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Abstract:

The feasibility of using biomass gasification systems on Montana farms was investigated for both
technical and economic merit. Large volumes of biomass are available and they have the potential to
replace conventional fuels. Technically biomass can be used to replace conventional fuels through
gasification. Each gasification system must be specifically designed for the site and the energy end-use
requirements. Ultimately a system’s feasibility is determined by its economics. The economic
feasibility of a gasification system is greatly controlled by the initial expenditure, current fuel costs,
feedstock costs, and yearly usage. Most agricultural applications do not have enough use per year to
justify the capital expenditure. Also current fuel prices would have to increase greatly for a system to
become economically feasible. Cogeneration shows the best economic potential, although the current
electricity buyback rate would have to increase and a long term use for the generated heat would also
be needed. These requirements are not typical of most farming operations. The results of this study
shows that gasification systems are very site specific with even the most ideal scenarios being
noneconomical.
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ABSTRACT

-The feasibility of using biomass gasification systems
on Montana farms was investigated for both technical and
economic merit. Large volumes of biomass are available and
they have the potential to replace conventional fuels.
Technically biomass can be used to replace conventional
fuels through gasification.- Each gasification system must be
specifically designed for the site and the energy end-use
requirements. Ultimately a system's feasibility is
determined by its economics. The economic feasibility of a
gasification system is greatly controlled by the initial
expenditure, current fuel costs, feedstock costs, and yearly
usage. Most agricultural applications do not have enough use
per year to justify the capital expenditure. Also current
fuel prices would have to increase greatly for a system to
become economically feasible. Cogeneration shows the best
economic potential, although- the current electricity buyback
rate would have to increase and a long term use for the
generated heat would also be needed. These requirements are
not typical of most farming operations. The results of this
study shows that gasification systems are very site specific
with even the most ideal scenarios being noneconomical.




CHAPTER 1
BACKGROUND INFORMATION

In duction

Toaay's agricultural community is very dependént.on
energy, in one form or another. Cdnventionai fossil fuels
and electricity are used to power all types of farm .
machinery, heat bﬁildings, heat water, pump irrigation
wéter, ahd dry érops. To help lower enérgy-costs and to .
reduce the farmer's dependency'on non-renéwable forms of
energy, safe, éfficiént and reliable forms of'reaewable
energy need to be developed.

' Many researchers have considered the possible use of
gasification systems for on-farm applicatiqns in an attempp
to use the renewable supply of biomass feedstocks. This 
thesis examines fhe technical and econémip féasibility'of
gasificafion systems for use on Montana farms and ranches.
The evéluation considers potential ﬁarvest tephnidue§,
handling, processing and storage pré&tices of biomass
’feedstocks as well as gasification and end-use applieétions
"suitable for Montana. The base knowledge for evaluating the
total biomass gasificatidn_s&stem from the collection

process to the end-use application was accbmplished through
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an extensivé literature review. The technical and écbnomic
concepts used in‘the analyéis of on-farm gasificétion
systems were oﬁtained from this review. As é result this
thesis contains many references from authors with expertise
in the different areas of a biomass gasification systémt

Several gasifiéatibn tecﬁniques and gas filtering
systems wefe.evaluated along with possible end-use
applications. The keason.for evaluating these different
components was to understand the advantages and
disadvantages of'each component énd'ﬁo,piece together a
system that wéuld aqcomplish different on-farm tasks.

The requirements for gasification systems we;e
determined for different applications along with pbssible

system modifications. For example, a gasifier's feeding

'systém—oftén has to be modified to suit the physical

properties.of a feedstock and internaljcombustion engines
have to undergo certain modifications in order to be fueled
with producer gas. Pollution control and electrical
generéﬁion regulations that could possibly effect
gasification systéms in Montana were also reviewedi

An exténsive stday was condqcted to determine.the
possible biomass feedstocks available for gasification.
Wheat straw, bafley straw; caﬁtle manure and wood showed the
most‘promise for Mbntana{.The harvest, handling, processing
and Storaée methods required by these feedstocks were then

determined.
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Several on-farm gasificatidn scenarios were modeled to
éstabli;h thee economical feasibility df~potential
gasification systemé. The scenarios were hypdthetical cases
dealing with irrigation pumping, grain drying, dairy barn
heating and cogeneration.as end-use appiications. Moﬁile
applications, such as tractof/gasifiep systems were not
considered due tb difficulty of usihg producer gas in this
manner. Collection, transportation, pfocessing, and storage
costs were calculated to determine the cost ranges 'for each
type of feedstock. The systems were then sized according to
energy requireménts and end-use apblication. The initial
"system costs, sppply costs, repair éﬁd maintenance costs and
labor costs, eﬁc; were determined and entered into a

spreadsheet program to evaluate a given system's economic

feasibility.
Survey gi Different Biomass Conversion Alternatives

Different conversion technologies are available for
using biomass for on-farm energy production. Among thesé are
the . production of methane through - anaerobic digestion,:
férmentation of biomass to produce fuel alcohol,‘direct g
4combustibn to produce heat enérgy, and gasification to
.produce a combustible gas.

Anaerobic digestion is the process of breaking down
organic biomass in the absence of éxygen, prodqcing a gas
composed primarily of methane and'carbqn diogide. Liveétock

manure is an ideal biomass feedstock for anaerobic
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digestibn. A 1arge_amount of manure is'required'to prddﬁce
gas, making anaerobig digestion suitable only for areas with
large concentrations of manure. Possible sources would be
dairy and feedlot operations. Unfortunafely, anaerobic
.digesters are expensive td build and opérate, therefore this
teéhnology may not have a large overall impact on on~farm
energy generation (Boyette and McKusick, 1986).

Alcohol production'a;so appears to be uneéanomical
because of the large initial expense, operation costs, and
feedstbcklcosts (Boyette and McKusick, 1986). Only in ideal
cases where the grain feedstock is free (spoiled grain) ié
produéed‘ alcohol coﬁpetitive with conventional fuels.
Alcohol is finding'some app;ication as a gasdline octane
improver but it depénds on tax refunds to be ecdndmiéal.

Direct coﬁbustion of wood or agricuitﬁral biomass to
produce heat is an Qn-fafm energy aiternative. The heat
énergy caﬁ be used in a boiler/genefatdf set to pfoducé
eleétricity or for direct heating applications. Direc@
combustiﬁn has the disadvantage of being limited .to heat
production. It also must be ﬁanaged carefully to prevent the
production of large amounts of air polluting emissions.

Gasification appears to be ‘the only .conversion
technoloéy tha£ can convert various types of feedstocks into
. a combustible gas suitable for'either‘diredt combustion or
’for fueling an internal combustion engine. Gasificétion also

has the'adgantage of producing a clean burning fuel that




produces fewer emissions than direct c@mbustion. The'ability
of gasification technology to accept various feedstocks and
to produce algas suitable for various appiications may make

it acceptable for wide spread on-farm use.

Brief History of Gasification

The gasification process has been known for at least
200 years. The application of.gasification‘fof'gasif&ing
peat and coal for steel making is docﬁmented as early és
1843. At the turn of thé éentury, gasificatiog of coal was
e#tensiVely used to produce gés for cooking and lighting.
Around 1880 gas produéed from gasifying coal was starfing to
be used in internal combustion enginesi(Boyette and
McKusick, 1986). | ‘

Very 1ittlé research on gasification was conducted
dntil World War iI.:In‘Euhope, during World War II, the
shortage of gasoline'and diesel fuel triggered extensiQe
research énd-use of gasification for fueling vehicles.
Charcoal and wood gasifying units wefé\used to fuei
automobiles, héa§y trucks, boats and stationary engines,

In the 1970's, the energy crisis again prompted
researchers to turn to gasification. Gasificaﬁion showed a
wéy to provide a éotential renewable energy sourée. Many
égricultdral‘research groups began to explore the
feasibility of gasifying wood,-wood wastes, and agricultﬁral

residues for use on farms. On-farm applications include
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grain ldrying, .heating of livestock buildings and
greenhouses, irrigation pumping, and electricél generation;
Today, research on gasification is still continuing
with systems becoming more convenient{ reliable, and the
conversion efficiency is increasing. Research is alsd being
directed toWard; creating smali, simple, and rugged systems
for use by third wbrld couhtries. The reason for this is the
potentially large market due to the high cost of fossil

fuels.




CHAPTER 2
GASIFICATION TECHNOLOGY INFORMATION
Gasification Process

The aim of the gasification process is to transfer the

enérgy of biomass feedstéck to a gaseous fuel to be used in

a variety of applications.. This conversion process involves

the combustion of the feedstock in a ¢ontrolled - environment
that limits ﬁhe amounf df’oxygeh. In the gasification
proéess the feedstoqk is heated, dried and pyrolyzed to
produce vafious gases, tars, and char. There are numerous
reactions possible in bidmass gasification; many of which
are coupled;.An extensive kinetic framework for carbon
reactions in coal gésification was pfesented by Von
Fredersdorff and Elliot (1963). Many of these reactions can
.also be applied to biomass feedstocks (Table.'1). By
controlling the direction of gas flow,'of ‘the number of
gasifying stages, a specific gasifier system can attémpt t§
exploiﬁ some of ‘the fpilowing reaétions.

The composition of the produced gas is detefmined by
ﬁhe feedstock, oxygen supply, and pfocess conditions such as
presSure,'temperaturé, residenée time,'and heat loss or héat

input.
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Table 1. Gasification reactions.

Endothermic Carbon Reactions

Devolatilization c + heat -- cHj + condensible

hydrocarbons + char
Steam-carbon C + HJO + heat — CO + Hg
Reverse Boudouard C + CO2 + heat 2C0

Exothermic Reactions

Oxidation C+ 02 —m CO h631
Hydrogasificati on C + 2H2 -- Hi] + heat

Water Gas Shift HgO + CO — COg + Hg + heat
Methanation BH2 + CO -- CHz; + HgO + heat

4Hg + COg — CHzt + 2HgO + heat

A possible analysis of the gas obtained from a
downdraft gasifier using air for gasification and wood as a
feedstock would be as shown in Table 2.

Table 2. Gas analysis.
Boyette and McKusick, 1986.

Constituent Mole Percentage
H2 16.63
Cco 17.99
ch4 (Methane) 1.94
CgHzt (Ethylene) 0.35
T 12.86
Ng 50.19

Bal. 0.04
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Carbon dioxide and oxygen are present In the end gas
product because the chemical reactions are not being
completed and also because nitrogen is introduced through
the use of air as an oxygen supply. Steam may be a
component of the gas depending on the moisture content of

the feedstock. Although this example of producer gas

composition is for a specific method of gasification and
feedstock, the volume of each component is usually similar
in proportion. The energy balance for this same gasifier is

shown iIn Figure L.

GASIFIER
88 % OF ORIGINAL
T(L)JOEIE/O =NERGY WOOD ENERGY CONTAINED
IN GAS
8 % RECONSTITUTED
HEAT THROUGH ENDOTHERMIC
v 20 % REACTIONS
HEAT ENERGY
12%
Figure 1. Gasification energy balance.

Boyette and McKusick, 1986.

One basic distinction that can be found between

different methods of gasification is the source of oxygen.



JO.
Using air as a source of.oxygen in‘the gasification process
is the simplest method but produces a low energy gas (3.5-7
MJ/m3) due to the presence of nitrogen in the air. Oxyéen
.gasification on the other hand uses pure oxygen and produces
a gas with a higher heating value (9-15 MJ/m3). The use of
pure oxygen produces a gas much higher in.carbon monoxide
and hydrdgen and in addition to_heating‘ahq pdwer
applications, it can.be used in the synthésis of methanol,
ammonia and other chémicals.-Steam‘can‘aISO be used in
combination with oxygen or by itself to produce a medium=-

heat-value gas.

Gasifier Designs

A wide variety of gasification methods are available,
ranging in size . and sophistidatioh from simble units
suitable for running small engiﬁes or boilers to largeA
systems linked to plants for the manufabtufe of liduid fuels
and chemicals. '

The main component of a gaéification system is the
" vertical cloéed tank or vessel referred té as‘the-"éas
generatof"; "éaSifier", or "reactor". In this vessel,
-feedstock undergoes combustion and other chemical reactibns"
involved in gasiffﬁation. bpeniﬂgs are proviaed for
feedstock loading, ash removal, ignition, introduciné air
for combustion, and gas discharge. Designs of different gas
producers vary mainly by the méthbd of introducing the

combustion air and térthe direction of the gas flow through




the ‘reactor relative to the direction'of fuel flow. Five
common categories which most gasifiers fall iﬁto are:
1. Fixed-bed updraft gasifiers;
Fixed-bed downdraft gasifiers;

2
3. Fixed-bed crossdraft gasifiers;
4. Moving-bed gasifiers; and

5

. Fluidized-bed gasifiers.

Fixed-bed Updraft Gasjifiers

In a updraft gasifier (Figure 2) feedstock is
introduced at the top of the gasifier and moves down through
the vessel under the force of gra&ity. Air inlets are placed
near the béttom where the combustion takes place and the gas
is produced. The gas leéves the gasifier by passing up
through the bed and.exiting near the top of the reactor.
Because thevgas'flow is up through tﬁe pyrolysis zoné, tars
are gasified and dréwn off .in the gaé stream. This is not a
problem if the producer gas is going to be burned close to
the producer, buf if it is ﬁo be piped any distance the gas

will cool and the tars will condense on the inside of the

pipe. If an updraft gas producer is used to produce gas forv

an internal combustion engine, considerable care must be

taken to clean the gas.

Updraft gasification is characterized by the enlarged -

hearth zone, which allows numerous ignition pdints for the

gasificatioﬁ process. This type of_gasification'is thenefofe
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not sensitive to the choice of feedstock and is particularly
suitable to feedstocks with a low reaction response. The
large volume of the gasification zone offers a certain delay
iIn response to the fTlunctuations iIn gas demand. It also
requires a longer time for gasifier start-up and an initial

higher fuel consumption.

Gas

Distillation Zone

| Reduction Zone
IE-I-M.JI. . e . - .
Hearth Zone

Ash Zone

Figure 2 . Fixed-bed updraft gasifier.
Skov and Papworth, 1980.

In the updraft gasifier air 1is introduced below or from
inside the grate causing the grate to be cooled. The cool
grate helps to deter slag formation. Heat from the grate
also preheats the air thus improving gasification.

Updraft gasifiers have a limit on the maximum size of

the reactor vessel which restricts the maximum output to
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about 50 GJ/h. Diameters much larger than 3 m may have
difficulty In sustaining a uniform bed which is essential

for quality gas production.

Fixed-bed Downdraft Gasifiers

In a downdraft gasifier design (Figure 3), the
feedstock enters at the top, and air 1is 1i1Introduced
circumferentially through nozzles just above the reduction
zone. The ailr draws all the gaseous feedstock components
down into the hearth zone where they are exposed to high
temperatures and to carbon where they undergo partial
oxidization and partial dissociation. Therefore it iIs nearly
impossible for steam, condensates, tars and other volatiles

to enter directly iInto the gas as iIn the updraft system.

Figure 3. Fixed-bed downdraft gasifier.
Skov and Papworth, 1980.
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Because downdraf@ gas-producers hava the potential to
eliminate tars from the gas they are considered tﬁe best gas
producers for maklng engine quallty gas, eVen when high tar
feedstocks are used. This makes downdraft gas'producers
attractive for gasifioafion of biomass feedstocks that tend
to produce gas high in tars.

Downdraft systems have developed a characteristic
venturi cdnstriction‘of the hearth near the entry of the air
stream. This oonsfrictidn causes an increase in air velocity
causing an increase in temperature.'Thia increase in

temperature allows for a more complete conversion of tars

into gaseous coﬁbonents. On.the-other hand the constriction

causes the walls of the hearﬁh zone to heat up‘and the
narrowed cross-Section.idcreaéaa the resistance to air
passaga (Skov.and Papworth, 1980). This syatém is usually
unsuitable for feedstocks wiﬁh high ash content because the
increased temperaturea of the hearth zone will dause‘the ash
to form slag and cause foullng |

| Compared to the updraft method of gasificatiph, the

downdraft method uses a substantially smaller space for

reactions and_consequently is more able to awiftly_

accommodate flunctuations in gas demand. The start-up time
is thereby minimized. Bdf the smaller reactidn space
requiras gniform feedstock feeding and if irregularities
occur, such as bridging the already‘modest sizéd reactive

surfacé will be further diminiahed. Although- the downdraft
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design may have some advantages over the updraft design, it
usually 1is more complex thus having a higher 1initial,

operation, and maintenance costs.

Fixed-bed Crossdraft Gasifiers

In the crossdraft gasifier (Figure 4) the feedstock
enters through the top and the air enters through a small
diameter nozzle at the side of the vessel. In this system
the goal i1s to achieve a hearth zone of small volume but
very high temperature, causing the tar components of the
feedstock to completely gasify and the entire ash content to
convert to slag. Using the small air nozzle, air velocities
of up to 80 m/s raise the temperature of the hearth zone
core to about 2,0000C. The produced gases pass through a

grate and out of the reactor.

Distillation & Reduction Zone

Gas

Hearth Zc

Ash Pit

Figure 4. Fixed-bed crossdraft gasifier.
Skov and Papworth, 1980.
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This gasifier's central hearth zone causes a.different
arrangement of zones. The distillation zone or -the pyrolysis
zone 1is a sphérical shape, with the drying zone around the
outside serving as a heat shield for the reactor walls.

The small hearth zone enables the crossdraft system to
quickly adjust to any fluctuations in gas demand. The system
is flexible and needs little start-up time. But the systenm,
because-of the small hearth zone requires smooth and
uninterrupted feed of feedstock. Problems do arise with the
formation of slag affecting gas'quality and quantity.

Because tar dissociation is limited to the snall hearth
zone{ the system is confined to feedstocks with low tar
content. It is also desirable to use feedstocks with low ash
content in order to keép the slag accumulation down, It is
apparent that long-term, trouble free operation of the
crossdraft gasifiers limits the compatible feedstocks types

to a minimum.

Moving-bed Gasifiers

The moving-bed gasifier design (Figure 5) is similar to

a furnace design used to burn coal. In this gasifier design
the feedstock is fed through an ainlock onto a moving grate.
The combustion and gasification of the feedstock proceeds in
proportions based on the process air flow. The produced gas
is drawn off by an induced-draft fan. |

The basic advantage of the moving-bed design is its

.ability to be scaled up to large sizes‘because output is not
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limited by the structural dynamics of the bed. The major

drawbacks of the moving-bed gasifier 1is 1its added

complexity, the horsepower associated with the moving grate

and the limitation on feedstock caused by the grate design.

Fine feedstocks such as sawdust, and stringy fuels such as
straw are not suitable with the moving grate design. Because

of this limitation on the fuel type, the design is severely

restricted to one type of feedstock.

GAS
ouT

ASH

Figure 5. Moving-bed gasifier.
F. C. Hart Associates Inc., 1983.

Fluidized-bed Gasifiers

Of all the types of gasifier systems the fluidized-bed

technology (Figure 6) Is the most recent development. In a

fluidized-bed gasifier the combustion and gasification of
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the feedstoGk takes blace in a‘heated'sand bed-which’is
agitated by an upward sﬁream of air. The feedstock can be
injected into the gasifier using various methods, all of
which influence its residence time in-the bed. There are
both top and bottom feed systems.'Bottom.feed systems in
fluidized-beds are more analogous toﬂdowndrafﬁ systems,
because of low tar production. Feeding the feedstock:in,at
the bottom alléws it to travel the full length of ﬁhe.bed
thus increasing its residence time. Tars ére therefore
decomposed into'other.hYdrbcarbons to increase the carbon
conversion efficieﬁcy.and the heating value of the produced
gas. The ash and unconverted cakﬁon are removed from the
gasifier by the gas stream or.withdfawn at the bottom of the
bed. If the ash is removed by thg gas stream the filtering
systeim mﬁst'be improved for any end-use_appliéation.

