunchers, skidders, tree planters, sprayers, or
pre-bunchers for skylines, helicopters, or balloon
yarding systems. Wherever they find use, the potential
is also there to aid recovery of energy wood.

Neutral Buoyancy Powered Balloon

Development work is
also underway to reduce
the costs of aerial logging
by the use of hybrid
lighter-than-air
technology. Figure 7
shows a self-powered
balloon that may soon be
recovering isolated trees
that have been killed by
root rot in California and
Oregon. The balloon is
filled with helium. The
airship is designed to be
neutrally buoyant with no
load so that very little
power Is required to hold it
aloft, until it is actually Figure 7 Nick Woll's
moving a load of trees. powered balloon lifting a
The designer expects to >°g ^^ grapples during
transport trees with development stage,
methods akin to helicopter techniques but for about 25
percent less unit cost (Lambert 1988). If this can be
done, then the system might also be used to bring out
energy wood and accomplish site treatment in an
integrated harvesting manner.

New Managomonl Concepts

The new responsibilities facing forest managers and
planners will require new methods and systems thai
clearly depart from the status quo. New technologies
cannot find their places without management systems
to allow and even encourage them. Some entrenched
methods actually discourage innovations and creativity
that could help achieve newly dictated objectives. Some
departures from the norm that are being applied to
good avail Include lump sum sales, relaxation of strict
accountability to encourage multiple-product
marketing, waivers to contract logging methods for
experimental trials of promising alternatives, and
compensation for site preparation work accomplished
by operators performing integrated harvesting.

Another Interesting approach to forest management
goes like this: 1) the land manager offers a timber sale
(commodity recovery) which clearly states desired post-
harvest conditions and management objectives of the
site, next, 2) offerers submit proposals that address
how the objectives will be met, what potential impacts
and Improvements will occur to the environment, how
the recovered resources will be used, how local rural
economics (|obs) will be affected, and what price Is
offered, 3) the sale Is then awarded to the best overall
proposal (not necessarily the highest bid), and finally, 4)
an evaluation of the project is conducted which will
affect the minimum advertised rate on future similar
sales and whether the successful purchaser should be
considered for future contracts. The logic here is that
purchasers and operators are motivated to making a
profit and will accordingly use creativity to maximize
their overall efficiencies and effectiveness. They will
also strive to achieve good business relations by
meeting ecological and employment objectives.

SUMMARY AND CONCLUSIONS

A manifested need for additional supplies of energy
wood comes coincidingly with new responsibilities and
needs In forest management that require commodities
to be harvested within an ecology-protecting framework.
Solutions to the forest management needs will
simultaneously solve energy wood supply needs, and
vice-versa. The job ahead is new, different, and
challenging. It requires more efficiency and more
effectiveness in planning and in operations on site.
There is an ever-present need to improve safety. This
all requires Innovation and more frontier crossing.
Better resource assessment and planning tools are
needed. Changes to appraisal and sale methods could
help. And technological advances in equipment,
methods, and systems are needed.

Some new systems are being tried. Others are
under development. Successful applications of
integrated harvesting and multiple-product marketing
have been demonstrated to solve land management
challenges and increase economic supplies of energy
wood.

The success of future energy wood harvesting will
flow hand in hand with the success of those who
recognize the new forest management challenges and
venture forth with new approaches and innova-tive
solutions.
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-Abstr*otf Thia paper pcaaanta tha results from I
an experimental invaatigation of wood
combuation. Variables choaan for invaatigation
ara fuel ooiatura content, fual particla sice,
excess air, fraction and temperature of under-
fira air. Influanca of tha off-design (part
load) operation of tha combustion unit on
combustion afficiancy and particulate emission
ia alao investigated. •>

Data recorded during the axperimente include
the composition and temperature of the

i coenbuation product*, particulate emiaaiona and
/ combuatible fraction of the particulate. Baaed

on the experimental data, a linaar ragreaaion
nodal waa developed to investigate tha variables
affacting the combustion proceaa. A computer
model waa used to calculate the temperature and
composition of the combustion products under
adlabstlc conditiona. Results of the adiabatic
modal and the experimental regression analysis

; are compared and discussed.

,- According to the results presented, it is
concluded that the combustion efficiency and
particulate emissions are most influenced by the
factors that increase the volume of the
combustion producta in tha combustion chamber.
These variables include excess air, moisture '
content of the fuel and the combustion air
temperature. Fuel particle aiie and the
fraction of under-fire air did not significantly
affect tha combustion efficiency and particulate
emissions. It is alao concluded that the off-
deslgn (part load) operation of the combustion
unit, results in higher particulata emissions

_ and lower combustion efficiency.

Keywords: Biomaaa combustion, wood combustion,
combustion.

INTRODUCTION

During the past twe ''ecadec fossil fuel
availability and coat 4 Nell aa concerns for
protection of the environment have motivated new
efforts in the aearch ~o± renewable, clean,
affordable, and reliable aourcae of energy.
Biomaaa fuala, particularly wood and wood waate
fuels, present an attractive choice for energy
production. In 1983, biomass resources supplied
2.8 quads (2.8xlOu btu) of energy per year,
rapreaantlng 3.7 percent of the annual energy
consumption in the United Statea. By the year
2000, bionaea resources can provide 6 to 16.6
quada (S to IS percent) of the annual energy
consumption in the United Stataa (SBRI 1983).

Today, concern for the aafaty and protection
of the environment ia a dacialve factor in
selection, design, and operation of energy
converaion systems. Primary pollutants
generated during the combustion process include
nitrogen oxides, carbon monoxide, carbon

ipreaented at the National Bioenergy Conference,
Hatch 18-20, 1991.
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Fossil fual combustion and harvesting of the
forests ara principal contributora to the green
houaa effect (cauaad by an increase in carbon
dioxide in the earth's atmosphere). Biomaaa
fuel combustion seems to play only a minor role
in increasing tha levels of carbon dioxide in
the earth's atmosphere. In fact, a balance
between harvesting, combustion, and
recultivation of biomaaa would not contribute
significantly to the increase of carbon dioxide
on a global basis (Klaaa 1980). Nitrogen oxides
and sulfur compounds ara other forma of
pollutants generated resulting from combustion
of fossil fuels. In comparison to fossil fuels,
biomaaa fuela contain considerably lower amounts
of nitrogen or sulfur. Therefore, combustion of
the blonaas fuels does not generate high levels
of nitrogen oxides or sulfur compounds.

In comparison to fossil fuela, biomass fuels
pose several limitations including lower energy
content per unit volume, capacity to absorb
higher levels of moisture, and wide variation in
compositions. Compared to natural gas and oil,
biomass fuels have higher levels of ash content
but compared to coal tha ash content of biomass
fuala is considerably lower.

COMPOSITION OF HOOD

The major components of dry wood are
csllulose, hemicellulose and lignin. The minor
components of wood are resins, mineral matters,
nitrogenous organic compounds with traces of
organic acids (Benson 1932). On a dry basis,
wood contains about 7 percent extractives and
mineral compound or ash. Extracted hardwoods
contain about 43 percent cellulose, 35 percent
hemicellulose, and 22 percent lignin. Softwoods
contain approximately 43 percent cellulose, 28
percent hemicellulose and 29 percent lignin
(Shafizadeh 1977).

COMBUSTION OF WOOD

Upon exposure to heat flux wood particles do
not burn directly (Browne 1958). Combustion of
wood takes place in three atagea. The firat
atage is drying or evaporation of moisture in
wood. Thla is an endothermic proceaa that
requires a aupply of heat to particles. The
energy required in this process is discussed in
detail elaewhera (Dadkhah-Nikoo and Buehnell
1987; Dadkhah-Nikoo 1985).

Since the ignition temperature of dry wood is
higher than ita charring temperature (Wise and
Jahn 1952), under the influence of a
sufficiently strong source of energy, wood
undergoes thermal degradation, or pyrolysia.
Pyrolysia ia "an endothermic irreversible
chemical degradation of vood in which virgin
wood ia transformed into char and combustible
vapors" (Xanury 1972). Whan Combustible
pyrolysis products are driven off they can react
with oxygen and burn in the gaa phase with
flaming combustion. This reaction generatea
heat for further drying and pyrolysia of the
fuel.

The residue remaining after pyrolysis is a
highly reactive carbonaceous char. Oxidation of
char in aolid phaae reaulta in glowing
combustion that has a slower rate of burning
than flaming combustion. If the intensity of
heat flux or oxygen aupply fall below a minimum
level, smoldering combustion takes place. In
smoldering combustion unoxidized volatile
products and aeroaol partiri.ee are emitted as
smoke. During the combustion proceaa the
celluloaic component i» mainly converted to
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volatile products while lignin la mainly
converted to char (Shafizadeh 1977). A
simplified version of wood combustion process la
shown In Figure 1.
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Figure 1--Stages of wood combuation.

FACTORS AFFECTING THE COMBUSTION OF HOOD

Performance of wood-fired combustion unlta
and boilers dapand on dealgn and operating
conditions of the burner aa well aa fuel
preparation and properties. Some of theae
factora Include moisture content of the fuel/
fuel particle alxe, exceas air, combuation air
temperature, and fraction of the under-flre air.

Moisture content of the biomasa fuela may
vary from 2 to 75 percent (wet basis) (Oswald
and June 1980; Hewlett and Gamache 1977) and
affecta the combuation procesa in a variety of
waya. Variation in fuel moisture content alters
the net heating value of the fuel, rate of
combuation of the fuel, flame temperature and
volume and velocity of the combustion products
in the combuation chamber.

The net heating value of the wood fuel
decreasaa with increaaed moisture content. The
flame temperature drops accordingly. Reduction
of the adiabatic flame temperature due to
increase of moisture content of wood is studied
by Tillman and Anderson (1983) for some wood
species. The effect of moisture content on the
combustion temperature of Douglas-fir is
discussed by Dadkhah-Nikoo (1985). Burning rate
of wood particles decreases as moisture content
of the fuel increases (Simmons 1983; Junge
197S).

As a result of vaporization, the volume of
the moisture content of the fuel increases by a
factor of 5700. This Increase in volume results
in higher velocity of the combustion gases and
in combination with a slower rate of burning and
lower flame temperature, increases the emissions
of unburned particulate and reduces the
efficiency of the wood-fired boilers.

Similar to moisture content, the size of wood
fuel particlee have a wide range of variation
(Oswald and Junge 1980). Wood fuel particles
used in typical wood-fired boilers varies from
SxlO"5 to 4 inches; this is a ratio of 5x10*.
Due to their larger surface to mass ratio,
smaller particles burn at a faster rate than
larger particles (Simmons 1983). Hood
combuation systems are designed for a limited
range of fuel particle size (Dadkhah-Nikoo
1985). Exceeding the fuel eize limitations,
increases the particulate emissions and reduces
the efficiency of the combustion system (Junge
1975).

Increasing ths combustion air temperature
increases the combustion rate of wood particles
(Simmons 1983), and Improves the performance of
wood-fired boilers. Junge (1975), recommends
that the highest possible temperature be uaad in
hogged-fuel boilers. For oil- and gas-fired
boilers increasing the conbustion air

temperature increases the boiler efficiency
(KVB, Inc. 1980).

For wood-fired boilers the amount of excess
air depende on the design of the particular
system and conditions of the fuel. Use of
excess air above the optimum amount required for
combustion, increaaaa particulate emissions and
reduces boiler efficiency, flame temperature,
and combustion rate.

The ratio of under-flre air and the location
of over-fire air is also an important factor in
combustion processes. The optimum amount of
excess air and fraction of the under-fire air
depends on the combustion system, properties of
the fuel and its moisture content (Junge 1979;
Haluzak 1989; Junge 1978; Junge 1978).

EXPERIMENTAL FACILITIES

The experimental facilities used in this
study consist of a combustion chamber, an air
delivery and preheat system, a fuel delivery
system, an exhaust system, and a data acqui-
sition and control system. Figure 2, shows a
cutaway view of the combustion chamber.
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Figure 2—Cutaway view of the combuation
chamber.

The combustion chamber is made of schedule
20, 304 stainless steel tube with a nominal
diameter of 12 inches. A high temperature
ceramic refractory is used to protect the outer
shell and promote thermal stability in the
chamber. The combustion chamber inside diameter
is 6.5 Inches. The height of the combustion
chamber is 36 inches. On top of the combustion
chamber a computer driven X-Y probe-positioning
table is mounted. The table holds three probes,
one for gas sampling and two for temperature
measurement.

Particulate samples are collected on fiber-
glass filters. Type K thermocouple* are used
for the temperature measurement of under-fire
and over-fire air, combuation producte, exhaust,
and the outside wall of the combustion chamber.
Detailed description of the combustion system is
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givan elaawhexe (Haluxak 3»>a9> Dadkhah-Nlkoo and
Buehnell 1988) Bushnell and others 1989).

»»p»rim«nti

To axamina tha effect of alia variations of
the fual particles, cubical samples of Douglas-
Flc wara prepared In thraa sixas, 1/4, 3/8, and
1/2 inchae. Moisture lavals wara controlled at
11 parcant, 35 parcant and S3 parcant (wat
basis). Various lavals of axcaas air, fractions
of undar-fira air and undar-fira air
temperatures wara aalactad. To atudy tha off-
dasign (part load) performance of tha combustion
unit, different fual faad ratas ranging from
full load (4 lb/hr) to half load (2 Ib/hr) wara
chosan for tha experiments. Table 1 prasants
tha actual tast sattings for tha axparimants.
Fual analysis is givan in Tabla 2.

Temperature and composition data wara
collactad at distances ranging from 16 to 24
inchaa from tha grata at 2 inch intarvals. At
aach intarval 15 samplas of combustion gasas
wara analyxed and recorded. Two temperature
probes located at tha same distance from tha
grata and equidistant from tha gas probe
recorded tha temperature of the combustion
products. Three temperature readings from aach
proba ware recorded. Therefore at each data
point, IS gas composition and 6 temperature
readings were collected. Bach experiment was
represented by a single tamperature (an average
of 30 temperature measurements) and a single
composition (an average of 80 composition
measurements). The composition was speciflad by
amounts of Oj, COj, ihe combustibles (CH4), CO,
NOX, SOj, and H2S. Since the values of SOj, H2S
and tha combustibles measured wara
insignificant, these values are not reported.

Data collected from these experiments, are
used in a linear regression program to generate
a set of regression coefficianta. These
coefficients allow prediction of combustion
products and combustion system performance over
a wide range of variables.

A computer model is used to predict the
composition and temperature of the combustion
products for each experiment under adiabatic
conditions. This modal also calculates the
efficiencies for tha combustion process for each
experiment and its adiabatic counterpart. These
efficiencies provide a tool for comparing tha
experiments and the ideal cases.

Adiabatic Combustion Model

A computer modal for wood combustion
(Dadkhah-Nixco and Bushnell 1987; Dadkhah-Nikoo
198S) ia used to predict the results of
experiments under adiabatic conditions.
Diffarant efficiencies are defined to emphasize
the significance of tha moisture and the exhaust
losses. Two efficiencies, EFF11 and EFF12, are
defined baaed on the first law of
thermodynamics. This allows for analysis of the
combustion process basad on the energy content
of the fuel. Three efficiencies, EFF21, EFF22
and SFF23, ara defined basad on the second law
of thermodynamics. This sllows for analysis of
the combustion process based on the exergy of
the fuel. EFF11 is defined as:

Tabla 1--Bxperimantal settings for the
experiments and independent variables tor
regression analysis.

EFFll Enthalpy of combustion products
energy input to combust ion uni?

F.*p.
No.

I
2
J
4
5
6
7
8
9
10
] ]

12
13
14
15
16
17
18
19
:o
21
22

a
24

Fuel
Feed Kale
drv Ihrtu

4.01
4.01
4.01
4.07
4.07
4.07
4.17
4.17
4.17
4.43
4.43
4.29
4.29
4.29
4.59
4.9V
4.62
4.62
4.62
2.26
2.26
2.JS
2J8
2.49
2.49

Fuel
M.C.

W.B.%
54
54
54
35
35
35
II
11
11
35
35
54
54
54
35
11
11
11
11
53
53
11
U
53
53

Fjccu
Air
*

116
117
117
114
113
113
106
108
108
72
116
123
78
63
53
40
87
ION
66
83
119
62
92
88
75

U.I'.
Air
*
35
«
50
65
35
SO
65
35
50
SO
SO
50

so
50
50
50
5(1
50
50
35
35
35
35
35
35

U.F.Air
Temp.
dc|.F

84
82
82
82
84
K4
83
81
id
89
88
87
89
405
405
408
84
85
88
%
91
90
93
206
406

Fuel
Size

U|. in.
0.84375
O.K4375
O.B4375
O.K4375
0.84375
0.S4375
0.84375
0*4375
0.84375
0.84375
0.84375
0.84375
0.84375
084375
0.84375
0.84375

1.5
1.5
1.5

0.175
O.J75
0.375
0.375
0.375
0.375

Tabla 2—Analysis of tha fuels used in this
study.

Ultimate Analyin
(% dry basin)

Carbon
Plydrogcn
Nitrogen
Sulfur
Chkmne
Aih
Oxygen (hy did.)

Proximate Analysis

Fixed carbon
Volatile matter
Ash
Asti Fusion Temperature
(dCK.F)
Initial
Fluid
Signer Heating Value
(btu/lb.dry)

DOUGLAS-FIR

51.3
6.31
0.048
0.0(14
0.0
0.05

4129

14.26
85.69
0.05

2450
2480
8775

The heat of vaporixation of water is included
in the enthalpies used in this definition and in
those that follow. Energy input to the system

is tha sura of tha energy content of tha
combustion air and the higher heating value of
tha fual. EFF12 ia defined as:

enthalpy of combustion products -
EFF12 « enthalpy of axhaust gases

energy input to combustion unit

The diffarance between EFFll and EFF12
represents the axhaust loss. This loss results
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from exhausting the combustion products at high
temperature. For nost applications, the exhaust
temperature is sufficiently high to keep the
water in tha axhaust gases in vapor or
auperheatod vapor form. For this experimental
investigation, exhaust temperatures of 2SO*F are
assumed. EFF21 and SFF22 are defined asi

EFF21 £ EFF22 • * x > r9Y J f combustion products
exergy of tuel •

exergy of conb. air

Calculation of EFF21 is basad on tha higher
haatiiv* value of tha fual instead of its axargy
(Dadkhah-Nikoo 1985); XFF22 and EFF23 ara
calculated basad on ttu exergy of the fual.
EFF23 is defined as:

EFF23

exergy of combustion products -
axergy of exhaust gases

exergy or tuel • axergy ot comb, air

3000-

EXPERIMENT

REG MODEL

AD. MODEL

5 10 15 20 25
EXPERIMENT NUMBER

The gas properties used for tha adiabatic
cases ara based on compositions predicted by the
adiabatic modal. For tha experiments the
properties are calculated according to tha
compositions measured for each experiment.

Regression Model

In ordar to investigate the affect of
individual variables on performance of tha
combustion unit, a linear regression model is
usod. From this regression modal a sat of
regression coefficients la generated. The
independent variables ara given in Table 1. The
dependent variables include combustion product
temperatures and composition (O,, CO2, NO,, and
CO), particulate emiasionn, amount of combus-
tible in particulate, efficiencies, and heat
loss. The results of the regression model
(regrassion coefficients) are presented in Table
3. Bach dependant variable can be predicted
ueing the coefficients provided in this table.

Figure 3 shows that the results of the
regression model are close approximations of the
experimental measurements. However, the results
of the adiabatic modal ere significantly
different from the experimental measurements.
Figure 4 shows the Oj content of tha combustion
products. The agreement between results of the
regreaaion modal and experiments are not as
close as in Figure 3, yet the regression model
gives a much better approximation for the
experimental values than the adiabatic model.

Figure 3—Comparison of the results of the
adiabatic model, experiments, and regression
model for combustion temperature.
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X X X . - Zi

Ox c
c

EXPERIMENT

R i o . MODEL

A
AD. MODEL

5 10 15 20 25
EXPERIMENT NUMBER

Figure 4—Comparison of the results of the
adiabatic modal, experiments, and regression
modal for combustion products oxygen content.

Results

In this analysis the term "heat loss" refers
to the difference in energy input to the
combustion chamber and the energy content of the
combustion products and is a combination of
convective and radiative heat loss from the
combustion chamber, incomplete combustion of the
fuel (conversion of carbon to CO instead of
CO,), and emissions of unburned particulate.
The most significant portion of the "heat loss"
was contributed by the radiation and convection
losses. The typical average temperature of the
combustion chamber outside wall for the
experiments was 400*F. The convective and
radiative heat loss at this temperature is
estimated to be between 30 to 40 percent of the
energy input (at full load) to the combustion
chaicber.

Optimum Positioning of the Over-Fire Tube

To determine the location of the over-fire
air tube for optimum operation a aeries of tests
ware carried out. In these experiments,
commercial wood pellets were used. The optimum
operating condition is determined baeed on
minimising the opacity and particulate emissions
and maximizing the combustion temperature and
afficiency. The results Indicated that the
optimum location for the over-fire tube ia 4
inches above the grate. If the over-fire tube
is placed below the optimum location, the over-
fire air flow disturbs the particles on the
grate and significantly increases the emissions
of the unburned particulate, which in turn
decreases the combustion efficiency. If the
over-fire tube is above the optimum location,
the residence time of the pyrolyais products is
reduced which is suggested by high opacity
readings. The high opacity reading is an
indication of incomplete combustion of the
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pyrolyais products and is accompanied by low
combustion afficiancy.

Part Load toff-Dsslon) Operation

Figure S shows that incraasing the fual feed
rate from 2 lb/hr (half-load) to 4 lb/hr (full-
load) increases the combustion temperature by
approximately 200*F. The adiabatic temperature
for identical operating conditions is approx-
imately 1,OOO*F higher than that of experimental
taaperatures.

2200

MR TEMP -80d«g. F
SIZE - 0144 M. n

600
2 2.2 2.4 2.8 2.8 3 3.2 3.4 3.6 3.6 4

FUEL FEED RATE (dry IDrtV)

Figure 5—Combustion temperature as function of
fuel feed rate.

The increase in combustion temperature
results from increased energy input into the
combustion unit. Radiation and convection heat
loss from the combustion chamber's outer wall
increases because of increased energy input but
is not directly proportional to energy input.

Figure 6 shows that the Oj content of the
combustion products decreases from 15.5 to 14
percent (for the case indicated) when fuel fead
rate increases from half load to full load. The
decrease in Oj content is accompanied by an
increase in COj content, implying that at fead
rates closer to tha design condition of the
burner (full-load), combustion would be more
complete than at half-load. Similarly, Figure 7
ehowa that higher fuel feed rates result in
lower CO content (from 1150 ppm at half-load to
250 ppm at full-load) while the NOt content of
the combustion product was subject to a slight
increase. The decrease in CO content is an
indication of aora complete combustion. It
should be noted that the NO, generated during
the combustion of wood is mainly due to the
nitrogen content of the fuel (wood) and cannot
be related to the fixation of atmospheric
nitrogen (Howlett and Gamacha 1977; Tillman and
others 1989). Typically, wood combustion takes
place at substantially lower temperatures than
the fixation temperature of atmospheric nitrogen
(3000*F). Therefore, at temperatures below
3000«F, only fuel-bound nitrogen will generate
nitrogen oxides (Babcocx and Hilcox 1976).

It should be noted that the combustion gases
were sampled within the combustion chamber and
not from the exhaust gases. Furthermore no air
pollution control device preceded the sampling
point. So, theaa values (CO, COj, NO,) should be
viewed as relative measures of tha completeness
of combustion and not as pollutants.
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FUEL FEED RATE (diy ttVhr)

Figure 6~Oxygen and carbon dioxide content of
the combustion products as function of fuel feet
rate.
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Figure 7—CO and NO, content of the combustion
products as function of fuel feed rate.

Figure 8 shows the particulate emissions and
the amount of combustible in the particulata.
The decrease in both variables suggests that ths
fuel feed rate has a significant affact on thass
variables. At low fual feed rate levels, which
are accompanied by lower combustion
temperatures, unstable combustion resulted in
flare-ups that contributed to higher emissions
of particulate and combustibles. This was
particularly pronounced for the fuels with high
moisture content, burning at low levels of
under-fire air.

Figure 9 shows the efficiencies as a function
of fuel feed rate. EFF21 is approximately one
percent higher than EFF22. Tha difference ia
attributed to use of higher heating value of the
fual in place of the fuel exargy. As fual feed
increases from 2 to 4 lb/hr, 1FF11 and EFF12
show nearly a 9 percent increase. Tha increase
ie due to Increased combustion temperature,
changes in tha composition of tha combustion
products, and a decrease in the heat loss (i.e.,
the "fraction" of heat loss decreases as energy
Input increasee).
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Figure 8—Particulate emission and combustible
in particulate aa function of fual feed rata.
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Figure 9—Efficiencies aa function of fual feed
rat*.
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Figure 10—Combustion tamperatur* aa function of
moisture content of the fuel.

experimental combuation temperature waa becauae
the fraction of heat uaed in the vaporisation of
the additional moiatura waa relatively email in
coaparlaon to the total heat loaa. For the
adiabatlc caae, the additional heat of
vaporisation ia the main aource of energy
consumed that reducea the combustion
temperature.

The increase in moisture content of the fuel
doe* not significantly affect the O, and COj
content of the corcbustion products.

Figure 11 shows the CO, NO, content and the
combustion temperatures. Thsr* is no
significant change in NO, as the moisture
content increases, but the CO content increases
by 200 ppo. This increase is due to reduction
of the combustion temperature and the higher gas
velocity (cauaed by the increase in volume of
the combustion gases) in the chamber. The
higher gaa velocity in the chamber reaulta in
lower residence time for the combustion
producta. Except for CO content, the increaae
in moisture content doea not affect the
composition of the combuation producta.

