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INTRODUCTIO

Methods available for converting biomass such as feedlot manure into

energy forms can be broadly.classified as either biological or thermochemical

conversion processes. Bioconversion processes utilize bacteria, enzymes,
and/or algae. They include (i) anaerobic digestion for bicgas or methane
production, and (2) enzymatic fermentation for ethanmol production. Thermo-

chemical conversion processes use medium or high temperatures in the presence

or absence of air. Steam and/or catalysts are sometimes added to speed up or
increase the conversion rate. Examples of thermochemical processes for manure
are direct combustion, pyrolysis, partial oxidation, and hydrogasificationm.
General characteristics of biolegical vs. thermochemical processes are con-
trasted in Table 1 (Huffman 1978).

Relatively recent reviews of energy recovery processes for manure have
been published by Huffman (1978), Walawender et al (1973a), and Kreis (1379).
Several processes appear genuinely promising while others appear techanically
possible but grossly uneconomical. In the final analysis, the highest and
best use for feedlot manure for most - ltuations may continue to be as an
energy replacement commodity (fertilizer or feedstuff) rather than as a fuel
feedstock. Energy replacement value of feedlot manure relative to anhydrous
ammonia or 18-46-0 dry fertilizer averages about 0.7 million BTU/ton of dry

manure {Sweeten, et al, 1974). Utilization of feedlot manure as 2z feedstuff



TABLE 1

GENERAL COMPARISON OF FUEL GAS PRODUCTION APPROACHES*

. THERMOCHEMICAL
BIOCONVERSION (Pyrolysis or
ITEM (Anaerobic Digestion) Partial Oxidation)
Process Bacterial decomposition; Thermal decomposition;
low pressure, low low or high pressure;
temperature high temperature
Product High quality, Low-medium quality,
1,000 BTU/scf 306 to 500 BTU/SCF
Hold Time 3 days or more 5 minutes or less
Feed Preparation Add water, grinding Dry {(not all), grinding
Feédstock Problems Metals, additives, age None
Feedstcek Availahle for 25% to 60%. 50% to 90%
conversien, weight :
basis
By-Product Residuals 40% to 75% of dry feed- 10% to 30% of dry feed-
stock stock
Product Gas Quality,
BTU/SCF
- Raw Gas 500 to 600 250 to 350
- Final Gas Product 1,000 350 to 500
Raw Gas Yields,
SCF/1b feedstock 3 to 7 6 to 20
Energy in Gas,
BTU/1b of feedstock 1,550 to 4,100 2,130 to 5,100
Energy Yield, as %
of feedstock** 17% to 50% ‘ 24% to 60%
COST, SMM BTU
-~ No by-product cradits 2 te 10 J to 5
- With by-product credit 1 toh 7
for feedstuff
- Feedlot size, head 100,000 100,000

*Based on Huffman (1978).

**Energy in manure feedstock assumed to be 8,000 BTU/lb dry ash-free basis.



saves the energy otherwise needed to produce a replaceable feed ingredient.
For example, if manure could be fed at 5% of the finishing ration replacing
alfalfa, the net energy "savings" would be about 6.5 million BTU/dry ton

{(Sweeten, et al, 1974).

THERMCCHEMICAL PROCESSES

Most of the research on thermochemical processing of manure {as well as
coal and municipal solid waste) has dealt 1ith pyrolysis and partial oxida-
tion. Pyrolysis is thermal decomposition of organic matter. It involves
heating organic solids at a moderately high temperature and pressure in the
absence of oxygen. Pyrolysis produces liquid and gaseous fuels and a solid
residue. These products vary in amount and composition depending upon temper-
ature, pressure, residence time, feedstock quality, and catalyst. While
organic¢ matter is broken do;n into simpler compounds, salts are concentrated
in the selid fraction. Procaess equipment'includes a heat source, a reaction
chamber, and a system to separate the product gases, liquids {condensates),

tars, char, and ash. Partial oxidation is almost identical to pyrolysis

except that controlled amounts of air or pure oxygen are fed into the reactor.
Commercial pyrolysis and partial oxidation processes include the following

{Huffman, 1978):

- Purox®, Union Carbide
- Pullman-Kellog
- Lurgi

- Kopper-Totzek

Results of several research projects involving pyrolysis and partial
oxidation of cattle manure were tabu” .ted by the U. S. Environmental Protec=~
tion Agency (Kreis, 1979). Compositions of liquid, gasecus, and solid pro-

ducts are given in Table 2.



Table 2. Characteristics of Raw Products From the Pyrolysis of Manure (From Kreis, 1979)

