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SUMMARY

The tenth quartéfiy_codfdihation meeting of the methane production
group of the Fuels from Biomass Systeﬁs Branch, U.S. Department of Energy was
held at Denver, Colorado, December .11-+12, 1978. Progress reports were pfesented
by the contractors and a site visit was made to the Solar Energy Research

Institute, Golden, Colorado.

A meeting. agenda, a.list of attendees, and progress reports are

presented.




K  AGENDA

| v o Methane Coordination Group
Fuels From Biomass
| : . U.S. Department of Energy

4 Meetlng . _ :

December 11-12, 1978
Ramada Inn - West ‘ _ . )
+.- Golden €olorado: - . vl : o : B

‘Monday, December 11, 1978

2:00 -VQ;;S_ . h‘” ;‘:'_Introductlon .
Tt T S D L WisE -L
2:15 - 3:00 W.B. Coe/D.J. Lizdas
. Hamil;onhS;endard
3:00 -~ 3:45 E. Coppinger
Ecotope Group
3:45 - 4:15 BREAK
4:15 - 5:00 A.G. Hashimoto |
USDA/MARC : ‘
7:00 ~ DINNER @ The Broker (in downtown Denver)

Tuesday, December 12, 1978

8:30 = 9:15 W.J. Jewell

Cornell University
9:15 - 10:00 P.L. McCarty
Stanford University
10:00 - 10:30 BREAK
10:30 - 11:15 J.T. Pfeffer
University of Illinois .
11:15 - 12:00 Dr. Roscoe Ward
’ U.S. Department of Energy
12:00 - 1:30 DISCUSSION (LUNCH in Conference Roem)
1:30 - 2:00 Travel: Ramada Inn - West to SERI
2:00 Clayton Smith

SERI (@ SERI)

5:00 CLOSURE
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PROGRAM OBJECTIVE

The objective of the program is to design, fabricate and operate
an experimental anaeroblc fermentation facility at an environ-
mental cattle feedlot. The 25 ‘ton:per day (dry matter basis)
facility will be utilized to- 1dent1fy the technical and economic
feasibility of producing. fuel gas and a cattle refeed product
from the feedlot re51dues. E S :

The program 1is d1v1ded 1nto three phases

e Design
. Fabrication, Start-Up and Acceptance Test
. Operational Evaluation

The design phase was completed in February 1978. - The
Fabrication, Ctart-up and Acceptance Test phase is presently
in progress, and the Operational Evaluation will begin in
March, 1979. o

PROGRESS DURING THE. QUARTER

»-During September, fabrication continued on the electrical
ffcontrol console. Final assembly, alignment and checkout of
‘“tank. mixer No. 2 were completed. Drives and motors for all

'pumps were received and installed. The loading subsystem
‘was- operated in the rec1rculat1ng mode and found to operate
" “satisfactorily.

]fDuring October, the gas cooler heat exchangers were installed

as was the remaining piping and hardware for the gas manage-
ment subsystem. Steam lines, water supply and drain line
installation was completed; as a result all mechanical
installation was essentially completed by the end of October.
The electrical console was received on site and checkout

was initiated. Due to late delivery of certain hardware,
system checkout was not completed in October as planned.

Activities during November concentrated on preparation of
hardware for painting, color-code painting all spbsystems,

‘electrical hookup of components to the electrical control

console, and preparation for a dedication ceremony on
December 8. Although some checkout activities extended
into early December,‘preCIuding initiation of startup in
November, it is éxpected that operating conditions can be
achieved on schedule by the end of February.

Figure 1 deplcts the layout of the system.

Figures 2 through 9 showvthe status of construction as of
mid-November.




Pressure Regulator

Primary
Heat Exchanger

Secondary ,
Heat_Exch_anger

~ Regenerative ARPC Chiller

Heat Exchanger

Control ‘Panel;'

Comminutor—— |~
‘Blower // |

Pressure Regulator/ 7 ‘ = .
‘ Feedwater Heater | \ Floc Tank

Alternate Dewatering o
Experiments Area

Feedwater Treatment Chemical Addition

Figu-re 1
~System Layout




Figure 2
Fermentation Tank with Mixer, Flame Arrester/Pressure
Relief/Vacuum Breaker Valve, and Main
Gas Pipe Installed

Figure 3
One Day Holding Tank and Loading Subsystem




Figure 4
Loading Subsystem

Figure §
Flares
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Figure 6
Boiler
Figure 7
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Figure 8
Gas Cooler Heat Exchangers

Figure 9
Control Consele and Refrigeration Package
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3.0 ACTIVITIES DURING ;NE‘X‘T:’""QUAR?ER;‘ SR N ' |

During the next quarter, final checkout will be completed
and startup will be initiated with the goal of reaching
stable operating conditions by the end of February, 1979.




| Ecotope Group

2332 East Madison - Seattle, WA 98112 . (206) 322-3753

SUMMARY PRQGRESS REPORT

Operation of a 50,000 Gallon Anaerobic Digester
at the Monroe State Dairy Farm
' : Near Monroe, Washington

December 1978

Prepared for:

U.S. Department of Energy
Contract # EG-77-C-06-1016

Elizabeth Coppinger
Project Manager
Ecotope Group

non-profit research, demonstration & education for conservation, renewable energy & appropriate iechnology

12




Digester Operation. The Monroe digester continues to operate in ‘a stable

manner. The pH remains near .7.3. Alkalinity has remained at 8250 mg/liter
and ‘total volatile acids have stayed below 600 mg/liter. Gas production

has fallen off to an average of 155.7 m3/day. .This decrease ‘is mainly due
to a decrease in herd size to 180 head. The average percent volatile sol1ds
reductior for the quarter was 27%. The’ average gas production was .24 m 3/
kg VS-added and .95 m3/kg VS-destroyed. The net gas energy for the quarter
was 1.76 GJ/day. The percent of gas produced which was used for digester
heating averaged 50% over the quarter. Daily ambient temperature varied
between .15° and 0°C. Electrical consumption is approximately 20 kWh/day.

Loading. During October and early November, the digester was loaded only
once every two or three days to investigate the impact of less frequent
loading on the net energy and operation of the system. Operator time was
decreased from 45 minutes per day to 30 m/d. Electrical demand decreased to
11 kWh/day, mainly due to less freauent digester mixing. Gas production and
CO; content fluctuated drastically with the erratic loading schedule. In
addition, the system was much more susceptible to clogging and freezing

problems.

Maintenance. During the past quarter, ten to thirteen hours per week of
maintenance time were required. The major time demand was dealing with
the water and oil which had accumulated in the high pressure lines over the
past year. Now water will be removed routinely from the lines and a bi-
yearly cleaning of the lines will occur. This should reduce maintenance time
by preventing the occurrence of problems. Controlling cycling of the flare
was the other major maintenance task this quarter. It now appears to be
solved.

While investigating options for loading through the heat exchanger,
the impact of replumbing the influent lines to eliminate elbows and straight
runs of pipe was examined as a possible means of reducing the total dynamic
head and possibly to allow the Vaughan to load through the heat exchanger..
However, pressure measurements revealed that at the flow rates at which we
load (119 1/m - 380 1/m), a 17 kPa drop in pressure between the outlet
pipe of the Vaughan and the inlet pipe of the digester, which suggests that
replumbing would have little efféct on reducing the pressure. .requirements
of the. system. As a result of these measurementS, we are beginning to

‘generate pump curves for the Vaughan which plot flow rates versus pressure

for a given percent solids.

System Improvements. A Moyno pump (Model 2GOGSI, 11 kW with a vari-pully
drive) has been ordered to replace the 1noperat1ve Marlow diaphragm pump.

,This pump can meet the pressure requirements of loading through the heat

exchanger without the inherent problems of the Marlow check valves and will
deliver the low flow rates needed for most efficient heat exchange.

The Moyno is sized to run at low speeds to insure long 11fe The pump
should be on line by late January




: |
Utility Hook-up. During this quarter, we contacted the Snohomish County
Public Utility District which serves the Monroe area. The PUD is now in
the process of performing an indepth study of the technical, safety and
economic’ concerns associated with receiving energy from small dispersed

producers. Out of this study will come recommendations for a utility polic

and rate structure for purchasing electricity.from small scale producers.
The ut111ty is very interested in our facility since it will provide an
opportunlty for gaining working experience with an interface between the
ut111ty and small dlspersed suppliers.

Economlcs Cost of energy figures using the American Gas Association
routines for Utility Financing and Investor Financing were derived using
the information generated for the Monroe facility. These figures are
presented below along with those derived using a 1life cycle analysis. The
three methods differ markedly in results

AG (discounted cash flow Utility Life Cycle
: method) finance
rate of o o o o 0
return: 120 4% Oo 150 4a
dairy.siie: B
.. 400 cows
.gas .. - . 8.72 4.80 3.61 5.12 3.24
electric .12 .066 .050 .067 .044
© 200 -cows :
gas - 13.70 7.51 5.64 7.33 - §5.17
electric .21 .11 .087 .12 .079 S
. 100 cows
.gas . 24.77 13.12 9.59 13.10 ' 5.73

. electric .39 .21 .15 .22 .088

The maJor dlfference between the Investor Financing method and the

.Ilfe .cycle cost method is that the effect of inflation is npt taken into

account when considering the rate of return for the capital investment for

. the . Investor Financing Method. Consequently, the opportunity cost of the

capital is overestimated, since the declining value of money has not been
taken into account. '
Modifying the "rate of return" assumptions and recomputlng the discounted

‘cash flow. y1e1ds more comparable results. The other major difference is

the presence of start-up costs in the DCF method which were not computed
in the.life cycle analysis. . It is very difficult to alter assumptions or
1nc1ude factors missing in the AGA method. With anaerobic d1gest10n this
is a very serious def1c1ency since the market includes farms of various
sizes with widely varying capital investment possibilities,

14




Management Report. The planned activities are all on schedule with the
exception of the decrease in retention time. We are still negatiating with
local farmers to contract to receive manure. The major problem is securing

a dependable means of delivery. We are now working with a farmer who is

the only remaining optlon for rece1v1ng liquid manure. If an agreement cannot
be reached with him, we w111 1nvest1gate acqulrlng dry manure.