There ia approximately a 25 percent
difference between EFF11 and EFF12, which
indicatea a significant reduction in the
efficiency of the process due to exhausting the
combustion producta at a high temperature (in
this caaa, 250*F). For oil- and gas-fired
boilers (which lack moisture in the fuel),
exhaust losses range from 10 to 40 percent as
exhaust temperatures increases from 100*F to
800*F (KVB, Inc. 1980).

The efficiencies EFF22 and EFF23 showed an
increase of nearly 6 percent over the range of
fuel feed variation, the difference shows the
exhaust loss. The low values of the Second Law
efficiencies indicate a significant loss of
exergy in this process, resulting from the
conversion of high exergy fuel to low exergy
combustion products and the heat loss.

1200

10 15 20 25 30 35 40 45 50 55
MOISTURE CONTENT (% W.B.)

.800

Moisture Content

Figure 10 shows the effect of moisture
content on combuation temperature for three
levels of excess air. Increasing the moisture
content from 11 to S5 percent (wet basis)
decreases the combustion temperature by 70*F,
whereas the decreass for the adiabatic
temperature ie 470*F. The small decline in

Figure 11—Combustion products CO and No,
content as function of fuel moisture content.
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Figure 12 presents the particulat* wni.sal.ona
and the combustible contant of the particulata
as a function of moiatura contant. Incraaaing
tha moiatura contant from 11 to 55 percent
increaaea tha particulate from 0.02 to 0.033
graina/dacf. and th* combustible* in tha
particulate increasee from 5 to 27 percent ovar
thia range. Th* increase in particulat*
•mission* ia caused by tha higher velocity of
tha combuation product*. Tha incraaaa in gaa
velocity raducaa th* raaidanca tin* and
incraaaaa th* drag on small particlaa within the
chamber. Th* raducad reaidence tiro* and lower
combuetion taaperaturee inducaa a higher
percentage of conbuatible in particulate.

O l T

0 09^ FUEL FEEO - 4 ItxTii
> E A • 100%

ooe-l U F A I R - s o *
AlflTEMP "KOOtB-F

0.0? 1

85 30 35 40 «
MOISTURE CONTENT (% W.a)

Figure 12—Particulate and combuatible in
particulate *» function of fuel moisture
contant.

Figure 13 ahowa the efficienciea aa function
of moisture contant. Increasing the moisture
content of the fuel increasea the flow rat* of
tha combustion products. This increase, with
the decrease in heat loss through the chamber
wall shown in Figure 14 (due to reduced
combustion temperature), reaulta in an increase
in EFF11. Its shown in rigure 13, EFF11
increases by nearly 16 percent while 2FF12 in-
creases by only 2 percent. EFF11 increases due
to a higher masa rate of combuation products and
lower heat loss, whereas the EFF12 increase is
due only to reduced heat loss. The difference
between the two shows a 14 percent increase in
•xhaust heat loss aa tha moisture content
increases from 11 to 55 percent.

Excess M r

Figure IS shov-a a ISO'F drop in combustion
temperature when increasing the excess air from
70 to 200 percent. The comparable decreaae for
tha adiabatic combuation temperature is 740*P.

Figure 16 shows NO, decreasing due to an
increase of other constituents of the combustion
products, including oxygen and nitrogen.
Reduction of the combuetion temperature and the
shorter residence tine of the gaaes within the
combustion chamber (due to higher volume of
combustion air) contributes to the CO increase
in the combustion products. A similar increase
in CO content in the exhauat products aa a
result of increased excess air is reported for
oil- and gas-fired boilers (KVB, Inc. 1980).
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Figure 13-Htfficienciee as function of fuel
moisture content.
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Figure 14—Combustion temperature and heat loss
as function of fuel soistu^e contant.
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Figure is—combustion temperature as function of
excess air.
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Figure 16—Temperature, CO, and NO, contant of
th« combustion product* aa function of axcaaa
air.

Figure ia—efficiencies aa function of excess
air.

Figure 17 ahowa particulate emission*
increasing froai less than 0.01 to 0.09
graina/dacf ovar th« range of axcaaa air
considered. Both the particulate and tha
coabuatible show an incrataa that may be
attributed to tha shorter raaidanca tin*, higher
gaa velocitiea, and lower combustion
temperature.

Pnder-F|re Kir

Tha results of the regression analyaia
indicated that changing the ratio of undar-flre
air to total combustion air would not affect
•oat of the parameters conaidarad in thia
experimental inveatigation. However, in case*
of high moisture content fuels, higher level* of
under-fire air were required to keep the
operation stable.
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Figure 1?—Particulata emisaiona and combuatlble
in partlculate as function of exceaa air.

Figure 18 shows all efficienciea improving as
excesa air increases. For EFF11 this increase
is nearly 20 percent and for EFF12 it is
approximately 14 percent; EFF22 and EFF23 show 7
percent increases. These improvements are due
to an lncreaae in flow rate of the combuation
products and reduced heat loss fron the
coobustion chaaber (due to lower conbustion
temperatures). The heat loss reduces by
approximately 3S percent over the range of
exceaa air considered for these experiments.

Fuel Particle Sir*

In Figure 19 tha NO, and CO content of the
combustion products are shown with combustion
temperatures aa the size (surface area) of tha
fuel particles is increased. When the surface
area of the fuel particle increases from 0.844
to 1.S00 in% combustion temperatures decreases
by approximately 21»F. It is difficult to draw
any conclusions frost this result since this
decrease is within the limits of allowable error
in the regression model. Since there is only a
small change in combustion temperature, the heat
loaa and efficiencies do not change appreciably.

This figure also shows a significant incrsAse
in the CO content of the products. This is an
expected result since the larger particles burn
at a slower rate (and thus require longer
residence time). Therefore, the drop in
combustion temperature is validated by the
indication of higher CO content (i.e., m lower
conversion rate of carbon to COj). The HO,
content of the combustion product shows no
significant changes over this rangs.

The increase in size of particlea increases
the particulate emissions by 0.0S grains/dscf
over this range, but the percentage of the
combustibles in particulate remains unchanged.
For typical induatrial wood-fired boilers, fuel
particle aize has a wlda range of variation. In
these boilers, fines in the feed substantially
Increase partlculata emissions and NOZ
generation, while reducing the efficiency of the
process (Tillman and others 1989).
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Figure 19—Temperature, CO, and NO, content of
the combustion products as function of particle
• ixa.

Under-F^ra Air Temperature

To enhance the combustion process it is
common practice to prehoat the combustion air.
Whan tha moiatura content of tha fu«l is high,
preheated combustion air provides a faster rate
of drying and combuetlon (Simmons 1983).
Increasing tha combustion air temperature is
accompanied by an increase in the volume of air,
which could offset soma of the benefits of
preheating tha air.

For these experiments, preheating tha
combustion air from 80*P to 400*F increased the
combustion air volume by approximately 60
percent, which in turn increased the combustion
gas velocity while reducing residence time for
the suspended particulate.

As shown in Figure 20, the combustion
temperature shows a decrease of approximately
1S°F as under-fir« air temperature increases by
320°F. This result was surprising, but when the
increase in gas velocity and the reduction in
residence time were noted, it is concluded that
the combustion process deteriorated rather than
being enhanced.

Particulate emissions and combustibles in the
particulate show an increase over the range of
increased air temperature, as indicated in
Figure 21.

Figure 22 shows the efficiencies decreasing
as the combustion temperature increases.
Earlier experiments on wood pellets (Bushnell
and othnrs 1989) support these results. Note
that the energy used to heat the air is
accounted for in calculation of the
efficiencies.

For industrial hogged-fuel boilers, burning
fuel with high moisture content, it in
racommanded that the highest possible combustion
air temperatures be applied (Tillman and others
1989). In addition, increased combustion air
temperatures hava been shown to improve the
efficiency of the oil- and gas-fired boilers
(KVB, Inc. 1980). The results of invsatigationo
mentioned above, contradict the results of the
present investigation and the study performed
by Kaluzak (19B9). This is bocausa the system
used for thane experiments has a substantially
smaller combustion chamber than those used for
the industrial applications. The smaller
combustion chamber makes the combustion process
extremely sensitive to any changes that resale
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Figure 20—Heat loss and combustion temperature
as functions of under-fire temperature.
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Figure 21—Farticulate emissions and
combustibles in particulate as functions of
under-fira air temperature.
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Figure 22—Efficiencies as function of under-
fira air temperature.

in the reduction of the residence time of the
combustion products (for example, preheated
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combustion air, moisture content, and excess
air) or increased radiation and convection haat
loss (auch aa incraaaad combustion
temperatures). Thaaa sensitivities ara not ea
crucial in industrial boilara that hava
substantially larger combuation chamber volume
and battar inaulation.

Conclusions

From tha diacuaaion of tha raaulta, baaad on
the experimental work and tha ragreaaion
analyaia, tha folloving observations can ba
and*.

1) Convactiva and radiativa heat loaa from
tha combuation chamber ara tha dominant
factora ralatad to combustion
temperatures and afficianciaa.

2) The variables that increase tha volume of
the cccnbuation products (and their
velocity, which in turn decreaaes the
residence tine of the combustion
products) adversely affects combustion
temperature and conversion rate and
increaaes particulate emissions. These
variables include higher excaaa air,
higher fuel noiatura contant, and higher
combustion air temperature,

3) The variation in the ratio of under-flra
to total combuation air has no
significant effect on combuation
performance over the range of variables
considered in this study. Previous
experiments on wood pallets and hogged
fuel toilers recommend different
operating conditions for highest
efficiency (Jungo 1975; Haluiak 1989;
Junge 1978; Junge 1978). It can ba
concluded that the optimum ratio of the
under-fire air depends on type of the
fuel, fuel ooiature content and the
combustion system utilized.

In addition, when the combustion unit
is operated at a lower fuel feed rate
than its design specification, a higher
percentage of under-fire air is required
to prevent black-out in the chamber.
This is particularly more pronounced in
high moisture content fuels.

4) Operating tha combustion unit at fuel
feed rates lower than the design
conditions will contribute to lower
efficiency, lower combustion temperature,
higher CO, higher particulate emissions,
and higher combustible content in the
particulate.

5) Although moisture content does not affect
the composition of combustion products
(with the exception of CO content), it
adversely affects the combustion
temperature, particulate emissions,
combustible content of the particulate,
and increases the exhaust heat loss.

6) Increasing the excess air above 70
percent decreases combustion
temperatures, while increasing particu-
late emissions, combustible in
particulate, and CO production. All of
the efficiencies investigated show
improvements a* excess air was increased
due to a higher flow rate of combustion
products. Previous investigations have
shown that 60 percent excess air is the
optimum excess air rate for wood pellets.
(Note that wood pellets have a substan-
tially lower moisture content than other
wood products.)

7) Increased fuel particle alee (surface
area) increases the CO production and
particulate omissions, while it decreases
tha combustion temperature and
efficiency.

Finally, in all the experiments conducted, no
opacity was observed during tha teats, other
than flare-ups occurring at low fuel feed rates
or at tha start-up of tha unit. It should ba
noted that these conclusions ara valid only for
the range of variables considered in this
experimental investigation.
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Table 3—Regression coefficients.

Variable

(Y)
Comb. Temp.
!O2
!cO2
NOx
CO
(Paniculate
ICombustihle
LEFF11

LEFF12
EFF21
EFF22
EFF23
,Hcat Loss

Unit

dep.F
9c
9c
ppm
ppm
i?r/dscf
9c
9c
9c
9c
9c
9c

blu/hr

Constant

841.614]
14.9190
4.1521
13.7301

893.5249
0.1491
95.3295
16.2632
7.2182
3.6079
3.4449
2.1253

: 1865.30

COEFFICIENTS
Fuel
Feed
lb/hr

117.2459
-0.9789
1.2361

13.2059
-439.7121

-0.0683
-35.5112
4.4907
5.0743
3.5186
3.3511
3.1779
2443.20

Moisture
Content

<?e
W.B.

-1.4243
-0.0018
0.0048
-0.0406
4.5404
0.0003
0.5258
0.3640
0.0459
0.0582
0.0555
0.0133
-124.97

Excess
Air
9c

• 1.1325
0.0209
-0.0180
-O.O5S5
3.4949
0.0006
0.1623
0.1422
0.1107
0.0560
0.0531
0.0481
-44.62

U.F.
AIR

%

0.1337
-0.0110
0.0113
0.1210
3.5030
0.0000
-0.0321
0.0100
0.0083
0.0094
0.0091
0.0054
-4.09

U.F. Air
Temp.
dcg. F

-0.1253
0.0097
-0.0087
-0.0600
0.7676
0.0002
0.0565
-0.0103
-0.0093
-0.0062
-0.0059
-0.0041

7.34

Surface
Area
sq.in.

-32.2997
0.2560
-0.1176
-14.8735
415.6050

0.0754
33.0666
0.0661
-1.3429
-0.6325
-0.6028
-0.8033
450.06

R"2

0.9591
0.4407
0.5041
0.5864
0.5977
0.6283
0.8006
0.9557
0.9372
0.9216
0.9217
0.9235

0.95

Standard
Err. of

Y

25.6217
1.5544
1.5054
9.8406

282.1554
0.0387
15.5545
2.1024
1.5369
1.1322
1.0768
0.9466
108S.63
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In-Home PtrformaiK* of Residential Cordwood Stoves1 Table I. National Emission Inventory data
for panicles and carbon monoxide (198i).

James E. Houck, Stockton G. Barnett, and Robert B. Roholt
OMNI Environmental Services, Inc., Beavenon, Oregon2

Abstract: The air quality impacts of residential cordwood
stoves have been of concern to regulators, energy planners, and
members of the woodstove industry. In addition, the reliability
of laboratory certification emission values in predicting "real
world" emissions has been questioned. In response to these

/-esawfra-, muliculate emissions from residential cordwood stoves"!
/ under actual in-home use have been measured for 5 heating *

seasons as pan of 12 separate studies in Oregon, New York,
Vermont, and the Yukon Territory. Monitoring was conducted
using an automated emission sampler (AES) system. A-speeral-
ly-^csigflai-data_logger/controjlet-was pMHjfthe-systtm. The
system has been deployedlrTnearly 100 individual homes.
Typically, emissions from several 1-week-long integrated sam-
pling periods over the course of the heating season were mea-
sured with the AES system at-each homef ^ \^X^Ji^ &

Paniculate emission rates in grams of panicles per hour of stove
operation, grams of panicles per kilogram of dry wood burned,
and grams of panicles per million Joules were calculated,
Ancillary data provided by the studies included wood burn rates,
homeowner wood loading patterns, wood moisture content and
species, hours of operation of auxiliary heating appliances in the
study homes, room ambient, flue gas, catalyst, and pre-catalyst
temperatures, and hours of catalyst operation. Conventional
stoves, high-technology non-catalytic stoves, catalytic stoves,
and stoves equipped with retrofit catalytic devices have been
studied. In addition to the 12 cordwood stove studies, the AES
system has been used in 2 pellet stove studies and I fireplace
study. •A-daserintion-of the AES-system-and an overviow-ef-tiw-
results.of the 13-cordwood woodstove studioG are presented-

INTRODUCTION

Heating of homes using wood fuel contributes a significant
amount of energy to the U.S. energy mix. However, this
process contributes a substantial amount of paniculate and car-
bon monoxide emissions. Not only can residential wood com-
bustion (RWC) be considered a major source of particles and
carbon monoxide when compared with other major nationwide
pollutant categories such as motor vehicles and industrial point
sources (Table I), but locally the impact of RWC can be very
high due to locally large numbers of woodstoves and its seasonal
nature. Exceptionally high atmospheric concentrations of RWC
pollutants are often reached during the heating season in com-
munities with poor dispersion caused by valley terrain and
wintertime inversions. Due to the roof level of residential
sources of RWC emissions, human exposure is a near maxi-

'Presented at the National Bioenergy Conference, Coeur
d'Alene, Idaho, March 18-21, 1991.

2Vice President and Senior Scientist, OMNI Environmental
Services, Inc., Beavenon, Oregon; Senior Scientist, OMNI
Environmental Services, Inc., Beavenon, Oregon; Senior Engi-
neer, OMNI Environmental Services, Inc., Beavenon, Oregon.

Source Category

Residential Wood
Combustion

All Point Sources

Motor Vehicles

Particles
(metric tons x

103)

830

4,397

1,112

Carbon Monoxide
(metric tons x

103)

5,119

7,574

63,670

mum. Particles originating from RWC contain polycyclic
aromatic hydrocarbons (PAH), which have well-demonstrated
carcinogenic and mutagenic propenies.

Considerable technological advances in wood stove design
have been made recently which reduce emissions. To evaluate
the effectiveness of the new technologies in reducing emissions,
methods are needed to' measure wood stoves under real-world,
in-home use.

Unlike more traditional point sources, the combustion emis-
sions from RWC are difficult to quantify. A wide variety of
woodstove appliances is commercially available, a wide variety
of wood fuel (wood species and moisture content) is utilized,
and operating practices vary widely from home to home. This
large number of possible parameters makes laboratory testing of
woodstoves of limited utility in assessing overall RWC emission
levels characteristic of a specific community. Certification
testing, for example, uses dimensional lumber following speci-
fied operating practices and is not representative of in-home
usage. In addition to the variability which is characteristic of
RWC, woodstove emissions are pragmatically difficult to sam-
ple. Slow stack gas velocities, a high condensible organic
content (which clogs pitot tubes), and a relatively high water
vapor content require special modifications of traditional stack
sampling techniques to obtain accurate, reproducible results.

In an effort to measure woodstove emissions in a real-world
seuing and to provide data that will improve RWC impact
assessment, a relatively low-cost programmable data logger/
automated emission sampler system was developed. The system
was designed specifically for the in-home, long-term integrated
measurement of RWC emissions. Ancillary data such as indoor,
outdoor, flue, and catalyst temperatures, real-time wood usage,
coal bed status, and auxiliary heater operation have also been
automatically recorded by the system. The design and operation
of the system, as well as data obtained in 12 studies conducted
from 1985 to the present (Table II), are presented here.

INSTRUMENT DESIGN AND EXPERIMENTAL METHOD

A schematic illustration of the data logger/AES system is
shown in Figure 1. The AES system shown in Figure 1 is
primarily for the collection of paniculate samples (including
semi-volatile organic compounds) for subsequent mass determi-
nation. Gas collection with a Tedlar* bag (for determination of
CO emissions) and analysis for PAH have also been conducted
with the system. The sampling frequency, sampling duration,
and sampling period are controlled by the data logger, which is
programmed prior to sampling. The sampling frequency typi-
cally used is once every 30 minutes. The sampling duration is
generally 1 minute and the sampling period is 1 week. Conse-
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Table 11. In situ studies using AES/data logger system.

1985-86

• Northeast Cooperative Woodstove Study (NCWS); Vermont
and New York; 30 homes

• BPA Study; Portland, Oregon; 25 homes

1986-87

• NCWS; Vermont and New York; 30 homes
• Whitehotse Efficient Woodheat Demonstration; Whitehorse,

Yukon Territory, Canada; 14 homes
• Emission Sampling Systems Comparability Study; Portland,

Oregon; 6 homes
• Catalytic Retrofit/Add-on Devices Evaluation; Portland,

Oregon; 2 homes

1988-89

• NCWS; Glenns Falls, New York; 25 homes
• B.E.S.T. Project; Medford, Oregon; 6 homes

1989-90

• B.E.S.T. Phase 2; Medford, Oregon; 6 homes
• EMRC Non-Catalytic Project; Klamath Falls, Oregon; 3

homes
• NCWS - Glenns Falls Second Year; Glenns Falls, New

York; 5 homes
» WHA; Klamath Falls, Oregon; 6 homes
• BPA Certified Pellet Stove Study; Klamath Falls and

Medford, Oregon; 1990-9!
• BPA/ODE Exempt Pellet Stove Study; Medford, Oregon; 6

homes
• Mutual Materials Western State Clay Products Fireplace

Study; Portland, Oregon; 8 homes

quemly, a 1-week sample (10,080 minutes) represents 336
I-minute samples collected at 30-minute intervals. Any reason-
able combination of sampling frequency, period, and duration
can be programmed. With high-technology stoves this frequen-
cy can be increase to once every 15 minutes.

A stainless steel inlet probe is attached to the woodstove or
flue. Several points of attachment have been used, depending
on the stove type (i.e., conventional, catalytic, or retrofit). The
points of attachment have generally been (1) the stove firebox,
(2) the flue collar, or (3) the flue above the retrofit device.
Teflon9 tubing is used to connect the sampling probe to the
system. The Teflon tube is sloped such that any condensed
water drains into the heated filter chamber. The filter chamber
is operated at 93±25 °C. A i02-mm binderless glass fiber
filter is used in a stainless steel filter holder. After the filter,
the sampie flow is passed through a Teflon cartridge (3 cm I.D.
x 9 cm length) containing approximately 30 g of XAD-2 resin.
The temperature of the XAD-2 resin is not controlled. The
XAD-2 cartridge is attached to the outside of the box so the
resin stays near ambient temperature. After the XAD-2 column
the sample flow passes through approximately 300 g of indicat-
ing silica gel to remove water. The sample flow is then passed
through a 1-liier-per-minute (nominal) critical orifice. The flow
through each critical orifice is calibrated with a bubble meter
prior to installation into the system. The sample flow is passed
through the pump and on the exhaust side of the pump, the
oxygen content of the gas stream is measured with a Lynn
company oxygen sensor cell. The millivolt output (8.5 to 9 mv
at 21 % O2) is recorded with the data logger. Flue gas oxygen
content is'a key parameter in the calculation of total flue gas
flow (volume) during the sampling period. After passing
through the oxygen cell, the sample stream is exhausted back
into the woodstove flue to prevent any indoor air quality impact
A leak check of the sampling system is conducted upon installa-
tion at each home. Two vacuum gauges are included in the
system, one on either side of the orifice, to document the pres-
sure drop across the orifice, to allow the filter loading to be
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Figure 1. Schematic of AES/Data Logger system.
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assessed, and IO be used in leak checking the system, A toggle
shut-off valve is also in the system for use in leak checking and
a rotametcr is in line so that the instrument's performance can
be visually checked. Figure 1 is a schematic of (he overall data
logger/AES system. Figure 2 is a detailed diagram of the AES,

1. Sampling probe.
2. Stainless steel filter

holder for 102-mm
filter.

3. Heater with
thermostat (105 °C).

4. XAD-2 resin
cartridge.

5. Desiccant canister
6. Roiameter.
7. Pressure gauges.
8. Critical orifice

(1 Ipm).
9. Check

valve.
10. Toggle

shut-off
valve.

11. Pump.
12. "T" for

introducing span
gas to oxygen

13. Oxygen cell.
14. Exhaust probe

returns gases to
stove pipe.

Figure 2. Detailed Diagram of the
Automated Emission Sampler (AES)

In addition to controlling the AES sampler and recording the
flue gas oxygen content, the data logger records time and vari-
ous temperatures measured with thermocouples or solid state
temperature sensors, and is interfaced to a scale and key pad
which permit wood use and coal bed status to be recorded.
Table III is a summary of the data obtained with the data logger/
AES system.

Room temperatures, outdoor temperatures, and the tempera-
ture at a point in or adjacent to any auxiliary heater have been
measured with National Semiconductor LM334 solid state
temperature sensors and type K thermocouples. The sensor in
or adjacent to the auxiliary heat source is used to determine the
total time the auxiliary heater is in use. A threshold tempera-
ture of 38 °C is generally used for this purpose. Type K
thermocouples were used to measure flue and catalyst tempera-
tures. Catalyst temperatures in excess of approximately 260 °C
are used as an indication that the catalyst is ignited.

The data logger is interfaced to an electronic scale and a key
pad. Wood is weighed each time it is added to the woodstove.

Table III. Typical parameters provided by the
AES/daia logger system.

Sample dates
Emissions (g/m3); Uncertainly (±g/m3)
Emissions (g/hr); Uncertainty (±g/hr)
Emissions (g/kg); Uncertainty (±g/kg)

Burn rate (dry kg/hr)
Degree-days during test
Dry kg wood burned/HDD
Overall efficiency (percent)
Paniculate catch (g)

Average oxygen (percent)
Average stack temperature (°F)
Average and maximum catalyst temperature (°F)
Average catalyst "Delta T" (°F)

Percent of time catalyst >SO0 ° F \ > 1400 °F, > 1500 °F,
> 1600 °F, > 1700 °F, and > 1800 °F

Fuel type
Average percentage wood moisture (dry basis)

Average 0 of bypass openings per day
Average time bypass open (min)
Median bypass open time (min)
Percent time bypass open
Total time bypass open (hr)

Total wood used (dry kg)
Average wood load (wet Ib)
Average wood load/ft3 of firebox
# of times stove loaded per day

Percent of time stove operated
Percent of time alternate heat used
Chimney draft (in. H2O)
Average net output (Btu/hr)

a. The output produces percent of time in 100 °F increments
from IOO°Fto2100°F.

Note: Average CO and CO2 in percent are provided when
the integrated gas collection system is incorporated into
the system. Two independent methods of determining
O2 are also provided when the gas collection system is
in use, and VOCs can be measured if desired.

The scale is calibrated upon installation at each home with a
4.54-kilogram weight.

At the time of sampler installation, miscellaneous information
such as stove make, model, age, and use; wood species and age;
and other household characteristics are obtained from the home-
owner. Wood moisture content is measured with a Delmhorst
Instrument Company wood moisture detector.

The calculated mass of particles collected with the AES is the
sum of (1) the mass of panicles collected with the heated filter,
(2) the mass of material extracted from the XAD-2 resin, and
(3) the mass of material removed from the probe, inlet line, and
interconnecting glassware with methanol and methylene chloride
rinses. The XAD-2 resin undergoes Soxhlet extraction with
methylene chloride for 24 hours. The solution from the Soxhlet
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extraction and the methanol and methylene chloride rinses are
evaporated at room temperature. The masses of the remaining
residues are determined with an analytical balance using pre-
weighed beakers. The masses of (he filters before and after
sample collection are also determined with an analytical balance.
Beakers and filters (clean and with sample) are desiccated far 24
hours at 29 to 38% relative humidity. They are then weighed
every 6 hours thereafter until a constant weight is achieved.
Blanks are prepared for all aspects of the gravimetric/extraction/
rinsing procedures.

