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FOREWORD

This report is the result of a four-month study by Dynatech R/D Co. to assess the
economic and technical feasibility of producing methane gas by anaerobic digestion of
agricultural crop residues. The intent of the Department of Energy, which financed the
. preparation of this Areport, and the Solar Energy Research Institute, which serves as
project manager for the anaerobic digestion program, is to use the results of this report
to guide the development of program plans and to provide a reasoned analysis of the role
this technology might play in future energy supply systems.

The search for economic and renewable energy sources to supply our future national
energy needs is at best a complex undertaking, involving many uncertain variables. It is
hoped and expected that this report will contribute to an understanding of how the
energy available in agricultural crop residues might be developed to help meet those
needs.

L

Dan Jantzen, %ject Manager

Biomass Program Office
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- ABSTRACT

The objective of this study was to provide cost estimates for the
pretreatment/digestion of crop residues to fuel gas. A review of agricultural
statistics indicated that the crop residues wheatAstraw, corn stover, and
rice straw are available in suffié¢ient quantity to provide meaningful supplies

of gas.

Engineéring economic analyses were performed for digestion of wheat
straw, corn stover, and rice straw for small farm-, cooperative-, and industrial
scales. The small farm scale processed the residue from an average size U.S.
farm (400 acres), and the other sizes were two and three orders of magnitude

greater.

The results of the analyses indicate that the production of fuel
gas from these residues is, at best, economically marginal, unless a credit
can be obtained for digester effluent. The use of pretreatment can double
the fuel gas output but will not be economically justifiable uhless low
chemical requirements or low cost chemicals can be utilized. Additional
development is necessary in this area. Use of low cost "hole-in-the-ground"
batch digestion results in improved economics for the small farm size digestion

system, but not for the cooperative and industrial size systems.

Recommendations arising from this study are continuea development
of autohydrolysis and chemical pretreatment of agricultural crop residues to
improve fuel gas yields in an economically feasible manner; development of a
low cost controlled landfill batch digestion process for émall farm applications;
and determination of crop residue digestion by-product values for fertilizer

and refeed.
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Section 1

INTRODUCTION

"As a result of the energy crisis, a considerable effort has been
expended over the last few years to develop alternate renewable sources of
energy. One such source is biomass, which can be considered as solar energy
Being collected and stored by plants. Biomass can be grown specifically for
use as an energy crop, or it can be obtained as residues, both from crops and
animals. Studies have been undertaken by various organizations under contract
with the U.S. Department of Energy (and its predecessor, ERDA) and the Solar
Energy Research Institute (SERI) to investigate the feasibility of various
biomass sources as potential alternate renewable energy supplies. These include
grains and grasses, silviculture, aquatic plants, animal residues, other crops

such as .corn and sugar cane, and agricultural crop residues.

Once there is an available source of biomass, the next step is
to convert the biomass to a more easily utilized form of energy. Both thermo-
chemical and biological processes are being considered as conversion processes
for production of liquid and/or gaseous fuels. One such proéess is the biological

anaerobic digestion of biomass for production of methane gas.

This 'study for SERI has been undertaken to determine cost estimates
for fuel gas production by the pretreatment/digestion processing route for three
distinct scales of operation, namely a small farm system, a farm cooperative’
scale system, and a larger scale utility/industrial system. The system of
residue cést, pretreatment, digestion, and effluent processing and/or disposal
1s presented on an economic basis,‘and the cost of fuel gas is computed. A
practical engineering evaluation, economic feasibility study and sensitivity
analysis were pérformed on various systems by including such factors as facility
size, processing sequence, chémical requirements, heating requirements, energy
and material balances, capital and operating costs, feedstock costs and availability;

potential for and value of recovered byproducts, and disposal of effluent streams.



The technical background for conducting this analysis was based
on recent work of DOE Fuels from Biomass contractors in which experiments have
shown the effects.of pretreatment prior to digestion to fuel gas of selected
agricultural . residues and crop-grown biomass. Pretreatment is defined broadly
as the addition of chemicals, or the heating under pressure of the particular
biomass, or a combiration of these, in order to render the particular biomass
more amenable to anaerobic digestion to fuel gas. The economics of pretreatment
- are presented in this systems analysis, based on the recent experimental results

of the aforementioned contractors.

This report is the result of the study to determine cost estimates
of fuel gas production from agricultural crop residues via anaerobic digestion.
A summary discussion of agricultural statistics indicating crop residue availi-
bility, quantity, and composition is presented in Section 2. A review of pre-
treatment and anaerobic digestion of biomass is presented in Sections 3 and 4.
The procedures for economic analyses 1is given in Section 5. The various base
line systems analyses are presented in Section 6, and the sensitivity analysis
to show effects of variations of system parameters on unit gas costs is given
in Section 7. This study has led to conclusions and recommendations, Section 8,
regarding the present and future state-of-the-art of fuel gas production from

agricultural crop residues.



Section 2

BIOMASS SOURCES

2.1 Residue Production and Availability

There were approximately 380 million dry tons of crop residues
generated on farms in the United States in 1978, including residues remaining
in the field after crép harvest, and those taken off the field for concentra-
tion at a central location, usually a packing shed. This does not include
hay and forage crops which are essentially used entirely for the purpose they
are grown, or residues from food processing. The majority of the field resi-
dues result from the production of cereals, grain corn and soybeans. At the
packing shed vegetable plant materials and hulls from nuts and grains are
available in large quantities. Also, accumulated in one area is the cotton

"trash" collected by cotton ginning.

The cereal straws (wheat, oats, barley, rye and rice) make up
40% of all croﬁ residues produced in the United ‘States. The residues from
grain corn production account for 25% of the total and 22% are from soybean
production. Residues concentrated in a central location (peanut, almond,
and other hulls; safflowers; sunflowers; and vegetable packing shed residues)
represent only 1% of the total residue production, but on a regional basis
these residues represent a substantial portion of available biomass and af-
ford the opportunity for establishing a processing plant at the location of

“accumulation. -

Residue production from most crops is expected to increase in
the future due primarily to increases in crop production. Projections of
crop residue production have heen determincd by Stanford Research Institute
(Ref. 1) based on historical crop production data, 1972 Obers projection data

prepared by the U.S. Water Resources Council and information on the quantities



of residues generated from each crop. Projections derived from the SRI study
for 1980, 1985 and 2020 are presented in Table 2.1. The drop in wheat straw
production is a reflection of decreased crop production. It should be noted
that some of the major food processing residues have been included in the table.
These residues are beyond the scope of this report and are provide for compari-

son only.

Detailed information on the production of the major residues is
pracented in Tables 2.3 - 2.11. The tables are based on 1975 crop production
data obtained from Agricultural Statistics, 1976, published by U.S.D.A. (Ref.2}.

Residue productinn is calculated by using the equation

residue factor = crop production x dry weight factor x residue factor
Dry weight factors and residue factors are listed in Table 2.2,

Wheat, corn and soybeans are the major crops in the United States
in terms of magnitude of acreages, total grain yields and total residue yields.
These crops constitute the greatest potential biomass from agricultural crops
for use as an energy resource. Residues from sorghum and small grains are gfown
on smaller but still fairly large acreages and constitute a substantial portion
of the biomass produced nation-wide. Although the remaining residues are rela-
tively minor when viewed on a nation-wide scale, these c¢rops may be a significant

resource on a regional or site specific basis, such as .rice straw.

The density of crop residues in the United States is 1llustrated in
Figure 2.1. The most productive farmland and most intensively cultivated area
lies in the Corn Belt in the upper Mississippi Valley. In this region, the yield
of residues is about 2 tons/ac (0.73 MI/ha), predominantly in the form of corm-
stalks and soybean stubble. Considerable quantities of wheat and oats are also
grown there. In the southeast the major crops are cotton, soybeans and peanuts;
and in the southwest, wheat and sorghum. Residue densities are nearer to 1 ton/ac

(0.37 MT/ha) in these southern areas.

Further west and north the principal crops in irrigated areas are

wheat and corn. All other crops are scattered throughout the United States,



Table 2.1

Projections for U.S. Residue Production from Crops in the

Years 1980, 1985, 2000, and 2020. (Derived from Ref. 1)

Residues (Asparagus,
Carrots, Cauliflower,
Celery, Sweet Corn)

1980¢ 1985 2000 2020
(Thousands Dry Tons)
Wheat Straw 101,169 85,730 86,659 95,541
Corn Residue 101,023 107,095 142,536 160,142
Soybean Residue 97,754 112,485 158,766 176,408
Grain Sorghum Residue 16,617 19,896 27,482 31,053
Oat Straw 14,950 16,656 17,919 20,295
Barley Straw 13,659 15,607 15,714 17,864
Rice Straw 6,491 5,683 6,813 7,852
Seed Grass Residue 3,709 3,709 3,709 3,709
Vegetable Residues 3,826 3,997 - 4,648 5,273
Sugarcane Bagasse 2 3,565 3,842 4,820 6,140
Sugarbeet Residue 3,269 3,494 4,150 5,075
Cotton Residue 2,669 2,898 2,746 3,062
Sugarcane Residue P 2,526 2,482 2,820 3,592
~ Peanut Residue 2,509 2,734 3,451 4,107
Sugarbeet Pulp 2 2,047 2,187 2,598 3,177
Sunflowers 2,026 © 2,341 3,325 3,724
Irish Potato Residue 1,970 1,961 2,260 2,532
Rye Straw 1,452 2,001 2,374 2,812
Cotton Gin Trash 1,153 1,371 1,483 1,654
Rice Hulls : 1,063 1,023 1,280 1,475
Dry Beans & Peas Residue 656 682 645 661
Almond & Other Hulls & 329 302 335 376
Trash
. Safflowers 247 285 405 453
Sweet Potato Residue 67 62 53 56
Vegetable Packing Shed 34 35 38 45

®rood processing product

b .
Harvest residue

Ccalculated by taking average of 1975 historical data and 1985 residue projections

presented in Reference 1.




Table 2.2 Factors used for calculations of residue production

in Tables 2.3 - 2.11

Table number

Residue

Dry weighﬁ factor

Residue factor

2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

Wheat straw

Corn residue

Soybean field residue
Barley straw

Oat siLraw

Rye straw

Rice straw

Sorghum residue

Cotton residue

0.72
0.53
0.85
0.91
.90
.72
.80

.40
.50

o 0o O O O

2.39
1.10
2.14
1.35
1.35
2.50
1.26

1.57
2.38




Table 2.3 Statistics on Wheat Grain
and Wheat Straw Production (1975)

i a
Area Harvested

Crop Productiona

Crop Yield Per Harvested

Residue Production

Residue Yield Per

Area Harvested Area
1000 acras 1000 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectares |1000 tons 1000 Metric tons| tons/acre MT/hectare
New England 0 0 0 0 0 0 0 0 0 0
Mid-Atlantic
a9
New York 190 77 222 201 1.17 2.61 382 345 2.01 4,4§
New Jersey 54 22 58 53 1.08 2.41 100 91 1.85 4.14
.70 .
Pennsylvania 345 140 341 309 0.99 2.21 587 531 1 3.79
EN Central
- 2.22 .
Indiana 1,390 563 1,793 1,626 1.29 2.89 3,084 2,797 4.97
Illinois 1,730 700 2,024 1,836 1.17 2.62 3,481 3,158 2.02 4,51
Michigan 1,020 413 1,163 1,055 1.14 2.55 2,000 1,815 1.9 4.39
Wisconsin 93 38 85 77 0.91 2.03 146 132 1.57 3.47
Ohio 1,770 716 2,230 2,023 1.26 2.83 3,836 3,480 2.17 4.86
WN Central
1,470 595 1,455 1,320 0.99 2.22 2,503 2,270 1.70 3.82
Missouri > ’ ’ . 4 116 158 355
Minnesota 2,867 1,160 2,638 2,393 0.92 2.06 4,537 , . .
- 100 40 102 93 1.02 2.33 175 160 1.75 4.00
Towa .
N. Dakota 10,213 4,133 7,966 7,225 0.78 1.75 13,702 12,427 1.34 3.01
S. Dakota 2,965 1,200 1,868 1,694 0.63 1.41 3,213 2,914 1.08 2.43
Nebraska 3,070 1,242 2,947 2,673 0.96 2.15 5,069 4,598 1.65 3.70
Kansas 12,100 4,897 10,527 9,548 0.87 1.95 18,106 16,422 1.50 3.35




Table 2.3 ¢Con't.) Statistics on Wheat Grain
Wheet Straw Production (1975)

Area Harvested” Crop Production® Crop Yield Per Karvested Residue Production Rgsidue Yield Per
Area Earvested Area
1000 acres 1090 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectare| 1000 tons 1000 Metric tons| tons/acre MT/hectare
South Atlantic
Delaware 34 14 35 32 1.0% 2.29 €0 55 1.76 3.93
Maryland 156 63 159 144 1.0z 2.29 273 248 1.75 3.94
Virginia 292 118 271 246 0.9: 2.08 466 423 1.60 3.58
W. Virginia 17 7 16 15 0.9€ 2.14 28 26 1.65 3.71
N. Carolina 275 111 256 232 0.93 2.09 440 399 1.60 3.59
S. Carolina 155 63 126 ©114 0.81 1.81 217 196 1.40 3.11
Georgia 135 55 209 9g -0.81 1.80 187 170 1.39 3.09
Florida 20 8 16 15 0.78 1.88 23 26 1.40 3.25
ES Central
Kentucky 352 142 =59 326 1.02 2.30 617 ‘ 561 1.75 3.95
Tennessee 310 125 288 261 0.93 2.09 495 449 1.60 3.59
Alabama 135 ' 55 97 88 0.72 1.60 167 151 1.24 2.75
Mississippi 185 75 133 121 0.72 1.61 'o229 208 1.24 2.77
Eg_péntral
Arkansas 520 210 458 424 0.90 2,02 805 729 1.55 3.47
.Louisiana 25 10 12 11 0.48 1.10 21 19 0.84 1.89
" Oklahoma 6,700 2,711 4,824 4,375 0.72 1.61 8,297 7,525 1.24 2.78
Texas 5,700 2,307 3,933 3,567 0.69 1.55 6,765 6,135 1.19 2.67
Mountain
Montana 1,470 595 1,382 1,253 0.94 2.11 12,377 2,155 1.62 3.62
Idaho 1,350 . 546 1,809 1,641 1.34 3.01 3,111 2,822 2.30 5.17
Wyoming . 273 110 205 186 0.75. 1.69 353 320 1.29 2.91
Colorado 2,260 915 1,537 1,394 0.68 1.52 2,644 2,398 1.17 2.62
New Mexico 387 157 302 274 0.78 1.75 519 471 1.34 3.00
Arizona 320 130 682 619 2.13 4.76 1.173 1,065 3.67 8.19
Utah 282 114 214 194 0.76 1.70 368 334 1.30 2.93
LNevada 20 8 5 32 1.76 4.00 60 55 3.0 6.88




Table Z.3 (Con't.) Statistics on Wheat Grain

aad Wheat Straw Production (1975)

a
Area Harvested

.

Crop Productiona

Crop Yield Per Harvested

Residue Productionb

Residue Yield Per

i Area Harvested Area
1000 acres .1000 hectares| 1000 tons 1000 Metric tons| tons/acre. MT/hectare | 1000 tons 1000 Metric tons |tons/acre MT/hectare

Pacific
Washington 3,060 1,238 4,345 3,941 1.42 3.18 7,473 6,779 2.44 5.48
Dregon 1,215 492 1,725 1,565 1.42 3.18 5,486 A 2,692 4.52 5.47
California 1,001 405 1,862 i,689 1.86 4.17 3,203 2,905 3.20 ' 7.17
Alaska 0 0 0 0 0 0 0 0
Hawaii 0 0 0 0 0 0 0 0
Total U.S. 69,641 28,183 64,070 58,111 0.92 2.06 110,200 99,951 1.58 3.55
a

Derived from Agricultural Statistics, 1976, USDA (Ref. 2.2 )
b

Residue production {dry wt; = crop production x dry weight x residue factor

Dry wzight factor - 0.72

Residue factor

- 2.39
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Table 2.4 Statistic
Corn Residue Product

s on Grain Corn and
ion (1975)

a

Crog Production®

Crop Yield Per Harvested

Residue Productionb

Residue Yield Per
Harvested Area

Area Harvestad (wet vt) Area (wet wt) (dry wt) (dry wt)

100D acres 1000 hectares| 10J0 tcns 1000 Mz2tric tons| tcns/acre MT/hectare 1200 tons 1000 Metric tons| tons/acre MT/hectare
New England
Micd-Atlantic
Neu York 466 188 1,384 3,255 2.97 6.67 803 728 1.72 3.87
New Jersey 83 33 235 213 2.83 45 136 123 1.64 3.73
Pennsylvania 1,080 437 3,100 Z,812 2,87 6.43 1,798 1,631 1.66 3.73
EN Central
Indiana 5,630 2,278 132,311 17,515 3.42 7.69 11,200 10,159 1.99 4.46
Illinois 10,810 4,375 43,887 33,807 4,06 g.10 25,456 23,088 2.35 5.28
Michigan 1,910 . 773 5,348 4,851 2.80 6.27 3,102 2,813 1.62 3.64
Wisconsin 2,390 967 6,332 6,286 2.90 6.50 4,020 3,646 1.68 3.77
Okio 3,49C 1,412 11,233 . 10,193 3.20 7.22 6,518 5,912 1.87 4.19
WN Central
Missouri 2,700 1,093 5,9.D 5,387 2.2D 4.93 3,445 3,124 1.27 2.86
Minnesota 5,820 2,355 -4,259 12,933 2.45 5.49 8,270 7,501 1.42 3.18
Towa 12,300 4,978 38,745 35,142 3.15 7.06 22,472 20,382 1.83 4.09
N. Dakota 132 53 235 213 1.38 4.02 136 123 i.03 2.32
S. Dakota 2,25 910 2,912 2,632 1.29 2.89 1,683 1,526 0.75 1.68
Nebraska 5,920 2,396 17,552 15,947 2.97 6.65 10,197 9,249 1.72 3.86
Kansas 1,640 664 4,822 4,373 2.94 6.58 2,797 2,536 1.70 3.82
South Atlantic , E
Delaware 19) 77 604 548 3.18 7.12 350 318 1.84 4.13
Maryland 55) 222 1,749 1,586 3.18 7.14 1,014 920 1.84 4.14
Virginia 565 229 1,300 1,542 3.0 6.73 986 894 1.74 3.90
W. Virginia 65 26 193 175 2.97 6.73 112 101 1.72 3.88
N. Carolina 1,590 643 3,T21 3,375 2.34 5.25 2,158 1,957 1.36 3.04
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Table 2.4 (Con't) Statistics on Grain Corn
and Corn Residue Production (1975)

a
Area Harvested

a
Crop Production
(wet wt)

Crop Yield Per Harvested
Area (wet wt)

Residue Product:ionb
(dry wt)

Residue Yield Per
Harvested Area
(dry wt)

Nevada

1000 acres 1000‘hecta?es 1000 tons 1000 Metric tons | tons/acre MT/hectare 1000 tons 1000 Metric tons | tons/acre MT/hectare
South Azlantic
(continued)
S. Carolina 550 222 1,210 1,097 2.20 4.94 702 636 1.28 2.86
Georgia 1,880 761 3,610 3,274 1.92 4.30 2,094 1,899 1.11 2.49
Florida. -394 159 618 560 1.57 3.52 358 325 0.91 2.04
ES Central
Kentucky 1,140 461 3,067 2,782 2.69 6.03 1,779 1,613 1.56 3.50
Tennessee 615 249 1,291 1,171 2.10 4,70 749 679 1.22 2.73
Alabama 660 267 1,221 1,107 1.85 4.15 708 642 1.07 2.40
Mississippi 145 59 207 188 1.43 3.19 120 109 0.83 1.85
WS Central
Arkansas 38 15 66 60 1.75 ] 4.00 38 35 1.00 2.33
Louisiana 60 24 109 99 1.82 4.12 63 57 1.05 2.37
Oklahoma 85 34 238 g 216 2.80 6.35 138 125 1.62 3.68
Texas 1,100 445 3,960 3,592 3.60 8.07 2,297 2,083 2.09 468
Mountain
Montana 10 4 25 23 2.55 5.75 14 13 1.40 3.25
Idaho 25 10 72 65 2.90 6.50 42 38 i 1.68 3.80
i
Wyoming 18 7 50 45 2.80 6.43 29 26 P 1.61 3.n
Colorado 525 212 1,706 1,547 3.25 7.30 989 897 i 1.88 4.23
New Mexico 70 28 245 222 3,50 7.93 142 129 2.03 4.61
Arizona 12 14 13 1.15 2.60 8 7 g 0.67 1.40
Utah 15 58 53 3.85 8.83 34 31 2.27 5.17
0 0 0 0 0 0 0 0 0 0
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Tzble 2.4 (Con't) Statistics on Grain Corn

ard Corn residue Production (1975)

Area Harvasteda

- . a
" Crop -roduction

Crop Yield Per Harvested

b
Residue Production

Residue Yield Per
Harvested Area

(we: wt) Area (wet wt) (dry wt) (dry wt)
1000 acres 100D hectares| 1000 tcns 1G00 Metric toms tons/écre MT/hectare 1000 tons 1000 Metric tons |tons/acre MT/hectare

Pacific

Washington 34 14. 124 112 3.64 8.00 72 65 2.12 4.64
Oregon 11 4 33 30 2.97 7.50 19 17 1.73 4.45
California 254 103 968 878 3.81 8.52 561 509 2.21 4.94
Alaska 0 0 0 ‘0 0 0 0
Hawaii 0 0 0 0 0 0 0 0

U.S. Total 67,222 27,204 203,019 184,130 3.02 6.77 117,746 106,795 1.75 3.92

Derived from Agricultural Statistics, 1976, USDA (R=f. .3 )

" Residue production (dry wt) = crop production x dry weight x residue factor

Dry weight factor

Residue factor

0.53
1.10

u
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Table 2.5 Statistics on Soybean

Field Residue

(1975)

Area Harvested?

Crop Production®

Crop Yield Fer Harvested]

b
Residue Production

Residue Yield Per
Harvested Area -

(wet wt) Area (wet wt) (dry wt) (dry wt)

1030 acr2s 1000 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectare 1000 tons 1000 Metric tons tons/acre MT/hectare
New England 0 0 0 0 0 0 0 0 0 0
Mid-Atlantic
New York 10 4 7 6 0.72 1.50 13 11 1.30 2.75
New Jersey 79 32 62 56 0.78 1.75 113 102 1.43 3.19
Pennsylvenia 43 17 36 33 0.84 1.94 65 60 1.51 3.53
EN Central
Indiana 3,630 1,469 3,59¢ 3,260 0.99 2.22 6,541 5,933 1.80 4.04
Illinois 8,220 3,326 8,878 8,052 1.18 2.42 16,158 14,655 1.96 4.41
Michigan 310 247 476 432 0.78 1.75 866 786 1.42 3.18
Wisconsin 191 77 145 131 0.76 1.70 264 238 1.38 3.09
Ohio 3,00 1,254 3,069 2,783 0.99 2.22 5,585 5,065 1.80 4,04
WN Central
Missouri 4,470 1,809 3,487 3,163 0.78 1.75 6,346 5,757 1.42 3.18
Minnescta 3,550 1,477 2,883 2,615 0.79 1.77 5,247 4,759 1.44 3.22
Iowa 6,370 2,821 7,109 6,448 1.02 2.28 12,938 11,735 1.86 4.16
N. Dakota 149 60 86 78 .‘0.58 1.30 156 142 . 1.05 2.37
S. Dakota 342 138 256 232 0.75 1.68 466 422 1.36 3.06
Nebraska 1,220 486 972 882 0.81 1.81 1,769 1,605 1.47 3.30
Kansas 1,030 437 680 617 0.63 1.41 1,238 1,123 1.15 2.57
South Atlantic
Delaware 204 82 153 139 0.75 1.69 278 253 1.36 3.08
Maryland 318 129 267 242 0.84 1.87 486 440 1.53 3.41
Virginia 433 175 325 295 0.75 1.68 591 537 1.36 3.07
W. Virginia 0 0 0 0 ] 0 0 0 0 0
N. Carolina 1,420 575 994 901 0.70 1.57 1,809 1,640 1.27 2.85
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Table 2.5 ¢Con't) Statistics on Soybean Field

Resdue (19¢75)

a
Area Harvested

Crop P:oductiona

Crop Yield Per Hezrvested

Residue Productionb

Residue Yield Per
Harvested Area

(wet wt) Area (wet wt) (dry wt) (dry wt)
1000 acres 100) hesctares| 1000 tons 1000 Metric tend tons/acre MT/hectare 1000 tons 1000 Metric tons | tons/acre MI/hectare
South Atlantic
(continued)
S. Carolina 1,380 558 911 826 0.66 1.48 1,658 1,503 1.20 2.69
Georgia 1,260 510 958 . 869 0.76 1.70 1.743 1,581 1.38 3.10
Florida 295 119 212 192 0.72 1.61 386 349 1.31 2.93
ES Central
Kentucky 1,200 486 972 882 0.81 1.81 1,.69 1,605 1.47 3.30
Tennessee 1,850 749 1,387 1,258 0.75 . 1.68 2,524 2,289 1.36 3.06
Alabama 1,310 530 956 867 0.73 1.63 1,740 1,578 1.33 2.98
Mississippi 3,120 1,263 2,090 1,896 0.67 1.50 3,304 1,631 1.22 1.29
WS Central
Arkansas 4,700 1,902 3,431 3,112 0.73 1.64 6,244 5,664 1.33 2.98
Louisiana 1,920 777 1,402 1,272 0.73 1.64 2,552 2,315 1.33 2.98
Oklahoma 237 96 163 148 0.69 1.54 297 269 1.25 2.80
Texas 370 149 277 251 0.75 1.68 504 457 1.36 3.07
Mountain 0 0 C 0 0 0 0 0 0 0
Pacific 0 0 [0 0 0 0 1] 0 0 0
U.S. Total 53,761 21,757 46,449 42,129 0.86 1.94 §4.,537 76,675 1.57 3.52
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Table 2.6 Statistics on Barley Grain
and Barley Straw Production (1975)

a
Area Harvested

Crop Productiona

Crop Yield Per Harvested

Residue Pl:oduc:tionb

Residue Yield Per

(wet wt) Area (wet wt) (dry wt) Harvested Area
. (dry wt)

100) acres 1000 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectares| 1000 tons 1000 Metric tons | tons/acre MT/hectare
New England 0 0 0 0 0 0 0 0 0 0
Mid-Atlantic
New York 12 5 12 1 1.00 2.20 15 13 1.25 2.60
New Jersey 18 7 22 20 1.25 2.86 27 25 1.50 57
Pennsylvania 155 63 186 169 1.20 2.68 ! 229 208 1.47 30

|

EN Central
Indiana 10 4 10 9 1.00 2.25 12 11 1.20 2.75
Illinois 14 6 14 . 13 1.00 2.17 17 16 11.38 2.67
Michigan 22 9 25 23 1.15 2.55 31 28 1.41 3.11
Wisconsin 35 14 36 33 1.03 2.36 44 40 1.26 2.86
Ohio 12 5 13 12 1.13 2.40 16 15 1.33 3.00
WN Central
Missouri 11 . 4 9 8 0.86 2.00 ! 11 10 1.00 2.50
Minnesota 850 344 765 694 0.90 2.02 i 941 854 1.11 2.48
Towa 0 0 0 0 0 0o 0 0 0 0
N. Dakota Zz,100 850 | 1,911 1,733 0.91 2.04 2,350 2,131 1.12 2.51
S. Dakota 532 215 394 357 0.74 1.66 485 439 .91 2.04
Nebraska 33 13 28 25 0.86 ’ 1.92 34 31 1.03 2.38\\
Kansas 55 22 46 42 0.84 1.91 56 ‘ 52 1.02 2.36
South Atlantic
Delaware 23 9 22 20 0.98 2,22 27 25 1.17 2,78
Maryland 100 40 103 93 1.03 2.32 127 114 1.27 2.85
Virginia 104 42 117 106 1.13 2.52 144 130 1.38 3.09
W. Virginia 10 4 11 10 1.10 2.50 13 12 1.30 3.00
N. Carolina 57 ) 23 61 55 1.08 2.39 75 68 1.32 2.96




Takle 2.6 (Con't) Statistics oa Barley Grain
an¢ Barley Straw Production (1375)

Residue Yield Per

: Crop Yield Per Harvested idue P i b
a Crop Production® P e Fesidue Production Harvested Are
Area Harvested P arveste rea
(wet wt) Area (wet wt) (dry wt) (dry wt)

1000 acres 1000. hectares | 1000 zons 1000 Metrzc tons]| tons/acre MT/hectare 1000 tons 1000 Metric tons |tons/acre MT/hectare

South Atlantic

(continued)
S. Carolina 23 9 2> 19 0.91 2.11 26 23 1.13 2.55
Georgia : 8 3 T 6 0.91 2.00 9 7 1.12 2.33

Florida 0 0. o 0 0 0 0 0 0 0

ES Central

91

Kentucky 34 14 3G 27 0.88 1.93 37 33 1.09 2.36
Tennessee 14 6 | 1 9 0.74 1.50 12 1u 0.86 1.83
Alabama 4] 0 C 0 0 0 0 0

Mississippi 0 0

WS Central

Arkansas 0

Louiana Y

Oklahoma 93 38 67 a1 0.72 1.60 32 75 0.88 1.97
Texas 70 28 57 52 0.82 1.86 70 64 1.00 2,28
Mountain

Montana 1,300 526 1,222 1,108 9.94 2,17 1,503 -1,363 1.16 2.59
Idaho 755 305 981 8% 1.20 2.92 1,207 1,095 1.60 3.59
‘ Wyoming 134 54 183 . 166 1.37 3.07 255 204 1.90 3.78
Colorado 230 93 292 265 1.27 2.85 359 326 1.56 3.50
New Mexico 28 11 39 35 1.39 3.18 48 43 1.71 3.91
Arizona 115 46 207 183 1.80 4,09 255 231 2.22 5.02
Utah 135 55 194 176 1.44 3.20 o239 216 1.60 3.93
Nevada 14 6 17 15 - l.20 2.50 . 21 18 1.50 3.00
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Tahle 2.6 (Con't) Statistics on Barley Grain
and Barley Straw Producton (1975)

Residue production (dry wt) = dry weight x

Dry weight factor = 0.91

Residue factor

= 1.35

Derived from Agricultural Statistics, 1976, USDA (Ref. 2.2 )

residue factor

a b Residue Yield Per
Area Harvested? Crop Production Crop Yield Per Harvested Residuz Production Harvested Area
(wet wt) Area (wet wt) (dry wt) (dry wt)
1000 acres 1000 hectares | 1300 tons 1000 Metric tons| tons/acre MT/hectare 1000 tons 1000 Metric tons| tons/acre MT/hectare

Pacific
Washington 40D 162 508 461 1.27 2.84 625 567 1.56 3.50
Oregon 177 72 212 192 1.20 2.67 261 236 1.47 3.28
California 1,069 429 _1,452 1,317 1.37 3.07 1,786 1,620 1.68 3.78
Alaska ] 0 0 0 o} 0 0
Hawaii ] 0 0 0 0 0 0
Total U.S. 8,743 3,538 .9,180 8,326 1.05 2.35 11,291 10,241 1.29 2.89
a
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Table 2.7 Statistics on Oat Grain and
Oat Straw Production (1975)

a
Area Harvested

Crop Productiona

(wet wt)

Crop Yield Per Harvested
Area (wa2t wt)

b
Residue Production
(dry wt)

Residue Yield Per
Harvested Area

(dry wt)

1000 acres 1000 hectares | 1000 tons 1C00 Metric tons| tons/acre MT/hectares | 1000 tons 1000 Metric tons |tons/acre MT/hectares.
New England .
Maine 42 17 36 33 .86 1.94 44 40 1.05 2,35
Mid-Atlantic
New York ° 350 142 313 288 0.91 2.03 388 351 1.11 2.47
New Jersey 7 3 5 4 0.69 .33 6 5 0.8¢ 1.67
Pennsylvania 375 152 307 278 0.82 1.33 374 339 1.00 2,23
EN Central
Indiana 250 101 207 188 0.83 1.36 252 229 1.01 2.27
F I1linois 490 198 421 382 0.86 1.93 514 466 1.05 2.35
‘Michigan 370 150 333 302 0.90 2.01 40€ 368 1.10 2.45
Wisconsin 1,350 546 1,183 1,077 0.88 1.97 1,44¢ 1,314 1.07 2.41
Ohio SDO 202 49) 444 0.98 2,20 59¢& 542 1.20 2.68
WN Central
Missouri 100 40 62 56 0.62 1.40 76 68 0.75 1.70
Minnesota 2,000 809 1,620 1,469 0.81 1.81 1.976 1,792 0.99 2.21
Iowa 1,500 607 1,275 1,156 0.85 1.90 1,555 1,410 1.04 2.32
N. Dakota 1,370 554 90% 820 0.66 1.48 1.103 1,000 0.80 1.80
S. Dakota 2,230 902 1,561 1,416 0.70 1.57 1,904 1,727 0.85 1.91
Nebraska 590 239 460 417 0.78 1.74 563 509 0.95 2.13
Kansas 150 61 % 87 0.64 1.43 117 106 0.78 1.74
South Atlantic
Delaware 0 0 0 0 0 o 0 0 0 0
Maryland 24 10 21 19 0.88 1.90 26 23 1.08 2.30
Virginia 40 16 27 24 0.67 1.50 33 29 0.82 1.81
W. Virginia 18 7 12 11 0.69 1.57 15 13 0.€3 1.86
N. Carolina 80 " €4 58 0.80 L.81 73" 7n 0.97 2.22