. Centinnous [i1}] Nydrogasi- Cyclonic fa
Yatch Pyrojysis FPyrolysis Production  fication Aronia Synthesis Gas Burner TCD-Char
A B C D EEF G i 7 J T 3 T
Ultirate Analysis of feed, We.%
Carbon 4.2 b * . 20.5 35.4 35,4 35.1-39.6 41,6 7.6 23.92
tydrogen 5.7 . ’ * 2.5 4.2 4.6 5.3-5.9 5.5 3.76 3.80
Oxygen 33.% . ¢ . 14.5% 3.5 LIV | 0.0 21.? 21.48 :
Nitrogen 1.2 . . * 1.3 0.7 * 2.5-3.1 2.8 2.32 1.85
Sulfur 0.3 . L . 0.5 0.2 . 0.4-0.6 6.5 0.5 .
Ash 172 8.65 A 1.0 15.1 36.0 5.6 23.5-29.2 4.9 44 .30 o
Yields (per ton of wet Feed) b 3 . a .
Gas (Std. cubic Feet) 13,940 1044 351 16,610 * .967° * ' 8, 400-15,000 790° 16,208 .
0il (bbi) .31 0.25 * 0.96 2.6 0.0 * 0.88" 0.14 1.0° .
#aterphise {gal.} 38.3 122 ‘. 39.5 » .872° . ’ 82 : .
Char (1B} 126 143 0.33 576 . 40,68 » 93 650 1,003 hd
il Composition, Voi. %
ﬂm:,?c_d L3 - - - qﬂ.@ * * - - . -
Hydrogen * . & * 9.5 - N » . . «
Nitrogen . * + . 4.2 * * . . s ¢
Sulfur . ¢ - - 0.37 * . * . * h
Ox%mm: - » E ] * M.h - - > L] - -
Gas Composition, Vol.
Oxygen 0.0 0.0 4 1.72 l 0.0 0.0 0.3.2.5% 0.0 1.5 .
Nitrogen 6.0 7 19 49.8% * 0.0 0.0 28.4-38.3 7.1 65.8 *
Carbon dioxide 4.8 n.z 18 14706 b 33.8% 16,11  13.1-18.7 14.2 2.5 d
Carben monoxide 18.0 16.7 i8 17.72 " 0.7 3.4 11.5-17.3 12.8 1.8 .
Hydrogen .5 16.4 30 10.7 * 11.3 10.56 18.1-26.2 27.4 .2 .
Methane 22,7 15.8% Ch 3.07 . 4.1 18.55 6.2-7.9 32.3 0.6 *
Cthylene 0.0 0.4 13 o . 0.0 0.0 2.7-4.1 5.9 0.6 .
Ethane 0.0 1.7 > 4 12.4 5.38 <=, 3 0.4 - .
Carbon 7.3 . 0.4 > b . 0.0 0.0 ¢.0 0.0 * d
¥Water 0.0 bd 0.0 * . 0.0 45.85 6.0 0.9 * b
Iydropen Sulfide 0.0 . 0.0 A ¢ 0.0 0.15 0.0 0.0 . .
Char, We, % .
Carbon 19.4 . 63 * * . 44.1 32.0-41.2 b 21.54 30.07
Hydrogen 0.4 + b . . * 1.6 0.3-1.6 . 1.07 1.49
Oxygen 0.4 . . * b * 0.0 . i . -
Nitrogen [ 1.1 + + * & * 0.0 2.0-2.5 - 1.42 ¢.0
Sulfur 0.3 . * » + * 0.0 + . . .
Ash 48.4 * k{3 40 4 * 54.2 36.7-53.9 21.% 76. 40 "
Heating Values i
Feed, u,a\uw. {dry} 7,110 * . § 7,630 * * * 3,194-3,739 6,350 5,604 .
Gas, BIU/ft 450 4,200 1,900 123 . t,0004 ¢ .o . " . .
Char, BTU/1b. (dry) 7,2%0 11,000 3,000 6,390 * . . 4,132-5,535 - 2,011 .
A - Schlesinger et at. (1972) G - Kiang et al. (1373) * Not reported f - gr./gr. of total sollds
B - Garper and Smith (1973} H - Feldman et a2}, (1973) 3 - Ibs/T of wet feed g - gr./80 gr, feed
C -~ White and Taiganides (1971} t - Malligan et al. (1974} b - mg/l h - toral corbustibles and illuminants
P - Massie and Parker (1913) J - Huffman and Halligan {1974-75) £ - moles/80 gr. i - ¥p ccl/Xg
E - Appell and Miller {1972) K - Natour et al. {197%) 4 - N+ CO J - per 1b of total solids -
F - Appell et al, {1971} L - Mackenzie (1976) ¢ - bbl/ten of feed, ofl plus warerphase

(References are from Kreis 1979)



Pyrolysis

Garner and Smith (1973) of the Midwest Research Institute performed
laboratory scale pyrolysis of fresh cattle manure to determine product charac-
teristics and optimum pyrolysis conditions to maximize production of liquid
organic compounds. Maximum yields were obtained at temperatures of 400° to
500° C and low pressures. The liquid fraction contained a variety of alco=-
hols, ketomes, aldehydes, acids, amines, and phenols. Because considerable
refinement would be necessary for recovery of individual components, this
liquid was viewed as a fuel with a.value similar to crude petroleum and coal
tar from a coke oven. Pyrolysis of manure alsc produced a combustible gas
with a heat coateat of 300 to 400 BIU/ cu ft. This gas contained hydrogen,
methane, carbon monoxide, carbon diéxide; nitrogen, and traces of ethylene and
ethane. The yield of this combustible gas mixture was equivalent to.2 to
3 million BTU/ton of dry ﬁanure. A soiid residue {char) containing one-third
ash and having unknown utility was also produced. Garper and Smith (1973)
concluded that pyrolysis is uneconomical and that the fuels used to operate
the system are probably more valuable than the products derived.

