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ABSTRACT

The major objective of this study was to determine
the economic and technical feasibility of existing methods
for producing readily useable fuel from biomass. A
thorough literature search was undertaken in an effort to
evaluate the most promising and advanced biomass conversion
processes about which published information was available.
A ranking method was then developed to compare the selected
processes.

A major problem that was encountered was the lack
of completeness in the reported data. This incomplete-
ness indicated that there was a major need for essential
design information concerning changes of biomass during
storage and detailed process design and scale-up information
which simply were not available.

The most promising processes were found to be
gasification and bioconversion types. The pyrolytic oil

processes were less feasible by this ranking method.
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A TECHNICAL AND ECONOMIC EVALUATION OF SELECTED

BIOMASS-TO-FUELS CONVERSION PROCESSES
CHAPTER I
INTRODUCTION

Biomass represents a renewable, alternative resource
base that potentially can be converted to clean liquid
fuels to reduce dependency on conventional sources of
petroleum. Fuel from biomass also could be used for site
specific applications such as steam or electric power
generation. The purpose of this study is to make a pre-
liminary evaluation of existing or developing technology
for converting biomass to more readily useable fuels.
Biomass, for the purpose of this evaluation, is
defined as organic matter such as trees, plants, agricultural
crops, and grasses which can be grown specifically for the
production of fuels. This definition includes forestry
and agricultural wastes but excludes human and animal
wastes--municipal solid waste (MSW), sewage sludge, manure.
"Water" crops--aquaculture and mariculture--are also
excluded. This biomass, as a feedstock, imposes a number
of a priori constraints on the technology necessary to

1
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convert it into fuels. Biomass, as received at the plant
battery limits, has a very high moisture content. Most
biomass contains about 50% water while some, such as kelp
and water hvacinth, contain 80-95%. (Contrast this to

MSW which has 25% water on the average.) Biomass is a
difficult solid to handle because of the variety of sizes,
shapes, and textures. The availability of some biomass is
seasonal and stored biomass undergoes physical and chemical
changes. Preprocessing steps must be designed to cope

with these feedstock characteristics. Biomass feedstock
availability, by its diffuse nature and seasonality, also
dictates modest conversion plant sizes compared to that
normally encountered in the chemical process industry.

The objective of this study, then was to evaluate conversion
processes designed for biomass feedstocks having high
moisture content and difficult solids-handling characteristics
and being available in modest amounts. This evaluation

was based on available technical and economic data.



CHAPTER II

CONVERSION METHODS

All processes were screened initially for the

following criteria:

l. Does the process produce a product
which ultimately can be converted to
a liquid fuel?

2. Is the process applicable to biomass

as defined?

The initial screening was taken from Radovich, et al.(l).
A brief discussion is presented here.

There are two fundamental methods of converting
biomass to fuel which satisfy these criteria: thermo-
chemical conversion and biochemical conversion. The
process types considered in this evaluation are listed

in Table 1.

Pyrolysis

Pyrolysis is the thermal decomposition of carbona-
ceous materials by indirect heat transfer in the absence

of O without addition of steam or carbon monoxide to the

2!
3



TABLE 1

CONVERSION PROCESS TYPES

Thermochemical Conversion
l. Pyrolysis
2. Gasification (partial oxida-
tion, hydrogasification)
3. Liquefaction (direct hydro-
genation)
Biochemical Conversion

1. Anaerobic digestion
2. Fermentation

reactor. Pyrolysis is similar to the old wood distillation
process. Operating conditions are 900-1700°F, and atmos-
pheric pressure. Pyrolysis produces varying amounts of
liquids, gases, and chars depending on the nature of the
feedstock and on operating conditions. The liquid products
contain highly oxygenated organics (organic acids) which
are partially soluble in water and thus corrosive. ‘Liquid
product yields are maximized by rapid heating rates (short
residence times) to moderate temperatures (1000°F) and
immediate quenching of the gases and condensable vapors (2).
This prevents cracking of the organic liquids. Product
gases consist mainly of CO, Hz, C02 and CH4. Approximately
45-60% of the feed mass (dry basis) shows up in the liquid
and gaseous products (3). Non-condensable gas yields are

maximized by holding the char and volatile components at



5

high temperatures for long residence times. The remaining
carbon will be in the residual char, which also contains

about 50% of the original heat content of the feed.

Gasification

There are a number of reactions which occur in pro-
cesses for gasifying biomass. Depending on the other
reactants added to the biomass feed, the relative amounts
of CO, COZ' H2, CH4 and light hydrocarbon gases in the
product fuel gas can be varied. Partial oxidation is com-

paratively simple and can be represented by the following

reactions:
C6H1005 + 1/2 02 > 6CO + 5H2 + Heat il
or
CGHIOOS + Heat + 6C(g) .+ 5H20(g) (2)
C(s) + 1/2 02 (air) - CO + Heat (3)
+ +
C(s) + Hzo(g) Heat » CO Ho
steam gasification
COo + Hzo(g) > (:02 + H, + Heat (4)

Steam is usually injected to maximize the amount of CO and
H, produced. The BTU content of the gas can be increased
if pure oxygen rather than air is used. Hydrogasification
maximizes CH4 yields in the product gas. The hydrogasifica-

tion reactions can be represented by the following equations:



CgHy (05 + Heat -+ GC(S) + SHZO(g) (5)

C(s) + 1/2 O2 -+ CO + Heat partial oxidation
(6)

+

C(S) H20(g) + Heat - H2 +=C0O $7)

CO + Hzo(g) -+ H2 + CO2 + Heat water—-gas shift
(8)

C(s) + 2H2 G o CH4 + Heat hydrogenation
(9)

CO + 3H2 ¥ CH4 + Hzo(g) methanation
(10)

or

CSHlOOS + 1/2 O2 + 6CO + SH2 + Heat partial oxidation
(11)

Co + Hzo(g) =+ CO2 + H2 + Heat water-gas shift
(12)

CBHlOOS + 1/2 02-{-H2 = 3CH4 + 3C02 hydrogenation
(13)

The overall yield of methane is enhanced by high pressure

operation.

Liquefaction

If biomass is to be liquefied, hydrogen must be added
at high temperatures and pressures. Appreciable amounts of
hydrogenation can occur according to the following catalyst-

promoted reaction:

Biomass + H2 -+ liquids deydd)

catalyst



or

(15)

Biomass + H liquids (16)

2 catalyst

Liquid fuels also can be obtained by converting synthesis
gas (a mixture of CO and H2) to methanol or Fischer-
Tropsch hydrocarbons. The basic synthesis reaction for

methanol production is

CO + 2H2 Catalyst -> CH3OH (17)

Methanol can then be converted to gasoline by the Mobil process

n CH,OH

3 catalyst (=CHy~),, + nH,0 (13)

An alternative route to liquid fuels is Fischer-Tropsch

Synthesis which is represented by the reaction

.. H + nH,O

n CO + (2n+l) H, catalyst = =°n "2n+2 2

(19)

n CO + 2n H2 +» C H2n + n H20 (20)

catalyst = “n

Anaerobic Digestion

Methane generation by the bacterial decomposition
of organic material is a naturally occurring process.
Anaerobic digestion of sewage has long been used as a waste

treatment process in the United States. Successful develop-
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ment of anaerobic digestion processes for the conversion
of biomass to methane has only been recently accomplished.
The anaerobic digestion process consists of series and
parallel reactions which are catalyzed by certain bacteria.