Three methods for normalizing and presenting paniculate data
have been incorporated into the data reduction programs. These
are (1) mass of particles per mass of dry wood burned (emission
factors), (2) mass of particles per unit of heat output, and (3)
mass of particles per unit of time of stove operation. While it
outside the scope of this discussion to present the complete
derivation of the equations used to calculate these three parame-
ters, the formulas used are as follows.

Mass of Paniculate Emissions/Mass Dry Wood Burned =

MPSV

ra'SD-'l-m

Mass of Paniculate Emissions/Heat Output =

MPSV

Mass of Paniculate Emissions/Time Stove Operation =

MP-SV-MWW

where
MP

SV

FR

SD

HO

EF

is the mass of panicles collected with the AES sys-
tem;
is the stoichioinetric volume of dry gas produced
from the complete combustion of wood with a cor-
rection for the carbon monoxide content typical of
the various woodstove types (e.g., 2% by weight for
traditional stove models). The stoichioinetric vol-
ume can be calculated from the elemental carbon,
oxygen, hydrogen, and nitrogen content characteris-
tic of each species of wood;
is the AES flow rate as controlled by the critical
orifice (approximately 1 Ipm);
is the total sampling duration (sampling duration
times number of sampling events);
is the mean oxygen content of the flue gas during
sampling;
is the heat output characteristic of each species of
wood;
is the efficiency factor characteristic of each stove
model, burn rate, and wood moisture content. The
EF value is the overall efficiency, which is the prod-
uct of the combustion and heat transfer efficiencies.

FR SD -HO -EF •{\*WDB)\\--
20.9%

20%-C 31.8

C

g

CD

CD
O
CD
Q.

-80%-

-100%
Conventional First NCWS Whitehorse Commercial & BEST

Study
Figure 3. Evolution in woodstove emission performance from early field projects.
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Semi-quantitative estimates of combustion and heat
transfer efficiencies can be- made from woodstove
operation conditions;

\VDB is the moisture content of the wood fuel on a dry
basis;

MW\V is the total mass of fuel burned during the sampling
period on a wet basis; and

SP is the sampling period length.

While the AES/data logger system is located at each home for
1 week (10,080 minutes), during which time 336 1-minute
sampling events occur (30 minutes apart), the sampling period
and the total sampling duration used for calculation purposes are
generally less than 10,080 minutes and 336 minutes, respective-
ly. Only data which is collected when the flue temperature is
greater than 38 °C (as recorded by the data logger) are used.
The 38 °C threshold is used as an indication that the stove is in
operation. As with the SP and SD values, only the mean oxy-
gen content (%O2) for the time period when the flue tempera-
ture is greater than 38 °C is used for the calculation of panicu-
late emission levels.

The AES/data logger system and associated laboratory proce-
dures and data (eduction have gone through an extensive quality
assurance evaluation by the U.S. Environmental Protection
Agency (EPA) (Table IV) and studies of comparability with
other standard sampling methods (OMNI, 1988b).

RESULTS

Upon review of the results of the in-home studies conducted
with the AES/data logger system (Table II) (OMNI, 1987a,
1987b. 1987c. 1988a, 1988b, 1989a, 1989b, 1990a, 1990b;
Elements Unlimited 1990), three major observations can be
made: (I) significant reductions in paniculate emissions and
improvements in efficiency have been obtained with new tech-
nology woodstoves as compared to older stoves, (2) wood
moisture is a key parameter in affecting paniculate emissions
from non-catalytic stoves, and (3) lack of durability can cause a
worsening of emission performance with time, particularly with
catalytic stoves.

A reduction in paniculate emissions approaching 80%, as
compared to older conventional stoves, can be accomplished
with new technology stoves, and there has been an improvement
in the emissions performance of new technology stoves over the
last 6 years (Figures 3 and 4). In-home emission values are
now approaching or exceeding certification values for some
models (Figure 4). The conventional stove emission values used
for the baseline for the reduction comparison are the U.S.
EPA's AP-42 emission factors for residential wood stoves (U.S.
EPA 1983) and the average of older conventional Northwest
stoves sampled as part of Bonneville Power Administration
(OMNI, 1988a) studies and Wood Heating Alliance (Elements
Unlimited, 1990) studies conducted in Portland and Klamath
Falls, Oregon, respectively. In general, overall heating efficien-
cies have improved along with the emission performance.

20%-r
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••§
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Figure 4. Evolution in woodstove emissions perfonnance from more recent field projects.
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Current state-of-the-art overall efficiencies can reach 70%, as
compared to the 50% typical of other conventional models.

A multiple regression model relating emissions to operational
parameters was developed for non-catalytic stoves used in the
1988-1989 Northeast Cooperative Woodstove Study (OMNI,
1989a) (NCWS), the 1990 Energy Mines and Resources Canada
(EMRC) study (OMNI, 1990a), and the 1990 WHA study
(Elements Unlimited, 1990). The regression was in the form:

emissions = K^burnrate) * K2(wood moisture) * K^draft) * KA

Emissions were generally lower when wood moisture was
low, burn rate was high, and draft was high. A sensitivity
analysis indicated that the model was most sensitive to changes
in wood moisture. Based on the regression analysis (with wood
moisture being the key variable), emissions can be predicted for
non-catalytic stoves independent of many othu- variables (for
example, stove model). Figure S illustrates the predicted emis-
sion values versus the measured emission values for ten stoves.
As can be observed from Figure 5, values for the NCWS (New
York) stoves were generally higher than for the EMRC and
WHA (Oregon) stoves. The New York stoves were burning
hardwoods, which have higher moisture content (average 27%)
than the soft woods which were burned in the Oregon stoves
(average 17%).

During the course of the in-home studies it became apparent
that average emissions as determined by weekly sampling peri-

ods were increasing with time for many stoves. Structural and
catalytic degradation was identified as the cause of the worsen-
ing performance. Oxidation and warpage of catalytic bypass
components, destruction of the catalyst due to direct flame
impingement, and loosening of gasket material around bypass
openings were the three main types of degradation observed.
Due to the recognized importance of degradation for the long-
term emission performance of stoves, OMNI is currently con-
ducting research sponsored by the Oregon Department of Envi-
ronmental Quality, the U.S. EPA, the Coalition of Northeastern
Governors, EMRC, and the New York State Energy Research
and Development Authority. This research will develop a stress
test that will permit manufacturers and regulators to screen
stoves for potential in-home degradation.
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THE UNIVERSITY OF-JDAHO
WOOD-FIRED BOILER: A CASE STUDY1

Larry A. Kirkland, H. Peter Steinhagen,
and Alton G. Campbell1

rAbstraMr* The University of Idaho recently converted its
campus steam generating plant from natural gas to wood
residue fuel. The combustion system typically burns chipped
or hogged wood fuel 2 in. or less in size, at 35-50% moisture
content (wet basis). Pre-dried fuel was used initially, but the
fines fraction caused operating and emission problems. High-
quality, low-moisture content fuel purchased at minimal cost
during the summer is currently blended with wet hog fuel
during the winter when steam loads are high. Despite some
design limitations, the wood-fired unit nets fuel cost savings
c: several hundred thousand dollars a year.

Keywords: Wood-fired boiler, wood fuel, chip fuel, hog fuel,
fuel cost, combination economics

Project Inception and Objectives

Between 1973 and 1982, the University of Idaho (Ul)
experienced a five-fold increase in natural gas fuel costs, For
this reason, the UI investigated fuel alternatives to natural
gas. Costs per million BTUs in 19S2 were approximately $ 1-2
for sawmilling residuals, $2.5-3 for coai, over $5 for natural
gas, and $6.45 for electricity. One million BTUs will generate
approximately 1,000 lbs of steam, less system efficiency low.
Trie availability and low cost of wood fuel narrowed the
choice of potential systems to one fueled by wood pellets or
one fueled by wood residuals in either a Quidized bed or
grate-type burner. A wood-fuel, sloping-grate combustion
system (Hot Gas Generator) was selected because of the
availability of residuals compared to pellets and lower
operating costs.

Based on projected fuel savings of $800,000/yr in 1982, a
proposal to build a wood-fired combustion system was
approved by the State of Idaho. The J3.25-million, design-
build contract was started in 1986 and completed and tested
in 1988. The system is presently used for heating and, also,
cooling (via absorption chiller) most campus buildings, with
the old natural gas system serving as a back-up.

An additional benefit is that the forestry college has used
this wood-fired energy system as a focus for training students
and conducting research. Research projects have included
the growth and yield of Idaho poplar as a fuel, wood fuel
characteristics in general, wood fuel availability and
transportation, operation and control of the combustion
system, monitoring and control of participate emissions, and
ash disposal.

1 This paper a u previously polished in the Forttt Products
Journal and i t copyrighted ey the Forttt Products fcetearch Society,
1991.

* The authors are, respectively. Engineer, Physical Plant, and
Associate Professors, Forest Products Department, University of
Idaho, Moscow, 10.

System Overview

As shown in Figure 1, the Ul wood-fired power plan!
consists of an unloading, classifying, fuel storing, combusting,
boiling, and ash handling system. The system was designed
to burn wood residues such as chips, hogged fuel, shavings,
and bark with a maximum of 60% wet-base moisture content
(MC), 4% ash content, and 10% fines content. Fines are
defined here as wood particles s0.25 in. The wood fuel has
an energy equivalent of 8,500 to 9,000 BTUs/bone-dry pound
(Higher Heating Value).

Wood fuel is delivered to campus in 17-22-unit
(approximately 20,000-lbs) chip trucks, weighed, and then
dumped hydraulically into a hopper with a walking floor,
conveyed by auger and belt to a disc screen classifier to
remove over-size material, and then past an electromagnet to
remove tramp metal. The fuel can be conveyed into a
storage silo or directly to a metering bin using belt, screw,
auger conveyor and bucket elevator. The 40-foot diameter,
56-foot high concrete storage silo has a capacity of 70,000
cubic f=et or about 450 tons of wood fuel (15-20 truck loads).

The fuel is fed by gravity from a metering bin onto the
combustor grate. The inclined, sliding pin-hole grate consists
of thirteen rows of refractory material sloped at 15° that
move the wet fuel into a drying/gasification zone. The
gasification products are then burned above the grate as the
gases enter a 2-pass boiler located above the combustor. The
hot combustion gases pass through an economizer to warm
the boiler feed water and through a multiclone collector to
remove particulates from the flue gas.

The A-type watertube boiler has one upper steam drum
and two lower mud drums. The boiler was designed to
produce 60,0001b of steam/hr at 175 psig and 73% efficiency.
Fuel efficiency of 80% has been obtained at high loads in the
winter, but average efficiency is 75%. The boiler was also
designed so that a superheater could be added in the future
for co-generation of steam and electricity.

Wood Fuel And System Considerations

As shown in Table I,1 there was pienty of wood fuel in
northern Idaho to meet the UI's annual demand of
approximately 20,000 bone-dry tons. For the first year of
operation, wood residuals were purchased from the Coeur
d'Alene area, less than 100 miles from the UI power plant.
Currently, cedar chips and hogged fuel are purchased locally
(15 mile one-way haul), at $20-23/bone-dry ton, including
transportation cost.

The UI pays $l . i9 or less per million BTUs for all chips
and hogged fuel under contract. This amounts to about
$400,000/yr for wood fuel, which supplied about 93% of the
UI steam system energy last year. Natural gas at S3.25 per
million BTUs supplied the rest. Total fuel costs in 1990 were
just over $500,000/yr. This is a gross fuel cost savings of
about $620,000/yr at current natural gas prices when adjusted
for a higher natural gas fuel efficiency. Compared to 1982

Xeegtn, C.E. M l , K.J. Martin, N.C. Johnson, and 0.0. Van
Hooter. 1905. Idaho's forest products industry: a descriptive
analysis. Sureau of luelness and Economic Research, University of
Hontana, Nistoula, NT. 90 pp.
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Figure 1. Schematic of the University of Idsho wood-fired combustion system.
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TABLE 1.- Mill residue from lumber and plywood mills in
northern Idaho (1985), in 1000 bone-dry tons.

Residue type

Coarse for chips
Planer shavings
Sawdust
Bark

Utilized

922
244
283
2H

1663

Un-utilized

12
20
24
82

138

peak gas prices, the Ul has a gross fuel cost savings of about
$ 1.200,000/yr. The Ul budgets $50,000/yr for operation and
maintenance of the wood-fired combustion system and has
hired one person to handle the additional work related to the
wood handling system. In addition, the Ul has invested
$180,000 in a second tipper and a used truck and front-end
loader.

At current natural gas prices, simple project payback is
about 6 years.

Although the system was designed to combust all types of
wood residues, it works best with chips. The Ul now uses
primarily chips with some select hug fuel. Hogged fuels with
II fines content above 25% Imve caused operating problems.
For this reason, large amounts of chip fuels are purchased in
the summer when prices are low and then stored in an
outdoor, uncovered pile where natural drying decreases the
MC by 5-10%. This high- quality fuel is added to wet chips
and hogged fuel purchased in the winter. The burner works
best with a 35-50% MC fuel in winter and a slightly higher
MC in summer when loads are low and the ambient air is dry
and warm.

Initially, hogged fuel, pre-dried to 20% MC in a rotary
drum dryer, was purchased with the expectation that hauling
costs and combustion efficiency would favor a low-MC fuel.
In actuality, benefits did not materialize for several reasons.
First, the grate and burner were designed to have a
drying/gasifying zone followed by a combustion zone. With
the pre-dried fuel, drying, gasifying, and burning were
compressed into the first zone. Incomplete combustion of
the rapidly volatilized fuel at high loads produced smoke
(paniculate emissions). With wet fuel, the particles do not
burn as rapidly, and the zones can be effectively separated.
Changes in the underfire air through the zones to
accommodate dry fuel helped somewhat but was ultimately
unsuccessful. Secondly, transportation costs with dry fuel
were higher than expected because the fuel had a low density.
Thirdly, a large amount of dust in the low-moisture fuel
created a safety hazard. Dry bark gave the worst dust
problem. In contrast, wood fuel with over 40% MC yielded
fittle airborne dust and minimal safety problems.

The combustion of bark produced relatively high grate
temperatures and large amounts of ash which, in turn, caused
clinker formation and grate plugging due to much ash fusion.
A combustion additive costing about $1 per bone-dry ton of
fuel decreased this problem. Wet fuel under freezing
conditions also caused additional problems. High-MC fines
froze to bucket elevator walls causing bucket damage and
shutdowns. This was largely remedied by switching to plastic
buckets. Snow and ice formation on high-MC chips produced

slippage on the smooth, inclined conveyor belts. These
problems were eliminated with ribbed belling on the steep
conveyor feeding the classifier. The worst cases of fuel
freezing occurred in trucks that sat overnight or were en
route for several hours.

Environmental Considerations

Since the wood-fired unit was built on a university campus
in a small town, public perception was critical to system
acceptance. The initial permitting process and air quality
analysis were slow, and the community became concerned
that the system would have a detrimental impact on air
quality. When final tests were run in January 1989, the Ul
wood-fired system passed all air quality tests. A white vapor
plume in cool or humid weather is generally the only
evidence that the system is operating. The community
appears to have completely accepted the system.

System Evaluation and Recommendations

For the most part, the system has exceeded design limits.
Average efficiency is 75%. At high loads during the winter,
efficiency increases to 80%; and at low loads during the
summer, efficiency decreases to 60%, If the system were
being re-designed, several modifications would be made. For
example, the fuel unloading hopper would be doubled in size.
This change would accommodate two trailers dumping back
to back and provide adequate fuel for the system while
repairs were made to the bucket elevators, augers, and silo.
The small hopper size and its slow emptying speed require
careful truck scheduling on busy fuel delivery days. In
addition, the silo holds only 15 to 20 truck loads which is less
than two days of fuel in cold weather at high boiler loads.
The additional fuel storage facility off campus provides an
important backup capability which is critical to continuous
operation over three-day weekends.

The design of the combustor limits the moisture content
and particle size of potential fuels if maximum economic
efficiency is to be achieved. Heating with pre-dried, pre-
screened hogged fuel is not economically practicable. For
efficiency and economic reasons, fuel availability and
characteristics should be carefully examined prior to selecting
a combustion system.

In summary, the Ul wood-fired combustion system has
consumed local sawmill waste, reduced university fuel costs
by several hundred thousand dollars net per year, and
contributed to combustion education and research.

H.PtUr
Suinhagtn.
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Btov* Demonstration Projact

Gerald Fleischmar., Biomass Energy
Specialist
Teresa Tai, Energy Resource Aide
Idaho Department of Water Resources,
Energy Division

In the winter of 1988-1989, over 90
pellet stoves were purchased and
installed in low income households in
North Idaho by community action agencies
on contract to the Idaho Department of
Water Resources, Energy Division. The
objective was to demonstrate that a local
wood waste product can be used
effectively for residential heating, and
that the pellet stove system would
provide safe, economical and comfortable
heat. The funds for the project camt
from Stripj>*»r wsii overcharge monies.

Each stove recipient agreed to the
complete monthly report forms and send
them to the community action agencies.
At the end of the project, the
participant became tha owner of the
pellet stove. The questions on the
monthly report form were designed to
obtain information that would help
determine whether the pellet stoves
provided safe, economical , convenient
and comfortable heat. Over the two
heating season duration of the project,
over 500 monthly forms were sent in by
project participants.

The results of data analysis relating to
comfort, economy, convenience and safety
will be presented in the paper.
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Fpurteun pallot samples from 5 !
states—Alaska. Washington, Qrognn, Idaho, ami
Montana war* analysed tor a large number of
physical and ehwreieal variables. These
variables included higher heating value,
moisture content, ultimate analysis, etc.
Cccb«»tion axperinwnt* word cosviucted vising 9 of
tha available 14 wood pellets.

Tha overall objective was to burn wood
biocasa pel let a under "reasonable" operating
conditions and report the relative combustion
performance of each fuel. Tha combustion
experiments coupled with tho pallet analysis
data supported the following conclueionsi

' It was posalbla to construct a simple
mathematical model describing the
eioniltaneaus effect* of under- and over-
fire air on pallet efficiency
performance. The model was used to
predict the optimal firing conditions
based on thermal efficiency.

Taats indicate that all 9 of t'.is
relatively diverse wood pallet fuala
bahava similarly undor similar oparnting
conditions.

$. Carbon monoxide and oxlcSen of nitrogen
never reached mean values of over 21S ppro
for all experiments.

jl<^ Fuel-bound salt was found to cause
relatively large particulate fly ash and (
opacity readings and resulted in the only I
grate-ash and slag formation. _^-

Keywords: Biomass combustion, combustion,
pellet fuels, wood fuels.

3.

installations foe heating »nd prpcasa at»aro
production, ovacsllt this aaains to b« a
productive lisa or *n »v«il*l>ls rsanuirce and is
rapidly gaining popularity in th» United Ht*t«a,

y, ranch too little, is known about
the fundanwntal combustion chsrscterlatica of
these wocxt p«n«t ftinls. To obtain the most
efficient ami environmentally sound u»« of
denalfi«d wood fuels, studlss must be mads to
examine the relationships between fundamental
combustion parameters and combustion.

EXP8RIKBHTS

A study of wood pallet fuels combustion was
bsgun at the Dspartmant of Kechsnical
Enginsering, Oregon State University (Dadkhsh-
Nikoo and Buahnell 1968). The furnace used was
a grcte-type burner with «n auger-driven,
overfed fuel delivery system. This is one of
the two main types of pel1st combustion systems
on the market today. The second system has a
"pot" rather than grate to support tha fuel, and
uaea an augar-drivan underfeed fuel supply.
These pellet combustion systens both deliver sir
under and above the active combustion tone to
facilitate fixed carbon and gaseous burning,
respectively. The Interest or emphasis was to
examin* the affects of different levels of
supplied combustion sir (excess air) snd under-
fire air percent on tha overall combustion
efficiency. The undar-fice ait percent (UF%) is
•imply the ratio of the combustton air delivered
below the fuel bad to tha total air delivered
(the total air cialivarnit la tha sum of ovsr- and
undex-fire air).

The measured percentage of carbon dioxide
(COj) in the combustion gases compared to the
calculated theoretical (maximum) percentage was
used ay the primary measure of efficiency. A
high level of measured CO2 corresponds to a
relatively high combustion efficiency. The
efficiency variable CO2EFF was defined aa
followsi

CO2WF - <002(melralrdj/COi.I l leolt, ie l, )) X 100

INTRODUCTION

Tha growth and preservation of tha wood
products industry deper.dB on the responsible and
anviromaentally aound use of our forests.
Cocbustion of waste wood biocnass to produce
useful energy is a better alternativa than
present disposal techniques. Decomposition of
wood biomaes in landfills results in mathans
production (which ia a contributor to the
gr«nnhouse effect) and acid run-off (Sklar
19B9). combustion of wood biomaas results in
CO, production (also a contributor to the
greenhouse affect), but can be balanced by
adequate reforestation (Harland 1989).

Donsification of wood pellet manufacturing ia
ens rattthed of utilising what was ">no deemed
"waste" froD the forest products industries.
Typically, this pellet fuel ia used in
residential to medium aised commercial

TPras«nt«d at the National Bioenergy Conference,
Karen 18-20, 1991.

authors ara respectively, of Hewlett-Packard,
corvallia, OR 97331, and Graduate Research
Assistant and Associate Professor of Mechanical
Engineering, Oregon State University, Corvallis,
OH 97331.

Figure 1 is a cut-away view of the Biomass
Combustion Unit (BCU). The BCU Is a ilxed-
grate, over-fed furnace, with combuation air
supplied both over snd under the fuel bed. The
overall dimensions of the BCU are 44 inches
long, 12 inches outside diameter and 8 inches
inside diameter. The maximum capacity of the
&CU le approximately 10.0 pounds of dry biomaas
fuel per hour neauming tha higher heating value
is approximately BSOO Btu/lb. Host tests were
performed with a fuel feed rat* between 4.0 and
5.0 pounda per hour (bone dry basis). Hot shown
in Figure 1 are the temperature and gas analysis
probes locatsd 20 inches above the grate inside
the combustion chamber.

RESULTS AND D/SCUSSION

A combuation analysis was performed on a
pure-wood (no bark), Pondarosa Pine,
ccooerciallj manufactured pellet from Idaho.
Table 1 presenta the phyalcal and chemical
charactoristica for thla Por.dtrosa Pine fuel.

Five lavela of undor-flre air percent (UFI)
were used (.'2.6, 20, 30, 40, 50) and three
levele of ex<.«ae air percent (EA%) were examined
(20.6, 41.0, B7.2). Figure 2 shows a model of
the response surface or curve, generated when
C O b d efficiency or CO2EFF ia plotted
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Figure 1—Cutaway view of the BCD. Shows
important coaponenta includingi over-fire a.< r
tuba, under-fire air port, grate, ceramic
refractory, exhaust port, and pellet fuel fc*d
aechaniam.

Table 1—Physical and chemical characteristics
of Fonderosa Pin* pallet.

ULTIMATK ANALYSIS
(percentage on dry weight basis)

Carbon - SI.20
Hydrogen - 6.35
Sulphur - 0.01
Ash - 0.22

Oxygen » 41.96
Nitrogan - 0.25
Chlorine - 0.01

PROXIKATE ANALYSIS
(parcantaga on dry weight basis)

Volatile - 83.15
Ash - 0.22

Fixed carbon - 16.63

ASH FUSION TEMPERATURES

Init. deformation - 2450
Hemispherical

(1/2-H/W) - 2460

Softening (H/W) - 2510
Fluid • 2510

PHYSICAL CHARACTERISTICS

Higher Heating Valua - 6967.63 Btu/lbm
(dry baels)

- 8.25 percantMoisture content
(vet baala)

Bulk density
Specific density
Kean length
Kaan diaaeter

38.63 lboi/ft3

81.36 lbs/ft3

.266 inches

.323 inches

Figure 2—CO2-baaed efficiency response surface
as a function of excess air percent and under-
fire air percent. This represent* a numerical
approximation of the "true" functional
relationship. It was bssad on IS discrete data
points used to fit a quadratic model.

against exceas air percent and under-fire air
percent. Further analysis shows that CO2XFF la
maximum at levels of 59.5 percent excesa air and
35.5 percent under-fire air. This means that
combustion efficiency based on COj generation
was aaximunied at these levels of KAt and UFk.

COj is not the only possible measure of
combustion efficiency. Typically, it is desired
that total particulate fly ash, percentage of
combustible in the fly ash, and carbon monoxide,
be minimized and combustion gas temperature be
maximized. It should be noted that total
particulate and carbon monoxide represent
environmental pollutants. Figure 3 shows the
relative values of these parametera and CC2
levels as functions of UFt at s. fixed level of
41 percent excess air. All of the parameters
were •scaled" or divided by the largest value in
a respective series. Scaling In this fashion
puts all the values between 0 and 1. This
facilitates the comparison of the trends in each
parameter ae under-fire percent increases. The
maximums or scaling values are Included in the
figure caption for Figure 3 eo actual parameter
readings can be calculated if deelred.

Figure 3 shows that GAS TKHP. and CO2 are
maximum near 30 percent under-fire air and CO,
PARTICULAR, and COMBUSTIBLE are minimum or near
minimum. Curves aimilar to this ware found for
the other two 1avals of excess air. This
demonstrates that at different levels of K M it
is possible not only to maximise combustion
efficiency in terms of CO; generation, but it is
«lso possible to find values of UFt that
maximize gas temperature (good for boiler
efficiency), and minimise CO, COMBUSTIBLE, and
PA^TICOLATE.
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Figure 3—Qaa parameters tor Pondsroaa Pine
pallet. Data are sculeci by the largest value in
each data set. The gas parameters are plotted
a« « function of UF» at GAS TKHP. (1576.8»F),
CO2 (12.99 percent), COMBUSTIDIJt (67.68
percent), PARTICU1ATK (.116 gralns/dry-sef at 12
percent OOj), NO (85.77 ppm), CO (431.67 ppm).