Table 2.7 (Con't) Statistics on Oat Grain
and Oat Straw Production (197%)

6T

. b R
‘. a Crop Production’ Crop Yield Per Harvested Residue Production Residue Yield Per
ea Harvested (wet wt) Area (wet wt) (dry wt) Harvested Area
: (dry wt)
1000 acres 1000 hectares | 1000 tons 1000 Metric tons| tons/acre MT/hectares | 1000 tons 1000 Metric tons | tons/acre MT/hectare
South Atlantic
(continued)

S. Carolina 73 29 51 46 0.70 1.59 62 56 0.85 1.93
Georgia o0 36 65 59 0.72 1.64 79 72 0.88 2,00
Florida 1z 5 8 7 0.66 1.40 10 8 0.67 . 1.60
ES Central
Kentucky 10 4 7 6 0.66 1.50 8 7 0.80 1.75
Tennessee 30 12 19 17 0.64 1.42 23 21 0.77 1.75
Alabama 33 13 18 16 0.54 1.23 22 19 0.67 1.46
Mississippi 27 11 17 : 15 0.64 1.36 21 18 0.78 1.64
WS Central
Arkansas 60 24 48 43 0.80 1.79 58 52 0.97 2,17
Louisiana 8 3 4 4 0.53 1.33 5 5 0.62 1.67
Oklahora 120 48 - 64 58 0.53 1.21 78v 71 0.65 1.46
Texas 650 263 312 . 283 0.48 1.08 381 345 0.59 1.31
Mountain
Montana 250 101 170 154 0.68 1.52 207 188 0.83 1.86
Idaho 64 26 55 50 0.86 1.92 67 61 1.05 2,35
Wyoming 50 20 32 29 0.64 1.45 39 35 0.78 1.75
Colorado 42 17 31 28 0.75 1.65 38 34 0.90 2.00
New Mexico 0 0 0
Arizona 0 0 0 0 .0 0 0 0 0] 0
Utah 13 5 12 11 0.90 2.20 15 13 1.15 2.60
Nevada 3 1 3 3 0.88 3.00 4 4 1.33 4.00
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Tablz 2.7 (Con't) Statistics On Oat Grain
and DJat Straw Production (19751

Area Harvested®

. a
Crop Procuction

Crop Yield Fer Harvested

Residue Productionb

Residue Yield Per

Dry weight factor = 0.90

Residue factor

= 1.35

perived from Agricultural Ste-iscics, 1976, USDA (Eef. 2.2

Residue production (dry wt.) = crop production x dry weight x Tesicue factor

(wet wt) Area (wer wt) (dry wt) Harvested Area
(dry wt)
1000 acres 1000 hectares | 1000 tons 1700 Hetric tons| tons/acre MT/hectare |10-0 tons 1000 Metric tons | tons/acre MT/hectare

Pacific
Washington 45 18 37 33 0.83 1.83 45 40 1.00 2,22
Oregon 80 32 b& 58 0.80 1.81 78 71 0.97 2,22
California 113 4@ 96 87 0.85 1.89 117 106 1.03 2.30
Alaska 0 0 0 0 0 0
Hawaii 0 0 0 0 0 0
Total U.S. 13,609 5,507 10,47¢ 9,504 0.77 1.72 12,734 1 11,595 0.94 2.10
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Table 2.8 Statistics on Rye Grain and
Rye Straw Production (1975)

a
Area Harvested

Crop Productiona

Crop Yield Per Harvested

Residue Productionb

Residue Yield Per

(wet wt) Area (wet wt) (dry wt) Harvested Area
(dry wt)
1000 acr2s 1000 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectares| 1000 tons 1000 Metric tons | tons/acre MT/hectare

New England 0 0 0 0 0 0 0 0 0 0
Mid-Atlantic )
New York 12 5 10 0.84 1.80 18 16 1.50 3.20
New Jersey 7 5 0.70 1.33 9 7 1.28 2.33
Pennsylvania 16 13 12 0.81 2.00 23 22 1.44 3.67
EN. Central
Indiana 9 4 6 4 0.73 1.00 11 7 1.22 1.75
Illinois 17 7 10 9 0.62 1.28 18 16 1.06 2.28
Michigan 25 10 17 3 12 0.70 1.20 31 22 1.24 2.20
Wisconsin 15 6 9 5 0.59 0.83 16 9 1.07 1.50
Ohio 7 3 5 4 0.78 1.33 9 7 1.28 2.33
WN Centrzl
MisSouri 11 4 7 6 0.62 1.50 13 11 1.18 2.75
Minnesota 89 36 62 56 0.70 1.55 112 101 1.26 2.80
Iowa 5 2 3 3 0.67 1.50 5 5 1.00 2,50
N. Dakota 119 48 83 75 0.70 1.56 149 135 1.25 2.81
S. Dakota 102 41 65 42 0.64 1.02 117 76 1.15 1.85
Nebraska 55 22 31 28 0.56 1.27 56 50 1.02 2.27
Kansas 15 6 9 8 0.59 1.33 16 14 1.07 2.33
South Atlantic
Delaware 9 7 5 4 0.62 0.57 9 7 1.00 1.00
Maryland 11 4 8 7 0.73 1.75 14 13 1.27 3.25
Virginia 14 6 9 8 0.64 1.33 16 14 1.14 2.33
W. Virginia 0 0 0 0 0 0 0 0 0 0
N. Carolina 20 8 10 9 0.50 1.12 18 16 0.90 2.00
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Table 2.8 (Con't) Statistics on Rye Grain

and Ryz

Straw Production (1975)

a
Area Harvested

C-op Froduct;ona
(wer wz)

-

Crop Yizld Par Harvested
Area. (wet wt)

b
Residue Production
(dry wt)

Residue Yield Per
Harvested Area

(dry wt)
1000 acres 2000 hectares [1030 tcns  100) Mztric tons| tons/acre MT/hectare | 10CO tons 1000 Metric tons | tons/acre MT/hectare
South Atlantic .
(continued) A
S. Carolina 33 13 16 14 0.50 1.08 29 25 0.88 1.92
Georgia 105 42 44 40 0,42 0.95 79 72 0.75 "i1n
Florida 0 0 0 0 0 0 0 0 0 0
ES Central
Kentucky 4 2 3 3 0.70 1.50 5 5 1.25 2.50
Tennessee 2 1 1 1 0.48 1 2 2 1.00 2.00
Alabama 1} 0 0 0 0 0 0 0
Mississippi 0 ] 0 0 0 0 0 0
WS Central
Arkansas Q0 a 0 0
Louisiana 0 0
Oklahoma 36 14 19 13 0.53 0.93 34 23 ©.94 1.64
Texas 40 1€ 21 19 0.53 1.19 38 34 .85 2.12
Mountain
Montana 0 Q 0 0 0
Idaho 0 Q 0 0 0
Wyoming & 3 5 4 0.62 1.33 9 7 1.12 2.33
Colorado 22 ] 2 2 0.11 0.22 4 4 0.18 0.44
New Mexico 0 0 0 0 0 0 0 0 0 0
Arizona 0 0 0 0 0 0 0 0 0 0
Utah 0 0 0 0 0 0 0 0 0
Nevada 0 0 0 0 0 0 0 0 0
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Table 2.8 (Con't) Statistics On Rye Grain
and Rye Straw Production (1975)

a
Area Harvested

. a
Crop Production

Crop Yield Per Harvested

Residue Production

Residue Yield Per
Harvested Area

(wet wt) Area (wet wt) (dry wt)
(dry wt)
1000 acres 1000 hectares| 1000 tons 1000 Metric tons| tons/acre MT/hectare 1000 tons 1000 Metric tons| tons/acre MT/hectare

Facific

kashington ] 4 7 6 0.73 1.50 13 11 1.30 2.75
Oregon il 4 8 7 0.76 1.75 14 13 1.27 3.25
California D] 0 0 0 0 0 ’
Alaska 0 0 0 0 0

Hawaii 0 0 0 0 0

Total U.S. €la 329 505 458 .62 1.39 909 824 1.12 2.50

Derived from Agriculatural Statistics, 1976, USDA (Ref. 2.2 )

Residue production (dry wt) = crop production x dry weight x residue factor

Dry weight factor

Residue factor

= 0.72
= 2.50
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Tatle 2.9 Szztistics on Rice Grain aad
Rice Straw Production (1973)

) a
Area Harvested

Crop Productiona

Crop Yield Per Harvested

Residue Productionb

Residue Yield Per
Harvested Area

(wet w:' Area (wet wt) (dry wt) (drv wt)
1000 acres 1000 hectares | 1000 tons 1900 Hetric tons | tons/acre MI/hectare 2000 tons 1000 Metric tons| tons/acre MI/hectare
New England 0 0 0 0 0 (0} 0 0 ! 0 0
Mid-Atlantic | 0 0 : 0 0 0 0 i 0 0 ' 0 0
| !
t ! :
1 ? T H
EN Central 0 0 . 0 0 0 0 oo 0 0 0
! I .
H ] .
WN Central i 0 0 0 0 0 Q 0 0 0 0
Missouri 18 7 37 33 b 2,10 Loy 37 33 2.05 471
South Atlantic i i
i :
ES Central g ' |
Mississippi : 171 69 1 33z 302 F1.95 438 336 305 1.96 4.42
i
i- 1 i |
WS Central ; ' L ;
i . ! !
Arkansas i 882 557 | 2,00: 1,815 b 2.27 500 1 2,022 1,834 2,29 5.14
Louisiana : 658 166 | 1,25¢ 1,132 '1.90 L26 ' 1,262 1,145 1.92 4.30
H ] . . .
Oklahoma : 0 0 ! ¢ 0 i 0 0 : 0 0 0 0
Texas : 548 22 1,248 1,133 i 2.28 5.0 1,261 1,144 2.30 5.15
Mountain , 0 o ! ) 0 ; 0 ) | 0 0 ) 0
: i ’
Pacific I
‘ |
California 525 %2 1,522 1,380 2.990 6.50 1,537 1,394 2.93 65.57
U.S. Total 2,802 1,134 6,383 5,794 2.28 5.x1 6,459 5,852 L2030 5.16
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Table 2.10 Statistics on Grain Sorghum
and Sorghum Straw Production (1975)

. a
Area Harvested

a
Crop Production

Crop Yield Per Harvested

Residue Product ionb

Reside Yield Per
Harvested Area

(wet wt) Area (wet wt) (dry wt) (dry wt)

10C0 acras 1000 hectares| 1000 tons 1000 Metric tons | tons/acre MT/hectare 1000 tons 1000 Metric tons |tons/acre MT/hectare
New England 0 0 0 0 0 0 0 0 0 0
Mid-Atlantic 0 0 0 0 0 ’ 0 0 0 0 0
| EN Central
Indiana 18 7 32 29 1.79 4.14 20 18 1.11 2.57
Illinois 60 24 114 103 1.90 4,29 72 65 1.20 2.71
Michigar. 0 0
Wisonsir.
Ohio 0
WN Central
Missouri 490 198 740 671 1.51 3.39 466 423 0.95 2.14
Minnesota [¢] 0 0 0 0 0 0 0 0 0
Towa 26 10 45 41 . 1.79 4.10 28 26 1.08 2.60
N. Dzakota o} 0 0 0 0 0 0 0 0 0
S. Dakota 247 100 180 163 0.73 1.63 113 103 0.46 1.03
Nebraska 1,900 767 2,926 2,654 1.54 3.46 1,843 1,672 0.97 2.18
Kansas 3,430 1,388 4,047 3,671 1.18 2.64 2,550 2,313 0.74 1.67
South Atlantic
Delaware ] 0 0 0 0 0 0
Maryland ¢ 0 0 0 0 0
Virginia 14 6 14 13 0.98 2.17 9 8 0.64 1.33
W. Virginia 0 0 0 0 0 0 0 0 0 0
N. Carolina 85 34 121 108 1.43 3.18 76 68 0.89 2.00
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Table 2.10 (Con't) Statistics On Grain Sorghum
and Sorghum Strzw Production (1975)

,a
Area Harvested

Crop Production®

Crop Yield Per Harvested
Area (wet wt)

b
Residue Production

Residue Yield Per
Harvested Area

(wet wt) (dry wt) (dry wt)
1000 acres 1GO0 hectares| 1000 tons 1000 Metric tons | tons/acre MT/hectare 1700 tons 1000 Metric tons| tons/acre MT/hectare
South Atlantic
(continued)
S. Carolina 17 7 17 15 0.98 2.14 11 9 0.65 1.28
Georgia 47 19 47 43 1.01 2.26 30 27 0.64 1.42
‘IFlorida 0 0 J) 0 0 0 0 0 0 0
ES Central
Kentucky 21 8 33 34 1.82 4.25 24 21 1.14 2.62
Tennessee 26 10 35 32 1.34 3.20 22 20 0.85 2.00
Alabama 40 16 33 34 0.95 2.12 24 21 0.60 1.31
Mississippi 38 15 37 33 0.98 2.20 23 21 0.60 1.40
WS Central
Arkansas 200 81 273 248 1.37 3.06 173 156 0.86 1.92
Louisiana 28 1 25 23 0.92 2.09 16 14 0.57 1.27
Oklahoma 660 267 679 608 1.06 2.28 422 383 0.64 1.43
Texas 7,200 2,914 10,512 9,534 1.46 3.27 6,622 6,006 0.92 2.06
Mountain
Montana 0 D}
Idaho 0 D)
Wyoming d D)
Colorado 290 117 212 192 0.723 1.64 133 121 0.46 1.03
New Mexico 310 . 128 434 394 1.40 3.15 273 248 0.88 1.98
Arizona 165 63 313 284 1.90 4,23 197 180 1.19 2.64
Utah 0 0 D} 0 0 0 0
Nevada 0 0 D] 0 0 0 0 0
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Table 2.10 (Con't) Statistics on Grain Sorghum
and: Sorghum Straw Production (1975)

a
Arez Harvested

~ .a
Crop Production

Crop Yield Per Harvested

Residue Productionb

( dry wt)

‘Residue Yield Per
Harvested Area

Area (wet wt)
(wet wt) (dry wt)
1000 acres 1000 hectares] 1000 tons 1000 Metric tons | tons/acre MT/hectare | 1000 tons 1000 Metric tons | tons/acre WMT/hectare
Facific
Washington Q 0 0 0 0
Cregon 0 0 0 0 0
California 207 84 418 379 2.02 4,51 263 239 1.27 2.84
Alaska 0 0 0 0 0
Hawaii 0 0 0 0 0
Total U.S. 15,519 6,280 21,261 19,284 1.37 3.07 13,394 12,149 0.86 1.93
a

Derived from Agricultural Stazistic, 1976, USDA (Ref. 2.2 )

Residue production (dry wt.) = crop production x dry weight x residue factor

Dry weignt factor

Residue factor

0.4C
=1,57"

]
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Table 2.11 Statistics on Cotton and
Cotton Residue Production (1975)

a
Area Harvested

Crop Prcductiona

“top Yield Per Larvested

Residue Productionb

Residue Yield Per

{wet wt) Area (wet wt} (dzy wt) Harvested Area
(dry wt)
1000 acres 10G3 hectares [ 1000 tons 1000 Metric tens| tons/acre MT/hectare | 1000 tons 1000 Metric toms| tons/acre MT/hectare

New England 0 0 0 0 0 0 C 0 0 0
Mid-Atlantic

0 0 0 0 0 0 o 0 0 0
EN Central 0 0 0 0 0 0 Q 0 0 0
WN Central
Missouri 210 85 46 41 .22 .48 S& 49 .26 58
South Atlantic
Virginia 1 0 0.2 0.2 .17 0 0 0 0 0
N. Carolina 53 21 11 10 .21 48 13 12 .24 .57
S. Carolina 103 42 24 22 .23 .52 23 ] 26 .27 .62
Georgia 160 65 35 32 .22 .49 L2 38 .26 .58
Florida 4 2 0.7 0.6 .17 .30 [ 1 .25 .50
ES Central
Kentucky 1 0 0.1 0.1 .13 0 o 0 0 0
Tennessee 315 127 53 48 .17 .38 a3 57 .20 .45
Alabama 370 150 74 67 .20 .45 38 80 .24 53
Mississippi 1,100 445 253 ’ 229 .23 .51 © 371 272 .27 61
WS Central
Arkansas 680 275 163 148 .24 .54 154 176 .28 .64
Louisiana 310 125 84 76 .27 .61 100 90 .32 .72
Oklahoma 295 119 41 37 .14 .31 9 44 .17 .37
Texas 3,924 1,588 785 712 .20 .45 934 847 .24 .53
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Table 2.11 (Con't) Statistics on Cotton
and Cotton Residue Production (1975)

a
Area Harvested

olora
Crop Production

Crop Yield Per Harvested
Area (wet wt)

Residue Productionb

Residue Yield Per

Derived from Agricultural Statistics, 1976, USDA (Ref. 2.2 )

Residuz production (dry wt) = crop production x dry weight x residue factor

Dry weight factor

Residuz factor

0.50
2438

(wet wt) (dry wt) Harvested Area
(dry wt)
1000 acres 1000 hectares [1000 tons 1000 Metric tons| tons/acre MT/hectare | 1000 tons 1000 Metric tons | tons/acre MT/hectare

Mountain
New Mexico 98 40 19 37 .19 542 23 20 <23 +50
Arizona 298 120 152 138 +51 163 05 181 164 .61 1537
Nevada i 0 0.4 o | .36 0 0 0 0 0
Pacific
California 875 354 472 428 .54 121 562 509 .64 1.44
U.S. Total 8,796 3,560 2,023 1,835 .23 o 2,407 2,184 .27 .61
a
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their locations dictated by regional climatic conditions.

Farm Acreage

There is considerable variation in the size of farms in different
regions of the United States. Farm size and major crops produced are shown in
Table 2.12 according to state and region. Along the east coast and in most
of the central regions farms are relatively small averaging about 200 acres per
farm. Along the west coast farms are more like 500-600 acres per farm. The

largest farms are found in the mountain region and the west north central region

where farm acreage is in the thousands. The average farm size for the total

United States in 1977 was 393 acres/farm.

Availability of Crop Residues

Not all residues produced in the United States are available for
utilization as an energy resource. A national inventory of crop residues
in the field and at packing sheds (Ref.4) indicated that of the 322 million
dry tons of crop residue produced in the U.S. in 1975, 278 million are considered
available for utilization. The availability of the residues depends on the
efficiency of collection methods, seasonality of the crop and competition with

other uses for the residue.

Based on current technology and the efficiency of methods to col-
lecl residues, Lhe harvestability of individual crop residues has been reported
(Ref. 5). As shown in Table 2.13 only about 75% of most residues is considered

collectable.

The continuity of supply of crop residues is an important con-
sideration for evalﬁation of this biomass as an energy resource. Crop residue
production depends heavily on season resulting in a discontinuity of supply and
the necessity to either store the residue or to use large quantities immediately
after harvest and sustain long periods of zero production. According to the
residue inventory (Ref. 4), 87 of the crop residues are generated in the first

quarter of the year, 12% in the second quarter, 42% in the third quarter and
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Table 2.12 Farm size and major crops generating residues in the United 3States

€

Farm Size @
Average #f Farms wizhin Acreage Range (1974)
Acre/Farm 1000~ 2000-

State Major C:op Residues Avzilable (1977) 1-49 1 50~-99 100-139 200-499 500-999 1999 over
New England '
Maine Oat straw, vegetable residues 225 1,440 1,117 Sl 435 43 11 3
New Hampshire Vegetable residues 215 540 391 233 89 5 0 0
Vermont Vegetable residues 282 1,015 1,367 1,374 547 38 5 0
Massachusetts Vegetable residues 125 1,742 €26 358 119 14 4 1
Rhode Island Vegetable residues 96 228 79 2 1.7 2 0 0
Connecticut Vegetable residues 121 1,157 484 316 148 11 2 0
Mid-Atlantic
New York Wheat straw, corn residues, oat straw 196 8,238 8,542 3,856 4,664 591 97 11
New Jersey Wheat straw, corn residues, oat straw 130 2,450 1,091 799 527 136 22 3
Pennsylvania Wheat straw, corn residues, oat straw 139 11,844 11,967 8,653 3,363 310 47 11
EN Central
Indiana Corn & soybean residues, oat straw 170 19,575 16,082 14,213 13,751 Fga3l 521 50
Illinois Corn & soybean resicues, wheat straw 242 14,485 16,272 23,313 30,408 8,106 1,046 102
Michigan Corn residue, wheat straw 158 13,503 13,081 L0387 7,072 1,279 193 23
Wisconsin Corn residue, oat straw 191 14,786 23,185 23,562 9,995 827 148 44
Ohio Corn & soybean residues, wheat straw 150 20,792 18,131 14,699 11,395 2,311 351 25
WN Central
Missouri - Corn & soybzan residues, wheat straw 238 22,671 17,792 15,544 12,974 3,353 718 ol
Minnesota " Corn & soybzan residues, wheat straw 262 9,444 16,921 26,337 23,915 4,969 1,055 183
Iowa Corn & soybszan residues, oat straw 580 12,788 18,959 35,00 38,103 LAy 631 54
N. Dakota Wheat, barlsy, & oat straws 1,040 826 2,055 5,600 16,588 11,189 2,927 419
S. Dakota , Wheat straw, corn residue, oat straw 1,083 1,595 2,748 7,398 16,240 75321 141769 301
Nebraska i Corn & sorghum residues, wheat straw 706 4,261 7,369 15,308 23,601 5,928 1,095 210
Kansas ‘heat straw, corn & sorghum -esidues 636 7,454 10,331 14, 284 21,184 8,606 2,368 373
South Atlantic
Delaware Corn & soybean residues, wheat straw 197 838 538 470 396 154 51 9
Maryland Corn & soybean residues 166 4,294 2,236 2,048 1,437 342 110 21
Virginia Corn residue, peanut hay 153 18,406 5,369 3,04 2,037 456 86 D
W. Virginia Corn residue 179 3,259 1,465 664 206 29 3 0
N. Carolina Corn & soybean resicues, peznut hay 109 40,032 9,632 5,366 3555 €651 172 21
S. Carolina Corn & soybean resicues, peznut hay 166 i 8,327 3,287 2,112 1,780 598 247 55
Georgia Corn & soybean resicues, peanut hay 243 12,976 6,534 4,336 3,803 1,178 368 57
Florida Sugarcane -esidues 431 10,457 2,321 1,385 1,330 417 196 130
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Table 2.12 (Continued)

Farm Size?@

Avarage ##f Farms within Acreage Range (1974)
Acre/Farm 1000- 2000
State Major Crop Residues Available (1977) 1-49 50-99 100-199 200-499 500-999 1999 over
ES Central
Kentucky Corn & soybean residues 129 47,640 95731 4,680 2,442 573 143 18
Tennesseé Corn & soybean residues 124 29,219 7,568 345953 2,605 758 268 45
Alabama Corn & soybean residues, cotton trash, peanut hay 188 12,852 4,423 3,008 2,346 721 201 36
Mississippi Soybean residue, cotton trash, rice straw 205 11,000 3,982 2,547 2,508 1,385 794 280
WS Central
Arkansas Soybean residue, rice straw, cotton trash 258 10,271 4,176 3,047 35827 2,419 L;127 358
Louisiana Soybean & sugarcane residues, rice straw, 259 6,209 2,669 2,245 2,749 1,382 509 126
cotton trash
Oklahoma Wheat straw, peanut hay, sorghum residue 428 9,112 7,702 8,074 95135 3,719 929 119
Texas Sorghum & corn residues, cotton trash, wheat 124 26,342 14,291 13,354 15,404 7 5212 2,553 579
straw
Mountain
Montana Soybean & corn residues, wheat straw 2,678 1,539 2,157 35535 5,600 3,691 1,587 400
Idaho Wheat & barley straws 580 4,295 314857 4,109 3,573 1,408 614 193
Whoming Wheat & barley straws, sugarbeat residue 4,481 643 945 15554 L5739 588 199 48
Colorado Sorghum residue, wheat straw, cotton trash 1,362 3,057 2,894 4,093 4,800 2,402 829 259
New Mexico Sorghum residue, wheat straw, cotton trash 4,026 1,500 769 817 879 335 i 1 By 22
Arizona Cotton trash, wheat straw 5,643 997 376 361 488 345 169 85
Utah Wheat & barley straws, sugarbeet residue 1,032 2,893 2,067 1,576 1,036 206 89 st
Nevada Wheat straw 4,500 266 238 318 324 131 68 35
Pacific
Washington Wheat s:traw 415 8,009 2,770 25415 2,801 15 785 878 268
Oregon Wheat straw 600 6,328 2,667 2,205 25121 996 437 162
California Rice straw, vegetable residues, cotton trash 552 22,902 6,380 4,867 445138 1,977 1,071 556
Alaska Few available 5,700 86 37 22 17 1 1 iL
Hawaii Sugarcane residues 535 1,563 35 15 7 2 1 23
U.S. TOTAL Corn & soybean residues, wheat straw 393 476,096 300,056 314,862 317,834 100,358 26,827 5,816

2 From Reference 3




Table 2.13. Percentage of Aerial Residues Considered Ilarvestible
for Biomass Using Present Technology. (Reference 5)

|

Residue %ZHarvestability
Wheat straw 75
Corn residue 75
Soybean residue 50
Grain sorghum residue 85
Oat straw 75
Barley straw 75
Rye straw 75
Rire straw 90
Seed grass residue 100
Peanut hay 100
Sunflowers 85
Safflowers 75
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38% in the fourth quarter. The seasonality of residue availability is reflected
in variations in harvest schedules of crops grown in the Imperial Valley as illu-

strated in Figure 2.2.

Currently 757 of the residues produced in the United States are
returned to the soil for the purpose of fertilizing and conditioning the soil
and as a disposal method. This includes most of the herbaceous high moisture
residues. Only about 20% of the residues such as corn straw, sorghum residues
and almond hulls are used in other ways, primarily as feed for cattle. Small
quantities are used as bedding for animals and for making fiberboard. The
remaining 5% are burned or landfilled at a cost. This includes rice straw and
other grain straws, vegetaBle packing shed residues, cotton ginning wastes and

some nut hulls.

Plowing residues under the soil following harvest has proved to
be an effective method to control erosion, condition the soil for greater ab-
sorbance and to provide organic nutrients for utilization by future crops.
The impact that continuous remoyal of the aerial residues will have still re-
mains to be thoroughly examined. This effect should be a major factor in the

determination of availability of agricultural biomass sources.

The need for residues in the soil is site and crop specific,
and guidelines for determining the amount of biomass that can be removed
have not yet been established. A study of the problem and a detailed analysis
of residue removal on a regional basis is available for grains and grasses

(Ref. 5) and for corn (Ref. 7).

2o Feed Composition

The composition of the feedstock determines the availability of
components to the bacteria during digestion and consequently influences the
rate at which the conversion to methane and carbon dioxide takes place. Not
only will the bacterial population vary in composition with the composition
of the feedstock input to digesters, but the relative concentrations of the

different groups of bacteria would be expected to vary with the concentration
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Figure 2.2
Schedule of Planting and Harvest

of Crops in the Imperial Valley, California (Ref. 6)
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of feedstock added.

Digestion pathways for the major feedstock compoﬁents are shown
in Figure 2.3. Carbohydrates, protein and lipids are the essential components
for hydrolysis and fermentation to produce methane . Macronutrients must also
be available in the feedstock or added for digestion by microorganisms to take
place. The components of agricultural residues as reported in the literature

are shown in Table 2.14.

Carbohydrates

The largest constituent of carbohydrates in plant feedstocks is
the polysaccharide fraction, such as cellulose and hemicellulose. Cellulose
forms the bulk of cell wall material in higher plants, and, as such, is the

most widespread and abundant organic polymer.

Cellulose is an insoluble, linear polymer of at least 3000-8-D
(1 » 4) linked glucose residues. The enzymatic hydrolysis of cellulose depends
on at least three extracellular enzymes. The first group of cellulases (Cl)
may attack the cellulose fibres causing a loss of tensile strength and the pro-
duction of '"reactive cellulose'" (hydrocellulose). CX cellulases perform the
subsequent depolymerization to low molecular weight disaccharides (cellobiose)
and oligosaccharides. The third group of enzymes known as B-glucosidases, cata-
lyze the hydrolysis of these di- and oligosaccharides to glucose. Subsequent
utilization of the glucose is an intracellular event since glucose is small
enough to diffuse through the cell wall and semi—perméable membrane which sur-
rounds bacterial cells. - There are at least seventy species of bacteria, fungi,

actinomycetes and protozoa that have the capacity to split cellulose.

Researchers have found that the reactivity or enzyme degradation
of cellulose varies inversely with its crystallinity (Ref. 25). The relative
crystallinities of cellulosics as determined by x-ray diffraction (Ref. 26)

are as follows:
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Figure'2.3 LCigestion PataWways for the Major Feedstock Compoments.
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Residue Cellulose | Hemicellulose Lignin Lipids Protein Ash C H N o] References
Wheat Straw 50 8.02-18.071 1.25 2.71 4,3-11.0 { 43.0-53.4{ 4.2 1 0.988-4.5¢ &44.0 | 9, 10, 12, 14, 15, 16
Oat Straw 7.41 2.0 7.74 10.39 12
Barley Straw 52.7 29.2 13.8-15.5 5.5-10.8 43.0 6.0 0.5 45,0 | 10, 11, 13
Rye Straw 34.0-36.8 27.2 4.7-5.4 2.0 17, 18
Corn Husk 4.28 4.73 0.87 0.12 0.36 0.44 8
Corn Leaf 2.57 2.90 0.60 0.28 0.82 1.60 8, 10
43.5 6.0 1.5 44,5
Corn Stalk 18.54 12.77 5.66 0.92 1.99 2.54 8,10
Corn Cob 7.43 7.94 .1.58 0.49 0.60 0.30 8
TotaZ Corn Stover %2.8-40 28.34 8.71-15.1| 1l.41 3.77 4.3-4.88 8, 9, 11
Soybean Straw 31 17.5-20.1 5.1-6.0 9, 19
Soybean Hulls £5.8-52 17.7‘ 3.2 13.6 5.1 9, 20
Rice Straw Z2.1-38.0 3.7-12.5| 2.41 4.5-5.1-1 15.5-19.1 38.5 5.7 0.5 39.8{ 10, 12, 16, 21, 22,
23, 24
Rice Hulls 42 19.0 35.8 5.4 0.6 39.1( 9, 10
Total Cotton Gin Waste 1.3-6.1 47.3 6.0 1.6 39.0 10
Cotton Seed Hulls 60 23.31 1.51 5.53 3.25 9, 12
Tabkle 2.12 Ch;amical Compoisition of Crop Residues (e:?pressed'as a percentage of dry weight).




cotton linters (raw) 72.8

wheat straw 46.6
rice straw 43.3
cottonseed hulls 42.0
oat straw 38.7

Hemicellulose is a collective and somewhat imprecise term for a
group of polysaccharide materials having no structural relationship to cellu-
lose but from which they can be separated by alkaline extraction. These ma-
terials are a heterogeneous mixture of linear or highly branched polymers which
may contain L-arabinose, D-xylose, D-mannose, D-glucose, D-galactose, 4-0O-methyl-
D-gluconic acid and D-gluconic acid. They are subdivided into that fraction
which precipitates on acidification (hemicellulose A or cellulosans) and the
supernatant (hemicellulose B or acidi¢ hemicellulose). Hemicellulose A Iy pre=
dominantly composed of B-D (1 -+ 4) linked xylose units - described as xylan ,
and hemicellulose B is an uronic acid-containing pentose polymer. Plant ma-

terials ususally contain hemicellulose: cellulose in the ratio of 0.5:1 or 1:1.

The enzymatic hydrolysis of xylan bears obvious similarities to
cellulose breakdown. Xylonases depolymerize xylan to disaccharide (xylobiose)
which is subsequently hydrolyzed to its monosaccharide components by xylobiase.
A wide variety of microorganisms are involved in the total degradation of hemi-

celluloses - as would be expected by the large range of ‘substrates.

Next to cellulose and hemicellulose, lignin is the most abundant
constituent of organic materials of plant origin. Since lignin is difficult
to break down the rates of reaction are retarded with feedstocks high in lignin.
Digestibility is increased by separation of the lignin fraction from the cellu-
lose fraction, so that degradation of the latter can occur. Anaerobic bacteria

are not known to attack the lignin unless its chemistry is altered.(See Section

3.1.2).

Wood (Ref. 27) reports that cellulose, as it occurs in straw, is

not an ideal substrate for digestion in that the less crystalline regions are
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rich in lignin and hemicellulose and these substances have a pronounced effect
on the rate of enzymatic attack on the fiber. Therefore, pretrcatment is
needed before digestion. The lignin serves to shield or protect the cellulose
from bacterial degradation. Hobson et al. (Ref. 28) note that in its native
form in plant structure, or specialized constituents such as cotton fibers,
cellulose is highly polymerized. In addition the fibers may be coated with
wax or interlocked with lignin and other polysaccharides, thus shielding the

cellulose from bacterial attack.

Prasad et al. (Ref. 29) have shown that in the batch digestion
of cow dung with vegetable wastes such as sugarcane and groundnut shell, the
lignin-cellulose complex is more resilient to decomposition than the ligno-
hemicellulose complex: A holocellulose:lignin ratio of 2.87:1 resulted in a
5.72% relative decrease in cellulose but with a holocellulose:lignin ratio of

3.54:1 the relative decrease in cellulose was 9.417%.