Ecotope Group
Monroe State Honor Farm

MILESTONE AND MANAGEMENT REPORT Anaerobic Digestion Project
10 Dec 78
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SYSTEM IMPROVEMENTS

Automate system B LT + (completed)

Modify plumbing ) P +{task terminated) ) (on schedule)

Continue Bixing Studies  *-o: so-oom oo el meccen oo cesesceesesoconooaeSelt oLt R

Decrease retention time : > e eceseeo st aiecenemaneanne (behind schedule)

Operate digester in L ’ . - y ‘ o
thermophilic range - : i L Co o >-“"""“"-""-'_-_iaﬁ_EEﬁQAGiES"

Farm gas utilization . R T T T Ty U PO, Lok it S

Farm cadre training - - B T ST L e mmme e emee e eeeeseecmecceeeccecnaao.
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HEAT EXCHANGER OPERATION

1. Preliminary engineering

analysis R e ~(completed)
2. Order pump 4 }
3. Pump delivery and

installation . PR,
4. Increase % solids loaded o F ‘
S. Evaluate heat exchanger operation SemmcerememserasessmsammmemmAmemamaseceen———. -

INTERNAL COMBUSTION ENGINE EVALUATION .

1. Contact local utilicy  €eceemac--c-o- >{on schedule)
2. Install waste heat monitoring

equipment ) femmane
Restart engine -generator Soenene ) )
Operate engine-generator T T Y qmmr e ———-
Monitor waste heast utilization D emeceemcecaeccomce—mmcmseacccetescscemecemcacecoc—a
Hook up to utility grid T
Evalaute performance. and

efficiency of operation T

N AW
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The following time line is an-indication of how our budget could be
directed towards verifying the digestion of agricultural residues. Digestion
of any new substrate requires both investigation of biological performance
and tne mechanics of full scale digestion. Due to the large and, to this
point, unused capacity of our system and its flexibility of operation, the
system can easily be adapted to combine the digestion of agricultural residues
with the digestion of manure. Since handling ‘the substrate has a major impact
on the economics of digestion, both in terms of operation/ maintenance costs
and net energy, full scale experience is essential to an evaluation of the
feasibility of a given substrate. Our system can be used to evaluate the
handling characteristics and net energy of up to three substrates per year.

Jly Ag Sp O Nv Dc Ju Fe Mr Ap My Je

System modifications to .
handie new substrates _— A

Digestion of food processing
wastes and manure

Digestion of manure and
agriculture residue 0)

Digestion of manure and
agriculture residue #2
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Digester Performance

Biological Performance. The Monroe digester has continued to operate in

a stable manner despite changes in loading rate and load1ng schedule
(See Figure 1) The pH has varied between 7.2 and 7.5,staying mainly at 7.35.

Alkalinity has remained at over 8250 mg/liter for this quarter. Likewise,-

TVA has nevef gone above 600 mg/liter. Gas production hae.dropped off tgu
an average of 155.7 m3/day. This is due mainly to a decrease in herd size
to 180 head. There has also been aﬁ apperent decrease in the amount of_
~manure we receive per cow due to a lower metabolic rate in thexwinter.

The erratic gas production seen in Figure 1 for October.and the beginning
of-November is due to an experiment with less frequent loading. The overall
redﬁction in loadlng and gas production during the last week in October
'was due-to a problem in the loaflng shed which prevented us from receiving

manure from one of the four pens.

The average percent volatile solids reductien increased to 27% in this quarter
as oppOsed to 23% lasf quarter. This is most likely caused by an increased

- retention time due to the reduced herd size. The cubic meters of gas pro-
deced per kilogram of volatile solids added changed little. The average
'.for_this quarter Qae .24, while last 4uarter it»was .23. The gas produced
per voiatile solids destroyed fell from 1,04>m3/kgVVS-detroyed to .95 m3/

kngS-deStrOyed}

"Net Energy. Table 2 presents the weekly gas production and consumption during
this quarter. Figure 2 shows how it varied daily. The percent of gas pro-
duced used for digester heating has risen from a low near 40% at the begin-

ning of September to 60% by the end of November. The ambient temperature




Figure 1
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Table 1

Mass Balances

week loading rate m3/kg VS m3/kg VS %VS destroyed
starting kg VS/m3-reactor  added destroyed

8-28 4.97 «291 .982 29.6

9-4 5.06 <162 .631 25.7

9-11 579 #2089 .564 31

9-18 5.30 .214 282 27 .6

9-25 4.73 218 1.43 1S5S

10-2 3.91 4 .202 .607 933

10-9 3595 .226 1.35 16.8
10-16 3.04 299 1.08 27.7
10-23 2.64 +291 435 39.6
10-30 1.94 .334 1.66 20.1

11-6 4.58 .201 .749 26.9
11-13 3463 =229 .854 26,8

\
Table 2

Energy Balance

week energy boiler net % energy average
starting production consumption production for heating ambient
GJ GJ GJ temperature
8-28 18.93 7.86 11.07 42% 170C
9-4 23.09 9.16 13.93 " 40 13
9-11 33.99 14.60 19.39 43 13
9-18 31.82 14.96 16.86 47 12
9-25 28.69 9.99 18.70 35 15
10-2 21.74 8.89 12.85 41 13
10-9 24.84 '11.49 13.35 46 11
10-16 24 .47 13.17 11.30 54 13
10-23 26.76 9.84 10.92 47 9
10-30 17.55 13.08 4.46 75 8
11-6 23.39 14.61 8.78 62 5
11-13 22,71 12.84 9.87 51 g

11-20 21.58 12.95 8.63 60
: 12.32 (avg.) 50 (avg.)

20




T S

, over thisupgriggwfgllvqumiapput LSQC_FQ 00C. Net energy over the quarter

. averaged 1.76 GJ/day. . .. . ..
Electrical consumption of the system is approximately 20 kWh/day. Of this,
11 kWh are used for influent mixing and loading and 7 kWh are used for .

_.mixing the contents of the digester. The remaining 2 kW was miscellaneous use.

Decreased Loading. fAftgf_lSAanths of loading the digester once a day, the

. loading schedule was changed to investigate the impact of less frequent

loading on the net energy and operation of the system.

Starting October 1, the digester was loaded once every two or three days.
‘Manure was scraped daily, but held in the tank until loaded. The impacts

of this less frequent loading routine were significant. Operator time was
decreased from an average of 45 minutes per day to 30 minutes per day.
Electrical demand of the system decreased from an average of 20 kWh/day to
13kWh/day. The major reason for this decrease was that the gas recirculation
blower was run only when the digester was loaded. Consequently, its energy

consumption was decreased by 45%.

Gas production duriﬁg this period varied with the ioading. In addition, the
CO, content of the gas fluctuated dramatically. Values ranged between 38%
and 46% in noticeable contrast to its former stable value of 40%. The major
"problem with these fluctuations is that it severely affects gas utilization.
An erratic loading schedule is unrealistic if a regular and dependable

energy source is desired.




Another important impact of the change was that,it'made‘the system more
frcezing. The only freezing incident which

'suscéptible to élogging and
we have had occurred after a day of not loading, 'despite the fact_fhat
those were not the coldest two-day periods cncountered. Consequentiy, the
operator time saved could eésily Sé;Sffséévby a single incjdent of freezing.
Likewise, although the electriéai éénSumption of the plant’was decreased,

gas production was erratic. This ﬁbupled with the wide fluctuation of CO2
makes the regular utilization of the gas more difficult. Consequently, after
one month of this loading routine, we felt that the convenience of not

loading daily was greatly offset by the erratic gas production and increased

system susceptibility to operating problems.

22




Maintenance v : §

During. this quarter,. explicit. documentation of maintenance work was kept
in order to make a more accurate assessment of maintenance time and costs

. associated.with the plant. .During the past three-month period, 10-13 hours . -

.. per week.of maintenance time was required. The solution to a number of

. problems encountered will now be integrated into the regular maintenance

.ﬁsghedule used to insure proper functioning of the plant.

Moisture. Moisture condensation in the gas lines has been a problem through-:

.., out the plant's operation.. Many problems caused by moisture condensation

-such-as valve freezing and .corrosion were successfully solved earlier by

insulating pipes and drip traps. One additional drip trap was installed in

-.October upstream of a gas meter to cut dqwn on water accumulation in the
meter. . Approximately two liters of water are removed from the drip traps -:
.each day...Water accumulation has also proved to be a problem in high pressure
(1.65 MPa) lines. Since no drip traps were installed on any high pressuré

- lines, .water, accumulated over the paét_year and led to numerous problems

.with pressure reducers. The solution has been to draw water off by inserting:

-a pressure.gauge needle adapter into a Pete's Plug. This allows water to

be removed on-a regular basis without depressurizing the lines.