CO, COMBUSTIBLE, and PARTICULAR ara
anvironmantai hacards with PAireiCULATE the moat
wlduly regulated emission eg*acle in wood
combustion.

The pravioua combustion experiments were
performed on out pallet apacla (Pondaroaa Pine),
but other combustion analyaea performed ahow
that 9 different wood pallet apaclaa all bahavad
similarly under similar operating conditiona
(Kaiucak 1989). The exception being for two
fuela with relatively high chlorine (Cl)
concentrationa. The optimal air settings for
tha other a pellet apeciea were similar to those
presented for tha Pondaroaa Pine pellet. The
other pellet specie* included the following!

a) Douglas Fir (3 samples)

b) Hemlock Fir

c) Eed Alder + Hemlock Fir + Douglas Fir +
Cedar

d) Red Alder + Maple + Myrtle

f) Hemlock Fir + Sltks Spruce

Note that there ara 3 Douglas Fir samples. This
Is due to the fact that those Douglas Fir
sar-.ples were different in some respect, such as
ona sample 3itd no chlorine and another had 078
percent chlorine by dry woigiit. Differencea
euch as these are attributable to tha location
tha tree was grown and how it waa handled later,
i.e. raw logs stored in ocean bay water.

The etoat damaging constituent in the pellet
fuela taated waa chlorine. Two pellet species
contained 'large* aacunte of chlorine. They had
0.19 and 0.78 percent by dry weight Cl, with one
other pallet having the trace amount of 0.003
percent. The two hlgh-Cl pellets also had the

g «ith pontont* (2.43 and 2,55 percent,
r*»P#ctiv«ly). The chlorine in th«a» two
jv»U»t» r«i\»*ii aignifipant problems, Two testa
perforroaci on fctta pal Jet with 0.76 percent Cl
r«aviXt,«<d in the only nw»tiiir«hl«< opacity
(*$>proximutely 30 p#re»nfc opacity for both tent*
over 1/2 hovir [HJI lort»). Teats showed that these
two pallets laft the only visibly evident ash on
the BCU grate. Tha firat and only clinker
formations were also experienced while burning
the aalty/hlgh-tah fu*l. Included with the ssh
waa fine crystalline matter deposited on metal
surfaces in the BCU combustion chamber. Thais
surfaces included the gas analysis probes at
middle to upper elevations and the cooling water
feed tube. Both of these surfaces were
relatively "cool" compared to the combustion
gases and refractory and thus acted as
condensing surfaces. Host dramatically, there
waa viaual evidence of corrosion (pitting of
stainless steel surfaces) after lesa than 2
hour* of burning the high chlorine content
pellets.

Experiments as those outlines above help
further the basis undaratanding of wood pallet
combustion in grate-type, pellet fuel furnaces.
The results are likely applicable in other
furnace configurations, but this has yet to be
proven. This information is valuable for
furnace designers and those interested In
examining the emissions from such devices, it
will also be of interest to basic combustion
scientists. It was shown that it la possible to
have thermally efficient combustion and
minimised carbon monoxide and particulate fly
ash emissions.

Hopefully, information such as presented her*
will be used to build better wood pellet
furnaces and also to operate current ones more
efficiently.

CONCLUSIONS

The optimal operation conditions of excess
air (59.S percent) and under-flre air (35,S
percent) as found.experimentally for Ponderoaa
Pine pelleta, serve aa guidepoats for future
experlaent&l work and as "rulea-of-thumb" for
wood pellet furnace operation. Common practice
(in spreader-stoker type boilers) for the firing
of "wet* hogged Douglas Fir fuel la operation
between 40-7S percent excess air and 50-90
percent under-fire air (Junge 1975; Tuttle and
Junge 1978). Other research shows that
pellet1ted Douglas Fir bark at a.5 to 10.5
percent moisture burns most efficiently at SO
percent excess air and with 37.8 to 4S.6 percent
under-fire air (Junge 1979). This result is for
a spreader-stoker type furnace.

It was also found that the performance of
other species were similar to Pondsrosa Pine,
with the exception of the two pellets with high
chlorine and ash content. This exception wae
indicated by high opacity readings, corrosion of
metal surfaces, and formation of clinkers on the
grate. The negative effect of chlorine on the
corrosion of furnace surfaces and as a
constituent in hazardoua combustion products la
established In the literature (Atlll and othera
1987} Vaughan and others 1977).
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In-Home IVrformtuuv t>f IVHrt Stoves in^ledfortl tuui
KUmath .Fulls, 1

Stockton U B.irnett, Jnmes E. Houck, and Robert B. Roholt
OMNI Environmental Services, Inc.. Beavenon, Oregon*

r ,
j -Abstrach* Pollutant emissions, thermal efficiencies, and heat

outputs of pellet stoves operating in homes located in Klamath
Falls and Medford, Oregon were documented. Six stoves
representing two commercially available, certified models were
studied during the 1989-1990 heating season. Three models
exempt from certification (a total of six stoves) were studied
during the 1990-1991 heating season. OncTxntfted-stovdmodel.

-*v«s--stmpk-iii,des.ign-s.vhile the athsuvas more complex (its
—-operating piicametefs-were controlled by a printed-eircuit board).

.^commercially -available units.An automated emission sampler (AES) system was used to
conduct long-term, in-home monitoring of the stoves. A spe-
cially designed data logger/controller was pan of the system.
The data base consists of 4 1-week-long monitoring periods
during January through March 1990 and during January and
February 1991.

The results of the studies have permitted an evaluation of the
environmental and energy performance characteristics of the

^sujves.j For the certified stoves, (he average overall paniculate
emissions for the were I.OS grams per hour (g/hr), which is
about 75% lower than the best-performing cordwood stoves.
Hie in-home paniculate emission values were close to iheir
laboratory certification values. Preliminary results (2 I-week-
long runs) for the exempt stoves produced an average paniculate
emission value of 2.02 g/hr. Also, for the certified stoves,
altitude appeared to have little or no effect on paniculate emis-
sions and there appeared to be no differences in paniculate
emission rates between the two models studied. Polycyclic
aromatic hydrocarbon (PAH) and carbon monoxide emissions
were low. The carbon monoxide emission rates averaged 14
g/hr, the average net thermal efficiency of the stoves was 68%,
and the average heat output was 8747 Btu per hour. Similar
data are currently being evaluated for the exempt stoves.

Emission and energy performance data obtained for the pellet
stoves assessed in this study demonstrated that pellet stoves offer j
a viabte residential hiomass-fueled heating option.

Keywords: emissions, heat outpi'i, certification, sampling,
paniculate. PAH. CO;, biomass

INTRODUCTION

Pellet-fueled stoves are designed to burn pellets made from
comnresset1 biomass residue (typically sawdust). Biomass
peUeis are currently used in many small boilers throughout the
western and northern United States. Several firms have, within

'Presented ai the National Bioenergy Conference, Coeur
d'Alene. Idaho. March 18-31. 1991.

'Senior Scientist, OMNI Environmental Services. Inc.,
Beav-enon, Oregon; Vice President and Senior Scientist, OMNI
Environmental Services, Inc., Beavenon, Oregon; Senior Engi-
neer, OMNI Environmental Services, Inc., Beaverton, Oregon.

the- InM tow yours, introduced iielleH'ueM appliances fur use- in
resilient la) heating

IVIIeuueled stoves have iwi» significant differences from
viuiluood Moves. (1) ihe> continually introduce small amounts
of luel initi the combustion chamber instead of "hatch-burning"
;i single tuel load, and 0) they use iwchaniciilly generated draft
(induced oi forced) to control air (low into !be combustion
chamhci These features provide substantial theoretical im-
provements in combustion efficiency which offer the potential to
produce lower paniculate emission rates relative to conventional
cord wood stoves.

Airborne paniculate material is the most serious pollutant
associated with residential wood combustion and has been the
subject of numerous studies. The generally accepted need to
reduce paniculate emissions has been the primary impetus
behind the promulgation of Oregon Department of Environmen-
tal Quality (DEQ) and subsequent U.S. Environmental Protec-
tion Agency (EPA) woodstove certification regulations.

Residential pellet-fueled stoves are divided into two categories
in terms of regulations: certified and exempt. Those referred to
as "certified" need to pass a certification test analogous to that
which is required for cordwood stoves prior to sale. While
there are several criteria that determine whether a stove is
considered exempt, the primary criterion is an air-to-fuel mass
ratio of greater than 35.

Due to an anticipated increase in the number of homes heating
with pellet stoves in the Northwest and the current lack of data
on "real-world" paniculate emission rates for pellet stoves, the
Bonneville Power Administration (BPA) and the Oregon Depart-
ment of" Energy contracted witli OMNI through the Oregon
DEQ to conduct in-home studies of pellet stove performance.
Certified pellet stoves were studied during the 1989-1990 heat-
ing season and the results of that work are described in this
paper. A program to study exempt pellet stoves is currently in
progress (1990-1991 heating season), and some preliminary
results of this study are also presented here. To document the
in-home paniculate emission values for pellet-fueled stoves,
OMNI deployed the Automated Emissions Sampler/data logger
system. This sampling system has been used in many in-home
cordwood stove studies. (These cordwood studies, a description
of the AES/data logger system, and the quality assurance evalu-
ations of the system are discussed in detail in a companion paper
[Houck and others, 1991].) The pellet stove sampling program
included modifications of the existing AES/data logger to effec-
tively sample the more dilute pellet stove flue gases caused by
higher flue gas oxygen and lower paniculate emissions as com-
pared to cordwood stoves.

During the 1989-1990 healing season, the modified AES units
were placed in 6 homes that contained certified stoves: 3 in
Medford and 3 in Klamath Falls. During the 1990-1991 heating
season, the system was placed in 6 homes in Medford that
contained exempt stoves. Four 1-week-long time-integrated tests
were performed on each stove. A single fuel brand (Golden
Fire, Wood Pellet Fuel, Northwest Pellet Mills, Brownsville,
Oregon) was used throughout the studies. This brand is regis-
tered (#8892) with the Association of Pellet Fuel Industries
(APF1).

In addition lo the collection of particules with the modified
AES sampling system and tlie collection of CO and CO; with
the flue pas collection system. PAH samples were also collect-
ed Because condensation, agglomeration, volatilization, and
secondary chemical reactions can all modify the character of
emissions (particularly semi-volatile organic compounds such as
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PAHK OMNI \ist\l a ttilulionfcwting system tor Ihe collection
of samples u>s PAH analysis. One PAH sample was eullecie*l
fwm each of two certified models and from tw« exempt models.

A summary of the methods used ami the results of the in-
home studies are presented h

METH01XH,0GY

As mentioned in the imriHluction. a detailed description of the
AESAtata logger system is provided in a companion paper
(Houck and others, 1991), Three fundamental differences
peMKn cordwocxi stoves and pellet stoves required that the
AES/data logger system be modified for pellet stove application.
These differences are the fuel and fueling system, lower panicu-
late emission rates in pellet stoves, and higher flue gas oxygen
content as compared to conventional cord wood stoves.

The electronic scale/wood basket approach used with cord-
wtiod stoves to determine fuel mass was used with the pe!!c;.
stoves as well. However, fuel moisture measurements were not
required for each test, since pellet moisture content was deter-
mined by proximate/ultimate analysis of the fuel.

The sampling period was slightly modified to accommodate
the low emissions of the pellet stoves. The sampling frequency
that was found to provide optimal sample catches for analysis
from cord wood stoves during a I-week period was I minute of
sampling out of every 30 minutes at a flow rate of I liter per
minute. Due to the predicted lower paniculate emission rates
characteristic of pellet stoves, a more frequent sampling cycle (I
minute inn of every 10 minutes) was selected to obtain adequate
sample catch from one week of pellet stove burning.

The must significant modification was Ihe addition of a flue
gas Tedlur bag collection system (Figure I). Carbon dioxide,
carbon monoxide, and oxygen diita are generated from ihis
system, allowing for cukulation pf carbon monoxide emission
factors and a potentially more accurate calculation of all emis-
sions factors should UIL* flue oxygen levels exceed about 18%,
(Uncertainties in the oxygen measurmsmts have a greater effect
on the calculated emission values as Ihe oxygen content
approaches ambient, since oxygen content appears in a " ' /„"
function in the equation.) This modification offered the oppor*
tunity to compare the O2 content of the bag sample with the
average of real-time measurements made by the AES oxygen
cell. All but one comparison between Ihe two methods of
measuring average O2 content were between -0,2 and 0.2% of
each other.

The modified AES samplers were evaluajed in the laboratory
for comparability and precision before field deployment. Com-
parison testing was conducted by simultaneously testing a pellet
stove with both a modified AES unit and an EPA Method SG.
The results of two test runs showed that Ihe AES emissions
were within 0.2 g/hr of the unadjusted 5G results.

Precision testing was conducted by running five modified
AES units simultaneously on one pellet stove, Results of the
precision test showed that all five AES units were within 0.25
g/hr of one another.

PAH represent a class of hydrocarbons that have long heen
associated with paniculate emissions from combustion sources.
Some PAH compounds have been identified as being carcino-
genic. Paniculate and vapor samples collected by OMNI with a
dilution/coolinfi sampler were analyzed for PAH. The dilu-
tion/cooling system used was developed for the California Air
Resources Board (Houck and others, 1989) and has been widely
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Inlet Probe

Exhaust Probe
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Controlled Needle Valve f
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Lock

Temperature
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in Flue

Fogurt 1 Schematic of AES system modified for pellet slovc application
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applied tv11 a variety of high-temperature source, where condens-
ible chemical compounds sire of interest (Houck, in press), A
vvjn^teic description of the system is outside the scope of ihis
paper other than to m>w that the fundamental objective of the
system is to provide a cooled and diluted stream of aerosol that
is produced from mixing slack aerosol with excess filtered
ambient air, and from that stream. partieul;ue and vapor samples
are collected. Analyses of PAH compounds in the filter and
XADO resin cartridges by standard EPA methods were then
conducted ll'.S. EPA. 1986). Analyses for PAH were conduct-
ed on siie-resolveJ paniculate samples (< 1ft, <2.5jt, < IOJI,
and TSP) by a GC/MS thermal desorption technique.

The basic paniculate emissions equation produces grams per
dry kilogram burned (g/kg) (Houck and others, 1991; Barnett
and others. 1990). This value was multiplied by burn rate.
expressed as dry kilograms of fuel per hour (kg/hr), to yield
gfhr emissions (g/hr). Similar equations are used for CO and
PAH calculations. The basic gVkg equation includes the follow-
ing components.

I. Paniculate mass. The total mass, in grams, of panicles
caught on the filter, in the XAD-2 resin trap, and in (he
probe rinse. Paniculate mass averages about 0.03 grams
but varies considerably.

2 Sample time. The number of minutes the sampler operated
during the sampling week when the stack temperature was
greater than 38 °C (100 SF).

.V Sampler's flow rate. This is controlled by the critical ori-
fice in the sampler. Flow values vary slightly for the vari-
ous samplers but average about one liter per minute.

4. Stoichiometric volume. The volume of smoke produced by
combusting 1 dry kilogram of pellets. This value averages
about 5,000 liters (at standard temperature and pressure) but
varies slightly with pellet composition and completeness of
combustion.

5. Dilution factor. The degree to which the sampled combus-
tion gases have been diluted in the stack by the presence of
excess air. The dilution factor is obtained by using the
sample period's average oxygen value in the following
equation. Dilution factors range from about 2.5 to 5.5 for
certified pellet stoves and from about 5 to about 10 for
exempt stoves.

Diiuton Factor •
20.9%

20.9% -Average Oxygen %
U)

The basic emissions equation can be expressed as follows
using these components.

Paniculate Emissions (g/kg) =

(MassParticlesKStoich. VoL){DiluiionFactor)
{Sample 7lme)f,Sampler Flow)

(2)

As noted, analogous equations were used to calculate CO and
PAH emission rates.

Emissions values were calculated along with associated uncer-
tainty levels. Each individual measurement used in the emis-
stpns calculations has some degree of uncertainty associated with
»:. and these uncertainties are propagated to determine Ihe
amount of uncertainty attached to each calculated paniculate

emission rase. Tor the low range of emissions values encoun-
tered in iliis project, uncertainly is generally about 20% of the
stated wtlite.

The issue ol' sample-blank-induced error was investigated at
length in the 1988-1989 Northeast Cooperative Woodstove
(NCWS) Study (OMNI, 1989). The values determined in Uiat
study have been used here. They include a probable error at the
95% confidence level of ±4.88 mg for Die total paniculate
catch and an average Wank value of 3.9 mg.

Oxygen-cell-induced error was also investigated in the 1989
NCWS study. The 95% confidence level probable error of
±7% is vised in this study.

Woodstove efficiency was determined using Ihe "Condar
Method" (Barnett, 1985). This method uses g/kg paniculate
emissions, CO emissions, stack dilution factor (based on excess
air), .stack temperature, wood type, and wood moisture to calcu-
late combustion, heat transfer, and overall efficiencies as well as
net output in Bru per hour.

It should be noted that this method was originally intended for
use in situations where flue gas temperatures arc taken at the
point of exit of the stove's single-wall pipe from the home's
heated space or about 1.5 meters above the flue collar. Temper-
atures taken in the current study were taken at 0.3 meters, a
location representative, of many pellet stove installations. For
other pellet stove installations which utilize about 1.5 meters of
interior flue pipe for additional heat transfer, efficiencies can he
estimated as being higher than stated herein hy up to al«oui 5
percentage points.

RESULTS

The overall average paniculate emissions from the six certi-
fied pellet stoves (three located in Medford and three located in
Klamath Falls) were 1.05 g/hr, or 1.63 grains per kilogram
(g/kg) (Table I). These emissions are about 75% lower than the
best "high-tech" cordwood stoves and about 95% lower than the
most conventional stoves. Emissions (taring each test varied
from a low of 0.20 g/hr or 0.23 g/kg, to a high of 2.54 g/hr or
5.51 g/kg.

Emissions trends over the course of the certified pellet stove
study display an increase after Run I, after which they remain
relatively constant (Figure 2). This increase came almost entire-
ly from homes 2 and 6. These two homes experienced more
frequent appliance startups and shutdowns in the last three tests.
The smoldering associated with shutdowns probably caused the
increased emissions.

Between the two certified pellet stove models (WhitRcld and
Crossfire), the overall average emissions of the Crossfire stoves
were 1.05 g/hr or 1.4 g/kg as compared to ihe Whitfield's
emissions of 1.03 g/hr or 1.99 g/kg. The fact lhat the highest
and lowest emissions values were generated by the *ame stove
type (Crossfire) indicaies lhat the variation within a stove type is
greater .than the variation between stove types, and such varia-
tion appears to be closely tied to operational practices. Defini-
tive comparisons cannot be made without a larger sample size.

The average emissions for the three certified pellet stoves in
Medford (elevation - 1300 feet) were 1.14 g/hr or 1 56 g/kg, as
compared to ihe three certified pellet stoves in Klamath Falls
(elevation -4200 feet), which were 1.01 g/hr or 1.75 g/kg.
The higher altitude of Klamaih Falls seemed to have a negligible
effect, if any, on the emission values of ihese two brands of
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Table I Average ('articulate Emissions and Hum Kates. (YrtiluM I'ellet Stoves

Category

Crossfire

Whittled
Crossfire

K, Falls
Medfortt

Paniculate Emission Average ig/tu)

Run 1 Run 2 Run 3 Run 4

0,46
1 18
1,06 1.49

1,08
1,20

Overall Average ig/hr)

1 03
1 05

1 0!
1 14

Paniculate Emission Average- (R'kg)

Run 1

0.88
0,72

Run 2 Run ,1 Run 4

1 6-1
1,92

1,64 1 1 47
3.1! 12.21

Overall Average (g/kg)

1 40
1.99

1.75
1.56

Burn Rate (kg/hr)

Run 1 Run 2 Run 3 Run 4

0.74
0.72

0.73
0.71

0.72
0.55

0 74
0.58

overall Average (kg/nr)

0.73
0.64

0.65
0.74

stoves, although a larger sample size would be needed to draw a
definitive conclusion.

The CO emissions for the certified pellet stoves averaged
14,04 g"hr or 22.4 g/kg over the test period. Among the certi-
fied stoves, the highesflevels of CO (22 99 g/hr or 44,94 g.'kg)
were found in the stove with the highest paniculate emissions,
and (he lowest CO levels (7.79 g/hr or 12 44 g/kg) were found
in the stove with the lowest emissions.

Preliminary paniculate and CO emission rates for the exempt
stoves .ire provided in Table II These data are based on two
runs only Interestingly, as can be seen in Table 1!, the panicu-

late emissions for exempt pellet stoves averaged about twice as
high as certified pellet stoves, while CO emissions were similar.
It should be emphasized that the exempt pellet stove data base it
the time of this writing is very limited.

Sampling and analysis for PAH were conducted on two ex-
empt and two certified pellet stoves. The results from the two
cortified stove models are discussed here. The analysis for total
suspended paniculate (TSP) filter showed low PAH emissions.
There was little catch on the XAD that backs up the filter,
Only naphthalene, with its relatively higher vapor pressure
among PAH) was collected in significant quantities on the XAD-
2 resin. This suggests that the filter is an effective PAH trap.

Figure 2. Trends in average partK'uJ.iii- emissions and burn rates
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Cvjwmunuw are ijuiw similar tV-r all particle size fractions,
suggesting thm moss PAH matter is less than I micron in sue.

Table II. PiirtUulate, Carbon Monwiite, Born Rate, and
Oxygen Content of Exempt Pellet Stoves e

Run

*

I

Hi

Ave

H'.MTO

3

5
6

1

4
5
6

--

Part

0.64
2.04
3.40
1.60
4.20
7.20

1.50
3.60
S. 10
2.7
3.4
3.1

3.46

wles

g/hf

0.68
2.2?
1.1?
0.*)
2.5
4 3

OS
l.S
4.5
1.4
1.8
1.4

2 02

CO

3.68
T> ">
• .« . w
7.6

29
10.1

14.3
43 4
13.5
40.S

20.48

g/hr

3.91
24.7
4.1

17
6.1

11.3
24

7
21.5

13.29

Hum

Rate (kg-
flu)

1 06
I I I
0.54
0,52
0.59
0.60

0.54
0.79
0.55
0.52
0.53
0.45

0.65

17.25
17,62
19.36
19.23
18.30
19.55

18.80
17.43
19.51
19.16
18.78
20.15

18.76

effect on paniculate emissions. High emissions appear to occur
when tin' homeowner turns the stove off and on compared lo
steady operation, PAH anil CO emissions are low. The pellet
stoves tested in this project demonstrate nearly complete cum*
bust ion. 'Die pre-iest quality assurance evaluation demonstrated
tttat the sampling system lias both excellent comparability with
EPA Method SO anil excellent precision for evaluating pellet
stove performance. Net thermal efficiency averaged 68%. This
is somewhat lower than anticipated. However, when the stoves
are run for longer periods of time (which (he system is designed
to do), the efficiencies are in the 70 to 80% range. Heat out-
puts were considerably lower than those reported for field
cordwood studies. Durability could hecome an issue with pellet
stoves in the long run because the more complex design could
be more prone to break down than cord wood stoves. Compo-
nent durability was not analyzed in these studies.
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Among the certified pellet stoves, the burn rate for all tests
averaged 0 70 kg/hr. »5ifrerences between stoves were small,
and the variation from test to test was insignificant. These burn
rates .ire considerably lower than those reported for cordwood
stoves under the same environmental conditions, which usually
average 1.0 to 1.1 kg/hr.

There is a tendency for paniculate emissions to be lowest
when hum rate is high and when the stove is operated 100
percent of the time rather than part-time. The. average burn
rate, based on two runs, was 0.65 kg/hr for the exempt stoves.

The average efficiency for the certified stoves for all tests was
68.49J. The distribution of net efficiencies shows two popula-
tions of efficiencies: one in the range of 68 to 80% for constant-
ly running stoves, and one in the range of 56 to 62% for stoves
which experienced many shutdowns.

The average heat output for the certified stoves was 8,747 Btu
per hour. For all lest runs with certified stoves, the distribution
of outputs was generally between 8,000 and 10,000. This is
considerably lower than the 10,000 to 13,000 Btu p°r hour
output range reported for most cordwood field studies. The
lower outputs from pellet stoves may be the byproduct of the
steadier output of pellet stoves compared to most cordwood
stove*. This effect was quantified in the 1982 New York-Ohio
in-home study (Barnett, 1982) where steady-state wood burning
using an automatic combustion control device was compared to
typical erratic woodstove burning. Steady state burning pro-
duced an average energy savings of 20&.

There was no correlation between net output and degree days.
This could be the result of homeowners tending to run the
stoves on only one or two settings with few changes.

In summary, the emissions of the pellet stoves investigated in
thus sillily were low However, this study reports on only a
limited number of stoves. The variation in paniculate emissions
is low compareJ to cordwood stoves. Existing variation appears
to foe more affected by how the stove was operated than by the
siove model. The results show that altitude appears to have no

LITERATURE CITED

Burnett, S. G. The Effects of Stove Design and Control Made
on Condensible Paniculate Emissions, Flue Pipe Creosote
Accumulation, and the Efficiency of Woodstoves in Homes,
Energy from Biomass Waste Symposium, vol. I, pp 283-318,
1982.

Darnett, S. G. Handbook for Measuring Woodstove Emissions
and Efficiency Using the Condar (Oregon Method 41) Sampling
System, Condar Company Report, 1985.

Barnett, S. G.; R. B. Roholt. In-Home Performance of Certi-
fied Pellet Stoves in Medford and Klamath Falls, Oregon, report
to Bonneville Power Administration, DOE/BP 04143-1, 1990.