The overall reaction is shown schematically below:

C6H1005 + H20 —_ 3 C02 -+ BCH4
(cellulose)

hydrolysis \&
soluble substrate methanation

acidificatio\ /
co

n
o0 Hy, organic acids

Anaerobic digestion is carried out under mesophilic (30-
37°C) or thermophilic (55-60°C) conditions, in which
different bacteria are responsible for the digestion

reactions.

Fermentation

Ethanol can be produced from cellulosic material
by a combination of hydrolysis and fermentation. The hydro-

lysis and fermentation steps are

(CGHlOO)n + n Hy0 ———==— n CH,,0, hydrolysis (21)

n C,H,,0,L ——— 2 C,H.OH + 2CO

6 12°6 yeast i 2 fermentation (22)

The hydrolysis step is accomplished by treatment with acid

or the addition of hydrolytic enzymes.



CHAPTER III

CONVERSION ROUTES

The conversion routes considered in this study were
broken down into four basic groups as follows (illustrated

in Figure 1):

l. Production of "pyrolytic" oil via
pyrolysis and direct hydrogenation.

2. Production of syngas for on-site use
as a fuel or as feedstock to convert
to methanol, gasoline, or Fisher-
Tropsch liquids.

3. Production of SNG by anaerobic
digestion. SNG can be used as
fuel or as a feedstock for methanol
or Fischer-Tropsch liquids synthesis.

4. Production of alcohol (primarily

ethanol) by fermentation.

Evaluation Methodology

An extensive literature search uncovered a host of
possible conversion schemes for the various routes dis-
cussed above (4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,

9



10

BIOMASS TO FUEL
CONVERSION ROUTES

GAS
4
i PYROLYSIS F\ SEPARATION
z.?} & CLEAN-UP
>
CHAR <5
ASH H,0
CO, & H,S

II  [GASIFICATION] |

4>

PYROLYTIC OIL

SNG
Sy

[GAS CLEAN-UP] [)[METHANATOR]

FISCHER -
TROPSCH

‘ﬁ Ao et 2 I‘:;.
0, /AIR SLAG - SYNGAS €
& STEAM CHAR
ASH
METHANOL
SYNTHESIS
O, METHANOL
He S REFORMER]
- Ay
GAS CLEAN-UP| | > SNG
<>
IIT {ANAEROBIC DIGESTION
IV |FERMENTATION]| ETHANOL

T

LIQUID
HYDROCARBONS

Figure 1. Biomass to Fuel Conversion Routes.



11

BT/ <18 719,20 720 F 9293 peg F1aw, 1265 2T F 28N Y THe

criteria used for a preliminary screening were

1. 1Is process development currently being con-
tinued and will the technology be avail-
able?

2. Has the process been successfully demonstrated
with a biomass feedstock?

3. Are the fuel products suitable for
further processing to acceptable liquid
fuels?

4. 1Is the process being demonstrated at the
pilot plant or larger scale?

5. Are heat and material balances available
to assess fuel product yields and effi-

ciency?

The processes which satisfied these criteria were analyzed.
The following information was gathered for a secondary
screening:

1. Feed material and pretreatment required,

2. Reactants other than the feed,

3. Fuel product yields and energy contents,

4. Reactor type and operating conditions,

5. Development status,

6. Availability of additional process

information.
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Based on the results obtained from this screening, a final
list of processes was prepared. In some cases, the final
selection was influenced by the development status and the
availability of detailed process information. Detailed
descriptions, simplified flow diagrams, heat and material
balances, and efficiency and economic calculations were
compiled for the final ranking of conversion processes.

The data presented in the following evaluations are
based on available literature and, whenever possible, on
direct contact with developers.

The results of the preliminary and secondary
screenings are shown in Table 2 for the different conver-

sion routes. A discussion of these results follows.

TABLE 2

SELECTED BIOMASS CONVERSION PROCESSES

Conversion Route Process

I Occidental Flash Pyrolysis
Georgia Tech Air Corp.
Waste-to-0il
11 Purox

Moore-Canada

Syngas
III Biogas (IGT)
IV Fermentation

In order to compare the efficiency of the selected

processes, a number of terms have been defined which will
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be used throughout the remainder of this report. The Net

Thermal Efficiency (NTE) is defined as

NTE = &nergy content of fuel product - energy consumed in process

energy content of feed

NTE is a measure of the net energy conversion of feed into
fuel product. The energy contents are given by the heats

of combustion (HHV) of the product and feed streams. NTE

is similar to the cold gas efficiency (ratio of product gas
HHV to feed HHV) used to compare the efficiency of coal
gasifiers. It differs in that the parasitic energy
requirements are subtracted from the fuel product energy.
However, like the cold gas efficiency, NTE neglects the
sensible and latent heat in the fuel product which could be
converted to power. Thus, NTE favors low temperature con-
version processes (e.g. biochemical conversion) and penalizes
high temperature processes (e.g. gasification and pyrolysis).
NTE also ignores the "quality" of the energy, putting raw
feed on the same BTU level as synthetic fuels. The realis-
tically recoverable energy in the raw feed may be only

30-70% of the BTU content used in the NTE calculations.

To account for the energy quality an energy benefit ratio

is defined:

energy content in fuel product
energy consumed in conversion process

EBR =
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CONVERSION PROCESS EVALUATION TERMS

IN_ PLANT USE -J
3 POWER

4
FEIED "REACTOR FléEL | GENERATION

SALE _
5 P

NET THERMAL EFFICIENCY

2 ~-(3 + 4)
|

NTE =

ENERGY BENEFIT RATIO

EBR =

3+ 4

Figure 2. Conversion Process Evaluation Terms.
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Note that in many cases the energy consumed during conver-
sion is of high quality (e.g. electric power, fuel gas).
EBR indicates the gain in useable energy by the conversion
process. Figure 2 illustrates the calculation of NTE and
EBR for a hypothetical conversion process.

Material balances, energy balances, and NTE and
EBR calculations are summarized in Tables 3, 4 and 5 for
all the conversion processes: In all calculations, a
heating value for dry MSW of 4500 BTU/lb and 9000 BTU/lb for
dry biomass and a 33.3% conversion efficiency for fuel to

electricity were used.