In the enzymatic saccharification of cellulosic wastes Mandels
et al. (Ref. 30) concluded that substrates such as rice hulls, and fibrous cot-
ton were very resistant to saccharification (less than 5% saccharification at

50°C in 48 hours was obtained using the cellulase Trichoderma viride) because

of low available surface area, high erystallinity and in the case of rice

hulls, high lignin content.
Proteins

The protein component of most plant materials is low, usually
about 8%. In the digestion process proteins are hydrolyzed by extracellular
enzymes. The long chain polymers are broken down into small fragments such
as peptides and amino acids by proteases. A pure native protein, when present
in a medium as the sole source of carbon and nitrogen, is resistant to attack
by eveu the most proteolytic bacterial species. If, however, a small amount
of peptone is added to the medium multiplication of the organisms and degrada-
tion of the protein occur. This indicates that an extracellular enzyme is
necessary to convert the indiffusible protein into diffusible fractions. 1In

the absence of an available nitrogen and carbon source, the organisms are unable
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to multiply and elaborate this necessary enzyme. However, peptone can enter
the cell and stimulate the organisms to produce the necessary proteolytic en- _

zyme,
Lipids

Lipids in plant material are broken down to glycerol and long
chain fatty acids during digestion. Lipids consist of ftriglyrerides (esters
of higher fatty acids with glycerol), phospholipids, cholesterol, waxes and
fixed oils. The chain lengths of 16-18 carbon atoms are the most common com-
ponents of fa;s of animal and vcgctablclorigin these include the saturatéd
15H31COOH), stearic (C17H35
COOH). In addition fats and fatty acids of bacterial and fungal
COOH), propionic (CZHSCOOH),

acids, palmitic (C
acid (C

COOH) and the unsaturated oleic

17733
origin are not uncommon and include acetic (CH3
butyric (C3H7COOH) and a range of branched chain fatty acids (6-methyloctanoic,
phthoic). Lipase enzymes are responsible for the conversion of lipids to gly-
cerol and fatty acid. The enzyme is common in plants and also found in aerobic

and anaerobic organisms.

Nutrients

Macronutrients including carbon, nitrogen, sulphur and phosphbrus
are essential to sustain cultures of anaerobic bacteria; Sanders and Bloodgood
(Ref. 31) report a minimum C:N ratio of 16:1 necessary for anaercbic digestion.
Hill (Ref. 32) found that C:N ratios of between 20-52, 6:1 caused no deleterious
effects on the digestion process. Hadjitoti (Ref. 33) has shown that from 2
to 60 mg of nitrogen and from 1 to 10 mg of phosphorous per gm of cellulose
are required for decomposition. According to Helmers et al. (Ref. 34), the
phosphorus content in bacterial cells is 1.027%, while the nitrogen content
is about 8.0% and therefore the phosphorus requirement for bacterial ceil
synthesis is about one eighth the amount of nitrogen required. The levels
of nitrogen and phosphorus required to sustain decomposition vary with the

organisms involved but are generally of the same order of magnitude.
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Section 3

PRETREATMENT

Fuel gas production from crop residues can be enhanced by use
of a pretreatment process to produce water soluble molecular fragments.
The cellulosic fraction of the residue is broken down into simple wood
sugars. The complex benzene ring structure of the lignaceous fraction
of the residue is broken down into low molecular weight aromatic acids
and other organic fragments. These reactions can be carried out with a
high conversion of total carbon at temperatures of up to 150°C and cor-
responding pressures near 22 atmospheres. It is anticipated that a staged

reactor will be used for this conversion.

The first stage is conversion of both the cellulosic and
lignéceous fractions of the residue to simple compounds, largely wood sugars
and benzenecarboxylic acids. Anaerobic fermentation, the second stage, is
subsequen;ly carried out to produce methane. In the second stage an.entire
array of the simple molecular organic species is utilized and converted to
fuel gas. This bioconversion of pretreated organics takes place at a
temperature of up to 65°C and at atmospheric pressure. As with all anaerobic
fermentations, approximately 6% by weight of the organic feed, in this case
the water soluble aromatic acids and sugars, are utilized by the microorganisms
to grow additional cells. This‘biomass'is a potentially valuable by-product

as an animal feed.

Following is a technical discussion of the crop residues to fuel
gas bioconversion process, First is presented background on the primary
stage pretreatment reaction. Then a discussion of the second stage fermenta-

tion of pretreatment products to methane is given in Section 3.2.
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3.1 Conversion of Crop Residues to Simple Fermentable'Compounds by

Aqueous Alkali Oxidation

The concept for the first stage reaction is the conversion of both
the cellulosic and the complex aromatic structure or lignaceous fractions
of crop residues to simple water soluble compounds, readily fermentable to
methane. Conversion of residues to simple fermentable compounds by aqueous
alkali oxidation is based on experimental work with wood and with coal, For
this systems evaluation a discussion of cellulose treatment techniques and

methods for treating lignaceous material such as coal are pertinent.

3.1.1 Related Background on the Utilization of the Cellulosic Fraction of

Crop Residues

_ There are many references in the literature relating to experiments
on the hydrolysis of cellulose. Many of the early workers carried out experi-
ments on cellulose acid hydrolysis in strong acid and at low temperatures -
usually fuming hydrochloric acid or 507% and stronger sulfuric acid and at
ambient temperatures or below. In 1945, Jerome F. Saeman of the U.S. Forest
Products Laboratory, Madison, Wisconsin carried out a classic investigation
on the hydrolysis of cellulose in dilute acid ard at high temperature (Ref.35 ).
This work of Saeman's was a part of the program antharized by the War Production
Board to develop a commercially practical method for .the conversion of wood
to sugar by acid hydrolysis and the subsequent anaerobic fermentation of the
sugar to ethyl alcohol. Unfortunately, in this work no study was made of
sugar de-composition products, attention being solely confined to the factors
affecting the disappearance of the sugar. As a result, no quantitative esti-
mate can be made of the potential conversion to methane of the many soluble
fragments formed in these experiments. Later work by Harris (Ref. 36 ) showed
that potentially fermentable organic acids could be created through acid hy-

drolysis.

Treatment of lignocellulosic materials with alkali, on the other
hand, has been found to improve the biologic¢al availability of the cellulosic

fraction of these materials, increasing both the rate and extent of enzymatic
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breakdown. This phenomenon has been conclusively demonstrated for a wide
variety of lignocellulosic substrates, as measured by such criteria as in-
creased ruminant weight gain on treated material, and by various in vitro
measures of digestibility. Table 3.1 surmarizes results of some alkaline
pretreatment studies, in terms of substrates, treatments employed, and re-
sulting improvements in digestibility. It is clear from Table 3.1 that

the increases in digestibility obtained with alkaline pretreatment are sub-
stantial for every material tested. It is therefore pertinent to review the
mechanism of alkaline pretreatment with reference to the chemical stoichiometry

and kinetics of changes occurring in treated substrates.

Resistance to microbial degradation is obviously to the advantage
of any plant. All plants have to a greater or lesser degree evolyed
structurally in ways which confer resistance to attack by microorganisms.
The effectiveness of alkaline pretreatment results from its ability to dis-
rupt native plant structure both physically and chemically so that the digestible
structural components of the plant, mainly cellulose and lignocellulose,

become more accessible to enzymatic breakdown.

Complex chemical and physical changes occur on treatment of wood fibers
with alkali. Chemical changes in wood have been studied extensively, parti-
cularly by Tarkow and co-workers (Ref. 37 ). Upon treatment of woods with
mild alkali, the first and most rapid reactions occurring are the scission or
saponification of acetic acid from the acetyl esters of xylan (polypentose
fraction of wood) and the hydrolysis of methoxyl groups as methanol from the
methyl esters of xylan and the phenolic moieties of lignins. These phenomena
are accomplished by the appearance of free acetate ion and methanol in solution,
which can be assayed chemically, previding a convenient means for measuring
the extent of reaction. In addition, other ester bonds which crosslink cellu-
lose, hemicellulose and lignin, are hydrolyzed. The scission of the esteric
crosslinks has been demonstrated By increased calcium ion exchange ability

of the alkaline treated wood (Ref.38 ). Macroscopic physical changes



Table 3.1

Effect of Alkaline Pretreatment on Bioconversion of Various Substrates

Bioconversion Bioconversion
_ Treatment Without With
Reference Substrate Criterion of Bioconversion Employed Treatment Treatment
Bellamy ¢41) Feedlot waste Growth of single cell protein 0.05M (0.2%) 15-20% 74-81%
fiber from on fiber; reductions of NaOH & hrs (cellu- (cellulose
manure cellulose by organisms and 20 hre at 1looe utiliscd)
23°¢C utilized)
Moote  (41a) Aspen pulp Solids reduction in the 17 NaOH "10% 50%
et al ) presence of cellulose 1 hr
enzymes n°e
Ghose i Jute fibers Solids reduction in presence 1% NaOH ~5% 80%
et a1 (410) of Rumenococcus culture 1 hr
100 °cC
Dunlap (41¢) 15 different Reduction in cellulose by 10X NaOH Average 85% increase in
lignocellulosic rumen organisms 1 hr digestibility for 15 sub-
substrates 30°c strates
Wilson and Wheat straw Solids reduction by- 5 grams NaOH 33% 63%
Pigden {42) rumen fluid 100 grams straw
2-3 weeks
~20°¢
Wilson and Wheat straw Solids reduction by 7 _gms NaOH 33% 80%
Pigden 4d) rumen fluid 100 gms atraw
2-3 weeks
~20°C
Wilson and Poplar wood Solids reduction by 3 grams NaOH 5% 20%
Pigden (42) rumen fluid 100 grams wood
2«3 weehs
~20°C
Wilson and Poplar wood Solids reduction by 1 _grams NaOH 5% 50%
Pigden (42} rumen fluid 100 grams wood
2-3 weeks
.20°C
Stranks (41d) Wheat straw Gas evolution‘during 5% NaOH 60% increase in rate of gas
digestion by rumen 18 hours evolution with treatment
fluid . 20°C
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which occur in the wood have been extensively documented (Refs. 37,39). It is
sufficient to state that the over-all effect of treatment is to cause a ''break-
ing up" of the wood fiber structure allowing greater access by enzymes and
greater digestibility. Evidence for increased accessibility to high molecular
weight materials is given by Feist,_EE_gl;(Ref.‘ao) who showed increasing

permeability of wood to a series of well-characterized polyethylene glycols

of increasing molecular weight.

It is pertinent to note that when the above-mentioned changes
reach completion, digestion appears to reach a ceiling and cannot be increased.
For example, Bellamy (Ref. 41) found no increase in digestibility when the
time of pretreatment of feedlot waste fiber with 0.27% NaOH was increased from
4 hours to 20 hours, although NaOH was present in excess. Wilson and Pigden (Ref. 42)
found no increase in digestibility for either wheat straw or poplar wood when
the concentration of NaOH was increased above 7 grams per 100 grams of material,
although digestibility increases were linear with alkali addition below this
level. The digestion ceiling pbtained for cellulose with alkaline treatment
is generally 70-90%, although solids reductions are of course lower depending
on the lignin content of the material. When treatments are more severe,
significant destruction of the hemicellulose fraction of wood occurs, as has
been amply demonstrated in paper pulp manufacture (Ref. 43.). This may also
be accompanied by formation of toxic byproducts (Ref. 44 ). Hence, it appears
that a fairly mild degree of alkaline pretreatment is effective, and that

over-treatment may be either of no benefit or harmful.

Although the physiochemical changes in plants other than. wood have
mnot been investigated thoroughly, it is probable that the mechanism is similar. namely
an opening ub of structure and increased accessibility to enzymatic attack. -
The increases in digestibility for alkaline treated wheat straw, jute, and

bagasse seem strong evidence for this.
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The stoichiometry and kinetics of alkaline pretreatment in combina-
tion with the resulting increases in digestibility determine the economics.
The total alkali requirement is largely dictated by the number of free carboxyl
groups created when the required saponification reactions go to completion.
Tarkow and Feist (Ref.37 ) have shown for treatéd sugar maple that the alkali
required to neutralize the carboxyl groups freed on the xylan chains amounts
to 23 meq/100 grams, and that required to neutralize the acetate is about
110 meq/100 grams, for a total of 133 meq/100 grams of wood. Hence the amount
of NaOH (equivalent weight = 40) or of Ca(UH)2 (equivalent weight = 37) to éarry
out complete saponification and attain maximum digestibility of maple wood
would be about 5% of the wood weight. The data of Wilson and Pigden (Ref.42)
indicate that 7% NaOH based on the weight of wheat straw or poplar wood gave

maximum digestibility.

The kinetics of saponification appear to be quite rapid. Tarkow
and Feist (Ref.37 ) show that saponification of maple wood was essentially
complete at the end of 3 hours in the presence of 0.5% NaOH. Saponification
time varied inversely with base concentration, indicating a first order
reaction with respect to hydroxyl ion. Similarly, the data of Bellamy indicated
that maximal digestibility of feedlot waste fiber was attained in the presence
of 0.2% NaUOH at the end of 4 hours. On the basis of these limited kinetic
data, it appears that required saponification reaction§ could be completed
in less than 1 day at 37 - 40°C in the presence of a sufficient quantity of

a sparingly soluble alkali such as slaked lime (solubility = 0.1%).

3.1.2 Related Background for Aqueous Alkaline Oxidation of Lignin in Crop Residues

There is a long background vl sclentific experimental work on the
aqueous alkaline oxidation of the type of lignin material found in crop residues
in order to.produce simple water soluble organic compounds. Much of the experi-
mental work on the aqueous oxidication of coal is directly related to the lig-~
naceous fraction of crop residue pretreatment process; for this reason this work
is reviewed. The work may be divided into several historic areas which lend to

the technical discussion. Early work was carried out from the time of the
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First World War, in Germany, largely, as well as in the United States, and

up to the time of the Second World War. This is well documented and reviewed
by H.C. Howard (Ref. 45). Additional experiments on alkali oxidation of
lignaceous materials such as coal were continued after the war and into the
1950's by the Coal Research Laboratory of Carnegie Institute of Technology,
where most American work in this area has been conducted. Also, Dow Chemi-
cal Company had a pilo; plant for production of chemicals from coal.

This American work did not continue, apparently due to the overwhelming growth
of the petrochemical business after the war and the impact of this growth

on the potential for coal chemicals. However, during the 1960's some interest
in Japan in the potential for chemicals from coal resulted in initiation of
an experimental.program in aqueous alkaline oxidation of coal. At the same
time, and continuing through today with very intensive iﬁterest, there has

been Russian work in this area.

3.1.2.1 Early Experimental Work

The most significant results obtained in studying the breakdown
of lignaceous material such as coal by oxidation reactions have been those
obtained in experiments with alkaline media. It has been shown that over
80% of typical lower rank coals can be recovered in the form of water-soluble
compounds. Experiments on lower rank coals such as lignite are of special
interest in evaluating the potential for application of such processing
techniques on the lignaceous fraction of crop residues. Work in this area
was first carried out by Fisher, et al. (Refs. 46,47, 48 ). To a large
extent this early work was done to establish the presence of aromatic
structures in bituminous coal. Substantial amounts of benzenecarboxylic
acid were obtained when coal was reacted with 2.5 N Na2C03 @ 200°C followed
by a 400°C '"pressure/heating treatment." The amount of aromatic acids in-
¢reased substantially with this treatment, as would be expécted. Of special
interest in the earlier work in this area is that oxalic acid and acetic
acid were also identified in meaningful quantities (Ref. 49 ), along with
the benzenecarboxylic acids, indicating that the aromatic acids separated
from the coal structure were also subsequently cleaved in the reaction,

This suggests the possibility of a continuous plug flow reactor or of a
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staged reactor with programmed temperatures and pressures thfoughout the

length in order to optimize the conversion.

Smith, et al.(Ref. 350 ) carried out the detailed analysis
of the alkaline hydrolysis of a Pittsburgh bituminous coal. Several other
types of coal and carbonaceous materials were also evaluated, ranging from
an Illinois bituminous coal to anthracite and also graphite. It was found
that with the lower rank coals a significant fraction of the carbon was re-
covered as simple organic acids. From the materials of rank higher than a
low temperature coke, however, decreasing recoveries of organic acids were ob-
tained. The organic acids obtained, at temperatures of 200 to 250°C, were )

oxalic, trimellitic, pyromellitic, prehnitic, and terephthalic acids.

Overall; this earlier work clearly demonstrated the feasibility
of obtaining low molecular weight organic aromatic acids from coal by aqueous
alkaline oxidation. The work especially points to utilization of lower rank
coals such as lignite. Further projection of this work indicates that the
lignaceous fraction of crop residues would be a highly suitable feedstock
for such a processing technique if the subsequent bioconversion resulted
in a significantly higher fuel gas yield to 6ffset higher cvapital and vperating

‘costs.

3.1.2.2 Post Second World War American Work

"In a 1951 publication (Ref.51 ) from the Coal Reseérch Labaratory
of Carnégie Istitute of Technology alkali treatment of bituminous coal
was described. A 127 by weight suspension of 100 mesh coal in a 36% sodium
hydroxide solution was treated with oxygen at a pfeSSurelof 60Aatmospheres
at 270°C for up to 3 hours. The yield of mixed organic acids recovered was
approximately 607 by weight of the bituminous coal charged. These acids
ranged in molecular size from the simple aliphatic acids, acelic and vxalic,
througnh the benzene-carboxylic series to water-soluble polycarboxylic aro~
matic acids of size larger than the benzene ring. Dark-colored alkali-
soluble, acid-precipitable "humic acids" (Ref.51 ) of undetermined structure

were also recovered.
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Franke, et glf(Ref. 52 ) reported on extensive continuation
of the above work (Ref.53 ). This work included small pilot plant (150 1b
batches of coal) experiments. Also, the preliminary design of a plant for:
producing "coal acids" from 30 x 106 pounds/year of coal was discussed.
It is of interest to note that reaction conditions for these larger scale
aqueous alkaline oxidation experiments were 'standard" at 270°C and 60 at-
mospheres. A bituminous coal was used. As with the earlier work (Ref.51)
oxalic acid and acetic acid were formed, as well as benzenecarboxylic acids.
Approximately one-third of the recovered products were identified as certain
benzenecarboxylic acids. For chemical production these pure compounds need
. to be separated; however, for anaerobic fermentation to methane essentially
all simp}e organic molecular fragments from the reaction will be readily

utilized.

Dow Chemical Company (Ref.5%4) carried out experiments following
very closely the work of Howard's group. Overall the goal was to‘produce
organic acids from coal. Utilization of alkali from Dow's chlorine pro-
duction faéilities waé another incentive for carrying out these exﬁeriments.
The major component from the coal oxidation was a light-yellow colored
water-soluble mixture of aromatic acids. The average molecular weight of
these '"coal acids" was 270. While sepafation of these acids into individual
components was found to be difficult, no separation is required for fermenta-

tion.

In a subsequent paper (Ref. 55) by the group led by H.C. Howard
the first interest and experiments on a subbituminous coal were reported.
Specifically, the reaction with aqueous alkali on a Wyoming subbituminous
coal was studied in a batch reactor over a temperature range of 200-425°C
at alkali (NaOH) concentrations from 1 normal to 66% by weight and in an inert
atmosphere. By some rather preliminary experiments, the conditions selected
as "optimum" fof degradation of the Wyoming subbituminous coal were 250°C,
5N NaOH, and a 24 héur reaction time. It should be noted that the conditions
described may Be not optimum. Further, breakdown of the lignaceous fraction
of crop residues to many fragments of moderate molecular weight for anaerobic

digestion may require conditions other than presently documented for coals.
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A theoretical result from these experiments which may have
practical merit for crop residues is that the enrichment in oxygen and
hydrogen of the products from the coal took place by reason of the reaction
of the coal with the water. That is, based on the yields and compositions
of the products formed, it was found that excess oxygen and hydrogen were
in the ratio of approximately 8:1. Had the reaction yielded oxygen to hy-
drogen in the ratio of 16:1, then theAhydroxyl groups present in the alkali
might have contributed to the conversion. Tt is congluded thar the reacticon
is catalyzed by the alkali aﬂd that the alkali does not contribute quanti-

tatively in the reaction.

3.1.2.3 Recent Japanese and Russian Experimental Programs

In the early 1960's, a number of papers (Refs. 56,57,58,59)
were published by Yashia Kamiya on the aqueous alkali oxidation of Shikamachi,
a Japanese bituminous coal. The purpose of this series of experiments was
to obtain optimum yields of benzenecarboxylic acids. For an oxygen-enhanced
oxidation at 250°C in aqueous sodium carbonate the following products were

obtained (Ref. 57 ).

Products % of Coal Carbon
Aroﬁatic Acids 37.2
Oxalic Acid 4.0
Water-Insoluble Acids 5.1
Carbon Dioxide 49.8
Residue 1.2
97.3

The aromatic acids formed were later (Ref. 58 ) separated - about 45% of
the aromatic. acids were benzenecarboxylic acids or about 267 of the original

bituminous coal reacted.
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Later Kamiya (Ref. 59 ) carried out the partial decarboxylation
of the aromatic polycarboxylic acids as a means of complete recovery and-
separation of potentially valuable components from the coal oxidation products.
Subsequently, experimenté were carried out (Ref. 56 ) to specifically form
benzenecarboxylic acids from aromatic compounds by further oxidation in

alkaline media.

It is pertinent to consider the application of these expériments
to crop residues for the continuous production of soluble organic compounds
suitable for bioconversion to fuel gas. A plug flow reactor or a series of
staged reactors may be considered in which the residue fragments initially
broken down may be bioconverted to fuel gas. It is anticipated that wood
sugars will be the initial breakdown products from the cellulose in the resi-
due. Subsequent reactors, each at increasingly more severe conditions, may
result in continuous breakdown of the more complex lignaceous structure of
the residue. Overall then, rather than a spectrum of products from carbon
dioxide, to wood sugars, to heavy polyaromatic acids, as with a batch reactor,
it may be anticipated that the proper eﬁgineering design will result in a
less broad spectrum of products yielding larger amounts of wood sugars and
the low molecular weight benzenecarboxylic acids and minimal amounts of -higher

molecular weight aromatic acids.

It has been seen in the above review that the American work on
aqueous alkali oxidation of coal, directly related to the lignin in crop resi-
dues.: has been carried out largely under the direction of H.C. Howard in Pitts-

burgh. However, perhaps the most intensive work in this area has been carried

out only recently by the Russians. A search in Chemical Abstracts from 1962
thru 1973 revealed thirty-five Russian publications. T.A. Kﬁkharenko is the
leading author among these many publications. Overall, the following progress
is evident: a) lower rank coals including lignite have been studied under
aqueous alkaline oxidation conditions, b) reaction conditions are being care-
fully defined with the goal of optimizing production of benzenecarboxylic acids,
¢) reactor design concepts are being evaluated - a two stage plug flow reactor

is of current interest to the Russian workers.
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In a recent article, Kukharenko (Ref. 60) reports that nearly
complete (74 to 100%) conversion of coal into a soluble form has been obtained.
From 407 to 78% of the products are carboxylic acids. It is interesting that
up to 30% of this product acid mixture is oxalic acid. The two-stage process,
using either NaOH or KZCO3, is conducted at up to a temperature of 270°C.
Unfortunately, no reaction kinetics are presented on which to base reactor
design and scale-up. There appears to be a very strong continuing interest
in Russia in the production and recovery of aromatic acids from lower rank

coal.

Tn addition to oxidative reactions with coal, several studies
have been made of lignin decomposition with gaseous oxygen under alkaline
conditions (Refs. 61, 62 ). The yields after the alkaline-oxidative reaction
indicage the formation of acidic materials. Grangaard at Kimberly-Clark Corp.,
Neenah, Wisconsin (Refs. 63,64 ) reports that various types of lignin can be
almost completely degraded by oxygen in an alkaline solution to yield reaction
products that contain 80% acetic, formic, and oxalic acids, readily digestible

by anaerobic microorganisms,

3.2 Methanogenic Fermentation of Water Soluble Organic Compounds from

Pretreatment

As described above, the first stageé of this process is to convert
crop residues into simple water soluble benienecarbogylic acids and wood sugars
by an aqueous alkali oxidation process. The second stage in the overall residues
to fuel gas conversion is the anaerobic fermentation of these benzenecarboxylic
acids and wood sugars to methane and carbon dioxide. The anaerobic conversion
of sugars to methane has been carried out using C-14 labeled tracers at hath
mesophilic and thermophilic conditions (Ref. 65 ). Further details of wood
sugar bioconversion are given in the textbooks (Refs. 66,67 ). More discussion,
however, is required with respect to anaerobic conversion of possible aromatic

compounds obtained from pretreatment of the lignaceous fraction of crop residues.
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3.2.) Anaerobic Conversion of Aromatic Compounds

Clark and Fina (Ref. 68) carried out experiments to demonstrate
that benzenecarboxylic acid could be anaerobically fermented. Using sewage
sludge digester effluent as the methane producing microbial culture, yields
of product gases as high as 90% of the theoretical yield were obtained.
Benzoic acid was the only fermentable carbon source supplied to the fermenter
flasks. It was aiso demonstrated during these experiments that as long as
this aromatic acid was addéd, the culture would yield methane and carbon dioxide.
It was found that varying amounts of gas could be obtained by increasing or
decreasing the concentration of the benzoic acid feed. In a fermenter éonvetting
daily 80 - 90% of the substrate fed every 24 hours, withholding feed led to a
rapid depletion of the substrate in the fermenter‘and a corresponding cessation
of gas production. It was further found that if more behzoic acid was then
added that the gas evolution started again almost immediately. The product
gases from this anaerobic fermentation of benzoic acid were énalyzed to be
42 .57 CQZ/57.5% CHA and 46.9% C02/53.1% CH4 (the data reported from the two
fermenters tested). Clearly, the rapid conversion of simple aromatic acids

’
/

at high yields was established.

Earlier Tarvin and Buswell (Ref.69 ) reported the complete iLio-
conversion to methane and carbon dioxide of benzoic, phenylacetic, hydrocin-
namic, and cinnamic acids. Here too, the culture of microorganisms was obtained
fromAa sewage sludge anaerobic digester. Bioconversion of benzenecarboxylic
acid was to 54.5% CH4/45.5% 002 for the two experiments reported. 7The percentages
of CHA/CO2 in the gas mixture produced in the anaerobic fermentation of
phenylacetic, hydrocinnamic, and cinnamic acids were 58/42, 60.5/39.5, and

58/42 respectively

The above cited production of methane and carbon dioxide from
benzoic acid by anaerobic fermentation was the first reported in the literature.
Except for this early work of Tarvin and Buswell and later confirmation
by Clark and Fina (Ref. 68 ), it had been considered by all other investigators
that the aromatic ring could not be cleaved and then fermented unless oxygen

was present. Fina and Fiskin (Ref.70 ) later carried out detailed radioactive
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tracer experiments showing explicity that benzoic acid was converted to
methane and carbon dioxide in a fixed ratio with a conversion efficiency of
greater than 95%. Further, on a theoretical basis, they postulated that
the anaerobic bioconversion proceeded by a different metabolic pathway than

when done aerobically.

With respect to possible metabolic pathways of aromatic compounds,
the historic study on the anaerobic conversion of phenanthrene by Rogoff and
Wender (Ref. 71 ) is pertinent. Experimeﬂts were conducted with pure cultures
of bacteria obtained through a soil enrichment techhique and capable of
utilizing phenanthrene as a sole carbon source. The following possible path-

way was presented (from Ref. 71 ):

OH
OH
CO0H
- ——————
— COOH

Phenanthrene l-Hydroxy-2-Naphtholc Acid Salicylic Acid
///’\\\_____OH
e
ol —_— C0, + H,0
AN
Catechol

Evans (Ref. 72 ) has also presented possible pathways for the
oxidative bioconversion of aromatic compounds. Evans points out that the
distinctive biochemical step is ring cleavage, although he postulates that
enzymes first convert the aromatic substrates into an ortho or para dihydro-

xyphenol derivative prior to cleavage of the ring to aliphatic acids.
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While it is clear that the pathway for the anaerobié breakdown
of the aromatic ring is different and quite distinct from the aerobic pathway
the foregoing postulates are helpful. Indeed, Taylor EE.él-(Reft73 ) isolated
a bacteria that utilized a range of aromatic compounds either aerobiéally or
anaerobically. This facultative anaerobic microorganism converted p-hydroxy-
benzoate within approximately 18 hours. The pathway for the fermentation of

benzoic acid was given as (Ref.73 ):

C00H COOH
COQH OH
@/ +3H,0 # 0
- -2 [H]
HO - 1O
0" OH

Benzoic Acid "Trihydroxycyclohexane Dihydroxy
CO0H carboxylic acid cyclohexan-2-one-1-
carboxylic acid
+ H20 CO0H
——— —- CO2 + H20
HO
OH

dihydroxy pimelic acid

(poeitiong of hydroxyl groupe arbitrarily assigned)
¥l B y g

It was only in 1969 that Nottingham and Hungate (Ref.74 ) established
clearly that molecular oxygen was not necessary for biological cleavage of the
benzene ring. In their experiments benzoic acid was converted to methane and
carbon dioxide under stringently anaerobic conditions. Specifically, methane was

found to constitute 59, 52, 59, and 58% . of the product gas in the experiments
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presented. This is in reasonably good agreement with the 62.5% theoretical yield
6f methane if benzoic acid is converted to methane and carbon dioxide without the

participation of other substrates. The overall stoichiometry of the reaction is:

4 C_H CO, (Benzoic acid) + 18 H20 > 15 CH, + 13 CO

66 2 2

Some of the most recent work on anaerobic fermentation of aro-
matic compounds appears to be that done under the direction of McCarty at
Stanford University (Ref. 75). Here the objective is heat treatment of muni-
ciple refuse for increasing anaerobic biodegradability. Alkali treatment at
up to 250°C has been found to be most effective in increasing bioconversion
to methane. As a part of these studies, selected aromatic compounds expected
to be formed from the treatment of lignin, were evaluated. Specifically, ben-
zoic acid, p-hydroxybenzoic aéid, protocatechuic acid, and vanillin were found
to be readily converted to methane. These promising results give encouragement
that lignocellulosic fractions of wood-like materials such as crop residies

may be fermented to methane following suitable alkaline treatment.

3.2.2 Supporting Studies on Ring Cleavage

Tt is important to point out studies uu Lhe aunaervble fermemration
of rather complex plant formed aromatic compnunds, such as bioflavonoidc.
In 1969, Cheng, Jones, Simpson and Bryant (Ref, 76) presented experimental
results on the first recorded demonstration of the degradation af the heterocyelic
ring structure of rutin and other bioflavonoids in pure cultures of anaerobic

bacteria. The complex structure on some bioflavonoids is given below (Ref, 76):

CH

CH 0
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Quercetin R=H Naringin R, = Rhamnoglucose

1
Quercitrin R= Rhamnose _
R2 = -H
Rutin R= Rutinose
R3 = ~OH
Hesperidin Rl = Rutinose
R2 = -0OH
R3 = —OCH3

Structure of Some Bioflavonoids

This work showed that microorganisms (isolated from bovine rumen)
are capable of rapid anaerobic degradation of the heterocyclic flavonoidl
glycosides rutin, quercitrin, naringin, and hesperidin. Several strains of
rumen bacteria which actively hydrolyzed.the glycosidic bond of rutin also
degraded the aglycone. In more recent experiments the products produced by
the anaerobic degradation of naringin were identified. Specifically, the
postulated pathwgy for the anerobic degradation of naringin is given by
(Ref. 77 ). o

HO

+ 2H

Oﬂl 0 Naringin

Naringenln [j:]::: ,
H

+ H,0 Neohesperidose

Cw

OH

s+
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Further anaerobic fermentation to methane and carbon dioxide occurs following

this breakdown of the more complex structures.

Supporting studies on the anaerobic fermentation of other complex
ring compounds are of value. For example, Evans, et al.(Ref. 78 ) carried out
experiments to determine the bacterial metabolism of 2,4-dichlorophenoxyacetic
acid, one of the most widely used of the hormone herbicides. Postulated path-
ways showing the cleavage of the benzene ring were presented. In a similar
manher the biosynthesis and degradation of catechol in plants has been reviewed
(Ref. 79 ). Willetts and Cain (Ref.80 ) presented results on the microbial
metabolism of several alkylbenzene sulphonates, the major components of com-
mercially marketed detergents. While an oxidative conversion, this work
further supports other studies that microbial cleavage of an array of aromatic

compounds is feasible.

It is of value to note the anaerobic conversion to methane of
those organic acids such as acetic acid that may be formed when the benzene
ring is cleaved in the first stage alkali oxidation step. While aromatic
-acids will be present in the product stream from the first stage of the pro-
cess, there will also be produced substantial amounts of low molecular weight
acids. McCarty and Vath (Ref. 81 ) carried out experiments using both acetic
acid and butyric acid as the sole organic substrate to anaerobic fermenters,
along with sewage sludge digester effluent as nutrient. They found that maxi-
mum rates of acetic acid and butyric acid utilization were 21.9 and 13.3 gm/liter/
day, repsectively. Moreover, over 99% of the acetic acid (the only total con-
version reported) was converted to methane and carbon dioxide. These above
rates of fuel gas production for a water soluble organi¢ acid are almost ten
times greater than the maximum rates obtained for complex industrial and muni-
cipal wastes. Close control and maintaining optimum environmental conditions
for growth of the microorganisms was cited as the basis for these high con-
version rates of acetic and butyric acids. These workers (Ref.81 ) further
state that there appears to be no practical limit to the possible rate of
volatile acid fermentation to methane when proper environmental conditions

are present.
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3.3 Temperature Pretreatment

By subjecting organic materials to excessively high or low
temperatures, chemical bonds are broken down to yield a product which is more
easily susceptible to hydrolytic activity during anaerobic digestion. Methods
used for temperature pretreatment include boiling, steaming and f;eezing. Many
industrial wastes have already been thermally treated during normal processing
(Refs. 82, 83 ) and require no further heat treatment. However, in those
organic materials which have not been subjected to temperature changes a re-
duction in both strength and degree of polymerization is possible. Heat treat-
ment has also been applied by steaming lignocellulosic residues including straw
(Rels. 84-90 ) and wood (Refs. 91 — 9Y4), Muller found that steam pretreated
hardwoods are more easily digested by ruminates than treated softwoods (Ref. 95 ).
Bender and co-workers (Refs. 93,94) have demonstrated that aspen chips steamed
for 2 hours at 100-115 psi are readily accepted by sheep at up to 60% of the

total ration.