Houck, J. E.; J. C. Chow; i . G. Watson; C. A. Simons; L. C.
Pritchett; J. M. Goulet; C. A. Frazier. Determination of Parti-
cle Size Distribution and Chemical Composition of Paniculate
Matter from Selected Sources in California, report to California
Air Resources Board, 3 volumes plus executive summary, NTIS
PB 89-232805, 1989.

Houck, J. E.; S. G. Barnett; R. B. Roholl. In-Home Perfor-
mance of Residential Cordwood Stoves, in proceedings. Nation-
al Bionergy Conference, March 18-21, 1991, Coeur d'Alcne,
Idaho, 1991.

Houck, J. E. In press: Source Sampling for Receptor Model-
ing, in Receptor Modeling in Air Quality Management. P. K.
Hopke, editor, Elsevier Science Publishers.

OMNI Environmental Services, Inc. Field Performance of
Advanced Technology Woodstovcs in Glens Falls, New York,
1988-1989, report to Wood Heating Alliance, CONEG Policy
Research Center, Canadian Combustion Research Laboratory,
United Slates Environmental Protection Agency, and New York
State Energy Research and Development Authority, 1989.

U.S. Environmental Protection Agency. Test Method for Eval-
uating Solid Waste, SW846, 4 volumes, 1986.

182



r

A Systematic Approach to Locating
Opportunities for Conversion from

Fossil Fuel to Wood Residue'

Bill Darwin and Joan-Paul Gouffray2

A system was developed to
determine which industries within the
state of South Carolina are possible
candidates for conversion from fossil
fuel to wood residues. The system has
identified over 100 industries that
warrant further analysis. This approach
is applicable to other states.

Keywords: Fossil Fuel, Wood Residues,
Conversion

The South Carolina Forestry Commission
and the Office of the Governor, Fnergy,
Agriculture and Natural Resources,
wanted to set up aim active program
promoting the use of wood as energy.
The initial need was to determine if
there are any opportunities for conver-
sion from fossil fuel to wood residue as
fual.

To facilitate a systematic look at the
non-forest based industries in the
state, a screening process was developed
incorporating the following.

1. A "minimum" level was set to quali-
fy industries for consideration. This
encompassed HCF burned annually, non-
seasonal use of fuel, feasibility of
converting to wood, and the cost ratio
necessary for sound economics.

2. A mailed survey was made of select-
ed industries.

3. Techniques were developed to inter-
pret the surveys.

4. The analyzed results were applied
to the remaining industries in the state
identifying candidates for conversion.

1 Presented at the National Bioenergy
Conference, Coeur D'Alene ID March 1991

2 The authors are respectively. Con-
sultant Forest Products Technologist
/WIND Associates, Colbert GA 30628 and
Program Information Coordinator, Office
of the Governor • South Carolina, Divi-
sion of Energy, Agriculture and Natural
Resources.

on thir. criterion that identifies
a suitable industry and the cost differ-
ential that mufit oxist between wood and
fossil fuels, thore are opportunities
within the state for increased use of
wood reaiduen i\n a fuel source.

A total of 363 industries wore located
thrt uaed more than the aininuK amount
of energy to qualify. More than 25
percent of these industries were paying
enough for their fossil fuels to make
conversion a real possibility. Follow-
ing a telephone survey of all 383 mini-
mum or larger industries, over 100
plants were targeted for personal visits
to investigate their suitability for
conversion.

This was a preliminary process with the
sole purpose of developing contacts for
further consideration for conversion
from fossil fuel to wood residue.

A minimum industry suitable for conver-
sion was defined for the survey as any
industry that

1) uaed at least 30,000 HCF natural
gas or its equivalent annually,

2) could feasibly use wood residue
to replace fossil fuel,

3) used fuel primarily for a non-
seaEinal process rather than
winter building heat.

1) For this study an industry that uses
at least 30,000 HCF natural gas or its
equivalent was considered minimum. This
figure represents the smallest amount of
energy that could be readily replaced by
wood with "off the shelf" components.
There are examples where successful
conversion has occurred below this
amount and conversion was not possible
with higher levels of fossil fuel use;
however, to analyze bulk data, this
minimum was chosen.

2) It is important that replacing the
current fuel with wood be economically
sound and technically feasible. In one
case, an industry used acre than one and
one half the minimum annual consumption
but conversion was not economically
possible. The energy used by the compa-
ny was for direct firing of cooking
ovens. Because this is a fuel use not
readily replaced with wood, this indus-
try should not be considered a minimum
industry. The base cost ratio is out-
lined in Table 1.
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3) Not only dooa the manner in winch tho
fpfir.il fuel, is utilised within an indus-
try influence the cost of convernion,
how frequently the fuel in Ufied «1BO
influences the cost of conversion. T'hP
coat of conversion from foaoii fueln to
wood reniduea for a aenaont;! unor, all
other thinqs being equal, can eaoily toe
one and one half the coat of that for a
manufacturing process fuel user.

There are approximately 3,200 manufac-
turing industries within the state. It
was felt that the wood based industry
within the state was aware of the bene-
fits of using wood residues and were
therefore excluded from the sample
industries to be contacted.

A copy of the database used by The South
Carolina Development Board for producing
the Industrial Directory for the state
was obtained and used as the basis for a
mailed survey that was sent to approxi-
mately 1,400 of the non-forest based
manufacturing industry within the state.
The sample industries were aelacted no
that each appropriate four numbered
Standard Industrial Classification code
(SIC code) represented in the state was
sampled. If a SIC code had three or
less industries within the state, all
industries received a survey form. If a
SIC code had more industries, enough
forms were mailed to get three re-
sponses .

In addition to the forest based industry
that was excluded, other manufacturing
industries were excluded if it was
previously known that they had no oppor-
tunity to qualify as a minimum industry
or if it was felt that the industry
would ha-«e little interest in conver-
sion. Examples of these exclusions
include book publishing and oil refin-
ing.

The survey was designed to find out from
each industry surveyed, 1) type of
fossil fuel used, 2) dollars spent on
fossil fuels annually, 3) the average
annual unit cost o£ the fossil fuel, 4)
frequency of fuel use and 5) the number
of full time employees.

Knowing the annual fossil fuel expendi-
tures and average unit fuel cost, annual
Btu consumption was calculated.

In screening industries it is necessary
to determine their fossil fuel cost in
relation to the potential cost of wood
residues. There must be enough savings
froa burning wood to pay for the conver-
sion and give a good return on the
investment. If the cost per million
Btu's from wood residue is at least
$3.65 less than the cost from fossil

fuelo, conversion for a minimum or
larger industry becomes a real poBsibil™
ity. Table i RIJOWR the relationship
between tho crnrct of wood residues,
natural cjas and number 2 IUB* oil neces-
sary to retire the normal qoBt of con-
version and give a 20 percent return on
the investment.

SttBUSSSl
rtaldut
S/ton

6.00
e.oo

10.00
12.00
U.00
16.00
18.00
20.00

Jtautsss)
(•••(dm
I/ton

6.00
fl.OD

10.00
12.00
14.00
16.00
18.00
20.00

H»tur«l
«••

S/MCf

3.65
3.92
4.20
4.47
4.74
5.01
5.28
5.55

N«tur*l

t/mr

3.7S
3.S9
3.53
3.47
3.80
3.VS
(.10
4.25

No. 2
fuel oil

Iff,

0.54
0.58
0.62
0.66
0.70
0.74
0.78
0.(12

MR. i
fu*t oil
ttft

0.48
0.51
o.ss
0.55
0.57
0.59
0.41
0.63

ftpplying Survey Result* to Remainder of
industry

The number of full time employees was
used as a gauge of the relative siz« of
an industry within a specific SIC code.
It was assumed throughout the survey
that if an industry with 100 full time
employees used twice the energy neces-
sary to qualify as a minimum industry,
an industry with the sane SIC code and
50 employees used enough energy to
qualify as a minimum industry.

Four hundred forty three completed
industrial survey forms were returned by
the industry of the state. From this
returned information, 85 SIC codes
contained at least one industry meeting
minimum or larger annual energy consump-
tion of at least 30,000 MCF natural gas
or its equivalent.

Upon conducting a phone survey of the
382 apparent minimum or larger indus-
tries in the 85 SIC codes, the informa-
tion for six of the SIC codes proved to
be inconclusive and were dropped from
the list. The SIC codes containing at
least one minimum or larger industry and
the base number of employees is reported
in Table 2.
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An additional factor that must be con-
sidered is fuel use variability. Within
« given four number SIC code, there is
room for the method of manufacture to
vary and as a result, the amount of
energy used by an industry may also
vary. tor example, manufacturers of
aen's and boy's shirts (SIC code 2321)
may or nay not dye their own fabric. If
they dye their own fabric, they will use
more energy than a manufacturer that
only sews previously dyed material.

Low variability (Table 2) indicates that
75 percent or more industries within the
SIC code having at least the minimum em-
ployment use the minimum fuel use.
Medium variability is 50 to 74 percent
meeting minimum fuel use. High varia-
bility is lass than 50 percent using the
ninimua fuel use. Unknown variability
includes those SIC codes where minimum
or larger industries were found but
there were not enough of the industries
within the state to determine variabili-
ty.

SIC

2011

2013

2015

2O2&

2033
2037

2038

2051

2064

2074

2076

2079

2211

2221
2231
2241

2251

2Z5B

2261

2262

?26«
227}

2282

2295
2297

2321

2653

2655

2656
2617

2676

2&21

2823

2824

2834

25*3

2M5
2S6-9
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NlnliHU
! lapl o>«*

IPO
100

300
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35

looo
350

100

200

65
SO
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200

175
170

120

665

100

60

150

200

250

40

200
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K

90

350
25D
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TOD
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25 D

140

125
IOC

60

100

nl Var iab i l i t y

NW3IUB

lew

low

low

Nigh
Unknown

Nigh

Low

Unknown

Hi«h
Unknown

Unknown

IWKliua

Madiiai
Hadlua

Nadiiai

»H«h
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low
Unknown
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I n ,

Unkroun

Nadi i *
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Kadl^B

low

unknown

unknown

unknown

Madiuai
unknown

Kadiua

•HMiua
Unkrnwn

H«)<UB

Maoiui
Unknown

| SIC
Code

JW2
3069

3221
3241

3251

3261
3264

3271

3291

3 2 «

3315

3316

3334

3341

3353
3354

3356

JJ57

3363
3411

3<21

348*

3493

3511

35J2
3544

3562

3592

3624
5639

3643

J651

3691

5692

5694

3711

3728

3731
3*41

Mlnlam
Eaplo*;wn

65

ITS

50

120

25
75

90

34

55

50

65

800

60

35

200

175
150

300

100

100
150

300

50

600

125

400

1000

30

25
400

150
200

100

900

BOO

900

135

8000

400

t Variability

Unknown

Unknown

Unknown

Low
Lou
Unknown

Nadlua

Ktgh

Unknown

Nadlua

Hi 9(1

Unknown

Unknown

Nigh
Unknown
Unknown

Unknown
Unknown

Nadlia

NadiuB
unknown

Unknown

Unknown

Unknown

Wadtua

Nadtua
unknown

Unknown

Low
Unknown

High
unknown

Unknown

Unknown

Unknown

Unknown

Unknown

unknown

unknown

The first (jtejj to dovolop an active woori
energy program is to identify induu'^rieo
that should be contacted about potintial
conversion. If your state's Industrial
directory classifies industries by SIC
codes and includes employment figures
along with names and addresses, you have
what ir, needed to develop e. basic con-
tact list for screening potential cus-
tomers. Because South Carolina did .ist
have all of the manufacturing industry
SIC codes represented within the statn.
Table 2 should be considered only a
guide for other states.

After you have determined the cost of
wood residues in your area, you may use
Table 2 to decide economic feasibility.
For example, if green residue is $10.00
per ton and a minimum or larger industry
is paying 54.oo or more per MCF of
natural gas, this plant warrants further
consideration as a potential candidate.
An in-depth analysis is in order.

This giver you a place to begin. You
havo a method to screen your industrial
data base for potential candidates or
evaluate your state's potential opportu-
nities for conversion.

Summary

The South Carolina Forestry Commission
found a surprising number of potential
candidates for conversion from fossil
fuel to wood residue using this system-
atic technique. The mailed survey,
selective phone survey, analysis of the
returned surveys, and the application of
these results combined with the •'mini-
mum" qualifications have proven to
identify target plants. These 108
plants that have been identified must
have an on site evaluation to determine
their real potential. Based on experi-
ence thus far, twenty five or more
conversions are a real likelihood in
South Carolina. This systematic method
of candidate location is applicable in
other states.
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RIOMASS AND FOf.fai, Fliri-.P.

David c, ,

torr In June 19R9, the Alaska
Energy Authority and the University of
Alaska Anchorage published n monograph
summarising the technology of co-firing
bi«?.ass and fossil fuels. The title of
the ISO page monograph is "Use of Mixed
Fuels in Direct Combustion systems".1

Highlights from the monograph are
presented in this paper with emphasis on
the following areas:

o Equipment design and operational
experience co-firing fuels

o The impact of co-firing on
efficiency '

G Environmental considerations
associated with co-firing '

o Economic considerations in co-firing•
\ o Decision making criteria for
L^__ co-firing c- .-—-""

Keywords: Combustion, Co-firing, Fuels

INFORMATION FOR PERSPECTIVE

There are same combustion facilities
which historically have burned two or
more fuels simultaneously. Plants in the
pulp and paper industry typically have
co-fired coal and wa'ste wood, or oil and
waste wood in order to dispose of plant
site wastes while meeting plant energy
needs. Similar situations arise in the
sugar industry where bagasse is often co-
fired with fossil fuels for waste
disposal and energy production.
Municipalities have a recent, though
significant, record of co-firing
municipal solid waste with fossil fuel.

Interest in co-firing was spurred in
the early 1970's during the oil crisis.
That episode emphasised the fuel
dependency of utilities, iuiir.iaipalities
and industry, prompting eager searches
for alternative fuels that might be co-
fired v;ith oil or used as replacement
fuels for oil.

1 Presented at the 1991 National
Bicenergy Conference, Coeur D'Alene, Id,
March 13-21, 1991.

2 The author is a Professor of
Mechanical Engineering at the University
of Alaska Anchorage, Anchorage, AK.

3. Copies of the complete text are
available by request fron the Alaska
Energy Authority, P.O. Box 190369,
Anchorage, AK 99515-0869.

During the lino's there was a
resurgence* of interest in co-firing.
Thin wan attributed in part to increasing
clifficultien in disposing of solid wastes
at land fill niters. Co-firing offered an
opportunity at somn r.ite-s to burn solid
wanton in existing combustion facilities
which were normally fired with ether
fuels, thus limiting the capital costs
associated with the construction of new
combustion facilities.

The justifications offered for co-
firing of fuels are quite diverse. The
more commonly found reasons include:

o
o
o
o
o
o
o

Reduction of waste volume
Energy recovery from wastes
Broadening the fuel base
Economic incentives
Environmental incentives
Civic incentives
Improved performance

The size of combustion facilities
using co-firing ranger, from boilers
generating less than 3.,000 pounds of
stoatn per hour (PPIJ) to over 650,000 PPH
in non-electric utility plant suites.
Utility boilers co-firing fuels exceed
1.2 million PPH in steam generating
capacity. The important thing to note is
that the size of the facility does not
appear to influence the ability to
successfully co-fire various fuels. The
concept of co-firing works equally well
for large and small sized combustion
facilities.

Types of Fuels Used in Co-firing

The choice of fuels which are co-fired
varies according to the user as expected.
In the food and agricultural secto* :";,
waste products from foods grown and
processed are used as supplemental fuels.
In manufacturing, chemicals and textiles
plant generated industrial wastes are
burned for energy recovery. In the wood
products and pulp/paper industries there
are large quantities of bark, sawdust,
non-merchantable scrap, sanderdust, and
other forms of wood fiber available whose
most economic end use is as an energy
resource.

The predominant nor.-fossil fuels which
are co-fired at military sites and
institutional facilities (colleges,
universities, prisons, and hospitals) are
waste wood fuels, usually supplied by
contractors from nearby sources. In
contrast, the fuel choice decisions for
municipalities reflect their needs for
waste disposal perhaps nore than their
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neecto for energy recovery.
include RDF, r.owf;.ge r.ludge and general
refuse.

The fossil fuelr. ur.ert in co-firing arc
coal, Pii and/or natural q«r.. Other
fossil fvielr. such a si propane and butane*
are ur.ed to a limited extent in « variety
of industrial and commercial netting but
nre neldoin co-fired with non-fossil
fuels.

In the utility sector, coal is the
predominant fossil fuel used in co-
firing situations, in the non-utility
sectors, oil and natural gas are the roost
commonly used fossil fuels for co-firing.
Sorae of the typically found combinations
used in co-firing fossil and non-fossil
fuels are shown in Table 1.

Table 1: Combinations Used in Co-Firing
Fossil and Non-Fossil Fuels

| Fuels Co-Fired

Wood
Woodwastor.
Woodchips
Sawdust
Bark
Hogged fuel

With Coal

Poat
Straw
Feed lot wastes
Ruined seed corn
Sunflower scod hulls
Indust. solid wastes

Pelletizod wood Industrial sludge
RDF
Tires

Fuels Co-Fired

Wood
Woodwastes
Hogged fuel
Bark
Sawdust
Dry wood fines
RDF
Sludge
Bagasse

Fuels Co-Fired

! Wood

Sewage sludge
Food process wastes

With Oil

Cocoa beans
Coffee grounds
Agricultural wastes
Sunflower seed hulls
Apple pomace fines
Peach pits
Peanut hulls
Industrial wastes
Tires

With Natural Gas

Cocoa beans
Pelletized wood Coffee grounds
Woodwaste
Bark
Sawdust
Dry wood fines
Ground wood
RDF
Bagasse

Agricultural wastes
Apple pomace fines
Peach pits
Tires
Industrial wastes
Refuse

fonfiil or non-ior.nil funl as long as the
overall combustion facility is properly
designed and maintained, The same can be
r,aid'o!f oil and of natural gas. There Is
no inherent phynical or chemical
limitation which provontn Go-firing of
particular combinations of fossil and/or
non-fonnil fuelr*.

ur.tfran _jSg

It is important to note that the
choice of which fuels to co-fire is not
limited by the ability to co-fire
particular combinations of fuels. Coal
can be co-fired with just about any other

An aonortment of combustion systems
(furnaces and boiler designs) are used
for co-firing fuols. These include:

o Spreader stokers
o Dutch ovens
o Fuel cells
o Suspension burners
o Rotary burners
o Bubbling fluidized beds
o circulating fluidized beds

For those furnace designs which
include grate systems, the design
features of the grates may include:

o Traveling grates
o Dumping grates
o Fixed grates
o vibrating/reciprocating grates
o Water cooled grates
o Pin hole grates

Obviously, it is possible to have
combinations of these grate features.
For example, travelling pin hole grates
are popular as are fixed, water cooled
grates.

ON TO THE IMPORTANT STUFF

Equipment Design and Operational
Experience Co-Firing Fuels

Fuel Systems for Co-Firing

Fuel receiving, storage and reclaim
facilities must be provided for each fuel
used in co-firing. The storage volume
and the material handling capacity of
these facilities is important and should
be carefully considered for each project.

Consider, for example, a coal fired
power plant which is modified to co-fire
wood waste fuels. The amount of energy
contained in a cubic foot of coal is
significantly greater than the energy
contained in a cubic foot of hogged fuel.
Further, coal burns at a higher thermal
efficiency than hogged fuel due to its
moisture content and its chemical makeup.
Thus, a coal fired plant which was
designed to generate 100,000 PPH of steam
using 3,000 cubic yards per month of
bituminous coal, nay have to increase the
fuel use rate to 10,000 cubic yards per
month if 65% of the energy is to be
derived from coal and 35% from hogged
fuel. Such an increase in the volume of



fuel used will have a significant impact
on the facilities required to receive,
store, reclaim and feed fuolo to the
bailor.

Fuel feeding systems unod for co~
firing have two problem areas. The firr.t
is that it is very difficult to
accurately motor fuel flow rates on an
instantaneous and continuous basis ati
that the desired heat input rates can be
maintained for co-fired fuels. There are
several techniques used to achieve proper
blending. Some are more successful than
others.

The second problem area in fuel
feeding is to achieve r.he desired
distribution of solid fuels in the
combustion chamber, that is, to get the
fuel physically into the right place.
For some combustion systems, it is fairly
critical to successful operation. For
other types of burners, it is not so
critical. Extensive modifications have
been required on some boilers to
eliminate problems associated with
improper fuel distribution.

Grater.

Not all combustion systoms havo
grates. For those that do use grates,
their design and operation may be crucial
to the operation of the boiler. For the
liquid and gaseous fossil fuels they are
not necessary. Grates become a point of
concern when firing solid fuels because:

o They support pieces of fuel during
combustion

o They distribute combustion air to
the fuel

o They act as a collection surface for
ash

o They can serve the function of
removing the ash from the
combustion chamber.

For those systems that require grates
in co-firing solid fuels, it is
recommended that a careful analysis of
the system be conducted by a qualified
professional engineer to determine the
design and operational requirements. A
particularly important consideration is
the rate of ash collection for co-fired
facilities.

Combustion Air

Combustion air must be provided to
burner systens, whether co-firing or not.
The air is typically supplied by forced
draft fans but may be handled through
induced draft fans in some boilers (or by
a combination of forced and induced draft
fans). The combustion air flow rate
requirements can be determined through

combustion ca^culationn taking into
account the chemiotry of the fuels to be
burned.

Ono of the difficulties encountered In
co"fir-ing fueir. in that aome fuels
require more Gombur.tion air than others..
The air flow needo of co-tired fuels trmy
exceed the denign limitations of a
particular boiler system with the result
that the boiler is derated when co-
firing.

Different fuels also require different
levels of excess air for optimal
combustion to occur. A technical
difficulty arises in measuring levels of
excess air for each fuel burned in co-
firing applications and in controlling
the flow rate of air for each fuel to
maintain proper levels of excess air
throughout the full range of operation of
the system. These technical difficulties
usually result in compromised operation
of the boiler with some reduction in
thermal efficiency.

Gaseous Products of Combustion

Tho amounts and concentrations of the
gaseous products of combustion (C02, H2O,
N2< °2> co> S02» etc.) can be determined
from combustion analyses. They differ
for each fuel and for each level of
excess air. Further, their volumetric
flow rates change with exhaust gas
temperatures.

To illustrate, it is noted that the
exhaust gas volume for fossil fuels
ranges from 22,600 to 26,300 actual cubic
feet per million BTU's of effective heat
output from the fuel. By comparison, the
range of exhaust gas volumes for the
waste wood and refuse based fuels is from
31,500 to 43,000 actual cubic feet per
million BTU's of effective heat output
from the fuel. Thus, a boiler designed
to burn coal and which is converted to
co-firing such that 40% of the heat
energy is to come from hogged fuel, may
experience a 26% increase in the flow
rate of exhaust gases. This increase may
result in derating the boiler by 26% due
to limitations in the capacity of the air
pre-heaters, induced draft fans,
emissions control devices and or the
miscellaneous ducts, dampers and other
equipment designed to contain and control
flue gases.

Ash Considerations

Some fuels have little or no ash
content. Examples include natural gas
and No. 2 fuel oil. Other fuels contain
increased levels of ash. Coal, for
example, may have from 4 to 20 pounds of
ash per million BTU's of effective heat
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input (taking thermal efficiency into
account). Mood waste fuolo typically
have 4 to 5 Iba of ar.h per million DTf'fi
of effective heat input. HQWPVOT,
municipal r.alid war.to may contain up to
IQO ibr. of ash per million BTU'R of
effective hoat input.

Ar» might bo expected, some boilern and
furnaces are designed to handle large
flow rates of ash while others are not
equipped for ar.h collection and recovery.
Ash input rates should bo carefully
considered in planning co-firing
facilities since, ash can effectively
reduce the steam generation rate of
boilers, can plug gas passes, can jam
grates , and in other ways cause
problems. The ash related problems are
not insurmountable, but they roust be
addressed carefully in the design and
operation of combustion systems which
attempt to co-fire fuels.

Comment

Those many design and operational
concerns that surface regarding equipment
used in co-firing «re not intended in any
way to discourage consideration of co-
firing. Rather, they arc practical
problems that are important to be aware
of and to address forthrightly in
undertaking co-firing. The many utility
and non-utility sector facilities that
have successfully implemented co-firing
should demonstrate that the problems
noted above can be overcome with
reasonable planning, design and careful
operation.

The Impact of Co-Firing on Efficiency

The net useful heat energy available
from a combustion process expressed as a
percentage of the higher heating value of
the fuel can be thought of as thermal
efficiency. Thermal efficiency is
generally calculated using the heat loss
raethec! adopted by the American Society of
Mechanical Engineers (ASME). The method
is carefully reviewed and well
illustrated with examples in Steam. Its
Generation and Use. 38th edition,
published by Babcock and Wilcox, 1975,
Chapter 6.

Of the commonly co-fired fuels, the
residue fuels (waste wood and municipal
refused based fuels) burn with lower
thermal efficiencies than the fossil
fuels. This occurs for several reasons:

o Residue fuels have high fuel
noisture levels than most of the
fossil fuels

o Residue fuels require higher levels
of excess air to complete the
conbustion reaction and, therefore,
sustain higher dry gas losses in the
exhaust stack

o The higher heating values for
rooidue fuels are substantially
lower than tho higher heating values
for fqnnil fuoln.

Typical ealculntcui valuer, for thnnmal
efficiency are rshown in Table 2 for
commonly co-fised fuels:

Table 2: Calculated Valuer; of Thermal
Efficiency for Commonly Co-Fired Fuels

Fuel Type

Biomass Fuels
Pelletized wood fuel
Typical hogged fuel
Municipal solid waste
Refuse derived fuels

Fossil Fuels
Pennsylvania coal
Utah coal
Wyoming coal
No. 6 fuel oil
Natural gas

Calc. Eff.{%)

79.4
70.6
60.1
73.0

66.5
65.4
B2.2
86.5
B3.3

Since tho thermal efficiencies for the
biomnao fuels arc lowor than for the
fossil fuels, tho thermal efficiency
resulting from co-firing bionass and
fossil fuels will be lower than for
fossil fuels fired alone. Electric
utility experience in co-firing coal and
refuse derived fuel (RDF) has shown
thermal efficiency to be reduced by 1.9%
to 4.2% when 20% of the heat input to a
boiler is supplied by RDF compared to
firing boilers only on coal.