Details of Selected Pyrolysis Processes

Occidental Flash Pyrolysis

This process is well documented for use with wood
and municipal solid wastes. Tests have been made with a
bench scale reactor and a pilot plant. A 181.4 t per day
(200 tons per day) demonstration plant is currently in
operation in E1l Cajon, California.

The combustion process takes place separately
from the pyrolysis reactor. The char (solid organic
residue) produced in the pyrolysis reaction is oxidized
with air in the char burner. The hot gas is then recycled
into the pyrolysis reactor where it provides the energy
for the reaction. The pyrolysis reactor is an indirectly

heated, cocurrent flow, entrained bed reactor. A simplified
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Process
Occidental

Flash Pyrolysis
(24,26,32)

Waste-to=0il
(32)

Tech=-Air

(30)

Purox
(24)

Moore-Canada
(10)

Syngas
(31)

Biogas
(21)

Fermentation
(10)
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TABLE 4
NET ENERGY BALANCE: BTU'S
(BASIS: 1 1b. DRY FEED)
In Out
Biomass 4500-9000 gas internal use
Operating energy char internal use
purchased 645-30 il 2200-3930
internal 6-450
Biomass 9000 gas internal use
Operating energy NA char trace
oil 5250
Biomass 8740 gas 3980
(internal us:
Operating energy char 3250
purchased NA oil 1170
internal 3980
Biomass (MSW) 4500 gas 3649
Operating energy char internal use
purchased 1323 oil internal use
internal NA
Biomass 9000 gas 7070
Operating energy char NA
purchased 213 oil internal use
internal 25
Biomass 9000 gas 6679
Operating energy char internal use
purchased NA oil NA
internal 549
Biomass 9000 gas 5935
Operating energy
purchased 212
internal 0
Biomass 9000 ethanol 2021
Operating energy furfural 102
internal 6354 methanol 84
residue 6354

(internal usc
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process flow diagram is given in Figure 3. The material and
energy balances are in Tables 3 and 4.

The feed to the pyrolysis reactor must be finely
shredded (<14 mesh) and dried to about 3 wt.% moisture.
The feed material resembles vacuum cleaner fluff. It is
introduced into the reactor by a screw feeder which enters
the transfer line, where the feed is carried into the
reactor by the circulating product gas from the char burner.
The pyrolysis takes place at approximately 510°C (950°F) and
1 atm gauge pressure. This temperature maximizes the
liquid yield; higher tempeatures promote further cracking
and the production of gas. A short residence time also
helps reduce the amount of gas produced. The pyrolysis
product stream is rapidly quenched to insure that the pro-
ducts remain at reaction temperature for a short time period.
This cooling is done with a shell and tube heat exchanger
to prevent a high water concentration in the product stream.

Separation of the combustion and pyrolysis zones
allows the pyrolysis to take place in the absence of air
or oxygen. Also, no hydrogen or catalyst is used.

The yield in Flash Pyrolysis is approximately 40 kg
0il per 100 kg of organics on a dry basis. This oil has
a higher heating value of 23,320 BTU/kg (10,600 BTU/1lb).
A material balance for the process is given in Table 3.
There are some special problems that must be dealt with

when using the pyrolytic oil (Its properties are given in
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Table 6.) It is very viscous and must be pumped and stored
at 70°C (160°F), requiring the use of insulated piping and
storage. This temperature must be closely monitored to
prevent degradation of the oil at higher temperatures.

Some provision should be made to flush the flow lines to
prevent degradation and plugging when the pyrolytic oil is
not being used.

The pyrolytic oil is slightly corrosive to mild
steel due to its carboxylic acid and st content, requiring
the use of stainless steel piping and storage. It is
hydroscopic and must be handled appropriately to prevent
increases in water content; 14% water is normally maintained
to reduce the viscosity.

The o0il has a lower heating value than No. 6 fuel
0il and must be atomized at a higher temperature; it may be
necessary to provide separate burner jets. All of the above
special handling requirements may call for separate
storage, piping, and burner facilities.

A liquid product of bioconversion has several
advantages, including a relatively high energy content per
unit volume. The ash content is less than 19%, allowing use
in facilities without ash handling equipment. The liquid
fuel is easier to transport and store than solid fuel.
Pyrolytic oil has a low sulfur content and may be blended
with higher sulfur content No. 6 fuel 0il to meet environ-

mental requirements. It can be used in large industrial



Composition
(WE. %)

C

H

N

S

Cl

Ash
Heating Value
(BTU/1Db)
BTU/kg

Specific
Gravity

Viscosity
Temperature
SSuU

Reference

TABLE 6

PYROLYTIC OIL PROPERTIES

Flash Georgia-Tech
Pyrolysis Air
57.0 59.5
Tl 7:-8
1.1 0.9
0.2 0.01
0.3 -
0.5 0.08
(10,600) (10,655)
23,320 23,441
1.3

(142 Hzo) (14% H20)

(190°F) (167°F)
87.8°C 75°C
1150 170
(24) (6)

FUSL Uy -
Nitrogen + Oxygen is 2.0 wt.%

23

Waste-to-0il

86 - 88
6.4 = 6.7
0.1 ~ 0.4

4 - 6.4
(15,000)
33,000

?
1000-5000

(6)

No. 6
Fuel 0il

85.7

10.5

(18,200)
40,040

0.98

(190°F)
87.8°C

340

(24)
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applications that are using No. 6 fuel oil, such as
electric utilities and steam-electric power plants.

All of the demonstration work has been done with an
MSW feed. Considering only the dry-organic material in the
MSW and extrapolating the energy balance for MSW (21) gives
an NTE of 34.4% and EBR of 3.38. However, based on data
for tree bark pyrolysis in a 3.6 t per day (4 dry tons/day)
pilot plant (32), NTE is 38% and EBR is 8.2. The yield of
pyrolytic oil increases by 4%, but the energy requirements
for the biomass feed preparation have decreased dramatically.

Currently (July 1978), the demonstration plant is
shut down while an engineering evaluation is completed.
To date, only 300 barrels of pyrolytic oil have been pro-
duced at a rate of 0.6 BBL per ton of raw MSW. This com-
pares to a predicted yield of 1.13 BBL/ton. During these
production runs, the system never was operated under opti-

mum conditions.

Waste-to-0il
The Waste-to-0il process converts biomass to liquid
fuel by carboxylolysis. Carboxylolysis is the catalytic
conversion of cellulose to 0il in the presence of carbon
‘monoxide and water. The biomass is hydrogenated at 315.6-
371.1°C (600-700°F) and 1.38x10’ - 2.8x10’ Pa (2000-4000 psi)
in the presence of the sodium carbonate catalyst.