A broad range of operating conditions can.be obtained
in a fluidized-bédqunit. Some of the parametérs that can
easily be changed inclﬁde air velocity; operating pressUre,-
type of bed material, and size of bed material.'By'

controlling the air Velocity, turbulence in the_bed_is

varied to provide an accurate control of reaction

temperatUreé. This agitation of  the bed improves the
efficiency of the conversion reactions and allows feedstocks
having wide variations in composition and parﬁicie size to

be used. The upper bed temperature limit is contfoiled_by

. the feedstock's slag temperature. The basic adyantages of
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the fluidized-bed is its ability to accept many types of
feedstocks, due to control of operating conditions and its
ability to be scaled up to large sizes (eg. 200 GJ/h)

without much modification.

CYCLONE CLEANED
GAS OUT
GAS
DISENGAGING
BIOMASS IN ZONE
FLUIDIZED

BED
ASH OUT

AIR IN

Figure 6. Fluidized-bed gasifier.
F. C. Hart Associates Inc., 1983e
Fluidized-beds have been wused 1In a number of
gasification studies 1involving biomass fuels. Some systems
use a mixture of steam and air, or oxygen to fluidize the
bed and give a gas with a higher heating value. Most systems
just use air because it Is the least expensive and the

simplest to use.

Gas Cleaning and Cooling
The gas stream contains: gaseous components such as

hydrogen, nitrogen, and water vapor; solid particles such as
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.ash, soot, and char; and semi-solids such as tars and

pyrolitic oils. The gas stream exits the gasifier at
temperaturgs ranging from 400 to-EOOOC.

Often the gas produced by the gasifier.has_to undergo
some degree of cleaning and cooling, depending on.the’end—

use application. Direct combustion of the producer gas-in a

'secondary‘chamber or boiler needs little or no cleaning,

while fueling an internal combustion engine requires intense
cleaning and coqling. Using the producer gas in a boiier
requires that only solid barticles.neéd to be rémOVed from
the gas sﬂréam. | | o
The‘use of produéer gas iﬁ an engine requires the
removal of all the solid and_semi-solid cohstituents of the
gas stream. Solid particles such as sqbt and ash are hafd
and abrasive and can cause excessive wear within an enéine.
The Semi-sbiid components such as tars tend to céndénse out
of the gas steam onto valve Stems caﬁsing_them to stick -
résulting in bent push rods and engine poﬁer‘loss. Cooling
the produced gas 1is also'important when using ‘it in aﬁ
engine. Cooled gas improves the volumetrié efficiency of the
engine. Generally a iOOC drqp in gas temperature results‘ih,
a 3% increase in power output (Bofetté énd.McKusick, 1986).
Removal of @he harmful materials in tﬁe gas stream at
fifst glance seéms to be a very simple process but it
actually constitutes'one of the most difficﬁlt tasks in

gaSification. The main reason for this is that the
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impurities in the gas stream are many and vafied and change
from one system and feedstock to another. Filtering systems
shoulé_be designed to remove the larger particies first,
then the smallér particles and lastly the tars and oils.
Most filtration dévices can be classified as either.in-
. line or off-1line devices. Baghouse filters an&npacked beds
a?e‘examples of in-1line filteps. These filte}s remove the
impurities from the gas stream quite well but over time the
contaminants build up on the face of the filter blocking gas
flow. For this reason, in-line filte%s-require constant
maintenance and are usually.uﬁacceptable for use in
~automated gaSifipation systems. The main advanﬂage to in-
line filters is that they ére eaéy to conépruct and
relatively inexpensive. |

Off-line devices ére filteﬁs that - trap the impurities

from the gas stream and carry them out of the gas flow.

Filters such as cyclones, drép boxes and liquid scrubbers
may be classified as off-line .devices. The advantage to
these»dévices is that they can not be easiiy plugged and
thereforencan be left unattended for extended periods. Thg
down‘side is that these filters can be‘expensive and add
‘greatly to the cost of the systém. . o

In the design and implementaﬁiop'of a filtering system
the pressure drép through the filtering.éystem sﬁould be
kept to a minimum. Limiting pressure drop can be overdéne

since the degree of gas cleanup is proportional to the
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pressure drop through the filtration system. IT the
resistance to gas flow Is too great it may be impossible to
start and operate the gasifier. The best approach is to
filter the gas to the highest acceptable level without
driving the pressure drop too high.

In summary the design of a filtration system is
dependent on the gasification system, feedstock, end-use
application, and cost. The optimum Ffiltration system

balances both cleaning ability and system cost.

Producer Gas Use
The gas produced from a gasification process may be
used In a variety of ways to produce energy for an
application (Figure 7). Basically the gas is used to provide

heat energy and/or mechanical shaft power.

DIIECT COBiD5TIOI
OF SiS -HEAT

INTEEIAL COBBDSTIOI~>
ENGINE -SIAFT FOIE*

GAS
1101iS S--- - GASIFICATION---- POII FICATION ->

STEAB 10ILEI
0 TOIIIIE SILECTEICITT

U-6iS TOIIIIE WASTE BEAT

Figure 7. Alternate methods of producing energy from biomass
gasification.
Adapted from LePori et al., 1983.
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Direct Combustion of Producer Gas

The producer gas is often burned directly in’a
secondary chamber in order to obtain heat energy. Tﬁis
method provides a much cleaner combustioﬁ than does the
direct combustion of the feedstock. Even if the gas contains
tars, it is still a very clean burning fuel. This technique
hgs been exploited by Payne et al. (1979) to provide heat
d;rectly through an. air and exhaust-gas mixture for drying
grain. Direct combustion of the producer gas has also been
used through heat exchangers to heat greenhouses (Shaw et

al. 1982).

Boilers

The gasifier can be direqply coupled to a boiler té
produce steam for use in manufacturing'proceéses{ heating;
.and to turn a steam turbine. The boiler must be close enough
to the gasifier so that the tars do not condenée out of the
gas. The gas must be Burned_in properly designed\burner

nozzles because of the ash and tar content.

Internal Combustion Engines

The gas can be used in both spark ignition and diesel
engines to produce mechanical shaft power without major
modifications. To avoid engine wear and damage. tars, ash
and soot must be removed from the gas. Theyextent of the
filtering system depends on the type of gasifier used and

the type of feedstock gasifiéd. A gas cooler is usually used
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to cool the gas inorder to increase the volumetric effiency
of the engine.vMany gasification/ehginé systems are being
tested because interpal combustibn_engines aé the preéent
time offer a potentially economical and available power
Source suitable fér on-farm applications. These include
stationary‘applicétions such as irrigation pumping and
electricity generation or for mobile applications such as
tractors and trucks. Stationary gas producers have the
advantage that bulky, wet cleaners are not the drawback that

they are with portable producers.

~ Gas Turbines

A gas turbine'or combustion turbine consists of a
compreséor, combustor, and a turbine connected by a common
shaft. Air is compressed, heated to High temperatures in the

combustor, and then expanded in the turbine. The energy

extracted from the gases by the turbine is used tqdrive the

compressor and produce shaft power.

| Gas turbines can use low Btu producer gas at the
temperatures and preséures that exist when the gas flow
exits the gasifier. This ability allows the turbine fo
obtain high conversion efficiencies. A.gas turbine must be

carefully selected to obtain optimum performance.

Steam Turbines
There are various steam turbine systems and

configurations available-to connect to a boiler-gasifier
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arrangement. The steam turbines require high pressure steam
from the boiler'to be expandéd in.fhe tdrbine. Steam‘turbine
systems are relative;y more complex than other producer gas
applications. The fact that the technology is not known by

the farmer makes the system impractical for most farm use.

c neration

Combinations of the above methods for converting the
producer gas into usable energy are often u;ed, These
combinations are termed cogeneration s&stems. Cogeneration
is defined as the sequential production of two or more forms
of output energy from the same input (Synergic Resﬁurcés
Corporation 1983). Typically, cogeneration systems produce
electricity and thefmal energy. The thermal energy may be in
the form of steam, hot water, or hot air. Mechanical
cogeneration systems are simiiar tq e;ectrical ones except
that a compressor, pump; or fan etc. is connected to a
rotating shaft instead of an electrical generator.
Cogeneration systems tend t& have high energy'bonversion
efficiencies because the waste heat lost in gasification,

combustion, and filtering etc. is collected and used.
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CHAPTER 3
BIOMASS SYSTEM REQUIREMENTS

. Gasifier System Requirements

The successful development of.a gasification system is
a site-specific process invoiving the. use\of many
components. An entire system can inéludé feedstock
collection; feedstock transportétion, feedstock handling
and preparation, gasification, gas clean-up and use. In
order for a gasification System to replace or compete with a
conventional system it must satisfy two majo} requirements;
reliability and'economics.» : |

A ‘gasification system that is to be successfully
opéfated on the farm hust be reliableﬂ During plahting or
harQest a farmer cannot affgrd to be troubled with a
complicated and labor intensive ggsifiéation system.
Secondly the system must'bé economically attractive and not
require a large initial investment by-fhe farmer.and have a’
relatively short pay back period. The final system should
increase the overall efficienéy éf_the farmer'é operation iﬁ
terms of time and economics.

There is a lot of flexibiiity in the typés of systems
available because various parts can be interchanged, to

achieve the designed goals for a specific application. Thus
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the key is to analyze the tedhnicél and ecdnomicaliaséects
of each compoﬁent before selecting and adding it to the
_systém. |

A gasifi¢ation éystem's design must satisfy the user's
needs. The choice of a gasifier will depend on (F. C. Hart
Associates Inc., 1983): |

1. the total amount of energy reduired;

2. the energy use profile;

3. the energy's end-use; and

4. the type of feedstock available.

The total amount of energy hequired to-meet the needs
of an application should be determined, witH some alloWances
made for end-use inefficiencies and’future expansion; The
design eﬁergy output from a gasifiér is dependent on the
feedstock throughput aﬁd the heating value of the prqduced
gas; The ultimate selection of a gasifier may depend on
engineering and béd.dynamic probléms. The foilowipg tgble
can be used as an approxiﬁate example for scaling gasifier
~sizes using wood. Table 3 does not iﬁclude information for
crossdraft or mbvingfbed gaéifiers because they are not a
common gasifier for biomass feedstocks.

The fluidized-bed shows a very high throughput, because
of the improved contact between the.gas.flow and the
feedstock. In thé updréft gasifier'the gas fldw’rate'is
iimited because-ash and feedstock particles will blow. out

and channeling'in the bed will ocecur. In_thé downdraft
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gasifier the gas flow moves in the same direction as gravity
therefore higher flow rates can be achieved. But if the flow
~1s too high the pressure drop becomes too great and will
_result in channeling, andyunreacted-gases and feedstoék
passing through the grate.

Table 3. Relative gasifier throughput.
: R. Overend, 1979.

REACTOR THROUGHPUT OF DRY WOOD (kg/m2/h)
Updraft - - 100 - 200

Downdraft ' 290 - 490

Fluidized-bed - . 1500+

The energy use profi;e of a producer gas applicatioﬁ
should be.considered whén sizing a-gasifier. The gas output
from a gasifiér is very slow to react to any throttiing by
limiting the feedétock input. By iimiting the biomass input,
the conversion efficiency and gas quality decréasé.
Therefore the end-usé_application's energy needs shoulq be
matched as close as possible to the rated output of the
gésifier in order to obtain optimum performance.

The quality of producer gas needéd fqr different endF
use apblications varies for each appiication. Whén'producer
gas is used to fuel inﬁernai combustion engines the gas must
bé very_cleén in order to avoid excessive éngine'wear.'

Ideally feedstocks low in tar and ash content should be used
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with a low tar prdducing.gasifier (downdraft or fluidized-
bed). The more tar and ash in the gas stream the greater the

need for an efficient filtering system. If the produced gas

is to be used in a boiler or for direct combustion the

quality of the gas becomes less important.

System MdeﬁicaLiQﬁé

All ﬂhe differeﬁt types of‘gasifiers have available
"various modifications that can be used.ton301ve problems
_arising from use ofzaspecific fuel or to adapt the prodpced
gas to a certéin applicatioh. These probiem; can include
difficulties with feeding systems; slag'formation, and the
cleaning anq cooling for fueling internal combustion
engines. H

Gasifiers -can be operated in"a batch or a continuous
'que'of operation. No continuous feeding system is'usea with
batch operated gasifiers. When the gasifier needs to be
replenisﬁed fhe gasifier is opened and biomass is added.
This interferes wifh the controlled oxygen environment and
disfurbs the gasificaﬁion prodeSS'which effects tﬁe—quality
of the produced gaé momenta?ily.'Batéh gasification thus
requires ah operator to moni@or and add the feedstock,
adding to the costiof operation. | '

Manf systems operate on-alcontinuous Bésis for
.convenience, cost savings and the need for an ‘uninterrupted
supply of quality gas. Phe feedstoqk is fed into the

gasifier, usually by an éuger type feeder controlled by
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level'sehsors within ‘the gasifier. Other feeders may be
pheumatic, hydraulic ram or a vibratory conveyer. The feeder
is fed tﬁrough an airlock feeder'from a feedstock hopper.
The airlock feeder is used to lessen air entry into the
gasifier and also acpé as a.measﬁring_deVice. An auger
feeder can act as an airlock for a moderately-pressurized
gasifier using fine material'(Riéhey et al. 1983). Care has
to be taken with an airlock not to jam the doors when wood
and other course feedstocks are used.

A cohtinuous feéd éystem limits the prob;em of
incomplete conversion and smoke entering the gas stream when
-the gasifier is opened for bétgh feeding. When a feeding
system is properly adjusted for the gasifier, little
monitoring is needed.

Slag formation is a problem when biomass fuels are
used, especially with wheat straw and pfher agricultural
biomass. Several methods have been used to discourage slag
formation within the gasifier. Slag fends to formyon areas
of high temperature, like the grate of an updraft gasifier.
Richey et al. (1982) sblved this problém‘by using a hollow
érate to feed air into his channel ‘gasifier. This technique
cooled the.grate and greétly decreased slag formation on the
grate and the preheated‘air helped thevgasification process.
Controlliné fhe temperature on areas receiving high levels
of heat (air nozzles etc.) with water cooling is also

helpful.




< 31

Problems are encountered with power loss and a need for
machinery modifigations Qhen internal combustion engines are
fueled with producer gas. When a spark ignition engine is
converted to burn producer gas, the only major change is the
replacement of the bérburetor Wwith a producer gas
carburetor. The producer gas carburetqr is used to_mii the
correct amount of air with the producer gas for proper
combustion and consists of'siﬁple arrangements of bﬁtteffly
valves. Because the energy content 6f the producer gas is
lower than that of.gasoline, the‘powér produced by a spark
ignition engine fueléd with producer gas is 40 to 50% lqwér.
A small increase in powék_can.be gaingd by increasing the
compression ratio and advancing the ignition timing by up to

20 degrees. Both of these adjuétments afe possible becadse

the producer gaé~has a higher octane rating than gasoline.

The power output of a diesel engine is also reduced when it
is fueled with producer gas, and no. simple édjusﬂments can
be made to overcome this problem.

‘To'conserve diesel fuel and to improve the performance

of an IC engine using producer gas, compression ignition

engines can be converted to dual. fuel operation. In this
manner they will reqﬁire about 15 to 20% of the normal
- amount of diesel fuel. This arrangement allows for the
operation df IC engines without any méjor modifications. The
producer gas is introduced with the combustion air into the

intake manifold. The fuel injection pump introduces only a
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small amount of diesel fuel 1nto the englne to ignite the
vproducer gas 1in the combustion chamber.

_ Studies have been conducted by Parke et al. (1981) and
Ogunlowo et al. (1981) in the use of turbooharging and
supercharging to increase the power of producer gas burning
engines. Their.investigations show.that the power output of
an internal oombustion'engine can be improved through the

use of a turbocharger or supercharger.

Pollution Control Regulations

The gasification process involves the controlled
combustion of a blomass feedstock yleldlng methane, carbon
monoxide, hydrogen, n1tr1c ox1des and partlculates.
,Gasification has the potent;al to affect the’ environment

through’
1. Water pollution;
2. Air pollution;
- - Sulfur Oxides
- Nitrogen Oxides
= Hydrocarbons
. = Particulates
- Odor
- Carbon Monoxide

3. Solid Waste ﬁisposal; and

b, Hazardous Waste.

The Montana state government has 1mp1emented many
regulations to minimigze pollution. . A permit from the
Department of Health and Environmental Sciences (DHES), Air
: Quality Bureau is required for construction,.installation

and'operation of a gasification facility. Biomass facilities
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must acquire an air quality permit for fuel burning
equipment that has a heat 1nput greater than 10.6 GJ/h
(liquid or gaseous fTuel) or 5.3 GJ/h (solid fuel). Other
biomass facilities that can emit more than 22.7 t/yr of any
pollutant not regulated by the government must apply for an
Air Quality Permit.

Table 4. Montana emission standards.
Renewable Technologies, Inc.

Pollutant Emission Rate
(tonnes/year)
Carbon Monoxide 90.6
Nitrogen Oxides 36.3
Sulfur Dioxide 36.3
Hydrogen Sulfide 9.1
Sulfuric Acid Mist 6.4
Reduced Sulfur Compounds 9.1
Total Reduced Sulfur 9.1
Particulate Matter 22.7
Ozone 36.3 (of volatile

organic matter)

Trace Metals

Lead 0.54

Beryllium 0.0004

Mercury 0.09
Asbestos 0.007
Vinyl Chloride 0.91

Fluorides 2.7
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Table 4 shows air pollutants that are regulated by the
Montana state government when their minimum emission rates
are exceeded.

The city or county where a biomass gasification
facility is located may administer more stringent air
pollution standards than those set forth by the DHES. The
maximum allowable emission rate (Ibs/MBtu) of particulate

matter for new biomass facilities is shown In Figure 8.

MAXTMUM
PARTICU-
LATE
EMISSION—
POUNDS

PART ICULATE
PER MILLION
BTU HEAT
INPUT

TOTAL INPUT— MILLIONS OF BTU"S PER HOUR

Figure 8. Maximum emission of particulates.
Renewable Technologies, Inc.
All biomass energy projects that discharge liquid or
solid pollutants iInto surface or ground waters must obtain a
permit to do so from the DHES. There are no exceptions for

quality and quantity of the discharge. Biomass facilities
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are subjeqt’to,the state's effluept standérds to enéure
water qualitj.
The subject of waste management coveré both solid waste

(non-hazardous) and hazardous waste ~disposal. Solid wastes

include garbage, hazardous wastes, ashes'aﬁd industrial by-

product. Generators of soiid waste must dispose of that
wéste at a'licensed disposal facility or if the generating
facility owns or leases 2 ha or moré of land a private site
can be sét up. Hazardous waste is a waste'fhat can
contribute tg mortglity or serious illness. A waste is
classified as hazardous if it is listed by tﬂe Environmental
Protecfion AgenCies as such. The storage and transportaﬁion

of hazardous wastes is strictly monitored by the DHES.

. Violators of hazardohs waste laws may be subject to civil

and criminal penalties.

Under nofmal conditions, biomass facilities should not

-generate any hazardous wastes. However products such as

solvents used in operation and maihtenahce can be classified
as hazardous. For more information on pollution standards
and obtaining permits refer to "Montana's Bioenergy Project
Permitting Guide" obtainable from the Montana Depértment of

Natural Resources and Conservation.

Federal Small Power Producers Regulations
On November 9, 1978,'the Carter Administration signed
into law the National Energy Act. The National Energy Act

included three'major parté, the Rubiic Utility Regulatory
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Policies Act, the Fuel Use Act and the Natural Gas Policy
Act. These part; cover restrictions on fuel use, tai
incehtives for project development and incentives for small
power producers and cogenerators. . .