Our experience with moisture condensation in the gas lines has led us to
believe- that- a large amount of water probably has'condensed in the storage
tanks. However, after emptying and inspecting the storage tanks, we foynd
only -.6; cm of water at the low points of all three tanks, suggesting that
water condensation in the tanks is not a problem. .

Moisture condensation has proven to be our greatest maintenance problem.
_Careful system planning and the use of an adequate number of drip traps is

.. imperative for  smooth and low maintenance operation.

. High Pressure System. An oil leak -in the compressor caused oil to be sprayed

--.-into the high pressure lines where it formed an emulsion with water. This

_emulsion combined with small amounts of grit deposited in the diaphragms and




‘orifices of the two pressure reducers. This caused the pressure to increase
from 14 kPa to 172 kPa and caused the Varec regulator to malfunction, re-

sulting in a significant loss of-gas from storage for about one week.

This incident was more of an ‘'unanticipated problem than one which could have
~-beenavoided by improved system design. However, the incident did point out

the need for regular water removal from gas lines and the need for bi-yearly

cleaning of the high pressure lines to remove grit and oil. This operation

will take approximately four hours in a regular maintenance schedule.

‘Flare Cycling. Cycling of the flare has been a recurrent problem throughout

- _the operation of the plant. Wher gas production is up, the compressor ' 1
cannot pull off gas as rapidly as it is produced. Pressure builds up in the
line, causing the pressure switch which activates the flare to turn on while
~ the compreéssor is running. This severely decreases the expected life'of the

solenoid in addition to increasingthe wear on the control switches and valves.

" One solution is to size a cOmpressof for the maximum production rate of the
digester. We solved the problem by decreasing the flow rate of gas to the
flare. Elevating the flare set point is another option, but is'unacceptable
for safety reasons. Cycling has proven to be a difficult problem, but
it can be solved by 'careful adjustments of valves, set points and bandwidths

 on controls. Consequently, it is important that a gas handing system be

' designed with the flexibility to handle a wide range of gas production rates.

'.'Inf1u§nt‘Mixing. Influent is mixed by using the Vaughan chbpper pump to

draw manure from the bottom of the tank and discharge it through a 5cm recycle
line at the top. This recycle line is attacheg toa 10cm pipe line with a Scm
elbow. ' The operational problem most often ‘encountered is material clogging
‘the S5cmelbow. This elbow ¢logs about four times per month and can take an
average of one-half hour to unclog. If the recycle line were 10cm,it would
reduce the incidence of clogging, but most likely not do a good job of

" mixing the slurry since the velocity ‘of the manure through the recycle lines
would decrease. If recirculation is used for influent mixing, the plumbing

"should be designed to minimize the possibility of*clogging and to allow easy

access to any areas which do havé the potential to clog.
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Reglumbln thié“iﬂV€§ff§éfiﬁ§M3§Eibﬁ§‘fB;WTSBAfhéTfhrSHQh'thé heat exchanger,
we examined the impact of replumblng influent lines to e11m1nate elbows

_ anqstra1ght runs of pipe. It was hoped that this would result in a signifi-
cant reduction in the total dynamic head, thus enabling the Vaughan to pump
th?ough the heat exchanger. We examined this option by monitdfing fbtal

lihe pressure at two points in the system -- the outlet pipe of the Vaughan

and the inlet pipe to the digester. Pressure measurements revealed that

at; sthe low flow rates we exper1ence @19 1/m - 380 1/m there is at most a

17 -kPa drop in pressurp between the two measured points. These flndlngs
suggested that rcplumblng would have little effect on the performance of the

Vaughan and the replumbing project was abandoned.

{ ‘ ' '
Our investigation into the pressure drops caused by pipe and elbow junction
stimulated a general interest in the dynamics of manure flowing through
thé digester system -- in particular, the relationship between fluid velo-

c1ty, percent sol1ds and functional pressure losses. We have begun to

gen“rate pump’ curves for the Vaughan wh1ch plot flow rate versus pressure
fora.glven percent SOlldS and 1ocat10n in the system (Figure 3). This

information will be useful to those de51gn1ng digesters, especially for sizing

pumps.

Our technique for measuring these parameters is straightforward: Percent

solids is measuring using: the technlque described in Standard Methods.

Flow rate is measuring by t1m1ng ‘a given decrease in influent tank volume.

~ Pressuics are measured with inexpensive pressure gauges screwed into a
one-foot section of lcm PVC pipe, then screwed into a hole tapped in the 10cm
influent pipe. This method of measuring pressure alleviates the need

for expensive diaphragm-oil type adapters and also allows for easy cleaning

of the pressure gauges (Figure 4).

Influent Pump. A Moyno pump (Mo@el 2GOGSI, 11kWmotor) has been ordered
to replace the inoperable Marlqw?diaphragm pump. This pump is capable of
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;meeting -the. pressure.:néeded to utilize-the heat exchanger without. the inherent
d1ff1cu1t1es of the Marlow check valves and will deliver low flow rates for

" more effectlve heat exchange The pump de51gn selected includes a vari-
pulley drive, allowing 51mp1e adJustment of flow rates. Dependlng on pressurc
- requirements-and slurry characteristics, flow rates can be adjusted to:between
approximately 26 i/mand 75 1/m. If heat exchanger performance is not sacri-
ficed at the hlgher flow rate, testing at greater flow rates may be performed

with¥an easy’ ‘modification of pully and belt sizes.

.Thls model can also hancle material up to 2.8 cm in length, such as the small
stones and ChlpS of wood normally encountered in the substrate. Material
‘”larger than this size may stall thlS pump or force it to run dry, a potentially
. damaging condition, although every attempt to prevent this situation will be
madei Two solutionsvseem_feasible; (1) A filter with large (>3 cm) openings
could be attached to the pump suction.. This device would probably require
“a’ high pressure water backflush on a 1eguler timed cycle to clean the filter.
(2) : Another method is to minimize the amount of large deleterious objects
that get 1nto the influent tank. This would involve taking more care in
scraplng out the cow pens or/and sw1tch1ng to the use of a finer grade of cow
'beddlng o ' ' '

The Moyno is sized to run at very low speeds (<200 rpm) to insure long life

and trouble free operation. The pump should be on line by late January to

enable significant heat exchange testing.

Utility Hook-up. During November and December 1977, gas was burned in an in-

ternal combustion engine with a 40 kW (peak) generator. The conversion effi-
ciency of this operation was only 11%, well below the expected 20%, The

major reason for this low efficiency was that the system‘never'ran at full load.

The engine-generator was acquired to provide emergency backup electricity for

the Farm's creamery and milking operation. It was sized to meet those needs

and to match the gas production of the digester. The daily electrical needs
of the plant are significantly less than this. The energy and power requirements
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of- the facility are only 50 kWh/day, 25 kW peak. Conscquently,vit is diffi-

cult to achieve high efficioncies for generation. An obvious solution to thiu
problem is to hook into the utility grid to allow the cngine-generator to

operate at full load by providing a demand for al} electricity produced.

Hufing this quarter, we have been in contact with the utility serving the

Monroc area, Snohomish Public Utility District. The PUD is very interested

in the arca of small scale energy production. ‘They are now in the process of

pbffufﬁing un'indcpth study of.the écchnical, safety and cconomic concerns
associated with receiving cnergy from small dispersed producers. This study
iﬁxfuudcd in part by a grant from the Pord Foundation. Out of this study will
yomc‘rccémmcndutions for a utility policy and rate structure for producing
clectricity from small scale producers. The study is expected to be com-
plceted in two to three months. As a result of its work on this study, thc
uiility is very intcf?stcd in our facility. This will provide them with an

opportunity for gaining working experience with an interface hetween the

-uti]ity and small dispersed suppliers.
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" Economics

In considering the use of aﬁaerqbié-digestion,lit is essential that the
technology be cost competitive Wiﬁh alternative sources Sffthe'goods it
provides. Consequently, it is important that an economiC'analysis routine

- be available which acts as a‘decision makihg.tool for indi§iduals and quan—
izations considering investment:in'anaerobié digestion. \Ecotope Group has
prepared an economic analysis based on life cycle costing methodology which
was presented in our fouréh qﬁarterly report, June 1978. The American Gas
Association costing routine has been proposed as the preferred methodlogy

to alleviate confusions Whicﬁ result from the absence of a common econémic

~ analysis.

The AGA method is a series of derivgd formulas which are plécéd in an equation
to compute average cOSts pf‘energy'production from coai gasification facilities.
There are two methods of analysis presented:

(1) Utility Financed Facility. This assumes that the utility invests in a
plant and places the expenses of operating and fueling the plant, the oppor-
tunity cost, and the regulated rate of return into the rate base. These

_costs are divided by total energy production to give an energy cost averaged
6ver the life of the plant.

(2) InveStor‘Fihanced Facility (Discounted Cash Flow -- DCF). In this analysis,
an acceptable profit is computed as an eXpense.along with operating costs,
_depreciation and interest, and divided by the gas production to find the

_necessary sale price of the gas from the given plant.

The application of these methods to the Monroe facility yields very different
results from the life cycle cost methodologies used in the fourth quarterly

‘report (Ecotope Group, 1978). The reasons for this variation are linked to
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assumptions which are used by the AGA method. These assumptions are not
readily adapted to the agricultural situation and tend to be biased against

systems with high capital costs and relatively low operation costs.