This process has been tested on a bench scale and

in a .9-.45 t per day (1-1/2 dry tons per day) pilot plant
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in Albany, Oregon. A schematic of the conceptual design
of a commercial Waste-to-0il plant is shown in Figure 4.
The pilot plant does not generate its own CO and the reactor
(a stirred tank) has been bypassed because of mechanical
problems with the agitator and reactor head seals. The
biomass feed (wood chips) is first dried to 3% or 4%
moisture, then ground in a hammer mill to about 50 mesh.
This material, which has the consistency of flour, is .
blended with recycled product oil (0il recycle ratio is 5).
This slurry is very viscous and presents some pumping
problems. The wood/oil slurry, with up to 30% solids is
pumped through a preheater and then into the reactor by a
high pressure positive displacement pump (the reactor is
bypassed in the pilot plant). Residence times are 20-60
minutes. Pilot plant capacity is 1000 kg/d yielding 400-500
kg/d of oil. The commercial plant yield would be 35% wt.
because some of the biomass feed would be diverted to
syngas production. Material balances are shown in Table 3.
The pyrolytic oil has a heating value of approxi-
mately 33,000 BTU/kg (15,000 BTU/lb). 1Its properties are
shown in Table 6. It is a very viscous material and
increases in product o0il viscosity have been the cause of
some pilot plant shutdown during test runs. This pyrolytic
0il is also corrosive and presents the same problems as

discussed in the flash pyrolysis section.
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The energy balances are given in Table 4. There
was no information supplied by the developer concerning
the process energy requirements. These requirements would

lower the NTE given in Table 5.

Tech-Air Pyrolysis

This is a simplistic, low temperature pyrolysis
process which has been tested on municipal wastes, peanut
hulls, and wood wastes. The relatively low reaction
temperature 593..3°C (1100°F) reduces the need for high
temperature resistant construction materials. It is designed
to produce three pyrolysis products: char, pyrolytic oil,
and fuel gas. A major drawback is the relatively low
yiels of a usable fuel; most of the product energy is
contained in the char. A process schematic is shown in
Figure 5.

The feed must first be hogged and dried to 4 wt %
moisture before entering the reactor. Some of the fuel
gas from the reactor is used to dry the feed. The dry
feed is fed on a conveyor to the reactor. The reactor is
a vertical, turbular reactor with gravity flow of solids.
The char is removed from the bottom while pyrolysis gas
and vapors are removed overhead. Heat for the pyrolysis
is provided by partial oxidation of the char in the bottom

of the reactor.



28

GE URGIATELH
AIR PYROLYSIS

WET BIOMASS

DRYER

DRY BIOMASS
IO Ibs.

BURNER

(™ FUEL GAS

CONVERTER]

CONDENSER

CHAR OlL
23 Ibs 25 |bs

Figure 5. Georgia-Tech Air Pyrolysis Flow Diagram.
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The char and oil produced are 23% and 25% of the dry
biomass feedstock, respectively. The char has a higher
energy content per unit mass and contains 37.1% of the
input energy. The o0il contains only 13.4%. The material
and energy balances are given in Tables 3 and 4. Use of
the pyrolytic oil as a fuel represents the same problem
as outlined in the Occidental Flash Pyrolysis process
description section. The pyrolytic oil properties are in
Table 6.

The NTE and EBR values are low because they are
based on the pyrolytic o0il yield alone. Also, there was
incomplete data on the energy requirements of the process.

The Tech-Air process has been demonstrated on a
45.4 t per day (50 dry tons per day) basis with saw mill
wastes. Current work emphasizes the development of a
90.7 t per day (100 tons per day) mobile unit for conversion

of forestry and agricultural residues.

Details of Selected Gasification Processes

Purox Process
This is a Union Carbide process that uses oxygen
for the partial oxidation of solid wastes to gas. It is
proven for MSW and is being marketed in modular units of
288.5 t per day (318 tons per day). These units have three
vertical-shaft converters in parallel with one spare,
allowing one to be serviced without reducing plant throughput.

An overall process diagram is shown in Figure 6.
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The feed must be hogged and then compacted into
l4-inch diameter pellets before it is ram injected into the
biomass converter. Alternate arrangements call for hammer
milling the feed to less than 3 inches and then injecting
it. A feed lockhopper system has also been used. Each
converter has three process zones: combustion zone, pyrolysis
zone, and heat exchange zone. In the bottom zone, the
oxygen (0.2-0.25 kg/kg feed) reacts with the char residue
from the pyrolysis zone; this combustion provides the
energy required for the pyrolysis reaction. This energy is
carried upward by the combustion gases. The pyrolysis
zone is maintained at 320°-1000°C (600°-1800°F), a high
enough temperature to favor a gas product. The upper zone
acts as a heat exchanger where incoming biomass is heated
and dried, and the product gases are cooled to around
100-200°C (200-400°F).

The converter is maintained at a low pPressure close
to atmospheric pressure. The combustion zone is main-
tained at 1600-1700°C (2900-3100°F) by controlling the
amount of 02 added. This high temperature gives a slag
residue, which is continuously removed from the reactor and
quenched. This molten slag seals the pyrolyzer and apparently
helps protect the refractory from corrosion. A relatively
high concentration of ash is needed in the feedstock for
formation of this slag. The wastes are drawn off continuously
and fed into a water quench tank. The waste is then

collected in granular form and used for landfill.
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The product gas has a heating value of 285-350 Btu/

® BTU/t Msw (7.5x10° BTU/ton).

scf and represents 8.25x10
The fuel gas stream is 65-75 wt. % of the dry biomass
input. Material balances are given in Table 3.

The Purox process gas has several disadvantages for
use as a fuel gas when compared to methane. The composition
of the gas is given in Table 7. The Purox gas has a high
water and sulfur content, requiring additional processing
to reduce the moisture content and remove the sulfur.

It has a lower heating value per unit volume and is more
expensive to transport and store. The H2 content of the
gas requires special consideration to prevent escape into
the atmosphere, including annulus piping. The CO content
of the gas required the addition of a special odorizer due
to its toxic nature. These transportation problems indi-
cate that a site specific use is desirable. The sulfur
can be removed by an amine scrubbing step; this is
necessary to reduce pollution and to prevent corrosion of
copper piping.

There are several advantages for this process.