It is important to keep the
significance of thermal efficiency in
perspective and not to overemphasize its
importance. It is true that high thermal
efficiencies are generally equated with
low fuel expenses for any single fuel.
But if an inexpensive biomass fuel can be
used to offset the energy costs of
purchased fossil fuels, then the
resulting lower thermal efficiency
resulting from co-firing the fuels may
not be particularly important. By
comparison, the potential for boiler
derating due to co-firing fuels may be a
significantly larger concern.

Environmental Considerations Associated
With co-Firing -.-,

The environmental concerns associated
with co-firing fuels may be divided into
four categories:

o Particulate emissions
o Gaseous emissions
o Liquid wastes
o Toxic and hazardous emissions
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Particulate Rraionionn

Partieulate emisaianr. w«y emanate
the non"Pombustiblo aoh content of the
fuel or may be formed duo to incomplete
combustion. The input rate of the non™
combustible ash due to co-firing can be
esitiriixtesi based on the ash
characteristics of the fuels to be fired
and their relative quantities.
Engineering estimates can be made of the
distribution of this ash into bottom ash
(to be collected on the grates) and fly
ash which can be distributed throughout
the boiler gas passes, collected in
particulate emission control systems or
exit the boiler as suspended particulate
matter.

Speculation about the potential for
particulate emission problems in co-
firing lead to the following conclusions:

o Boilers designed to burn coal can
probably co-fire waste wood fuels
without significantly increasing
particulate emission levels.

o Boilers designed to burn wood fuels
can co-fire coal fuels but in the
process may expect some increase in
particulato emission rates.

o Boilers designed to burn either
waste wood or any of the fossil
fuels can expect significant
increases in particulate emission
rates when co-firing refuse based
fuels.

o Boilers designed to burn waste wood,
coal or refuse based fuels can
expect to co-fire liquid fossil
fuels or natural gas with a
resulting decrease in particulate
emission rates

Particulate emissions generated from
incomplete combustion can result from
many conditions and/or combinations of
conditions including:

o Wet fuel
o Insufficient combustion air
o Improper mixing of the fuel and

combustion air
o Low temperatures in the combustion

zone
o Insufficient time for the combustion

process to be completed.

whenever any of these conditions
occurs in the combustion zone, even on a
transient basis, the combustion reaction
will not be completed and products of
incomplete combustion will be carried out
of the furnace with the exhaust gas
strean.

The design of the combustion system
certainly influences the degree to which
the conbustion process is completed.

Porno furnace designs when operated
proper!,/ and woll within the design
envelope are recognized for their ability
to burn fuels completely and to emit low
conenntrationo of entrained partlewlate.
Fuel cells, for example, fall in to this
category. Other furnace designs such as
the water wall lined spreader stokerfl are
not as effective in completing the
combustion reaction in the furnace.
Their design counts heavily on collecting
any entrained unburned particulate matter
in pollution control devices downstream
from the furnace.

Fuel moisture levels may be
particularly important in their effect on
completion of the combustion reaction in
co-firing applications. Probably the
most infamous fuel to co-fire is sludge
generated from either industrial or
municipal waste treatment plants. Sludge
is very high in moisture and low in
heating value. When it is co-firad for
disposal purposes, the high moioture
level lowers the temperature of the
combustion reaction thereby promoting
incomplete combustion.

Electric utility experience In co-
firing RDF with coal has shown repeated
problems of poor fuel distribution on
grates and resultant smoking. This
problem is essentially one of improper
mixing of the air and fuel coupled with
low temperatures in the immediate
combustion zone. The overall result in
terms of air pollution is an increase in
particulate formation and emission rates.

Particulate emissions generated by
incomplete combustion are difficult if
not impossible to estimate. They depend
on too many variables. Fortunately, the
parameters which control the completion
of the combustion reaction (time,
temperature, turbulence and proper fuel
to air ratios) are fairly well
understood. Thus, formation of products
of incomplete combustion can be minimized
even in co-firing situations.

The collection efficiency of
particulate emission control devices may
be influenced in two ways by co-firing.
First, the collection efficiency of some
types of particulate control devices
depends on the flow rate of flue gas
through them. This is true for
electrostatic precipitators, for inertial
separators such as multiple cyclones, for
some wet scrubber designs and possibly
with gravel bed scrubber designs. So, if
co-firing results in a significant
increase (or decrease) in the flue gas
flow rates through the emission control
systems, then a significant change in
collection efficiency may occur.
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The second way in which eo"£irincj may
influence collection efficiency iR bY
Phanqing the physical or chemical
characteristics of the entrained
particulfttp in the exhaust g«s utream.
The phyr.ics=il/cheroic«l characterisation aro
often important in the sollection
mechanism? ;»£ control devices. For
example, inertial separation devices r.uch
as multiple cyclones are effective for
large particle sizes and high particle
densities. If co-firing results in
reduced particle sizes and/or reduced
particle densities, then collection
efficiency may fall. Similarly,
electrostatic precipitator collection
efficiency is strongly influenced by
electrical resistivity of the particles.
Co-firing may change the resistivity
characteristics of the entrained
particles and, thus, change the
collection efficiency of the
precipitators.

Gaseous Emissions

The gaseous pollutants of concern in
co-firing include carbon monoxide,
untaurned hydrocarbons, sulfur dioxide,
and oxides of nitrogen. The first two
(CO and HC) are products of incomplete
combustion are most easily controlled
through proper regulation of the
combustion parameters (timo, tomporaturo,
turbulence, and proper fuel to air
ratios). They are potentially influenced
by co-firing only to the extent that co-
firing improves or detracts from the
completion of the combustion process.

Sulfur dioxide is formed from the
oxidation of any sulfur which enters the
combustion system with the fuel. Thus,
if sulfur bearing fuels are co-fired, SO2
will be emitted as an air pollutant.
There are several strategies for control
of SO2 which are well proven.

Oxides of nitrogen (NOX) are also
oxidation products of the combustion
process. Nitrogen may be provided by the
nitrogen component of the fuel(s) burned.
Nitrogen may also come from atmospheric
nitrogen if the combustion zone
temperatures exceed 2600° F.

Control strategies are available to
limit emissions of NOX. with respect to
co-firing, NOX nay be of concern if the
fuel{s) co-fired have a high fuel
nitrogen content and/or if the combustion
process is carried out at high
temperatures which permit the oxidation
of atmospheric nitrogen. Commercial
manufacturers of oil and gas burners and
of coal burning boilers are very
cognizant of federal regulations on NOX
emissions and of the technology available
to neet the standards.

Liquid War.ten

Co-firing of fuolr. may have
impact on the typo and quantity of liquid
wanton yeneratod at r*peeifiq plant Bites.
Almont all plantn with combustion
facilities generate liquid waote Gtreamn
regnrdlesD of whether or not co-firing is
practiced. However, where co-firing is
practiced it may alter the quantity
and/or the quality of liquid waste
streams generated from three parts of the
operation:

o Fuel receiving, storage and reclaim
facilities

o Ash handling facilities
o Air pollution control devices

With the exception of natural gas,
fuels which are cc-fired must be received
and stored in appropriately designed
facilities for each plant site. The
majority of the fuels which are co-fired
are stored in enclosed facilities and are
not subject to rain and subsequent liquid
runoff. The notable exception is waste
wood based fuel (particularly hogged
fuel) which is often stored outside in
uncovered fuel yards. Coal is stored In
a similar fashion at none plant sites.

The position of most state regulatory
agencies is that liquid runoft (lcachatc)
from fuel storage piles must be treated
prior to discharge into sewers or
receiving waters. This applies also to
liquids resulting from washdown
operations on any of the facilities for
receiving, storing and/or reclaiming the
fuels. Treatment is typically limited to
control of biochemical oxygen demand
(BOD5) total suspended solids, pH, and
color. The control technology is well
developed and commercially available.

Bottom ash collected in boilers
(furnaces) may be mixed with water and
conveyed as a slurry to clarifiers or to
receiving ponds. It is one of the
options used in ash handling systems.
Fly ash collected in air pollution
control devices may also be slurried with
water and pumped to clarifiers as part of
the water recirculation system for the
pollution control device. Where either
of these options is employed, some
cleanup of the water is required before
it may be discharged to sewers or to
receiving waters. Treatment typically
includes BOD5 reduction, pH control,
removal of suspended solids and color.

Where co-firing of fuels is used, it
may result in changes to either the
quantity of ash or to the characteristics
of the ash entering the combustion
system. Thereby, co-firing may have some
impact on the level of treatment required
for liquids involved in ash collection
and/or disposal. As an exanple regarding

191



the. co-firing of coal and RDF, the EPRI
publication, "Guidelines for co-Firing
Refu.se Derived Fuel in Electric Utility
Roil«ra," reports in Volume 2, Chapter 7
(Copyright Electric Power Research
Institutes )

Changes in liquid wastes
resulting from RDF co-firing
should be anticipated for the
ash handling system, air heater
washing, and ash pond
operation. The amount and
nature of these changes are
site and unit specific. At
Rochester, where bottom aches
are hydraulically conveyed, it
was observed that water
quantity increased and
alkalinity increased by about
1.8 pH units.

The change in alkalinity of water used
for bottom ash slurries and for fly ash
collection and transport has been noted
at several plants which were designed and
operated for coal and which subsequently
co-fired coal and wood based fuels. The
raised pH level is considered as a side
benefit to co-firing uood with coal.

Air pollution control devices which
use a liquid (wot contact scrubbers,
venturi scrubbers, wet electrostatic
prccipitatore, and slurried limestone
injection systems for flue gas
desulfurization) may also see changes in
the characteristics of the liquid waste
stream as a result of co-firing.
However, as is the case with liquid
leachate from fuel storage and liquid
wastes from ash collection systems, the
technology for cleanup is well developed
and commercially available.

Toxic and Hazardous Emissions

Toxic and hazardous emissions may come
from two routes in co-firing: 1) They
may be formed through incomplete
combustion; or 2) They may result from
toxic or hazardous materials which are
inherent in the fuel prior to combustion.
Examples of toxic compounds formed
through incomplete combustion are
formaldehyde, PCB's, and benzo-a-pyrene.
Examples of toxic materials in fuels
include lead, arsenic, antimony, mercury,
asbestos, nickel and cadmium.

When toxic materials result from poor
combustion, they can be reduced or
eliminated by improving the combustion
conditions through better control of the
parameters of time, temperature,
turbulence and proper fuel to air ratios.
Toxic compounds which enter through the
fuel stream are more difficult to control
and, in fact, their fate once they enter
the conbustion system is very difficult
to predict. Fortunately, in the case of
cost of the fuels which are co-fired,

toxic nmifinionn are not considered to be
a major source of concern. The notable
exceptions to thio include industrial
wanton and the refuse baaed fuels (MSW
ana RDF).

For a more indepth paper on thin
topic, see "Toxic and Hazardous Mr
Pollutants From Co-Firing Biomaas Fuels,
Fossil Fuels, MSW and RDF" by D. Junge.
The paper is included in the proceedings
from this conference.

Economic Considerations in C,o-Fj.rinQ

The economics of co-firing can be
evaluated through a complete economic
analysis of a project and can include a
variety of options, fuel types, fuel
mixes, etc. The approach to the analysis
is very much the same as would be used to
evaluate any engineering/construction
project. However, based on the
experiences of the electric utility
industry and other sites which have
undertaken co-firing applications, there
are some details in addition to those
normally considered which should be
looked at for co-firing:

o The economic impact of co-firing
should be considered from the
perspective of the overall operation
and economics of the facility an
opposed to limiting the analysis to
the economics of the power plant or
boiler room.

o The analysis should investigate
changes in:

a) Plant fuel expenses
b) Plant power requirements
c) Plant maintenance expenses
d) Plant labor expenses
e) Peak steam generating capacity

of the boilers due to co-firing.

o within the electric utility industry,
determination of the replacement fuel
value is very critical to the economic
success of c«-firing. It is less
critical in other sectors of the
economy

Debt service analysis for proposed co-
firing operations requires that the
anticipated capital costs for the new
or modified facilities be determined.
The capital costs may include a very
wide array of items dealing the fuel
facilities, furnace modification,
pollution control equipment, waste
handling and disposal, and other
items. It's a long check list but
needs to be carefully evaluated in
order to avoid reaching erroneous
conclusions about the economic
feasibility of a proposed project.
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o The economies of co-firing may bo
influenced by ownership of the plant
fiite, Thir> ia clue to t«x
considerations which should be
investigated ar. part of the overall
economic analysis of the project.

o There ir. an element of risk associated
with any project. The history of co-
firing in the electric utility
industry attests to the risks involved
in attempting to co-fire RDF in
boilers designed and built for firing
coal. At the same time, the lists of
successful co-firing operations in
other sectors of the economy indicato
that co-firing is technically and
economically feasible under a wide
variety of conditions. The message is
to consider the risks and the
economic impact of late startups,
unscheduled shutdowns and other events
associated with co-firing and to
include these risks in the overall
economic evaluation of the project.

The Biomass pnergy Project Development
Guijiebools; by Vranizan, vl. H. et al,
published in July 1987 (available through
the Bonneville Power Administration)
discusses the economics of biomass
projects in its Chapter 6. The
presentation is broadly applicable to
many co-firing projects and is
recommended as a reference source.

A final comment concerning the many
economic considerations in planing and
evaluating co-firing projects: The
overall task typically involves several
levels of detail starting with rough,
ball-park calculations and leading
eventually to an indepth, detailed review
of the options. It is often work carried
out by professional planners, engineers,
and economists using large, diverse data
bases.

Decision Making Criteria for Co-Firing

Making the decision to proceed with a
co-firing project involves finding
answers to questions which may be
organized into categories of fuel,
equipment, environmental concerns,
economics, finance and a category of
"other".

The fuel related questions should
attempt to determine how much fuel is
needed, what kinds of fuels are available
to meet the need, how long can you count
on being able to obtain each fuel
considered, what are the characteristics
of each fuel, what special provisions
nust bo made for each fue) and finally,
how cuch do the alternative fuels cost in
dollars per million BTU's.

The equipment oriented questions are
directed at learning about the items of
equipment and/or modifications to
equipment which are necessary to do the
complete project. The equipment related
questions range from items needed for the
fuel supply, t •> fviej metering, to fuel
feeding, to boiler modifications, air
pollution control systems, water
pollution control, solid waste handling
and disposal and related miscellaneous
items. Once a checklist of equipment
items needed has been prepared, then the
projected cost for capital equipment and
equipment modifications can be
determined. The equipment check list can
also be used to estimate the tine
required for design, manufacture,
delivery installation and startup of the
proposed or modified facility.

Environmental concerns may be very
important in the decision making process
for co-firing applications. A project
may be so extensive that it has potential
impacts in the areas of air pollution,
water pollution, solid waste, toxic and
hazardous substances, nois* and others.
Before construction may proceed permits
must be issued for the project by all of
the concerned agencies at the federal,
state, regional and local levels.
Obtaining the required permits nay
involve a significant effort and expense
as well as time delays in pursuing the
project, and these factors may be
important in deciding whether or not to
carry out the project.

The economic feasibility of proposed
co-firing projects can be determined
through careful consideration of all of
the anticipated costs and benefits as
well as the risks associated with the
undertaking. Before the economic
analysis can be completed, most of the
questions associated with the fuel, the
equipment and the environmental concerns
need to be answered.

The financing of a project can be
pursued after it has been determined that
the proposed effort is economically
attractive. Financing options are
strongly dependent upon the type of
ownership involved. The decision to
pursue a project depends, of course, on
the- ability to obtain financing and,
therefore, that part of the decision
making process may be delayed.

The "other" factors to be considered
as part of the decision making process
can be just as important as those dealing
with fuel, equipment, environmental
concerns, economic feasibility and
possible financing. Political problems
must be anticipated and dealt with,
timing of the project must be carefully
planned so that it can mesh with
production schedules, and planned down
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time. institutional barriers must be
considered and recognised at the outset
of the project, and finally, it must be
ilerersntnecl that sufficient infrastructure
is available to support the proponed
effort.

If all of thor.o considerations r>till
point to "GO", then the proposed
undertaking will have good prospects for
success. However, if the decision making
process uncovers a major problem area
that cannot be resolved or bypassed for
whatever reason, then it is important to
be able to decide on "NO GO" and to stop
further activity.

David C. Juitge.
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Wood Ann «« a S o i l jMMIitlva and
Jkgtnt

A,
i,, Etiegni.
K,L. Hanior
Foreat Products and Soil Snienee Dopto.,
Uni.versity of Idaho

This study evaluated wood ash ar, anl
agricultural soil supplement and liming
material. Winter wheat

and poplar (populus sp.) were
grown in a greenhouse on six different
Idaho soils amended with different ash
concentrations. At ash levels equal to
or lower than 2%, no detrimental effects
were observed. In fact, the biomass of
the wheat and the caliper and height of
the poplar cuttings increased more at 2%
ash 940 metric tons/ha) than with the
control soil. These results suggest that
wood ash could be used in agricultural
applications as a low analysis fertilizer
containing potassium and as a liming
agent. Land application of wood ash
could be less expensive and more

t environmentally sound than present
landfill ing practices.\ land

Physical and Chaaical Properties of Bog
Tumi and riaas from a classified Logyard
Wast*

Richard L. Folk
Alton C. Campbell
Dept. of Forest Products, College of
Forestry, Wildlife and Range Sciences,
University of Idaho

[Disposing of large volumes of logyard
waste is a major problem for primary wood
processors. Host logyard waste is still
burned in cosbustors, landfilled, or
stockpiled, but each of these disposal
methods causes environmental problems.
The study evaluates the physical and
chemical properties of fresh and
stockpiled logyard waste separated into
three fractions by an industrial residue
reclaim system that uses a rotary trommel
screen and pneumatic classifier. The
three fractions are rock, hog fuel and
fines less than 5/16 inch. Fresh and
stockpiled siateriai produced hog fuel
that averaged 50% moisture content, 7%
ash content and 22 pounds per cubic foot
(oven dry basis), and is burned as a
boiler fuel to produce steam for lumber
drying. The fines are essentially
neutral, pH = 7.2, and should have no
detrimental environmental impact. The
carbon to nitrogen ratio of the fines is
greater than 190:1 and therefore has no
nutritional value as a soil amendment.
In summary, the reclaim system reduced
logyard waste volume by separating thej
material into useable fractions. j

At Last, An affordnbl* Couairoial Boiler
That Dura* Wat Bio»a»s as Cleanly as Oil
& QMS

Lawrence Dobnon, R & D Director
Northern Light l< t D

pvor the pant 16 years, Northern Light
RoBoarch * Development has built 11
highly efficient and clean burning
biomaos combustion aystems. Official
emissions testing, by Bonneviile/EPA, of
a rosidential-siza prototype showed that
green wood can be burned as cleanly as
gas and oil. Particulate emissions were
0.228 grams per hour, l/33rd of the 1990
EPA non-catalytic woodstove laboratory
emissions standard (using well-seasoned
lumber), 1/65th of the average state-of-
the-art catalytic woodstove emissions in
recent field studies, and 1/3 of the
cleanest pellet burner yet tested. This
particulate emissions level is 0.0076
grains/dry standard cubic foot, one
quarter or Washington's stringent Beet
Available Control Technology standard,
which is attainable with present systems
only by installing expensive cyclone
separators, bag-house filters, and
electrostatic precipitators. The
prototype described above was tested with
no stack clean-up equipment, electric
fans or controls. In the wane test,
carbon monoxide emissions over a two hour
test period were four parts per million,
which is 1/7 SOOth of the Federal Auto
Emissions standard, 1/100th cf the gas
industry's standard for "CO-Free
Combustion", and 1/2 of the EPA's
standard for acceptable 24 hour indoor >
fair quality. !

In 1987 The Washington State Energy
Office funded an engineering prototype of
a small 800,000 BTU/hr commercial
retrofit boiler. Although not officially
certified, combustion in this burner was
even cleaner than in the smaller
prototype. In 1988, Vaagen Timber
Products, Inc., a logging company in
Colville, WA., supported the development
of a 200,000 BTU/hr hot air furnace.
This furnace is state of the art, capable
of burning the wettest wood (logs, chips,
sawdust, etc.) extremely cleanly and
efficiently. Primary and secondary air
is precisely controlled by a
microprocessor continually monitoring
input from various temperature and
position monitors and oxygen sensor in
the exhaust stream. Exhaust gases are
usually so cool that clear water is
condensed out in the heat exchanger.
This reclaims the heat of vaporization
and allows wet fuels to be burned as
efficiently as dry ones, at overall
efficiencies above 90%. The unit can be
fitted with a large hopper to hold
several day's fuel at one loading. It
will also burn pellots cleaner and more
efficiently than commercial pellet
burners, and can be operated without
electricity of necessary.
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The project currently undor way in
supported by a grant from the U.S.
jjopartnont of Ennrgy, Office of Energy-
Related inventions. The project in to
carry the clatslgn'-paratnefctu'ct of tho hot"
air furnace outlined above into <\ larger
f.yr>tem, a 1.8MMBTU/hr commercial low
pressure hot water/steam boiler firad by
wood waste and a variety of other fuels.
It will have fully automated fuel feed
and asn-reraaval systems, a patented
combustion system which preheats
combustion air above lOQQ'F in a silicon
carbide refractory heat-exchanger, a
highly efficient downdraft counterflow
boilerwater heat-exchanger, and fully
automated programmable electronic
controls. It is expected to be installed
this winter, with extensive emissions
testing to be performed on a large
variety of fuel types, including stringy
cedar bark, wet old hogged fuel, RDF
pellets, recycling left-overs, and
raunicipal waste.

Mr. Dobson has had articles in
Alternative Sources of Energy Magazine,
The Mother Earth News, and has presented
papers at numerous technical conferences
throughout the world.

Xethoda and Xnatrumentatioo for the
Haasurenent of Eaiaaiona txom Bioaaaa
Coabuatioa

James E. Houck
Mark S. Fisher
Stockton G. Barnett
Robert B. Roholt
OMNI Environmental Services, Inc.

fFarticulate and gaseous emissions from/
! biomass combustion represent a major
source of atmospheric pollutants world-
wide. Carbon monoxide, PM10 particles and
toxic and carcinogenic products of
incomplete combustion (PIC) from biomass
combustion present serious environmental
and human health problems. Quantifying
emissions from biomass combustion
requires specialized instrumentation and
protocols. The inherent characteristics
of biomass emission streams which make
specially designed instrumentation and
protocols necessary include: (1) tar-
like emissions, (2) a high water vapor
content, (3) low gas velocities, (4) high
particulate loadings, (5) variable
emission rates and gas velocities, and
(6) pragmatic considerations such as non-
standard sampling access and area-wide
non-ducted sources. In addition, since
cany of the compounds contained in
bionass emissions are semi-volatile, the
difference between the particulate and
vapor phase is often a matter of i
def-ntion. J

OMNI Environmental Services, Inc. has
developed sampling and monitoring
instrumentation to quantify biomass
emissions for a variety of pollutants.
Sampling and monitoring have beon
conducted for industrial point sources,
residential wood and other biomass-
burning, In-home appliances, area-wide
agricultural burning, and forestry-
related burning. Example results and
protocols will be presented and
instruments will be displayed.

Implementing a Pellet Fuel Pilot Projact
on LIHEAP

Gary Whitney, Financial Specialist
National Appropriate Technology
Assistance Service

j This paper describes how an Energy
'service Company (ESCO) can operate much <
like a utility to incorporate pallat fuel
into the federal LIHEAP (Low-Income
Heating Energy Assistance Program)
program. Xn FY'89, LIHEAP provided over
$1.3 billion to the stataa to be spent on
the energy bills of the program's low-
income clients. The vast majority of
these funds was spent with traditional
fuel providers such as natural gas and
electric utilities, firewood, fuel oil,
and propane vendors.

LIHEAP budgets are being stretched as
qualified applicants outnumber actual
recipients by a three to one margin.
Lower cost pellet fuels provided through
an ESCO arrangement, which includes
financing, installation, and maintenance
services, can help address this problem.
The ESCO would be paid on a dollar/MMbtu
pasis for the space heating it provides.

The ESCO concept is feasible because the
combined costs of pellet fuel and an
annual appliance lease are still much
lower than selected competing fuels. For
example, electricity at the national
average price of $0.75 /kwh and 100%
efficiency costs $22.00/MMbtu of usable
heat. Fuel oil at $1.50/gal. and 65%
efficiency costs nearly $17/MMbtu of
usable heat. Propane at $1.25/gal. and
75% efficiency costs over $18.50/MMbtu of
usable heat. Wood pellets, on the other
hand, priced at $75/T, containing 8,200
btu/lb. and 80% efficiency cost only
about $5.75/MMbtu of usable heat. Adding
to the cost of fuel at $5.?5/MMbtu, the
ESCO would include the annual lease of
the appliance, the cost of maintenance
and service, overhead, taxes, and a
profit. It is estimated that, including
all associated costs, the ESCO's price
will be around $12 to $13/Mmbtu. At
$12/Mmbtu, the pellet fuel ESCO is 501
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ehenpar than propane, 481 eheapar than
fuel oil, nntl 83% cheaper than
electricity at the national average
price.

The Advantage* off Cuba*,
Traditional Bionasa Fuel

Non-

Rick Tonlie, Head of Research and
Development
Warren £ Baerg Manufacturing

(Problems facing many co-generation
(facilities range from transportation to
fugitive combustion to emissions and dust
control. Briefly this paper will address
these probleas. With many biomass fuels
(planer shavings, sander dust, cotton gin
trash, shradded newsprint, dried sewage
sludge, bark, wheat straw and turkey
shavings) transportation costs become
prohibitive at weights of four to twelve
pounds per cubic foot. Densification in
the cube form usually results in weights
of twenty-eight to thirty-two pounds por
cubic foot, bulk density, thereby
increasing the pay load for transportation
up to seven tinea.