The annuaiized capital cost is dominated By én assumed opportunity éosf of

12% that is the rate of retﬁfn required on tﬁis capital -in order to compete
with'altérnative investments. Since the real oppoftunity cost is-much lower
thén this when inflation is ihclu&ed, we ﬁéve méde‘several'moderatingvassumpf

tions.

Table 1 summarizes the gas cost from the life cycle method and the two AGA
mefhods, using the given assumption and.then mo&ifying the assumptions to

reflect current conditions that might reflect on a farmer's investment decision.

The three methods differ harkedly.in result. The principal distinction
between the '"life cycle cost'" method is that the capital costs are computed
on a moftgége ahnuity fo;mula while in the "discounted cash flow" they are
computed on a constant rate of return fbfmula. The second difference is the
effect éf inflation. The opportﬁnity cost of the capital is overestimated if
_ declining value of money réturned is nbt taken into account. Modifying the
"rate of return“ assumption and reébmputing the digcounted cash flow yiélds
" more combarable " results. Another difference is the pres;nce of start:ﬁp

costs in the DCF method. These were not computed into the life cycle analy-

sis, resulting in somewhat lower cost cost estimates.

The Utility Financing is vefy sensitive to debt financing ratio as the "rate
of return on rate base" is higher than the cost of debt; fhus, the expenses

-which can be charged against the energy output fall as the percent debt rises.
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If, for example, the percent debt were 25% instead of 95%, the cost of the
energy output would double. Of course, a farmer would very likely not have

the Tuxury of extensive equity financing.

Critique of AGA Methodology

There are several important considerations which are essential to usable
economic analysis which are inadequately developed in the AGA methodology.
These oversights make the use of this routine questionable for analyzing

agricultural applications of anaerobic digestion.

1. Inflation. The method was devised in 1972. The principal difference

,betweén 1972 economic conditions and 1978 economic conditions jis the persis-
tance of high levels of inflafion and an even higher levellof fuel cost escal-
ation. The constants produced for inclusion in the model allow a 3.5% fuel
cost escalationuand do not account for inflation. The effect of this dis-
tinction is to underestimate the values of capital invested in fixed plant
capacity where the.return is a good or service (energy) which has intrinsic

value versus an investment where the return is in dollars.

_For example, if the rate of return or the opportunity cost is 15% and the »
inflation rate is 7%, then the real opportunity cost is about 8%. Similarily,
if ‘the interest rate is 10% and the inflation ;ate is 7%, then the real
interest‘rate becomes 3%. Even neglecting the escalating value of energy
produ?ed,_the cbmparative cost of fixed equipment and interest become very

different in the face of high inflation.

If this correction is applied to the formula, the size of the operation and

maintenance costs become more important and the effect of the annualized ocost
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of the investment capital becomes less significant. In that case, the analysis
would suggest higher capital cost relative to operator costs to minimize the

cost of & given energy production.

2. Comparative Economic Benefits. A function of economic analysis is to

provide comparative evaluation between alternative plant investments to
provide the same output or/and among design dptions for a given plant. In
_both of these contexts, the value of the AGA methodology falls short.

The factors in this model are fixed and derived from a network of assumptions.
This network is neither obvious nor acceSsible to a'designer or résearcher.

It 15 very difficult to alter assumptions or include factors missing from the
‘existing model. With anaerobic digestién, this is a very serious deficiency
since the_market includes farms of various sizes with widely varyingxcapital
opportunity costs, acceptable rates of return, operator time, and alterﬁative
investment possibilities. A‘much more flexible model is essential if ecénomic
_evaluétion is to be included aé a criteria for research or design for anaero-

‘bic digestion.

3. Market Analysis. An economic anélysis should provide a picture based on

factors relcvent to fhe market place: In\this case, the farmer (a.consumer
df‘energy) is in the market as a potential enérgy producer. The economics

of tha; are more complex than a simple '"cost of gas" analysis. First, anaerobic
digesters are waste-processing facilities which have byproducts with ecbn-
.Qmic value: pollufion confrol, reduced waste handling problems, fefeed sup-
plement, etc. These benefits must be evaluated on an individual basis.

However, these are the benefits which will open the market for digestion in
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animal farming} Without these benefits, anaerobic digestion simply adds an

~additional farming operation to produce energy which is available elsewhere.

4. Utility Financing. The impact of utility financing on an essentially

agrlcultural operation presents some interesting institutional challenges. It
is 11ke1y, however, that ut111ty investment in agr1cu1tura1 appllcatlons of

anaerobic digestion will be more constrained than the classic utility f1nan-

cing model presented in the AGA report. A more appropriate method to evaluate

~the utility roles in this is to set an energy cost at the market value of the

output and rewrite‘the equation to solve for the capital cost. This equation

‘would then give a justifiable capital cost in the context of the rate of
© return on equity, operation, debt ratio, tax rates and the value of the energy

_production. Additional capital costs (if any) would be borne by the farmer in

ordér‘to achieve other benefits. While this is not the most advantageous
position for the farmer, since the utility can make a profit on the energy
produéed ;ather.than the farmer, it does provide a means of supplyiﬁg capital
to speed the implementation of anaerobic digestion as an energy production

technology.




L Table 3

| ' ' Comparative Cost of Energy Analysis for Monroe Digester

" AGA - (D.C.F. method)| Utility |Life Cycle
rate of , finance
return 128 . 4% 0% 15% 4%
| dairy size:
400 cows : ,
gas 8.72 = 4.80 3.61 5.12 3.24 |
electric .12 .066 .050 . 067 .044 :
200 cows . ’ ' ’ |
~ gas 13.70 7.51 5.64 7.33 5.17
electric .21 11 .087 A2 079
100 cows - '
gas ' 24.77  13.12 9.59 13.10 5.73
electric ' .39 .21 - .15 .22 .088
: |
. |
Assumptions:
Life cycle

1. 100% financing

. $3500 investment credit (EPA?
97 interest rate

6% inflation rate

no "working capital"

307% tax rate

. 25 year life

NN BSWN

AGA '"Discount Cash Flow"

1. no inflation
2. no "working capital"
3. 48% tax rate
4. 25 year life
5. return as noted
AGA Utility Finance Method
1. no inflation

- 2. mno "working capital"
3. 48% tax rate
4., 15% rate of return
5. 25 year life
6. 95% debt financing.
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MILESTONE AND MANAGEMENT REPORT

~

Ecotope Group

Monroe State Honor Farm
Anaerobic Digestion Project
10 Dec 78

efficiency of operation

J1 Sp Oc Nv Dc Ja 'Fe Mr Ap . My, Je Jl - Ag
SYSTEM IMPROVEMENTS .
1. Automate system S Smemmem——em- s (completed)
2. Modify plumbing T ¢---<Z---+(task terminated) : . S
3. Continue mixing studies ;";--—--——-—----------—-af-q—;f------------------------------—-------------------£99-§9bgqgl§1-
4. Decrease retention time R S —e-=-----.-=(behind schedule)
5. Operate digester in
thermophilic range S e e e mmmmmmececcmemeom————==—ez=c-
6. Farm gas utilization ._-____-_-____-____-__-______-_______________-____________EQB_§EE§§B}§2_
7. Farm cadre training S e et mmmmmmmmmmmecemmemmmmmm—e——mmmm———a—e=—==
HEATgEXCHANGER OPERATION
1. Preliminary engineering
~ analysis Clmmmmm e ~(completed)
2. Order pump A -
3. Pump delivery and
installation X >em-
4. Increase % solids loaded. Semmmmmmtmmmm—ma e
5.  Evaluate heat exchanger operation Smmmmmeemeimmmmmmmmmmme—m=mmme——o————m——-o----
INTERNAL COMBUSTION ENGINE EVALUATION
1. Contact local utility B i et s>(on schedule)
2. Install waste heat monitoring
equipment ' : e
3. Restart engine -generator S
4. Operate engine-generator > e e e e mmmmmemeeeme—ammemm——Gcsammmm————===———==
‘5. Monitor waste heast utilization S e e e e e mmmmmmmmcem—mmmmmm—meme—emmmm—————o-
6. Hook up to utility grid S e mmmmmmme—cccmmmime——mecemmm=———==
7. Evalaute performance and '
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1 INTRODUCTION

The overall dbjective of this project is in 2valuate the techiiosd Al

econeic feasibility of the anierobic fermentatica nrocess te recov:r @ irane

and'hidh‘brotefﬁ‘bﬁéﬁass'f%om heet cattle and crop rosidues. Tho spacilic
objectives of interest to the Department of Energy are: a) to develop design
criteria for'optimum production of methane from anaerobic digestion of beef .

cattle and crop residue; and b) to determine the cap1ua1 and operating costs,

‘and energy, manpower and safety requirements for anaerob1c fermentation sys-

tems aséoéiaféa“With"1ivestotk onerations. This report summarizes the opera-

tion of the pilot-scale fermentor during the reporting period.