Work on aqueous oxidation of lignocellulosic material without.
using alkali has been conducted for many years by Brink and co-workers (Refs. 96,97).
Overall, the air oxidation of particulate wood in aqueous slurries from 160-
220°C and pressures from 15.3—34.0 atm in staged reactors results in acid
product (pH = 2). A portion of this product is then recycled tb promote hy-
drolysis in the first stage using fresh wood chips. Under a conceptually

similar research program using air oxidation without alkali, McGinnis and others

(Refs. 98,99,100) have investigated the "programmed pyrolysis," i.e., staged re-
action, of pine bark, but at somewhat more severe conditions (200-600°C) than
Brink. It would appear. that the reaction products from cooking the wood chips
and bark, like crop residues, would be well suited for anaerobic fermentation
to a'fuel.gas; These results may well point to processing technology for crop

residues not requiring the added cost of cheémicals.
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3.4 Size Reduction of Crop Residues

Although crop residues often have already undergone some size
reduction during harvesting operations, further reduction is advantageous
to increase degradation rates. Investigation of the effects of the physical
modification of cellulosic materials on their digestibility by ruminant -
inhibiting microorganisms have indicated that either fine grinding or ball
milling is the most effective treatment to date for increaéing digestibility
of wood and other cellulosic material (Ref. 101). Ball milling not only re-
sults in a reduction in particle size but also a reduction in crystallinity,
a reduction in mean degree of polymerization, and a marked increase in the
fraction of material that is water soluble. The increase in size reduction
increases the available. surface of both amorphous and crystalline cellulose,
thus increasing accessibility to treatment by large enzyme molecules (Refs.
102-108). Data reported by Mandels et al. (Ref. 109) on the digestibiliﬁy
of milled cellulose in relation to time milled indicate that a linear relation-
ship exists between increase in digestibility and increase in milling time.
Millett et al. (Ref. 110) notes, however, that the degree of effectiveness

of ball milling varies considerably with different marerials.

Nelson et al. (Ref. 111) have studied the effect of size re-
duction pretreatment of crop residue on fuel gas production by anaerobic fer-
mentation. Corn stover was chopped using a silage shredder to 3 mesh and ground
to a 200 mesh flour with a rod mill., Wheat straw was chopped and ground with
a hammer mill to 3 and 16 mesh. Partially digested sewage sludge was added
to each size reduced crop residues to provide the additiomal nitrogen required
for digestion and as inoculum of anaerobic microorganisms. Each residue
was tested at fermentation temperatures of 28° to 30°C (mesophilic) and 50°
to 55°C (thermophilic). The ground corn stover produced 487 more fuel gas
at mesophilic conditions and only 15% more than chopped stover at thermophilic
temperature. Size reduction of wheat straw for enhanced fuel production was
less significant; ground straw yielded an 11% increase at mesophilic temperature

and no increase at thermophilic temperature.
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In contrast, Pfeffer (Ref. 112) has found no increase in bio-
conversion efficiency of corn stover milled to 28 mesh. Mechanical size
reduction can significantly increase capital and operating costs of a pre-
treatment process. Lt is necessary to investigate further the effect of
substrate size reduction on fuel gas production in order to evaluate cost

effective options.
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Section 4

ANAEROBIC DIGESTION

Traditionally , anaerobic digestion has been used as a treat-
ment process for industrial and municipal wastes. Fundamental knowledge of
the process has grown out of the waste treatment industry. Advancement in
anaerobic digestion technology, combined with increased energy costs, hés led
to an adaptation of the concept for the conversion of biomass to methane as

the primary product.

An extensive discussion of anaerobic digestion concepts was
presented by Ashare and Wilson (Ref.113 ). The choice of process to be
utilized with a crop residue is dependent on composition of that residue as
well as the scale of the process. In this section, technical descriptions
are presented for continuous plug flow and CSTR concepts and for a batch
design. In Section 6, the base-line digestion processés used for small farm,
cooperative, and utility/industrial sizes are discussed. Variations from
these base line designs are discussed in Section 7, in which a sensitivity

analysis is presented.

4.1 Continuous Digestion Process

Continuous digestion can be carried out in either a plug flow
or continuous stirred tank reactor (CSTR). The major difference between
these is that for the plug flow system each particle has the same residence
time in the reactor, whereas, for the CSTR there is a broad distribution of
residence times. Experience with continuous anaerobic digestion systems
has been primarily with the CSTR, and large CSTR digesters are in operation,
e.g., sewage treatment digesters.  The plug flow concept is still in develop-
ment. Jewell et al. (Ref. 114 ) are investigating the plug flow anaerobic

digestion of dairy cow manure.
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Applications of these concepts to digestion of crop residues
on a large scale is rare. Pfeffer and Quindry (Ref.112 ) have investigated
digestion of corn stover in 200 gal. stirred tank reactors, and have noted
difficulty in handling high solids content feed. Jewell et al. (Ref. 114)
have observed on a pilot plant scale that plug flow digestion of manure with
wheat straw resulted in operating problems due to straw flotation. It is ap-
parent that more larger scale development work is necessary, to determine

both optimum digestion conditions and material handling properties.

4.1.1 Kinetics of Continuous Digestion

If it is assumed that the digestion process follows first order
kinetics, a description of either plug flow or CSTR is obtained utilizing

chemical reaction engineering theory (Ref. 115 ). For first order kinetics

dt B | (4.1)

where CB is the concentration of biodegradable volatile solids, k is the

first order reaction rate constant, and t is time. A material balance

can be performed around the reactor,

material out = material in - material reacted
which givee, for tha CSTR

CBe = CBO/(l + kT) (4.2)
and for the plugAflow systcm

Cgo = Cpo €XP (- k1) | (4.3)
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where CBo is the inlet concentration, CBe is the exit concentration, and t

is the hydraulic retention time (defined by reactor volume *+ inlet volumetric
flow rate). A comparison of Eq. (4.2) and (4.3) indicates that for the same
retention time, the plug flow system will result in a greater substrate uti-

lization, i.e. a lower exit concentration.

The gas production is given by

Gestr = A& (Cpp = Cpe )
= ACBo kt/(1-kt) (4.4)
and
GPLUG = ACBO[ l-exp (-kt)] (4.5)

where A is the volume of gas produced per mass converted.

The rate of gas production is found from the derivatives of FEqs. 4.4 and 4.5

(with respect to 1),

Gc

STR ACBOk/(l—kT) ~ (4.6)

G
PLUG

ACBok exp (=kT1) (4.7)
where ¢ ls the volume of gas produced per reactor volume per day (VVD).

Experimental data are used to determine CBo and k in ofder to
use the above relationships for system design. The value of CBo can be ob-
tained from digestion results by extrapolation to infinite retention time.
The reaction rate constant k can be determined by fitting digestion data to
Eq. 4.4 or 4.6 and using a least squares regression analysis. Descriptions
of these techniques are presented.by Ashare et al. (Ref. 116 ) and Pfeffer
and Quindry (Ref. 112 ).
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Ashare et al. (Ref. 116 ) have shown that an Arrhenius type

relationship exists for k,

k = k_ exp (- Ea/ RT) (4.8)

where ko = 5.9 x 109 déys -1 and the activation energy, Ea’ is approximately
15 kcal /mole. (R is the gas constant and T is the absolute temperature).
This result is an average for many different sources of biomass. For a
specific biomass and digestion conditions it is possibie that the rate con-
stant will deviate from that predicted by Eq. 4.8. For example, for a
temperature of 59°C, Eq. 4.8 gives k = 0.61 days—l, whereas Pfeffer and
Quindry (Ref. 112) obtained a value of 0.25 day-1 for digestion of corn
stover at 59°C. This difference is significant and leads to the conclusion
that experimental results should be utilized rather than a generalized

relationship such as Eq. 4.8.

4.2 Batch Digestion Process

The use of low capital cost "hole in the ground" batch digestion
systems have been proposed for use with c¢rop residues. This approach is
similar to disposal of municipal solid refuse, which has traditionally beeun
accomplished in sanitary landfills. Recently, interest in this process has
extended to the production of methane from biomass with a high solids con-

tent, such as food processing wastes and agricultural residues.

The first formalized description of the sanitary landfill method
of disposal was in the form of an ASCE Committee report published in 1959.
The operational procedures drawn up in the report are summarized in the ASCE
definition of a sanitary landfill, which is: "Sanitary landfilling is a
method of disposing refuse on land without creating nuisances or hazards to
public health or safety, by utilizing the principles of engineerimng tu con-

fine the refuse to the smallest practical volume, and to cover it with a layer
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of earth at the conclusion of each day's operation or at much more frequent
intervals than may be necessary." (Ref.117 ). The guidelines were geared
toward aesthetics and did not take into consideration the possibility of

pollution of the surrounding atmosphere and groundwater.

Anaerobic conditions usually exist in all but the top 10 feet
of a landfill, resulting in the production of gases and leachates. Lack of
control of these contaminants has resulted in fires (Refs.118,119) suffocation
(Ref.120 ), ground water degradation affecting acidity, alkalinity and hardness
(Refs. 121,122), destruction of vegetation (Ref.123), and discharge of micro-
organisms (Ref.122). Consequently a great deal of research on the production
of gases and leachates from decomposing refuse has been carried out with the

objective of identifying methods for their control.

A pattern of biogas production in relation to the age of a land-
fill has been categorized into four phases (Refs.l123a,124) The initial aerobic
phase is short, leading into the second phase of high carbon dioxide production
at approximately a molar equivalent to the oxygen consumed so that little
nitrogen is displaced. In the anaerobic non-methanogenic phase, a carbon
dioxide '"bloom" occurs as organic acid production proceeds. These blooms

which may produce as much as 90% CO, have been reported to occur after 11

days (70% COZ)‘and 23 days (50% C02§ (Ref.125 ) and after 40 days (90% C02)
(Ref.126 ). Hydrogen production increases and nitrogen displacement usually
increases dramatically. In the third phase, methanogenesis activity begins
and methane concentrations increase as carbon dioxide and hydrogen levels
decrease. This steady-state phase has been found to occur as early as 180
days after filling operations began (Ref.127 ), 250 days (Ref.128) or as late
as 500 days (Ref. 126 ). The fourth steady-state phase of methane production
occurs considerably later and ranges from 50 - 70% CH4 (Refs.126,127, 129).
Pretreatment operations which affect the rate of gas production in landfills,

such as particle size reduction, classification and alakaline pretreatment,

are discussed in Section 3. These operations are performed before depésition
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of the organic matter into the landfill to control physical and chemical

reactions taking place within the system.

It has recently been proposed that enhancement of microbial
activity can be achieved by recycling leachate through the decomposing refuse.
The leachate which accumulates along an impermeable barrier, such as a clay
substratum, is collected and recycled with the refuse cells. A comprehensive
laboratory study ot this technique began in 1971 at the Georgia Institure
of Technology under the direction of Dr. Fred Pohland, for the purpose of
accelerating pollutants from the leachate (Ref. 130 ). Recirculated leachate
was pumped back through the fill and allowea to percolate through the refuse.
After 11 weeks refuse removed from the fill indicated that decomposition had
proceeded at a more rapid pace in the fill receiving recycled leachate than
in the control fill where the leachate was wasted. Carbon reduction and
volatile solids reduction was greater in the experimental fill than in the

control (Ref. 131 ).

The economic success of gas extraction from existing landfills
has led to current interest in increasing landfill gas yields from municipal
solid wastes and other sources of biomass. Attempts are being made to ac-
celerate biodegradation rates of landfill wastes and hence, gas production
rates, by pretreating the refuse before deposition into the landfill, and
enhancing microbial metabolism during decomposition. The concept of a 'con-
trolled landfill" implies construction and daily operation of the landfill
for the purpose of attaining high methane yields. This 'controlled landfill"
technique incorporates an admixture of nutrients, buffer, and inoculum
with the biomass source (Ref.132 ). Recent laboratory scale experiments
with municipal solid waste mixed with digested sewage sludge ( inoculum
and nutrient supply) and buffer have resulted in approximately 60% biomass
conversion after 6 months at mesophilic conditions (Ref. 133). Jeweli
et al. (Ref.l1l4 ) have shown similar results with wheat straw mixed with

digested dairy manure effluent and utilizing leachate recycle. These results
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were at mesophilic conditions, with 20% solids and approximately 15 lb/ft3

density of solids in the reactor.

The results with the "controlled landfill' concept with both
municipal solid waste and wheat straw indicate the potential of the process.
However, additional experimentation is necessary to determine the kinetics

of high solids digestion.

4.2.1 XKinetics of Batch Digestion

The rate of substrate removal in a digestion process is assumed
to be given by Eq. (4.1). This is applicable to both batch and continuous
processes. For a batch process the substrate concentration after time , t, is
given by

CB = CBo exp(-kt) (4.9)

and the total gas production is given by

GBatch, total ACBoil_exP(_kT)] (4.10)

where A is the gas produced per mass of biomass converted. This is the

same for the plug flow system. The rate of gas production, VVD’found from

the derivative of Eq. 4.10, decreases with time and is proportional to

e kT (this is the same as Eq. 4.7). Experimental results indicate that

there is first an increase of gas production rate with time followed by a
decrease. This difference between practice and theory is due to the assump;ion of
first order kinetics for the ﬁheory. This assumes that the microorganism

level, volatile acid concentration, pH, nutrients, and other digestion con-
ditions are at the appropriate level for first order kinetics to be applicable.

In practice,-it is difficult for such a batch experiment to be established

at initiation, and therefore a time delay and lower gas production are ob-

served initially.
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Another important aspect of the theory is determination of the
rate constant, k, as discussed in Section 4.1.1. For high solids digestion,
it is expected that the type of relationship presented in Eq. 4.8 will still
be valid, incorporating the same activation eﬁergy, E, but with a lower value
for ko. ‘Data are not available for determination of E and ko for high solids

digestion of crop residues at various temperatures.

The need of such data is readily apparent for system design., MOSC
experimental results for high solids digestion were presented for constant
temperature from initiation to completion. In practice, however, a landfill
system will start at ambient temperature and will increase in temperature
due to heat of reaction associated with methane production. This increased
temperature will then give a higher rate of gas production. This temperature-

gas production change with time needs to be determined in more detail.

4.2.2 Consideration of Thermal Effects in Landfills

It is to be expected that crop residues will be landfilled at
ambient temperature. If this temperature is 55°F ('cave temperature') and
the residue remains at this temperature, digestion rate at an activation
energy, Ea’ of 15 kcal will be 13% of that at 98°F. This would imply a
stabilization time requirement of at least 10-15 years for digestion of the
fill material based on experience with municipal solid waste. This assumes
that the methane evolution profile of filled material is the same as that
for the tested municipal solid waste, and that the ultimate yield [3.10 ft3
(STP)/1b volatile solids] is the same as that for tested municipal solid

waste.

However, methanogenesis is exothermic and advantage may be taken
of the heat of methanogenesis which will warm up the landfill, substantially
- accelerating digestion. The heat of methanogenesis is about 13 kcal/g mol

(65 Btu/SCF CHA)‘ Although low, this heat is significant. The heat evolved
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will warm up the fill material and be lost by water evaporation, a minor con-

sideration below 120°F, and by conduction to the environment.

Some estimates of the magnitude of the contribution of the
heat of methanation may be made based on likely values for fill thermal
conductivity, heat capacity, thermal conductivity and heat capacily of the
environment (including surrounding soil), and fill geometry. Fill geometry
must be such that heat loss by conduction is minimized and heat retention
by the fill is maximized. Heat loss due to convection associated with
evaporated water and product gas leaving is unavoidable. It is to be noted
that the purpose of these calculations are useful in determining how large

and deep the fill must be to give valid operating data.

It is further assumed that the fill has a content of 25% solids
by weight. Since over half is water (k = 0.33 Btu/ft.hr.°F), but some voids
will be present, k is estimated at 0.25 Btu/ft.hr.°F or 6 Btu/ft.day°F. The
conductivity is not likely to be much higher, but could be considerably lower

with a significant void fraction.

The steady state fill temperature in the center of the fill may
be computed as a function of depth, assuming no edge effects and that the

top and bottom of the f£ill are at ambient temperature, as follows (Ref.134 ):

. 2
T T = Q 2
FoOA i [2]

where Q = rate of heat generation, 65 R Btu/ft3 reactor/day
D = depth of £fill, feet
k = thermal conductivity of fill, Btu/ft day °F
TF— TA = temperature of fill center above ambient

P ]
1]

methane production rate, VVD

Thus, it may be calculated for a 10 foot deep fill and k = 0.128,

A7 = 0-128 (65)

6
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This calculation indicates that the fill center at steady-state
will be 17 °T abovc ambient; an alternative way of expressing the result is
that if the fill center were 17 °F above ambient with R = 0.128 VVD (é = 8.33
Btu/ft% day), all heat generated will be lost to the surroundings leaving no
heat available to further warm the fill. Also,as digestion rate slows with
increasing conversion, heat will leak rapidly and fill temperature would be

expected to trend toward ambient.

For a 20-foot deecp fill, the same calculation shows that AT =
70°F. The fill will not usually reach such a temperature before digestion

is completed. Placing this result in another nerspective, 5% of the heat
of the methanogenesis would be lost if in the center of the fill were 30°TF
above ambient and the surface uninsulated. The halance of the heat

would be available to further warm the filil.

The effect of conduction from the top and bottom of the fill
should be considered. Clearly, the top surface of the fill will be at ambient
temperature if there is no insulation except a thin gas-impermeable membrane.
1f, however, the fill is covered with loose sand or earth (k=3 Btu/day-ft-°F)
to a depth of 2 feel to give h = 1.5 Btu/ft-zday?l?, the heat l1nsgs from the
surface insulation may be substantially reduced. 1If, as in the previovus
example Q = 8.3 Btu/ft:3 day and the halt-cell depth 1s 10 feet (D = 20), the
supportable AT across the sand insulation will be 60°TF. This surface layer
conductance is 0.67 ft2°F day/Btu. Heat loss through the earth underlying
the fill may be estimated to a first approximation by heat transfer to a flat
plane of infinite depth having average properties of the earth's surface
after it ia oubjccted to a step change (this calculation is also approximate),
as follows (Ref. 134 );:

0 AT
-K =-—Ji-———~— or h = k
4 {514] Y wal

where: k = 23 Btu/ft day°F (average of earth's crust)

AT = temperature difference between fill and bulk earth
a = thermal diffusivity, k/cp for earth's crust = 0.46 ftzlday
8 = time, days
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From this it may be calculated that:

h = 1767
The value for h with this approximation will be time-dependent;

at 30 days, h = 3.2 Btu/ftzday°F and at 180 days, h = 1.27 Btu/ftdeay. This

calculation simply indicates that loss through the bottom of the fill is of

the same order as through the top over gas production durations of a few

months to a few years. Taking into account the thermal resistance of the

top of a covered (uninsulated) fill, resistance of the underlying earth,

and of the fill itself, these calculations suggest that for a 20 foot deep

fill whose center is 35°F above ambient, less than 15% of the heat generated

will be lost to the environment.

It is clear that the top of the fill should be insulated in order
to ensure that filled material does not cool near the surface and require an
unacceptably long time for digestion. Typical earth at the bottom of the
fill will act as an effective insulator. It is also clear that the fill
should be large and deep in order to take:practical ddvantage of the warming
due to methanogenesis to accelerate the reaction. Given the uncertainty at
this stage in values to use for thermal conductivity of fill material as well
as losses through fill faces, it is only possible to state that it appears
that the depth of fiil should be at least 20 feet. It is clear that the heat
of reaction is mnre completely retaincd the deeper Lhe [111; in fact, con-
ditions at mid-depth in the Fill deviate from adiabatic (i.e., tend toward
the temperature of the surroundings) approximately inversely as the square
of the fill depth. A further consideration is that the fill should be of
large area, say 100 x 100 feet, to minimize side or edge effects. This com-
plex situation can be modeled much more exactly with knowledge of correct

values of relevant parameterc and detailed thermal modeling procedures.
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Scetion 5

BASIS OF ECONOMIC ANALYSIS

To ensure an objective and equitable economic evaluation of
the various processes analyzed in this program, a consistent and uniform
set of cost estimating criteria must be applied. Commonly used methods for
profitability evaluation include rate of return on investment, discounted cash
flow, present worth, and payout period. Another method which has been used
previously by Dynatech R/D Company is the utility financing method, which is
applicable to a specific set of conditions. Each of these methods necessitates

accurate predictions of total investment and profits.

5.1 Cost Escalation Index

Capital cost estimates used in this study were based on price
levels at March 1979. Cost data were obtained from manufacturers' quotes,
the literature, empirical cost correlations, and various other sources. The
last three categories present costs which are often based on price levels
at some time in the past. These data must be updated to present costs before
they can be used to provide a reliable analysis. This can be done by the
use of a cost index. Current costs can be determined by multiplying the
original cost by the ratio of the present index value of the time when the

original cost was obtained.

The index used in this study is the Chemical Engineering (CE)
Plant Cost Index (Ref.135). The composite CE Plant Cost Index is based on
nationally averaged costs for equipment, machinery, supports, lébor, buildings,
cngineering aud supervision. It 1s commonly accepted and used in the chemical
industry. Based on a value of 100 for 1957-59, the composite CE plant cost

index for the base time frame of March 1979 is 232.
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5.2 Equipment Cost by Scaling

Digestion systems for processing various feed stream sizes were
studied in this project. In most instances it was necessary to estimate the
cost based on data for similar equipment with a different capacity. A com-
monly used scaling relationship for the estimation of equipment cost is the

power factor rule (Ref. 136).
X

Cost of equip. a = cost of equip. b capacity of equip. a

capacity of equip. b (5.1
where the scaling factor x is a constant. -The value of the scaling factor

can vary from less than 0.2 to greater than 1.0 depending on the type of
equipment being scaled: In the absence of other information, it is common
practice to assume a rule-of-thumb value of 0.6 for the scaling factor. 1In
this study, the power factor rule was uséd when necessary for estimating equip-
ment costs based on scaling factors considered to be most suitable for the

particular equipment being considered.

5,3 Comparative Investment Evaluation

In order to campare the various processes considered in this
study, it is essential to have a consistent procedure to determine total
plant investment, operating costs, and profits, regardless of the comparative

method of evaluation.

5.3.1 Capital Cost

The procedure for calculating the total plant investment is outlined
in Table 5.1. Capital requirements include all installed onsite plant sections,
supporting facilities, contractor's overhead and profits, engineering and
design, and project contingency. No land ac¢quisition cest was included in
the calculation of total plant investment. The different components of the

total plant investment are discussed below.
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Table 5.1
BASIS FOR CALCULATING TOTAL CAPITAL REQUIREMENT

Capital Investment

All Onsite Plant Sections Installed

Supporting Facilities 5% of All P1l. Sec.
Total Capital Investment

Contractor's Overhead & Profits 10Z of Tot. Cap. Inv.

Engineering and Design 5% of Tot. Cap. Inv.
Subtotal Plant Investment

Project Contingency 15% of Sub. P1l. Inv.

Total Plant Investment
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Onsite Plant Sections

Costs for all onsite plant sections include process equipment
delivered, piping, instrumentation, and installation. Capital costs for
pumping and materials handling were found to be about 5% of the total equip-

ment cost for a typical s;irred tank anaerobic digestion process (Ref.116 ).

This fraction has been assumed for this analysis. The cost for piping, electri-

eal, and instrumentatrion was estimated to be about 4% of the installed equip-

ment cost.
Suppornting Facilitios

Supporting facilities iﬁclude equipment for the generation and
distribution of power, waste disposal, storage, fire-protection, landscaping,
fencing, painting, maintenance and office equipment, outdoor and indoot
lighting, communication equipment, and other miscellaneous service items.
Most of the;e items represent incremental addition to supporting facilities
required for the operation of the overall fuel gas production plant. It was
estimated that supporting facilities require about 5% of the cost of all

installed plant sectioms.
Contracton's Overhead and Profits

Contractor's fees were assumed to amount to 10% of total capital
investment. This includes overhead such as field and home office setups
during construction, supervision, construction ¢oordination and engineering,
insurance, taxes, and other iﬁdirect expenses incurred by the contractor as
well as Llie necessary profit [ur assuming the ricke and responsibilities

involved.
Engineering and Design

This component of the capital requirement includes the costs
for construction design and engineering, drafting, purchasing, accounting,

construction and cost engineering, and general overhead involved in the
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preparation of construction plans and specifications. An allowance of 5
percent of the total direct costs of the process plant was used for engineering

and design services (Ref. 136 ).
Project Contingency

Contingency funds are usually included in the estimate of total
capital requirement. In addition to counterbalancing possible errors in
estimation, contingency funds are necessary to compensate for unforseen
expenses such as additional pollution control equipment due to change in
regulatory rulings, small design changes, unexpected delays, sudden price
changes, and others. Contingency usually does not include regular cost .
escalation due to inflation. In this study, an allowance of 15 percent of

subtotal plant investment (see Table 5.1) was included for contingencies.

5.3.2 Operating Costs

The procedure for determining the annual net operating costs is
outlined in Table 5.2. Operating costs are expenses incurred directly by
the operation of the plant. These expenses are usually calculated on an
annual basis and include production materials, purchased utilities, labor,
administration and overhead, supplies, local taxes and insurance, and credit
for any valuable by-product. A service factor of 907 was used in calculating
all operating expenses with the exception of process operating labor, fér
which a 100% service factor was used. Each of the operating cost items is

briefly discussed below.
Production Maternials

Production materials include raw materials and replacement for
expendable supplies necessary for the normal operation of the facility. The
primary raw material for the digestion system is the raw feed. Other production

materials incluce chemicals for pretreatment.
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Table 5.2
BASIS FOR CALCULATIMNG NET OPERATING COSTS

Production Materials XXX

Purchased Utilities

Electric Power XXX

Steam XXX
Labor

. Process Operating XXX

Maintenance : XXX

Supervision XXX
Administration and Overhead . XXX
Supplies

Operating » XXX

Maintenance XXX
Local Taxes and Insurance XXX
Total Gross Operating Cost XXXXX
Penalties for Effluent Treatment/Disposal XXXX
Credit for By-Product (XXXX).
Total Net Operating Cost A ‘ O XXXXX
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Purchased Utilities

Utilities requirements for digestion processes include electric
power and steam. Process water and cooling water could also be required.
The cost of these utilities usually varies widely depending upon the amount

of consumption, plant location, and source.
Labor

Manpower required for the normal operation of a digestion faci-
lity is dependent on the size of the facility and includes process operating,
maintenance, and supervisory labor. Maintenance labor requirement is related
to the scale and complexity of the operation. For large systems an allowance

of 1.5 percent of total plant investment for maintenance labor was assumed.

The amount of supervisory labor needed is related to the operating
and maintenance labor requirement and scale of the system. Cost of super-
visory labor was estimated to be 15 percent of operating and maintenance

labor for large digestion systems.
Administhation and Overhead

This item of costs involves indirect operating expenses that are
required for routine large plant operation. These expenses include executive
and clerical support as well as general overhead expenditures such as medical
services, general engineering, safety services, employee benefits, control
laboratories, janitorial services, shops, communications, receiving facilities,
etc. Administrative and overhead costs were estimated to amount to 60 percent

of total labor requirements.
Supplies

Replenishment of expendable supplies are necessary to maintain

normal operation of the plant. Operating and maintenance supplies include
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miscellaneous items such as charts, lubricants, janitorial supplies, test
chemicals, etc. The cost of operating supplies was assumed to be 30 percent
of process operating labor while maintenance supplies were estimated to be

1.5 percent of total plant investment.
Local Taxes and Insurance

Local taxes and insurance are charges with magnitudes which vary
with the type and location of operatiofi. They were estimated to amount to

2.7 percent of total plant investment for gas treatment systems.
Credits/Penalties

Credits for recovery of the digester effluent, and possibly the
acid gas stream, could be significant and might alter the economics of the
entire operation. Penalties are associated with effluent treatment or dis-

posal.

5.3.3 Discounted Cash Flow Method

The discounted cash flow method (Ref. 136) 1s one technigue which
can be uséd to evaluate the various processing alternatives considered in
this study. This method is based on the time value of money and utilizes
discounted annual cash flows with a return on investment. The discounted
cash flow method determines the rate of return to provide zero present worth.
This differs from the present worth method which determines the present value

for a specified return on investment.

In order ty calculate the presaeuabt worth of a process the aonual
cash flows (including initial costs for plant investment for year 0) are
multiplied by discount factors (which are tabulated or can be calculated)

with the sum of the products equal to the present worth,

=]

PW = L Cj dj (5.2)
=0

J
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where PW is the present worth, Cj is the annual cash flow for year j, n is
the expected life of the system, and dj is the corresponding discount factor

defined by

4. = 1 , (5.3)

where r is the expected rate of return. This relationship assumes continuous
compounding. If annual compounding were utilized, the discount factor, d'j,

would be

a', =1/ )] (5.4)

The discount factors for continous compounding are lower than for annual com-
pounding and therefore use of d, would give a lower present worth than use of
]

d',.
3

Calculation of annual cash flow includes contributions for
gross revenue, operating costs, depreciation, and taxes. Gross revenue
is the value of energy and other products produced in the digestion process.
Operating costs are the process costs indicated in Table 5.2. Depreciation
is a function of the plant life and total plant investment. Federal taxes
are determined from the taxable income. A procedure for calculation of annual

cash flow is presented in Table 5.3.

Another method of using discounted cash flow is to assume an
expected rate of return on investment and determine the unit gas cost which
will give a present value of zero for that rate of return. This procedure
will be utilized in the analysis to determine unit gas cost for each system

design as a function of expected rate of return on investment.

It should be noted that this procedure only compares rate of re-
turn and unit gas cost and gives no indication of the magnitude of investment
or revenues. These factors are important in determining which system should

be considered.
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Table 5.3

ANNUAL CASH FLOW

Gross Revenue

Operating Costs

Gross Profit (1-2)

Depreciation (Tot. Plant Investment/Plant Life)
Taxable Income (3-4)

Federal Tax (tax rate x 5)

After-Tax Income (5-6)

Annual Cash Flow (7+4)
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Table 5.4

GAS COST CALCULATION PROCEDURE
UTILITY FINANCING METHOD*

Basis:
e 20-year project life

e 5%/year straight line depreciation on Total Capital Requirement ex-
cluding Working Capital

Essential Igput Parameters:

o Debt/cqulty ratio used to sp11t Total Capital Requirement
e Percent interest on debt
® Percent return on equity

® Federal income tax rate

Derived Parameters:

e Rate Base = Total Capital Requirement less Accrued Depreciation (in-
cludes % depreciation for given year)

® Percent Return on Rate Base = Fraction Debt x Percent Interest + Frac-
tion Equity X Percent Return on Equity

Calculated Cash Flows in Given Year:

e Return on Rate Base = Rate Base X (Percent Return on Rate Base * 100)

e Return on Equity = (Fraction Equity X Rate Base) x (Percent Return on
Equity * 100)

e TFederal Income Tax = Return on Equity x (Percent Tax Rate * [100 - Per-
cent Tax Rate])

e Depreciation = 0.05 x (Total Capital Requirement - Working Capital)

e Total Gas Revenue Requirement in' Given Year = Return on Rate Base +
Federal Income Tax + Depraeciation** + Total Net Operating Cost

Gas Costs:
e In given year: Total Gas Revenue Requirement * Annual Gas Production

° 20—year average: Total Gas Revenue Requirement Over Project Life
(20 x Annual Gas Production)

Notes:

* AGA Method as modified by Panhandle-Eastern. Pipeline Company and used by Syn-
thetic Gas-Coal Task Force

**Depreciation is split according to the debt/equity ratio aﬁd used to pay back
debt  and equity in annual installments, (Working capital is used to offset
unpaid debt and equity at the end of the project life.)
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5.3.4 Utility Financing Method

The procedure for calculating the unit gas cost based on the uti-
lity financing method used by the American Gas Association (Ref. 137) is out-
lined in Table 5.4. This procedure was described in a report from Esso Research
and Engineering Company to the Federal Power Commision (Ref. 138). The average

unit gas cost based on this method is given by

Nk 0,05 (C = W) + 0.5[p' + 0 (1 - )] (C+W

- 1=t
uGe = (5.5)
G
y
where N = total annual operating cost, $
C = total capital requirement, $
W = working capital, $
p' = fractional return on rate base [p' = di + (1 - d)r]

= fractional federal income tax rate

t
d = fraction debt
r = frartional return on equity
i = fractional interest on debt
Gy = annual gas production, MMBTU/year
UGC = unit gas cost, S$/MMBTU
The first term on the right side corresponds to the net operatlug cust, the
second term is due to 5 percent per year straight-line depreciation, and the
third -term accounts for the return on rate base as well as federal income
tax. The sum of these terms gives the total average annual revenue require-
ment. The unit gas cost is obtained by dividing the average annual revenue
requirement by the annual gas production. No escalation of operating cost

during the life of the project was assumed.
The following bases were used in this study:

Debt/equity ratio = 75%/25%
Percent interest on debt = 10%

Percent return on equity = 15%
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Section 6

BASE LINE SYSTEMS ANALYSIS

One approach to systems analysis of engineering processes is to
establish a bas€ case for which the economic analysis is performed. This
would then be followed by a sensitivity analysis to determine the effects
of changes in the various system parameters. The procedure in this study
is more complicated because of the many potential base cases, resulting in
ﬁhe selection of nine base line systeﬁs. These systems were -chosen to
include the different types of available residues and the three signifi-
cantly different scales of operation, namely, small farm, cooperative, and
utility/industriél sizes. The conditions for these base line cases are

presented in this section, followed by the analysis of the sytems. The

sensitivity analysis is discussed in Section 7.