The liquification of cattle manure (as well as éoal and municipal solid
wastes) to produce an oil product was iﬁvestigated on a laboratory scale by
the U.S. Department of Interior's Bureau of Mines. At 380° ¢ temperatire and
6,000 psi pressure, cattlg manure (45% moisture content) was reacted with
carbon monoxide and steam to yield low sulfur oil (Appell, et al, 1972).
Reaction time was 20 minutes. Addition of catalysts is not necessary. At
optimum conditions, ;ellulose conver: .on was 99% and oil yield was 47%, or
about two barrels of oil per ton of dry manure (Appell, et al, 1971). The oil
contained 75% to %8% carbon, 9% hydrogen, and 13% to 15% oxvgen, and had a

heating value of approximately 15,000 BTU/pound. Hence, the energy yield was



9.9 million BTU/ton of dry manure. The economics of this process remain
unproven {(Anderson, 1972), or unattractive (Walwender, et al, 1973b). Fu,
et al (1974) developed a variation of the Bureau of Mines system in which
cattle wmanure was hydrogenated and liquified at pressures. of 1,500 to
3,000 psi and temperatures of 330° to 425° ¢ in the presence of recycled
manure oil and a catalyst. Organic matter conversions of 93% to 97% were
achieved and oil yields were 39% to 40%. The product oil had é heating value
of 16,300 to 17,200 BTU/1b.

On a much larger scale, Knight, et al (1974) at Georgia Tech University
built a 50 ton/day unit for pyrolysis of cellulesic agricultural wastes,
primarily wood wastes and crop residues. Cattle manure was not tested. Two
years of research showed that the moisture content of feedstock should be less
than 10%, which necessitated predrying. Heat balance measurements revealed
that 36% of the input'energy was available in the char, 13%'in the condensed
0oil, and 46% in the noncondensible gases. Heat loss was only 5%. ﬁeating
value of the product oil was 13,400 BTU/1b and of the char was 9,000 to
13,000 BTU/1b. At 660° €, product gases from cotton gin trash coétained 14%
methane, 14% hydrogen, 21% carbon monoxide, 44% carbon dioxide, and 7% assort-
ed hydrocarbon gases (CZ’ CB, and C4 complexes). As operating temperatures
rose from 400° C to 700° C, the yields of oil and gas improved as the char
vield decreased. These researchers recommended marketing a mixture of 70%
char and 30% condensed oil. This mixture is low in sulfur, is easily handled
as a solid, would make a good coal extender, and could be burned in existing
facilities. System economics appeared favorable to the researchers.

Engler, et al (1975) at Kansas State University analyzed the economics of
pyrolysis of feedlot manure for plant capacities ranging from 500 to 10,000

tons/day of manure at 30% moisture. Breakeven gas production prices dropped



dramatically from 500 to 1,000 tons/day capacity and levelad off above 5,000
tons/day. Output of scrubbed synthesis gas (C02 and HZS removed) from a 1,000
ton/day plant would be 10.7 million scf/day of gas containing 380:BrU/cu ft.
Total capital investment (1974 costs) was estimated at $6.5 million. Manure
predryers required to reduce moisture content down to 10% would account for
one-third the capital cost. The gas cleanup system (water scrubber) would
account for another ome-third of the cost. Operating expenses were estimated
at $2.2 million/year. Eagler, et al (1975) concluded that pyrolysis plants
can approach the point of competitiveness with natural gas oaly under‘the most
favorable circumstances.

Partial Oxidation

Manure and other agricultural residues can be partially oxidized in the
presence of steam and limited air to form a synthesis gas, which ir turn can
be converted to anhydrous ammonia (Halligan and Sweazy, 1972; Young, et al,
1973; Beck, et al, 1879). Organic matter in manure serves as a source of
hydrogen which can be combined with nitrogen from the atmosphere for subse-
quent combination to form anhydrous ammonia. The reactor system studied at
Texas Tech University (Figure 1) is three stories high and can process
0.4 tons/day. It was described by Beck, et al (1979), as follows:

"Sclid feed enters the top of the reactor and falls counter-
current to a gas mixture of steam, air, and product gases.
Product gas from pyrolysis and partial oxidation exit {(with
input fluids) out the top of the reactor. The product gas is
stripped of entrained solids, tar, and a water/organic mixture
using a cyclone, impinger, and heat exchanger, respectively.
Char is removed from the bottom of the reactor through a center-
port opening in the inlet gas distributor."

The partial oxidation reaction ta¥es place at atmospheric pressure and
average reactor temperature of 550° to 600° C, with peak temperatures inside

the reactor approaching 300° ¢ (Beck, et al, 1979). The heated manure re-

leases synthesis gas composed of hydrogen, nitrogen, methane, carbon monoxide,
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carbon dioxide, ethvlene, and ethane. Results from the 35 ]b/hour‘pilot plant

-

are shown in Table‘B. The product gas is suitable as é‘evnthesis gas for
proauction of anhvdrous ammonia, ethylene, or methanol~in; as a medium BTU
fuel gas for othef processes. -

High operating temperatures favor gas production and diminish yields of
char and liquid residuals (Huffman, et al, 1977). The séiid char has a heat-
ing value of approximately 13,000 BTU/1lb. It could be Eﬁrned on-site to
generate steam and electricity to operat~ the syn-gas orocess. The organic
liquid product could be recycled back teo the reactor to improve hydrocarbon
vield of the product gas (Huffman, et al, 1977). One-fourth of the manure
feedstock could end up collected as fly ash which has indefinite value.

The ammonia synthesis gas would be fed to an existine anhydrous ammonia
plant (of which surplus capacity exists in the Texas Panhéédle) and used as a
replacement feedstock for natural gas. The ethylene could be separated and
sold as feedstock to a petrochemical company. At the ammonia plapt, the
carbon monoxide component is first reacted with steam to vield equal parts of
hvdrogen and carbon dioxide. The carbon dioxide is-senaiated {and possibly
snold). This leaves hydrogen and nitrogen in almost a perfect 3:1 ratio for

4 .
combination as anhydrous ammonia (NHB).