PILOT-SCALE FERMENTOR

The'piTot-séaTe fermentor has been operating on an hourly withdrawéfeéd
cycle to d e niine whether more stable operaulon can -ba achieved than u“der
once'pér day feedings. Table 1 sutmarizes the cperating parameters of the
fermanfor at 5 days retention time being fed once daily and once howrly. The
effluent concentrations of the various parzmeters vere higher when the fermen-
tor was fed hdhﬁfy;5;This is expected since the effluent sample was taken
about 22 hours after feeding for the once-per-day feeding sciheme, while the
sample was Laken less than one hour after feading for the houriy withdraw-feed
scheme. Thus, the daily-fed system approximated a batch cperation while the
hourlj— ed system approximated a continuously fed system.

The volumetric ﬂethano production rate was about 10% higher during tha
hohr]y feedjng (4.65 vs 4.23 L Chp/L fermentor-d). This steady-state p“oduc-
tion rate of 4.65 L CHy/L fefmentor~d.is fhe highest reported rate for systems
fermenting animal residue. This rate is at least four times higher thqn any
reported rate for piTot or full scale systems fermenting animal residue. We

believe that one reason for the lower methane production rates of other




systems may be the inhibition causedvby;qntibiotics and growth stimulants
used by commercial livestock enterprises.

FUTURE ACTIVITIES

_ Table 2 lists the completed and projected parametric testing program of .
the pilnt-scale fermentor. The objectivé of this testing progrem is 10
raximize the volumetric methane production rate fhrough maximum 1ogding. ahd
recycle of bacteria. After the conditions for maximum methane production are.
determined, the cattle will be fed rations containing antibictics (Aureomycin
and Rumensin) tb determine the effect of fhese compounds on methane production.
After theée tests are completed;'substrate containing manure and crop residue
will be fed to the fermentor. _

In regard to ;hifting the program‘emphasis from fivestock to crop residue,
we see no prob]éms in ferménting this material ence it is mechanically reduced
in size to prevent clogging of pumps or pipelines. The major area needing
research and development is in incredsing the bicdegradability of the cellu-
losic components of crop residues. Tha facilities at the U.S. Meat Auimal_
Research Center can be USQd to pilot-test promising crop residue pretreatnent

systems prior to fermentation.
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Table 1. Summary of Operating Parametcrs for the P110t“u(u]“
: Fernentor Cperating at Five Day Retent1on T1me‘

- — [P S

e Feading Frequcincy
Paramaker - e o once/day ' once/ nr

Total Solids. - o e
Inf., g/% ~ ‘ 92.

o 8 £3.9 94.7 £5.9

Eff., a/a 46.4 + 1.9 51.6 + 2.0

Change, % . ' -52.0 - =45.5
Volatile Solids . B

Inf., g/¢ o 84.9 + 8.4 ,83.8 + 5.1

Eff., g/2 : 39.8 + 1.7 41,5 + 1.7

Change, % ' -53.1 -50.5
Fixed Solids SR e o

Inf., g/ 7.9 £ 1.0 10.9

Eff., g/s . . 6.6 £ 0.5 10.1

Change, % | ‘ -16.5 -7.3

- CCGD

Inf., g/2 o 93.7 + 11 56.1 + 13.1

Eff., g/% - ‘ 52.9 + 5.2 56.9 + 9.2

Change, % _ : -43.5 -40.8
Total MNitrogen

Inf., g/¢ : 3.62 + 0,31 _ —

Eff., o/% ‘ 3.88 + 0.29. ——

Change, & - H7.2 ' —
Ammonia-N ‘ :

Inf., g/2 " 0.94 + 0.13 1.12 + 0.16

Eff., g/¢ 1.44 + 0.03 : 1.85 + 0.14
Volatile Acids ,

Inf., g/& ' 6.89 + 0.34 - 7.70 + 1.14

Eff., g/% ' 1.64 + 0.12 2.39 + (.33
Alkalinity - - | |

Inf., a/s N o 2.95 + 0.59 4,37 + 0.25

Eff., g/o 6.12 + 0.32 8.63 & 0.63
pY - | | ‘

Inf. 4.61 + 0.31 : 5.65 + 0.30

Eff. ' 7.70 £ 0.05 7.71 + 0.12
Methane, % - 54.8 £ 3.9
Methane Product1on - o

2/ 5 day 4.23 4.65 + 0.40

2/g VS added 0.25 0.28

£/g VS utilized 0.47 0.55

2/g COD utilized 0.52 0.59

aData presented as mean *+ standard deviation.




Table 2. Parametric Testing of Pilot Scale Fermentor

Retention  Loading Influent Status or

Temp Time Rate V.S. Conc. Completion: -
Test Feeding  (°C)  (days) (g/L-day)  (a/s%) Date -~
A1 55 20 3.4 68.5  Completed
B 1 55 12, 5.2 .  61.8 - Completed
c 1 s 6 1.4 68.7 Completed
D 1 55 4 14.9 59.5 - Completed
E ! 55 7 11.8 . 82.6 Completed
F 1 55 -5 17.0 84.9 Completed
G 2 55 5 16.8 83.8 Completed
Ho 2 55 3.5 23 80 1273178
I 3 55 5 16 80 2/28/79
J 3 55 3.5 23 80 2/36/79
K 4 £5 12 6.7 g0 6/30/79
L 4 55 9 8.9 80 . 8/30/79
M 4 55 5 16 80 O 10/31/79
N 5 55 5 6 80 12/31/79
1 - FeedingAOnce per day
2 - Feeding once per hour
3 - Feeding once per day w/recycle |
4 - Feeding once per day w/manure containing chlortetracycline and rumensin
5 -

Feeding once per day w/manure and crop residues.
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Anaerobic Fermentation of :Agricultural .Residues--

Potential for Improvement and Imﬁlementation

This.is the";entﬁ’qﬁéfﬁef prngéss report describing th;.activities of
an on-going three—yeér-reSeafch effort to facilitate the development of new
and/or improved technolég&.that will result in the widespread implementation
of anaerobic fermentation as a source of renewable energy for small-scale
agriculture. This report describes the progress of events in the last three
months contributing to tﬂe continued demoﬁs;ration of the simplified reactor
concept at the full-scale level in the conversion of dairy farm manure residues
to methane.

The methane project is now obtaining data from simplifigd piiot and full-
scale fermentors operated on dairy cow manure.- The following reactor types ﬂave

, .

been constructed and operated:

1. Pillot scale réndomly fed and mixed, three-cow residue handling
capacity when operated at a 30-day HRT;

2. Pilot scale plug flow reactor, three-cow residue handling
capacity when operated at a 30-day HRT;

3. Full-scale plug flow reactor, 65-cow residue handling capacity
when operated at a 10-day HRT; and

4. Full-scale conventional completely mixed control, same residue
handling capacity as the full-scale plug flow fermentor.

The overall progress attainea witﬁ the'major cdmponents of the project is
estimated to be about 2 1/2 months behind schedule.l Spheduled activities in-
the next quarter should bring the tasks up to the time schedule as originally
proposgd. |

In general, activities for the tenth quafter, extending from September 16,

1978, to December 15, 1978, have included the following:

1. Continued operation of the full-scale plug flow and conventional
control fermentors at the 30-day, 35°C, 10-12% TS man ure feed
condition.




The feplacementwof‘the;fléxible cover on the full-scale plug

- flow reactor. . ... .

Ongoing experimentatioéon with bedding addition to the dairy
manure feedstock of the pilot scale plug flow fermentor
operated at "30:days. HRT, 35%C:and 11-137 TS feed. '

.- Completion of the manure.feed studies at 35°C for the random

mix reactor and the initiation of bedding addition to the
manure influent (11-13% TS).
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OBJECTIVES =

The general‘approach of this new phase of the project will be to defline

unique approaches to methane generation that will result in economical methaue

alternatives for small scale agriculture. Specificvobjéétives of this study

will be to:

Develop the basis for minimal acceptable cost and management
required for small-scale fermentor development; ‘

Demonstrate cost-effective designs and manageable technology
for typical farming operations using the dairy as an example
at the 65-head herd size (about 0.5 tons dry matter feed rate

per day);

Define lower limits for major'parameter specification for
successful fermentor operation in terms of mixing, insulation,
temperature, feed rate, and management requirements in a cold
climate with full-size fermentors; ' ‘

Review alternative construction materials useful for decreasecd
capital cost of fermentor construction and operation; and

Develop a practical design and operationai manual for small-

scale fermentor design, construction, and operations, using
the study results.
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PROJECT. STATUS

Proposed Statds" -
The work plan originally submitted with the proposal is presented.in

Figure 1. A bar chart schedule indicating the proposed and actual progress

of certain project components is presented in Figure 2. During the tenth

quarter, operation of all~pilot$aﬁd'ful}—scale fermentors continued. The

5.0 m3 pilot sééle random mix reactor was to conclude its experimental

testing with"ﬁanufeland bedding -at 35°C and a ng@ series of operating modes

with the same feed type at lower temperatureé was to be initiated. The

5.6 m3 pilot scale plﬁg flow reactor was also to continue operating with

a manufe and bedding feed.  Also scheduled for the tenth quarter was Fhe‘ -

completionnof the manure and bedding‘feeding modes at 35°C for the full-scale

conventional énd p1ug?flow fermentors; during the latter portion of this

period testing with the manure and bedding feed at the lower temperatures

was to be initiated.

Present Status

The overali progress of the methane project is presently about two
months behind the proposed schedule. Although the operation of the pilot
scale';¢a:toré has adhered closely to the work plan, the full scale demonstra-
tion phase has lagged by about 2 1/2 months. In an effort to accelerate the
testing program and to nérrow this schedule gap, a revised experimental blan
was drafted in August, 1978, as shown in Figure 3. Progress in reference to
the ﬁew schedule is indicated showing a close adherence to the accelerated work
plan.