6.1 Crop Residues

- The summary of agricultural data presented in Section 2 indicates
that there are three major crop residues which should be considered, namely,
small grain straws (primarily wheat straw), corn stover, and large grain straws
(rice). These choices were based on the total U.S. residue available and
on localized conditions of high residue concentration, e.g., rice straw in

the Sacramento River Valley of California.

The per acre Yield for these residues are estimated from the
results in Section 2 to be 1.6, 1.75, and 2.3 tons/acre, respectively. The

composition of these residues utilized in the analysis are presented in

Table 6.1.
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Table 6.1

Residue Composition

Wheat Straw Corn Stover Rice Straw
% Solids Content 90 50 92.5
% Vo;atile Solids . 94 95 83
% Biodegradability 42 : 36 50

(of Volatile Solids)

6.2 Szétem Size

In this analysis, base line conditions were established for small,
medium, and large scale processes. By small scale Ls meautl a process designed
for use on a small farm, utilizing the residue produced on that farm. The
medium scale system would be a cooperative venture, designed to utilize the
residue from 100 small farms (two orders of magnitude greater than the
small farm system). The large scale system is an order of magnitude greater
than the medium size, utilizing residue from 1000 farms. This would be a size

sufficiently large for a utility or industrial complex.

The average size of a small farm in the U.S. is approximately
400 acres (Table 2.12). The three different sizes will utilize residues from
400, 40,000, and 400,000 acres for the small, medium, and large scale systems.
The capacities of the systems, obtained by multiplying the acreage by the
yields are presented in Table 6.2 for each crop residue considered. The

values presented are tons/day, assumlng 365 days per year operation.

These nine cases presented in Table 6.2 are the base line cases
utilized in this analysis.- A discussion of the other system variables is

presented in the following sections.
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Table 6.2

System Capacities

(tons/day)
Wheat Straw Corn Stover Rice Straw
Small (400 acres) 1.75 2 2.5
Medium (40,000 acres) 175 : 200 250
Large (400,000) 1,750 2,000 2,500

6.3 Method of Cost Analysis

The cost analysis methods are discussed in Section 5. The type
of routine will be dependent on system size. The utility financing method of
cost analysis will be utilized only to determine the unit gas cost for the
large scale system. The discounted cash flow (DCF) method will also be utilized-
for the large scale system to determineunit gas costs for several different
returns on investment. The DCF method will be used for the small and medium

scale systems.

6.4 Process Options

The various process options utilized for each base line system
are presented in Table 6.3. The options considered are the same for each
scale and crop residue considered. Differences in operating conditions are

discussed below.

6.4.1 Digestion

The .digestion process incorporated into the base-line designs is
the CSTR, because it is the process with most available performance data (but
with other substrates). The batch digestion process utilizing the "controlled

landfill" technique for enhanced gas production is less developed than the



continuous process and will be analyzed in the sensitivity analysis.

The conditions for digestion are presented in Table 6.4. In all
cases, it is assumed that manure is added with the crop residue (in the ratio

of 1 part manure solids/10 parts feed solids) to provide nutrients and inoculum.

Tahle 6.3

Base Line Process Options

Small Medium Large

Scale Scale Scale
Storage . Y Y
Shredder Y Y
‘Holding/Mixing Y Y Y
Pretreatment N N N
Digestion C C C
Heat Exchange Y Y Y
Dewatering N N N
Gas Purification N N N

option used

option not used

O
"

CSTR digester
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The major difference between the small scale and the other two
sizes is the digestion temperature and retention time. The medium and large
scale systems utilize thermophilic conditions, 60°C, with a retention time of
10 days. " The small scale system incorporates a mesophilic temperature of 35°C
with a 16-day retention time. The major reason for this is the small farm
éystem should be less complicated due to the possibility that the farmer does
not have sufficient time to operate a compiicated process. The medium and

large scale operations require, technically trained operators.

Table 6.4

Base Line Digestion Conditions

Small Medium - Large
Scale Scale Scale
Digester Temperature (°C) 35 60 _ 60
Retention Time (days) 16 , 10 10

Solids Concentration: (%) 10 10 10

The digester feed solids concentration is assumed to be 10% for
all cases. High solids concentration is preferred since it results in smaller
reactor volume and lower effluent stream heat losses, both factors contributing
to lower costs. Higher solids continuous digestion (up to 17%) has been obtained
with other substrates, such as dairy cow manure (Ref. 139). However, Pfeffer
and Quindry (Ref. 112) have indicated some difficulty in digester mixing of corn
stover with solids content above 8%. A value of 10% solids is utilized for feed
concentration to ensure that the digester solids concentrating will be less than
8%. Note that with effective pretreatment, a 10% feed concentration would re-
sult in significantly less than 8%/digester solids and could justify use of

higher feed solids with an associated reduction in digester size and costs.
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6.4.2 Storage

Storage of crop residue is mnecessary for continuous digestion
processing. The residue is a seasonal source and therefore must be stored
after collection and delivery to the digester facility and prior to processing.
The residence time for storage has been assumed to be 12 months. It is pos-
sible that residue could be stored in stacked bales or bunker silos without

significant degradation (except in the top layer of residue).
6.4,3 Shredder

A shredder is included in the base line design in order to pro-

vide comminution of the crop, residue to an easily handled size.

6.4.4 Pretreatment

Pretreatment was not included in the base line design. A detailed
discussion of pretreatment is included in the sensitivity analysis presented

in Section 7.
6.4.5 Heat Exchange

A heat exchanger is pronded Lu the basc deoign to recover rhe

sensible heat of the digester effluent stream.

6.4.6 Dewatering

Dewatering was not include in the base line design, but is included

in instances ot digester effluent sulids recovery, diccussed in Section 7,

6.4.7 Gas Purification

The base line systems did not include gas purification. This option
is included only for the large utility/industrial scale process when gas clean-

up is required for delivery into a pipeline, as discussed in Section 7.

96



6.5 Labor

The labor requirements and costs for the base line designs will
significantly affect the annual operating costs. The values utilized are

presented in Table 6.5.

Table 6.5
Labor Allocation

Small Scale Medium Scale Large Scale
Men Per Shift 1 4 8
Hours Per Shift 2 8 8
Shifts Per Day 1 3 3
Hourly Wage ($) 0 6 6

The effect of variation in labor allocation will be discussed in Section 7.

For the small scale system, it is assumed that the process will
require 2 hours per day of the farmer's time, but the value of this time was
taken to be $0/hr. The cost of maintenance labor for the small scale operation
was also taken as $0/hr. There was also no supervision, overhead, or admini-

stration cost attributed to the small scale base line design.

6.6 Crop Residue Cost

The cost of crop residue will significantly affect the economics
of the conversion process. For all base line caSes} the value of this crop
residue was taken to be $0/ton. A detailed discussion of the effect of residue

cost is presented in the sensitivity analysis in Section 7.
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6.7 Credits/Penalities

Significant credits or penalties can be attributed to the
digester effluent system, e.g., credit for fertilizer or refeed value. However,
for the base line system, the credits and penalties are disregarded. A detailed

discussion of these factors is included in the sensitivity analysis presented

in Section 7.

6.8 Other Base Line System Parameters

The value of the other parameters usecd in the hase line analyses

are presented in Table 6.6.

6.9 Base Line Systems Results

The results for the base line systems analyses are presented in
Figures 6.1, 6.2, and 6.3 for corn stover, rice straw and wheat straw, respectively.
The details of the analyses are presented in Tables 6.7 - 6.15. It is apparent
from these results that there is an economy of scale, i.e.; the unit gas cost

is lowest for the largest scale system for all crop residues considered.

The results in Figures 6.1, 6.2, and 6.3 indicate unit gas costL
as a function of system size utilizing a discounted cash flow methwd for the
returns on investment indicated. For fhe large scale aystem, the unit gas
cost obtained using the utility financing method is also presented. For each
case, the unit gas cost necessary to provide a specified return on investment
is higher for higher ROI. Also, the utility financing method results in a
lower unit gas cost than fer 10%¥ ROI discounted cash flow, even though the
~ return on equity for the utility financing system is.lS%. One reason for
this is fhe DCF method incorporates a Lime valuc of money hy use of discount

factors, thus requiring a higher unit gas cost.

There are several significant performance differences between the
different size systems.. The medium and large scale base line systems incorporate

a CSTR at 60°C and 10 days retention, which gives a fractional conversion of
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Parameter

AW
CEP

CONS
CRF
CST
DIGMC
DIGWK
DIR
DLIFE
DNSDG
DNSHL
DNSTR
DPRC
EA
EFFS
EX
FBVSF
FBVSM
FD
FDBT
FITR
FMAN
FSF
FSM
FS1

Table 6.6
BASE LINE SYSTEM PARAMETERS

ft3 CHa/lb converted

Labor cost ($/hr)

Cost of electricity (¢/kwh)

Heat capacity of digester slurry (Btu/1b°F)
Cost constant for equipment

Cost of feedstock ($/ton)

Cost of steam ($/MM BTU)

Digester maximum capcity (ft3)
Digester work,(HP/ft3)

Interest on debt (fraction)

System lifetime (years)

ngeéter slurry density (lb/ft3)
Holding tank contents density (lb/ft3)
Storage contents density (1b/ft3)

Rate of depreciation (fraction)

Value

6.6

See Table 6.5
5.0

1.0

See Appendix A
0.

5.0

100,000
0.0002

0.1

10

64

64

22

0.05

Activation energy for .Arrhenius rate equation (cal/mole)15180

Efficiency of steam utilization (fraction)

Equipment cost scale exponent

Fraction of bio.vol. solids in feed volatile solids

Fraction of bio. vol. solids in manure
Residuc feed rate (tons/day)

Fraction debt

Federal income tax rate (fractionm)

Ratio of manure solids to residue solids

Fraction of solids in feed

Fraction of solids in manure

" Fraction of solids in holding tank

99

0.80

See Appendix A
See Table 6.1
0.6

See Table 6.2
0.75

0.48%

0.1
See Table 6.1
0.12
0.1



Parameter

FS3
FVSF
FVSM
HEYMC
HLDMC
HLDWK
HRTDG
HRTHL
HRTST
HTC

OIND
OINDX
PAH

PCOP

PED

PIDC

PLTI

PM

PMM

POPS

Fraction of solids in digester feed

Fraction of volatile solids in feed

Fraction of leatile solids in manure

Heat exchanger maximum capacity (ft’)

Holding tank maximum capacity (ft3)

Holding tank work (hp/ttq)

Digester retention time (days)

Holding tank retention time (days)

Storage tank retention time (days)

Heat traunsfer coefficient in heat exchanger
(Btu/hrftzF)

Cost index for year of equipment cost estimation
Current cost index

Fraction of labor cost for administration and

overhead

Fraction of equipment‘cost for contractor's overhead
and profit

Fraction ot equipment cost for eugineering and deusigu
Fraction ot total plant luvestweut fur interecot during
construction A

Fraction of total plant investment for local taxes and

incurance

Fraction of total plant investment for maintenancc

labor

Fraction of total plant investment for maintenance

supplies

Value

0.1

See Table 6.1
0.8

10000 -
300,000
0.0002

See Table 6.4
1

360

80

See Appendix A
220.
0.6

0.027

0.015%

0.015%

Fraction of operating labor cost for operating supplies 0.3%*
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Parameter

PPC

PPMP

PSEP
PSF
PSUP

PSV
PWC

RKO
SHRMC
SHRWK
STF
STRMC
TA

TC
T™P
WD

Fraction

of

contingency

Fraction
equipment
Fraction
Fraction
Fraction
start-up
Fraction

Fraction

of

of
of

of.

of

of-

subtotal plant investment for project
equipment cost for materials handling
equipment cost for electricity and piping
equipment cost for support facility

annual gross operating cost for plant

labor cost for supervision

total plant investment for working capital

Return on equity

-1
Rate equation constant (day )

Shredder maximum capacity (tons/hr)

Shredder work (HP/tons/hr)

Stream factor (fraction of year in operation)

Storage maximum capacity (ft3)

Ambient temperature (°C)

Digester temperature (°C

Manpower requirement

Hours per work day

Value

0.15

0.05

0.04
0.05
0.20

0.15%
0.02
0.15

3.0 x 10
25.

15.

0.9
300000
10.0

See Table 6.4
See Tahle 6.5

Table 6.5

* TFor the small scale system these factors are 0, except for the tax rate

which is taken as 20%.
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Table

6.7
6.8
6.9

6.10
6.11
6.12

6.13
6.14
6.15

Base
Base

Base

Base
Base

Base

Base
Base

Base

Line
Line

Line

Line
Line

Line

Line
Line

Line

System
System
System

System
System

System

System
System

System

Analysis -
Analysis -
Analysis -

Analysis -
Analysis -

Analysis -

Analysis -
Analysis -

Analysis -
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Small Scale
Small Scale
Small Scale

Medium Scale
Medium Scale

Medium Scale

Large Scale
Large Scale

Large Scale

Corn Stover
Rice Straw

Wheat Straw

Corn Stover
Rice Straw

Wheat Straw

Corn Stover
Rice Stpaw

Wheat Straw



Table 6.7a

SYSTEM PEPFORYANCE

FEED COMPOSITICN

TATAL SHALIPS

SQLINS F=ACTICN IN FEFQ
VOLATILE SNLINS FRACTINN

STNRACE
NUMRER OF UNITS
CAPACTTY PE2 UNTT

SHEZARTNG
NUMRER NS [INTTS
FASACITY PER. UNTT
NAWSE PCQUTIEMENT

HOLNING=MIXTNG
NUMIER OF UNTTS
CAPACITY PER UNTT
POWER RENIITREMENT
PRETRECATHENT «NONT U550
DINESTION
CSTR
NUMRER 1F [JNTTS
CADACIIV PLo {jNTT
TIREQSTER TOMPERATIIRE
PETINTTION TIMZ
CONMYZRSION EFFICIFENCY
POUWER PRPENUITREMENT
GAS ERAQUCTINN
HEAT EXCHANGER
NUM3FR NF 1IINTT®
HEAT EYCHANGER AREA
TOTAL HEAT PENIREMENT
DEWATFCING=NNANE Y379

GAS PURIFICATION-NONE USED

205 TONS/D
"-’"C

IM SOLINS . 95¢
TN VOL SOL  .36C°

1.
16&3';. PUQFT.

1.
«1667E+(D TONS/HR
« 25305401 HP

1.
+€250E4L3 CU FT,
+12503E+4G0 HP

1.
c1100C+C5 RULFT,
35,0
16,20AYS
454
«22790E+01HP

« 425 VVD
JHARTIE+TL MM 3TU/D

1.
f2029E+(T SALFT,

11248+ L1 MM BTUZD
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CAPTTAL ~AST TSTTUATE

INSTALLED ZAUIP4TNT

3TNPART UNTTS
SHKEONT D5
HALOTAG TuaNKs
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HEAT SYCHANGE SS

Table 6.7b

MATEPIALS HAMDLING —GUTEMTNT

SHURTNTAL
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SUBTNTAL
SUPPAaT FACILTITTCS
SUCTOTAL CAPTTAL TNYSITMENT
CONTRACTNE NYERHIAD + PROFIT
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SURTATAL PLANT INyTSTHMIMT
coNJYINT CANTTIHGENCY
TaTAL 6LANT INYFERTMTNT
INTESIST AUSTNG CONSTOUSTION
START=YyP £NSTS
WHRRKTNG NAPTTAL

TATAL CASITAL SEQHTOEMENT
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Table 6.7¢

ANNUAL NPZFRATIMNG C0O57S

PRONUCTTION MATERIALS
FZED - ¢ G C5/7TON
UTILITIFS
ELECTRIC = 540 CTS./KW=H?
FUEL = % 8.0 /4M 2Ty
Lteane
NPERATING LABHP - MEN PED NAY 1.
HeS PES SHIFT 8.0
HAURLY RATE, R Le?
MATINTEMANCE LABOR
SUPERVISINN
ADMINTISTRATION + OVEFHTAD
SUPPLIES
NPERAT ING
MATNTENANGTE
LOCAL TAX-S + TNSURANGCE
GROSS ANNUAL CPERATING TOST
CREQTTISZFPENALTIES £AST

NET ANNMAL OFTRATYING rOST

NISCOUNTED CASH FLOW MTTHOO

RFETURN ON "UNIT GAS rOST

INVESIMEMT (X/MM BT
o113 ’ 12.15
15 17 .44
2N 2240 ¢
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DIGESTION

0STR
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FAPALTTY PSR UNTT

e
-
ES

-
Lo

SoLINS FRACTTICN
FrACT,

NIGZISTIR TIUMREPATILE

FETENTTON TIuc
SONYERSINN o FFISTIENCY
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HEAT SYOHANGTR
NMUMIED NF UNTTS
HEAT FXTCHAMGER ArcA
TATAL HEAT RCAUTREMENT

ALWATFRING=NONZ 1ISED

GAS PURIFICATINAN=NNNZ USED

Table 6.8a

It SNLT0S
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Table 6.8b

CARTTAL CNST ESTIMATE

INSTALLSN SAUIPMENT
STOPAGE UNITS
SHRECFFOS
HOLDTNG TANKS
JIGESTEPS
HFAT CXPHANGERS
MATERTIALS HANULING ZQUTEATNT
SUSTATAL
SYRUCTURZS-5LERT, + DIRING
SUSTOHTAL
SUPPORT FACTILITISS
SUETOTAL CAPTTAL INVESTMIMT
CONTPAGTO® OYSOHTAD + PROFIT
ENGINEIPTNG & NESTGM
SYRTOTAL PLAMT INVESTMENT
PROJECT CONTINGCNAY
TOTAL DLANT INUESTMINT -
IMTERSST QURTING COMSTRUGT ION
STAPT-U® (¢NSTS

WARKING CAPTITAL

TOTAL CAPTTAL RENUIREMENY

MAY 1973 (NSTS ()

2788,

7248C.,

761,

38305,

oo nester AR ST RY S WD w

8L67C.

12101.
T,
3349,
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Table 6.8c

ANNIIAL ODPERATTING CONORTS

AMNUAL COST (%)

FRPONUCTINN MATZRTALS

FISD = =  0,G1/TON 0.
UTILITIZS
FLECTRIC = 5.0 CTS . /KW=HE 1351,
FUEL = % 5,17/4M 0Ty _ ‘ 2534,
LA ROP |
APERATING LAEN® - MEN PZ2 NpY 1.
HKS PE2 SHTFT  R,D
HAURLY RATE  § 0.00 Je
MATNTENAMCE LAQNR ‘ | ' 9.
SYPERVISION 0.
APMINISTRATION + OVERHEAD ' Je
SUPPLTES
CPERATING | ‘ , 3.
MATNTE NANCF ' A G
LOCAL TAXES + INSUPANAE - 2505.
G96SS ANNUAL PPTRATING COST : T g;;;:
CRENITS/PEMALTIES COST - d.
NETY AMNUAL NPERATTNG nNST o T 6393+

NISCOUNTED TASH FLOW METHOD

RETUSN ON UNIT GAS GOST
INVESTMENT . (/MM 8TU)
2C 16.91
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FEED CNMENSITION

TATAL SOLTNS
SOLINS FRACTIAN IN FZED

Table 6.9a

SYSTEM PIPEOOMANCE

1.8 TOMS/N
+93C3

VOLATILE SOLIOS FRACTION IN SNLIDS » 347
TN VL SNL « 42C

OIN0ECR. YOL. SOL. FRACT,

STORAGT
NUMAER NE YNTTS
CAPALTTY PSR UNIT
SHRENDTNG
MUMITR NF UNTTS
CAPAPTIY B NUNIT
POWER REQUIRFMFENT

HOLNDTNR=MIYING

NUMBER 0F UNTTS
CAPACITY PER UNIT
PAKWIR RENUTRFMENT

PRETPCATMENT -NONS USEN
NIGESTTON
neTe
NUMRED gF (UNTTS
CAPACITY ©®Er YNIT
RIGESTIR TCMPSEATUIE
PETINTINM TIMC
CONVERSION £FFIRTISNCY
DOWSR EENYIREMENT
5AS PRAJUCTION
HEAT SXCHANGER
MUMPRER QF 1UNITS
HEAT EXCHANGE® AREA
TOTAL HSAT RENUIRSMENT
DEWATECING=NNNZ IJSED

GAS PURTFICATION=NONE HSED

112

ISR NS
s @

CUGFT,

i.
eD102C 41 TONES/HR
«1215E+401 HWP

1.
«THE9E+(2 CU FT,
¢ 1394240 HP

1.
CAB2SE+ (L CULFT,
28.0
1F.3DAYS
L 451
«19255 401 HP

+ 482 VYD
LRy 3E+01 MM BTU/ﬂ

1.
o 1771E4+ (3 SQ.FT,

+9988E+00 MM BTU/D



caelTaL

INTTALLED SQUIFMENT

STNRAGE 1INITS
SHRIONELS
HOLDTING TENVS
NIGESTERS

HEAT EXCHANGEES

MATERIALS HANDLING ZGUIPM

S SURTATAL ’
STRUCTURES=FL.=AT, + PTEING
. SURTOTAL
SYPPORT FARTVITTISS
SUETOTAL CAPTTAL INVISTMINT
CONTRAGTOR OVERHEAD + PRQOFIT
ENGTNFTOING + NESTON
SUATOTAL PLANT INYESTMTNT
FPOJENT NONTINGENGY
TOTAL PLANT TNYFSTMENT
INTEREST NURING CAMSTRUNTION
STAPT-yP NNSTS

WNRWING CAPTTAL

TOTAL TAPITAL PENUYTRIMENT

cns.

Table 6.9b

-

ESTTHATE

“AY CASTS (B

1973

1837,
1188,
3asuh,
49212,
2718,
272¢%.

57227,

INT

2283,

R2LI2,
625,
3125,

9936,
7h178.
6856 .

1513,
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Table 6.9c

ANMUAL NP<RATINMG ~NSTS

ANMIDAL 03T (™)

sonNYCTTIN, MATEOTALS

FZTD - 3 2,0./TON de

HTTLITISS

TLTCTPIC - 5,0 PTQ./VN;H? 355,
EUZL - T 5.e3/aM ATy ‘ 2351,
LA =0NP
NPEQATTING [LAGNC - McM CFC gAYV 1.
MRS PEF SHTIFT Re?
HOURLY 2T % §,20 o 3.
44 TNTEMANGT LARNS _ Je
SUPSRVISTION ' 3.
ACMINISTRATIAN + QY 24540 : 2.

SUPELIES

NPFIATING : J.

1A INTENANGS 7.

LONAL TAXES + [MSHOLNSE | . 2357.
G&NSS AMNUAL CPESRATIMG COSY T SG;S:
CRINTTS/FIMALTITS COST 3.

MET O AMNUAL N2TRATTING NNST T f---jgagg:

CISCCUNTED CASH FLOW METHOR

RETUICN OM UNIT GAS £0ST

TNYZSTHYENT (I MM AT Y)Y
Wiy 12 .37
W13 15,365
27 22452
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Table 6.10a

SYSTEM FEFFCEMANCE

FEED COMPOSITICN

STOPAGE

TOTAL SOLIDS

SOLIDS FRACTION IN FEEC

20240 TONS/D
«5CGC

VOLATILE SOQLIDS FRACTICN IN SCLIDS «351%

EICDEGF., VOL. SCLe. FRACT,

NUMBER OF UNITS
CAFACITY PER UNIT

SHEEDDING

HOLOING~-

NUMBEE OF UNITES
CAPACITY PER UNIT
POWEFP REQUIREMEMT

MIXING
NUMBEF OF UNITS

CAPACITY PER UNIT
POWER REQUIREMENT

IN VvCL SCL 360

Be
2€6667, CU.FT.

1.
«1687E£¢£2 TONS/HR
e2530E# 03 HP

1.
«6254=#{y5 CU FT.
«1250E+432 HP

PRETREATMENT=-NONE USED

CIGESTION
CSTR
NUMBER OF UNITS 7.
CAPACITY PER UNIT «9B821E+405 CULFT,
CIGESTER TEMFERATURE 60.C
RETENTION TIME 16.0DAYS
CONVEFRSICN EFFICIENCY 767

POWER PEQUIREMENT L3754 53 HP

1.158 VvD
«7961E+G3 MM BTU/D

GAS FRCDUCTICN
HE AT EXCHANGER
NUMBER OF UNTITS 3.
HEAT EXCHANGER APEA . «ART3IECC4 SQ.FT.
TOTAL HEAT RZQUIREMENT s TLU2TERE2 MM RTU/D
CERATEFING-NONE USED

GAS PURIFICATION=-NONE USED
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Table 6.10b

CAPITAL ST ESTIMATC

INSTALLEC EQUIPMENT
STORAGE UNITS
SHREDBDERS
HOLDING TANKS
DICESTERS
HEAT EXCHANCGEFS
MATESTALS HOMDLING ENUIPMENT
SUaTOTAL
STRUCTURES-ELECT. + PIPING
SUETOTAL
SUPPORT FACILITIES
SUBRTOTAL CAPITAL INVESTMENT
CCNTPACTO® OVERHEAD + PROFTT
ENGINEEZEPING + DESIGN
SUBTOTAL PLANT INVESTMENT
PFOJECT CCNTINGENCY
TOTAL FLANT INVESTMENT
INTEREST DURING CONSTPUCTION
STACST=-UP COSTS
WOPKING CAPITAL

TOTAL CAPITAL PEGUIREMENT

116

MAY 1979 COSTS (%)

54135,
Lu2.52,
110432,
926713,
12470 e
€5872.
1383704,
55222,
167836,
71932,
1510567,
i51{o.
i6012n1,
2L5182.
1841382,
165724,
1€9622.

28208

2213555,



Table 6.10c

ANNUAL CPERATING COSTS

ANNUAL COST (%)

PROTUCTICN MATEFRIALS

FEED - 3% CeT7°/TON : 2.
UTILITIES
ELECTRIC = Se33 CTS./KW=HF , 117532,
FUEL = B S5,2(/MM RTyY 152482,
LABOR |
CPERATING LAECR - MEN FER DAY 12«
HRS PEF SHIFT Be 10 :
HOURLY RATC T 6448 21624C.
MAINTENANCE LABOR | 27621 .
SUPERVISIONM 35673,
ADMINISTRATION + CVEFHEAD ' 164124,
SUPPLIES | _
CPERATING 63672,
MAINTENANCE 27621.
LCCAL TAXES + INSURANCE : 49717,
GROSS ANNUAL OPEPATING COST : . T --g;g;ggr
CREDITS/PENALTIES COST S
NET ANNUAL OPERATING COST N 848198,

DISCCUNTED CASH FLCK METHOD

RETUPN ON UNIT GAS COST

INVESTMENT ($/MM ETUY
.1 L.69
«15 6.05
o2& 7.41
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JYsSTEM

RN

FZED CCMPOSITICN
TOTAL SOLIDS
SCLICS FRACTICM IN

FEEC

JOLAYILE SCLINS FRACTICN

3ICNEGE. S0CL.

VCL .

FTCRAGE
NUMRZ2 3F UNTITS
CAFACITY PE2 UNIT

3HREDNING
NUMSZE OF UNITS
CAPACITY PER UNTT
POWES FECQUIREMEMT

FCLOING=MIXING

NUMBER QF UNITS
CARPACITY PER UNIT
PCWZIZ REQUIREMENT

FRETIEATMENT-NONE USED
CIGESTION

CSTR ,
NUMBER OF UNTTS
CAFACITY P28 UMIT
CIGESTER
FETENTION TIMC
CONVERSICN
POWES RESUIREMENT

GAS FRCDUCTICN

HE 2T EXCHANGER
NUMBES OFf UNITS

HEAT EXCHANGEP AREA

TOTAL HEAY REQUIREMENT
CZWATEFING=-NONE USED

53S PURIFICATION=NCONE LSED

FFACT,

TEMPERATURE

ZFFICIENCY

Table 6.1la

EICFCIMANCT

25ue (. TIN3/D

225
IN SOLINCT A3
IN VCOL SCL 5t

ré

24571Ls CULFT,

TONS /MR

1.
«1126c+(2
«1683:-¢03

HP

1.
«78Ll3E+i5 CU FT,

015632432 HP

Q

a ARLIAES (05 CU,LFT.
6JeC
17,404Y8%
o 7R7
e L7194 3THP

1,375 vvo
e1181E¢C W& MM 8TU/D

- ¢

8284+ %4 SQ.FT,

«BLASTL2 MM ©TU/D
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Table 6.11b

CAPITAL COST ESTIMATE

INSTALLED EQUIPMENT
STOFAGE UNITS
SHREDDERS
HOLCING TANKS
DIGESTERS
HEAT EXCHANGEFS
MATEFTALS HANCLING EQUIFMENT
SUBTOTAL
STRUCTURES=-ELEGT. + PIPING
SURTOTAL
SUPPOFT FACILITIES
SUSTOTAL CAPITAL INVESTMENT
CONTRACTOF COVERFEAD + PROFITY
ENGINEERING + DESIGN
SUBTOTAL PLANT INVESTMENT
PFOJECT CONTINGENCY
TCTAL FLANT INVESTMENT
INTEREST DURING CCNSTRUCT ION
START-UF COSTS
WORKING CAPITAL

TOTAL CAPITAL REQUIREMENT

119

MAY 1373 COSTS (3)

£5555.,
2415,
124E73.
1249478,
1L5C69,.
82899,

cCmee e aee ceceesasaaeeea

1766844,

88342,

1855186,

18552,

92759,
T T ioesuar.
294975,

T azeture.
243532,

177294,

45229,

2687523,



Table 6.1llc

MUAL CPICATING QLTS

Fs

ANNUAL CCST (5)

ELECTSIC = Sef LT3 /Wa=IIF 1?45,
FUSCL - % Su0{/Me STU 1756435,
LABQ®C
CPECATING LATNE = MEN FEF [AY 12
HS3 PER SHIFT Ao
Hnl!:l__v fAT* R OFRa T 71 cqf-
FAINTENANGE LAZOE : 33922,
SUFSRYIZINN 36624,
ADMINTSTEATTION & CYTFHIAN 1BRLT2,
SUPFPLIES
CPERATING ’ 6272,
EAIMTEKANCE \ 17922,
LCCaL TaxXgs + INSUPANCE PRSI
TE0SS O AMNULAL CPEZATING NCST , RREL72,
CFEINITS/OPENALTIES COST Lo
MET ANNUAL OFERATING COST EB8RLT2.
NISCCUNTEN CASKH FLCW MITHON
BETUSIN IN UNTT GAS CeST
INYESTFINT ($§/74M 2Ty
17 3.67
o2 S o’
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Table 6.12a

SYSTEM PZ2F(OPMANNT

FEED) rOMPOSITICN

TAOTAL ZOLTOS 175,07 TOMS/D
SOLINS FIACTICN IM FZg?n «AT.
YOLATTILE SNUTNS FRACTIN IN SNALTNS RS
AINNCIGRR, MYNL, S0L. F2ACT. IN YOL SOL JL27 -
STORACMF
NIITMBER OF UNTTS S
CAPACTTY ©°SR UNTT 28GHu"e TULFT,
SHRENNTNG
: MyMReER ne YMNITS )

CAPACITY PTQ UNTT
POMES RENIIPEMENT

HALNTING =T Y TG
NyMASE OF UNTTS

rACACTITY PER UUNTT
PANETP CENYTREMENT

PRETREATMINT -MIMT (IS0
NIGESTTION
TSTR
NUMREZRP NFE INTTS

CAPACTITY P2
NIGE5Tn®

PETZATT Ow
CONVERSTION
POWEK RINQYTRIMENT

UNTT

TTME

GAS PROAYCTINN

HEAT TXCHAMGTS

NUM3ZP NF UNTITS

HZAT ENYCHANGEIR ARFA

TOTAL HZAT 2oNUTREMENT
DEWATERING=-NOME 11SEN

GAS PURIFICATINN«NONE USID

TTMSIRATUSE

ZFFICIFNGY

eB10ZE4 0L TONS/HR

« 12157463 HP
1.
«5LbAZ4+ (5 NU FT,
+1094E 432 HP

7 :
«8504E4+55 CULFT
B0
10.508YS
767
«120 3403 HO

1715 vyn
73795 +03 MM RTU/D

«A72XF Ll SNL.FT,

e AILILAL2 MM TY/D
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Table 6.12b

CAPTTAL CO3T =aTIMATE

INSTALY S “NITOo4=NT
STOPART UNTTS
S UERDOULED
HNLATNG TANYS
ITHeSTE23
HEAT SYSHANGEKS
MATSIZTALS HAMAOLIMG TRUTIPYENT
SUaTNTAL
STRUC TURLS=2LI0T5 + PIDTHG
SUETONT AL
SHPPQRT FAGTLITIES
SUPTQTAL CAPTTAL INYESTHINT
CONTPACTN® QVESHEAD + PROFIT
ENGINTZXING & I STGA
SUBTOTAL PLANMT INY-STMENT
FOQ JFOT CONTINGTNAY
TOTAL PLAMT TRYSSIHMENT
INTTPEST JUPING CONST2UCT INN
STAGT-UP COSTS

WORKING GARTTAL

TOTAL FAPITAL REQUIREMENT

£y

122

MAY 14793 CNSTS ()

46317,
25937,
132749,
918u63.
1313558,
53729,

1253399,
S515w.,

MEW WD M B> —-—m- - - .-

565253,

) o ---135;255.
13693, .

68LHZ,

T T st
217712,

T  eeatne.
154¢<1.

15412¢.