Heat balance calculations show that the overall partial oxidation re-
action is exothermic (i.e. produces meore energy that it consumes). The pro-
duct synthesis gas stream contains 40% Lo 60% of the heating value of dry,
ash-free manure (Huffman, et al, 1977,. This raw gas contains about
240 BTU/cu £ft, or 300 to 320 BTU/cu "t after removal of carbon dioxide. Gas

production amounts te 10 to 20 scf/lb of dry ash-free manure. Thus, the gas

heating value is about 6 million BTU/ton of dry manure.
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TABLE 3

TYPICAL DATA FROM TEXAS TECH PARTIAL OXIDATION PLANT

(Huffman, 1978)

Average of

5 runs¥® Range

Feed Rate, 1b/hr
(25% ash, 10% water) 35 32 to 38
Air Feed Rate, scf/hr 124 70 to 212
Steam, lb/hr 11 10 to 14
Avg. Temperature, °C 602 577 to 636
Bry Gas- Yield

SCF/1b dry ash-free manite 15 10 to 20

BTU/scf 305 265 to 351
Raw Gas Compositiom (Vol. %):

H2 ~ Hydrogen 25 18 to 33

NZ - Nitrogen 22 18 to 24

CHA ~ Methane 8 & to 11

CO - Carbon Monexide 13 11 to 15

C02 - Carbon Dioxide 27 24 to 31

C2H4 - Ethylene 4 2 to 7

C,H.  ~ Ethane 0.8 0.7 te 0.9

276

*Experimental Runs No. 21, 24, 28, 30, and 32.



The experimental data suggest that ammonia yield would exceed 0.5 tons
NH3/ton of dry, ash-free manure feedstock (Huffman, et al, 1977). An addi-
tional 0.08 tons of ethylene could be extracted per ton of dry ash-free
manure. These products could together be worth $130/ton of dry ash-free
manure, or $65/ton of as~-received manure (30% ash, 30% moisture).

On an energy basis, if the process is adiabatic (heat production matches
heat requirement) as reported, the net energy savings to society is equal to
the energy now used for manufacture of anhydrous ammonia, or 39 mililion
BTU's/ton of ammonia yield. Consegquently, the synthesis gés-anmonia proceés
could result in an energy savings to society of as much as 12 million BTU/ton
dry maanure processed.

Researchers at Texas Tecﬁ, assisted by an independent study by Bechtel
'Corporatio#,'have established the minimum  feasible plant size a£ 1,000 tomns of
dry manﬁre per day. Only 20 locations in the U. S. have the requisite 300,000"
head of cattle on feed within a 25 mile radius. Capital cost is estimated at
$62 million (Beck, 1980). Anpual operating cost would be §7.5 million assum-
ing the manure costs $3/ton delivered. To make a 15% return on investment,
anhydrous ammoniaz would have to sell for only $130/ton, which is less than
today's market price., This does not include credits that could be available
from sale of carbon dioxide, one of the process by-products.

Advantages of partial oxidation for synthesis gas/ammonia production
include favorable energy balance and suicability of typical feedlot manure as
a process feedstock. While high ash content is a liability, moisture content
and manure age are not major constrs .nts within normal limits. Other advan-
tages include modest air and water pollution potential, reactivation of lo-
cally idle ammonia plant éapacity, and high product marketability and utility
{anhydrous ammonia). Process economics appear encouraging provided that a

large encugh plant can be built.
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Chief limitations appear to be uncertainty of successful plant scale-up
by factor of 2000:1 from pilot plant scale to the 1,000 tons (d.m.)/day level;
high capital cost; and remaining concerns associated with feedstock pulver-
izing, reactor feeding, and solids separation from the gas stream.

Hydrogasification

Conversion of feedlot manure into methame by thermochemical means (hydro~
gasification) was examined by Feldman, et al (1973), Kiang; et al (1973), and
Walawender, et al (1973b). Hydrogasification would be accomplished by the
Hydrane process, developed by the Bureau of Mines for converting coal to
piéeline quality gas (Feldman, et al, 1973). The process involves decomposi-
tion éf’aellulose in the presence of hydrogen under conditions of high pres~-
sure (1,000 ps;) and temperature (550° C). The bydrogen gas would need to be
purchésed and amounts to 6.5% of the dry manure input. Final product gas
after_002 scrubbing consists‘primarily of methane, ethane, and aydrogen and
has a BTU content of over 1,000 BTU/SCF. With further refinement, a gas
consisting of 79% methane and 19% ethane can be produced (Feldman, et al,
1973). Manure feedstock must be predried and ground before introduction into
a fluidzed bed reactor. Residence time is 2 seconds. The reactor is highly
exothermic (produces heat) and does not require a catalyst (Walawender, et al,
1973a). Gross methane yield is 12,000 cu ft per ton of dry manure and the net
methane yield is 5,300 cu ft/ton of dry manure (Walawender, et al, 1973b6}).

No tars or oils were produced from manure hydrogasification (Kiang,
et.al, 1973). The char by-product consisting of 45% of the dry manure feed-
stock was used as 2 boiler fuel (Feldman, et al, 1973).

This process would possibly have an economic advantage over coal gasifi-
cation because it operates at lower temperatures and manure could presumabty
be delivered cheaper than cozl (Feldman, et al, 1973; Kiang, et al, 1973). A
minimum plant size of about 1,000 tons/day should be considered {(Walawender,

et al, 1973b).



Hydrogasification is not economically feasible (Walaweader, et al,
1973b). Results from laboratory scale tests conducted so far would be diffi-
cult or impossible to extrapolate to the minimum feasible size of hydrogasifi-
cation plant.