Dust emission problems with fuels such as
Gander dust, dried sewage sludge, cotton
gin trash and turkey shavings have ,
resulted in threats of plant closures > /
with court injunctions. Dust reductions//
of up to ninety percent in fuels like
sander dust and cotton gin trash are
achieved by cubing the fuel at the '.,
source. {Re: Bohemia Lumber, Rocklin, :

CA and CAPCO plants in the San Joaquin
Valley) "" i

Nearly all the above mentioned fuels <
create fugitive combustion problems in
fluidized bed, traveling grate or
spreader stoker type boilers. .

In a test conducted near El Nido,
California on July 9, 1989 at a CAPCO co-
generation facility with a fluidized bed
bciler burning loose wheat straw and
changing over to cubed straw, the
following was observed:

Vapor Space
Temperature

Bed
Temperature

Loose Straw

> l,700*F

< 1,300'F

Cubed Straw

1,584'F

1,669'F

Doiler efficiency alone Indicates the
benefits of cubing the Material. Also in
the test the operator recorded bin epeedB
OI!

On
Xnfc^d

strew
40%~60loflQ0% .061-1.Otof1001

JMulti clone, economizer and baghouea
I problems were relieved due to burning the
cubed fuel. And a representative from a
large boiler consulting fir» stated
"There appeared to be Very^, little
difference between the cubed straw" end
the premium wood chips'*. „„,

/Harmful emissions can be greatly reduced
- to below detectable Units set by the
E.P.A, - with the addition of Calcium
Hydroxide aa a binder. Results of tests
conducted by the E.P.A. at Argonne
National Lab on coal and waste paper
densified together with CaOH as a binder
have been published by the University of
North Texas and are extremely encouraging
in the problem areas of sulfur dioxide,
tetra-chlorinated dioxins, tetra-
chlorinated furans, polyaromatic
hydrocarbons and polychlorinated
biphenyle.

Michigan's Wood Energy Demonstration
Project

David Nicholls, Research Asaoci&te
Karen Potter-Wetter, Assistant Professor
Henry A. Huber, Professor
Department of Forestry, Michigan State
University, East Lansing, Michigan

Although wood is the major biomass energy
source in Michigan, by many measures it
is underutilized. Michigan's Hood Energy
Demonstration Project {WEDP) is designed
to help establish energy systems,
providing model demonstration sites for
other organization*. Specific objectives
of the WEDP include identifying
innovative wood energy technologies for
industries and institutions, developing
diverse demonstration sites, and
evaluating operating data from these wood
energy systems. A primary goal of the
program is to transfer practical
information to individuals and
organizations interested in pursuing wood
energy projects. '

The WEDP is one of six areas of a broader
program known as the Michigan Energy
Conservation Program (MECP), established
from oil overcharge funds to help
organizations state-wide reduce their
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iy cpsta. All bualnesvr.of.,
governnontal units, and not-for-profit
praani stations within Michigan woro
eligible! for the §300,000 wood energy
grant program. Proposals ware evaluated
bi\r.ed on project economics, engineering
ck-r.ign, fuel supply characteristics, and
environmental impact. Facility tourn
will bo conducted for all demonstration
sites from September 1990 through
September 1991. Tours will be arranged
through Michigan's Cooperative Extension
Service and will be free and open to the
public.

Wood Pallat raadatock Drying Byataa

Gerald Fleischraan, Biomass Energy
Specialist
Idaho Department of Hater Resources,
Energy Division

In the early eighties;, pellet stoves were
appearing on the market and Jensen Lumber
Co., a small sawmill in southeast Idaho
specializing in lumber for the mining
industry, decided to build a pellet fuel
plant. The venture would bo a good way
to make use of waste wood from the
sawmill. A low-interest energy loan from
the Idaho Department of Water Resources,
Energy Division helped Jensen Lumber
install the plant. During the 1987-1988
heating season, the demand for pellets
increased dramatically and the amount of
dry residue was the limiting element in
Jensen Lumber's wood pellet production.
However, there was a considerable amount
of wet residue available.

The solution was to dry this- residue.
The problem was that new commercially
available dryers were too expensive, both
in terms of capital and operating costs.
A dryer to do the job Jensen required
would cost from $300,000 to $500,000.

The answer was to implement an innovative
plan to make the operation technically
feasible and cost effective. This
required the use of dried wood pellet
feedstock as fuel and the purchase of
used equipment. The burner had to be
capable of operating solely on dry
sawdust after the warm-up period, and the
capital cost of the dryer had to be lower
than new commercially available units.

Because alfalfa drying is not being done
as such as it was, used alfalfa dryers
were available at a good price. This was
the type of dryer chosen. The burner can
run exclusively on dried sawdust after
the warn-up period. It also has a
secondary combustion chamber which burns
fines recycled from the dryer tube. This
adds to effeciency and reduces
particulate emissions.

Two other decisions that have contributed
to the Ruccooaful operation of the dryer
are the uee of the latest electronic
control equipment and tha recycling of
dryer tube «ir. The electronic control
equipment allawn the dryer to operate
with a minimum of operator overnight,
thus lowering operation eonts. Recycling
dryer tube air lowers the temperatures
and increaoen the humidity of burner
exhaust air as it enters the dryer tube.
This reduces volatile organic compound
emissions and the risk of fire and
increases the dryer efficiency. The
dryer's final installed cost of $145,603
compares favorably with the $300,000 to
$500,000 cost of commercially available
systems, all of which would have higher
operation costs. The Energy Division
provided a $30,000 grant for the project
from its Bioenergy Demonstration Program.

Xntagratad Rasourca Racovary: Coabuatioa
of RDF in a Flui<Jiia« Baa Boilar

Michael L. Murphy, Vise President and R &
D
Energy Product*? of Idaho

jA comprehensive plan for solid waste)
management including recycling and reuse
as well as fluid bed combustion of the
refuse derived fuel provides the best
possible means of solving the pending
crisis with this nations' waste. This
paper addresses the magnitude of the
problem and presents some specific design
information pertaining to combustion of
refuse in an EPI fluid bed system. In
all instances, emissions from the fluid
bed ha^ a been demonstrated to meet the '
proposed EPA New Source Performance •
Standards. '

Baiaaiona Control Improvamanta in Bionaas
Coabuation Bystami

Garry P. Isaacs, Administrative Assistant
Procom Environmental Inc.

Recent clean air legislation has provided
a necessity for serious flue gas cleanup.
As a general rule, the baghouse has been
recognized by the enforcement authorities
to be the best available control
technology (BACT) for a biomass
combustion process. Since baghouscs
commonly burn down or explode, they have
been largely undesirable for biomass flue
gas cleanup. For this reason, in the
BACT top down analysis, a wet system is
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usually opt eel no bent technology for wood
waiito conduction.

The use of water han been common in the
scrubbing o£ part .icul ate matter from <i
bipmaon flue cjan stream. Tho conversion
of an ftir pollution problem for a water
pollution problem io not a solution to
the overall environmental requirement.
Water treatment equipment, in tandem with
the scrubber is becoming more and more
popular in order to create a closed, Eero
discharge circuit. Wet scrubbing has
evolved from simple r.howering or dunking
of the gas stream, to high energy
scrubbing. There are many options
available to accomplish wet particulate
scrubbing. It helps to understand the
options in order to select the best and
taost economic system for various biomass
applications. Large, unnecessary
expenditures on the part of the user can
bo avoided if the options are understood.
The proper application of particle/water
droplet collisions can effect the
collection of particulate from a gar.
stream in a more efficient manner than
dry collection moans and the
intital.lnt.ionr. can be made at less cor.t.

ofitiroatnn for traditional wood uses, Tho
FIIU'R model can bo uned to predict the
nilocation of total foreot biomiHRfj for

e and off-r*ite products.

in «lr»o undorwny to dnvolop more
t methodo for mennuring logging

roniduen in cutover units. Methods for
vneanuring both individual pieces and
slash pile volumon from large-scale
aerial photographs are being tested.
Photo-based techniques for measuring
slaoh piles have yielded more accurate
estimates than traditional field
measurement techniques, several factors
contribute to this improved accuracy: 1)

distances measured from photos are within
1% of true ground distances; 2)
measurements can be made much store
rapidly from photos; 3) aerial photos
provide a better perspective for making
measurements; and 4) pnoto measurements
are produced in a digital format,
eliminating any recording errors. I*arge-
scalo photos also provide a detailed
picture of the spatial distribution of
rooiduos within a harvest unit. Both the
size and distribution of piecos heavily
influence tho economics of any residue
utilisation or aite preparation
operations that, arc to be undertaken.

Biomasa Estimation and Kaaeniremsnt
technique*

Stephen E, Reutebuch
Lauri J. Shainsky
USDA Forest Service, Pacific Northwest
Research Station

As interest grows in the use of woody
bionass for energy, forest managers need
to develop nanagenent strategies for
growing and processing fiber for energy.
Such strategies must be both
environmentally sound and economically
profitable. One of the first tasks that
must be accomplished is to improve
methods for characterizing available
bicnass resources, both from a physical
and ar» economical perspective. Extensive
data are needed that describe the
physical characteristics of various fiber
sources in terns of piece size, shape,
spatial distribution, and chemical
cakeup.

Tho Biozjass and Energy Research Work unit
of the Pacific Northwest Research Station
ic conducting research to improve
techniques for estimating and measuring
forest biosass parameters. One such
endeavor is the development of the FIBER
codes!. FIBER is a computer program that
estimates the volunec and weights of
various components of a stand using taper
and weed density equations and stand and
utilisation criteria supplied by the
user. Voluce and weight estimates for
energy products are generated along with

Fir swoon R«eov«ry using ttt* Tractor
Mounted rarai Winch

Thomas Biltonen
Harry Lee
Forest Products Dept., College of
Forestry, Wildlife and Range Sciences,
University of Idaho

All logging operations produce large
volumes of leftover material. Disposal
of this residue presents a large economic
burden to the small forest landowner.
Previous work estimates that for a
selective harvest anywhere from three to
five cords per acre of three inch and
above material is left after cutting.
Utilisation of this residue could greatly
increase a small private forest
landowner's disposable income. The small
forest landowner needs a method of
recovering this otherwise wasted
resource. This proposal describes this
problem and the work required to
determine tho feasibility of recovering
this residue with a fara tractor and
skidding winch.
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Cost to Deliver Sweat
Fermentable* to a central Plant

John S. CwnUff, Associate Professor
Virginia Polytechnic Institute 6 State
University

Ethanol as an oxygenating agent for
gasoline is expected to bo of
accelerating importance as wore health
issues are related to air quality. A
sugar crop, like sweet sorghum, has
potential because it produces large
quantities of both sugar (readily
fermented) and fiber (potentially
fermentable via cellulose conversion)
with less inputs than corn. With sweet
sorghum a high tonnage of high moisture
material must be handled to collect the
feraentables at a central plam., and
therein is the challenge.

The concept for a sweet sorghum-for-
ethanol industry in the Piedmont was
developed to encourage the involvement of
a large number of growers with varying
acreages, perhaps as small as 30 acres.
It is hypothesized that the central mill
will buy whole-stalk sorghum standing in
the field, and will contract fov «he
harvesting, juice expression, ensiling,
and transport. Using commercial
equipment to tho maximum degree possible,
the following concept was developed.
Whole-stalk sweet corghum will be chopped
with a forage chopper and hauled to a
bunk silo. At the silo the chopped
material will be fed through a truck-
mounted screw press, the juice collected
and shipped to a central plant, and the
residue ensiled. Two options are
explored for the silage: 1) it will be
"sold" to the farmer as a credit against
the price the plant pays for whole-stalk
sorghum, or 2) it will be owned by the
plant and stored in silo space rented
from the farmer. Under Option 1 the
plant receives the juice, ferments it
directly during the estimated 8-week
harvest season, and concentrates the
excess to syrup for use the remainder of
the year. Under Option 2 the mill uses
the juice as in Option 1, and then uses
cellulose conversion to make ethanol from

the silage for the remainder of the year.
Ensiling on the fara for Option 2, rather
than transporting the whole-stalks to the
mill (as is done with sugar cane), avoids
a peak truck transport requirement during
the harvest season. Silage can be
delivered as needed by a email fleet of
trucks operating year-round. Juice
expression is expensive, and to improve
the efficiency of the press a pith
combine was envisioned which would
collect only the sugar-rich pith from the
center of the etalk (70% of mass) and
drop the fibrous rind-leaf back into the
field.

The najor obstacle to a sweet sorghun-
for-ethanol industry in the Piedmont is

the Bhcirt harvest season, 8 weeks
compared to 16 weeks in Uiuisiana, where
jiorghuK and sugar cane can be processed
secnientiaily in a sugar isiil. A third
harvesting system, identified aa the
Piedmont system, WAR envisioned which
permit* 30 days o£ whole-stalk storage
before juice expression. Stalks are cut
with a pull-type harvester, stored in a
windrow, and later hauled to the silo
whero processing proceeds ae previously
described.

Cost to supply feedstock (up to the point
fermentation begins) for a 1 million GPY
ethanol plant, assuming Option 1, was
$2.4B/gal. expected ethanol yield (forage
chopper system), $2.03/gal (pith combine
system), and $2.35/gal (Piedmont system).
If the silage used via cellulose
conversion (Option 2), the cost is
$1.81/gal for the forage chopper system,
$1.91/gal for the pith combine, and
$1.84/gal for the Piednont. Cost
decreased for the forage chopper and
Piedmont systems in Option 2 because the
yield of ethanol per ton whole-stalks
increased. Cost increased for the pith
combina system for Option 2 because tha
silaga yield per ton whole-stalks was
lowest of all three systems, consequently
the total ethanol per ton whole-stalks
was lowest. With current forage
harvesting technology the Piedmont can
compete with Louisiana in production of
eweet sorghum for ethanol.

Using the Personal Computer to Create
Bloenergy Information Databases

An Information Nodal on System for Using
KadiuB-Btu Prolysis Gas as a Fuel for
small das Turbines

William H. Keown, Asst. Prof. of
Engineering
The DuBois Campus, Pennsylvania State
University

Have you often wished you could haul your
filing cabinets with you to meetings, or
have information stored in a convenient
form that would permit easy and fast
retrieval? Certainly we can not carry
everything in our heads.

The task of building our own information
databases (computerized filing systems)
would be more appealing to some of us if
we did not have to spend a lot of tiae
deciding what software to purchase and
even more time learning how to use some
of the complicated software now on the
market.

The "home-grown" software package used
for this presentation was adapted from
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p and pj
and consists of » menu-driven "filing
system11 written in BARIC that can produce
screen displays of text, files created by
the user. These ASCII files can be
created with « Kiwplo, imbedded word
processor, and can include abstracts,
references, and other project notes up to
eighteen lines Maximum length. The
package requires an IBM-PC computer with
a C6A color monitor and a printer, if
available. A color/graphics adapter with
video jack, a software projector, and a
high-intensity overhead projector can bo
used effectively for public presentations
of materials contained in database files.

The primary objective oC this
presentation is to describe how an
easily-accessed bioenergy information
database can be created and, in
particular, to document and describe an
innovative energy system concept for
effectively using the high-quality,
mediun-Btu gas from the pyrolysis of wood
residues and organic waste material! as a
supplementary fuel for snail gas
turbines.

These light-weight engines are suitable
for installation on mobile power units
and can provide electric power, process
heat, steam, and shaft power to Beet
remote-sit* energy needs of forest-based
industries as well as needs of
agricultural and other snail industries
located in wooded regions.

Employment opportunities, l»»O«s and
Beyond

Search North America, Inc.

As many know, the U.S. is the single
greatest consumer of fossil fuel in the
world. We Americans consume
approximately 50% of all oil that is
refined, and nearly 20% of all other
fosail fuel (coal, coal shale, clum,
etc.). Most of this use is for
generation of power and for fueling our
automobiles. In using such vast
quantities of fossil fuel we have become
dependent on other countries and
contribute to the growing air/water
pollution problem.

Also, Aserica generates over 16 million
tons per day of bio-nass/MSW/industrial
waste which is expected to increase to 20
sillion tons per day before the 2lst
century. Much of this bio-aass is
convertible to a usable energy source.
In fact, it is estimated that 6-71 of the
current oil consunption could be
conserved by converting bio-aass.

Today there are literally hundreds of
companies here in the U.S. end
internationally experimenting, developing
and producing alternative energy sourcen.
In the U.S. alone, bio-mums conversion
has taken various forma, {waBte-to-
energy, blended fuels, ethanol
gasification, etc.). Opportunities are
growing.

Search North America, Inc. is a
recruiting firm that provides support to
companies in the power generation, waste
stream, and wood products industries.
Our mandate is to recruit qualified,
Hcan-doM professionals.

Bthanol Fuels for a secure Future

Ralph P. Overend
Norman Hinman
Stanley Bull
Solar Energy Research Institute

The production of alternative
transportation fuels such as ethanol and
methanol from bionass can potentially
replace a major fraction of the gasoline,
consumed in the USA. Illustrated here is
a system based on dedicated crop
production and advanced applications of
biotechnology to produce ethanol.

Energy Crop Production
Dedicated energy crops have the following
advantages: very significantly increase
the amount of biomass available for
energy; be grown in most regions of the
country, providing a widely dispersed
energy resource; create new crops to
enhance income in the agricultural
sector; ensure that biomass feedstocks
are available throughout the year;
greatly reduce land erosion as compared
to conventional crops; reduce the rate of
CO, accumulation in the atmosphere;
enhance U.S. energy security; and, lessen
the balance of payment deficit by
reducing the need for imported petroleum.

Biomass Conversion Plant
The advanced biomass conversion plant has
the following enviromnental and economic
advantages: at the goal of $0.60/gallon
all energy requirements for the plant are
provided by burning the lignin component
of biomass and excess electricity is
available for sale; all organic waste
material is recovered and used as plant
fuel and minimal amounts of solid waste
arc produced; lignin contains essentially
no sulfur, therefore, its use as plant
fuel results in no sulfur emission to the
atmosphere; no fossil energy is used in
the advanced case, therefore no net C0;
is produced; most of the process water is
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recycled to thP plant and makeup water
i minimal.

The projected ©conoraicn of
i to otltanpl plants

favorable with arto fuols derived
$25/Bbl crude oil.

Materials
Wood
Chemicals

utilities
Electricity
Hater

Labor
Overhead & Maintenance
Annual Capital Charge

Total Annual Cost

10B9(1J

$/gai.

0.52
0.04

0.05
0.01
0.05
0.25
0.43

$1.35

Goal">
S/gal.

0.28
0.02

(0.04)
0.01
0.02
0.10
0.21

SO.60

Note 1. Wood cost in 1989 at $42/dry ton
and for goal at $34/dry ton.

Eio»*»» Energy - An Environmentally
Preferred and sustainable Option

Craig L. Chase, Consultant
Biomass Energy Systems and
Resource Management

Energy

This display focuses on the Congressional
mandates of: matching local resources to
local energy needs, technology transfer
and technical informations assistance,
resource assessments, environmental
impact identification, abatement and
mitigating, and local economic
development.

Highlighted are:

The state bioenergy program activities
of; assistance on state regulatory and
institutional considerations,
environmental impact definition and
resolution, technical assistance,
technical information dissemination, and
support to industry.

Technical projects;

* Clearwater-Potlatch Timber Protective
Association and University of Idaho -
Recovery of Forest Residues, Harvest
and Collection System.
* Hermann Brothers - Cost and
Productivity of Multiple-Product
Processing Equipment for Small Diameter
Trees.
* Glacier Log Homes wood fired dry kiln
using nill residues.
* University of Washington - Spider
Demonstration, mechanical harvesting on
steep slopes.

* orogon State univnrnity - fliomase Fuel
Ch«ractori?.ation; Tasting and
Evaluating the combustion
charncteriRtiurc of selectad Biomaes
Fuolr..
* U.S.F.S., Pacific Northwest Research
station - Mitigation of Prescribed Fire
Atmor.phorie Pollution Through Increased
Utilization of Hardwoods, Piled
Residues, and Log-Needled Conifers.
* Oregon State University - Municipal
Solid Waste Combustion: Fuel Testing
and Characterization.

Soonoaio impact of industrial wood Energy
Use in the Southeast Region of the Baited
States

C. David Stephenson, Tennessee Valley
Authority, Southeastern Regional Biomass
Energy Program

More than 1000 commercial and industrial
installations in the Southeast burn wood
fuels. Collectively, these facilities
consume 44.3 million green tons of
fuelwood and 41.7 million tons per year
of "black liquor" residues. Considering
the entire direct and indirect impacts of
industrial wood energy expenditures as
they ripple through the economy,
activities associated with the use of
industrial wood energy resulted in the
production of over 71,000 jobs and $1
billion in personal income for the
Southeast region in 1987. In addition, a
total of $237 million in State and
Federal tax revenues were generated
through wood energy related economic
activities. Growth projections indicate
that by the year 2000, industrial wood
energy utilisation will generate
approximately 97,000 jobs and $1.4
billion in income in the Southeast
region.

Wood Fired Steam Generation System for
the University of Idaho District Heating
System

Thomas R. Sawyer, Facilities Engineering
Manager; Larry A. Kirkland, Energy
Engineer; University of Idaho, Physical
Plant Division

This paper is a general overview of the
project to convert the University of
Idaho's Power Plant from natural gas to
wood waste as a primary fuel source. It
includes the history and background of
the project; the economic analysis used
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to r.eleet the corofour.tiors rsyntem; a
general description of tho plant and a
more detailed description of the fuol and
the conbustor/gasifiorj and dineunr.ion of
r.ono of the problemr. wo have hat! and somo
things we would do differently if wo did
it again.

This-- project began in 1981 as a means to
control the annual increase in University
heating and cooling costs due to rapidly
escalating prices for Natural Gas and
Fuel oil. A consultant evaluated all
energy options available to the
University in 1982 and then coal and wood
in more detail in 1983. This study
confirmed that burning waste wood and hog
fuel from local mills would be the most
cost effective way to heat the campus.

Because there are a variety of ways to
burn wood, the University issued a
Request for Proposals (RFP) tor a
design/build project that would best fit
the University's needs and the wood fuel
available. From the variety of wood
fired combustion systems proposed, the
university selected a reciprocating
grate, gasification type combustor to go
under an "A" type heat recovery boiler.

Construction started in 1986 and was
completed in 1987. Startup, testing and
adjustments continued through 1988. In
1989, about 85% of the steam generated at
the Power Plant was produced from wood
fuel. This increased to about 90% in
1990. We expect this ratio to continue
at about 90% wood and 10% gas in the
future due to scheduled maintenance
outages and peak loads during extremely
cold weather.
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NATIONAL BIQENER6Y CONFERENCE SCHEDULE

The CoQtir d Alone Resort
Coeur d'Alene, Idaho

Saturday, March 16 - Saturday, March 22, 1991

Monday, March IS, 1991

8:00 am - 5:00 pm NATIONAL MEETING OF STATE ENERGY COORDINATORS

5:00 pm - 7:00 pm EVENING REGISTRATION

7:00 pm - 9:00 pm EARLYBIRD SOCIAL

Tuesday Morning, March 19, 1991

MORNING REGISTRATION

OPENING COMMENTS (John C. Hendee, Dean, College of FUR)

WELCOME COMMENTS (Keith Higginson, Director, IDWR)

KEYNOTE ADDRESS (J. Michael Davis, Asst. Secretary - U.S.
DOE)

BREAK

KEYNOTE ADDRESS (James Jura, Bonneville Power
Administration)

KEYNOTE ADDRESS (John Zerbe, Hood Energy Program Manager,
Forest Products Lab)

LUNCHEON

LUNCHEON ADDRESS (Pat McCarty, Engineering Manager - Tacoma
Public Utilities)

Me regret that Senator Nark 0. Hatfield had to withdraw from the Keynote Session
due to unanticipated commitments on the floor of the U.S. Senate.

8:00

8:45

9:00

9:20

10:05

10:30

11:15

12:10

12:40

am -

am -

am -

am -

am -

am -

am -

am -

pm -

10:00

9:00

9:20

10:05

10:30

11:15

12:00

1:15 t

1:15 ,

pm

am

am

am

am

am

am

pm

pm
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CONCURRENT SESSIONS: Tuesday, March 19. 1991, 1:30 - 5:00 p.m.

SESSION!: SESSION II:

Tuesday BIOENERGY DEVELOPMENT
afternoon AND APPLICATIONS

BIOENERGY AND THE
ENVIRONNENT

Moderator

1:30 - 2:00

2:00 - 2:30

2:30 - 3:00

3:00 - 3:30

3:30 - 4:00

4:00 - 4:30

4:30 - 5:00

G. Galinato

Project development
guidebook
(J.M. Vranizan)

Agricultural crop
bioenergv from Kansas
(R.G. Nelson)

Biofuels program in
Hawaii
(V.D. Phillips)

BREAK

Cogeneration at
plywood and lumber
mills
(J.R. Host)

Cogeneration at wood
products industrial
parks
(S.K. Vasenda)

Market dynamics of
biofuels in
California
(H. Delaney & G.
Zane)

T. Miles, Jr

Haste reduction (J.D.
Kerstetter)

Landfill gas
development and end
use
(D. Vonasek)

Toxins from co-firing
biomass fuels
(D.C. Junge)

BREAK

Clean Air Act impacts
on bioenergy
applications
(C. James & D. Bray)

Clean Hater Act
impacts on bioenergy
applications
(T. Wilson)

Biomass energy
applications in the
Southeast (P. Badger)
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Tuesday Evening

7:00 pm - 9:30 pm TECHNICAL FORUM SESSION

1 Land application of wood ash (A. Campbell)
2 Hog fuel from classified logyard waste (R. Folk)
3 Wet hog fuel combustion technology (L. Dobson)
4 Measuring emissions from biomass combustion (J. Houck)
5 Implementing pellet pilot project (G. Whitney)
6 Fuel cube processing (R. Tolmie)
7 Energy demonstration projects in Michigan (D. Nicholls)
8 Wood pellet feedstock drying system (G. Fleischman)
9 RDF Combustion in a fluidized bed boiler (D. Albertson)
10 Emissions control improvements in biomass combustion systems

(G. Isaacs)
11 Biomass estimation and measurement techniques (S. Reutebuch)
12 Firewood recovery using the Farmi winch (T. Biltonen)
13 Sweet sorghum as an ethanol source (J. Cundiff)
14 Creating bioenergy information databases (W. Keown)
15 Employment opportunities in power generation during the 1990's

(P. Davis)
16 Ethanol fuels for a secure future (R. Overend)
17 Biomass energy as an environmentally preferred and sustainable

option (C. Chase)
18 Industrial wood energy in the southeast region (CD. Stephenson)
19 Wood fired steam generation for a district heating system (T.