The gas has a lower combustion air requirement and the flue
gas volume is less than that of methane, giving slightly
higher theoretical efficiency. The use of pure oxygen
drastically reduces the amount of N, in the gas and

lowers compression costs for further processing compared

to air feed gasification processes. This is a source of

syngas (CO + Hz)for methanation, methanol or Fischer-Tropsch

synthesis.
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TABLE 7

CRUDE PRODUCT GAS COMPOSITIONS (VOL. %)

Purox Moore-Canada Syngas Biogas
(estimated)
Wet Basis
Cco 45.6 24.2 8.7 =
H, 2748 19¥3 1754 -
co, 1258 920 2153 40
H,0 447 352 42.5 -
CH,+ 8.0 356 1021 60
N, 1.0 40.2 —— =
o, —- 0.5 - -
Ref. 6 10 31 21
Dry Basis (estimated)
Cco 3547 25.0 k5.1
H, 28.9 20.0 30:3
Co, 23.4 9.3 373
CH4+ 10.1 3.7 1253
N, 1.7 41.5
0, 0.5
Ref. 24 10 30

BTU/SCF 350-390 180 329 600
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Energy balances and efficiency calculations are
summarized in Tables 4 and 5. The EBR is relatively low
because of the high processing energy requirements.

The material and energy balance information presented
here was developed from data based on a MSW feed conversion
in a 181.44 t per day (200 tons per day) plant. No actual
runs have been made with biomass, although a computer
simulator model developer by Union Carbide predicts compar-
able yields. A 9.1 t per day (10 tons per day) pilot plant
at Tonawanda, New York, is being readied for operation with
homogeneous biomass feedstocks. No definite test plans

for the facility have been formulated.

Moore-Canada Gasifier

The Moore-Canada gasifier is a relatively simple
process that is suitable for biomass feedstocks. Commer-
cial units in modules of 54.43 t per day (60 dry tons
per day) capacity are being used to gasify forest residues.
A mixture of air and steam is the gasifying medium. The
addition of steam increases the amount of H, in the product
gas from about 10% to 20% by partial completion of the
water-gas-shift reaction and steam gasification of the
char. A process flow diagram is shown in Figure 7.

The biomass feed in hogged form is introduced into
the top of the reactor through the hoppers; back-leakage

of gas is minimized by a rotary grate in the bottom of the
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feed chute. The reactor is a vertical, moving packed bed.
Steam, air, and decanted tar from the product gas scrubber
are added at the bottom of the reactor. The maximum
reactor temperature is about 1204.4°C (2200°F); reactor
pressure varies from 7-3 psig (bottom-top). Unconverted
material is discharged in solid, granular form. Material
and energy balances are given in Tables 3 and 4.

This process gives a gas with a low heating value,
180 BTU/SCF due to the high N, content. The gas composition
is in Table 7. Because of the high H, content, it appears
suitable for synthesis gas after appropriate pretreatment.

The net thermal efficiency of the Moore-Canada
gasifier is the highest of any process considered. The
product gas heating value is 78% of the biomass heating
value. The EBR is also high because of the low process

energy requirements for the gasifier.

Syngas Process

The Syngas process is a hydrogasification process
being developed [.09 dry t per day (0.1 dry tons per day)]
for conversion of biomass to a methane-rich gas. Steam
and oxygen are used to gasify residual char in one reactor,
while the hydrogen-rich gases provide the heat for pyrolysis
in a second reactor (see Figure 8).

The biomass is first shredded and then fed (via
lockhoppers) to the first stage reactor where it is dried,

devolatized, and hydrogasified to produce gas and char.
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This reactor is a vertical flow, moving-bed or free-fall
reactor which operates at 648.9-871.1°C (1200-1600°F), 250
psig. The residual char goes to a second stage where it is
gasified with steam and oxygen (0.13 kg/kg feed) at 648.9°C
(1200°F). Material balance data is in Table 3. The gas
product yield is about 20.3 SCF/lb dry organics; its com-
position is in Table 7. The composition data is not reli-
able because the Hz/CO compositions were calculated assuming
a 2/1 ratio. Other reported compositions (35) show H2/C0
of 13/52 for a moving-bed and 32/46 for a free-fall
reactor. CH4 yield is 10.4% and 17.2% in those reactors.
It appears that the product gas would be suitable for
upgrading to SNG or as synthesis gas for liquid fuel
conversion.

The energy balance data is in Table 4 and the effi-
ciency calculated is in Table 5. No process energy require-
ments were available, so the calculated NTE is unrealistically
high.

The Syngas process has been operated only on a
small pilot plant scale with MSW. Current development plans
call for studies with forestry and agricultural wastes in

larger demonstration units.

SNG Production by Anaerobic Digestion

Thermochemical conversion processes become econo-
mically and thermodynamically prohibitive as the moisture

content of the feed rises. These high moisture feeds are
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suitable for microbiological processing, including fermen-
tation (see next section) and anaerobic digestion. There
are a large number of operations demonstrating the
feasibility of converting high moisture waste to fuel gas
by anaerobic digestion. Most of the present large-scale
operations are concerned with the processing of feedlot
and dairy manure to produce methane. A number of small
scale studies have demonstrated the feasibility of digesting
other types of biomass such as grass and kelp. However,
the application of anaerobic digestion to other biomass
feedstocks will require additional demonstration on a
large scale.

The basic process involves the retention of a slurry
in which anaerobic bacteria digest organic materials in
two steps. In the first step, enzymic action from acid-
forming bacteria breaks down the starches, proteins, and
cellulose into simpler low molecular weight organic acids
and carbon dioxide. Next, methane-producing microorganisms
convert the organic acids to methane and carbon dioxide.
A typical gaseous product stream contains 600 BTU/SCF. The
energy content of the gas may be increased by the removal
of carbon dioxide and trace amounts of hydrogen sulfide
with a MEA scrubber. The gas may be further dried to a
pipeline quality gas.

While numerous variations of the anaerobic digestion

process have been proposed and tested by many groups, the
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important process variables remain the same--temperature of
operation, retention time, and reactor configuration.
Temperatures may be either psychrophilic, mesophilic, or
thermophilic; that is, low temperature (60°F or so), medium
temperature (90°F or so), or high temperature (140°F or SO) .
The reaction at psychrophilic conditions are very slow,
while the reaction at the higher temperature is fastest

and requires a shorter residence time. However, the parasitic
power requirement is greater because of the energy required
to keep the reaction at that higher temperature. Digestion
may take place in one large reactor in a batch process or
in a series of smaller reactors approaching a plug-flow
process. Typical yields are four to five cubic feet of

gas per pound of dry feed.

The effluent stream has a high BOD content and
must usually be treated in a conventional sewage plant.
Similarly the undigested sludge must be incinerated or
landfilled. It is for these reasons that the major applica-
tions for anaerobic digestion have been in areas where
waste disposal is a problem in the first place--sewage
sludge, manure, and MSW.

The potential extension of the anaerobic digestion
process to the concept of an "energy farm" depends mainly
on the required effluent treatment and by-product recovery.
In one case, it may be possible to recycle most of the
effluent to the farm for use as a fertilizer. 1In this

case, the high volume of effluent involved would preclude
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transportation for long distances. Even so, a pilot-scale
demonstration of such a process would be required.