Direct Combustion

Feedlot manure can be burned in a cyclonic of fluidized bed furnace to
produce steam for generation of electricity or for other purposes. Beck,
et al {1979) estimated that heating energy potentially available annually from
combustion of feedlot manure exceeds that from a managed forest and approaches
the energy yield from a modest oil field, on a surface area basis. Published
research on combustion of feedlot manure is lacking. However, broad estimates
of the combustion potential can be made from experimental data and information
concerning coal-fired electric power plants. | |

A study conducted at Swisher County Cattle Company in October 1979 to
evaluate the combustion potenmtial of feedlot manure (Sweeten and Higgins,
198G) determined that feedlot manure in the collected layer had an average
heat value of 8,800 BTU/1b on a dry ash free basis. Ash and moisture have the
effect of diluting the BTU content. Thus, feedlot manure containing 25%
moisture and 30% ash would have a heat content of 4,600 BTU/1b (9.2 million
BTU/ton) on an as-received basis, or 12.3 million BTU/dry ton.

The efficiency of converting manure or similar fuels (coal or lignite)
into electricity is expected to be abou. 30% for a large coal fired power
plant (Ladd, 1980). That is, it would take 11,400 BTU of fuel input to yield
one kilowatt-hour (or 3,413 BTU) of .lectricity. For a small feedlot-sized
boiler, only 20% efficiency might be realized (i.e. 17,100 BTU input/
kilowatt-hour output). Thus, the net energy output/ton of dry manure would be
approximately 3.6 and 2.4 million BTU/ton for utilityland on-site boilers,

respectively (Table 4).



~14-

TABLE 4
ESTIMATED ENERGY OUTPUT FROM COMBUSTION OF FEEDLOT MANURE

Large On-site
Electric Utility Boiler/Generator

1. Manure Energy Input,

BTU/ton (d4.b.) , 12.3 million 12.3 million
2. Cenversion Efficiency, % 30 20
3. Electric Energy Output,

BTU/ton (d.b.), 3.7 million 2.5 million

kw-hr/ton (d.b.), 1,080 million 720 million.
4. Value of Electricity

Output (€ 2¢/kw-hr fuel ‘

charge), $/ton (d.b.) $21.60 $14.40

Seiling manure feédstock te a public utility for directiccmhustion would
appeaf attractive to séme feedlots because of steady:market potential and low
capital and operating cost. On-site combustion for steam and for electricity
generation by a feedlot would require capital expenditures, opefating costs,
inefficiencies due to intermittent usage, and a new or modified air polliution
abatement permit (state and/or federal depending upon system size).

A multi-fuel boiler could convert feedlot manure to steam with about 80%
thermal efficiency (Kolb, 1980). A 430 horsepower boiler providing
16,000 ibs. steam/hour would require approximately 1.5 tons‘of feedliot manure
(w.b)./hour asrfugl. Ash removal from the boiler could pose problems.

High sulfur content could limit the use of feedlot manure as a combustion
fuel. This is because sulfur dioxide is classified as a "criteria pollutant”
under the Federal Clean Air Act. The Texas Air Control Board allows existing
fossil fuel combustion plants to emit up to 1.2 1bs SOZ/miilion BTU burned (or

0.6 1bs S/million BTU). New emissions sources have to meet tougher environ-

ment standards that require scrubbing of 70% to 90% of the sulfurous gases.
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TABLE 3

COMPARISON OF TYPICAL WYOMING COAL WITH TEXAS FEEDLOT MANURE

Parameter Western Coal Feed Lot Manure*
Moisture Comtent, % 25 27
Ash Content, % 5 30
Heat Content, BTU/1b (w.b.) 8,500 4,400
BTU/1b (d.b.) 11,300 6,000
Sulfur Content, % (w.b.) 0.40 0.56
1bs/million BTU 0.47 1.30

#Sweeten and Higgins (1980).

Feedlot manure contains much more sulfur and ash than westera coal
(Table 5). To control sulfur dioxide and fly ash emissioné, the furnace for
burning manure ;hould have a wet scrubber (rather than baghouse-type) emis-
sions control system {Plunk, 1980).

Feedlot manure could possibly prove to be a viable feedstock when blended
at approximately 10% manure to 90% coal. According to Ladd (1980), guestion
marks include delivered cost, consistent supply, comsistent composition (ash,
sulfur, BTU), and combustion residue effects on the furnace (scale, slag,
corrosion, abrasiom, plugging, etc.). Salts and silica may cause corrosion
and abrasion. The emissions problem in ash-«fusion temperatures for feedlot
manure need further evaluation. Public research on these effects has not been
conducted.

The Harrington Station coal-fir.d power plant near Amarillo, owned by
Southwestern Public Service Company, operates three 360 megawatt (MW) genera-
tors powered by low-sulfur coal from Gillette, Wyoming. Each unit burns up to
200 toms/hr. At 60% annual capacity factor the average coal consumption would

be 360 tons/hour, or 8,640 tons/day (Yager, 1980). Only one 360 MW gemerating
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unit at Harrington Station has a wet scrubber system for emissions control

(Plunk, 1980). The present delivered cost of coal is believed to be $25/ton.
After stockpiling, comveying, crushing, and grinding, the pulverized coal is
Plown into the furnace at a cost of $1.65/million BTU's ($28/ton). The com-
pany is building a new coal-fired power plant, Tolk Statiom, scheduled far

completion in 1982, in northwestern Lamb County. This plant will have twe

543 MW generating units served by baghouse emissions control units and will

require approximately 10,000 tons/day of coal.