The Public Utility Regulatory Policies Act of 1978
(PURPA) basically allowed the Federal Energy Regulatory
Commission (FERC) to remove both regulatory and economic
obstacles for small power production and cogeneration
-facilities using renewable fuels. The FERC was authorized té
require electric utilities to pay feasonable rates to
- cogeneration and small power facilities for generated pbwer.
The'buy-baék fates péid‘by the‘utilitieé are based on the
avoided bosts and not tﬁe cost of service. The avoided costs
are defined as all the expenditures that the utility would
save by not generating or purchasing the équivalent amount
of powér; The avoidance éost is set by each state's
regglatory commission and the buy~back rate must not exceed
this set cost. Power utilitiés that existed before the
enactment of PURPA can pay a lower rate, as long as the rate
éncourages cogeneration. The PURPA also required electric
utilities to provide non—discriminatofy'electfic serviée to-
small power and'cogenerétion facilities. Finélly, PURPA
exempted all cogeneration and cerﬁain small poﬁer producing
facilifies from state regulations regarding utility rates
and most federal regdlations under:the Federal Power Act‘aﬁd

the Public Utility Holding Act.’
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The PURPA defines a cogeﬁeration facility as a facility
that produces electrical. energy and other forms of useful
,enérgy. Small power production faéilities are defined as
facilities having a capacity of 80 MW or less and fueled by
biomass, wastes or .other renewable sources to produce
electricity.

Tbe following is a summary 6f PURPA regulations
(Synergic Resoﬁrces Corporation): _

1. New qualifying facilities are to be paid full

avoidéd cosﬁ for buy-back rates.

2. The state regulatory commission and hon-regulated

utilities are to establish the rates.

3. The simultaneéus purchase and séle'of power between

the utility and facility is allowed.

‘4.Stand-by power must.be provided at nhon-

discriminatory rates. |

5. A1l qualifying fgcilities,are exempt from federal

 and state regulations concerning rates and financial

organization.
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CHAPTER 4

POTENTIAL FOR GASIFICATION IN MONTANA

Montana 1s Agricultural Energy Consumption

In 1985, there were 23,600 farms and ranches in Montana
covering approximately 25,000,000 ha. Cattle were raised on
21,000,000 of these hectares with the balance beilng used to
grow crops. A breakdown of Montana®s agricultural receipts

iIs shown in Figure 9.

MONTANA'S AGRICULTURAL INCOME

1965

OTHER QRAMS (7.1X)

Figure 9. Montana"s agricultural income, 1985.
Montana Agricultural Statistics Service.
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The cost to produce these crops and livestock vary

significantly from farm to farm, but iIn general the cost 1is

high. A major contributing factor to the high cost of

production 1is energy costs. During 1982 Montana farmers and

ranchers spent $157,696,000 on energy. The energy was used

to operate vehicles, equipment, homes, buildings and

irrigation systems. A general breakdown on how conventional

fuels were used on the farm iIn 1982, is shown in Figure 10.

MONTANA AGRICULTURE ENERGY EXPENDITURES
1962

DESEL (36.0%)

QASOUNE (42.0%)

OL & GREASE (5.0%)

OTHER ENEROY (1.0*)
ELECTRIOTY (13.0%)

Figure 10. Montana®s 1982 agricultural energy expenditures.
Source: Saving Energy on Montana Farms and

Ranches, 1987.

Agriculture iIn Montana uses a large amount of energy

for farming operations. Figure 10 shows that the majority of

energy expenditures involve gasoline and diesel fuel for
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vehicle operation. ‘The remaining energy expenditures, except
for motor oil and grease, could potentially be replaced by

gasification of agricultural and wood residues.

_g_s_sigle_n_d-_e_cpli_a_tip_ns_n_cn_tan_

The gas produced from a gas1fication process may be
used to provide heat energy and/or mechanical shaft power.
In agriculture, gasification systems would be ideal for both
the smallsgrain and livestdck sectors. The possible end-use
applications in the agriculture industry are:

1. irrigation pumping;' | '

2. grain drying;

3. heating of livestocu buildings; -

4, electrical power ‘generation; and

5. cogeneration. '

Crop drying is a very energy intensive agrlcultural
operation. Large amounts of.propane (LPG) are used annually
in the United States for.this purpose. A gasifier could be
used to provide all the heat requirements‘of a grain drying
system. Approximately 4.65 MJ of heat are required to remove
1 kg of water from the grain. Drying 33 t (1200 bu) of ‘grain
in a 10 hour day with an initial moisture content of 18%
(w.b.) to 13% requires approximately 1 GJ/h of heat. The
produced gas can be burned and fed directly.into the drying’
system w1th minimal contamination of the grain. ThlS type of -
end-use appllcation may only need a fllterlng system capable

of filtering out particulates. The tars contained in the gas
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- stream are burned along with.the producer gas prodﬁcing few
emissions. '

'Using internal combustion engines for generating
mechanical power for irfigation pumping or electrical
generation'is a possible.on-farm end-use application.

There are basically two types pf electrical geﬁerators
that can be usedlon the farm; induction and synchronous.:
Induction generaﬁors are basically electric motors that are
driven faster than their rated speed or synchronous speed.
When the generator is driven above the synchronous speed, it
draws excitation cuhfent from the utility main, and ﬁhg
power generated is thén fed back.tb the grid. The power
_frequéﬁqy generated is not dependent on the generator's’
rotor speea but on the incoming frequency of the grid. This
allows the induction generator output to always bé
-synohfonizéd with the utility's gnid power. Although
sﬁitching gear is required to iﬁterfacé the éenerator to the
power grid, tﬁe'apparatus'is not as complicated and
expensive‘as that required for a synchronous generator. The
draw-back to induction generators is that wifhout ﬁhis
e€xcitation current from the utility the generating system
can not sérve as a back-up power SUpply in an emergency
situation. |

The»Synchronoﬁs genérafo? is the type used in on;fafm
emergency. generator sets. A syndhronéus generatof does not

require an excitation current to operate. The'disadvantage
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to synchronous generators is that the frequency of fhe'

output is directlyidependent on the rofational speed of the
generatorf Maintaining the RPM of the generator exacfly at
the required.speed is nearly impossible when using a
- producer gas fueied engine because of the fluctﬁations in
the gasifierﬁs output and the governor characteristics of an
interﬁal combustion engine. If the gengrated electricity is

to be used for resistive loads the output frequency

tolerance is large. On the other hand if the electricity.is’

to power induction motors the frequency tolerance narrows
considerably. When a synchronous'generator‘pfoduces_power
for sale to the utilities egtreme care must be taken .to
match the power frequéncies. To do thié expensive,

complicated equipment is needed to synchronize the

frequencies and to monitor the generétor output in order to.

disconnect it if neédedi

For on-farm power generation, induction generators are
better suited for £he sale of electricity than synchfonous
geﬁeraﬁors, but are not adequate for emergency or remote
power production. .

On-farm gasification/cogeneration systems would
probably .produce electrical and heat energy.vThé electrical
power may be produced by engine/generator sets using
induction or synéhronous technology. The choice'of

generation is dependent‘not only on the site but also the

.needs of the user. The thermal energy may be in the form of .
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steam, hot watef', or hét air. The heat will be produced by
heat exchangers collecting waste heaf; from the system
increasing the conversion efficiency: of thé system to 50 or
60%. The size of the Agasiif‘icat'io‘n systém may be dictated by

the amount of heat or by thé electrical energy needed.
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CHAPTER 5
BIOMASS FEEDSTOCKS

Gasification systems suitable for applications in
M&nﬁana are in part limited by the biomass féédstock
available in the.facilities immediate area. Biomass
materials can be classified into five major categories
(Ebeling and Jenkins, 1983):

1. field cropé;

2.'Qrchard'prunings (fruit and nut crop prunings);

3. forest residues (logging slasﬁ and mill residues);

4, food and fiber processing residues; and

5. livestock residues (confinement animal manureé%

Ih Montana field érops'and forest fesidues provide the bulk
of biohass available for gasification, élthoﬁgh livestock

residues may be feasible in certain areasas.

Small Grain Inventory -
Of the solar‘energy incident upon the earth's
atmosphere about 0.02% is transformed through phqtos&nthesis
into carbohydrates. bn a global basis this amodnts-po an

annual production of 100 Gt of'plant biomass and

abproximately 5 times the cufrent-energy consumption of the -

. world. Agriculture itéelf is a source of considerable
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quantities of.biomass in the forms of field crop residues
and crop processing wanes. In the United States the annual
production of bidﬁass from crop residues such as barley,
corn, cotton, oats, rice, rye, sorghum, soybeans and wheat
is estimated at 388 Mg.

In Montana, agriculture is the most important industry.'
Agriculture-provides about one-third of the total receipts
of Montana's primary industries. Of this one-third
approximately 41% is contributed,through the sales of small
grains. ' |

The types of small grains grown in.Montana in "any
sizablé amount include:

. 1. Wheat - Winter,Hard Spriné, and Durum;

2. Barley; and |

3. Oats. -

-Wheat is’ commonly grown in'Montang, Qith both winter,
spring, ‘and durum varieties comprising the majority'of the
small grain acreage. Barley is the next small grain crop
that ié grown in any'significgnt amount. The amount of
barley produced in 1984 was estimated at approximately‘1;3
Mt, while the total Qheat production was about 3.0 Mt.

Oats was the third most commonly grown crop in Montana
for the 1984 crop year, with approiimately 60 kt'broduced.
Farﬁers who grow oéts.generally do so for.livestock feed,
The oat straw is usuaily‘baled and also used for féed.

Bécause of oat straw's value for feed and its lack of
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availability in large amounts (as cdmpared to wheat and
barley), use as a biomass feedstock for energy proddction is’

probably unlikely.

Small Grain Inventory = County by County

Each count& in Montana has varyihg climatic, soil .and
terrain conditions that tend to determine the types and
quantities of crops grown. Figures 11 through 15 show the
distribution (bushels) and rankings by counties of the
different crops for tﬁe 1984 crop year. From these figures
it can be concluded that the counties in the Northcentral,
Northeast, Central aﬁd Southeast districts produce the buik
of Montana's small grains. Actual data on acres seeded,
acres harvested; yield per acre and the total production for
each county‘for the 1984 crop year can be seen in Appendix
N . - : .

The amount of accessible biomass feedstock and its
distribution determines in part the size of the gasification
system. Estimates on crop residue yields are based on grain
yield and are shown in Table 5.

The calculated amount of biomass available is said to
be 95% of the plant or the above gfound portion. Actual
collection of all the above ground biomass may be infeasible

because of equipment limitations or from the standpoint of

erosion control, nutrient loss and moisture trapping.
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WINTER WHEAT - 1984
ACREAGE HARVESTED

4.9*9 mm4 Lee J ‘ 25,000 - 49.999 [ "~ 100,000 - 199.999 |

NUMBERS SHOW RANKING OF TOF TEN taww o | [ 2<1>000 \

15.000 - 24.999 |

Figure 11. Winter wheat, 1984.
Montana Agricultural Statistics Vol. XXII, 1985

SPRING WHEAT. EXCLUDING DURUM - 1984

ACREAGE HARVESTED

TIE: TOOLE & SHERIDAN-e«till. o
15.000 + 24.999

Figure 12. Spring wheat, 1984.
Montana Agricultural Statistics Vol . XXIl1, 1985
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DURUM WHEAT - 1984

ACREAGE HARVESTED

NUMBERS SHOW RANKING OP TOP TEN. 01 *4,9 | | 3,000 *4,999 [[[[[~[ 10,000 *"d M®e

Figure 13. Durum wheat, 1984.
Montana Agricultural Statistics Vol. XXI11, 1985

BARLEY - 1984

ACREAGE HARVESTED

Figure 14. Barley, 1984.
Montana Agricultural Statistics Vol. XXI11, 1985
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OATS - 1984

ACREAGE HARVESTED

TIE: VALLEY & FERGUS-Sfd
DAWSON & POWDER RIVER 7lh
BLAINE & CUSTER-Sth
CHOUTEAU & PHILLIPS-10th

Figure 15. Oats, 1984.
Montana Agricultural Statistics Vol. XXI1, 1985.

Table 5. Montana grain crop residues conversion.
Synergic Resources Corporation, 1983.

Straw/Grain Tonnes of Straw/

unit Weight Weight m3 of
Crop (tonnes/m3) Ratio Grain Availability
Winter Wheat 0.77 1.3 1.00 95%
Spring Wheat 0.77 1.3 1 .00 95%
Barley 0.62 1.1 0.68 95%
Oats 0.44 1.6 0.57 95%

Koelsch et al. (1977) determined iIn field tests that

the three machines commonly used to gather straw; small
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square baler; large found‘baler apd fhé séif-loading stack-
' forming wagon.colleéted respéptively just 15%. 25%, and 33%
of the available étfaw-after‘combining. The straw was left
in windrows behind ‘the combine with éhe straw spreaders and
"=choppers disconnected. The U.S. Department of Agriculéuré
estimates 'that roughly 35% of the crop residues can be
removed safely under conventional tillage practices without
any detrimental‘effects. . | | b

If we assume that 3.0 Mt of wheat and 1.3 Mt of barley
(1984 crop year) were grown in Montana. The potential-
biomass harvest could be:

 Wheat Straw = (3,000,000 t grain)-
‘ ¥ (1.3 t straw/t grain)
¥ (25%/100 availability)
= 975,000 t straw
Barley Straw = (1,300,000 t grain)
* (1.1 t straw/t grain)
* (25%/100 availability)
= 357,500 t straw

‘For on-farm use of crop residue biomass; a sifé
specific énalyses'of the feedstock source can be easily
done. The maximum size of a farm scaie'gasifier is-usually
deterﬁined by_the émount éf biomass'aVQilable. When the
séale of’phevfacility increasés beyond the farm.écale,
determination of tHe size and availability'of the biomass
fesouréé becomes‘moré‘qifficult. The quantity, qualify and
distfibution of the féedstock become veryiimpoftant in the

size and feasibility of the overall system. Generally usihg

count?—wide anaiysis of the biomass supply 1is not good
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enough for large scale facilities and a more intense survey
is needed (Jenkins and Sumner, 1985).

Variation in production of small grain crops is mainly
due to changeé in grain prices and the variation in the
wéather.‘The p;evious years grain prices and future
forecasts are usually the factors a farmer uses to decide 6n
thé type of crop and the quantity to plant. The weather then
determines the final crop yield. The farmer is séid to be‘at
the hercy'of the weather. Figures 16 and 17 show the
variations in crop productions over the 1975-1984 crop
years. The figures give'én excellent indication of the
variability of production caused by grain priceé. Compared
with the actual prices recéived by the farmer (Figuré 18)
the general decline in prices causes a decline in

production.




MONTANA ALL WHEAT PRODUCTION

1675- 198~

__ YEARS
ITTI WINTER C 3 SPRING U77X burum

Figure 16. Montana all wheat production, 1975-1984.
Montana Agricultural Statistics Vol. XXI11, 1985.

MONTANA BARLEY PRODUCTION

1.6 -
15 -
1.4 -

1.2 -

0.6 -

0.4 -

0.2«

Figure 17. Montana barley production 1975-1984.
Montana Agricultural Statistics Vol. XXI1, 1985.
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PRICES RECEIVED BY MONTANA FARMERS

ANNUAL AVO. S/TONNE (1975-1964)

210 -
190 -
180 -
170 -
160 -
150 -

140 -

120 -

110 -

90 -

D WHTER + SPRtfO o DURUM A BARLEY

Figure 18. Prices received by Montana farmers.
Data taken from Montana Agricultural Statistics
Vol . XXIl, 1985.

Animal Wastes Inventory

Livestock wastes, which In Montana are primarily cattle
wastes, provide a potential source for energy through
gasification. The value of animal wastes for use as biomass
feedstock 1is due to their availability in substantial
amounts 1In concentrated areas. The main requirement for
using manure as a biomass source is that It must be free of
contaminants such as dirt. The presence of dirt iIn the
manure raises the ash content of the fuel. When gasified
this ash can iIncrease the chance that the gasifier will Tfoul

which will affect the quantity and quality of the producer
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gas. Even if the gasifier does not foui the increased ash
level will be a greater burden on the filtering system,
requiring increased mainpenance or possibly redesign.

Anothef requirement to maké manure available és a
feedstock is that cattle need to be confined in areas such
as feedlots and dairy barns. This is necessary'in order to
concentrate wastes and keep collection costs low. Dairy
barns’ are an ideal locatioﬁ‘for collection of dirt free
wastés. Dairj barns use various manuré'collection schemes
such as drag chain gutter bieaners or slatted floors. The
collected manure is usually stored in a pit or pile for
disposal on fields or alternatively for use in a gasifier.

The main broblem with the use of manure as a biomass
feedstqu is the fact that fresh manure contains
approximately 88% moisture. The manure must be dried before
it can bé gasified. This procéss réquires a large amounp of
heat eneréy which decreases the net energy production of the
system.

In 1985, Montana had a total of 2,960,000 head of
cattle and calves. Approximatel& 1,513,000 were beef cows
and 27,000 dairy dows, Assuming that dairy farmé proyide én
ideal situation for the collection of manure, the potential
amoun£ of dried biomass could be: | ' |

Manure = (27,000 cows) * (4.5 kg dry manure/day/cow) ¥

(365 day/yr) #* (50%/100 avallablllty) /
(1,000 kg/t)
= 22 174 t/yr

Note: This assumes that the average dairy cbw weighs a 454
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kg,‘produces 4.5 kg of dry matter per day (Table 6), and
that only 50% of the manure can be collected.

Table 6. Cattle waste production per day.
: Pennsylvania State University.

Animal ) " Kilograms of Waste!
Wet Dry

Dairy Cow 38.6 is

Beef Cow 27.2 3.2

1. kg of waste / U454 kg of animal weight.

The variatioﬁ in manﬁfe production is dependent on thé
~cattle population. The cattle population, espgciaily beef
catﬁle. in turn depends on both market va;ué and feed
supply. Figure 19 shows directly the relation between the
number of cattle and the;r market price. Dairy cattle
numbers are alsd dependent on milk'priqes and peructioﬁ

quotas.
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CATTLE INVENTORY COMPARED TO VALUE

NUMBER. vaLue PER HEAD

2.5 -

1.5 -

0.5 -

1»76 1*78 1900 1904

YEARS (1976—1986)
m} NUMBER (miBoob) + VALUEAO O (thou.)

Figure 19. Cattle inventory in Montana compared with market
\D/Ztlaltje-taken from Montana Agricultural Statistics

Vol. XXI11, 1985.

Wood and Wood Wastes Inventory

The forests of Montana cover approximately 22% of the
state"s land area, amounting to 8,200,000 ha. Of this
8.200,000 ha only 5,800,000 ha are considered to be
productive timber land. Using the Continental Divide as a
reference point, over one-half of the forest area lies to
the west. West of the Divide, the land base is 80% forested,

while the area east of the Divide comprises 83% of Montana®s

land base but is only 13% forested.
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Figure 20. Forest distribution in Montana.
A. M. Green et al., 1985.

The western side of the Divide 1is heavily forested
because the high mountain ranges trigger the release of
moisture from the westerly air flows. The drier climate east
of the Divide limits the forests to higher elevations. This
causes the forests to be fairly patchy and widely scattered.

Montana Tforests contain 27 species of trees with 17
being conifers and 10 being hardwoods (see Appendix B).
These species may grow intermixed or In pure stands. The
type of species growing In an environment greatly depends on
the sites elevation, yearly moisture, and soil
characteristics. The major tree species grow over a range of
environmental conditions, and some become the climax

vegetation for a specific environment.
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Montana 1is divided iInto five major climax forest zones
as shown in Figure 20. The dominant species In each zone are
shown and i1nclude; larch, lodgepole pine, ponderosa pine,
douglas-fir, white pine, and spruce-fir. Figure 21
associates the general land type and elevation with the
forest zone. About 64% of the forests In Montana have the
dominant species In douglas-fir and lodgepole pine. Adding
ponderosa pine and fir-spruce zones brings the total to 93%

of the forest area.