Figure 9 is a simplified diagram of a biogas process.
In this case, 45.4 kg (100 pounds) of shredded, ash-free,
dry biomass are mixed and digested to yield over twenty
pounds of pure methane gas. For processes containing no
sulfur in the feed, st removal is not a problem. 1In
either case, C02 scrubbing and drying is required for the
production of pipeline quality gas. The sludge must undergo
sewage treatment and contains all the refuse inorganics
which were initially introduced with the feed. Material

and energy balances are in Tables 3, 4, and 5.

Ethanol Production by Fermentation

Microbiological processes can lead to the formation
of literally thousands of chemical compounds. By 1975,
453,600 t per year (500,000 tons per year) of fermentable
sugars were being used annually by the chemical industry to
produce materials ranging from antibiotics to vitamin C.
While butanol and other industrial chemicals may be produced
this way, consideration will be given only to the production
of ethanol for use as a liquid fuel.

Ethanol has major uses both as a fuel and as a
chemical feedstock. It is a clean fuel and contains approxi-
mately 30% more energy per unit mass than methanol. The
direct conversion of simple sugars into ethanol by fermen-

tation leads to a concentration of approximately 80% of
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the energy contained in the substrate in half the weight
of the final product.

Despite these advantages, biomass contains cellulose,
hemicellulose, and lignin, all of which complicate the
fermentation process. These three species are present in
large amounts in most types of biomass--they can make up
from 90-95% of wood mass, for example. Cellulose is a
polymer, mainly of several types of hexoses and of a small
percentage of pentoses. Hemicellulose is also a polymer
of hexoses and pentoses, but the percentage of pentoses is
significantly greater than in cellulose. While hemicellulose
hydrolyzes more easily than cellulose, some of its pentose
decomposition products inhibit the fermentation step for
converting sugars to ethanol. The chemical structure of
lignin has not been precisely identified. It is not hydrolyzed
by acid, and it performs a major role in the agglutination
of cells to form strong tissue.

Either enzymatic or acid hydrolysis routes must be
considered in order to pretreat biomass preparations for
subsequent fermentation to ethanol. This is a particularly
expensive step and neither of these pretreatment techniques
is likely to be attractive in the near future.

The technology for hydrolysis is quite complex,
but many processing approaches are in a relatively advanced
stage of development (see 6). They generally involve use

of acids such as sulfuric acid or hydrochloric acid, or
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the use of enzymes. Rate operations such as the diffusion
of acid into the cellulosic particle render process

control particularly difficult. For example, too much
hydrolysis may lead to the decomposition and/or repoly-
merization of the sugars. The sugars forming on the outside
of a particle may saccharify the surface, rendering the
permeation of acid into the interior of the wood particle.
For enzyme hydrolysis, it is also possible that a pre-
treatment involving delignification (as is done in wood
pulping) may be necessary.

Once the sugars are obtained by hydrolysis, however,
conversion to ethanol is quite straightforward and widely
practiced in industry.

Fermentation to ethanol is very expensive, both
from the capital investment standpoint and the production
cost standpoint. The steps include sterilization, micro-
organism preparation, pasteurization, fermentation, centri-
fugation, and distillation. In addition, the stillage must
be concentrated by evaporation (see Figure 10).

The major advantage of fermentation is that it can
handle very dilute and wet feedstocks. On this basis,
the long range opportunities for this technology are

distinctly desirable.
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CHAPTER IV
OVERALL COMPARISON OF CONVERSION PROCESSES

To arrive at an overall ranking of processes a

number of other criteria must be considered:

1. Net thermal efficiency —— an indication
of the thermal efficiency of the biomass
conversion process,

2. Energy benefit ratio — quantifies the
amount ofhhigh quality energy produced
by the conversion process,

3. State of technology — how well-
developed the process is,

4. Economic-capitol investment and
operating cost,

5. Product quality —— suitability of

fuel product.

The first two criteria, NTE and EBR, have been
previously defined in the text and are based on data pre-
sented in the literature. The other three criteria are

less well defined and involve some subjectivity.

46



47

The ranking in the category of state of technology
is based on development and operating experience. This
includes size of operating plants, length of time in
operation, and demonstrated use of biomass as a feedstock.

The economic information is difficult to present
in a consistent format since the data presented in various
studies are based on different plant sizes, feedstocks,
and extent of processing. The most developed economic
analyses considered complete, site specific designs,
including local feedstock availability and transportation
charges (7, 24). Other studies include the necessary
process steps to manufacture certain chemical products
(6, 8, 10, 36). Various studies also present data in
terms of different years' dollars. No one study is avail-
able that includes economic data on all eight specific
processes considered in this evaluation; some include
only one or two processes (10, 24, 32, 36), while others
present data on general conversion methods rather than
specific processes. Three studies (6, 7, 37) that contain
capital and operating costs on at least four of the pro-
cesses are used to develop rankings of those processes,
with the three rankings being combined into an overall
ranking. Details of the ranking procedure are contained

in Appendix II.
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Product quality is based on the suitability of the
fuel for transportation, storage, and use in existing
facilities. Ethanol is a clean liquid and of very high
quality in all considerations. The other liquid products
(pyrolytic oils) are very corrosive and viscous and are
rated lgst. This reasoning leaves gasification products
which fall in the middle.

Each of the conversion processes is ranked from 1
to 8 in each of these categories. Ten quality points are
given for a ranking of 1; 9 for a ranking 2, etc. Twenty
quality points are given for the NTE and EBR ranking of 1
and then the quality points are reduced by 2 for each
ranking. The sum of the quality points then gives the
final ranking. These results and calculations are
summarized in the following Tables 11, 12, and 13.

Based on these technological criteria, the gasifi-
cation processes rank the highest, the pyrolytic oil pro-
cesses the lowest. Anaerobic digestion also is ranked
high. Although fermentation is ranked first in two
categories--state of technology and product quality, its
poor energy conversion efficiency and high economic cost

adversely affects its final, overall ranking.
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TABLE 8

RANKING OF PROCESSES

Product
Process NTE EBR Technology Economics Quality
Moore-Canada 1  d 2 3 3.5
Syngas 2 5 8 4 3.5
Biogas 3 2 6 1 3.5
Waste-to-0il 4 6 7 2 7
Purox 5 4 3 5 3:5
Flash Pyrolysis 6 3 5 6 7
Fermentation 7 7 I 7 1

Tech-Air 8 8 4 8 7
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TABLE 9

OVERALL RANKING OF CONVERSION PROCESSES

Overall
Pts* Ranking

Moore-Canada 20 + 20+ 9 + 6 + 7.5 = 62.5 1
Syngas 18 12 3 5 7+5 45.5 3
Biogas 16 18 5 8 J+5 54.5 2
Waste-to-0il 14 10 4 7 4 39 5
Purox 12 14 8 4 1«5 45.5 3
Flash Pyrolysis 10 16 6 3 4 39 5
Fermentation 8 8 10 2 10 38 7
Tech-Air 6 6 7 i & 4 24 8
*
70 pts. maximum
TABLE 10

CONVERSION PROCESSES IN ORDER OF OVERALL RANKING

Moore-~Canada

Biogas

Syngas & Purox

Waste-to-0il & Flash Pyrolysis
Fermentation

Tech-Air



CHAPTER V

CONCLUSIONS

The many processes which yield fuels from biomass
are in quite diverse stages of technical development. A
number of the most promising technologies have been
described and evaluated, but there are a large number of
problems yet to be resolved.