Progress review meetings were held with the methane project .group on

a weekly basis throughout the tenth quarter for periodic progress review.
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WORK PLAN
Tent:h Quarter Progress Report December 15 1978 \
6
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Figure 1, Detailed work pian for the develcpment and demonstration of low cost fermentors.
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Figure 3. EXPERIMENTAL TESTING PROGRAM
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The notes and minutes from these sessions are presented in Appendix A.

. Pilot Scale Random Mix Reaétor

Stéady state data was collected from this unit during the last quarter
while operating at a lﬁ—day.HRT, 35°C, fed 10-12% TS dairy manure at a
frequency of once every four days and mixed after every feeding., At this
opgrating méde the random mix reactor produced biogas at an average rate of
abbut 1.4 m3/m3 reactor/day (0.84 m3/m3/day CHA) with a concomitant TVS
deétru;:ion efficiency 6f abéut 28 percent over the 24-hour period. After
féeding, gas production for ;his 5.d m3 reactor typically peaked at levels
over 11.0 m3 énd decreased over the remainder of thé four~day feéding cycle
to values below 6.0 m3. This condition indicated thét the biologicél system
acclima;ed to these wide variations in feeding,

Upoh collection of steady state data from this condition, the random
mix unit was fed a mixture of chopped straw bedding and manure while main-

tained in the same operating mode. Straw was added to the influent manure

" on the basis of a bedding utilization rate of 1.4 Kg/cow/day (3.0 lbs/cow/day).

During the first feeding period, introduction of the manure-straw matérial
predispbsed significant foaming in the reactor, displacing about 25 percent
of the vélume of the reactor. Due to recent design changes in the reactor,
all of the expelled contents were eventually returned to the reactor. The
bedding content of the feed was subsequently redqced by 32% and the foaming
problem has since subsided.

The first mecﬁanical problem with this system occurred with a break

in the pvc heat exchanges grid through which hot water is normally reecircu-

lated. After. close examination and testing, it was decided that the dis-

connection occurring in the 2-inch pve pipe probably resulted from the pulsating
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action of the diaphragm feed pump which causes large hydraulic_Shoéks to move
through the reactor. Corrective measures h#ve consisted ﬁainly of the installa-
tion éf a steel heat grid that would be capable of hdlding together‘during
mixing and feeding periods. Although metal components for the interior of
the feactor are not advised for any final full scale fermentor design (due
to corrosion problems), the steel heat grid is expected to.yield consistent
operation for the short term of experimentation with the random mix unit.

The concept of using pvc.heat grids for full scale fermentor applications
gtilizing recirculation mixing 1s already under observation with the full scale

conventional control fermentor now operating.

Pilot Scale Plug Flow Fermentor

Throughout the entire ten;h quarter, the pilot scale plug flow fermentor
has been operating on a dairy cow manure-bedding mixture at a comsistency of
11-13% TS, while maintained at 35°C and 30 days HRT. Chopped straw was
initially added to the feed, but when float accumulations became noticeable
saﬁdust was substituted as the bedding additive. Midway through the last
duar;er, a significant float iayer of 0.15—0.2m (6-8 inches) had accumulated
in the reactor making accurate splids destruction determinations difficult.

Sdbsequent addition of water for dilution had no significant remedial

effect; the float mat continued to grow to 0.2-0.3m (8-12 inches).

‘;In November the float material was removed and feeding was resumed with
a manure and wheat str#ﬁ mixture. Bedding addition to tﬁe manure feed was
decreaseq'to a blehding.rate of Q.68 Kg/cpw/day (1.5v1bs/cow/day); Straw
accumulétion in the float will be watched closely over ﬁhe‘next few weeks to

determine the extent of difficulties‘thaﬁ'héy'be expected with bedding addition

‘to the large scale fermentors. Currently, the pilot scale plug flow reactor
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o 1s producing about 1.1 m3/m3 reactor/day of biogas (0.65 m3/m3 reactor/day CHQ).
The testing program for the pilot scale reactor is about 1.5 to 2.0

- months behind the proposed work plan schedule.

:"Full Scale Plug Flow Fermentor and Control Unit

- The full scale plug flow and conventional control reactors have continued
tq operate at 35°C, 10-12% TS manure feed and 30 days HRT through all of the
tenth quarter, |

During the first half of the lasﬁ quarter, gas leak problems persisted

with the hypalon flexible cover originall& installed on the full sEale plug

flow unit, accurate gas production data from this unit could not be obtained
during mos; of this period. The special weather-resistant hypalon cover
materialbordered eafly in the summer of 1978 from Cooley Inc. was received in
tate October. A substitution in the liner order was then made from hypalon
at $lb;75/m2 (Sl.OO/ftz) to a 45 mil, 2000 denier scrim Estane (Brand) material.
(polyurethane, 58630 ether, B.F. Goodrich) at $21.52/m2 ($2.00/ft2).

v.The new liner material was received in late October, but before it was
Installed the old liner had to be removed and discarded. In light of questions
‘regarding the safety of flexible cover digesters relevant to fire and explosion
possibilities, a carefully conducted and controlled fire test was conducted
on the old, inflated gas collection cover. A burning cloth dropped on the gas
collection bag resulted only in a large flare of biogas which died out as soon
‘as the bag deflated. No explosion occurred. No significant damage was
imééfted to the reactor or surrounding buildings. Within two days the old
hypa;on cover was removed, and the Estane material was installed on the plug

- flow ;eactor.

‘During cover replacement it was noticed that manure had filled the pvc
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anchoring pipes to which the Estane liner was to be attached, thus making the
pipes harder to handle due to the added weight. Design changes will be sought

to alleviate this problém. ;gé%-collection cover has been holding

biqgas without leakage at pressufé;%e;ceeding 1200 n/m2 (5.0 inches of water
column) since mid-November.

The conventional coﬁpletely mixed control reactor also\developed a leak
problem that resulted in a noticeable amount of liquid escaping from under the
ffeeboa:d liner and out the top of the reactor in the form of foam. This 
fermentor was subsequently repaired by altering the liquid level in the b&sinv
and by plﬁgging the source of the liquid leak with concrete. Final adjustments
to the liner and to the reactor caused delay in testing of about one month,

The full scale plug flow and conventional control reactors have reached
stable operation at the 30-day HRT, 35°C, 10-12% TS feed mode. A summary éf
gas .production and‘solids destruction data obtained from these units 1s presented
in Table 1 as compared to performances observed from bench and pilot scale
- reactors operated in previous phases of the praoject. The data indicate that
full scéle plug flow and conventional control fermentors are operating at gas
production and éolids destruction efficiencies comparable to those obtained with
their reactor types at the bench and pilot scale level. Both full scale units‘
are presently producing biogas at rates of 1.1 to 1.2 m3/m3 reactor/day for

the completely mixed and plug flow systems, respectively.

”One of the most important aspects of any anaerobic fermentor operated in
‘cold climateé is the overall energy balance of the process. The monitoring of
‘gas flows from the full scale reactors and biogas utilization rates of the
boilers has been completed with new gas meters during the tenth quarter,
Detefminations of heat losses from the full scale reactors and of hoiler

éfficiencies have also been planned. Heat and energy balances are incomplete




Table 1

Gas Produétion.and Solid$ Destruction Data
from Bench, Pilot and Full Scale Plug Flow

and Completely Mixed Control Reactors
' Operated .at 30 Days HRT and 35°C

Reactor Type Biogas ?roduction _ “ Gas1CompOSitiéq_ TVS
and Scale 3,3 ) Percent Methane Destruction
> ' m”/m 3 _ Percent
Reactor/day m /Kg/VsA

Plug Flow
Bench 0.91 . 0.36 56 -
Pilot? 1.10 0.33 61 26
Full2 1.16 0.38 _ - .58 39

Conventional

Control
Bench’ 0.92 0.25 Y 32
Bench’ 0.81 0.35 63 36
Full? 1.08 0.37 59 31

2. Feed Consistency

i ‘ 1. Feed Consistency

il

8% TS dairy manure.

10-12% TS dairy manure.

‘ 3. From previous Cornell study, G. Morris thesis, using 8% TS dairy
| manure feed.
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at this time. This will be a major focus in the next quarter,
The full scale fermentation effort is approximately three months behind

schedule. -

" Design Manual

The initial outline for the design manﬁal has been prepared and will be
used as a gdide to format and content. This portion of the study is well ahead

of schedule.




FUTURE ACTIVITIES

Thé piloﬁ scale random mix reactor will conclude its present operation
"Of-feeding énd mixing every four days, 16-days HRT, 35°C, and 11~13% TS
manure—bédding influent and will'complete the next operating mode of 30 days
HRT, 25°C, 11-13% TS manure-bedding feed. The pilot scale plug flow reactor
operating on manure and bedding will édon be shifted from 30 days HRT at

35°C to 15 days HRT. This operating mode should end within the eleventh_quarter
and the last condition of 25°C, 30 days HRT and 11-13% TS manure-straw feed
- will Be started. By the end of the eleventh quarter, both pilot reactors

should be nearly complete aécording to their respective testing‘programs.