EXTENT

I ow NO

GENERAL
LAND TYPE

=

MAJOR TREE

SPECIES IN

THIS ZONE pONDEROSA  HEMLOCK LODGEPOLE LODGEPOLE
WHITE PINE

SPRUCE

GRAND FIR

SUBALPINE

LODGEPOLE

Figure 21. Forest zones of Montana.

A. W. Green et al., 1985.
Approximately 74% of Montana®"s forest land 1is publicly
owned, with 68% federally regulated while the remaining Iis

owned privately or by the forest industry (Table 7).
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Table 7. Forest ownership In Montana.
Green et al ., 1985.

Owner Group Area Percent
(1000 hectares) of Total

Public
Forest Service 5591.8 68
Other Public 426.3 6
Total 6018.1 oY
Private 2167.3 26
Total 8185.4 165

The net volume of growing stock and sawtimber 1iIn

Montana during 1980 is summarized iIn Table 8.

Table 8. Net volume of growing stock and sawtimber on
commercial timberland in Montana, 1980.
A. W. Green et al., 1985.

Growing Stock (million cubic meters)

Owner Group Softwood Hardwood Total
Public
Forest Service 512.3 1.3 513.6
Other Public 34.6 1.3 35.9
Total 546.9 2.6 549 .5
Private 182.3 9.3 191 .6
Total 729.2 <o 741.1

Forest residue 1iIs a possible source of biomass
feedstock for gasification. These residues include logging
residues, thinning residues, standing residues, and clearing

residues. Logging residues are made up of the unused tops,
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limbs, poor quality logs$ and brush left over from the
harvest operation. The amount éf logging residue may range
from 10 to 20% of the standing tree with hardwoods generally
producing more residue than softwoods. Standing residues are
trees that are unsuitable for timber or dead trees that are
dried and cracked. The foreét residpe is generally left in
the forest to decay and if collection costs are minimal, it
may be a Qaluable feedétock.

An average of 2,714,000 m3 of timber is harvested
annually in Montana. Tﬁe total volume of logging residues
'generated froﬁ harvesting the timber is estimated at 760,000
bone dfy tonnes. Due to econbmicé only éh estimatéd 209,000
dry tonnes of logging residue is sﬁitable for fuel usage
annually in Moritana (Combes. 1983).

The total residue avaiiable”for biomass and other
broducts from pole timber, cull trees, dead trees and down
trees on commercial forest land of the National Forests is
estimated at 292,000,000 m3. At the present time, due to
poor collection economics only about 45% of this residue is
accessible, amounting to a total of 50;500,000 tonnes of dry
~wood (Combes, 1983).—

Anotﬁer important source of wood for gasification is
wood wastes left over from both primary and secondary
proceésing. Over one-half the volume in logs delivered to
sawmills ‘ends up as wood'waétes. Mill wastes are in several

forms; coarse, fines and bark. The course materials are in
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the form of slabs, édgings and trimmings, and peeler cores.
While the fines are ﬁadeluaof sawdust and shavings.

Generally the waste wood creaﬁes a disposal problem at
amill, It is u;ually burned'in tepee burners or just pileq
up. In some cases the‘wood wastes are utilizéd in the puip
and péper industry for fgedstock or fuel. Most of ¢the
smaller mills have no market for the wastes,and thus the
wastes are a disposal problem.

The amount of forest residue available is‘fairly
variable in Montana. It is directly connected‘to the‘amognt
of timber hérvesfed, which in turn is dependent on lumber

demand. and the.interest rate charged on home mortgages.

Properties of Biomass
Biomass includes a wide variety of organic material.

different in both chemicél and physical properties. Defiﬁing

-

these properties for each type of biomass is essential for-
the development and evéluation‘of a gasification system.

| Wood gasifibation systems have been in use since World
War II and as a result the technology is well knownhfor
wood. As compared to'wood very little research on gésifying
crop and livestock reéidues has been coﬁducfed. An
assumption that is usually made is that the thermochemical
reactions of‘crop residue is the same.as wood or fossil
fuels. This assumption is wrong‘beﬁause of the differenqes

in chemical and physical composi'r,ion.~ Crops and livestock
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residues.are high in ash and silica which can cause
problems in gasification. Residues such as straw often
require the feeding system to be modified to allow for

proper operation.

Chgmicglchgggntigs

The chemical properfies of a feedstock can bé
determined through proximate dr ultimate analysis. Proximaﬁe
analysis can identify the amount of moisture, fixed carbon,
ash and other components in a fuel. Thus general
gasification chafacteristics can be determined from this
analysis. The ash content of the feedstock is important
because it affects the reaction teﬁpératufe and the level of
.particulate emissions'from the gasification procéss; Thus
the ash content of a feedstock determines the complexity of
a éasification systems filtefing system in relétion‘to the
~end-use application. Handling of high ash feedstocks can
also pose a problem due to high abrasion and erésiqn
characteristics.

The u1timéte analysis method is a more complex
technique used to determine the petcent-by weight of the
individual components of a feedstock. Through the ultimate
analysis a better ﬁnderstanding of a feedstocks gasification
process can be obtained. The extent of aif emissions of
nitrates, sulfates and heavy metals can also be estimated.

Probably the most important property of a feedstock is

its heating value. Normally the higher heating value (HHV),
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is reported from tests using an adiabatic bomb calorimeter.
The lower heating value (LHV) is then calcufated by
subtracting from the HHV the energy required to vaporize the

water in the fuel and the water formed in the combustion

_ process.

Ash composition and fusion temperatures are important
considerations in thermochemical conversions.of biomaSs
feedstocks. Ash composition indicates the potential for the
formation of slag deposits on combustor surfaces and
possible disposal problems'of the ash., Slag is formed when
the temperature.rises above the liquid point of the’eutectic
mixtures in the ash. Slagging and the.formation of clinkere
can greatly reduce the quantity and the quallty of the
produced gas effectlng the gasifiers overall performance.

Approximations of chemical propertles of wheat and
barley straw, ponderosa pine and livestock manure are shown
in Tables 9 through 11, along with traditional‘fuels for
comparison. |

Ebeling and Jenkins found that with the exception of
aeh content, the variations betﬁeen fields of Small grain
residues is small. The volatile carbon matter (VCM) aod the
fixed carbon (FC) varied about 3% while the ash varied as
much as 20%. The ash variability is due to dirt
contaminaoion caosed by such factors as harvesting method,
transportation of residues; weather conditions, soil

conditions, and soil type.
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Manure like straw also shows a wide variation in ash

content between samples. Again this can be attributed to the
amount of dirt contaminating the samples.

Table 9. Chemical analysis of biomass and traditional fuels.
Jenkins and Ebeling, 1985 and Ebeling and Jenkins,

1983.

Chemical Analysis
HHV LHV

Fuels (MJ/kg d.b.)
Biomass
Barley Straw 17.31 16.24
Wheat Straw 17.51 16.49
Ponderosa Pine 20.02 18.80
Livestock Manure 16.50
Traditional Fuels
Coal 29.56
Fuel Oil 43.81
Natural Gas 56.06

Table 10. Proximate analysis of biomass and traditional

fuels.

Jenkins and Ebeling, 1985 and Ebeling and Jenkins,

1983.
Proximate Analysis

VCMA ASH FC2

Fuels @ by weight d.b.)
Biomass
Barley Straw 68.8 10.3 20.9
Wheat Straw 71.3 8.9 19.8
Ponderosa Pine 82.5 0.3 17.2
Livestock Manure 50.5 41.3 8.2
Traditional Fuels
Coal 44 .4 4.2 51.4
Fuel Oil 1.8
Natural Gas 100.0

1. Volatile Carbon Matter
2. Fixed Carbon
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Table 11. Ultimate analysis of biomass and traditional
fuels.
igggins and Ebeling, 1985 and Ebeling and Jenkins,

Ultimate AnalySiSl- - 222222 z22Z22ZZZ=:z2zz222z
Fuels C H N s - ASH 0

@ by weight d.b.)

Biomass

Barley Straw 39.92 527 1.5 9.75 43.81
Wheat Straw 43.20 5.00 0.61 0.11 0.28 11 .40 39.40
Ponderosa Pine 49.30 6.00 0.06 0.01 0.01 0.30 44.36
Livestock Manure 37.40 5.60 2.80 0.05 - 26.30 27.40
Traditional Fuels

Coal 71 .50 5.30 1.20 0.90 4.60 16.90
Fuel Oil 84.67 12.40 1.16 1.8
Natural Gas 72.00 23.00 — 5.00

Physical Properties

The physical properties of biomass are iImportant
factors that can affect i1ts use as a Teedstock. Three
critical physical properties include:

1. particle size;

2. bulk density; and

3. moisture content.

The particle size directly affects the bulk density of
the fuel and also the type of gasifier to be used. The bulk
density of the feedstock 1is dependent not only on the
material but also on the harvesting method, moisture
content, handling method and on any densification process
that may be used. Moisture content directly affects the
available energy iIn the feedstock. The moisture acts as a

heat sink iIn the fuel and therefore lowers the combustion
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efficiency. This results'in a iower rgactor temperature ahd'
thus there is an increase in tar content of the producer -
gas. High moisture feedstocks are difficult to store because
of the dangers.of spdntaneous ignitibﬁ and bacterial build-~
up. | |

The'followihg list shows desirable properties for
gasifying biomass feedstocks (Sofer.and Zaborsky, 1981):

1. Average moisture contenﬁ of less than 50%; _

2. Average héatiné value (HHV) of not less than 9.8

Mi/kg; | | |

3. Average feedstock size range > 1.27 and < 7.62 cm;

4, Ash fusion temperature of not less than 1149 0C;

5. Low ash content (6 - 10%);

6. Easy ignition'characteristics; and

7

. Uniform chemical composition.

Harvesting and Handling of Biomass Feedstock

The operations of haryesting and handling of biomass
feedstocks mé& be influenced by the type of delivery system,
the impact of biomass harvesting'on the environment, and
the integratién of the system into farming practices. Thé
delivery systems generally include <collection,
transportation, processing and storage of thé feedstock.
Many facfors influendevthe design of a delivery system
other than just the type of gasification system. These

factors include (Jenkins and Sumner, 1985):




. 67

—
[

Physical and chemical properties of the biomass;

The season of the biomass production;

Harvest and terrain conditions;

The scale of the biomass conversion system;

The types and yields of biomass within the éegion;

The type‘ofAconVersion technology;

Economic and financial constraints;

Political regulations and incentives; and

e} o0 3 (o) (8] 4= w N
.

Environmental . and social impacts.

These factors affgct the design and”operatioh of
collection and processing equiﬁmeﬁt, transportation cost,
and storage characteristics._Fufthermore, the design of the
conversion system will in turn be'affected by the design of
the delivery system (Jenkins,.et al., 1983).

Biomass feedstockg'generally require some method of
collection at the region of production. Collectién may be as
simple as gathering the feedstock and packaging it for
transport or it may entail some processing such as baling,
cubing or chipping.

The term probessing of biomass residues can includg
drying, grinding, densification, or screening. fhe reasoh
for processing biomass feedstocks is to meet the fuel
épecificatipns of -the gasifier'by'adjusting moisture
content, bulk density gnd/or particle'size distribution. Aﬁy
combination méy be required before collectiéh,

transportation, storage or gasification of the feedstock.
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The extent of feedstock processing is dependent on the type
of conversion and material handling System in order to
 optimize the'performance and the economics.

Transportation of biomass can be‘vefy costly énd it is
dependent on both the distribution of the ‘source, ease of
access, and bulk density. In cases where the feedstock has a
low bulk density, a densificétion process may dec}ease'
transportation costs. Often the éost of transportation is
the limiting factor in the‘dévélopment of large scale
gasification facilities (Jenkins and Sumner, 1985). For this
reason a careful study on the distribution of the feedstock,
the residues package type, and fhé m§d¢ of tranqurtation
should be completed for a broposéd facility. On a farm
scale, the cost of'transbortation is often less important
because the supply is usually close at hand.

Stofagé is another important factor in- the handling of
biomass. Biomass feedstocks should be protected from the
weather in order to maintaiﬂ their quality. Weathering
causes a general deterioration of the feedstock and as a
.result increases tﬁe ash content and decreaseé the energy
content. Generally biomass feedstocks are seasonal in nature
and (equiré storage for a facility that opefates through out
the year, eifher continuously or_periodically. For both
large aﬁdrsmall scale conversion systems the amount of
required storage can be QUite large. Therefore a further

~densification may be economically justifiéd.
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Qggﬁ Resjidues

411 of Montana's small grain crops are harvested by one
of two methods: | .

1. Swathing and then combining; and

2. Direct combining.

Costs for both methods of harvesting are tied to primar§
production costs and not residue collection. The method of
swathing and combining, without spreading the straw, leaves
the straw residue in an ideal position for collection. The
harvesting operation.of direct combining processes a smaller
poftion of the crop. Most.of the straw is left standing and
it often would require swathing before it could be
collected. .This additional operation adds to colleciion
costs and may cause the system to become infeasible;

The use of érop residues as a source of biomass lends
itself ideally to the use of existing forage harvesting
equipment for collection. Several methods of collection
could be utilized and these include:

1. Baling (small or large sduare and round bales);

2. Cubing; and

3. Stacks.

Baling of the crop residues can give séveral package
forms. The large square bales and round bales have a higher
bulk denéity than small square balesf Also the large bales
require less labor and energy input to collect and handle in’

the field and gasification site.
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Cubing 6f the straw gives it the highest buik-density
of all the three possible operations. This could be very
important in lowering costé if the transportation distaﬁqe
is quite long. Cubing also produces uniform;y sized
feedstock that can ease hﬁndliné and reduce bridging-during
gasification. The problem with cubing is that it’is'a very
energy and labor intensive_job and the resulting cubes are
of low quality.

The last type of collection indicated LS stacks of
straw. This method has the lowest bulk densiﬁy of the three
and therefore is the most cdstly to transport. These stacks
can be hard to handle and haul long distances.

In Montana a Swathingrcombining-large bale system would .
probably be'thé best choiqe for the collection of crép
residues from a economic and préctical standpoint. For. on-
farm conversion systems the farmer would probably use his
own forage har?esting equipment configuration rather than
use éddition capital to obtain the optimum collection
systém.

Storage of cfop residues can be a problem for a
gasification facility. Crop residues are seasohal in haﬁure
and require storage for a facility that operates,throuéh out
the year, either continuously or periodically; Eor both
large and small scale convgrsion systems thé use of land for
storage may bé a problem. Jenkins and:Knutson (1984)

estimated that about T6 ha of land would be required to
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store.a years suppiy of big round straw bales to power a 25

MW facility. One solution to on-site storage is field

storage but this could be a problem for continuous cropping
and irrigation practices. A further densification process
may be profitable if the cost of the pfocess is less than
the cost of éaved storage.

Weathering of the crop residues results in loss of fuel
value. Dobie andvﬂaq (1980) evaluated the storage of
uncovered big round bales of rice straw of varying moisture
contents. Their findings showed that the heating value
declined and the ash content increased with the higher
initial moisfure content.- As a result, covered storage could
be used to stop‘weathering but again the costs increase.
Sumner, et al. (1984) performed storage expefiments with
Wwheat straw and other ﬁypes of biomass. They found that
spraying wheat straw bales with asphalt, tar and motor -oil
did not reduce water absprption compared to thé bales with
no covers. The bales with the polyethyiene covers prevented
most of the water build up from rainfall. Placing the bales
on coarse drained soil reduced moisture transfer from the

ground.

Animal Wastes

Animal wastes provide a potential source aé a
gasification feedstock in aréas where they are available in
large amounts. ‘As mentioned earlier.feedlots and dairy farms

would probably be the best locations for collecting manure
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because of the confined areas. This is necessary in order
to concentrate wastes and keep cbllection costs down. Dairy
barns are an ideal lécation for collection of dirt free
wastes for they use paved floors and various manure

collection schemes such as drag chain gutter cleaners or

slatted floors. The collected manure can then be stored in a

pit or pile for use in a gasifier.

The main problem with the use of manure as a biomass,

feedstock is the fact that fresh manure contains
approximately 88% moisture. The manure must 5e aried before
it can be gasified. Thg manure may be sun dried but problems
in weather variation may interrupt the gasification
schedule. Usually the manure is dried using exhaust heat
from the gasifier. This process requires-'a large amount of
heat energy which decreases the net energy pr6ductioq of the
system. Dried manure can contain different sized particles
ranging in sizes from fines to sizable clods. Manures are
.gasified in fluidized bed gasifiers because of their high
ash content and the clod sized feedstock may have to be

broken up if it is not accomplished by the handling systen.

Wood and Wood Wastes

Wood in the form of chips or sawdust is an excellent
biomass feedstock. A farmer contemplating using wood for on
farm gasifica£ion must decide whether to produce his own
feedsfock or obtain it from a mill. There are adVaﬁtages and

disadvantages to each source, therefore a combination may be
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more suitable. Harvesting,,wood for gasification is a

possibility for a site that is located near large timber

" stands. For small éonversion systems a portable wood chipper

can be used to pfocess the wood at the harvesting lecation.
Larger systems may uée tub grinders to chip large amounﬁs of
wood at' the gasification site (Arthur et al., 1982).

Approximately 1.7 kg of green wood are required to
produce one kWh of électricity. Therefore, eveﬁ small scale
conversion systeﬁs require large amounts of Qood. With all
tﬂe handling of the feedstock, an on-farm handling sysﬁem
should be designéd to be reliable., minimize labor
requiremenﬁs and make use of exiéting eqﬁipment. Handling
equipment can include chain and belt conveyers, ﬁell built
augers, and tractor mounted front—eﬁd 1oaders.

Often wood obtained from harvest or sawmills contains a
moisturé content of 50% by'wéight. The water is held by the
wood in two ways. In green wood; water is héld by capillary
actioﬁ between cell walls giv;ng green wood its
characééristically wet feel. The sécond mefhod for holding
water in wood, is by weak molecular bonds. This water exists.
in the cell walls and cannot be seen or felt. Water is held
by both methods in ﬁood with a moisture contént above 30%
(d;b.) while below 30%:the water iS heldlby-the moleculér
bonds. |

Wood to be used as a feedstock for gasification must

have a moisture content below 20% in order to maintain the
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quality of fhe produced gas. Dkying wood with unheated air
can lower the moisture content to 14%, but this is dependent
on the species of ﬁood,»the air temperature and the
humidity. The use of heatéd air can-lowéf the moisture
content-of the wood even further to approximately 0%.
Supplement heat may have to be added to the drying air
during cold days with high humidity. In an actual on-farm
situation the feedstock handling system would need /a
building for both storage and drying of 1érge quéntities of
wood. A team of researchers at North Carolina State
University'sugggst that a grain bin equipped with féns and a
drying floor would ﬁake an ideal storage and drying
facility. |

A dry, well ventilated storage area is not only a
necessity from a'gasification.stand point buf also for
health reasons. Wooq chips allowed to sit in a damp storagé
area for an extended period of time can become diseased with

fungi énd bacteria. Eventually the fungi will develop spores

that can cause allergic reactions in humans.

‘Crop and forest residues whenlleft on the surface or
incbrporated into the soil assist in the prevention of soil
erosion by rain and wind, retain moisture by trapping snow
and allow for penetration of rainfall, and for enkiching the

soil with organic matter. Rainfall and wind erosion can be
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a serioué problem in Montana. Sudden'thunderstorms and
gusting winds can removeﬂlarge amounts of top- soil from
barren ground. The effects of soil loss. can have detrimental
effects on crop yields and tree'growth for_many years.
Residues helps to trap sﬁow in the winter and improve soil
moisture.for spring growth. Crop residues incorporated into
the soil help to prevent_fhe'soil from compacting aliowiné
for better moisture penetration. Biomass residue heips to
replace. nutrients and onganic'matter>in the soil. The
effects of coﬁtinuous residue removal on the nutrient and
organic matter content of the soil depends on the type of

soil and its reserves.