One fundamental problem has been the uncertainty of
basic design information. While there exist many publi-
cations containing limited experimental or design infor-
mation, it is doubted that engineers from the o0il or coal
industry would rely on these data for the construction of
a major biomass conversion unit. There is no single
entity known as "biomass" and for that reason most data
for conversion processes must be extrapolated to the case
at hand. Processes have been tested for a number of
different types of biomass, but little is known about the
operating constraints placed on those processes by nature
of the variation in feedstock properties.

Possibly because of this problem, the difficulties
of scale-up with the more advanced technologies also have

been evident. This may be observed by the recent problems

21
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experienced in the area of flash pyrolysis, gasification,
and carboxylolysis.

Indeed, some important problems scarcely have been
investigated. Because of the seasonal variations in the
availability of biomass, the problem of storage needs to
be addressed in great detail. The very nature of biomass
makes it susceptible to changes during storage, and the
economic and technical implications of these changes need
to be better defined. Further, the fate of the inorganic
residues needs to be determined, along with the productivity
of the biomass field as a function of the ash/inorganics
recycle. The fate of bound nitrogen in the thermochemical
reactions needs to be determined, particularly since the
presence of bound nitrogen in liquid fuels has important
environmental consequences. The other, more specific,
problems involved with the individual technologies have
been outlined in the body of this report.

Based on the limited data available, the processes
most advanced technically are not necessarily the most
favored from an energy or economic standpoint. All of
these considerations have been used to evaluate the eight
selected conversion processes, demonstrating that processes
leading to the direct production of liquid fuels, such as
fermentation, pyrolysis, and catalytic liquefaction, are
at an economic and/or technical disadvantage when compared
to either combustion or gasification schemes such as

anaerobic digestion or thermochemical gasification.
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The information available on the eight selected
processes was used to present energy and material balances
on a consistent basis. The material balance data was
presented on a 100 kg biomass feed when practical; Purox
data was given with a 100 kg MSW feed basis. The energy
balances were based on one pound of feed which was assumed
to have a heating value of 9000 BTU/lb unless otherwise
stated. Any available data on electric power consumption
was converted to BTU/lb-feed and then multiplied by three
to allow for the electric generation efficiency; this
result was then used for energy flow "4" as illustrated
in Figure 2. Energy flow "5" was then calculated as "2" -
(U3 e 104 )l

The data presented on the Purox process and the
Flash Pyrolysis processes, using MSW as a feedstock, were
based on straightforward calculations using 441 and 215
BTU/l1b-feed, respectively, for electricity requirements.
The mass balance data was taken from the references.

Data was also available using bark as a feedstock
for the Flash Pyrolysis process; the energy balance is
included in Table 5 since bark is considered "biomass"
in this paper. The raw data was for a 1200 ODT/D plant
design with a 445 ton/day barkoil output. Electrical
power requirements for the pyrolysis section were given
as 200 kw, or 4800 kw-hr/day. It was assumed that 5% of
the product o0il was used internally to provide heat for

the reactor.
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The mass balance data for the Moore-Canada process
was given for a reactor with 125,000 lb/day dry wood feed.
This information was converted to a 100-1b feed basis and
included in Table 3. The energy balance data was given
for the entire plant with chemical products, so an attempt
was made to isolate the pyrolysis reactor. The internal
energy requirement (Stream 2, Figure 2) was calculated from
the steam feed requirement of 20,000 1lb/hr at 30 psig. An
energy requirement of 25 BTU/lb feed was calculated using
an enthalpy of 1172 BTU/lb for steam and a 75% steam genera-
tion efficiency. Turbine horsepower requirements were
given for the reactor-gasifier blower (2,300) and for
electric generation (9,300). A conservative estimate of
the electricity needed was taken to be 90% of the 9300
horsepower required for electric generation plus the 2300
horsepower for the reactor-gasifier blower or the electric
equivalent of 10670 horsepower. This converted to 645 BTU/lb
feed using the factor of 3 for electric generation effi-
ciency discussed above.

The reference on fermentation gave an energy
balance in units of BTU/hr. The wood feed energy rate was
given as 1108.8 BTU/hr. This rate was used in converting
the other energy flow streams to a 9000 BTU feed basis
(since the heating value of wood is 9000 BTU/1lb). The data

used and the resultant energy balance are as follows:
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Given 9000 BTU Basis
(BTU/hr) (BTU)
Feed:
Wood 1108.8 9000
Products:
Ethanol 249 2021
Furfural 1246 102
Methanol 10.3 84
Total 2207
Residue:
Pentoses 32.8 226
Residue 775 6128
Total 6354
Unknown 439

The unknown energy flow was assumed to be lost from the
system in a manner such as heat loss. It should be noted
that no purchased electricity is needed because the resi-
due is burned to generate the required heat and electricity.
The mass balance was also given as a flow rate in units

of 1lb/hr. Using a feed rate of 123,000 lb/hr for wood,

a product rate of 20,200 lb/hr of ethanol, and a basis

of 100 1lb feed gave 16.4 1lb ethanol. The rest (85.6 1lb.)
was assumed to be residue.

The only information available to calculate an
energy balance for the Waste-to-0il process was a mass
balance with the heating values of the feed and product.
As a result, no allowance for process energy requirements

was possible, resulting in a high value for the NTE. This
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lack of data also prevented the calculation of the EBR.
Mass balance data was given with a 100-1lb wood feed, so no
calculations were necessary to convert to the standard
basis. Heating values for wood and oil were given as

9000 and 15,000 BTU/lb, respectively.