Sawyer)

Tuesday Evening

7:35 pm - 8:00 pm Lumberjack demonstration
9:05 pm - 9:30 pm Lumberjack demonstration
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CONCURRENT SFSSIONS. Wednesday, March 20, 1991. 8:30 - 3:50

Mednesday
Morning

Moderator

8:30 - 9:00

9:00 - 9:30

9:30 -
10:00

SESSION II:

BIOENERGY AND THE
ENVIRONMENT

P. Fox
Mood ash disposal
and utilization
(A.G. Campbell)

Hastewater
renovation in
biomass plantations
(D. Mengel)

Energy from
landscapers and
land fills
(T.R. Miles, Jr.)

SESSION III:

BIOENERGY FROM
AGRICULTURAL,
FOREST AND URBAN
RESOURCES

C. Chase

Sweet sorghum as an
ethanol source
(J. Cundiff)

Wood gasification
in Alaska
(D.C. Tomlin)

Tax reform and
biomass plantations
(U.C. Siegel)

SESSIQNJV:

BIOENERGY
COMBUSTION
TECHNOLOGY

A. Campbell

10:00 - BREAK
10:30

10:30 -
11:00

11:00
11:30

11:30 -
12:00

12:00 - 1:15 LUNCHEON

12:30 - 1:10 LUNCHEON ADDRESS

BREAK

Anaerobic digester
case studies in
North Carolina
(P.D. Lusk)

Feasibility of
char-recirculation
biomass
gasification
(K.R. Purdy)

Rapeseed oil as a
renewable fuel
(D. Auld)

(Dr. H. M. Hubbard)

BREAK

Combustion of wood
and refuse derived
fuel pellets
(D.J. Bushnell)

Performance of
cordwood stoves
(J.E. Houck)

A university wood-
fired boiler case
study
(H.P. Steinhagen)
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SESSJON 1JJ: SESSION IV:

Wednesday
Afternoon

Moderator

1:20 - 1:50

1:50-2:20

2:20-2:50

2:50-3:30

3:20-3:50

BWENERGY FROM
AGRICULTURAL,
FOREST AND URBAN
RESOURCES

L. Johnson

Ethanol from mixed
waste paper
(J. Kerstetter)

Ethanol from
refuse-derived
waste
(J. Barrier)

Low temperature
anaerobic digestion
(L.N. Safley)

National survey of
densified biofuel
manufacturers
(G. h'hitney)

Energy from
forestry operations
through harvesting
and processing
(H. Lambert)

BlOENt'RGY
COMBUSTION
TECHNOLOGY

R. L. Folk

Pellet stove
demonstration
project
(G. Fleischman)

Combustion of
densified refuse-
derived fuel and
mixed waste paper
(D.J. Bushnell)

Performance of wood
biomass pellet
stoves
(J.E. Houck)

Potential
industries for
converting from
fossil fuels to
wood residue
(D. Stevenson)

Co-firing mixed
fuels in direct
combustion systems
(D. Junge)

4:15-6:15 COEUR D'ALENE LAKE CRUISE

6:30-8.30 CONFERENCE BANQUET
6:30-7:30 DINNER
7:30-8:15 ENTERTAINMENT
8:15-8:30 TOUR INFORMATION & CLOSING REMARKS

210



Thursday March 21, 1991

7:00-8:00 PRE-TQUR BUFFET BREAKFAST
8:00-6:00 TOURS

ENERGY PRODUCTS OF IDAHO (EP1)
(fluid bed combustion technology)
COEUR D'ALENE FIBER FUELS
(densified biomass fuel manufacturing)
WASHINGTON MATER POWER GENERATING FACILITY
(electrical generation with biomass)
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PARTICIPANTS LIST



Phil Adaror.ak
BPA
2075 SW ?8th Avo
Portland OR 9722
503-297-6787

PARTICIPANT I.lf.T
National Hioonnrgy
The coour d*Alone

March 10 - ?i,

Douq Albertr.on stovon Andoroon
Energy Producto of Idaho Wanhinqton Water Power
4006 ~Industrial Avo. P. 0. Rox 3727
Coour d'Alono in 03514 Spokane WA 99320-3727
208-765-1611 509

Kurtis Atkinson Dick Auld
Oklahoma Dept. of Agricu University of Idaho
Forestry Divison PSES Dept
Oklahoma City OK 73105- Moscow ID 83843
405-521-2864 CX288 885-7078

Phillip c. Cadger
TVA/NFERC
CEB 1C-M
Muscle Shoals AL 35630
205-386-3086

Andy Baker
Forest Products Lab
1 Gifford Pinchot Drive
Madison WI 537 05
608-231-9472

Dick Barrell
R.K. Barrell
2710 Sunrise Rim Rd.
Boise ID 83705
208-344-8502

John W. Barrier
TVA/NFERC

Sui CEB 1C-M
Muscle Shoals AL
205-3B6-2527

3566

Dale Barton
Turbo Burn Inc.
4225 E. Joseph
Spokane WA 99207
487-3609

Tom Biltonen
University of Idaho
Collogo of Forestry
MOSCOW ID 83843

Dale Borgford
Domino MFG.
95B Wcotovcr
Colville WA 99114
509-684-8776

Stephen C. Brand Paul Brown
Thermogenics, Inc. University of Idaho
3620 Wyoming Blvd. NE St Physical Plant
Albuquerque NM 87111 Moscow ID 83843
505-298-4381 885-6246

Mike Buchart
LA Dept of Ag & Forestr
PO Box 3334
Baton Rouge LA 70821
504-922-1280

Dwight J. Bushnell Ellen O. Bussert
Oregon State University Office of the Governor
Dept. of Mechanical Engi 212 State Capitol
Corvallis OR 97331-6001 Oklahoma City OK 73105
503-737-2575 405-521-2342

James Butler
US Dept of Agriculture
PO Box 748
Tifton GA 31793
912-386-3585

Alton G. Campbell David L. Carlson
University of Idaho CO Dept of Agriculture
Dept. of Forest Products Resource Analysis .'.'cĉi
Moscow ID 83843 Denver CO 8C203
208-885-7094 303-239-4112

Cindy Carroll
Dept of Natural Resourc
Division of Energy
Jefferson City MO 6510
314-751-5953

Linda Cawley
State of Idaho
2814 Inglcwood Rd.
Boise ID 83705
208-327-7982

Kirk Conger
Nebraska Energy Office
PO Box 95085
Lincoln NE 68509-5085
402-471-2867

Craig Chase
Biomass Energy Systems
4532 133rd Ave. SE
Bellcvue WA 98006
206-641-1238

James Connors
State Planning Office
State House Station 38
Augusta ME 04333
207-2B9-6040

Ben Cobb
USDA Forest Service
172 0 Peachtree St. N.w,
Atlanta GA 30367
404-347-3847

Dick Corser
c/0 Corser Resources
4209-6 Ave
Edson AB Canada T7E 1A
403-723-5934
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ChwcK
Clean ConburitAon
16,30 Harding St.
Enuneiaw '

John Crouch
Wood Honting AUJanco
Rox 327
Now Plymouth ID 03655

Curt in Jr
Forest Servian

William Damnworth
Pot,latch Corp.

100 W. Capitol St. Sto # PO BQK 1016
Jackson MS 39269 Lewiston ID

J.Michael Davis
US Dept of Energy
Forestry Bldg.
Washington DC 205B5

Killian Delaney
Mason, Bruce & Girard,
PO Box 218
Redding CA 96099

B35Q1

Patrick Davir.
Search North America
620 SW 5th Ave.
Portland OR 97204

Lawrence Dobson
I Northern Light

1385 33rd Ave. S
Seattle NA 9814 4
(206)325-6472

Sandy Emerson Paul Erickson
Energy Products of Idaho Myers Engineering
4006 Industrial Ave. 750 Warm Springs Ave.
Coeur «J' Alene ID 83814 Boise ID 03712
208-765-1611 208-336-1926

Richard L. Folk
Univoroity of Idaho
Dept of Forestry
Moscow ID 6384 3
208-S85-5S50

Pat J. Fox
Bonnevillo Power Admin
U.S. Dopt. of Energy
Portland OR 97232
503-230-3449

John r>, Cundiff
Agricu!itu;rn Pngr. Oept.
VPI Ei Rl)
nincknburq VA 24061-03
7O3-231-7IJQ3

Phil ip Dttvidnon
Davidr.on UndufJtrle
P. O. Box 7
Maploton OR 974 S3

In

Linda DoPaul
Michigan State Universi
UP Cooperative Extensio
Marquette MI 49855-189
906-226-4830

Harold M. Draper
Tennessee Valley Author
Forestry Bldg.
Norris TN 37828-2001
615-632-16-37

Gerald Fleischtnan
ID Dept of Water Resour
Energy Resource Section
Boise ID 83702

Chris Freeman
Ncvadn stntc Connerv«ti
Capitol Complex
Carcon City NV 09710
702-687-6977

Gerry D. Galinato Joe P. Gentry Paul George
Idaho Dept. of Water Res ASTA George's Washington Log
1301 North Orchard Stree 100 Main Street Suite 45 PO Box 8
Boise ID 63720 Little Rock AR 72201 Port Angles WA 98362
208-327-7963 501-324-9006 206-452-7490

Sambhunath Ghosh Ron Green Jaclc Griswold
University of Utah Coeur d'Alene Fiber Fuel US Forest Service
Dept of Civil Engineerin 3550 w. Seltice Way 324 25th
Salt Lake City UT 84112 Coeur d'Alene ID 83814 Ogden UT 84401
801-581-6931 208-765-0608 801-625-5524

Howard Haines Edgar Hale Leonard Hamilton
Montana Dept. Natural Re Panhandle Health Distric Turbo Burn Inc.
1520 E 6th Ave 4009 Laurel Avo. 4225 E. Joseph
Helena HT 59601 Coeur d'Alene ID 83814 Spokane WA 99207
406-44406773 208-667-3481 487-3609

Paul Hamilton
Turbo Burn Inc.
•1225 E. Joseph
Spokane WA 99207
467-3609

Patrick Harris

3103 Easton Ave.
Boise ID B3706
203-3-52-5214

Gerald Hanks
University of Idaho
Physical Plant
Moscow ID 83843
885-6246

Gregory Head
Klawock Tiraber Alaska,
P.O. Box 69
Klawock AK 99925
907-755-22^4

Brian D. Honslcy Frank Hereford
State of Tennessee E & F Trucking
320 6th Avenue North 6th 3415 West Central
Nashville TN 37243-0405 Missoula NT 59801
615-741-2994 406-721-1329

Ed Hanson
Scott Paper Co.
PO Box 925
Everett WA 98206
206-259-5754

John C. Hendee
I University of Idaho

College of Forestry, Wi
Moscow ID 83843
88 5-6-3 4 2

Robert Hereford
E e, F Trucking
3 415 West Central
Missoula MX 59801
406-721-1328
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Nathan Mer.terman
University of Idaho
College or Forestry
Mor.cow ID fi33

Keith iiigginrion Huntor Horvath
ID Dopt. QI Water Reoour Vemgon Bros Lumber CQ.
1301 N. Orchard 565 W f>th

ID fl372O Colvi l l f i WA 99X14
509-604-5071

John R. Hor.t
J.H. Company
Retired
Missoula MT 59002

Jamcn E. Houck
OMNI Enviromontnl
10950 SW 5th St. #160
Boaverton OR 97005
503-643-3755

U.K.(Hub) Hubbard Norman Hudson
Resources for the Furtur State of VT
Retired Public Service Dept.
Washington DC 20036 Hontpelier VT 05602

Jim Howard
sorvie ForeRtry Sciences Lab

Diane Hunt
Dept Natural Resource
Division of Energy
Frankfort KY 40601
502-564-7192

802-828-2393

Paul Jacobson

P.O. Bxo 3890
Portland OR 97208
503-231-2030

Paul S. Hughes
National Wood Energy As
777 N. Capital St. NE
Washington DC 20002
202-408-0664

Chris James
Kootenai Co. Solid Waste USEPA Regional I
500 Government Way
Coeur d'Alene ID 83814
208-769-4402

1200 6th Ave.
Seattle WA 98101

Jeff James Warren Jamison Bob D. Jensen
US Dept of Energy Western Area Power Admin Jensen Limber Company I
Richland Support Servico 1627 Cole Blvd. PO Box 6
Richland WA 99352 Golden CO 80401 Ovid ID 83260
509-376-9450 303-231-1615 208-847-0889

Gerald Johnson
NATAS/NCAT
PO Box 2525
Butto MT 59702-2525
406-494-4572

Leonard R. Johnson
Univorcity of Idaho
Forest Products
Moscow ID 03843
885-6600

Ray Jorgensen
Jorgonson Engineering I
10562 Wallingford Ave.
Seattle WA 98133
206-542-3976

Oscar Julio
University of Idaho
Student
MOSCOW ID 83843

David C. Junge
University of Alaska
3221 Providence Avenue
Anchorage AK 99508
907-786-1900

Michael Keesee William H. Keown
NEOS corportion Penn State Unviersity
1540 River Park Drive St Dubois Campus
Sacramento CA 95815 Dubois PA 15801
916-922-4536 814-375-4732

James Jura
Bonneville Power Admin

Washington DC

Jim Kerstetter
WA State Energy Office
809 Legion Way FA-11
Olympia WA 9S504
206-956-2069

Larry Kirkland
University of Idaho
Physical Plant
Moscow ID 83843
208-885-6246

Jim Kling Earle Kollmar
Applied Resources & Tech Way-Tech Sales, Inc.
PO Box 1487 745 Clark Drive
Elroa WA 98541-1487 Vancouver BC Canada
206-482-2631 604-254-1030

V5

Janes Kuester Frederic Kuzel Michael Lambert
Arizona State University Council of Great Lakes G
Dept of Chemical & Bioma 310 Michigan, 10th Floor PO Box 3890
Terape AZ 85287 Chicago IL 60604 Portland OR 97208
602-965-5071 312-427-0092 503-231-2030

Robert E. LeaseHarry Lane
Dept. of Energy
Office of Natural Progra PO Box 3623
Washington DC 20S8B Portland OR
202-586-1733 503-326-2967

97267

Edward Lempicki
N.J. Bureau of Forestry
CN404 TR
Trenton NJ 08625
609-292-2431

Bob Levins Don Loan
Arkansas Forestry Comsiis John Chopot Lbr Co.
5901 Eagle Creek PO Box 206
North Little Rock AR 72 Colville WA 99114
501-664-2531 509-684-4569

Inc.
Frances Loan
John Chopot Lbr Co.
PO Box 206
Colville WA 9911*
509-684-4569

Inc
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Philip Juuok
NC Energy Division
430 N, Salisbury St.
Raleigh NC

Earl Marcellun
Intl Lumberjack Shown

Leavenworth WA

Linda Marcellus
intl u»mberjack Shows

Leavenworth WA

Pat Mccarty
Tacoma Public Utilities

Tacoroa WA

Max MeGlintiek
University of Idaho
Forest Products
MOSCOW ID 83843
885-5798

Nathan McClure Chester McKinney Jr
Georgia Forestry Commiss McKinney Lumber, Inc
PO BOX 1S9 PO Box 960
Macon GA 91298-4599 Sheffield AL 35660
912-744-3353 205-381-6350

David H. McClure
OMNI Enviromental Servi
10950 SW 5th St. #160
Heave i'ton OR 97005
503-643-3755

Barri-Lynn Medeiros
NH Gov Energy
2.5 Becon street
Concord NH 03301
603-271-2711

Dennis Mengel Pam Miles Thomas R. Miles Jr
North Carolina Universit Thomas R. Miles Consulti Thomas R. Miles Consult
CH2M Hill 5475 SW Arrowwood Lane 5475 SW Arrowwood Lane
Atlanta GA 30303 Portland OR 97225-1323 Portland OR 97225-1323
404-523-0300 503-292-0107 503-292-0107

Brent Mitchell
Aqua Marine Ent Inc
102 S. Court St. 404
Florence AL 35630
1-800-462-3648

Robert Mitchell
Aqua Marine Ent Inc
102 S. Court Ste. 404
Florence AL 35630
205-767-7986

Ralph Monahan
U.S.F.S. - SfcPF
Box 150
Medford WZ 54451
785-7297

Allan Moon Ernie Moore Dan Moran
MD Forest Park * wildlif Governor's Energy Office Wisconsin Division of E
Tawos state Office Bldg. PO Box 12428 PO Box 7868
Annapolis MD 21012 Austin TX 78711 Madison WI 53707-7869
301-974-2782 512-463-1931 608-266-1067

Gary Morgan Steve Morgan Mike Murphy
Western Area Power Admin Technical Development Co Energy Products of Idah
1627 Cole Blvd. 11 Beacon St. Ste. #100 4006 Industrial Ave.
Golden CO 80401 Boston MA 02108 Coeur d' Alene ID 8381
303-231-1615 617-523-7557 208-765-1611

Sonny Murphy Wayne Murphy Richard G. Nelson
Sterling Energy Equities USDA Dept of Agriculture Kansas State University
7000 Central Parkway Ste Cooperative Research Ser Kansas Extension Servic
Atlanta GA 30328 Washington DC 20250-220 Manhattan KS 66506-250
404-698-0663 202-401-4089 913-532-6026

David Nicholls Russell A. O'Connell Ralph Overend
Michigan State Universit CONEG Solar Energy Research I
Dept. of Forestry 400 N. Capitol St. NW St 1617 Cole Blvd.
E. Lansing MI 48824 Washington DC 20001 Golden CO 80401
517-353-5485 202-624-8454 231-1450

Hoyt Pattison Victor D. Phillips William H. Pickering
Southwest Bio-Energy, In Hawaii Natural Energy In Lignetics, Inc
Star St., Box 58 2540 Dole Street, Holmes 1401 S. Oak Knoll Ave.
Clovis NM 88101 Honolulu HI 96822 Pasadena CA 991109
505-389-5369 808-956-2348/2335 818-795-7557

Chris Picotte Kenneth R. Purdy Carol Purvis
Montana Dept. Natural Re Tennessee Technical Univ EPA - Research Triangle
1520 E, 6th Ave Dept. of Mechanical Engi EPA - MD 63
Helena MT 59601 Cookville TN 38505 Research Triangle Park
406-444-6751 919-541-7519

Steve Reutebuch
USDA Forest Service
Forestry Sciences Lab
Portland OR 97208
206-553-7815

George Roether Rick Rogers
Fiber Resource Recovery, State of Alaska
P.O. Box 1593
Ogden UT 844 02
801-621-7824

P.O. Box 190869
Anchorage AK 99519
907-261-7243
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Ann
Pacific County
FO Box 107
South Bond WA
206-875-9337

$10506

Lawoon H. Safloy
NCSU D & A

762 5
NC 27695-7625

Sur.an Savitt Tom Snwyor
Technical Development Co Univernity of Idaho
11 Beacon St. Sto. #100 Physical Plant
Boston MA 02108 Moscow ID 03843
617-523-7557 208-085-6246

Gtovo Sargent
Wnr.torn Area Power Admi
1627 Cole Blvd.
Goldon CO 80401
:»03-231-1615

Kurt Schmidt
Modoc Energy Products
P.O. BOX 257
Klamath Falls OR 97601
503-884-3177

Mark Schrock John A. Sobelius Damian Sedney
Kansas State University USDA Forest Service University of Idaho
Dept. of Agricultural En PO Box 96090 College of Forestry
Manhattan KS 66506 Washington DC 20090-609 Moscow ID 83843
913-532-5580 202-453-9383

William C. Siegel

701 Loyola Ave #10210
New Orleans LA 70113
504-589-6652

Alex Sifford
Oregon Dept. of Energy
625 Marion NE.
Salem OR 97310
503-378-2778

George SimonsRon Simmons
Simmons Densifiod Fuels, CA Energy Commission
2318 South First Street Energy Dov. Div.
Vakima WA 98903
509-453-6008

Sacramento CA
916-324-3553

95814

stv Sloto Don Smith
Public Service Doparttnon Turbo Burn Inc.
State Offico Bldg 4225 E. Joseph
Montpelier VI 05651 Spokane WA 99207
802-828-2393 487-3609

Jennifer Snead Narvel Somdahl
Dept Mines, Mineral, & E DPS/Energy
2201 W. Broad St.
Richland VA 23220
804-367-6883

John Steigers

Pat Simmons
Simmons Densified Fuels
2318 South First Street
Yakiroa WA 98903
509-453-600B

Kenneth Skog
USDA Forest Products La
One Gifford Pinchot Dr.
Madison WJ 53711
608-231-5J60

Eric D. Smith
ESA Process Equipment
1014 W. 39th St.
Vancouver WA 98660
206-737-2712

Mario R. Souza
University of Idaho

900 American Cneter Bldg Forest Products
St. Paul MN 55101 Moscow ID 83843
612-297-2117 208-885-6126

Peter Steinhagen
Washington Water Power C University of Idaho
P. o. Box 3727
Spokane WA 99220
509 482-4155

Fred Sterling

Forest Products
MOSCOW ID 83843
208-885-6802

David Stephenson
SE Reg Bioraass Energy P
435 CEB
Muscle Shoals AL 35660

Don J. Stevens Kirk Stokes
Cascade Research Inc NEOS Corportion

2096 Odl Arbon Valley ro 2952 George Washington W 165 S. Union Blvd., Ste
Pocatello ID 83201 Richland WA 99337 Lakewood CO 80228
208-233-8208 509-375-3124 303-980-1969

Dave Swanson Paul Szabara
Western Area Power Admin PA Bureau of Forestry
1627 Cole Blvd.
Golden CO 80401
303-231-1615

2150 Herr St.
Harrisbury PA
717-787-2015

17105

Don Tonlin John R. Topp
US Bur. Indian Affairs Belgrade Wood Products
1675 C St. 2 51 Arden Drive
Anchorage AL 99501-5198 Belgrade MT S9714
907-271-4124 406-388-B866

Rick Tolmie

39950 Rd. 10B
Dinuba CA 93618
209-591-6790

Kent C. Tresidder
Bureau of Land Manageme
PO Box 2965
Portland OR 97208
503-280-7070

Jane Turnbull
PG&E/R&D
3400 Crow Canyon Rd.
San Ranon CA 94583
415-966-5528

Thomas Turner Cliff Tuttle
Utah Energy Office Pope & Talbot
335 West North Temple P.O. Box 8171
Salt Lake City UT B4180 Portland OR 97207
801-538-5428 503-228-9161
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Joe Van Gulik
Van GuHk/Oliver, me
543 Third Street
liAke Oawecjo OR f>7Q34
503 635-3734

William Van
US parent Service
ROK 362 3
Portland OR 97200
SQ3-3J6-2727

John M. VraniznnDavid G. Vonasak
Sweet Edwards/MCON, Inc Croll, Hatch & Aoooc Inc
18912 N, Creok Parkway S PO Box 8583
Bathell WA 98011 Portland OR 97297

Sandra Vasenda
Wor»t Virginia Uriiversit
206 pprcival Hall
Horgantown WV 2fi5Q6"*6l
304-293-7550

Jameo A. Wall

2320 South Dupont HWY
Dover DE 19901
302-739-4811 «X256

Garry Waylott
Way-Tech Sales, Inc.
745 Clark Drive
Vancouver BC Canada
604-254-1030

Steve Wegman Jerry Whitfield
SO Public Utilities Comm pyro Industries
St. Capitol Building 11625 Airport Road

VDL Pierre SD 57501 Everett WA 98204
605-773-3201 206-348-0400

Gary Whitney Dennis Wiesenborn Tom Wilson
WA State Energy Office ND State University USEPA
B09 Liegion Way SE FA-11 Dept. of Agricultural En Office of Water Plannin
Olympia WA 98507-1211 Fargo ND 58105-5626 Seattle WA 98101

701-237-7277

George Wiltsee
NEOS Corportion
3569 Mt. Diablo Blvd.
Lafayette CA 94549
415-284-3780

Steve Wojciochowoki

243 Keystone Rd.
Sheridan WV 82801
307-674-9617

Jim Wimberly
Winrock International

S 1611 N. Kent St.
Arlington VA 22209
703-S25-9430

Pat Woodoll
State of Alaoka
P.O. Box 190869
Anchorage AK 99519
907-261-7243

Lynn L. Wright Steve Wulf
Martin Marietta Energy S Kootenai Co Solid Waste
Oak Ridge Nat. Lab. 500 Government Way
Oak Ridge TN 37831-7044 Coeur d'Alene ID 83814
615-574-7378 208-769-4402

John B. l.'ogan
Allchem International I
S. Tower 600 17th St. S
Denver CO 80202
303-893-9969

Jerry Wright
Washington Hater Power
PO Box 3727
Spokane WA 99220
509-482-4112

Walter Zachritz
New Mexico State Univer
SW Technology Developme
Las Cruces NM 88003-00
505-646-1846

Glenn Zane
Mason, Bruce & Girard,
PO Box 218
Redding CA 96099

John I. Zerbe
I Forest Products Lab.
One Gifford Pinchot Driv
Madison WI 53705
218-231-9319
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