Matching Gasifiers With Feedstocks

-The type of gasifier used in a gasification‘systgm is
determined by the type of feedétock used and the end-use
application intended for the‘produced gas. The propeffies of
feedstock in part control the method ofkgasificationf Small
grain st}aw and manure have a Qery high ash content wﬁen
compared to wood (Table 10). Therefore these high ash
feedstocks are best suited for gasifieré able to handle the
high ash content. From Chapter 2, fixed-bed updraft
gasifiers and fluidized-bed gasifiers afe best suited‘té
handle these High ash feedstoqks} Particle size is also an
important feedstock property that affects the method of
gasification. Fixed-bed gaéifiers require feedstocks the

size of wdod chips. Therefore manure would be unsuitable for
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fi*ed-bed gasifiqation. Unprocesséd straw is sfringy and
must be cubed or groqnd to meet gaéificatidn requireﬁents
for fixed-bed andtfluidized—bed gasifiers respectively.

The end-use applicétion also dictates .the type of-
gasifier to be used in a system. Applications using producer
gas to fuel internal combustipn engines require low tar
content gas. Fixed-bed downdraft énd fluidized-bed gasifiers
are best suited to produce low tar éonteht_gas.

In conclusion, fixed-bed downdraft gasifiers'fdeled“
with wood and fluidized-bed gasifiers fueled with manure or
groﬁnd small grain straw give the best gasifier to

feedstock matches.
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CHAPTER 6
ECONOMIC ANALYSIS

The méjor factors influencing a farmer's decision.to
build a gasification system‘are_thelecondmics of this energy
sburce when applied to his specific end-use applicatibns.
The system economics are different for each site beCaﬁse of
feédstock type and distribution, system size,  end-use
application, and the biomass colleétion equipment. Tﬁe
economic analysis of a gasification system is therefore site
specifié and must include anaIysis of equipment costs,

feedstock costs, and operating costs.

Equipment Costs

Biomass harveéting and handling systems vary from site.

.to site. The type of harvest and handling system is

dependent on the size of the conversion system, type of
conversion syétem; feedstock typé and feedstock
specificétions. The three feedstocks considered in this
analysis, each require a different harvestiﬁg and handling
system. A crop residue harvesting and handling system
consisting of a tractor.with front-end loéder, large round
balér, a hauling'wagon or truck, -and a tubgrinder is assuﬁéd

to be the most common or standard crop residue collection
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system available to the Montana farmér. A manure handling
system would make use of existing collection equipment and
require the addition of drying and storage facilities. While
wood harvesting and handling systemsAwillineed hauling,
chipping, drying, and storage equipment. In cases where dry
wood residues are purchased froh a sawmill or a secondary
mill the chipping and drying equipment may-be eliminated.
The following scenario is used to demonstrate the
methodology for calculating equipment costs for the harvest
and handling equipment (Kinzéy, 1986).
Typical procedure‘for calculating tractor cost: .
A 45 kW diesel tractor with front-end loader operating
at an average'of 40% of rated power is used by the
farmer. The purchase price-of the tractor is $15,000
and the annual use is approximately 500 hours._

Annual Cost = (Fixed Cost%) # P/100 + (Annual Use)
¥ Variable Costs '

P = Purchase Price of Eguipment ($15,000)
Fixed Costs (as a % of purchase cost):

(P=S)/L = (P=0.1P)/10

Depreciation =
= 0.09P/yr
Int. on Invest. = (P+S)%#i/2 = (P+0.1P)%(0.08)/2

0.044P/yr
Taxes = 0.015P/yr

Insurance = 0,0025P/yr
Shelter = 0.01P/yr
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Salvage Value of Equipment (10%)

w
I

L = Depreciation Life of Equipment (10 years)

Interest Rate (8%)

(0.09 + 0.044 + 0.015 + 0.0025
+ 0.01)P/yr
(0.1615)P/yr
$2422 .50/yr

Total TfTixed Costs

Variable Costs:
Repair and Maintenance = 0.012P/100 h
Labor = $10.00/h
@ KWy * L/ 1.72 kwh)
($0.26/L)
$6.80/h
Oil = (0.045 L/h) * ($0.92/L) = $0.042/h
Total Variable costs = (600 h/yr) * (0.012 / 100 h)
* ($15,000) + (10.00 + 6.80

+ 0.042)$/h * (500 h/yr)
% $9321.00/yr

Diesel Fuel

I % 1l

Total Tractor Costs:

Total Annual Tractor Costs z ($2422.50/yr)
+ ($9321.00/yr)
= $11743.50/yr

$23.49/h

Total Hourly Tractor Costs

Typical equipment costs for harvesting and handling

systems are summarized in Table 12.
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Table 12. Equipment costs.

Fixed Variable Total Annual Total
i Cost Cost Cost Use Cost
Machine ($/yr) ($/yr) &/7yr)  (hr/yr) ($/hr)

Tractor (45 kW) 2422 .50 9321 .00 11743 .50 500 23.49
Tractor (90 kW) 4845.00 13686.00 18531.00 500 37.06

Round Baler 1292.00 248.00 1540.00 100 15.40
Hauling Wagon 127.80 21.60 149.40 100 1.49
Tub Grinder 1650.00 125.00 1775.00 200 8.88
Drier®

I. The drier cost varies considerably for each site and 1is
included in the cost of the system.
Biomass Feedstock Costs

In some cases biomass feedstocks are assumed to be free
sources of energy. However, there are extra costs associated
with the use of biomass feedstocks. These costs include
collection, transportation, storage, processing, and
opportunity costs and must be evaluated 1in order to
determine the true cost of the feedstock.

Collection costs are the first costs incurred iIn the
use of biomass residues. The collection process includes
removing the biomass from 1its growing environment and
packaging or processing It into a transportable form.

Transportation costs are incurred with the movement of
the biomass from the field to the storage site and from
storage to the gasifier. Transportation costs are a function

of the feedstock®"s bulk density and travel distance. Usually
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the bulk denéity of the feedstook is too low to utilize the
available load carrying capacity of the‘transport vehicle
without surpassing their volumotric caoacity. A
densification process may be economically.justified if the
hauling distance is quite long. Handiing costs are often
included ih the transportation costs. Handling oosts include
loading and unloading vehicles, and moving of the feedstock.
at the gasification site.

Processing costs are the costs incurred to convert the
feedstock into material that will meet fuel speoifications
for the gasifier.'Processing can include grinding, ouoing;
chipping, and/or drying of the feedstock.

Storage costs are site specific, because they depend on.
the seasonal use of the féedstock and the method of storage.
‘Tho feedstock., should be protected.from‘the weather és'much
as possible to prevent deéterioration and sobsequent loss in
heating -value.

Often feedstocks have Hidden or opportunity costs due
to alternative uses. These alternate uses are uéually not
included in feedstock cost estimates. Alternate feedstock
uses cén incluoe livestook feed,_;ivestock,bedding,
fertilizor replacement and the prevention~of soil erosion.
In some instances biohass is considered to be a waste
product and has to'be removed from tﬁe site. In.these cases
a portion of the disposal cost may be recovered through

gasification; The amount of opportunity costs present in the
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feedstock cost is very site specific and putting a value on

the opportunity-cost often is based only on the judgment of

the system operator.

Crop Residues
In the collection of small grain residue, the costs of

production, swathing and combining are considered to be part

of the crop production coéts, therefore lowering thg

overall feedstock cost. A large round baler should have a
capacity of 5 to 9 t/h when baling straw. The exact
capacity depends on the size and uniformity of the swath and
the roughness of the field. Using a capécity of 7T t/h and
combining the hourly cost of the tractor and baler, the
packaging cost is $5.56/¢t.

The bale wagon has a 9 t weight capacity but due to the
low bulk'density of the straw approximately 4‘@ of straw are
carried per load. The tractor can pull the wagon at a road
speed 6f 25 km/h. With a combined tractor-wagon cost of
$24.98/h the dost for transportation is represented by the
following equa@ion: |
(X km) * ($24.98/h) /

(25 km/h) / (4 t)
(0.25 * X)$/t

Transport Cost

X = Round~trip Distance, km.
The handling costs include loading and unloading the
wagon and moving straw at the gasifier site. The bales are

" handled by a front-end loader equipped- tractor. The tractor
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can handle only one bale (3QO kg) at one time with
appfoximately 10 min. handliﬂg time per bale. This
translates into a handling cost of.$13.05/t giving a total
transportation and handling cost:
Total Trans. and Handling Cost = (0.25X + .13.05)$/%
When a fluidized bed gaéifier:system'is used in a
fadility using straw as a feédstock, the StPaWVShOUId be
ground to meet thé specifications of the gasifier. Grinding
tHe straw gives the feedstock uniformity and lessens the

chances of bed chanheling, The easiest way to grind large

round bales is in a tub grinder. A tub grinder with a 11 t/h

of straw capacity will require approximately a 90 kW tractor

for power. The cost of a tractor and grinder is estimated at

$4.18/¢t. "

The calculétion of the opportunity cost for crbp,

residues includes hany factors relative to the region. Wheat
and barley straw, in some situations, are left in the field
aﬁd at other times are harvested for livestock feed and
bedding or forndisposal in continuous éropping situations.
In areas of light soils,‘spécial ‘soil conservation methods
are needed. Often crop residue ié needed to prevent soil

erosion and to build up soil humus. If the straw is removed

replacement fertilizer and erosion damages can be added to

fuel costs. The dollar value of straw when left in the field
is difficult to determine. Alternate uses of wheat and

barley straw such as livestock bedding and feed giVe it a
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market value and must be considered when utilizing it for
gasification.

Often farmers find it advantageous to remové'crop
residues from the field to control diseases or regulate the
trash cover. Ufilizing the straw for gasification in these
cases provides a way to recover part of the disposal costs.-

. The following is a summary of small grain feedstock
costs; | |

Collection = $5.56/t

Transportation and Handling = (0.25% X km +13.05)$/¢t

Procéssing = $4.18/¢

Storage = $0 - ?

Opportunity = $0 - ?

Total Fuel Cost = (0.25 % X km + 22.79
' + Storage & Oppor.)$/t

A total fuel cost of $40.00/t or $2.29/GJ (HHV = 17.5

MJ/kg) is probably a maximum cost estimate for straw.

Animal Wastes

As previously diécussed the value of animal wastes as a
biomass feedstock depends on its being availdble in
substantial amounts in relatively confined areas. The ideal
case would be a dairy farm where the cattle are kept indoors
for part of the day.‘Modefn dairy barns are equipped with
manure remoQaI systems. These removal systems inelude self-
cleaning gutters or slatted floors and a stprage pit or

pile. Since the collection of the manure makes use of the
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existing disposal system, coilection costs are usually.non-
existent.. | o

"A major cost for manure usage is the drying of the
manure. Raw manure is approximately 88% water, therefore to.
dry the ménure in a relatively short‘time will require the
use of heeted air. The best way to dry the manure would
probably be in a small rotary‘kiln using heat generated from
the gasification‘system..The manure will have'te be dried

from 88% moisture content to about 10% requifing:

(0.78 kg water/kg wet manure) ¥
(4.65 MJ/kg water) #

(1000 kg/t) ®# (7.5 ¢t

wet manure/t 10% m.c.)

= 27,200 MJ/t 10% m.c. manure

Total Heat Required

Note: Using 4.65_MJ/kg water allows for heat absorbed by the
manure and exhausted heat from the drier. |

The total heat requ1red to dry the wet manure to a 10%
moisture content is calculated to be 27, 200 MJ/t. If waste
heat and the heat provided from the direct combustion of the
producer‘gas were used to dry the wet manure (assuming 100%
conversion and collection efficiency), only 16,500 MJ/t of
heat could be eollected. Therefore waste'heaf.from
gasification could only.be used to supplement énother'dryihg'
method. |

Using natural gas at'$0.1—()7/m-3 for comparison purposes
the cost of'the heat requifed for drying is:

Drying Cost = (27,200 MJ/t_10% m.c.) # ($0.107/m3)

/ (33.0 MJ/m3)
= $88.19/t 10% m.c. manure
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Because of pqssible collection problems; enough'manure,
should be dried to maintain a two 6r'thrée day fuel éupply.
The storage area size for dried manure is dependent on the
size of the convefsidn system aﬁd the required reserve.
Small systems using a short leeway could possibly use the
feedstock hopper for storage. | ‘

Another important cost is the_opportunity cost of usihg
manure as fertilizer. The opportunity cost depends on the
local market for manure as fertilizer. The cost can vary
from $0.00 upwards. In this cost_éétiméte thé-opportunity
cost is assumed to be $5.00/t of 10% m.c. manure.

The foilowing is a summary of animal waste feedstock
costs;

Collection = $0

Transportation = $0

Proceésing (drying) = $88.19/ ¢t (10% m.c.)

Storage = $0

Opportunity = $5.00/t (10% m.c.)

Total Animal Waste Cost = $93.19/t (10% m.c.)

" Assuming livestock manure has a heaﬁing'éalﬁe of 16.5
MJ/kg d.b., the total cost of $93.19/t translates into
$5.65/GJ. The total cost for a dry toh of manure is quite
" large Qith the majority of the cost being drying coSts. A
site considering using manure_és a poséible feeaétock source
should look at alternative drying meﬁhods as it wOuld-not be

practical to use natural gas for drying manure. These
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methods could include solar drying or techniques of draining

away excess water.

Wood and Wood Wastes

The -cost of wood for biqmass feedstock depends on the
source of supply. The wood can be purchased from a mill or
harvested directly from the forest.

Wood residue that is purchased from a mill can be in
the form of chips or sawdust. In the case of a primary mill
the chips are green thus requiring drYing before
gasification. Sawdust produced from cutting dried lumber is
suitable fqr gasification in a fluidized bed withou£ drying.
Residues from a secondary mill consist.of both small blocks
and sawdust in a d}ied state. Wood residue generally becomes
a disposal problem for a mill and the cost of the wood for
fﬁei use is uSuaily the éost'of transportation and fdrying
when needed.

The harvesting.of logs and forest residues involves the
cost of collection, processing and franSportation. The
collection of the residues can include falling and bunching,
skidding and/or processing. Thé colleétion process can
require a lot of labor and equipment uéage on difficult
terrain. In addition forest residues are bulky and contain
.about 50% moisture which requires chipping énd drying thus
increasing the feedstock cost.

Combe (1983), estimated the cost of harQesting logging

residues to be $52.00/dry t while the costs to harvest other
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forest residues to be as high as $101.00/dry t of wood in
Montana. These costs assume that the harvesting is done by.a
commercial logging company. The costs may be lower for a
farmer to harvest the residue for his own system. If a mill
is close by, mill residues would be the best source of
supply. | |
| Since there is a large degree of uncertainty in the
cost of wood feedstock and the requirements of each
gasification site the cost of wood is assumed to range from
.$0.CO to_$80.00/dry t. Assuming wood has a heating‘value of
20,02 MJ/kg (d.b.),'the cost of wood energy ranges from
$0.00 to $4.00/GJ. |
Operating Costs

The operating cost for any piece of equipment includes
costs such as those for repair and maintenance, fuel,
supplies important to the operation, insurance and iabor. In
this case, the operational costs for a gasifier.are assumed
to incldde repair and maintenance, supplies, insurance and
labor costs with the exclus1on of fuel or feedstock costs.
The development of feedstock costs in this economic analys1s
is assumed. to warrant 1ts own separate analysis. The
operating cost for a gasifier is very specific-to the type
of gasifier system used and the type of feedstock utilized.

The size of a gasification facility andithe'extent of

automation is a factor in considering.the magnitude of labor
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and maintenance costs. Also one type of gasification
technology’may require more maintenance than if another
method were used. A fluidized bed gasifier usually requires
an extensive filtering system requiring extfa monitoring
and maintenance. Fixed bed systemé are prone to slag build
up which snould be periodically removed to allow for optimum
performance of the gasifier. Also different gasification
systems require different staft up and shut down procedures
that vary labor demand.

A general rule of thumb is that operating costs are

approximately 5% 6f the gasification system cost (Curtis et

al., 1982). The costs for repair/maintenance and labor,

insurance, and supplies are assumed to be_3%, 1%, and 1%
respectively of the installed system cost. This analysis
Idivideé the operating cost into'repair and maintenance-(E%),
insurance (1%), and supplies (1%) totaling 4% of the
installed cost of the system. Labor costs are treated
separate from maintenance costs due to the p&ssibility of
large variations of systém use perlyear from one system to
another. Each gasification system is assumed to require 2

man hours per 10 hour day and at a hourly rate of $10.0b/h.

Gagiﬂica;ign System Models
In this éection, four site specific scenarios with
different end-use applications are modeled. The four
models cover the pdssible agricultural end-use

applications mentioned in Chapter Four:
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1. irrigation pumping;

2.

3.

LI'.

grain'drying;
heating of livestock buildings; and

cogeneration.

The method used for assessing the economics of .each

model is described by the following steps:

1.

Each Hypotheticai system is sized according to the
scénario requirements.

The ambunt of needed féedstock‘energy is determined.
The installed cost of the syétem is estimated.

The yearly fuel displacement crédit is calculated
using the least expensive conventionai energf

alternative.

Operation cosﬁs that include; labor, insurance, and

repair.and maintenance costs are calculated.

The calculated'system parameters are then entered
into an economic'spfeadsheet'program (Kppendix c).
The econbmié'spreadshegt program is used to evaluate
the economic performance of the modeled system.

The ecoﬁomic feasibility of'thé base case is then
analyzed and a ‘sensitivity analysis is performéd on
assumed parameters. The éssumed parameters that are
varied include;.interest.rates, feedstock costs,
estimated fuel disblacement, énd electricity bdy—

back rates if electricity is produced.
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Model 1. Irrigation Pumping
The following hypotheticél scenario 1is used to
dernorlstr*aize ﬁkle sizing and 'eccnnoxni.cs of an
irrigation/gasification system.
| A farmer irrigates 260 ha of wheat againét a total
head of 50 m over approximately 1,0dO h. The efficiency of
the pump is assumed to be 80%. Wheat has a peak water
requirement of 0.69 cm/day. The required engine pto. power to
drive the pump or pumps is: 4
Enéine pto ; (0.69 cm/day) / (10 h/da?) / (3,600 s/h) #*
(260 ha) # (10,000 m2/ha) / (100 cm/m)
* (1,000 kg/m3) * (50 m) / (80%/100) *¥
(9.81 m/s2)

305,541 kg m2/s3
306 kW

The producer gas fueled engine and gasifiér are assumed
to have convefsion_ efficiencies of 20% and 65%,
respectively. The energy. requirements are:

Engine fuel energy (306 kW) / (20%/100)

= 1,530 kW
= (1,530 kW) * (3,600 s/h)
= 5.51 GJ/h o
Feedstock energy = (5.51 GJ/h) / (65%/100)
‘ = 8.47 GJd/h

The bgséible feedstock types forr the itrigation/
gasification mddel use include straw, wood and wood wastes,
and manure. A fixed-bed downdraft gasifier fueled with wood
chips and a fluidized-bed gasifier uéing any'of the three
fuels could be used at this site. The approximate installed
costs forithe fixed~-bed downdraft and fluidized bed.

gésifiers are $100,000 and $140,000 respectively (Suré-Lite
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Manufacturing). The estimated installed cost includes the
feeding system, gasifier, cleaning and cooling system;
ikrigation motor, and miscellaneous (honsing, controls
ete.).

Using electricity as the least expensive alternative
energy for irrigation pumping at a cost of $0.031/kWh nith a
electricel'motor effieiency of 90%, the estimated. fuel
displacement is:

(306 kW) / (90%/100) # (1000 h/yr)

% ($0.031/kWh)
$10,540/yr

Est. Fuel Displ.