Ladd (1979) suggested that the delivered price of biomass fuel would have
to be about half that of coal in order to justify the associated risks and
expected difficulties. According to current freight rates (Texas Railroad
Commission, 1980) the cost of delivering feedlot manure in 23 ton loads from
Hereford to either Harrington Station or Tolk Station (65 miles) would be
$7.20/ton. If the manure Ean be collected, stacked, stockpiled, and loaded
for $§3/ton at the feedlot, the total delivered cost to the power plant would
be 510.20/ton, or about $1.20/million BTU.

Ash-fusion temperature tests are used to determine abrasion, corrosion,
slagging, scaling, and plugging problems inside the furnace caused by salts
and silica. Two feedlot manure-oil mixtures (84% manure and 16% oil) subject-
ed to ash fusion tests gave these results (Ladd, 1980):
1900° F.
2280° to 2300° F.

23002 to 23302 F.
2360° to 2370° F.

a) Initial deformation temperature
b) Softening temperature

c) Hemispherical temperature

d) Fluid temperature

H W N

According to Parker (1980) these temperatures appear to be high encugh not to

prove troublesome.
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BIOCONVERSION FOR METHANE PRCDUCTION

Bacterial digestion of manure under anaerobic conditions releases biogas
which contains 50% to 60% methane, 40% to 30% carbon dioxide, and 1% trace.
gases such as hydrogen sulfide. Methane (CHQ) is the pfimary component of
natural gas and has an energy content of 1,000 BTU/cu ft. Raw biocgas has an
energy content of 300 to 600 BTU/cu ft. Carbon dioxide can be removed to
increase the BTU coatent.

Anaerobic digestion is a two-phase process. In the first phase, bacteria
degrade (liquefy) organic solids into organic acids. In the second phase
bacteria convert organic acids into methane, carboﬁ dioxide, and water. A

methane production system consists of these steps:

1. Materials preparation--grinding, mixing, pumping.

2. Diéestion-—reactor with agitation and heat exclgange equipment.

3. Gas scrubbing--removal of m;isture, hydrogen sulfide, and/or carbon
dioxide.

4. Gas storage, on-site utilization or marketing.

5. Feedstuffs recovery--screening, centrifigation and drying.

6. Fertilizer recovery--storage pond and irrigation system.

Anaerobic Digester Types

Angerobic digesters can be classified according to temperature, degree of
mixing, and construction materials. Optimum operating temperatures are 95° F
{mesophilic) and 135° F (thermophilic). Thermophilic digesters provide peak
methane yields and are only ome-third or ome-half as large as mesophilic
digesters. Mesophilic digesters car-e fewer operating problems (Maciel,
1979).

In most digesters, slurry is mixed intermittently to renew bacterial
contact with food and release biogas. The so-caliled "plug flow" digester

recently developed at Cornell University emplovs no mixing device.
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Digester Design

A major design factor is-hydraulic-retention time, or days of storage

capacity. Correct design involves selecting the best trade-~off between gas
yield, which begins to level off after 10 days, digester size and constructien
cost. For mesophilic systems, retention times of 12 to 20 days are used. For
thermophilic systems, retention times are only 5 to 6 days (Hamilton Standard,
1978, Hashimoto, et al, 1979b).

A second design factor is solids concentration, which dictates digester

size, performance and cost. To minimize digester size, concentrations should
be as high as possible without causing mixing problems or overloading. Desir-
able concentrations of total solids (ash plus organic matter) are 8% to 12%.

A third factor is loading rate, which is usually specified in terms of

the weight of volatile solids (VS) added to the digeste; daily/unit of diges-
ter volume. Typical loading rates are 0.2 to 0.3 lbs V8/day/cu ft for‘meso-
philic‘digester'and 1.0 1b ﬁS/day/cu ft for thermophilic digesters.

Anaerobic digester sizes for feedlots of 5,000 to 100,000 head capacity
~are estimated in Table 6 (Sweeten, 1979) which shows that a 10,000 head feed-

lot would build a mesophilic digester of approximately 1.1 million gallonms.

TABLE 6

ANAEROBIC DIGESTER SIZE FOR CATTLE FEEDLOTS - MESOPHILIC

Volatile Solids Total
Feedlot Size Volatile Solids Concentration Slurry Inflow Detention Time, Digester Si:
Head Lbs/Day % Gal/Day Days 1,000 Gal .
1,000 4,500 8 7,000 15 100
5,000 22,500 8 34,000 15 500
16,000 45,000 8 67,000 15 1,100
20,000 90,000 8 135,000 15 2,100
30,000 135,000 8 200,000 15 3,200
40,000 180,000 8 270,000 15 4,300
50,000 225,000 8 340,000 15 5,300
75,000 340,000 8 510,006 15 3,000
100,000 450,000 8 670,000 15 11,000
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The methane production rate (gas produced per unit of digester volume)

gives an indication of digester performance.

Methane production rates of

1.0 cu ft methane/cu ft/day for mesophilic digesters and 3.8 cu ft/cu ft/day

for thermophilic digesters are typical.

Methane vield is a measure of both waste degradability and digester

efficiency. Methane yields from dirt su~ ced feedlot manure usually range

from 2.5 to 4 cu ft CHAIIb of volatile soclids added to the digester, or about

8 cu ft of methane (13 cu ft of biogas)/lb of wvolatile solids destroved.