204m85C.,



Table 6.12c

ANNUAL

CPTRATING COSTS
FRONCTION MATEOTIALS
FIEL - % 3.02/T0N
NTILIYIES
CLERTRIC = 540 CTS/KW=HD
FUIL - % 5..074M 3Ty
1.A30R
0PTRATING LARNAD - MzZN FFPR LY 12.
HRS. PEFR SHIFT Pac
HOURLY RATE T 64030

MATRTINANCT

Py
Be)
D

i

SU$EQVISION
ADMINISTRaflﬂN + OVERHFEAD
SHepPLYES
NPERATIMG
MATNTE MANCT
{ﬂéAL TAYES + INSIRANNGE
GRNSS ANNUAL "PSRATINA COST

CPENITS/PINALTIES CNST

NET ANNUAL OPFRATING CNST
NISCAYNTED CASH FLOW MSTHOD
RETUPN ON IINIT GAS COY
INVESTMENT { £/ BTUY
o1& 4,292
270 510

123

ANNIJAL CSOST ()

74287,

133220,

213240,
25827,
35292,

1623461,

774602,



Table 6.13a

SYSTEM PERFNRHMANCE

FEED CNMPOSITICN

TOTAL SOLTANS 228%.3 TCONS/N
SNLINS FEACTION INM FEED « 550
YOLATILE 3NLTDS FRATTION IN SOLIOS «95¢C

QT0N=GR. YNL. <0L. FRACT,

STORAGE
NUMRTDO NE IINTTS
BABPAGTTY PSR UNIT
SHRENDDTNA
NJMITE OF UNTTS
CAPACITY PER UNIT
DAWIR RFANIRSMFNT
HOLDING=MIVYING

NyMIED g UNTITS
CAPACTTY PER UIMIT
POWER CCNUIREMENT

PRETREATMENT=MOME US=EDN
RIGESTTON
rSTR
NUMAER 0OF UNTTS
GABACTITY BgR UNTT
NIGCSTER Te MPERATIF
OETENTION TIME
NTONVERSTINN SFFICIFMCY
BOWER REQUIPEMINT
GAST PPANMICTTON
HTAT CYOHAMGTR
NIHMBER OF UNITS
HEAT EXCHANGF® artd
TOTAL HEAT 9TNNTIEMENT
NDFWATECING=NONT 115€])

GAS PURIFICATICN-NONF USETD

TN vCL SOL «36¢

56,
29r29¢€. CU.FT,

7
«2331c+02 TONS/HKR
«250GE+GL HP

3.
«2083E+(6 CU FT,
¢ 1250€+C3 HP

69,
+I9ELE+TS CULFT,
AUl
1ue UTIATYS
J7R7
«1375E4G4HP

1.158 vvn
¢« 79615434 MM ATU/D

21.
+IS3IE+(C4 SALFT,

o7 XQ2F+ T MM BTU/N
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“CAPTTAL CNST SSTIMATE
MAY 1973 COSTS (%)

INSTALLED EQUIPMENT
STOPAGE UNITS 515741,
SHRTHIERS 374715.
HOLOTNG TANKS 634731,
OTGESTERS 3802033,
HEAT £XCHAMGE RS 1134220,
MATERIIALS HANNLTNG SQUIPMTNT 623071.
suaTaTaL T Sessast.
STRUCTURCS-FLECT, + PIPTNG 223379,
sveroTAL oo T 13607861+
SUPPORT FARTLTTICS 680393,
SUETOTAL CAPITAL INVESTMENT T T h298254.
TONTRACTCOR NVERHEAD + FROFTT 142883,
ENGTNZERTNG + NESTGN 714413,
SUSTOTAL PLANT IMvESTMENT 15145549,
PROJELT TONTTINGENCY 2271832,
TOTAL PLANT TwwEsteent T 7e17381.
INTEREST DURING CONSTRUCT ION 1567564
START-UP CASTS 961070,
WARKIMG CABTTAL 348348,
TOTAL CAPITAL SEQUIRSMENT T 23294363,

Table 6.13b
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Table 6.13c

ANNUAL NPERATIMG COSTS

ANNUAL £03T (#)

PPONUCTINN MATERTALS

FEID - % [.CC/TON 0.
UTTLITICS
ELECTRIC = 5,0 CTS,/KW=HP 1175523,
FUSL = = 5,03/MM ATy 1517748,
LA S0P
- OPTFATING LABOR - MEN 9FP NAv 20,
4RSS PER SHIFT 8.7
HOURLY RATE T bl 42348143,
MAIMTENANCGZ LARNR | | ' ' 21261,
SUPFOVISINN ’ 102261,
AOMTNISTRATION + oveéHsam _ 470401,
SUPBLTES
NPERATING | 126144,
MATNTEMNANCE ’ 261261,
LUCAL TAXFS + INSURANTE : 470269,
GROSS ANNUAL OPSRATING COST i 4805348,
CRENITS/OTNALTIES COST S | 0.
NET ANNHAY OPERATING £OST o T ;;E;;;;:
XXX XOXEKXXX XXX XX XXX XXX XXX XX XXX XX XXX XXX XXXXKKXXXXK XXX XK XXXXXHX XXX XX
§§ TOTAL ANNUAL CAPITAL REQUIREMENT = ¢ 7321479, ) ;§
i: TNTAL ANNUAL GAS °PRODUCTINN = 2615117, MM ATU ii
XX ' XX
XX UNIT GAS ©0ST = &  2,802/MM BTU XX
XX XX

|.2.9.2.2.9.89.99.0.00.9000.999.099900999899099.8909899 9090999990899

NISCNUNTED CASH FLOW METHOD

RETURN ON UNIT GAS r£OST

INVESTMENT (S7MM BT
le? 3.17 P
215 k45 126 '

020 5.4 \



Table 6.14a

SYSTeM PLRFORMANCE

FEED COMPOSITINN

TOTAL SNLTUS

“0LINT FRACTIAN [N FCER
YOUATILE SOLINS FRALTTNN

257 7.0 TCNS/A
« 25

TN SOLIBS « 873

AINJDZGR, YOL. SOL. FRACTY. IN VOL 50U o SN H

STORAGE
NUMBER 0F UNTTS
CAPACITY PER NMIT
SHEENDTNA
NUM3Z® 05 UNTTS
CABACTITY PTR UMTT
DAWZP EFENUTRIMINT
HOLDING=MIXYTHA

NUMATZ OF UNTTS
CAPACITY PER UNIT
PAWTR CEQUIREMINT

PRETREATMIMNT =NAMZ UJSEN

DIGESTTNN.

CSTR

GAR

NUMAER NF UNTTS
CAPACTTY PEP UNIT
NIGESTER TOMPSEATIIOR
PITENTICH TTME
COMVERSTOMN EFFINTIENCY
PNWED PEQUIREMENT

EROJUETTON

HEAT FEXCHAMGEO

NMgoR NF UNTTS
HEAT EYTHANGIR AREA

TOTAL HEAT OorNUIIPE MINT

DEMATERPING-NONE USFEN

GAS PURIFICATTICN=-NONSE NSEN

57
298637, CULFT,

S
J1ABAE 434 HF

-
Iy

26TLE+TH CU FT.
«1563E403 HP

86,
+9993£4 35 CULFT,
16.0PAYS
« 7507
«1719E+{ULHP

1,175 VvVl
11815475 MM aTUY/’D)

25
«3953E+0L SN.FT.

«8358F+CT MM 3TU/N
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Table 6.14b

CAPITAL COST ESTIMATE

INSTALLED SNUTOMTNT
STORAGE UMITS
SHOTNED?
HOLDING TANKS
JIGTSTERS
HEAT EZXCHANGESS
MATERTALS HANPLING ZAUIPMENT
SURTOTAL
STRUNTU2ER-FLIAT, + PIPTNG
SUETOTAL
SUPPQaRT FACTLITTICES
SUETATAL CACITAL INVISTMEMT
CONTRAGTOR NYESHFAN & PROFIT
ENGIMEERING + NISTAON
SUETOTAL PLAMT INYESSTMENT
PROJECT CANTTNGENCY
TOTAL PLAMNT TNYTSTMENT
INTEREST DURING RONST2UCTION
STADT-JP £NSTS

WORKING CAPTTAL

TOTAL CAPTITAL FLQUIRSMENT

128

MAY 1979 COSTS (%)

642475,
257872,
7159RG,
12236192,
1334639,
7623538,

ST Tli21951s.
64C 331,

166493897,

A32495,

17482392,

174824,

874120,
T T esazae.
2779703,

A G S G e TR W ane -

21311035,

1917393,.

1029325,

426221,

2ubBL5T4L,

e e
g o s



FIER - R JeTY/TON D
HYILITIFS
SLECTRIC = S,.0 NTS,/KW-HP o 1067447,
FUFY, = % 5,.0G/74M BTIY 1716122,
LAnod
NPEEATING LARPQOR = 'McN PE? JAY oL,
HPS PS4 SHTFT Bl
HOHRLY 2ATE T R,.I0 «w224830.
MATNTEMANCE | ARNR 319666,
SUPFCY IRINN 111022,
ADMINTSTRATINN & NYLRHTAD 51445704,
SUPPLTES
NPERATIMG 126144,
MATNTFENANCT 319666,
LOCAL TAXIS + INSURANMCF 575394,
GRNSS ANNUAL NPFRATING COST ' 5146624,
CREDITS/PTNALTIFS COST T
NET ANNUAL OPFRATIME CNST » 5146624,
XXX XY XX XXX XY XXX XXX XXX Y XXX XXX XXX XXX XXX XX XX XX X XXX XX
XX XX
XY TOTAL ANNHNAL CAPITAL REAUIREMENT = 1% B2G6634, X X
XX XX
XX TATAL BANNUAL GAS PPOIULCTINN = 2RBCE7A6. MM BTU XX
XX X X
XX UNTT GAS COST = % 2.11/MM ETU XX
XX XX -

XUXXXXLAXXXXXXXE XK XXX XXX XXX XXX

Table 6.14c

ANMUAL NPSRATING 710STS

ANNHAL CNST (§)

CENUUCTTNN MATEZRTALS

XXXXXKXKXXXXXKKXXK XXX X XXX XXXX XX

DISCOUNTED £ASH FLOW MTSTHOD

RETUPN ON UNIT GAS COST
INVESTMENT ' (X/MM 2T U)
1 2.42 - 129
115 3097

o 26 4.29



Table 6.15a

SYSTEM PEDFNOMANCE

FEED COM©OQSITICN

TOTAL SOLTNS

SOLIMS FRACTION [N FZIEDR
YNLATTILF SOLTOS FRACTION
eINDTGR, YOL. SOL. FRACT,

STORACRE
NUMBER 0F LINITS
CAPACTYY 9E0 YNIT

CSHRENPTNG
NUMI3TR NFE UUNTITS
CABPACTTY PR UNTT
POWTR ENITREMENT

HOLNING=MIXTMG

NUMBEFP OF IINTTS
CAACITY PSR UNIT
POWER RENUYICEMENT

PREYOEATMINT «NMOMT USER
DIGESTTOM

C37e
MUMBER NF UNITS
NACACTYY BEOS UNTT:
CIGCeST=ZP TIMPERATIIPF
PETENTION TIME

TOMVERSTONM EFFICIFENCY |

DOAWER RENIIPEMENT
GAS ‘PRONUCTTON
HEAT EYOHANGED
NUMBER OF UNTTS
HEAT ©XCHANGER AREA
TATAL HEAT PCAUTOE MENT

DEHATFRING -NONF USEN

GAS PURIFICATICN=-NONE US=ZO

175%2.2 TCONS/D
[} g-:
SNLINS 0 Q]

IN vynL SOL o420

a7,
297872, CU.FT,

L,
«2025E4(2 TONS/HR
+1215F +04 HP

. 2o
«272ILEXGH CU FT,
«1CALEFG3 HP

61.
CYRRZF 408 GUL.FT,
50,
13,9PAYS
7R
01202+ 00 HP

1.315 vvo
«7909:+24 MM TU/N

18.
+9692E+0s SALFT,

«B6LUBE4C3 MM OTY/D
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Table 6.15b

CARTTAL COST ESTIMATE

INSTALLEN ZQUTPMINT
STORAGE UNTITS
SHREMrEeS
HOLDTNG TANKS
DTGEZSTERS
HEAT TXCHANGERS
MATERPTIALS HAMDLING ZNUIPMINT
SUBTYNTAL
STRPULTYRES-cLICT, + PTPTMNG
SUBTOTAL
syeeney FACTLITIFS
SURTOTAL CAPITAL INYISTMENT
CONTRACTNG NVERHE AN % PRNFTT
ENGTIMEZRPING + NISTON
SURTOTAL PLAMT INYESTMZNT
PROJELT TCONTINGENAY
TATAL PLANT TNYSSTMINT
IMTEREST CURIMG CONSTRUCSTIONM
START~Yo £~QSTS

WORKING RAPTT AL

TNTAL CAPITAL EZIQUIRTMANT

131

MLY 1973 COSTS (D)

455174,
192137,
LACHBE.
3617508,
9834308,
536709,

T T 1270898,
L5836,
T et rse,
586387,

""""""" 12357821,
123078,
T T tueean.
1956944 ,

1503234,

1350291,

7857184

360065,

17439308,



Table 6.15¢

ANNTAL OPEPATIMG NOSTS

ANMUAL COST (3)

O2NOUYCT TN MATERTALS

FTEN - % CoR0/TON 1
UTTLITISS
ELFCTRPIC = 5.9 CTS./KW=H? 742865,
FUEL = 3 5,00/MM aTy 1241674,
LAHNR
NPEPATING LARNR .= MEM PES DAY 24,
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biodegradable volatile solids of 77%. The fractional conversion of volatile

solids is dependent on the fractional content of biodegradable solids in the
" feed; the conversions are 28, 38, and 32% for corn stover, rice straw, and

wheat straw, respectively. The small scale sys%em utilizes a CSTR at a lower
temperature, 35°C,.and longer retention time, 16 days. This leads to a lower
fractional conversion of biodegradable volatile solids, 45%, and a lower con-
version -of volatile solids; 16, 23, and 19% for corn stover, rice straw, and

wheat straw, respectively. If the small scale case were to utilize 60°C and 10 day
retention time operation, the unit gas costs would be about 40% lower than presented

in Figures 6.1 - 6.3,

In all cases, the unit gas costs are highest for corn stover and
lowest for rice straw. One reason for this is the gas production for rice straw
is about 50% greater than for corn stover or wheat straw. This higher output
is due to high residue content per acre and high biodegradable solids content
in the residue. The corn stover and wheat straw produce approximately the same
amount of gas, but the corn stover utilizes more residue due-to a higher per
acre residue yield. This increased amount of residue requires larger equipment
sizes and correspondingly larger power and heat requirements, thus resulting

in a greater unit gas cost for corn stover compared to wheat straw.

Another interesting comparison is the relative contributions due
to fixed and operating costs. For the small~-, medium-, and large-scale systems
the ratio of operating to fixed costs are approximately 0.5, 2.2, and 1.4,
respectively. The small scale system has a low ratio since all labor and supplies
costs were assumed to be zero. For the medium and large scale systems, labor
and supplies costs accounted for approximately 60 and 35% of operating costs,
respectively, which results in the high ratios of operating costs to fixed

costs.

The major contribution to capital costs is due to digester cost,

which accounts for approximately 70, 70, and 75% of capital costs for small-,
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medium-, and large-scale systems, respectively. Approaches which lead to
lower digester capital costs should result in significant reductions in

unit gas costs.

~

- The energy balance for a conversion process is an important con-
sideration in design. Obviouély, a system must utilize less energy than it
produces. For the small scale size system with corn stover feedstock (the
lowest energy output), the system utilizes about 50% of the energy it produces.
The energy balance is slightly better for rice straw and whear straw. For
the medium and large scale systems with corn stover, the process utilizes
25% of the energy it produces, which is better then the small scale system.
Since the medium and large scale systems operate at thermophilic conditions,
the conversion and gas production are greatéf¥ than for the small scale systew,

thus giving a more favorable energy balance.

The results of the base line systems analysis indicate which
factors make large contributions to unit gas costs. Approaches to abate
these costs by appropriately altering these factors are discussed in the

sénsitivity analysis in Section 7.
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Section 7

SENSITIVITY ANALYSIS

The results presented in Section 6 were for specified base line
conditions. These conditions were established from prior experience with simi-
lar processes. In this section, the effects of varying some of these base

line parameters on system economics is presented.

7.1 Digestion

The digestion conditions assumed for the base line systems are pre-
sented in Table 6. Une significant change from these conditions is to utilize

a batch digestion process. A second variation is CSTR retention time.

7.1.1. Batch Digestion

A controlled landfill concept is incorporated with a low capital
cost reactor (e.g., a hole-in-the-~ground concept as the batch digester). For the
batch landfill system, the digestion temperature is assumed to be 35°C. For

this temperature, the reaction rate constant utilized is one which would yield

60% conversion of biodegradables in 6 months, as was obtained in laboratory
experiments (Refs. 114, 133). Buffer chemical addition is included for the
batch process, equal to 1% of the solids content, and at a cost of $30/ton.
The results are presented in Figures 7.1, 7.2, and 7.3 for batch digestion
of corn stover, rice straw, and wheat straw, respectively, over a range of
batch digestion retention times. (The costs in these figures and all other
figures are for 10% ROI DCF unless otherwise indicated). Details of the

analysis are presented in Tables 7.1, 7.2, and 7.3 for small-, medium-, and

large-scale batch digestion of corn stover (at a 180 day retention time).

Analysis of the results indicates that for the range of batch di-
gestion retention times of 6 months to 1 year , the gas cost is lower for the
higher retention times. This is due to the large difference in conversion

efficiencies (e.g., 60% at 6 months and 837% for 1 year) and the corresponding
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Table 7.1
SYSTEM DESIGN FOR BATCH DIGESTION OF CORN STOVER - SMALL SCALE

Table 7.1a
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Table 7.1c
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SYSTEM DESIGN FOR BATCH DIGESTION OF CORN STOVER ~ MEDIUM SCALE

SYSTe
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~Table 7.2c
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Table 7.3
SYSTEM DESIGN FOk BATCH DIGESTION OF CORN STOVER - LARGE SCALE

Table 7.3a
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difference in gas production.

A comparison of batch digestion with the base case CSTR system
indicates several interesting results. For the medium and large sizes, the
base case CSTR system results in a lower unit gas cost than the batch process.
Tor the small scale system, the batch process is equivalent to or better than
the CSTR.. There are several reasons for this. First is the gas production.

For the base line CSTR design, the medium and large scale systems utilize 60°C,

. whereas for the small scale, a 35°C digestion temperature is incorporated. The
conversion efficiency is much higher for the thermophilic mode:than for meso-
philic, whether a batch or CSTR digestion is employed. Thus, the gas production
for the medium and large scale systems is about 15% greater than the batch
process (at 180 days retention time). For the small scale system, the gas pro-
duction is 50% greater for the batch system (at 180 days retention time). These
differences in gas production are partial contributors to the variations in

unit gas cost.

A second cause of the differences in unit gas costs is due to the
capital cost of the digester. The batch system utilizes a low cost per unit
volume reactor, but because all the solids must be loadéd in the reactor ini-
tially, the volume of the reactor for batch operation is significantly greater
than for the CSTR mode, 20 and 35 times greater for the small and large scales,
respectively. The density and concentration of solids also affects the size and
cost of the digester. Typically, a density of 40 lb/ft3 is maximum for a land-
fill, compared to about 64 lb/ft3 for a continuous flow system. The solids
content for the landfill is about 20% whereas it is 10% for the continuous pro-
cess. The dlgester cost tor the large ccale batch system (for corn stover) is
$44 million, which is 4.5 times the $9.8 million for the base line CSTR design
for corresponding conditions. This ratio is much lower than the ratio of
digeéter volumes due to the lower per Qolume digester cost for the batch system,
$4.70/yd3, compared to $4O/yd3 for the CSTR digester. For the small scale sys-~
tem the batch digester cost is $100,000, which is 2.3 times the CSTR digester
cost of $43,000.
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It shouid be noted that the major cost item for the small scale
batch system was for the digester. Since this is a hdle—in—the-ground digester
it is possible this cost could be reduced significantly by having the farmer
construct the digester. If the digester cost were reduced by 50%, the unit gas
cost would also decrease by about 50% since the digester cost contributes about

90% to the gas cost.

These results, which indicate the relative economic .advantage of
the small scale batch system over the conventional CSTR, indicate that develop-
ment for small fafm digestion of crop residues should'continue on the controlled
landfill concept. This system probably has the advantage of requiring less
labor input, once the system is initiated, a desirablé characteristic for small
farm operation; i.e., there is no need for periodic loading of residue as is

the case for a continuous digestion.

Since it is indicated that small scale batch digestion has a po-
tential economic advantage over a continuous process, it is important to
describe the scenario for this process. The crop residue is addded to the di-
gester with the appropriate addition of manure (inoculum and nutrient), buffer,
and water to provide a mixture which will result in a high rate of gas production.
This loading and admixing step should take about one month. The digestion
process will be designed to result in 60% conversion of biodegradable matter
in six months. However, the digestion process could continue up to
ten months, which would yield about 787 conversion after which time - the di-~
gester is unloaded and prepared for the .residue obtained from the next season's
crop. This unloading step should take one month. The total cycle will thus
be 12 months, with one month each for loading and unloading,and uﬁ to 10 months

for digestion,

It should be noted that several critical factors could influence
this scenario. First, it is necessary to start the batch digester at the ap-
propriate time to ensure maximum gas production at the time of maximum need,
i.e., the winter months. Also, it is essential that the periods of intensive
labor input (loading and unloading) -for this process do not coincide with

other high labor farm operations (such as crop hérvesting). To meet such
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conditions will probably require use of a residue system. The actual timing

of this process will be dependent on location and crop residue utilized.

7.1.2 Digester Retention Time

The effect of Varying CSTR digester retention time is shown in
Tigures 7.4, 7.5, and 7.6 for corn stover, rice straw, and wheat straw for the
medium and large scale systems. The effect of decreasing retention time is to
decrease the digester volume; therefore the capital cost is also decreased.
However, lowering retention time dectreases the fractional conversion and hence
the gas production. The effects of these opposing factors results in decreasing
gas cost with lbweriﬁg of the retention time in the range of 4 tu 16 days for
the digestion conditions and feedstocks incorporated in this analysis. The
decrease in unit gas cost is about 20% for the large scale ayotem when going
from 10 days to 6 days retention time. Pfeffer has found stable thermophilic

digestion for retention times as low as four days for digestion of corn stover.

7.2 Pretreatment

The results for the base line systems designs show that the
fractional conversion of volatile solids is extremely low, less than 407%; i.e.,
less than 40% of the heating value of biomaass ic obtained in the form of methane.
One approach to improve the yield is to use a pretreatment step to solubilize
the originally nonfbiodegrédable volatile solids. Chemical and/or thermal pro-

cessing can be used to improve the yield (Ref. 75, 112).

The effect of pretreatment added to all the base line cases was
analyzed, and the results are presented in Table 7.4 for corn stover, rice straw,
and wheat straw. Detaills of the analysis are precsented in Table 7.5 for pre-
treatment/digestion of corn stover for 200 tons per day (tpd) throughput and
5% pretreatment chemical requirement. The conditions of prétreatment'utilized
in these analyses were 115°C temperature, 4 hours retention time, 507 conversion
of non-biodegradable volatile solids to biodegradable volatile solids, and 5%
loss of input biodegradable solids. 'Ihe chemical pretreatment conversion

of 50% was with addition of sodium hydroxide which has a cost of about $300/tonm.
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Table 7.4

Effect of Pretreatment* on Residue Digestion

Corn Stover Rice Straw Wheat Straw

Small Scale . )

Annual Gas Production (MM Btu) 2.68 x 103 3.2 x 103 2.4 x 103

Unit Gas Cost ($/MM Btu) 12.81 12.36 12.76
Intermediate Scale

L ) S . ;

Annual Gas Production (MM Btu) 4.56 x 105 5.47 x 10 4.10 x 105

Unit Gas Cost ($/MM Btu) 5.29 5.18 5.15
Large Scale

Annual Gas Production (MM Btu) , 4.56 x 106 5.47 x 106 4.10 x 106

Unit Gas Cost ($/MM Btu) 4.33 4,38 4,15

* Pretreatment Conditions

NaOH Requirements = 5% of feed solids
Conversion = 50% of non-biodegradable solids
Temperature = 115°C

Retention Time = 4 Hours
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Table 7.5

SYSTEM DESIGN FOR DIGESTION OF CORN STOVER

MEDIUM SCALE

Table 7.5a
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Table 7.5b

CAPITAL COST ESTIMATE

INSTALLEC EQUIPMENT

STORAGE UNITS
SHREDDERS
HCLDING TANKS
PRETFEATMCNT
OIGESTERS

HEAT EXCHANGEFS

MATSERTALS HANCLING EQUIPMINT

SUBTOT AL
STRUCTURES=-SLECT, #'PIDING
SUBTOTAL
SUPSORT FACILITIES
SUGTOTAL CAPITAL INVESTMENT
CONTRACTOR OVERHEAD + OROFIT
ENGINEERING + DESIGN
SHETOTAL PLANT INVESTMENT
PPOJECT CONTINGENCY
TOTAL FLANT INVESTMENT
INTEFEST DURING CONSTRUCTION
START-UP COSTS
WORKING CAPITAL

TOTAL CAPITAL PEQUIREMENT
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541235,
42152,
115432,
236€EL3,
1877237,
126695,
82364,

1729654,
€185,
1798841,

89342,

18887872,
18888,

Q4439,

cti21i14,

2939{ 24,



Table 7.5c

ANNUAL OPERATING COSTS

PPOCUCTION MATERIALS
FEZD = §  C.CC/TON
PRETPEATMENT CHEMICAL ¢ 3GC.CG/TON
UTILITIES
ELECTRIC = 548 CTS./KW=HF
FUEL = $ 5.00/MM BTU
LAROP |
OPEFATING LABNE - MEN PEF DAY 12.
HRS PEE SHIFT 8.0
HOURLY RATE 1§ 6400
MAINTENANCE LABOR
SUPEFVISION
ACMINISTRATION + CVERHEAD
SUPPLIES -
OPERATING
MAINTENANGE
LCGAL TAXES ¢ IASURANGE
GFOSS ANNUAL OPERATING COST
CFEDITS/PENALTIES COST

NET ANNUAL OPERATING COST

'DISCOUNTED CASH FLOW METHOD

RE TUEN ON UNIT GAS COST

INVESTMENT (/MM BTU)
.10 5.29
*15 6.79
028 7'03—7
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ANNUAL COST (%)

Ue

98553

119573,

251422,

2102460,
34536,
36716

168896,

63072,
34536,
62166,

1391 €657,

191€657.



Pfeffer and Quindry (Ref. 112) presented economics for pretreat-
ment and digestion of corn stover. Pfeffer and Quindry obtained a unit gas
cost of about $10/MM Btu compared to about $4.30/MM Btu for the analysis pre-
sented in this study. However, Pfeffer's economic analysis uses net energy
production, whereas in this study the gross energy output is used. The net
gas output used by Pfeffer of 143 GJ/hr is about half of the gross value cal-
culated using the composition and cunversion parameters in this report. This
gross value would yield a gas cost of abouL 35/MM Btu, which is comparable to

the results presented for this study.

The results of the anélysis of pretreatment indicates that the
cost of chemical significantly affects the‘unit gas cost. For 5% chemical
requirement, chemical cost is about 50% of operating cost for medium and laige
scale systems. This chemical cost is a critical factor in the unit gas cost
resulting from pretreatment digestion of crop residue and suggests approaches
in pretreatment processing to reduce unit gas cost. These alternative methods
include use of lower cost chemicals'or less chemical. However, experimental
evidence results in less conversion to biodegradables (Ref. 112a) so that the
gas prnduction is less and unit gas cost is higher. For example, if use of
2.5% NaOH were to result in only 25% conversion of non-biodegradables, the unit
gas cost for pretreatment/digestion of corn stover (for the intermediate size)
will be approkimately'$5.35/MM Btu. This compares to about $5.29/MM Btu for

the 5% NaOH pretreatment case, i.e., essentially no difference in unit gas cost.

The capital cost increase due to the pretreatment process 1s only
about 15%. Thus, the use of pretreatment would be justified if good conversion
can be obtained with either low chemical requirement or use of chemicals with
lower cost. An analysis was made of varying pretreatment conditions from a
chemical reduirement of 0 to 30 percent of feedstock, assuming that SOZ of the
non-biodegradable volatile solids fraction is converted to biodegradable solids.
The results of this analysis are presented in Figures 7.7, 7.8, and 7.9 for corn
stover, rice straw, and wheat straw, respectively. It should be reemphasized
that the available experimental data indicate that a reduction in chemical ad-

dition results in a lower fractional conversion to biodegradable solids.
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UNIT GAS COST, $/MM BTU

Figure 7.7

EFFECT OF PRETREATMENT ON UNIT GAS COST
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UNIT GAS COST, $/MM BTU

Figure 7.8

EFFECT OF PRETREATMENT ON UNIT GAS COST
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UNIT GAS COST, $/MM BTU
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EFFECT OF PRETREATMENT ON UNIT GAS COST
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These results indicate that every 1% increase in % chemical requirement adds
about $0.50/MM Btu to the gas cost. However, since pretreatment does increase
the gas output, the use of about 3% chemical to feedstock ratio will result

in the same unit gas cost as the base line system design. Higher chemical
requirement will result in greater unit.gas costs, and -lower chemical require-
ment would be correspondingly more economical. It is interesting to note

that the condition of 0 chemical requirement, which is similar to an auto-
hydrolysis of biomass as investigated by McCarty et al. (Ref. 75), results

in a unit gas cost which is about 40% lower than the base line design, as-

suming no change in the amount converted.

The offect of warying nther pretreatment conditions is also shown
in Figures 7.7, 7.8, and 7.9 for the medium and large scale systems. The other
pretreatment conditions used are 150°C and 1 hour retention time, with 5% chemi-
cal added and 507 conversion. The effects of these changes is to lower the
capital cost and increase the heat requirement, with the net result of approxi-

mately no change in unit gas cost, with an assumed 50% conversion.

‘"The results of this analysis of pretreatment conditions indicates
the economic advantages if the assumed conditions can be obtained. Since there
is insufficient experimental data to verify such conditions, it is necessary
to continue development in this area to provide an economically feasible pre-

treatment process.

7.3 Gas Purification

The large scale syétem produces a quadtity of gas which could
justify delivery to a pipeline system. This would require purification and

compression of the digester gas.

Analyses of the large scale systems indicate that gas purification
will add about $0.75/MM Btu to the gas cost for corn stover, rice straw, and
wheat straw feedstocks. Details of the analysis are presented in Table 7.6
for corn stover. The uée of gas purification adds about 15% to the capital

cost and about 30% to operating costs, primarily for compression power costs.
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Table 7.6

SYSTEM DESIGN FOR DIGESTION OF.CORN STOVER UTILIZING GAS PURIFICATION
LARGE SCALE

Table 7.6a
SYSTEM PEFFCRMANCE

FEED COMPOSITION

TOTAL SOLIDS 2038, TONS/D

' SOLIDS FRACTICHN IN FEEC 510
VOLATILE SOLIDS FRACTICN IN SOLIDS +35¢

EICOEGR. VOL. SOL. FRACT. IN VCL SCL = «36C

STCOAGE :

NUMBERP OF UNITS 54

CAPACITY PER UNTT 29623€¢. CU.FT.
SHEEDDING

NUMBEFE OF UNITS 7.

CAPACITY PER UNIT <2381E+52 TONS/HR

FOWER FEQUIREMENT L2SCCE+CL HP
HOLDING=MIXING

NUMBE® OF UNITS 3.

CAPACITY PER UNIT .2083E406 CU FT.

POWER RPERUIPEMENT 0i25Jc ¢ HP

PRETREATMENT=NONE USED

CICESTION

cSTR
NUMBEFR OF UNITS 69, .
CAPACITY PER UNIT «996LE+(5 CULFT, .
CIGESTEF TEMFEFATUPE 6C.C
RETENTION TIME : 13, CDAYS
CONVERSICN EFFICIENCY 757
POWER REQUIREMENT 137554 34HP

GAS PRCDUCTICN 1.i58 vvD

«7961E406 MM BTU/D
HEAT EXCHANGER

NUMBER OF UNITS ' 21, .
HEAT EXCHANGER APEA +9533E+(4 SQ.FT.