A reasonable estimate of repair and maintenance,
insurance, supplies and labor costs installed costs are
calculated:

Repair and Maint. Costs = ($100,000) ¥ (2%/100)

$2,000
Insurance Costs = ($100,000) * (1%/100)
o = $1,000 :
Supply Costs = ($100,000) ¥ (1%/100)
= $1 000
Labor Costs = (1,000 h/yr) *#¥ ($20/1O h/day)
' " = $2,000/yr

A base case ‘is developed ‘in. order to establish a
benchmark to determlne whether a g351flcatlon system would
be economically fea51ble. The base case represents realistic
economic system perameters and assumptions such as. taxes,
and othen fixed costs.

Base case assumptions:

1. System cost (Downdraft) $100,000




2. Initial Investment 20%

3. Loan Interest Rate %

4. Loan Payback Period 10 yr

5. Period of Operation 1,000 h
(10 h/day. 5 day/wk. 20 wk/yr)

6. System Life 10 yr

7. Tax Rate: Federal 30%

State %

8. Feedstock Cost S2.00/GJ

9. Fuel Displacement Credit $10,540/yr

10. Discount Rate 12%

Figure 22, is the output of the economic spreadsheet
program displaying the net present value versus years for
the base case. The zero net present value line represents
the break even line. The output shows a steady decline after
the Tirst year of operation. The discontinuity of the first
year 1s due to the affect of the iInvestment tax credit.

Figures 23 through 25 show present net value versus
years fTor variations in iInterest rates, feedstock costs and
estimated fuel displacement credit respectively. The base
case interest rate of 8 was varied from 4% to 12% to study
its effect on the analysis. The feedstock cost was varied
from $0/GJ to $5/GJ and the fuel displacement credit was

varied from O to 4 times the estimate.



Figure 22.

Figure
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BASE CASE
IRRIQATTON APPUCATTON
o
—30 —
-50 -
120 -
-130
-140
-150

Base case - irrigation model.

INTEREST RATE VARIATIONS

8% IS BASE CASE

-40 -

0 4% + 8* 0o 8% A 10*

Interest rate variations - irrigation

X

12%

model .
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FEEDSTOCK COST VARIATIONS

+you IS BASE CASE

)

(TOouwaond.

NET PRESENT VALUE (DOLLARS)

o

5 . Feedstock cost variations - irrigation model

ESTIMATED FUEL DISPLACEMENT VARIATIONS

2X IS BASE CASE

160 -
140 -
120 -

60 -
40 -
20 -

2)

(Thewaond

NCT PRESENT VALUE (DOLLARS)

Figure 25. Estimated fuel displacement variations -
irrigation model.
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The base case graph and'the sensitivify graphs‘show
that at this hypothetical site fhe gasification system used
to pump irrigation water is uneconomical. Ideal situations
with zero feedstock cost and conventional fuel costs at 2
times the present cost of electricity proved to be
ecbnomical. Since situations with zero fuel cost and high
conventional fuel prices are deemednunrealistic at the
present time thé.site was considered uneconomical. Therefofe
the main reasons for this sites economic failure is due to¢
the high installed cost and low annual use.

The use of the lower cost fixed-bed downdraft
‘gasification proved uneconomical therefore the higher cosﬁ
fluidized bed system is also assumed to be uneconomical. To.
incrgase the.usage of the system, the designer may consider

multiple tasks for the system.

Model 2. Grain Drying

The following hypdtﬁetical scenario is used to
demonstrate the sizing and economics of a gréin drying
/gasification system. |

The _fa}mer wishes to dry the wheat harvested from 260
hectares of irrigated crop yielding 3.026 t/ha (45 bu/acre).
The grain is harvested at 18% moisture content and 15 to be
dried to 13% for storage.
| (3.026 t wheaﬁ/ha) ¥ (260 hé) *
(0.0575 t water/t wheat) ¥

(4.65 GJ/t water)
= 210.38 GJ

Total Heat Required
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Note: Using 4.65 GJ/t water allows for heat absorbed:by the

‘wheat and not used in evaporating water and also the heat

remaining in the.air that is exhausted from the drier.

~ Assuming.’ that the‘drier'can dry 54.4 t (2,000 bu)
batches; in a 10 h/day dfying cycle a total of 144 h or 15 -
days are needed The éasifier is assumed to have a tHermal
efficiency of 80% when used in a direct combustlon process.
The ga51f1er size and feedstock energy requ1red 1s |

(210 38 GJ) / (144 h)
1.46 GJ/h

Gasifier Size

(1.46 GI/h) / (80%/100)

Feedstock Energy
: 1.83 GJ/h_

The appreximate installed cost .for the fixed-bed
doﬁndraft and flhidized bed gas1f1ers to supply heat for the
drier are. $60,000 and $100, 000 respectively (Sure-Lite
Manufacturing)..Using natural gas as the‘least egpensive
alternative'enefgy for drying grain sta cost of $0.107/m3
ahd burning efficiency of 80% 2the ‘estimated fuel
displacement iss _ |

. Est. Fuel Displ. (210. 38 GJ/yr) / (80%/100) /
: (33 MJ/m3) * ($0. 107/m )
= $853/yr

A reasonable estimate of operational supplies, repaif

and maintepance, and‘insurance is: ' A

($60, OOO) * (1%/100)
$600

($60,000) * (2%/100)'
$1,200 -

Operational Supplies

Repair and Maintenance

Insurance Cost = ($60,000) * (1%/100)

$600
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Base case assumptions:

1. System Cost (downdraft) $60,000

2. Initial Investment 20%

3. Loan Interest Rate &%

4. Loan Payback Period 10 yr

5. Period of Operation 144 h

(10 h/day, 5 day/wk, 3 wk/yr)

6. System Life 10 yr

7. Tax Rate: Federal 30%
State %

8. Feedstock Cost $2.00/GJ

9. Fuel Displacement Credit $853

10. Discount Rate 12%

Figure 25, 1is the output from the economic spreadsheet
program using the above base case i1nput parameters. The
results are similar to those of the first model except for a
lower debt after ten years.

Figures 27 through 29 show present net value versus
years for variations 1In interest rates and feedstock costs
respectively. The base case iInterest rate of 8% was varied
from 4% to 12%, the feedstock cost from $0/GJ to $5/GJ and
the estimated fuel displacement credit from O to 4 times the

base case.
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BASE CASE

GRAIN DRYING APPLICATION

- 10 -
-20 -

-30 -

YEARS

Figure 26. Base case - grain drying model.

INTEREST RATE VARIATIONS

8% IS BASE CASE

(DOLLARS)

-20 -

-30 -

YEARS
0 4% + 6% * 8% A 10% X 12%

Figure 27. Interest rate variations - grain drying model.
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FEEDSTOCK COST VARIATIONS

%2/QJ IS BASE CASE

-10 -

1
N
o
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(Thoueonda)
w
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YEARS

8. Feedstock cost variations - grain drying model.

ESTIMATED FUEL DISPLACEMENT VARIATIONS

IX IS BASE CASE

N
o
|

NET PRESENT VALUE (DOLLARS)
(Thoueonda)
w
o

YEARS
a OoX + 1 X [e] 2X A JX X 4X

Figure 29. Estimated fuel displacement variations -
grain drying model.
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The base case graph and sensitivity graphs show that
the gasification system~used to provide heat for drying
grain is uneconomical. Agaiﬁ thg reason for economic
failure is due to the high initial cost, low annual use and
low conventional fuel costs.

Ideally, to increase annual System use the gasifier
could be used to pump irrigat‘;on water and dry the grain for
the same 260 ha of land. But as shown in models one and two
the réquired gasifier size for irrigating pumping and grain
drying is quite different. Irrigation pumping required 5.51
GJ/h of gas energy, while grain drying }equired‘1.46 GJd/h of
heat energy. To size the gasifier to operate both system%l

would require a compromise of efficiency or size.

Model 3. Heating Livestock Buildings

The following hypothetical'scenario'is used’to
demonstrate the sizing and economics of an livestock
heating/gasificgtion system. A dairy operation scenario is
used because it has a good potential for using the
generated heat.

The system design parémeters'are fqr a hypothetical
dairy operation and ére taken from the "Midwest Plan Service
Structures and Environment ﬁandbook", 1980, A hypothetical
dairy operation is used rather than an actﬁal caée because
eacﬁ design is site specific and the data from the Midwest

Plan Service describes a more average operation.
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A dairy farmer 1is considering using a gasification
system to help supplement the heating requirements of his
operation. The system design parameters used In the scenario
are as follows:

Typical herd size:

Milking cows 100
Dry cows 22
Heifer (10 mon. to freshening) 53
Calves (1.5 to 10 mon.) 29
Calves (up to 1.5 mon.) 18

Total animals iIn herd 222

Space heating:
Milking parlor 74 MJ3/h
M1 Ikhouse 11 MI/h
Calt housing (1,000 Btu/hr/calf) 19 MJ3/h

104 MJ/h
Water heating (cleaning):
Bulktankl (208 L/day) 55 MJ/day
Pipelinesl (200 L/milking) 50 MJ/milking
Miscellaneousl (114 L/day) 30 MJ/day
Parlorl (208 L/milking) 5 MJ/milking
Milkhouse floorl (76 L/day) 20 MJ/day
Cow prep.™ (8 L/cow/milking) 114 MI/milking

1. Water temperature of 74°C.
2. Water temperature of 46°C.

Note: The water 1inlet temperature iIs assumed to be 10oc.
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The farmer plans to milk twice daily and meet all the
space and water heating requirements with the gasification
system. Since the gasifier will only operate for 10 h/day a
heat storage tank will be incorporated into the heating
system. The storage system will be designed to meet the

following heat usage schedule during the winter.

Table 13. Heat load schedule.

Hour Gasifier Heating Load (MJ)
On/0ff Space Water
1 on 103.4 0
2 on 103.4 0
3 on 103.4 0
4 on 103.4 Cow Prep 114
5 on 103.4 Cow Prep 114
6 on 103.4 Cleaning 126
7 on 103.4 0
8 on 103.4 0
9 on 103.4 0
10 on 103.4 Cleaning 75
1n off 103.4 0
12 off 103.4 0
13 off 103.4 0
14 off 103.4 0
15 off 103.4 Cow prep 114
16 off 103.4 Cow prep 114
17 off 103.4 Cleaning 126
18 off 103.4 0
19 off 103.4 0
20 off 103.4 0
21 off 103.4 0
22 off 103.4 0
23 off 103.4 0
24 off 103.4 0

2,481 .6 743
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Water is an ideal material in which to transport and
store usable heat. Heat energy can be added and.removed from
a water medium without an energy loss between the transporf
fluid and the water. The energy balance on é nonst}atified
"storage tank is (Duffie and Beckman, 1980):
(mCp)gdTs/dt = Qu-L-(UA) (Ts-Ta)

m = mass of water in storage.
Cp specific heat of water.

Ts = temperature of the water in storage.
temperature of the amblent air.

Ta

t time.
Qy = energy supply.
Lu= energy load.

(UA)g = loss coefficient-area product of the tank.

With the above equation rewritten in finite differencé
form, the heat energy supply‘from the gésifier can be solved
for By maintaining the appropriate water temperature, and
heating schedu;e. |

Qy = L+(UA) g(T5=To)+(mCp)s/t(Tgp-Tso)

Tan new'tempefature of water in étdrage.

Tso old temperature of water in storage.
m = 4,500 kg

C 4190 J/kg/°C
Lo

p
T

£ 1n

(U8)g = 11.1 wW/°C

Using the above assumptions and the.hegting schedule a
gasifier producing approximately 422 Mi/h will meet the
winter heating requirements. The system will only have té
heat water during the summer months or 35% of the year.

A heating load of 422" MJ/h is below the minimum
capacity of fluidized bed gasifiers, therefore a'fixed-bed‘

system will have be used. Of the available feedstocks,
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woodchips are best suited for gasification In a fixed-bed
downdraft gasifier.

The direct combustion of producer gas is assumed to
have a thermal efficiency of 80%.

(422 MJ) /7 (80%/100)
527.5 MJ/h

Feedstock Energy

The purchase price of the gasification system 1is
assumed to be $40,000 (Boyette and McKusickt 1983). This
includes feedstock feeding, solid waste removal, gas
filtering and producer gas burning equipment. Using natural
gas as the least expensive conventional fuel alternative
($0.107/m3) the estimated fuel displacement is:

(((3,500 h/yr) / (10 h/day) *
(6556/100) * (3,264.6 MJ/day)) +
((3,500 h/yr) / (10 h/day) =

(3E6/100) * (783 MI/day))) /
(33 MI/m3) * ($0.107/m3)

$2,719

Est. Fuel Displ.

The estimated supply costs, repair and maintenance,
insurance, and labor costs are:

Supply Costs ($40,000) * (156/100)
$400

Repair and Maintenance = ($40,000) * (256/100)

$800
Insurance Cost = ($40,000) * (156/100)
= $400
Labor Cost =($10/h) * (2 h/ 10h-day) * (3,500 h/yr)
= $7,000/yr
Base case assumptions:
I. System Cost (downdraft) $40,000

2. Initial Investment 2055)
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3. Loan Interest Rate 8n

4. Loan Payback Period 10 yr

5. Period of Operation 3,500 h

(10 h/day, 7 day/wk, 50 wk/yr)

6. System Life 10 yr

7. Tax Rate: Federal 30%
State %

8. Feedstock Cost $2.00/GJ

9. Fuel Displacement Credit $2,719

10. Discount Rate 12%

The results for the base case assumptions are shown in
Figure 30. The graphical output shows a steady decline 1iIn
the net present value of the system over the ten years.
Again a sensitivity analysis was performed for the
assumptions made on current iInterest rates, feedstock costs,
and fuel displacement credit. The results of the sensitivity
analysis are displayed iIn Figures 31 through 33.

Even with low interest rates and feedstock costs the
system still proved to be uneconomical. Variations of the
estimated fuel displacement (Figure 33) show the system
will break even after 4 years 1i1f the current price of

natural gas ($0,107 m3) quadruples.
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BASE CASE

LIVESTOCK HEATING APPLICATION

-10 -
-20 -

-30 -

-60 -

—70 —

YEARS

Figure 30. Base case - heating livestock buildings model.

INTEREST RATE VARIATIONS

-20 -
-30 -
_40 -
50 -

-60 -

A 10* X 12*

Figure 31. Interest rate variations - heating livestock
buildings model.
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Figure

33.
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FEEDSTOCK COST VARIATIONS

t2/03 IS BASE CASE

—70 —

Feedstock cost variations - heating livestock
buildings model.

ESTIMATED FUEL DISPLACEMENT VARIATIONS

I X IS BASE CASE

—10 —
—-20 -
-JO -

-40 -

YEARS

Estimated fuel displacement variations -
heating livestock buildings model.
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Model 4. Cogeneration
The following hypothetical scenario is used ¢to
demonstrate the generai sizing and.economics for an on-farm
cogeneration system. |
The farmer is considering u51ng cogeneratlon to satisfy
both heating (422 MJ/h) and electrical requirements of the

dairy operation. The electrical energy will be produced by

an engine/generator set and the heat energy supplied by,

waste heat. Sizing a system can depend either on the heating

load or the electrical requirements of the site. If
electrical generation is the primary criteria for the

system, sizing is dependent on the electrical reeds. Thé

same is true for heating requirements. Often at cogeneration
sites the géneration of:electricity is the primary
requirement due to isoﬁation of the‘site or from'prospects
of selling electricity to the local utility. | |
Assuming a 75 kWh electrical load, a 95% generator, 20%
engine and 65% gasifier efficiencies, the calculated
gasifier size and feedstock energy required are:
(75 kWh/1 h) * (3600 s/h) / (95%/100) /

(20%/100)
1.42 GJ/h

System Size

(1.42 GJ/hr) / (65%/100)
2.19° GJ/h

Feedstock Energy

Approximately 40% of the feedstock energy can be
recovered (Boyette and McKusick, 1986), resulting in a
possible recovery of 876 MJ/h of heat energy. Only 422 MJ

is needed to meet the present dairy winter heating load.
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The approximate 1installed cost for an appropriate
fixed-bed downdraft gasifier and fluidized-bed gasifier
systems are $60,000 and $100,000 respectively. Again using
natural gas as the least expensive conventional alternative
energy the estimated fuel displacement credit is $2,719
(model 3).

The estimated supply costs, repalir and maintenance,
insurance, and labor costs for the less expensive TfTixed-bed
downdraft system are:

Supply Costs ($60,000) * (15&/100)
$600

Repair and maintenance = ($60,000) * (2%/100)
= $1,200

($60,000) * (158/100)
$600

Insurance

Labor = ($10/h) * (2 h/10 h-day) * ($3,500 h/yr)
- $7,000

Base case assumptions:

I. System Cost (downdraft) $60,000

2. Initial Investment 20%

3. Loan Interest Rate 8%

4. Loan Payback Period 10 yr

5. Period of Operation 3,500 h

(10 h/day, 7 day/wk. 50 wk/yr)

6. System Life 10 yr

7. Tax Rate: Federal 30%
State %

8. Feedstock Cost $2.00/GJ
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9. Fuel Displacement Credit $2,719
10. Generation Capacity 75 kWh

11. Electrical Rate $0.013/kWh
12. Discount Rate 12%

The results for the base case assumptions again show
the hypothetical model to be uneconomical (Figure 34). The
graphical output shows a steady decline iIn the net present
value over the life of the system. The 10% iInvestment tax

credit shows little affect In countering the high system

costs

BASE CASE
O=

<10 11
-20 -
—40 -

-160 -
-160 -
-170 -
-180 -
—180 -

-200
0 2 4 6 8 D

Figure 34. Base case - cogeneration model.

Figures 35 through 38 display the sensitivity of various
base case assumptions for this model. The assumptions varied

include interest rates, Tfeedstock cost, estimated fuel

displacement and electricity rates.
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INTEREST RATE VARIATIONS

aXis BASE cAsE

Figure 35. Interest rate variations - cogeneration model.

FEEDSTOCK COST VARIATIONS

$%/GJ IS BASE CASE

YEAR%L

Figure 36. Feedstock cost variations - cogeneration model.
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ESTIMATED FUEL DISPLACEMENT VARIATIONS

IX IS BASE CASE

YEARS
2X

Figure 37. Estimate fuel displacement variations -
cogeneration model.

ELECTRICAL PAYBACK RATE VARIATIONS

IX IS BASE CASE

YEARS
[e] 2X

Figure 38. Electricity payback rate variations
cogeneration model.
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The base case and sensitivity plots show that tnis'
model of an on—farm'ccgeneration sjstem is uneconomical.
Possible parameters causing the economic failure of this
_model include high feedstock costs, high labor costs, low

conventional energy costs, low electrical payback rates. .

Summary of Mggel _R_e_S.ul_ts.

An economic analysis was performed on each model's base
case assumptions using the sbreadsneet prqgram. The assnmed
base-case'values'were an attempt to reflect‘realistic values
for today's economic parameters. The results of all four
hypothetical models showed the systems to be economlcally.
‘1nfea51ble for their respectlve base case assumptlons.

The base case assumptlons for each model were varied to
allow for future realistic assumptions or for errors made in
the original assumpticns. The sensitivity analyses varied
interest rates, feedstock costs, estimated fuel displacement
credits, and electricity payback rates. The most sensitive
parameters were found to ce feedstock costs, estimated fuel
displacement, and electricity_payback rates. Varying
interest rates showed little affect in changing the economic
feasibility of the models.