TABLE 7

ESTIMATED PRODUCTION OF METHANE, FEEDSTUFFS AND FERTILIZER ELEMENTS

FROM CATTLE FEEDLOT MANURE

Gross Yield Net Cattle Feed Fertilizer Elemen
Feedlot Size  Biogas Methane  Methane Yield (Dry Basis) Tons/Day
Head 1,000 Cu Ft/Day 1,000 Cu Ft/Day Tons/Day N P205 Kzi
5,000 130 80 533 5 0.2 0.2 0.
10,000 260 160 110 10 0.4 0.4 0.1
20,000 525 320° 210 20 0.9 0.8 1.:
30,000 790 470 320 30 1.3 1.2 1.4
40,000 1,050 630 420 40 1.8 1.6 2.
50,000 1,300 790 530 50 2.2 2.0 3.
75,000 2,000 1,200 790 75 3.3 3.0 4.
100,000 2,600 1,600 1,110 100 4.4 4.0 5.
Assumptions:
1. Volatile solids collected is 4.5 lbs/head/day.
2. Biogas contains 60% methane and 40% carbon dioxide (volume basis}.
3. Methane yield is 3.5 cu ft CH,/1b volat_.le solids feedstock.
4 Energy requirement for heating and mixing the digester is 25% of gross
_ biogas output.
5. Feedstuff recovery is 2.0 lbs/head/uay.
6. Recoverable fertilizer amounts before _.torage losses are 16 lbs N, 14 1lbs P.O

and 22 1bs K20/ton of ﬁgnure feedstock.

275
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Gas yields from a ton of cattle feedlot manure containing.30% moisture
and 30% ash should be about 3,600 cu ft methane/tcn. However, about 25% of
the methane will be needed to provide digester heat {(year around avefageﬂ.
Thus, the net yield of methane will average about 2,700 cu ft/ton 6f feedstock
{as received basis), or 3.8 million BTU/tom of dry manure. The amount of
methane, feedstuffs,'and fertilizer elements expected from aifferent sized
feedlots is shown in Table 7 (Sweeten, 1879).

Gas Scrubbing and Utilization

The degree of bioéas scrubbing depends upon the ultimate use of the gas
(Hashimoto, et al, 1979a). For on-site combustion as boiler fuel, only water
vapor and hydrogen sulfide need to be removed from biogas. Water vapor is
removed by frost proof condensers and condensate‘traps to pravent condensation
in gas lines and excessive corrosion. 'Hydrogen sulfide causes corrosion and
can be removed using an iron sponge (i.e., column Qf iron-impregnated wood
chips) to a sufficient degree to allow biogas use in internal ccﬁbustion
engines (Fulton, 1979). Additiocmal HZS regoval is necessary if the gas is to
be sold to natural gas piyeline companies.

Carbon dioxide (CDZ) removal is necessary to produce pipeline quality
methane (1005 BTU/cu ft). It can be removed by water scrubbing, membrane
separation, phosphate buffer, or regenerative amine absorption (Ashare, et al,
1978). Water scrubbing is the most economical method. The heated (regenera-
tive) amine absorption process is used at the Thermonetics, Inc. plant near
Guymon, Oklahoma {Meckert, 1978). General Electric has developed a selective
membrane process (Walmet, 1979) that is being tested in connection with Lhe
Imperial Valley Biogas Project at Brawley, California.

Biogas scrubbing equipment would account for 30% of the total cost of the
methane production system for a 10,000 head feedlot if pipeline quality is
desired (Hashimoto, et al, 197%a). But for on-site use of biogas, scrubbing

equipment would cost only 10% to 12% of the total system cost.
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Methane can be used as beiler fuel to operate steam flakers. Feed pro-
vessing at a 30,000 head feedlot would require about 93,000 cu ft of methane/
day for heat and 77,000 cu ft/day for electricity (at 22% conversion effi-
ciency with internal combustion generator). This leaves a possible surplus of
roughly 150,000 cu ft of methane, or 9,700 kw hrs of electricity to sell each
day (Sweeten, 1979). Waste heat from the internal combustion engine <an be
used fér slurry heating, thus increasing net methane yield (Hashimoto, et al,
1979a; Fischer, et al, 1979).

Five alterpate strategies for feedlot biogas utilization and marketing
were evaluated by Hashimoto, et al (197%a). The most economical strategies
for on-site use were as follows:

| 1. Electricity generation after gas sc;ubbing (COE’ HZS’ and moisture
removal); gaé compression to 125 psi; one-day storage capacity;
waste heat recovery from internal combustion engine.

2. Electricity generation after HZS and moisture remova;, without
compression or storage (C02 not removed); waste heat recovery from
engine.

3. Boiler fuel, after HZS and moisture removal; compression to 125 psi;
and one-day storage.

Feed and manure trucks with gasoline engines can be equipped with a dual

fuel carburetor to cperate on bottled methane for about 2 hours/refill, or 3
to & gallons of gasoline equivalent (Heurich, 1979). Four feed trucks would
use less than 10,000 cu £t of methane/day.

Feed Value of Centrifuged Slurry Cake

High protein feedstuffs can be extracted from the digested slurry. The
crude protein content of this product ranges from 18% to 28% and averages

about 25% (Maciel, 1979; Burford, et al, 1979; Hamilton Standard, 1978).
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Meckert (1978) indicated a 50% removal of digested solids from the Calorific
plant by centrifugation. Burford, et al, (1979) obtained 89% suspended solids
recovery by centrifugation im the presence of a floculating compound. Hashi-
moto, et al (1978) recaptured 20% of the pretein and 35% of the solids from
digested slurry using a cemtrifuge. But by sieving the slurry with a #60 mesh
sieve followed by centrifugation at 10,000 G for 20 minutes, 63% of the solids
and 41% of the protein were captured. Crude protein content of the recovered
salids was 12.5% for the sieved solids and 28% for the centrifuge cake, indi-
cating that the high protein biomass is in the finer solids. At 50% recovery
rate, about 2 1bs of feedstuffs (dry matter basis) could be obtained/head/day.