TOTAL HEAT REQUIRENMENT «7392E+(3 MM BTU/D

DEWATERING=-NONE USED
GAS PURIFICATICN

CAFACITY PSR UNIT W 13276408 CU.FT3/70
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Table 7.6b

CAPITAL CCST ESTIMATE

INSTALLEC EQUIFMENT

STOFAGE UNITS
SHREDDERS

HOLOING TANKS
DIGESTERS

HEAT EXCHANGEFS

GAS PUFIFICATION UNITS

MATEFTIALS HANCLING cQUIPMENT

SUBTOTAL
STRUCTURES=ZLICTs ¢ PIPING
SUBTOTAL
SUPPORT FACILITIES
SUETOTAL CEPITAL INVESTMENT
CCNTRPACTOR QVERKEAD + PROFIT
ENGINEEFING ¢ DESIAN
SUBTOTAL PLANT INVESTMENT
PROJECT CONTINGEINCY
TOTAL FLANT INVESTMENT
INTEREST DURING CCNSTRUCTION
STAET=-UP COSTS
WORKING CAPITAL

TOTAL CAPITAL FEAQUIREMENT
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Table 7.6¢c

AMMUAL CPFEFATING COSTS

ANNUAL COST (%)

PPOCUCTION MATERIALS

FEED = &  C4&c/TON . 0.
UTILITIES
ZLECTRIC = 5.0 CTS./KW-HF 2345294,
FUEL = 8 S5.G0/MM RTU 1517748,
LABOR
CPERATING LAROF - MEN FER DAY 24,
HRS PEF SHIFT 841
HOURLY EATE $ Hecd ' L2CW80.
MAINTENANCE LAEOR ‘ 306825,
SUFPERPVISION ‘ 139996
ACMINISTRATICN + CVEFHEAD 501841,
SUPPLIES |
CFERATING ' TELUL,
MAINTENANCE ' 3@5525.
LCCAL TAXES + INSURANCE ’ - 552285,
GROSS ANNUAL OPERATING COST """"""QISQEEST
CREDITS/PENALTIES COST Co
NET ANNUAL OPERATIMG COST o ----------‘-;;;;52;:
‘xxxxXXXXXXxxXxXxxxX%XxXxxxXxxxXxxxxixxxxxxxixxxxxkxxxXXxxxxxxxxxXXXxx
;: TOTAL ANNUAL CAPITAL REGUIFEMENT = 3 9154430, | ‘ ;§
;§ TOTAL ANNUAL CAS PRODUCTION = 26151174 MM BTU §:
:: UNIT GAS COST = § '3.5L/MM 8TU §§
X X . XX

XX 00O OO XXX XXX XX XXX XXX XXX XXX XXX XX

DISCOUNTED CASH FLOW METHOU

RETUPN ON UNIT GAS COST

INVESTMENT (/MM ETU)
.10 3,94
'15 5-‘0“

W20 6.61 165



7.4 Labor Cost

Operating labor costs contribute about 25 and 10% to the operating
costs for the medium and large scale systems. In addition; other factors such
as supervision, overhead, and supplies are directly related to operating labor
costs which would double the percentage contributions associated with operating
labor. For the small farm system, these labor and associated costs were as-

sumed to be zero.

Since labor costs- are such a significant factor, it is essential
to determine the effects of varying the labor requirements and associated costs.

The results of this analysis are presented in Figure 7.10, 7.11, 7.12.

For the small scale system, the base line case utilized $30/hr tor
the fafmer's labor cost. However, this labor could be utilized for another
farm operation which is profitable and should be assigned a value. The value
of a farmer's labor is extremely difficult to assess, since it is very seasonal.
Obviously, during harvesting the labor cost is high and mid-winter it would be
low. The effect of labor cost is shown in Figure 7.10, assuming $6/hr average
cost, and varying the labor requirement for the digestion process. (The re-
sults in this figure can also be used to determine the effect of different
average hourly labor rates, e.g., 2 hrs/day at $6/hr would give the same cost
as 1 hr/day at $12/hr.) For 1 hr/day labor requirements at $6/hr, the gas cost
will increase by $1.50/MM Btu and for 2 hr/day the cost will increase by $3/MM
Btu.

The results for the medium size system are presented in Figure 7.11.
A variation in operaring labor requirémeut is shown, from the baee line case of
4 men/shift to 1 man/shift. The unit gas cost is reduced by about $0.40/MM Btu.

for each man/shift reduction in labor requirements.

For the large scale system, the base line case utilized 8 men/shift.
The results of varying this labor requirement, presented in Figure 7.12, are
that a reduction of 1 man/shift reduces the unit gas cost by about only $0.05 MM/
Btu.
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OUNIT GAS COST, $/MM 3TU

Figure 7.11

EFFECT OF LABOR REQUIREMENTS ON UNIT GAS COST
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UNIT GAS COST, $/MM BTU

Figure 7.12

EFFECT OF LABOR REQUIREMENTS ON UNIT GAS COST
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It is concluded from these results that simple digestion systems
which require minimal operating labor is essential for an economically feasible
process, particularly for the small and medium scale systems; The manpower
reqﬁired for loading feedstock for a continous‘digestion process would make any

reduction in labor requirement very difficult to justify.

7.5 Feedstock Cost

The base line system analysis utilized a $0/ton residue cost.
For some biomass sources (e.g., municipal solid waste) drop charges, or nega-
tive feedstock costs, are the case, but for agricultural crop residues, it ie:
most likely that a positive cost will be attributed to the feedstock. - This cost
will be due to removal or harvesting the crop residue from the field, and then

delivery to the processing facility.

The effects of feedstock cost on unit gas cost is presented in
Figures 7.13, 7.14, and 7.15 for corn stover, rice straw, and wheat straw,
respectively. For the medium and large scale system, unit gas cost will in-
crease by $2.50/MM Btu for every $10/ton increase in feedstock cost. For the
small scale system, the increase is about $4.00/MM Btu per $10/ton increase in
feedstock cost. It should be noted, however, that if pretreatment were used,
the gas production would be about doubled, resulting in a sensitivity to feed-

stock cost of about half of the no pretreatment case. .

These results presented in Figures 7.13 - 7.15 must be compared
with estimated costs for agricultural crop residue collection and delivery.
Approximate costs for crop residues have been developed by SRI International
(Ref. 1). They give $10/dry ton for high moisture crop residues (such as
corn stover) and $6/dry ton for low moisture residues (such as rice and wheat
straws). Vetter (Ref. 140) estimated the éost of harvesting and transporting
corn stover to range from $15-20/dry ton for a range of 175-1000 tons per year.
The output from a small farm (400 acres) is approximately 700 tons/year. These
costs include amortized costs for farm machinery required for the harvesting
procedure. Horsfield and Williams (Ref. 141) estimate the cost of rice stfaw
harvesting to be at least $7/ton and a cost of about $6/ton to transport the

straw 10 miles.
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UNIT GAS COST, $/MM BTU

Figure 7.14

EFFECT OF RESIDUE COST ON UNIT GAS COST FOR RICE STRAW
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EFFECT OF RESIDUE COST ON UNIT GAS COST FOR WHEAT STRAW
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The average distance for transportation can be estimated by con-
sidering the processing facility is centrally located within the area from
which the residue is collected. For the 400 acre small size system, the

average distance to transport residue is less than !s mile. For the cooperative

size system, collecting residue from 100 small farms, or 40,000 acres, the

average distance is about 10 miles, assuming crop residue is obtained from

only 107 of the area around the processing facility. For the large scale

facility, the average distance is 30 miles, also assuming collection from

10% of the area. If 25% of the area were harvested, the average distances

would be about 6 and 20 miles for the medium and large scale systems, respectively.
Thus, for the medium size system, $6/ton for transportation is reasonable.

For the large scale system the transportation cost would be about $12/ton,

utilizing a cost of about 30¢/mi for the additional distance (Ref. 142).

It is obvious from the range of values presented that the residue
cost can range from $5 - 20/ton. The corresponding increases in unit gas cost
would range from about $1 -35/MM Btu for the medium and large scale systems
without pretreatment and about $0.50-2.50/MM Btu when pretreatment is utilized.
~ For the émall scale system the collection cost would be on the low end (no
transportation cost) so this would contributc about S$3/MM HRtu to the gas

cost.

7.6 Credits/Penalties

The base line designs incorporated the assumption that there would
be no credit or penalty associated with the digester c¢ffluent. Potential uses
of the effluent solids include fertilizer and animal feed. The value for such
uses could be aignificuntl. On the other hand, a penalty could be associated
with disposal of digester/effluent, particularly the waste water stream after

dewatering to recover the solids.

The effect of credits/penalties for the effluent stream wus
investigated. The conditions utilized in the analysis were a dewatering
processing step in which 95% of the solids were recovered at a concentration
of 25% solids. The low solids waste stream was disposed at a cost of $2/1000 gal

and the credit for the solids ranged from $O to 75/ton.
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The results of this analysis for effects of credits/penalties
are presented in Figures 7.16 and 7.17 for corn stover for the medium and
large size systems. The results are presented as unit gas cost as a function
of DCF return on investment for various effluent solids credit value. For
high credit value, the unit gas cost is negative, i.e., a zero present net
worth could only be obtained with negative gas value. Since the primary
product is to be energy, in the form of gas, negative gas values are meaningless.
Another . ﬁore reasonable approach to analyze these results is to assume a
gas value and determine the ROI required to give zero present worth using the
DCF method. A gas value of $2/MM Btu was assumed and is indicated in Figures
7.16 and 7.17 by the horizontal dashed line. The returns on investment
obtained by this procedure are presented for each crop residue in Table 7.7
and fof corn stover in Figure 7.18. From this figure it is noted that every
$10/ton increase in by-product value increases the return on investment about
4%. These results indicate that if the by-product credit value is high,
it will have a greater value than the value of gas. (Under those conditionms,

it might be better to consider the gas as the by-product stream.)

A comparison should be made between expected by-product credit
values and the range of values utilized for the sensitivity analysis. Vetter
(Ref. 141) indicates that corn stover would have a fertilizer value of about
$5.00/dry ton. This value is due primarily to the nitrogen, phosphorus and
potassium content which would not change significantly during digestion.
However, since some biodegradable solids are removed during digestion, the
value of the effluent solids would be greater than §5/ton. Digestion wi;hout
pretreatment removes about 25% of the total solids, giving an effluent value
of about $6.70/ton. Pretreatment results in about 50% total solids reduction
giving an effluent value of about $10/ton. SRI (Ref. 143) has indicated that
a $25/dry ton value for digested animal manure effluent would be optimistic.
The range used in this sensitivity analysis appears to extend to highly opti-
mistic values. The range more probably encountered would be $5-25/ton, which
would give a ROI (assuming $2/MM Btu gas value) of up to about 10% for the

large scale system,
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Figure 7.16

EFFECT OF BY-PRODUCT VALUE ON UNIT GAS COST FOR CORN STOVER
MEDIUM SCALE
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Figure 7.17

EFFECT OF BY-PRODUCT VALUE ON UNIT GAS COST FOR CORN STOVER
LARGE SCALE
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Table 7.7
EFFECT OF BY-PRODUCT CREDIT VALUE -ON
RATE OF RETURN ON INVESTMENTA
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EFFECT OF BY-PRODUCT VALUE ON DCF.RETURN ON INVESTMENT
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7.7 Energy Balance -

One of the most critical factors in any alternate energy or energy
conversion process is the energy balance, i.e., some indication of the difference
between energy in and energy out. There are several ways to define the energy
balance. One is the ratio of process energy requirement to gross energy output

(the energy content of the digester gas). This can be expressed as:

annual process energy requirement

n:
1 aanual dliguster gaAn cnargy content

If this ratio were greater Lhan 1, the process would utilize more energy than
it delivers and hence would be uneconomical on an energy écéounting. It is

thus desirable to have a process with as low a value of n,as possible.

It should be noted that the definition of ny does not incorporate
the energy content of the residue feedstock (the higher heating value of the
residue). If it is desired to incorporate this energy content into the energy

talance, an expression such as given below can be used:

n = (digester gas energy content) - (process energy content)

2, (feedstock energy content)

Thus, for hl > 1, the numerator would be negative, which is an indication that
more energy is utilized by the process than is provided. The ratlu, Ny, repre=
sents the ratio of net energy output to feedstock energy content which is a

measure of the process energy efficiency.

Valuee vf these ratios (nl and n2) for the various systems and op-
tions are presented in Table 7.8 for corn stover, rice straw, and wheat straw
and the small, intermediate, und large scale systems. The energy efficiencies
presented in this table indicate that the highest energy efficiency (nz) occurs
for pretreatment followed by continuous thermophilic digestion, i.e., the con-
ditions for fhe intermediate and large scale systems. These systems also have

low values for-nl, the ratio of process energy use to energy output. The
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Table 7.8

Energy Efficiency of Crop Residue Digestion Processes

181

CORN STOVER RICE STRAW WHEAT STRAW
small [lnter- large small [inter- i -
mediate 8 e mediate large small ;ZEEZt large
‘ Base Line CSTR Ny 0.49 0.21 0.21 0.35 0.15 0.14 0.40 0.16 0.16
ny 0.08 0.21 0.21 0.14 0.30 0.30 .10 0.24 0.24
Batch Digestion Ny 0.08 0.08 0.08 0.03 0.03 0.03 0.04 0.04 0.04
(180d retention
time) ny 0.21 0.21 0.21 0.29 0.29 0.29 0.24 0.24 0.24
CSTR with Pre- . )
treatment ny 0.35 0.14 0.14 0.33 0.13 0.12 0.33 0.12 0.40
(5% WaOH, 507 .
conversion) ubs 0.17 0.39 0.19 0.19 0.44 0.44 0.18 0.40 0.25
CSTR with Gas
Purification ny 0.30 0.24 0.25
n, 0.18 0.27 0.22

(process energy requirement)/ (digester gas of energy content)

1]

(digester gas energy content) - (process emergy requirement)

( feedstock energy content) |



lowest values of ny arise for the batch digestion process since this design
utilizes the heat of reaction to provide process heat and there is no heat
loss attributed to the digester effluent stream. Also, the batch system does

not require any energy for digester mixing.

7.8 Summary .

The results of the sensitivity analysis indicate which parameters
significantly affect the system economics. The sensitivity analysis indicates
the direction and magnitude of changes which would make the conversion of crop
residues to fuel gas economically feasible. In some instances, these changes
are to conditions for which no supportive experimental data exist. It is recom~

mended that development of the process be extended to these areas.
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Section 8

CONCLUSIONS AND RECOMMENDATIONS

The results of the engineering economic analyses performed on
three size systems, small farm, cooperative and industrial scale, utilizing
various agricultural crop residues have led to thenfoilowing conclusions and
recommendations. The cost estimates for fuel gas production by a pretreatment/
anaerobic fermentation processing route are based on design concepts of DOE
Fuels from Biomass contractors. The actual utilization of these processes
should be preceded by additional experimental work to determine if the per-

formance parameters utilized in these analyses can be attained,.

8.1 Conclusions
1. The average farm size for the total United States is 393 acres.
2, The availability of crop residue for conversion to a fuel gas de-

pends on the efficiency of collection methods, seasonality of the
crop, and competition with other end-uses. Currently 75% of resi-
dues are returned to the soil for the purposes of fertilizing, con-

ditioning and disposal.

3. Residue yields of small grain straws (wheat straw), corn stover,
and large grain etraws (rice) are 1.6, L.7/5 and 2.3 tons/acre,

respectively.

4. The results of the engineering economic analyses indicate that
the digestion of unpretreated crop residues is, at best, marginally
economical. Digestion vf corn stover resulted in ﬁhe highest gas cost
and digestion of rice straw gave the lowest gas cost for all system

sizes considered.
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Batch digestion, utilizing a low cost "hole-in-the-ground" digester,
results in higher gas costs than for a continuous process for the co-
operative and industrial scale processes. For the small farm system,
the batch process if more economical than the continous process and
the economics could be improved further if the digester cost were re-

duced by having the farmer construct the digester.

Experimental results indicate that caustic and autohydrolysis
pretreatment of crop residue has technical merit. However, there
is insufficient data available to warrant a detailed engineering

design study.

The use of chemical pretreatment will resullt 1n a higher unit gas
cost, primarily due to the cost of pretreatment chemical. Chemical
cost is about 50% of operating cost for medium and large scale
systems. Every 1% increase in chemical reduirement adds about
$0.50/MM Btu.

The inclusion of feedstock cost significantly increases the gas
cost. The effect is not as severe when pretreatment is employed

because the gas production is increased.

If a credit value for digester effluent is considered, the eco-
nomics for the conversion of crop residues become favorable. The
value for by-products could be greater than the value of gas

produced.

8.2 Recommendations

Tne results of this study have led to the recommendations to:

Continue development of autohydrolysis pretreatment requiring no

chemical addition.

Continue development of chemical pretreatment with emphasis on

lower chemical requirement and/or lower cost chemicals.
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Develop batch digestion utilizing the controlled landfill con-

cept for small farm digestion of crop residues to fuel gas.

Evaluate the fermentation by-products as credits for animal
feed or fertilizer in order to determine if the processes are

economically feasible.
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Since this method is a utility financing method, it is applicable
to a utility operation and will be used only for the largest scaled systems

considered in this study.



Appendix A
CAPITAL COSTS

Capital costs for equipment are estimated from cost data found
in the literature or current costs obtained from equipment manufacturers.
The cost relationships presented in this appendix give the cost as a function
of equipment size for a base year. ﬁse of the CE plant cost indéx is utilized
to update. these costs to May, 1979. This index has a value of 100 for 1957-
1959. Values for the CE plant cost index for other years are presented in

Table A.1. (Ref. 135).

Table A.1l
CE Plant Cost Index

Year Index Value
1957-1959 tuvvriinnnneannnn e e, 100
1967 wuveeenrrrennnnns A 109.7
1968 vuvvrrennnnnnn e ettt 113.7
196Y veinnn.. ettt s 119.0
1970 veveennnninn.. ettt aa e 125.7
1971 eteeeei i, e 132.2
1872 titetiiinreennnnananns e, 137.2
1 S e, eer. 1441
1974 vvevnnnn. e e ereiieeaaa, 165.4
1975 vevevninnnnnnns. et .. 18204
1976 .vn.... e ereeeeeeane e e ceeens 192.1
1977 cevvinnnnnn e e e, . 204.1
1978 veneveeenineannnns Ceeeeenns e eerreeaaaee .... 218.8
May 1979 sueevnrerennnn e e Cieeen 236.2
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A.l Storage

The cost of units for storage of crop residues is estimated

to be (on a 1979) cost basis):;

cost = 2.65 (cu. ft.) 0.54

A.2 Shre Ir

Shredder costs were obtained from manufacturers' quotes (Williams
Patent Crusher and Pulverizer Co., Inc., St. Louis, MO) and the cost relation-

ship is (on a May 1979 basis):

cost = 6400 (t:‘ons/hr)o'67

A.3 Holding/Mixing

The cost of holding/mixing . tanks, obtained from manufacturer
quotes, (Brown Boiler and Tank Works, Franklin, PA) is given by (on a May 1979

basis):

cbst = 284 (cu. ft. ) 0.54

A4 Pretreatment

Pretreatment will be done at temperatures up to 200°C, thus
necessitating the use of pressure vessels. Costs of 150 psi pressure vessels
are estimated from manufacturers' quotes (Chicago Bridge and Iron Company,

Boston, MA) as (on a May 1979 basis):

cost = 1600 (cu. ft. )0'50

A.5 Digestion

The cost of digesters is dependent on the type of system employed,

e.g., a standard high capital cost concrete or steel tank or a low capital
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cost "hole-in-the-grounc" digester used for a batch system. The cost for

the high capital digesters is given by the same relationship as for the
holding/mixing tanks. This relationship gives.a cost of $98,000 for a 50,000
ft3 digester compared to $130,000 for a 50,000 ft3 digester for the Bartow,

FL demonstration facility.

The low capital system cost is dependent on size. Kays (Ref. 144)
estimates costs in the range of 2-5¢ per gallon; The lower value will be
used for large landfill type systems and is equivalent to approximately $4/yd3.
For smaller holejin—thg—ground systems, the higher value will be utilized.

This is equivalent to élO/yd3.

A.6 Heat Exchangers

The cost of heat exchangers is estimated from Peters and Timmerhaus
(Ref. 136) and is given by (on a 1967 basis):

0.75

2

cost = 26 (ft

A.7 Devatering

Dewatering can be accomplished via centrifugation or vacuum fil-
tration. The cost of centrifugation, obtained from manufacturers' quotes

is given by (on a May 1979 basis):

cost = 1960 (‘gal/hr)o'67

For a liquid stream density of 64 lb/ft3, this cost can also be given as:

cost = 77,000 (tons/hr)o'67
The cost for vacuum filtration is estimated from data provided by Patterson
and Banker (Ref. 145) as (on a 1971 basis):

5 0.687
cost = 5500 (ft7)
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2
If it is assumed that the flux through the filter is 10 gal per hr per ft
and density is 64 1b/ ft , the cost is: ‘

cost = 47,900 (t:ons/hr)o'687

When this expression is updated to May 1979, the cost for a vacuum filter

is approximately the same as for a centrifuge when throughputs are equivalent.

A.8 Gas Purification

The cost of gas purification is estimated from Ashare et al.
(Mef.14A) as (on a 1979 basis):

cost = 1000 (SCFD)O'6

where the flow is standard cubic feet of digester gas (CH4 + COZ) per day.
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Appendix B
POWER REQUIREMENTS

B.1 Shredder

The power requirement for shredding is estimated as 15 hp/ton/hr

throughput.

B.2 Holding/Mixing

Power will necessary for the holding stage only when mixing

will be required. This power requirement is estimated at 0.2 hp/MCF.

B.3 Chemical Pretreatment

The power for chemical pretreatment will depend on whether
the process requires mixing. If so, the mixing requirement will be estimated

at 0.2 hp/MCF,

B.4 Digestion

The power requirement for digestion will be 0.2 hp/MCF when

mixing is utilized.

B.6 Dewatering

The power requirement for dewatering is estimated as 3.15

hp/ton/hr.

B.7 Gas Purification

The power requirement for gas purification is estimated as

300 hp/ MMSCFD.
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Appendix C
MATERIAL BALANCE

Material balances can be made around each piece of equipment
for the overall process. These balances will be for solids.(total, volatile,
biodegradable volatile, and ash), water, gas and total. (The terms used in

the equations are the variables used in the computer program.

c.1 Storage

The input and output streams for the storage unit are identical.

Cc.2 Shredder

The input and output streams associated with the shredder are

assumed to be identical. The only chahge is the size of the particles.

c.3 Kolding/Mixing

The holding (and mixing) section is used to prepare the feed
material for the pretreatment and/or digestion step. This inclu&es mixing
(when necessary) and addition of water to obtain the desired concentration.
The material balance is indicated Iu Figure C.1. The solidec concentration
in the holding tank is FS1 which is related to the effluent from the holding
tank by

TF1 = TSF/FS1
and the water requirement is

WH = TFl - TFF

since only water is added at this step and total solids remain constant.
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WH

TFF ' - ‘ - TF1 =
WH =

TSF/FS1
TSF
TF1 - TFF

Figure .1 Material Balance for Holding/Mixing Section



C.4 Chemical Pretreatment

The chemical pretreatment material balance is given in Figure C.2.
The amount of non-biodegradable volatile solids converted to biodegradable

volatile solids is:
TGBVS = EPRT (TVSF - TBVSF)

where EPRT is the conversion efficiency. The amount of chemical added is

assumed to be directly proportional to the amount converted.
TCHEM = CHEM (TVSF -TBVSF) x EPRT

where CHEM is the amount of chemical required per amount converted. It is
assumed that a fraction of the input biodegradable volatile solids is lost

in the process:
TLBVS = ELPRT x TBVSF
A material balance gives for biodegradable volatile solids:

TBVS2 = TBVSF + TGBVS - TLBVS

and the total volatile solids is assumed unchanged.
TVS2 = TVSF

If the fraction of solids leaving the pretreatment reaction is

FS2, then:

TF2 = TS2/FS2
where the total solids is:
TS2 = TSF + TCHEM
Also, the ash content changes (assuming all TCHEM is ash):

TA2 = TAF + TCHEM

195



961

WP TCHEM

TEVSF
TVSF
TF1

TIGEVS -= ECHP x
(TVSF-TBVSF)

TLBVS = ELPRT x
TBVSF

Figure C.2 Pretreatment Material Balance

—

TBVS2 = TBVSF + TGBVS = TLBVS



The water makeup is given by:

WP = TF2 - TF1 - TCHEM

C.5 ‘Digester

The material balance for the digestion step is indicated in
Figure C.3. It includes streams for addition of manure (nutrient and inoculum)

and water to the digester. This then leads to:
TF3= TF2 + TMAN + WDIG

and corresponding equations for volatile solids, water, etc. Gas is produced

in the digestion process, given by:
GPD = A (TBVS3) (FCONV) (DNSDG)/(TF3) (HRTIDG)

where FCONV is the fraction of biodegradable solids converted in retention

time, HRTDG. DNSDG is the density of the digester contents.
The biodegradable solids leaving the digester is:

TBVS4 = TBVS3 (1-FCONV)

and the total system flow is:

TF4 = TF3 - [lI20EV + (FCONV) (TBVS3)]

C.6 Dewatering

The dewateriﬁg unit splits the digester effluent into two streams,
as shown in Figure C.4, One is a high solids content stream and the other
a low solids content. The efficiency of solids removal is EDWT and the high
solids content is FS5 (fraction of solids). Hence,

TS5 = TS4 x EDWT

and the fraction of solids in this stream, FS5, is related to the total
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TMAN

GPD

TF2

WDIG

TF3
TBVS3

C.3 Digester Material Balance

e

TF4
TBVS4 = TBVS3 (1-FCONV)
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TF4
TS4
TW4

High Solids

TF5 = TS5/FS5
TS5 = TS4 x EDWT
TW5 - TF5-TS5

Low
Solids

Figure C.4

TF6 = TF4 - TF5
TS6 = TS4 - TSF
TW6 = TW4 - TW5

FS6 = TS6 / TFé

Dewatering Material Balance



flow by:

TF5

TS5/FS5

or

TW5 TS5(1-FS5) /FS5 = TF5 - TS5

The low solids stream is as indicated in Figure C.4, -
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APPENDIX D

vHeat Balance

The heat requirements for the system are given by:

HREQ = HGAS + HEVAP + HEFF + HLOSS - HFEED -~ HW -.HRXN + 0.01 (PRTHT)

where-

HREQ is
HGAS is
HEVAP is

in
HEFF is
HLOSS is
HFEED is
HW is
HRXN is
PRTHT is

For this analysis, the ambient or base temperature is TA, the digester

temperature is TC, and pretreatment temperature is TMPPR (For these equations,

the
the
the
the
the
the
the
the
the
the

heat requirement

sensible heat of the gas stream

sensible heat and heat of evaporation of the moisture
gas stream

sensible heat of fhe digester effluent

heat losé through the digester walls

sensible heat of the input stream

sensible heat of the water make~up stream

heat of reaction

pretreatment heat -requirement.

- all temperatures are in °C.)

D.1 Input Stream

The sensible heat of the input stream is:

HFEED = 3600 (TF2) (TMPF-TA) Btu/day

The heat capacity is assumed to be 1 Btu/1b°F. TMPF is the temperature of

the [eed stream, assumed to be TA.
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D.2 Water Make-Up

HW = 3600 (TW2) (TMPW - TA) Btu/d

where TMPW is the makeup water temperature, assumed to be TA.

D.3 Effluent Stream

The sensible heat uf the digester effluent strcam is:
HEFF = 3600 TF4 (TPEX - TA) Btu

where TPEX is the exit temperature (either.from the digester or heat exchanger)

and the heat capacity is assumed to be 1 Btu/1b°F.

D.4 Digester Heat Loss

The heat loss from the digester can be expressed as:

- - TC - TA

HLOSS + USAS (TC-TA) + UBAB (TCc-TA) + UTAT (TC )
where the terms on the right hand side represent the loss from the walis,
bottom and top respectively. In each case U is the overall heat transfer

coefficient and A is the surface area. For a concrete tank with dirt insulation,

approximate overall heat transfer coefficients are'(ﬁef.147):

U, = 0.5 Btu/hrft2°F

s
- 2

UB = 0.08 Btu/hrft“°F

Uy = 0.37 Btu/hrft2°F

If the digester is assumed to be cylindrical with equal diameter

and height, the digester volume is:

V= D3/4

and the surface areas are:

Ap = Ay = 0.923 v2/3
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Ag = 3.69 y2/3

' The heat loss is then found to be approximated by:
2/3 .
HLOSS = 96.23 V (TC - TA) Btu/d
where V is the digester volume (Ft3) and the temperatures are in °C.

D.5 Gas Stream

The sensible heat loss with the gas stream is made up of contributions

from methane, carbon dioxide, and water. - The water is included in HEVAP (D.6).

Methane Contribution = DGP x }§  x 0.56 x (TC-TA) x 1.8

370
ft3 1b Btu °c °F
fr” b,

a ft 1b°F °c

(Note that a molar volume of 370 ft3 was used since the gas industry takes STP
at 60°F and the gas produétion was calculated on that basis. The heat capacity

of methane is taken as 0.56 Btu/lb°F (Ref.148)).
Hence, the methane contribution is:
0.04 DGP (TC - TA)

The CO2 contribution is found to be (assuming the CHA:CO2 ratio of 6:4) with

C = 0.215/Btu/1b°F (Ref 148) or:
p, CO,

0.02 DGP (TC - TA).

Thus,

HGAS = 0,072 DGP (TC - TA) Btu/d
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D.6 Evaporated Water

The heat loss due to evaporated water is due to the sensible
heat loss of the stream and heat of evaporation of water. The amount of
water evaporated is dependent on temperature and is calculated assuming the

gas stream is saturated with water at digester temperature.

HEVAP HZ0EV [AHVAP + CP (TC - TA)]

HEVAP H20EV [1025 + 0.805 (TC - TA)] Btu/d

where H20EV is the amount of water evaporated (lb/d).
The amount of water‘leaving the digester by evaporation is:
H20EV = 0.0474 (DGP) (XX) / (1- xX) 1lb/d

where XX is the mole fraction of water (assuming saturation) -given by:

XX =1.27 x 10° exp [-5220/(TC + 273.16)]

D./ Heat of Reactlon

TFur the digcotion of biomass to methane the reaction is exothermic.