The analyses 1argest.sensitivity was-displayed by
varying the estimated fuel displacement credit;.The
irrigation and heating of iivestock buildings models
actually became feasible when the price of electrlclty and_

natural gas was varled to two and four tlmes the current
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prices respectively. The irrigation model also becamé
economical feasible when the base case feedstock cost of
$2/GJ was lowered to $0/GJ. These variations of the base
case with zero feedstock costs and double the current
convention fuel prices are.not realistic in today's economy,
therefore they are considered to be noneconomical. Ideal
situations with zero feedstock costs, low interest rates and
high conventional fuel costs generally proved to be
uneconomical. In-conclusion, the main Eeason for the modeis
economic failures are due to the high installed cost of the
system.
Cost To Produce Electricity

The cost to pfoduqe energy‘can also be used to
determine how well on-site generated energy can compete with
conventionél forms. Energy in the form of electricity was
chosen 'in this case for comparison because the utility
provides a market that will buy ail the electricity a system
can produce. | |

Figure 39 shows the cost of producing electricity
versﬁé the amount of straw available, for a fluidized-bed
gasifier dand 70 kW capacity engine/generator set. The cost
of the syétem was estimated at $100,000. The rest of the
economic parameters were assumed to be the same as in the
models, except that the gasifier was assumed to'operate_24

hours/day until the straw supply was used up.
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Figure 40'shows the'cost of prdduoing electricity
versus the percent of time used throughout the year,_for a.
wood fueled fixed-=bed downdraft ga31f1er and a 50 kW
capacity engine/generator set._The cost of the flxed-bed.

downdraft system was estimated at $40,000. Again the

. economic parameters were assumed to be the same as those for

the. previous case except that an unlimited supply of wood

feedstock was assumed.

.Both figures show that at low yearly usage the cost to
produce one kilqwatt hour is affected mostly by the initial
system obet and as the yeerly usage increases the cost per:
kilowatt hour decreases. The lower limit on the cost per
kilowatt hour is .controlled by the sySfem's operational and
feedetdck costs.

Both figunes show that even with a feedstock cost of

$0/GJ that current buyback rates of $d.Q13/kWh would have to

increase many times before becoming competitive.
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COST OF ELECTRICITY VS STRAW AVAILABLE

FLUIDIZED-BED STRAW GASFIER1 70 kW

STRAW AVAILABLE (ho)
+ $2/61

Figure 39. Cost of electricity versus straw available.

COST OF ELECTRICITY VS PERCENT USE/YEAR

DOWNDfWT WOOD GASF1ER. SO kw

PERCENT USE/VEAR
$0/6) + $2/6)

Figure 40. Cost of electricity versus percent use/year.
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~ CHAPTER 7

CONCLUSION

Montana has large amounts of biomass feedétocks that
have the potential ;o'alleviate-the agricultural industry's
dependency on fossil fuels. These biomasé feedstocks include
small grain crop residues; animgl wastes, wéod, and wood
wastes. Crop and wood residues are the‘mosf abundant forms
of biomass in Montana. Animal wastes are also a pbssible
gasification feedstock but only in concentrated areas.

The ambunt of feedstock available. the type of handling

system, the type and size of gasifier, and the end-use

applications were found to be very site dependent. The sites

energy requirements, feedstock type, and end-use application
are the major factors determining‘the type of gasification
system. When an application requires a high quality, low tar
content producer'gas, such as an internal combustion engine,
a downdraft gasifier or a fluidized-bed with a improved
filtering system could be used. Feedsfocks suqh as straw,
manure and sawdust are best suited for a.fluidized bed
gasifier because of their high ash content and‘small
.particle.size. Wood chips are best suited for gasification

in a downdraft fixed bed gasifier.
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The most beneficial energy cohversion processes for

farm use is space heating and powering of internal

combustidn engines. The energy produced by these methods
can be usgd to‘heét livestock bgildings, dry grain, generate
electriéity{ and pump irrigation water. System deéigners
should seriously consider cgéeneration applications because
of their high energy conversion efficiencies. The
gasification.feeding system should be a continuous feeding
type, for convenience, reliability and cost effectiveness;
Baséd on literature feviewed concerning biomass

gasification and the four- system economic modéis, on-farm-

. biomass gasification is not recommended in Montana. There

are several major -factors that influence this
recommendationﬂ Although biomass feedstocks are seen as a
renewabie and free source of enérgy, this study haé shown
that the éost to coﬁvert biomass .into usable forms of_energy

through gasification is quite high. The high installed -

system cost and the low cost of electricity and fossil fuels

in Montana, make gasification systems economically
infeasible under current economic éonditions. Small
gas&fiéation systems suitable for on-farm applications are
still mainly in the development and testing stages making
the impiementafion of gasification systems.on Montana farms
risky.' |

Future developments and cost reducfiohs in gasification

designs. and/or changes in economic conditions will be
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required to make on-farm biomass gasification economical in

Monﬁana.
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Appendix A

Small Graln Inventory

WINTER WHEAT - 1984

ACREAGE. YIELD a>d PRODUCTION BY COUNTIES - IRRIGATED m*4 NOT IRRIGATED

TOTAL IRRIGATED NOT IRRIGATED
COUNTY Acres Yield Ac res Yield
& Har- Per Per
DISTRICT Pl an e Acre ductlon
————— Bushels------ -Bu -Bu.-
Flathead 6,600 6,400 38.8 248,400 1.300 62.0
Lake. ... 6,900 6,500 29.6 192,700 1,000 58.0 5,500
Minera 100 100 24.0 2,400 0 0 100
MIssoula 600 500 39.6 19,800 300 50.0 200
Powel I.. 200 23.0 4,600 0 [
Raval I1. 1,100 1,100 29.4 32,300 200 58.0 900
Sanders. 1,900 1,500 27.1 40,700 0 0 1,500 27.1
N. WEST 17,400 16,300 33.2 540,900 2,800 59.0 13,500 27.8
117,500 110,800 27.0 2,991,100 0 0
Chouteau.. 336,800 322,600 34.8 11,219.300 200 60.0 322,400
.- 13,500 11,500 22.5 258,800 0 0 11,500
267,800 254,300 24.7 6,289,000 0 0 254,300
Liberty. .. 103,600 96,500 18.7 1,806,600 0 0 96,500
Phillips.. 58,100 53,600 20.5 1,100,200 200 57.0 53,400
Pondera. .. 120,000 109.700 28.3 3.102,600 2,500 58.0 107,200
141,400 133,300 31.6 4,212,000 2,800 60.0 130,500
Toole..... 92,300 86,200 23.7 2.038,800 0 0 86,200 23.7
Nwm CENTRAL 1,251,000 1,178,500 28.0 33,018,400 5,700 59.0 1,172,800 27.9
1,500 1,300 10.8 14,000 0 0 1,300
Dawson... 78,700 69,200 22.1 1.530,300 0 0
Garfield. 49,200 43.200 13.2 568.100 0 0 43,200
McCone. .. 93,200 81.600 22.1 1,802,700 0 0
Richl and. 67,200 52,800 22.7 1,198,000 0 0 52,800 22.7
Roosevel t 27,100 24,600 19.8 486,800 100 34.0 24,500 19.7
Sherld an. 6,400 5.200 21.7 112,700 0 0 5,200 21.7
val ley. .. 35,200 30,500 17.4 531,800 100 36.0 30,400 17.4
358,500 308,400 20.2 6,244,400 200 35.0 308,200 20.2
29,100 24,500 28.1 687,300 400 52.0 24,100 27.7
126,700 119.800 33.1 3.964,800 500 39.0 119,300
124 ,400 118.100 29.5 3,479,300 0 0 118,100 29.5
37,500 34,800 20.3 706,100 400 45.0 34,400
Judith Basin.. 61,000 57,800 29.1 1.683,200 0 0 57,800
LewIs 4 Clark 14,900 14,200 28.7 407,400 200 46.0
Meagher.......... 11,100 10,700 24.5 262,100 0 0
Musselshell..._.. 33,900 27,000 18.1 487,700 0 0
Petroleum 8,800 7,800 16.7 130.500 0 0
Wheatl and.. 32,900 30,500 19.5 596,000 0 0 30,500 19.5
480,300 445,200 27.9 12,404,400 1.500 45.0 443.700 * 27.8
Beaverhead 4,300 3,900 34.2 133,500 100 66.0 3,800 33.4
Gallatin.. 31.000 27,600 42.1 1,162.600 3,200 65.0 24,400 39.1
Jefferson. 5,500 4,800 29.7 142,700 0 0 4,800 29.7
Mad Ison. .. 5,600 5,000 28.8 144,100 100 64.0 4,900 28.1
46,400 41,300 38.3 1,582,900 3,400 65.0 37,900 35.9
Big Horn... 105,800 97.400 27.9 2.721.400 800 46.0 96,600 27.8
Carbon. 14,000 13.000 29.6 384,700 1,500 51.0 11,500
Park........ 12,800 11.700 26.5 310.600 300 53.0 11,400
Still water. 59,100 56,000 22.9 1,284,200 0 0 56,000 22.9
Sweet Grass 6,800 6,400 21.9 140,100 100 46.0 6,300 21.5
4,200 4,100 29.0 118,700 300 60.0 3,800
Yellowstone 92,800 83,600 27.0 2,256,800 1.200 59.0 82,400 26.5
S. CENTRAL 295,500 272,200 26.5 7,216,500 4,200 53.0 268,000 26.1
40,500 37,000 30.1 1,113.400 0 0 30.1
Custer.. 36,500 32.000 25.2 806,400 800 38.0
Fal lon. 31,600 28,000 28.2 789,600 0 0 28.2
Powder 31,600 28.800 30.3 872,800 0 0 28,800 30.3
PralMe . 41,300 34,800 27.3 949,800 200 35.0 34,600 27.2
Rosebud. B 53,500 42,900 24.3 1.040,900 200 35.0 42,700 24.2
Wibaux...... 15,900 14,600 26.0 379,600 0 0 14,600 26.0
S. EAST. 250.900 218,100 27.3 5.952,500 1,200 37.0 216,900 27.2
STATE 2,700.000 2,480,000 27.0 66,960,000 19,000 56.0 2,461,000 26.8

Figure 41. Winter wheat production in Montana, 1984-_
Montana Crop and Livestock Reporting Service,
1985.
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SPRING WHEAT OTHER THAN DURUM - 1984

ACREAGE. YIELD m.d PRODUCTION BY COUNTIES - IRRIGATED eed NOT IRRIGATED

TOTAL IRRIGATED NOT IRRIGATED
COUNTY Ac res vield Yield Arrae Yield
& Per Ha r- Per Har- Per

DISTRICT PI anted vested duct lon Acre
————— Bushels----- -Bu.- -Bu .-

Oeerlodge....... 300 300 26.0 7,800 0 0 300 26.0
Flathead........ 900 900 62.0 55,800 900 62.0 0 0
Granite. - 300 300 25.0 7,500 0 0 300 25.0
Lake. 3,100 3,000 49.6 148,700 2,400 56.0 600 23.7
MIssou - 500 500 57.2 28,600 400 64.0 100 30.0
Powel 1 - 500 500 28.0 14,000 0 0 500 28.0
Ravall .- 1,300 1,300 57.0 74,100 1,300 57. 0 0
grremee e 500 300 27.0 8,100 0 D 300 27.0
7,400 7,100 48.5 344,600 5,000 58.0 2,100 26.0

71,400 65.500 19.0 1,245,400 3,500 38.0 62,000 17.9

Chouteau........ 123 .300 115,000 24.1 2,776,400 5,000 51.0 110,000 22.9
115,200 91,500 10.3 938,900 1,300 37.0 90,200 9.9

HUI .o ..., 187 ,300 159,100 14.8 2,357,400 2.400 52.0 156,700 14.2
Liberty.... -- 118,700 112.200 12.1. 1,358,600 500 38.0 111,700 12.0
Phin ips. - 84,600 78,400 16.F 1,291,900 3.100 36.0 75,300 15.7
Pondera.... - 37,500 35,700 17.0 606,300 4,200 42.0 31,500 13.7
32.700 30.300 23.2 702,800 6,500 50.0 23,800 15.9

92.600 88.400 10.9 965,600 0 0 88,400 10.9

N. CENTRAL 863,300 776.100 15.8 12,243,300 26,500 45.0 749,600 14.7
Daniels......... 172.700 167,100 10.9 1.819,800 0 0 167,100 10.9
65,000 61,900 18.9 1.168,100 0 0 61,900 18.9

Garfield 40,000 34,000 12.4 421,700 400 50.0 33,600 12.0
McCone.. .- 90,900 88,200 22.0 1,938,800 3,100 53.0 85,100 20.9
Richland. - 83,700 80,600 20.4 1.644,500 3,300 63.0 77,300 18.6
Roosevelt....... 201,300 193,400 14.9 2.888,400 4,200 58.0 189,200 14.0
Sheridan. - 95.000 88,400 18.4 1.625.500 1,400 55.0 87,000 17.8
Valley 208,000 200,700 16.2 3,255,900 5,200 66.0 195,500 14.9
N. EAST 956.600 914,300 16.1 14,762,700 17,600 60.0 896,700 15.3
11,300 10,800 47.4 512,000 6,600 63.0 4,200 22.9

53.400 42,400 21.4 906,500 4.200 51.0 38,200 18.1

14,600 12,500 14.4 180,100 300 53.0 12,200 13.5

900 900 24.4 22,000 300 48.0 600 12.7

11,100 10,700 17.7 189,100 100 57.0 10,600 17.3

.- 1,600 1.600 38.3 61,200 800 60.0 800 16.5
Meagher......... 800 800 14.5 11,600 0 0 800 14.5
Musselshell 800 800 8.0 6,400 0 0 800 8.0
Petroleum....... 800 700 8.0 5,600 0 0 700 8.0
Wheatland....... 3,600 2,500 16.2 40,600 100 52.0 2,400 14.8
PEMTRAL 98,900 83,700 23.1 1.935,100 12,400 58.0 71,300 17.1
Beaverhead.. 6,000 5,900 54.5 321,800 5,100 59.0 800 26.1
Gallatin.. - 12,900 12,600 43.4 547,300 5,200 62.0 7,400 30.4
Jefferson. - 1,400 1,400 36.3 50,800 200 56.0 1,200 33.0
Mad Ison -- 4,200 3.900 42.2 164,700 2,500 53.0 1,400 23.0
S. WEST 24,500 23,800 45.6 1,084,600 13,000 59.0 10,800 29.4
Big Horn.. 20,200 19,800 31.8 630,100 5.100 62.0 14,700 21.4
Carbon. - 6.700 6,700 42.9 287,300 4.200 55.0 2,500 22.5
Park..... 1.500 1,500 32.3 48,400 500 52.0 1.000 22.4
still water - 3.900 3,900 19.1 74,500 100 59.0 3,800 18.1
Sweet Grass.... 300 300 30.3 9.100 100 52.0 200 19.5
3,000 3,000 50.3 150,900 2,100 65.0 900 16.0
Yellowstone.... 6,200 6,000 36.4 218,200 2,600 62.0 3,400 16.8
S. CENTRAL 41,800 41,200 34.4 1,418,500 14,700 60.0 26,500 20.2
Carter.. 5 .600 5.200 17.7 91,800 0 0 5,200 17.7
Custer 10.500 10,300 31.4 323,000 1.700 59.0 8,600 25.9
Fallon.. - 38,600 37,700 21.9 826.100 800 39.0 36,900 21.5
Powder River.... 2.400 2.100 23.5 49,300 100 43.0 2,000 22.5
2.300 2.200 18.1 39,800 0 0 2,200 18.1

Rosebud. . - 8,700 8.400 24.7 207,600 1,200 61.0 7,200 18.7
Wibaux... 39.400 37,900 21.1 798,600 0 0 37,900 21.1
S. EAST 107,500 103.800 22.5 2,336,200 3.800 55.0 100,000 21.3
2.100,000 1,950,000 17.5 34,125,000 93,000 55.0 1,857,000 15.6

Figure 42. Spring wheat production in Montana, 1984.
Montana Crop and Livestock Reporting Service,
1985.
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DURUM WHEAT - 1984

ACREAGE. YIELD aad PRODUCTION BY cOONTIES - IRRIGATED aad NOT IRRIGATED

TOTAL IRRIGATED NOT IRRIGATED
COUNTY Yield Ac res Yield Yield
& Har- Per Har- Per Har- Per
DISTRICT Pl anted Acre Ayctlpn vested Ac re Acre
————— Bushels----- -Bu.- -Bu.-
Blaine. ... 600 23.0 13,800 0 0 600 23.0
Chouteau.. 3,500 25.4 89,000 0 0 3.500 25.4
Glacier... 800 18.0 14,400 0 0 800 18.0
Hin._ ... 400 16.0 6,400 0 0 400 16.0
Liberty. .. 600 14.0 8,400 0 0 600 14.0
Phin lIps.. 100 15.0 1.500 0 0 100 15.0
Pondera... 18,800 19.9 373,200 1,200 67.0 17,600 16.6
3,300 28.9 95,500 800 62.0 2.500 18.4
21,300 17.8 379,400 0 0 21,300 17.8
N. CENTRAL 50.900 49,400 19.9 981,600 2,000 65.0 47 .400 18.0
Daniel - 3,900 15.8 61,600 0 3,900 15.8
Dawson.... 900 19.0 17,100 0 0 900 19.0
1.500 13.0 19,500 0 0 1,500 13.0
Richl and.. 900 18.0 16,200 0 0 900 18.0
Roosevelt. 26,500 16.0 423.500 0 0 26,500 16.0
Sheridan. . 121.300 16.1 1.949,200 600 52.0 120,700 15.9
val ley. ... 2,000 16.0 32,000 0 0 2,000 16.0
N. EAST 160.400 157,000 16.0 2,519,100 600 52.0 156,400 15.9
1.100 18.6 20,500 0 0 1.100 18.6
1.100 1,100 18.6 20.500 0 0 1,100 18.6
100 19.0 1,900 0 0 100 19.0
100 20.0 2,000 0 0 100 20.0
Fallon.... 500 17.0 8,500 0 0 500 17.0
Wibaux. ... 1,800 20.2 36,400 0 0 1,800 20.2
S. EAST 2,600 2,500 19.5 48,800 0 0 2.500 19.5
STATE 215.000 210.000 17.0 3,570,000 2,600 62.0 207,400 16.4

Figure 43. Durum production in Montana, 1984.
Montana Crop and Livestock Reporting Service,
1985.
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BARLEY - 1984

ACREAGE. YIELD eed PRODUCTION BY COUNTIES - IRRIGATED mmd NOT IRRIGATED

TOTAL IRRIGATED NOT IRRIGATED
COUNTY Acres Yield Acres Yield Acres Yield
& Har- Per Har- Per Per
DISTRICT P lanted ves t.d Acre Product lon vested Acre vested Acre
Deer Lodge 2,400 2,400 54.3 130,200 1,500 67.0 900 33.0
F letheed.. 31,300 30,500 59.5 1,814,700 20,000 69.0 10,500 a 4
Granite... 600 500 68.0 34,000 500 68.0 0 0