The centrifige cake contains 70% to 80% moisture content. Attempts to
feed this product wet have resulted in cattle palatability problems (Maciel,

1979). Burford, et al (1979) also -cited decreased palatability of rations
containing centrifuge cake.

Research at Oklahoma State University (Zinm, et al, 1979) showed rela-
tively low nutritional value to a mixture of screened manure fiber extracted
before digestion and the centrifuge cake mixed in about 2 or 3:1 ratio. The
low digestibility and palatability that occurred is believed to be caused by
the low nutritional value of the fiber screened from raw manure which dildtes
the high-protein centrifuge cake.

Other research has revealed feedstuff values ranging from $25 to $90/dry
ton (Hashimoto, et al, 1979b; Prokop, 1979; Burford, et al, 1979). Feedlot
cattle feeding trials with centrifuge cake underway at Brawley, California,
have tentatively established that the air dried product has the energy value
of alfalfa (Prokop, 1979).

The dollar value of animal feedstuffs (digested slurry cake) is estimated
at 2 to 5 times the methane value. Assuming only 20% solids recovery effi-

ciency, the centrifuge cake is worth $16/head/year, while the methane is worth
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$7/head/ year (Hashimoto, et al, 1979b; Hamilton Standard, 1978).

Fertilizer Utilization

Essentially all the plant nutrients originally present in the feedlot
manure are captured in the digester slurry. Thus, the amount of land needed
for disposal could conceivably be about tﬁe same as with dry manure, with the
added complication of liquid pumping and distribution. However, nutrient
recovery by centrifugation, nutrient losses in a holding pond by nitrogen
volatilization and precipitation, and the recycle of liquids for slurry mixing
can reduce the land area requiremeants by 50% to 80%. Research at Texas A&M
University has sthn a 50% loss of nitrogen in 72 days of storage of digestad
slurry in a holding pond (Egg, 1979).

Cost of Methane Production System

For methane production to be practical, the cheaspest digester thét_will-
reliably produce biogas at acceptable levels iz a necessity. Rigid wall,
above-ground mesophilic anaerobic digesters, complete with slurry and gas
handling systems, typically cost about $5 to $10/cu ft of digester capacity.
Thermophilic units cost 55 to $20/cu ft, depending upon their size. Cornell
and New Mexicoe State Universities have each fabricated digesters of flexible
membrane liner installed in a trench (Hayes, et al, 1979; Kemp, 1978). These
digesters reduce total system cost to about $3 to §7/cu ft. They have not
been tested using dirt surfaced cattle feedlot manure or on a large scale.

USDA researchers at Clay Center, Neoraska published detailed cost pro~
jections for recovery of methane and protein from cattle feedlot manure by
anaerobic digestion (Hashimoto, et a’, 1979b). Feedlot size has a dramatic
effect on cost. It is much cheaper per unit capacity to build a meﬁhane plant
for 100,000 cattle ($66/hd) than for only 1,000 head ($370/hd). However, most

of the cost difference occurs between the 1,000 and 25,000 head size lewvels.
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SUMMARY
Several bioclogical and thermochemical processes were examined for deriv-
ing energy value from feedlot manure. On the basis of data derived from
research reports, it appears that energy output from these processes would be

roughly as follows:

Yield Est. Cost for 20,000 hd.
Millien BTU/ Cap. Cost Aan. Cost
Technology Main Product ton d.m. million $ million §/:
Pyrolysis Medium BTU gas mixture 2-3 2.3 0.8
Pyrolysis 0il 10 7.6 2.7
Partial Oxidation Synthesis gas (fuel) 8
Partial Oxdidation Synthesis gas/anhydrous
ammonia 12 11.5 L4
Hydrogasification Methane 5.3 3.1 1.1
Direct Combustion
a. Utility Scale Steam/Electricity 3.6
b. On-Site Furnace/
Generator Steam/Electricity 2.4 .5
Anaerobic Digestion Methane or biogas 3.8 2.2 .6

Estimates of capital and operating costs for variocus systems were calcu-
lated for a 20,000 head feedlot by updating cost estimates of the original
investigators to 1980 prices using the Chemical Engineering Plant Cost

i/

Index—'. These costs were then scaled down to an operating capacity of
90 tons manure/day (as received basis) using the six-tenths power functiong/.

The resulting cost figures, some of which are tenuous at best, are shown in

the preceding table.

l/Chemical Engineering Plant Cost Index: 1973--144.1; 1974~~165.4; 1975--182.4;
1976--192.1; 1977-~-204.1; 1978--218.8; 1979--238.7; 1980 (Feb.)--250.7. ‘
0.6

2/

= Six-tenths power function: (Cost), = (Cost}, (Plant Size)

(Plant Size)l
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0f the manure conversion processes considered, it appears that direct
combustion, partial oxidation, and anaerobic digestion offer the most possi-
bilities at this time. The former two appear most uniquely.adapted to the
quality of manure collected from Texas cattle feedlots. Materials handling
problems associated with ash conteat, and in some cases sulfur and salt, are

common to essentially all these processes.
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