For:

cellulose + HZO = 3CH4 + 3C02

the heat of reaction is:
AHp = 3 (8Hp c, + g coz) - Mg Hy0 ~ BHp  cellulose
where the AHF's are the heats of formation. These are (Ref.148);

20.3 kcal/mol

.
fa sl
1}

= 94.4

[
A
Q
(@]
N
[
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The heat of formation of cellulose can be obtained from the heat of combustion,

which is 671 kcal/mole (Ref. 149):

cellulose + 602 = 6C0, + 5H20

2
AH = H + -
comb 64 F, CO2 SAHF, H20 AHF, cellulose
from which AH is 237.4 kcal/mol. The heat of reaction is 38.3 kcal
F, cellulose

per mole reacted or approximately 13 kcal per mole of methane produced. This
is approximately 61.6 Btu/ft3. The heat produced by the reaction in, the digester
is

HRXN = 61.6 DGP Btu/d
D.8 Pretreatment Heat Requirement

The heat requirement for pretreatment is due primarily to the dif-

ference in sensible heats between the influent and effluent streams of the

pretreatment unit. This is given by:
PRTHT = 3600 TF2 (TMPPR - TPF) Btu/d

where Tpy 1s the temperature of the feed stream leaving the heat exchanger.
For the energy balance, it is assumed that 90% of this sensible heat can be
recovered via use of heat exchange. Hence the contribution to the overall

heat balance is:

0.1 PRTHT Btu/d
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Appendix E
PROGRAM R13GASL (INPUT OUTPUT TAPES=INPUTHTACPEGE=0UTPUT)

DTMENSTON ACP(109, TNMBR2 (40) yWK(L10) CONSUL2) ,EX(10)40IND(LG
L)SC00S(10),TRRS (1Y
RTAN(S5,96)K
RZAN (5, 3R ) KK
RTANIS,95) (NONSAI) ,T=1,KK)
REAN(S,35) (EXYTI) 4 T=1,KK) ’
CIANAS5,35) (OIND(I) 4 I=1,KK)
REAN (T, YS)OLNNY yPPMP [ ESED P SF PUOPPENGPPCPICCPAC,STFLEFFS, AW,
1PM Py PAH,PNOS 4O TT FSUP NIC,REWFNEBTWFITRWCEP4CSTHEA,
1 FMAN.FS'M,F\’SW,FEVSMQNQQ C:CVQCDNVQ CF’HTCQTA'A’ng'
2SHRME ySHRWK (STEMC A HE X MC yHLDMC 4P RTMG 4 DWTMC yDWT WKy EDWT 3 GPUWK4ONSTR,
INLIFE
3% FORMAT(F20,1)
9% FCRMATI(I?) .
PEANI(S, 95) C2F (CNHM, PKCoELPRT 4EPRT 4PRTWKy HRTPO s HRTST g HRTHL o HLO WK,
IONSHL 4 DMSPRGOHEM G FS 1, FS2,FS34yHRTNG+NIGMC 4 DIGWK, ONSNG4RLOT,TC
PEAD (54 95)0P2PC,CONSI{G) EX(5) 40IND(5) (TMPPR
RTAND(S549A)I INSHR,TNHLD s INPRT 4 INSTRyINHEX s INDIG INDWT , INGPU
NN 99 JJz=1,K
REAN{S,95VF I FSFLFVYSE,FRYSF, T™O
BN 77 Jz1,KK
77 ACP ()= L. F=8
CHEM=2,

FZED COMEQSITION

T3F=FD
TNDN=365, *STF
IF(INDRIG) 14142

2 TSF=TSF*2A5,/8107
TNDO=2LODT

1 TFF=TSF/FSF
TYSF=TSF*FYSF
TAYSF=TYSF*FRYSF
TAF=TSF=TVYSF
JAF=TFF=-TSF

STARAGE

TFOINSTR)I11,4.11412

12 NSTR=TSF*¥2000 +*HPTST/ (DNSTR*STRMC)
TNMRR({)=1,+4NSTR
ACP(419=TSc#*273(,*HRTSTZ (ONSTR*TNMBR2(1})
60 TN 13

11 TNMAR(1)=].

SHREDNING

IFCINSHR) 15415416

16 MSHP=TFF/ (SHPMC*24,)
TNMBR(2) =14 4NSHR
ATP (2)=TFF/ (TNMBR(2)*24,)
WK (2)=TNMBR{2)*ACP(2) *SHRWK
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’.A
Ui

2ﬂ

(89}
w

27

33

2

31

G2 Tn 2§
TNMRP (2)=1,
WiK( < :?o

HALDING/MTIYTING

IFCINHLNY 21,21 ,22

TE1=TSF/FS1

WH=TF1=TFF

TF{MH)IZ2242%,?4

Wiz G,

FS1=F5F
N4LD=TFL1*27050 (# HRTHL / (INS HL* HLD MC)
TNM32(3) =1, +NHLD .
ACO(3)=TF1*250C*HPTHL/ (ONSHL®*TNMBR(3))
IF(INHLDY PS5 ,25,2¢
WKIT)=TMMIIR(T)Y*ACF (3) ¥HLNDWK

Gy To 27 o

WK{3Yy =2,

GC Tn 27

TFi=TFF

F31=FSF

WMH=T,

TNM3D(T)=(,

WK (2)=U,

THL=TWF 414y

PRETREATMENT (CHEMTUALZTHERMAL)

IF(IMNFRT) 21,31, 32
TGBVYS={TYSF=TRYSFY*FPRT
TCHEM=NHEM*TSF
TLRYS=TBYTF%cLPRT
THUS2=T PV SF+TGAVS-TLIVS
IS2=TSFeTrHEM
TA2=TAF+TCHE™

TYS2=TYS<F

TF2=TS2/FS2
WP=TFZ-TFE1=-TCHEM
TF(IP)Y?23,33,74

Wo=1,

F52=FSy

TF2=TS2/FS2

TH2=TWNL+WD
NDRT=TF2%2007,*4RTPR/ (NDNSPR 424, *BRT ML)
TNM3R (L )=1,4NERT

ACP(4)=TF 222005, *HRTOR/ (INSPR*2 4, * TNMAR (4 )
WK (4)=TNMER (L) *ACP (L) *PRTWK
6N TN 39

TCHE M=,

TaYS2=TRYSF

TS2=TS*F

TA2=TAF

TF2=TF¢

TYS2=TVSF

TW2=THWy

We=1n,
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D

]

39

ely

L5

51

=2
55

59

53

4%

Fa2=F<St
TNM3R (4)Y=T7,
W (u)=_C,
D2STHY =%,
TMPPC=T A
CONTTINYE

BIGESTINM

RPATS CONSTANY

P=OKG* T XP(=FA/(1.987*(T0¢277,163)

THS=T<2 *FMAN
TSI=TMS+TS2
TUS3I=TVYS2+TMS*¥FYSM
TRY3I=TRYSZ+THMS*+FYSM*FAYSM
TAZ=TA2+TMIS* (1 ,-FVYSM)
TET=TS3/FTS
TMW=TMS % (1 ,=FSM)/ESM
WDTG=TF2=TF2=-TMS/FSM
TF(ANTIGILL 4L 445
TFI=TF24+TMS/FSM
FS3=T57/7F32

TWR=TW2 +WNIG+TMW
C3I=TRVS3/TFR*NNSOG
IF{TNOTGIF1,52,5¢9

CSTR

CEE=CRI/ {14 +RK*¥HRTOG)

GO T 5F
CRZ=CBI*SXP(~-RKFHRTNG) .
TUN=TF3*¥2C75,*HRTNG/INSAG .
GO T0 518

BATCH

CBE=NET*CXP (~PK*HRTDGY
TYN=TF3*2203.*2LNT/ONSNG
NRTG=TVN/NIGHC
TNMRR(5)1=1,+MDTG
ACP(5)=TYNYTNMBR(5)

WK (5) =TNMRR(S)*ACP(5) *DIGWK
FCONV=(CRT-(CRE) /LRI

AS PRONUCTTION

IF(TNDIGYIGR,563,54
GPD=A*(CBI-CRF)I/ZHRTDG
NGP=GPD*TYN

QCHMC =0,

GO TO 49
BGP=TRVS3I*20L0 ., ¥A*SLNT*FCANY
DGP=8GR/HRTDG

GPO=DGP/TVYD.
NCHMC=9,N1*TS3*TNNO* 30,
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L1

4=

72

71

TIGcSTEP HEAT ETXCHANGE®

IF(IMHTY ) Ll 41402

TEEX=(TC-TAY*C 1472

AY=21 .27 6*ZXP(=5228,7(TC+273,15))
H20SVY=NhRO*XXX/ (1a=XXV*5,J674
TEL=TFI=-(H20EY/20CC «+(CAT~- C%c)/DNbDG‘TF3)
TPF=TFa*(TC-TPEX)/TF2+TA

TAHSX=TFEL=2 020  *CF* (T -TPLX )/ ((TPEX - TA)‘HTC’ZQ.)
NHEX=TAHEY /HEXMC

TNMBR (5) =1+ +NHEX

ACPIB)=TAHEX/TNMER(H)

GO TN 43

TNM3P(”) =5,

TeDX=TN

TOF=TA

WK{ARY =G,

HEAT OPENUTREMENT

TIF(INPP T N 1YPRTHT=TF2*#Z6(L J*CF* (TYPPR-TPF)

HGAS=NGR* (TR=TA) *9,(723
HEVAP=H207VY=(1025,40,805%(TE=Ta)
HEFF=TF4*CE* (TPEX-TA)*#36C0,

HRXN=NGP*61,6
HLOSS=(ACP(5)** {2./3, 1) *TNMBR(5) *(TC-TAY*96,63
HOEN=HGAS+HZVAD+HEFF+HLNASS=HRXN +PRTHT*C .1

TF(INDTIGsZN+ 1V HPLQ=HGAS+HEVAFP+HLOSS-HP XN
IF‘HPEQoLaoJQ)HQEO:C.
T3VYSL=TBVYSI*(1,~-FCANV)
TVS4=TVS3-(TAVS2=TRYSAL)

THW4e=TW3-HZ20EV /2000,

TSL=TFL=TYL

TAL=TSL=-TVYS4L

NEWATERING

IFCTINUWT) 71,471,472
NOAWT=TFL/ZIDWTMC®24,)
YNM3R (7 )=1,+NOWT
AC°(7)‘TF§/(2&0“TVMRP(7))
WK{7)=TNMIR(7)*ACPI7Y*DUTWK
TSS5=TS4*ENUT

TWE=TS5 /FSG*(1,=FS5Y
TE5=TS5+4TWS

Gn TO 77

TNMARR(7)=(,

WKA(7)=],

TS5=¢,

TWS=y,

TES=g .,

TSH6=TSL~T5

TF6=TF4=TFS

- TWE=THWL=-THWS : 210
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IF(TNGPU) 81 ,21,82

82 ACP{8)=0GR/J.4H
TNM3R(3V=1,
WK(R)=ACP (3)*GRPUWK/L1,ZH
G0 TN 88

81 TNMAR(8) =",
WK(8)=%,

88 CONTINYE
DEEM=DG0/7105
HECOM=HRED/L1.ER
WRITE(R L1001V FNFSF,FVYSF,FRVSF
TF(INSTOY 751,761,782

701 WRITE(H.15719
G TN 84l

7062 URTITE(A 1532 TNMRR (1) ,ACP (1)
8G3 IFUTNSHR)IA]3],80i4831
BIL WRITE(BL1LD™Y

GO TO 8(E
8G1 WRITE(5,1002) TNMBRI(2) JACP(2) 4WK(2)
806 IS(IMHLD)R2:,8214822
R2{ WPITZ (6417 08)
GO Tn 829
821 WRITE(B.1.03)
GO TO 825
822 WRITE(H41510
BZ5 WRITE(6 410111 TNMBR(3) ,ACP(3) 4WK(3)
829 IF(INFRT)R1M,81(,811
210 WRITZ (A,11CH)
G2 TO 815
811 WRITE(A41U07)CHEMGEPRT ( TNMAR (49 9 ACP (L&) ¢ TCHEMy WK (4
815 WRITE(A,1512)
IF(TNNTGIR31,873,838
B21 WRITE(A,1513)
GN TN 335
833 WRITE(5,1714)
GO 70 8315
838 WRITE(H,1015)
835 WRITE (6, 1f16)TNMB°(5)9APP(5).TF,H«TDGqFCONVsHK(5)gGPD’DGPW
IF(TNHEY)841,8L1,842
BL2 WRTTE(A,1717)TNMBRI(A) ,ACP(H)
841 WRITE(A41513)HREINM
IF(INUNTYI8SD4851,851
850 WRITE (6,1719)
GO TN 352
851 WOITE (A 1720) TNMRR(7) 4ACP(7) 4WK (7)
382 IF(INGPUYBAZ,8h%,861
BH0 WRITE(ARLLL21)
GO TO 862
A61 WRITE(H6.1022)ACPHS)
862 CONTINUFT

SYSTEM £NSTS
sSuBCsS=t.

MO 100 J=14KK .
CCOS () =CONS (J) *(ACP (J) *¥EX T J)) *NINDX/OIND( J)
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(@]

<1

@)

10)

130
120

TCOSTN =CCO{J) *TNMBR (.9
SURLS=SUYRCS+TCNS (J)
TPPMDP=S YR S*POMO

SRS S=QIURCS+TOOMP
WRITS(Ae2°C )
IF(INST2.LT. 1060 TN 5L
WRITE(H,2204)TCNS (1)
IT(TNSHR,LT,1IG6N Tn 5452
MOITE (6,2221)T0NS (2
IFCINHLOLLT,0I60 TN 5(3
W2ITE(5,2:02)TCNSI(3)
IF(INPRT,LT.LIG0O TN SCu
W2ITT(R42502)TCNS(L)
WRTITF (R 42005)TCAS(5)
IF(IMHEX L LT.1VYGO TN 545
WRITZ (64,2 :26)YTCNSH)
TFIINOUT LT L)GD TN G54
WRITEAR 42 GO7YTCNS(T7)
IF(IMGPYLLT,.1)GN *N 5o~
WRITE(A,2 63YTCOS(8)
WRTITF(5,2003)TPPMD

TOTAL BLAMT IMYSSTMENT
CSEP=SUSCS*PER
3R L=RUYNCS+NSEP
CSF=SUR1*°SF
SUBR2=SURL +CSI
Crnb=syr2=#nrno
C=o=synr2*c:z)
SUB3=SUYRZ+CENP+CEN
£eC=SuUB3*pPon
SUB4=SUYRI+(CPC
CINC=SU=L*PIDC
CAC=SUSs>0UWC

ANNIIAL OPZRATING GOSTS
MATEBIALS

TCFC=PFX*TSF*TNDO
TCCHM=LOHMETAHEM®ETNNN

UTILITIFS

TWK=C,

IFCINQTGL.LTLL)GN TN {37
WK(B8)Y=WK(HB)*HPTNG/TNOC
HREWQR=HREN*H2TNG/TNNO

DO 12C J=1.KK
TAK=TWK+NK ( 1)

TOWK=TWK* TNNO*CEP/S 580

TCST=CST*HREN¥TNAQ/EFFS/1,E0

LAaBOR

TCOL=TMO*AW*WD*3 65,
TCML=SUBL*PM



O

TOSV=PSY*(TCOL+TCHML)
TRAHZOAUS(TOOAL+TCML+TCS W

SUPPLIZS

TESN=PNPR=TCOL
TAMS=TOML

LOTAL TAYZS op)S IMSURANCE

TOLTI=PLTI*SY % ,
155 TAGNP=TCFF+TCOAHMATCAH® (1,41, /PAHY+TCSO+TOMSH+TCLTI+TOWK+TOST+NCHME

TRWCV=COWY*TT5*TNNO

TWCY=CTFY=TER*TNDN*] , 24

TOPNA=TOUC V4T WL Y

TANOP=TAGAP+TOENG

CiUP=p3n=TAGND

SUR5=SUBL +CSUP+CTON+ N WD

FER= (FOAT=*)ID) 4 (1,-FDFTI¥IE

IF(INDTA.5Q.1) TNAN=KERTNG

AGE=TYD*GPN*TNEO/ 1053 .
TACST=TANNP+NEOCH (SUAC=CUCI+T 5% (SRI+FTTR/ (1. -FIT2)*(1,-FDRT) =T )+
1 1SURGHCUN)

UGC=TANST/AGD

WRITF (5,2023)SU3CSyCSEP4SURL+CSF, SUBZ,CCOP.CEO SUB3,CPC,SUBL,CIDC,
2C3UP LLWE L, SU3S

WRITE(R,2750)CRFLTCFF '

IF(TMFRT W TNGLIWOITE(R 42051 ) CCHM, TLCHM
IF(TNUTG.TQAIIWRITE(H420E5) UCHMC

WOTITE(H42552) CFEO,TRWK, CSToTOST,TMP WO 4 AW 4 TOOL 4 TCML 4 TCSV, TCAH,
2TCSOLTCML,TCLTI

72) WRITC(5,2:5L4)TAGOP,TCPNS,TANOP, TACST4AGP4UGC

WR2ITE(6,4,L73)
FAIM=(,.1
NLIFE=NLIFE
DZPRC=SUBL/OLIFE
N 468 I=1,3
WARTH=SURLHFCUWC+SURPLX*RNTIM+CSUP* (1.~-FITR)
SuUMa=q, '
S!,"M:?:"jl
Y3=1.,
0N 4733 J)=1,219
NMCFF=EXP(=-YR*RDTIMY
SUM3=<IIMB8 +NCFF
SUMI=SUMI+)C FF*((TANO°+D“D°C!*(1.-FITP) -DEPRC)
IF(MLIFE.LE, J)OPDR(‘
H70 YR=VYD4q,
NAUGC=(WORTH=- UCFF*CNC+<UM90/(QHMH4(1.°FITP$?AGP%
WRITE (6,4799R0IM,DUGC
LBR RCIM=RDOTIM+],(5

478 FCPMAT(LHL///715% *DISCOUNTED CASH FLOW METHOD*/SX,*RETURN ON*,10X,
1*UNIT GAS GOSTH*7GX,*INVESTMENT* 410X ,,*(%/MM 3TUI*/)

473 FORMATI7X 4F5.2415%X+F7.2)

1001 FARMAT(LHL/Z//2LX*SYSTFM PERFORMANCE®//1X*FEED COMPOSITION'//QX.
2TOTAL SOLINS*,24XF7.19% TONS/D* /9% *3SOLINDS FRACTI
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ZON IN FEED®,LLX,F6,3/79X,*VOLATILE SOLIDS FRACTION IN SOLIDS*,3X,F6
b,3/79X,*PINNEGD, YOL., SOL, FRACT, IN VOL SOL *,F6.3//7)

10C2 FORMAT(/1X,*SHRENDING=NONE UYSZ0*)

1903 FOSMAT(/1Y ,*SHEZONING¥/9X, *NUMBZR OF UNITS*#,2uXsF5,5/9X 4CAPACTTY
2PTR UNIT*,.13X, E10.4+% TONS/HR */QX.*POWER RFAUIRIM
ZENT*,23X 4711, 44% HP*) '

1¢nh FARUAT(/LY,*POETOCATHENT-NONE JST0*)

1077 FORMATI(/1YX, *pPPTTREATMENT*/9X,*RATIC OF CHEMICAL TO FEZID«,
213X4F5,3/9X,*CONVECSICN FFFICIENCY*,18X,F6,379X3*NUMBER OF UNITS*,
223X ,F5./7QY,*CAPANITY DOFC YNIT® ,13Y, E10.L¢* CU.FT.
L */9X S CHTMTINAL REAUIRTMINT* 410X, F1i%.4y* TONS/HR #/9
SX®O0WIR RPIQUIREMENT® 420X, E11,Ly* HP*)

1768 FPOMAT(/1X,*HNALOTMG=-NONE USEC*)

1003 FORMAT(/1Y¥4*HOLOING=NN MIYING*)

1910 FORMAT(/1Y,*HNLOING=MIXING*)

1311 FARMAT(79X, *NUMBED AF UNITS*,20XsF5.0/9X4*CAPACITY PEP UNIT*,13X,
2 C1i,sbGe® 0U FT, */79¥ ,*PIWED QEQUIRTMENT*,20X 511444 %
I HPe)

1012 FORMAT(/1X,*0DIGESTION%)

1013 FOPMAT(/5X+*CSTR*Y

1014 FOPMAT(/SY,*PLUG FLOM=)

1315 FORMAT(/5YX,*RATAHZ) ,

1916 FARMAT( QY,*MIM3IES NF UNITS%4 23X 3F5.0/9X4*CAPACITY PER UNIT*,132X,
2 S1CeLg® ClUFT. */9X,*0IGESTER TEMPTRATURE®*,16X,
IFuei sy FCH*/AXL*RETENTTON TIME®,24%X,Fbe1l,*UATS*/ X, *CONVERSION EFFICI
LENCY* 410X 4F6,3/9X,*POWER RENUIREMENT*,20X,

GELL b4 *HP*7 /5 X4 *GAS PRODUCTION® 426X F7434% VVD*7
SLIX,ELl.Lo* MM BTU/D®)

1317 FOPMAT( SX,*HIAT FXCHANGER®/ 9X, *NIIMBFR OF UNITS®,29XeF5.,3/3X 4*HEA
2T EXCHAMGIR LPEA*,1GX, S11sbs® SQ.FT. *¥)

1718 FORMAT(/SX,*TNTAL HEAT PSQUIBEMENT®,12X,E15.4,4% MM 3TU/D¥*)

1319 FORMAT(/1Y,*NEWATERING~NONE USEN*):

1020 FORMAT(/1X,*DEWATERING=* /79X, *NUMBER OF UNITS‘.ZGXsFS 079X ,*CAP
PALTITY PTP NTT= 13X, E10,44®* TONS/HR */9X,*POWER RE
IOYTREMENT*, 29X 4E11. 0% HP*)

1021 FORMAT(/1¥X,*GAS PURIFICATION=-NONE USED*Y)

iMP2 FOPMAT(L1X ,*GAS PURIFICATION®//9X,*CAPACITY PER UNTT*,13X,E19.4,

1% CULFT./0%)

1501 FORMAT(/1X,*STORAGE - NNNE USED*)

1622 FORMAT(/LY,*STORAGI*/IXL*NUMPRER OF UNITS*,23X,F5.779X,*CAPACITY PE
1R UNIT* 414X oFQife® CUFT.*)

ZACA FQPMAT(LIHY//7/7 424X *CAPITAL COST SSTIMATE*7/50X,*MAY 1979 COSTS (%
2Y*// /75X 4 *INSTALLED EQUIPMENT*/Y

2001 FORMAT(1.X,*SHREDDFRS*y 30X 4F20.10)

20C2 FNRMAT(L10X,*HOLDING TANKS* 426X ,F2u,0)

2033 FORMAT (15 Xy *OOc TREATMENT* 27X ,F20,5)

2iluw FOSMAT(LC Y, *STORAGE UNITS*,26Y,F20.7)

2105 FORMAT(LOY *0IGESTERS®,20X4F20, )

2006 FCRMAT(15Xy*HEAT FXCHANGERS®,24X4F20.0)

2007 FOOMAT(LCX.*NEWATERING UNITS*,23X,520.0)

2008 FORMAT(10Y,*GAS PURIFICATION UNITS*,17X,F27,.t)

25C9 FNPMAT{1GY,*MATERIALS HANNLING EFQUIPMENT*,11X,F20.9)

2020 FORMAT(4QX,*==m=m= R R LR #/1%X, *SUBTOTAL*yL0XsF2043//5Xs* S
2TPUTTURES-ELECT . + PIPTING* 317X, F2G4 5/ 49X y¥mcmmmnmn cmemecmce- 71X
34*SUBTNTAL*, 40X, F2040//5X,* SUPPORY FACILITIES*,25X+F20.0/69Xs*~
hmem—mmmcmcccccacaeaa */1X4s*SUBTOT AL CAPITAL INVESTMENT*,21X,F20.07/5

SXe* COMTRACTOR OVERHEADN % PRNFTIT*,15X,F20.1/7/5%X,* ENGINEERING + OF
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ESTGN® 323X F 20, 6 /49Xy Fmmmmn —————- S -=%/1X, *SU3TOTAL PLANT INV
AESTHENT®, 23X F20,37/5X,* PRNJTCT COMTINGENGY® s24X F2047/749X, ¥o==n

Tomemcome e ~*/1X, *TNTAL PLANT INYVESTMENT®*,26X,F20.0//5%Xs* INT
IF2EST TUPTNG CONSTRUCTTION® (16X, F23,3//5Xe* START-UP COSTS*429X,F29
A,A775X % WIRVING CAPTTAL®, 28X, F2L,43/43K, #memmacane memmee-- -~%/1X

7y *TOTAL CA®PTTAL REQUIRAMENT%,23X,F2L43) :

205T FNRMAT(LHL 47777 423X 4% ANNUAL OPERATING COSTS*//54X,*ANNUAL COST (%
2V *77/5X 4% PRONDUCTTON MATERIALS*//10X4* FEED - 3%, F7.
22,4 ¥/TON*, 20X F25.u)

20F1 FORMAT(/15X,* POPCTOPFATMENT CHEMICAL RE G F7,2 %/7TON*, 3X4F20,.,0C)

2052 FNPMAT(/G5X,* UTILITIES*//740Xe* CLENTRIC =% oFdele® CTS,/KW=-HR*,1LX
2 FZUOE//llquF"FfL - 'T:“q' FS.Z""/MM RTU ¥916X0
IF20.0G//6Y*LAROR®//710X* ODSRATING LABOR = MEN PER DAY *,F4,3729
LY #HES PEP SHIFT  *,FL.1/23X*HOURLY RATE F*#,F5,2,1X,F25.37/710X,
5% MATNTZNAMCE LABNR*,Z22Y,F20,37 /710X 4% SUPERRVISTON®,28X,F20.,0//5Xe¥%
3 ADMINISTRATTAM 4 AVIRHTAD* 419X F22,5//75X* SUPPLIFES*//10X,* OPFRA
ITYING* o 3UXGF27 el /7/710Y % MATINTENANCE® 42BX 4FZ340/775X+* LOCAL TAXES #
7INSHCANGE® (21X 4F2(,0) ‘

2054 FORAAT(LGNy* =cmcecmmcemcenaemen=c®,/2Y,*GROSS ANNUAL OPERATING COS
2Ty 21Xy F2M oY //5X4* CRENDITS/PENALTIES COST*,422XsF20,0/L49Xy* ==wow==
R 2/1Xe* NET ANNUAL OPZRATING COST#,23X4F20.07/71X 4 *XXXX
LXX XXX XXX XX XXX XXX XK XXX XXX XXX XXX XXX XXX XXX KX XXX XXX X*
E/% XX*,65Y,+XY®P /% XX*% ,2X,2TNTAL AMNUAL CAPITAL FEAUIREMSNT = 3+,
AF 1240 48X 2XX*/% XX® 465X 2XX* /% XX*,9X,*TOTAL ANNUAL GAS PRNDUCTION

T o= *4Flou.T, ¥ MM BTU *48Xe*XX*/
¥ XXFZDEX 2 XX*/% XX*y QX *UNIT GAS COST = $¥*,F7.2,
9 ' /MM BT %y 24X 4 ¥ XX*/* XX*® 9B X4 ¥ XX*/ ¥ XXXXXXXXX

LOOOXOXXOOCXXYXX XXX X XHXXXXX XXX XA XXX XXX XXX XX XXX KXKXKL* )
2055 FORMATI/1IX,* RUFFER CHZIMICAL*,24X,F20,1)

98 CONTINUE
13 CHEM=CHTM+.:5
99 CONTTINJT

END
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ACP

AGP

AW

BGP

BLDT

CBE

CBI

cCcHM

ccop

CCOS

Chwv

CED

CEFV

CEP

CHEM

LIST OF COMPUTER SYMBOLS

ft3 CH4/1b converted

Equipment size

Gas production (MM Btu/yr)

Labor cost ($/hr)

Total gas production, batch process (ft3)
Batch process loading time (days)

Final bio. vol. sol. conc. (1b/ft3)

Initial bio. vol. sol. conc. (1b/ft3)

Cost of pretreatment chemical ($/ton)

Cost of contractor's overhead and profit
Cost of equipment (per unit)

Credit/penalty for dewatered output ($/ton)
Cost of engineering and design
Credit/penalty for digester effluent ($/1000 gal)
Cost of electricity (¢/lewh)

Heat capacity of digester slurry (Btu/1b°F )

Amount of pretreatment chemical per solids fed
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CIDC

CONS

CPC

CRF

CSEP

CSF

CST

Ccsup’

DCFF

DCHMC

DEPRC

DGP

DGPM

DIGMC

DIGWK

DIR

DLIFE

DNSDG

LIST OF COMPUTER SYMBOLS (Continued)

Cost of interest during construction
Cost constant for equipment

Cost of project contingency

Coot of [wwdstock (&/ton)

Cost of electrical and piping equipment
Cost of support fac;lities

Cost of steam ($/MM Btu)

Startup cost

Working capital

Discounted cash flow factor

Buffer chemical cost

Annual depreciation cost

Gas production tft3/day)

Gas production (MM Btu/day)

Digester maximum capacity (££)
Digester work (HP/ft3)

Interest on debt

System lifetime (years)

Digester slurry demsity (lb/ft3)
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DNSHL
DNSPR
DNSTR
DPRC
DUGC
DWTMC
DWTWK
EA
EDWT

EFFS

-ELPRT
EPRT
EX
FBVSF
FBVSM

FCONV

FDBT

FITR

LIST OF COMPUTER SYMBOLS

Density in holding tank (1b/ft3)

(Continued)

Density in pretreatment unit (1b/ft3)

. -3
Density in storage (1b/ft"™)
Rate of depreciation

Unit gas cost, DCF Method ($/MM

Btu)

Dewatering maiimum capacity (T/hr)

Dewatering work (HP/ton/hr)
Activation energy for Arrhenius
Efficiency of dewatering
Efficiency of steam utilization
Fractional loss in pretreatment
Efficiency of pretreatment
Equipment cost scale expouneul
Fraction of bio. vol. solids in

Fraction of bio. vol. solids in

rate equation (cal/mole)

feed -

manure

-

Fraction of bio. vol. solids converted to CH4

Feedstock rate (tons solids/day)

~ Fraction debt

Federal income tax rate

Manure requirement
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FSF

FSM

F52

FS3

FS5

FVSF

FVSM

GPD

GPIIWK

HEFF

HEVAP

HEXMC

HGAS

HLDMC

HLDWK

HLOSS

HREQ

HREQM

LIST OF COMPUTER SYMBOLS (Continued)

Fraction

Fraction

Fraction

Fraction

I'raction

Fraction

Fraction

Fraction

of

of

of

ol

of

of

of

of

solids

solids

solids

sulids

sollds

solids

in

in

in

in

i

-

1

in

feed

manure

holding unit

prctrcatmsnt

digester fced

dewatered solids stream

vol. solids in feed

vol. solids in manure

Gas production (VVD)

Gas purification work (hp/MM SCFD)

Heat content of digester effluent (Btu/day)

Heat content of moisture in gas stream (Btu/day)

2
Heat exchanger maximum capcity (ft”)

Heat content of gas stream (Btu/day)

Holding/mixing maximum capacity (ft3)

Holding/mixing work (hp/ft3)

Heat loss from digester walls (Btu/day)

Digester heat requirement (Btu/day)

Digester heat requirement (MM Btu/day)
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LIST OF COMPUTER SYMBOLS (Continued)

HRTDG Retention time for digestion (days)

HRTHL Retention time for holding tanks (days)
HRTPR Retention time for pretreatment (hrs)
HRTST Retention time for storage (days)

HRXN Heat of reaction in digester (Btu/d)

HTC Heat transfer coefficient in heat exchanger (Btu/hr ft2°F)
H20EV Evaporated water in gas stream (1b/day)

I Dummy variable

INDIG Dummy variable for use of digester

INDWT Dummy variable for use of dewatering

INGPU Dummy variable for use of.gas purification
INHEX Dummy variable for use of heat exchanger
INHLD Dummy variable for use of holding tank
INPRT NDummy variable for usc of pretreatment
INSHR Dummy variable for use of shredder

INSTR Dummy variable for use of storage

J Dummy variable

JJ Dummy variable

K Dummy variable

KK Dummy variable
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NDIG

NDWT

NHEX

NHLD

NLIFE

" NPRT

NSHR

NSTR

OIND

OINDX

PAH

PCOP

PED

PINC

PLTI

PM

POPS

PPC

LIST OF COMPUTER SYMBOLS (Continued)

Number of digesters

Number of dewaterers

Number of heat exchangers

Number of holding tanks

System life

Number of pretreatment units

Number of shredders

Number of storage units

Cost index for year of equipment cost estimation

Current c¢ost index

Fractloun

Fraction

Fraction

Fraction

Fraction

Fraction

Fraction

Fraction

Fraction

ul

of

of

of

of

of

of

of

labor eoot for administration and overhead

equipment cost for contractor's overhead and profitl
equipment cost for engineering and design

total plant investment for intereést during construction
total plant investment for local taxes and insurance
total plant investment for maintenance labor

total plant investment for ﬁaintenance supplies
operating labor cost for operating supplies

subtotal plant investment for project contingency
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LIST OF COMPUTER SYMBOLS (Continued)

PPMP Fraction of equipment cost for materials handling equipment
PRTHT Pretreatment heat requirement (Btu/day)
PRTMC Pretreatment maximum capacity (ft3)
PRTWK Pretreatment work (hp/ft3)
PSEP Fraction of equipment cost for electricity and piping
PSF Fraction of equipment cost for support facility
PSUP Fraction of annual gross operating cost for plant start-up
PSV ) Fraction of labor cost for supervision
PWC Fraction of total plant investment for working capital
RE Return on equity
. -1

RK Rate constant (day )

, v , -1
RKO Rate equation constant (day )
ROIM DCF return on investment
RRB Return on rate base R0

i
SHRMC Shredder maximum capacity
SHRWK Shredder work (HP/tons/hr)
STF Stream factor (fraction of year in operation)
. . 3

STRMC Storage maximum capacity (ft7)

223"



SUBCS
SUB1
SUB2
SUB3
SuB4
SUBS
SUM8
SUM9
TA
TACST
TAF
TAGOP
TAHEX
TANOP
TA2
TA3
TA4
TBVSF
TBVS2
TBVS3

TBVS4

LIST OF COMPUTER SYMBOLS (Continued)

Subtotal equipment cost

Total equipment cost

Cost subtotal

Subtotal plant investment

Total plant investment

Total capital requirement

Sum used in DCF calculation

Sum used in DCF calculation

Ambient temperature (°C)

Annual capitél requirement

Total ash in feed (tons/day)

Annual gross operating cost

Total required heat exchanger area (ftz)

Annual net operating cost

Total ash leaving pretreatment (tons/day)

Total ash entering digester (tons/day)

Total ash leaving digester (tons/day)

Total bio. vol. solids in feed (tons/day)

Total bio. vol. solids leaving pretreatﬁent (tons/day)
Total bio. vol.solids entering digéster (tons/day)

Total bio. vol. solids leaving digester (tons/day)

224



TC

" TCAH

TCCHM

TCFF
TCHEM
TCLTI
TCML
TCMS
TCOL
TCOS
TCPNC
TCSO
TCST -
TCSV
TCWK
TDWCV
TFF

TF1

LIST OF COMPUTER SYMBOLS (Continued)

Digester temperature (°C)

Annual cost for administration and overhead
Annual cost for pretreatment chemicals
‘Annual cost for feedstock

Pretreatment chemical requirement (ton/hr)
Annual cost for local taxes and insurance
Annual cost for maintenance labor

Annual cost for maintenance supplies
Annual cost for operating labor

Total equipment cost for each process sfep
Annual credit/penalty cost

Annual cost for'operatinglsupplies

Annual cost for steam

Annual céét for supervision

Annual cost for electricity

Annual credit/penalty for dewatered colids
Total feed stream (tons/day)

Total flow from holding tank (tons/day)
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TF2

TF3

TMPPR

TNDO
TNMBR
TPEX
TPF
e
TSF

TS2

TS3

LIST OF COMPUTER SYMBOLS (Continued)

Total flow from pretreatment (tons/day)

Total flow to digester (tons/day)

Total flow from digester (tons/day)

Total flow from dewatering, high eolids sgream (tons/day)

Total flow from dewatering, low sulids stream (tons/day)

Total gain in biodegradable volatile solids in pretreatment (tons/day)
Total loss in biodegradable volatile solids in pretreatment (tons/day)
Manpower requirement

Pretreatment temperature

Total manure solids (tons/day)

Total manure water (tons/day)

Number of days of opération per year

Number of units per processing step

Temperature of digester effluent leaving heat exchanger (°C)
Temperature of influent stream leaving heat exchanger (°C)

Annual cost for materials handling equipment

Solids in feedstock (tons/day)

Solids leaving pretréatment (tons/day)

Solids entering digester (tons/day)
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TS4
TS5
TS6
TVD
TVSF
TVS2
TVS3
TVS4
TWCV
TWF
TWK
TWl
W2
TW3
TW4
TWS
TW6

uGeC

LIST OF COMPUTER SYMBOLS (Continued)

Solids leaving digester (tons/day)

Solids leaving dewaterer, high solids stream (tons/day)

Solids leaving dewaterer, low solids stream (tons/day)

Total

Vol.

Vol.

Vol.

Vol.

digester volume (ft3)

solids in feed (tons/day)
solids leaving pretreatment (tons/day)
solids entering digester (tons/day)

solids leaving digester (tons/day)

Annual credit/penalty for dewatered low solids stream

Water

Total

Water

.Water

Water

Water

Water

Water

content in feedstock (tons/day)

horsepower

leaving holding tank (tons/day)

leaving pretreatment (tons/day)

entering digester (tons/day)-

leaving digester (tons/day)

leaving dewaterer, high solids stream (t&ns/day)

leaving dewaterer, low solids stream (tons/day)

Utility financing method unit gas cost ($/MM Btu)
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WDIG

WORTH

YR

LIST OF COMPUTER SYMBOLS (Continued)

Hours per work day

Water requirement for digesters (toms/day)
Water requirement for holding unit (tons/day)
Work process step (HP)

DCF first year cash flow

Water requirement for precreatment (tonc/day)
Mole fraction of water in digester gas stream

Cash flow year in DCF method
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