In the next quarter the full scale plug flow and conventional cqntrol
fermentor will both conclude operation:at 30 &aysvHRT,(35°C and 10-12% TS
manure influenﬁ;vwhen steady stafe déta at this condition has been completed,

- the HRT of these reactors will be changed from 30 to.15 days. Towérd the
.1atter portion of the next quarter both reactors will then end their test
period on manure and will begin experimentation with bedding additions to
manure feedstocks.

Most important, comprehensive energy balance data will be obtained from
the operation of the full scale anaerobic reactors as operated at realistic
dairy manure loading rates under actual environmental conditions that would
be encountered on a farm in a typical northern winter. Information to be
éollected will include determinations of boiler efficiencies, net gas produc-
tion rates and conducted heat losses from the fermentor basins. As yet, the
full scale plug flow fermentor has not been insulated over its exposed liquid
surfaces, nor has the uninsulated flexible cover been protected from winds

and weather with any kind of shelter. Closed cell insulation blocks will
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be laid ovér every-exposed liquid surface, and additional insulation will be
placed over the flexible liner, if required. Heat balances on the plug flow
fermentor will be conducted before and after the addition of these features
to determine their actual value.

.Lastly; a serious effort to initia;e preparation of the design manuél
will be made before the close of the next quarter. It shodld, however, be
emphaéized that this document will not be a construction and service manual
in a étrict sense, but will instead be targeted for farmers to provide é
basis for determining the applicability and economic feasibility of implémenting

anaerobic fermentation on ény particular small scale farm.
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A. INTRODUCTION

The objective of this study is to evaluate thermochemical pretreatment

as a method for increasing the anaerobic biodegradability of organic mate-

:rials'so that they can be more completely fermented to methane gas, a poten- '

tial source of fuel. The current study has five specific phases:

(1) biological conversion of lignocellulose to methane, (2) biodegradation
of lignin and lignin fractions, (3) pretreatment of nitroéenous organics
forvincreasing biodegradability, (4) biodegradation of lignin aromatic com-
pounds, and (5) biochemical methane potential and toxicity testing.

The largest portion of this report is devoted to details of results
under Phase One. During the past quarter model lignocellulose constituents
were used for studying the effect of oxygen on hydrolyses. Initial results
under Phase Two are also.presented. Successful separation of several
molecular weight fractions from heat-treated lignin have been obtained.
Phase Three is progressing but with little new information at this time.
Phase Four has been completed as reported in the last quarterly report and

Phase Five is being initiated with no results to report at this time,
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- B, BIOLOGICAL CONVERSION OF LIGNOCELLULOSE TO METHANE
Ww. Owen and P. McCarty

Studies on‘pretreatment of lignocéllulose by.autohydtoly$is wvere con-
tinued during this phase of the project. Preliminary studies had shown that
- the bioconversion efficiency of complex lignocellulosics could, indeed, be
improved by oxidative or nonoxidative autohydroly51s .and that solubilization
of organics was the’ primary mechanism for improving biodegradability (Healy
et al., 1978b). Therefore, during this phase, relative yields of soluble
chemical oxygen demand (COD) were employed for deterﬁining optimum autohydro-
' lysis conditions. Initially, model lignocellulose constituents were used for
studying the effect of oxygen on hydrolysis independent of pH'by following
soluble COD yields during ?érious reactions. Subsequently,Abatéh studies
- which simulated full-scale processing were employed for obtaining a better ‘
understandiﬁg of autohydrolysis reactions and for 6ptimizing process se-

qﬁencing.

Experimental Methods
Autohydrolysis reactions were performed in a 2-liter, bomb-type auto-

clave as previously described (Healy et al., 1978 a). Solubilization kinetics

were studied for a representative lignocellulosic (white fir) and model com-
ponenté (cellulose, xylan, and peat) over a temperature range from 150 to
’ﬂ 225°C and reaction times up to six hours. Air was employed as the feed gas
and off-gas flow rate was varied from 0.0 (nonoxidative) to 0.64 m3(STP)/hr/
kg feed COD. Reaction pH was buffered at 2.5 + 0.1 with.phosphoric acid for
| all treatments so that the effects of oxygen and temperature could be as-
sessed independent of hydrogen ion concentration. Reactions were monitored
by periodic sampling of the liquid and off-gas. Typically, fourteen, 35-ml
liquid samples were taken during a reaction; the total represents approxi-
mately one-half of the feed volume. ' h A .
In order to simulate full—séale processing, a series of batch treat-
ments was conducted over a temperature range from 175 to 225°C with reaction
times up to 4 hours. Autohydrolysis was studied in detail for white fir,
including a comparxison of oxidative and nonoxidative processing at 225°C.

A moderate off-gas flow was used for oxidative treatments (approximately
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0.2 h3(STP)Ihr/kg feed COD). As a result of this comparison, all subsequent _
treatments were perforﬁed without oxygen. ' Then batch treatménts of white fir
at various reaction temperaturesiwere assayed fdr‘lignin and hexosan content
of the residual solids in order to better understand the mechanisms involved.
Finally,-sequeﬁtial feactions.with'white-fir,,selected based on the previous

. chemical results, were studied to assess the significance of condensation
‘reactions on yields of soluble organics. '

_ All reaction times are referehced,to a time of 0.0 when fhe reactor
reached operating conditions. Prior to heating, the‘vessél was purged with
helium, and it was maintained with a nonoxidative atmosphere during heat-up.
At time 0.0 the reactor was immediately pressurized with helium to 10 atm
above saturated steam pressure, and for nonoxidative treatments the system
was maintained at this condition during the course of reaction. For oxida-
tive treathents, the feed gas was changed to compressed air at‘the same
operating pressure (10 atm above steam pressure) and the predetermined off-
gas flow rate was immediately established. This procedure ensured that the
off-gas flow rate controlled the amount of oxygen entering the vessel through-
out the entire oxidative treatment. ‘

Analytical procedures were conducted according to Standard Methods
' (1976) and Procedures for the Chemical Analysis of Wood and Wood Products

F(Moore and Johnson, 1967). Samples for analysis of soluble constituents were

obtained through Whatman GF/C glass fiber filters aor equivalent. Hexosan was
determined colorimetrically (Gossett, 1976) using the hydrolyzate from acid-
insbluble lignin assays. Acid soluble polysaccharides were defined as the
difference between holocellulose and Cross and Bevan cellulose determinations.
‘Tables B-1 to B-4 detail the chemical characteristics of the test slur-
ries used for kinetic studies, and Table B-5 lists characteristies of the
white fir slurry employed in batch treatments. All solids were sized on the

order of S0 mesh.

Results and Discussion

. Effect of Oxygen on Solubilization Kinetics

Temporal variations in soluble COD yields for hydrolysis of cellulose
and xylan are i1llustrated for representative reactions at 150°C in Figure B-1,

In ganeral, at any given reaction time and temperature, the amount of soluble
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TABLE B-1. CHEMICAL CHARACTERISTICS OF CELLULOSE SLURRY
USED FOR KINETIC STUDIES -

Cellulose
Total Solids (TS):
Volatile Solids (VS):

 Chemical Oxygen Demaﬁd'(COD):

Soluble COD;
COD/VS Ratio:
Ash:

'1.08

microcrystalline, 50 micron
71.2 + 0.35 g/1

71.1 4+ 0.33 g/1 (99 9% of TS)
76.7 + 1.6 g/1

0.023 g/1 at test pH

0.14% of TS (exclusive of HBPOA)

TABLE B-2. CHEMICAL CHARACTERISTICS OF XYLAN SLURRY
' USED FOR KINETIC STUDIES

Xylan
Total Solids (TS):
VolatilevSolids (Vs):

Chemical Oxygen Demand (COD):

Soluble COD:
COD/VS Ratio:

extracted from 1archwo§d
51.5 £ 0.5 g/1

45.6 + 0.4 g/1 (89.3% of TS)
49.3 £ 0.9 g/1

18.8 g/1 at test pH

1.08

Ash: 10.7% of TS (exclusive of H3P0 )
“l
TABLE B—3, CHEMICAL CHARACTERISTICS OF PEAT SLURRY
USED FOR KINETIC STUDIES
Peat from Minnesota

Total Solids (TS):
Volatile Solids (VS):

Soluble COD:
COD/VS Ratio:

Extractives:
Lignin:
Hexosan:

Ash:

Chemical Oxygen Demand (COD):
10.22 g/1 at test pH

Total Kjeldahl Nitrogen (TKN):

42.3 £ 0.3 g/l
35.8 + 0.3 g/1 (84.67% of TS)
50.3 + 1.9 g/1

1.41

1.1 g N/100 g TS

6.4% of TS.

56.1% of TS

9.4% of TS _ _
15.4% of TS (exélusive of H3POZ)
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TABLE B-4. CHEMICAL CHARACTERISTICS OF WHITE FIR SLURRY
USED FOR KINETIC STUDIES

White Fir

Total Solids (TS):

Volatile Solids (VS):
Chemical Oxygen Demand (COD:)
Soluble COD: '

Abies concolor Lindl.

9.04 £ 0.1 g/1 .
9.03 + 0.1 g/1 (99.5% of TS)
11.4 + 0.2 g/1

0.11 g/i at test pH

COD/VS Ratio: 1.27
Extractives: 1.8% of TS
Lignin (Klason): 29.1 + 0.2% of TS
Lignin (difference): 30.2 £ 0.67% of TS
" Holocellulose: . 67.5‘1 0.6%Z of TS
| Cellulose: 52.5% of TS
Acid-Soluble Polysaccharides: 15.0% of TS
Hexosan: 52.27% of TS
Ash?¢ 0.47% of TS (exclusive of HBPOA)
TABLE B-5.