The mass balance for Tech-Air process was given
with a basis of 100-1b bark feed as listed in Table 3. As
in the case for Waste-to-0il, there was limited information
Oon process energy requirements, specifically the amount of
electricity needed. The energy flows available were
giveh as rates for a reactor having a 5% NCW Pine Bark
feed of 4,000 lb/hr. These rates were then divided by
4000 to give an energy balance based on one-1lb wood feed,
which had a heating value of 8740 BTU. The raw and resul-

tant energy data are given below:

Process Stream Energy Rate Basis

(MMBTU/hr) (BTU)

Feed 35 8740
0il 4.68 1170
Post Condensed Vapor 15%92 3980
Char i B 3250

The material balance in the Syngas reference was
given for a feed of 70 1lbs "organics" with 30 1lbs moisture.
This input data was divided by 70/100 to convert to a
100-1b dry "organics" basis. The output streams from

the process were given as metal/glass, ash, and product
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gas. This output data was incomplete since no amounts were
provided with the metal/glass or ash streams. The product
gas was given in lb-moles, allowing the calculating of
the mass by multiplying by the molecular weight. These

calculations are summarized below:

INPUT
Input Stream Amount Basis: 100 lbs. organics
(1bs) (1bs)
Organics 70 100
Moisture 30 42.9
Steam 23.8 34
Oxygen 13.24 18.9
Total 137.04 195.8

PRODUCT GAS

Constituent Amount Molecular Weight Amount

(lb-moles) (lbs/1lb-mole) (1lbs)
H, 1.134 2 227
CH, 0.612 16 9.79
Cco 0.567 28 15.88
co, 1.394 44 61.34
C, He 0.034 30 1.02
C6H6 0.11 78 0.86
H,0 2.7 174 18 _49.88

Total 6.923 141.04
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It was apparent that the above balance was in error since
it showed more material leaving the process than coming in.
One possible explanation was that the metal/glass and ash
in the feed contains water that was neglected in the feed
data and showed up as water vapor in the output gas. It
was assumed that the error was in the water balance, and

an attempt was made to present the data on a dry feed
basis. Similar data on the part of the process where ash
is removed was used to estimate the ash production. There-
fore, this material balance should be taken as an approxima-
tion due to the above considerations.

The Syngas energy balance was based on 329 BTU/SCF
heating value of produced gas and a given production/feed
ratio of 20.3 SCF/1lb organics. Multiplying these values
gave a production ratio of 6679 BTU/lb organics. A pro-
cess energy/feed ratio was based on material balance data
indicating that .34 1lb steam/lb organics was required.
Assuming that the steam was saturated at 300 psi, the
enthalpy change was 1210 BTU/lb allowing the calculation
of process energy requirements. With an assumed steam
generation efficiency of 75%, the process energy/feed
ratio was 549 BTU/lb organics. This ratio was low since
no information was available for process electricity
requirements. Finally, the NTE calculation was made assuming

a 9000 BTU/1b heating value for the organics.
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The data used for the material balance for the Bio-
gas process were taken from a projected mass balance for a
demonstration plant. Feed for this plant consisted of
refuse and sludge. Dry organics and dry sludge feed were
used as a basis for the data presented here, since it
approximates biomass feed. A material balance for biomass
feed was calculated on available information that used a
feed containing 39.3 dry refuse organics, 2 dry sludge,
and 12 non-process water to produce 25.2 digester gas; a
100 1b dry biomass feed would then give 61 lbs product gas.
It should be noted that the projected mass balance for the
demonstration plant accounts for processes other than the
anaerobic digester, so the resultant data presented here
represents an approximation for the digester only. It was
assumed that the 12 given as non-process water was needed
to allow pumping through the digester and was included in
the material balance here as process water.

The Biogas energy balance was given on a rate basis
(BTU/day) . This energy balance data was converted to a
9000 BTU feed basis instead of a one 1lb feed basis, since
the feed was a mixture of MSW and sewage. The feed was

given a 13.86 x 109 BTU/day heating value and the electri-

cal energy usage was given as 9.54 x 104 kw-hr/day. The
electricity requirement was converted to BTU/day, multi-
plied by 3, and put on a 9000 BTU feed basis by dividing

by the feed rate as shown below:
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(9.54 x 10% kw-hr/day) (3410 BTU/kw-hr) (3) = 9.75 x 10° BTU/day

8 9

(9.75 x 10  BTU/day) (9000 BTU)/(13.86 x 10~ BTU/day) = 635 BTU

Similarly, the given gas heating value rate of 9.14 x 109

BTU/day was converted to 5935 BTU. The only process energy

requirement was that needed as electricity.
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The goal of the rankings in the economics category
was to compare the capital cost and operating expenses of
the various processes based on information available. This
information was difficult to compare since each study uses
its own set of criteria. Some studies contained information
on general conversion methods rather than the specific
processes considered in this text. The most developed
economic analyses include site specific design, MSW feed-
stock availability, transportation charges, and disposal
costs or credits. Some economics comparisons include all
steps necessary to manufacture certain chemical products.
Other studies consider only one or two of the processes
considered in this evaluation. There are also problems
in trying to compare studies that use different plant
sizes, different feedstocks, and costs based on different
years' dollars.

An approach was decided upon to avoid the problems
involved in comparing the various studies. Three studies
that contain information on at least four of the processes
were used to develop rankings of those processes. The
three rankings were then combined into an overall ranking.
The data used in the three rankings were standardized
by using the NTE calculated in Section 3; the heating value
of the feed as given in the three studies was multiplied
by the NTE to determine the heating value of the product.

The NTE was used to allow data on general conversion methods
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to be compared with the specific processes considered here.
The capital costs and operating expenses given in the studies
were then divided by the calculated product heating value

to present results on a consistent basis.

The economic data on fermentation and Biogas were
given for a general conversion method in all cases. Data
on Purox and Flash Pyrolysis were given specifically in
two of the sources used. Information on an air-blown gasi-
fier was used for Moore-Canada, but the cost included
steam generation resulting in too high costs. Purox was
also approximated by data on an oxygen-blown SNG conver-
sion method. This approximation included conversion from
medium BTU gas to SNG, resulting in higher costs. Data
on the Purox process was used with the Syngas NTE since no
specific economic data on Syngas was available. Cost
information for catalytic liquification and pyrolysis was
used for Waste-to-0il and Flash Pyrolysis, respectively.

No information was available on Tech-Air so it was rated
last.

The rankings 5ased on each economic comparison for
both capital costs and operating cost were then used to
determine the overall ranking. In cases where there was
no clear indication as to what relative order two pro-
cesses should be ranked, a subjective evaluation of the

relative accuracy of the economic data was used.
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The information taken from the three studies selected
for economic comparisons were summarized in Tables 11A,
11B, and 11C. Information contained in each study were
used to compare processes presented in that study only,
with the results being combined as stated above. Each study
used different criteria for evaluation. The economic
data presented from Mitre (6) were in terms of 1976 dollars
and were based on a 850 ton/day plant with wood feed-
stock. The data presented from Alich (7) were also in
terms of 1976 dollars, but were based on MSW feed for a
1000 ton/day plant. Data from Schooley (37) were in terms
of 1977 dollars and were for various plant sizes and feed-
stocks. Therefore, the data presented in the three tables

should be compared within each table and not among tables.
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