12,500 12,200 48.6 593,400 5,000 63.0 7,200 38.7
Lincoln... 100 100 68.0 6,800 100 68.0 0 0
100 100 34.0 3,400 0 0 100 34.0
MlIssoula.. 3,600 3,500 51 .5 180,400 2,500 60.0 1,000 30.4
Powel . 6,200 6,100 54.4 332,000 3,200 70.0 2,900 37.2
Ravel - 6,100 5,800 60.6 351,600 4,200 73.0 1,600 28.1
Sanders... 2,100 1,500 33.4 50,100 300 65 .0 1,200 25.5
65,000 62,700 55.8 3,496,600 37,300 68.0 25,400 37.8
67,000 57,200 25.8 1,475,700 3,100 50.0 54,100 24.4
Chouteau.. 290,700 260,100 28.6 7,433,300 1,200 50.0 258,900 28.5
Glacier... 123,000 91,500 19.3 1,769,400 7,500 54.0 84,000 16.2
HI 109,700 96,300 19.5 1,877.500 2,000 62.0 94,300 18.6
Llberty... 103,000 85,000 14.4 1,225,800 0 [ 85,000 14.4
Phillips.. 50,400 45,400 22.8 1,035,200 2,000 51 .0 43,400 21 .5
Pondera... 156,700 145,700 29.1 4,233,500 21,600 61 .0 124,100 23.5
139,800 136,100 36.3 4,938,000 41,500 62.0 94,600 25.0
101,500 91,700 17.4 1,591,200 300 52.0 91,400 17.2
N. CENTRAL 1,141 ,800 1,009,000 25.4 25,579,600 79,200 60.0 929,800 22.4
42,000 34.700 14.6 506,400 0 0 34,700 14.6
39,200 34.700 26.3 91 1,600 400 52.0 34,300 26.0
Garfield........ 28,400 25,000 17.6 439,300 100 63.0 24,900 17.4
McCone.......... 36,000 32.900 26 .6 874,200 300 56.0 32,600 26.3
Richland........ 31,700 28,700 27.4 785,800 1,100 69.0 27,600 25.7
Rooseve It . 44,400 39,600 17.9 710,000 700 54.0 38,900 17 .3
Sheridan........ 47,100 42,400 18.0 764,100 0 0 42,400 18.0
valley.......... 86,800 81,200 18.8 1,525,400 1,400 56.0 79,800 18.1
N. EAST 355,600 319,200 20.4 6,516,800 4,000 59.0 315,200 19.9
Broadwater...... 19,500 19,000 43.7 831,100 7,400 62.0 11,600 32.1
Cascade........ 84,300 82,700 30.0 2,480,800 11,300 61.0 71,400 25.1
Fergus.. . 148,800 143,400 24.3 3,487,500 1,200 46.0 142,200 24.1
Golden Va - 13,800 13,300 17.3 229,800 700 54.0 12,600 15.2
Judith Bas In.... 89,800 86,500 28.3 2,451 ,700 2,400 43.0 84,100 27.9
Lew Is & Clark ... 11,400 9,900 43.2 427,300 5,000 58.0 4,900 28.0
Meagher .. . 20,400 20,400 25.1 511,700 1,800 49.0 18,600 22.8
Musse Ishe 1 . 12,000 9,500 18.2 173,100 700 47.0 8,800 15.9
Petroleum....... 5,000 4,200 17.2 72,400 300 57.0 3,900 14.2
Wheat land .._._.. 17,300 15,600 16.2 253,200 1.200 43.0 14,400 14.0
422,300 404,500 27.0 10,918,600 32,000 57.0 372,500 24.4
Beaverhead 15,400 13,900 44.6 620,100 7,700 63 .0 6,200 21 .8
Gallatin.. 65,200 62,600 55.0 3,444,800 22,800 75.0 39,800 43.6
Jefferson. 2,700 2,300 46.9 107,900 900 67.0 1,400 34.0
Mad Ison. .. 11,300 10,300 62.6 644,300 7,500 73.0 2,800 34.6
Sl1lver Bow 300 300 65.0 19,500 300 65.0 0
94,900 89,400 54.1 4,836,600 39,200 72.0 50,200 40.1
Blg Horn... 40,900 40,600 32.9 1,335,800 4,100 72.0 36,500 28.5
Carbon 15,900 15,500 50.1 776,100 6,900 79.0 8,600 26.9
16,300 15:700 36.3 569,400 2,900 69.0 12,800 28.9
1 26,400 25,900 30.0 777,700 1,300 77.0 24,600 27.5
Sweet Grass 6,200 5,000 32.9 164,400 1,000 66.0 4,000 24.6
2,800 2,800 68.9 192,900 2,300 78.0 500 27.0
Yellowstone 50,700 48,700 36.5 1,777,700 10,000 78.0 38,700 25.8
S. CENTRAL 159,200 154,200 36.3 5,594,000 28,500 76.0 125,700 27.3
Carter.. . 9,500 8,300 32.8 272,500 0 0 8,300 32.8
Custer.. - 7,700 6,500 29.8 193,900 800 73.0 5,700 23.8
13,800 12,600 34.7 437,500 0 0 12,600 34.7
Powder River.... 8,600 7.900 26.2 207,100 0 0 7,900 26.2
15,500 13,700 25 .6 351,200 1.300 52.0 12.400 22.9
Rosebud.. 17,600 15,900 29.9 476,100 2,700 60.0 13,200 23.8
wlbaux. .. . 0,500 6,100 32.7 199,500 0 0 6,100 32.7
S. FAST_____ 81,200 71,000 30.1 2,137,800 4,800 60.0 66,200 27.9
STATE 2,320,000  2.110,000 28.0 59,080,000 225.000 65.0 1,885,000 23.6

Figure 44. Barley production in Montana, 1984.
Montana Crop and Livestock Reporting Service,
1985.



OATS - 1984

ACREAGE, YIELD and PRODUCTION RY COUNTIES - IRRIGATED and NOT IRRIGATED

TOTAL IRRI GATED NOT IRRIGATED
COUNTY Harvested Yield Yield Yield
4 Acres For Per Har- Per Har- Per
DISTRICT P lanted Gra In Acre Production Acre Acre
- -Bu.- -Bu.-
Deer Lodge..... o 0 0 0 0 0 0 0
Flathead.. - 1,600 900 36.9 33,200 500 48.0 400 23.0
Gran Ite... 300 200 45.0 9,000 200 45.0 0 0
2,600 2,400 54.3 130,400 2,000 60.0 400 26.0
400 200 43.0 200
MlIneral... 400 100 34.0 3)400 0 0 100 34.0
MlIssoula.. 1,300 1,000 46.0 46,000 600 60.0 400 25.0
1,000 40.0 32,000 400 400 25.0
1,700 1,200 56.5 67,800 63)0 200 24.0
1.800 800 40.3 32,200 500 50.0 300 24.0
11,500 7,600 47 .7 362,600 5,400 57.0 2,200
8,800 3,100 34.0 105,300 1,000 57.0 2,100 23.0
Chouteau........ 5,500 2,900 23.0 66,800 100 52.0 2,800 22.0
1,000 31,200 200 56.0 800 25.0
91200 1,700 52,600 400 47.0 1,300 26.0
Llberty... 2,300 500 22.0 11,000 0 0 500 22.0
Phillips 15,000 2,900 30.8 89.300 700 49.0 2,200 25.0
Pondera.. 1,700 1,300 32.5 42.300 300 51 .0 1,000 27.0
2,200 1,500 26.2 39,300 200 1,300 23.0
Tool. ... ........ 2,300 1,500 26.5 39,800 100 48.0 1,400 25.0
N . CENTRAL 49,500 477,600 3,000
Denials 1 27,600 1,200 23.0
Dawson....... sieoo 5)200 31 .5 100,800 200 69.0 3,000 29.0
Garfield 8,100 3,000 20.0 60,000 0 0 3,000 20.0
McCone. 6,000 2,600 22.4 58,200 100 57.0 2,500 21 .0
Richland 10,700 6,300 37.2 234,100 1,000 70.0 5,300 31 .0
Rooseve It 11,700 3,900 26 .2 102,300 500 55.0 3,400 22.0
Sheridan... 10,900 3,500 26.1 91,300 400 50.0 3,100 23.0
vVal ley.......... 9,400 4,000 25.8 103,100 100 56.0 3,900 25.0
68,700 27,700 28.1 777,400 2,300 62.0 25,400 25.0
Broadwater..... 1,500 1,200 61 .5 73,800 1,000 68.0 200 29.0
3,800 1,900 29.8 56,600 400 44.0 1,500 26 .0
8,600 4,000 126,600 31 .0
Go Iden Val ley... 3,700 2,100 29.3 61,500 400 56.0 1,700 23.0
Judith Bas In.... 5,000 3,300 31.4 103,600 100 44.0 3,200 31.0
Lewis & Clark... 2,000 1,400 58.0 81,200 1,400 58.0 0 0
Meagher.. 2,500 1,200 36.0 43,200 600 45.0 600 27.0
Musselshel 1 3,600 2,000 37 .3 74,600 900 56.0 1,100 22.0
Petroleum....... 1.200 400 41 .3 16,500 300 47.0 100 24.0
CENTRA! 33,300 18,400 36.1 663,700 5,500 55.0 12,900 28.0
0 0 0
Beaverhead...... 1,800 1.000 69.5 69,500 700 80.0 300 45.0
135,300 1,300
Jeffarson....... 2)400 800 49.3 39,400 600 56.0 200 29.0
100 29.0
Sl lver Bow...... 200 100 67.0 6,700 100 67.0 0 0
11,000 4,900 61 .5 301,400 3,400 71 .0 1,500 40.0
Big Horn........ 2,300 2,000 46.0 92,000 200 82.0 1,800 42.0
1,900 1.300 56.2 73,100 800 72.0 500 31.0
Park............ 1,500 1,100 62.6 68,900 900 69.0 200 34.0
stl llwater...... 1,500 1.200 38.5 46.200 200 76.0 1,000 31 .0
3,000 80.200 67 .0 700 38.0
500 500 74.6 37,300 400 82.0 100 45.0
2,700 96,800 81 .0 2,300 28.0
S .CENTRAL 13,500 10,300 48.0 494,500 3,700 73.0 6,600 34.0
Carter.......... 4,500 2.500 35.0 87,500 0 0 2,500 35.0
4,600 145,400 1,300 62.0 1,800 36 .0
Fallon.......... 4,800 2,400 39.9 95,800 200 50.0 2,200 39.0
Powder River.... 3,700 3,200 41 .0 131,300 300 51 .0 2,900 40.0
2,000 79,000 300 65.0 1,700 35.0
2,500 2,300 43.2 99,400 1,500 46.0 800 38.0
8.200 40.3 169,400 100 54.0 4,100 40.0
S _EAST 32,500 19,700 41 .0 807,800 3,700 54.0 16,000 38.0
STATE 220,000 105000 37.0 3,885,000 27,000 60.0 78,000 29.0

Figure 45. Oats production in Montana, 1984.
Montana Crop and Livestock Reporting Service,
1985.
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Appendix B
Wood Inventory
Tree Species Native To qutahé

Coniferous ' . Deciduous

Grand fir
Subalpihe fir

Utah juniper

Rocky Mountain juniper
Subalpine larch
Western larch
Engelmann spruce.
White spruce '
»Whitebark'pine

" Lodgepole pine
Limber pine
Western white pine
Pondefosa pine
Douglés-fir
Western red cedar
" Western hemlock

Mountain hemlock

Bpxelder

Paper birch

Green ash

Balsam popular
Eastern cottonwood
Black cotton wood
Quaking aspen -
Casara buckthorn
Peachleaf willow

American elm
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Ownership
Species R Total
P National Other Forest Farmer and
Forest public industry other private

GROWING STOCK

e ———— Million cubic feet - - -

Douglas-fir 4,623.6 412 .4 1,003.7 1,407.7 7,447 .4
Ponderosa pine 785.7 192.8 287.4 901.7 2,167.6
Western white pine 186.2 9.7 22.1 4.8 222.8
Lodgepole e 6,660.6 280.9 641.4 787.5 8,370.4
Whitebark-limber pine 611.2 25.7 43.3 87.2 767.4
Western larch 1,503.8 138.6 394.8 141.5 2,178.7
Grand fir 306.7 23.9 101.0 19.7 451.3
Subalpine fir 1,330.0 ~ 61.0 101.5 95.4 1,587.9
Engelmann spruce 1,554.2 69.1 176.1 157.7 1,957.1
Western hemlock 293.7 0.5 13.4 7.0 314.6
Western redcedar 233.2 7.7 28.4 13.6 282.9
Other softwoods 0.6 0.6
Total softwoods 18.089.5 1.222.3 2,813.1 3.623.8 25,748.7
Aspen 20.3 12.4 8.4 106.5 147.6
Cottonwood 26.3 10.5 185.0 221.8
Other hardwoods 25.7 5.8 3.1 13.3 47.9
Total hardwoods 46.0 44.5 22.0 304.8 417.3
I species 18,135.5 1,266.8 2,835.1 3,928.6 26.166.0

SAWTIMBER
- - - ion board feet. International i-inch rule - -

Douglas-fir 17,035.4 1,615.4 3,924.1 4.911.8 27,486.7
Ponderosa pine 3,427.5 792.9 1,532.0 3.367.8 9,120.2
Western white pine 907.8 49.1 110.1 17.8 1,084.8
Lodgepole pine 15,094.1 634.3 1,098.3 1,842.2 18,668.9
Whitebark-limber pine 2,015.8 107.5 186.6 294.3 2,604.2
Western larch 6,533.5 740.4 2,024.7 533.4 9,832.0
Grand fir 1,212.3 88.7 387.2 65.9 1,754.1
Subalpine fir 4,205.0 156.9 248.7 198.1 4,808.7
Engelmann spruce 6,931.6 304.3 831.8 621.7 8.689.4
Western hemlock 1,337.1 i.i 41.2 22.1 1.401.5
Western redcedar 1,358.6 32.0 119.0 48.6 1,558.2
Other softwoods 2.3 2.3
Total softwoods 60,061.0 4.522.6 10,503.7 11,923.7 87.011.0
Aspen 28.5 18.6 12.5 163.4 223.0
Cottonwood 112.3 42.4 796.2 950.9
Other hardwoods 56.0 8.9 6.4 8.4 79.7
Total hardwoods 84.5 139.8 61.3 968.0 1,253.6
All species 60,145.5 4,662.4 10.565.0 12,891.7 88,264.6

Figure. 46 Net volume of growing stock and sawtimber on
commercial timberland in Montana, 1980.
A. W. Green et al.. 1985.
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Appendix C

Economic Spreadsheet Program

QSN O SNicsiir
IT CUITOI SOOI 1/29/07
: DOLIDIGFT TISIELLI/TITIH STSTIH
1PPLICITION: HIEICITION PURPIIC
STSTIH 711HTIOL: 1S CISI
STSTIH HoOIST 1000 HOOIS/TIil
ILICTEIC CIPICITTi 0Ll
COST PU ONITI 0.00 DOLLHS/H
COST HCHSHi 5 PLICHIT/TUI
11STILUD COST: 100000 DOLLiIS
1T, THEST.: 20 PeCilT
STSTIH LIFI: 10 THIS
E(I)I_.{II'ITIHLOI 0 DOLLIIS/
il Tl | PLICHT/TUI
LOII SCHIDOLI: 10 THIS
THIS FICHLi 30 PHCHT
THIS STITI: 7 PHCHT
DISCOOIT 1iTHl 12 PHICHT
SOPPLT_COST: 1000 DOLLilS
T 11CIUSI: 5 PLICHT/TUI
HPLLL I HILIT, 2000 DOLLiIS
ST_LICIUSI: 6 PIICHT/TUI
HSOHTICHE 1000 QOILHIS
COST 11CIUSI: 6 PIICHT/TUI
PIOPILTT THIS: 0 PLICHT
FEIDSTOCH COST: 16940 DOLLIIS
COST 11CIUSI: 2 PLICHT/TUI
BOI COST: 2000 DOLLIIS
COST HCIUSI: 5 PTICHT/TUI
1ST. FOIL DISPL. : 10540 10LLiIS
COST HICIUSI: 1 PTICHT/TUI
FID. HIIST TH CHIDIT: 10 PHICHT
10HBt1 _OF THIS: | THIS
FID. HIIT CHIDIT: 0 PHCHT
1UHBIT OF THIS: 0 THIS
STITL HINT CIDIT: 0 PHICHT
1UHBIT OF TUISi 0 THIS

T
st Ttil 0 Till 1 Till 2 Till3 Till4 Tills Tilb 1 Tilb 7 TUL L TilE 9 Till 10

FIOJICTED 11COHI
ILICTHCITT | 0 | | 0 0 0 0 0 | 0 0

TOTIL T1COHI 0 0 0 0 0 0 0 0 0 0 0

PIOJtCTED TIPHSIS:

DEPEECIITIOI 0 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000

i 0 6400 5958 5481 4966 4409 3608 3159 2458 1701 883

OPLIITHI _COSTS 5 0 1000 1050 103 1158 1216 1276 1340 1407 un hol

IEPTIt k BAHT. 1 0 2000 2120 247 2382 2525 2616 2837 3007 3188 3379

11S011ICI 6 0 1000 1060 1124 1191 1262 1338 1419 1504 15%4 1689
PLOPELTT TilES 0

FEEDSTOCK ~2 0 16940 17279 17624 17977 18336 18703 19077 19459 19848 20245

5 0 2000 2100 2205 2315 2431 2553 2680 2814 2955 3103

SOB OP DIDOCTiILI ITIHS 0 39340 39567 39784 39989 40180 40355 40512 40649 40763 40850

10IDIDOCTiBLI ITIHSI

THTHL ST 20000

PHICIPIL OI LOU - | 5522 5964 6441 6957 7513 8114 8763 M64 10222 11039

SOI OF 10IDEDOCTiILE ITIHS 20000 5522 5964 6441 6957 7513 1114 8763 964 10222 11039

S01 OF DIDOCTULI ITEHS 0 39340 39567 39784 39989 40180 40355 40512 40649 40763 40830

SOI OF 101DEDOCTRILI ITIHS 20000 5522 59%4 6441 6957 7513 8114 8763 op4 10222 11039

TOTII TIPHSIS 20000 44862 45531 46225 46945 47693 48469 49275 50113 50984 51890

TOTIL CISI 0OTHiTS 20000 34862 BB 36225  36M5 37693 38469 39275 40113 40984 41890

1ST. FOIL | PLICtIEIT 7 0 10540 11271 12067 12912 13816 14783 15811 16925 18110 19377

iCT. DISPLICIHIIT CHIDIT - 0 1040 11278 1206/ 12912 13816  14)83 15818 1695 18110 19377

Figure 47. Economic spreadsheet program.
Formatted after Boyette and McKusick, 1986.



IEII O TEAI I
PIOJECTED HIES:
IET TAITILE TIC0iE «  -393A0
IET FED. TH (- SITIIO 0 -11002
IET STATE TAI 'I- SiTl1I0 1 =215
FED. IITEST TAI CIEDIT 1 -10000
FED. IE T e 0
STATE EIEICT DIT 0 0
TOTAL TAX 0 -24556
TENN O Till 1
CASH FLOT PIQJECTION:
CASH SALES . e 0
FOEL DISPLAiCEIEIT CLIDIT 0 10540
T11COHI TIE (t CIEDIT) 0 2455%
TOTAL 1ECEIPTS 0 3509%
TOTAL EIPEISES 20000 34062
HIT TEALLT CASH FIOI -20000 233
COM. CASH FLOI 1/0 HIT. HVIST. ~ 233
COM- CASH_FLOI IITH HIT. HVIST -20000 -19767
MT PIESEIT VILOI -20000 -19792

134

TEAL 2 TEAL 3 TKAL 4 Till 5 TEAI 6
-39567  -30784  -39989  -40180  -40355
-11870  -11935  -11997 -12054 -12106
=210 -2785  -27199  -2813  -282%5

0 0 0 0
0 0 0 0 0
0 0 0 0 0
-14640  -14720  -14796  -14866  -14931

Till 7 TEAL |
-40512  -40649
-12154  -12195

-2836  -2845
0 0

0 0

0 0
14989 -15040

TEiIl 9 THil 10
-40763  -40850
-12229  -12255

-2853  -2860
0 0

0 0

0 0
-15082  -15115

Till 2 Till3 Till4 TIALS Till6 Till 7 TEN 8 Till 9 Till 1

| 0 0 | 0

1270 12060 12912 13816 14713
14640 14120 14/% 14866 14931
20018 26787 27708 28682 29714
30531 36225 365 37693 38469
-9614  -9431  -92 -010 0755
-9380  -18818  -28055 -37066  -45021
-20380  -38818  -48055 -57066  -65021
-27455  -34173 40044 45156  -49502

0
15818
14939

30807
39275

8468
-5428
—74289
-53422

-56713

0 0
18110 19377
15062 15115
3192 34492
4094 418%0
-2 -13%8

-10229  -77621
-90229  -97627
-59523  -61905
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