CHEMICAL CHARACTERISTICS OF WHITE FIR SLURRY

USED FOR AUTOHYDROLYSIS STUDIES

[ White Fir

'8scid-insoluble lignin determined for extracted sample and refe-
renced to total solids (TS) and extracted total solids (ETS).

Total Solids (TS):

Volatile Solids (VS):
Chenical Oxygen Demand (cop):
COD/VS ‘Ratio:

Extractives:

Lignin (Klason):a

.Lignin (difference):
Holocellulose:

Cellulose:

Acid-Soluble Polysaccharides:
Hexosan: .
Ash:

pH:

Total Acidity:

Abies concolor Lindl.

65.6 + 1.2 g/1

65.3 + 0.8 g/1 (99.5% of TS)
82.6 + 0.6 g/l

1.27

1.8% of TS

29.1 £ 0.27% of TS (29.6%Z of ETS)
30.2 £ 0.6% of TS

67.5 £ 0.6% of TS

52.5% of TS

15.0% of TS

52.2% of TS

0.47% of TS

5.0

2.0 meq/1 (0.03 meq/g VS)

T
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v Figﬁre B-1. Solubilization kinetics for oxidative and nonoxidative

hydrolysis of (a) cellulose, and (b) xylan at 150°C, pH 2.5
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COD present was proportionally less for oxidative than for nonoxidative
treatment. Soluble organics were apparently oxidized under oxidative condi-
tions, and the amount oxidized increased as the off-gas flow rate increased.
These data suggest that either oxygen is not catalytic for hydrolysis of
polysaccharides, aé previously-hypbthesized (Schaleger and Brink, 1977), or
‘the catalytic effect is small and offset by oxidative conditions. The |
former explanation is believed correct since off-gas flow rates were selected
in a range previously reported as catalytic for celluloée hydrolysis from
white fir (Schaleger and Brink, 1977). However, in agreeﬁent with previous
research (Saeman, 1945), the rate of acid hydrolysis increased with increas-
' ing reaction temperature up to the maximum e?aluated (225°C) as seen for the
noncxidative case in Figure B-2. 1In addition, for nonoxidative treatment at
the two highest temperatures evaluated, 200 and 225°C, soluble COD reached
: a maximum and decreased slightly at longer reaction times.- R
Although not shown, lower yields of soluble COD associated with oxida-

tive treatments were also exhibited at the higher temperatures evaluated:
175, 200, and 225°C. Furthermore, the results from hydrolysis of peat and
white fir at pH 2.5 paralleled those depicted for cellulose and xylan hydro-
iysis. Therefore, a general and most important finding of this portion of the
study was that oxygen is not beneficial for solubilizatibn of polysaccharides
from the lignocellulose matrix when independent of hydrogen ion concentration.
These results reduce the potential advantages of oxidative hydrolysis to two
poSsibilities: (1) oxidative conditions might increase hydrolysis rates by
increasing the hydrogen ion concentration through generation of orgamic acids,
~or (2) heat generation from aqueous combustion of acid-resistant and/or

- refractory organics may prove economically attractive.

Autohydrolysis of White Fir

In order to test the first potential advantage of oxidative hydrolysis

‘listed above, a comparative analysis of oxidative and nonoxidative autchydro-
lysis.of white fir was conducted at a temperature of 225°C and solids concen-
trations that simulated full-scale processing. The highest temperature,
225°C, was selected from the previous kinetic studies for this evaluation
since sol&ble‘organic concentrations were maximized at high temperature'and
short reaction times. . Pretreatment performénce was evaluated here with re-
spect to organic solubilization and organic acid production (i.e., effect of

pH or hydrogen ion concentration).
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Solubilization kinetics at various reaction temperatures for non-

‘Figure B-2.
Figure oxidative hydrolysis of (a) cellulose, and (b) xylan at pH 2.5
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_ence of oxygen. Soluble organics were apparently oxidized; and thus soluble

 hydrolysis conditions had been established for organic solubilization.

“métely 15 percent of the feed solids (Table B-5), or about 12 percent of the I

and COD of the particulate residue stabilized at about 70 to 75 percent of N

Results -are included in Table B-6. Here again, soluble COD recoveries

‘were proportionally less for all oxidative relative to nonoxidative treat-

ments for reaction times from 0.5 to 4.0 hours. The effect of oxidative
hydrolysis on pH, total acidity, and soluble COD can be seen in Fighré B-3.
Oxidative processing resulted in slightly higher product acidities, but the
comparative effect on lowering pH or apparent acidity constants (pK,, Table
B-6) was insignificant, and possibly detrimental. The ultimate reéult was

that solubilization was not increased either by acid generation or the pres-

COD recoveries were lower under oxidative treatment. Based on these findings,
only nonoxidative processing was evaluated in subsequent studies.

Additional nonoxidative autohydrolysis reactions were conducted forv
white fir in order to better understand the solubilization mechanisms in-
volved and the overall pretreatment potential of this method. Organic solu-
bilization was monitored by measurement of total acidities and CODs (Table
B-6), and selected products were analyzed for lignin and hexosan content.

The primary objective of these experiments was to confirm that optimum auto-

Figure B-4 depicts product soluble CODs and the chemical changes that
occurred in the residual particulates during the course of nonoxidative

Lydrolysis of white fir. Acid-soluble polysaccharides constituted approxi- ;

feed COD, and undoubtedly, these easily hydrolyzed hemicelluloses were ini-
tially solubilized at mild reaction conditions (175°C). As the severity of
treatment increased, product soluble COD also increased, then stabilized at j
approximately 20 to 25 percent of the feed COD. There was only about 5 per- g

cent loss in total COD even at the most extreme conditions (225°C, Table B-6),

the feed COD.

Substantial chemical changes occurred in the residual particulates at
225°C, and thus, are worthy of review. At time 0.0, the hexosan/lignin
ratio of the product (1.68) was similar to the feed solids (1.79), and both

componerits were of somewhat larger respective proportions to the total sol-

‘"ids due to loss of hemicelluloses and pentosans during the heating cycle.

As the reaction proceeded, lignin content increased substantially with a

concomitant decrease in hexosan. Hexosan content was very low after four
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TABLE B-5. CHEMiCAL RESULTS FROM AUTOHYDROLYSIS OF WHITE FIR

| Pretreatment Coaditicns _ : Acidityfimeq/gVS Chemical Oxygen Demand

Temp. | Time,? | Off-Cas . ' Total |Soluble| Soluble % .| Percent| Percent
°C hr Tiowd pH I pK, Total | Soluble s/l g/l |of Feed COD _Losse Oxidizedf
175 0.0 He 4.0 - 0.09} 0.05 79.7 6. 68 8.1 3.6 -
175 2.0 He 3.3 4.1 ° 0.45 | 0.42 79.0 | 16.6 20.0 4.4 -
175 4.0 He 3.1 4 4.1 0.781 0.75 77.1 15.6 18.9 6.7 -
200 0.0 He 3.6 - 0.18} 0.14 77.6 14.5 17.5 6.1 -
2600 2.0 He 3.1 4 4.1 0.86 0.82 . 78.3 16.8 20.3 5.3 -
200 4.0 He 2.8 4.1 1.08 1.05 76.5 15.5 18.8 7.4 -
225 0.0 He 2.9 4.0 0.70{ 0.70 79.9 | 18.4 22.3 3.3 -
225 0.5 He 3.0 4.1 1.01 | 0.94 C79.4 | 17.9 21.7 3.9 -
225 1.0 He 2,7 4.1 1.10 1.12 80.6 19.1 23.1 2.5 -
225 2.0 He 2.6 4.0 1.76 2,02 79.6 21.7 26.3 3.7 -
225 3.0 He 2.5 4.0 1.47 1.74 79.1 | 19.9 24.1 4,2 -
225 4.0 He 2.9 4,1 1.42 1.28 78.2 | 18.3 - 22,1 . 5.4 -
225 0.5 0.18 2.5 4.0 1.28 1.12 75.7 14.8 17.9 8.4 2,7
225 1.0 0.18 2.5 4.0 1.32 1.16 . 76.9 16.4 19.9 6.9 5.1
225 2.0 0.24 2.8 4.1 1.87 | 1.44 69.1 12.6 15.3 16.4 12.8
225 3.0 0.17 2.9 4.0 1.58} 1.17 69.7 . 9.22 11.2 15.7 13.7
225 4.0 0.18 2.6 4.5 1.79 1.07 60.8 7.01 8.5 26.5 14.9

3Reaction time at indicated temperature; 0.0 hr denotes ‘heated to indicated temperature and immediately
cooled to room temperature.

bOff—gas flow referenced as m3(STP)/hr/kg feed COD; He denotes nonoxidative treatment.

CApparent acidity constants for soluble fractions as estlmated from titration curves. Dashes denote
insufficient data for estimates.

dpcidity determined by titration to pH 8.3 and referenced to feed volatile solids (vs).
€CcoD loss due to oxidation and or volatilizationm.

fcoDp oxidized as determined by off-gas analyses for oxidative reactions.
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hours of treatment, and thé residual solids assayed as approximately 85 per-
cent lignin (note: COD of these solids did not.change significantly during
treatment). | _ _ '

Theré are two possible explanations for these observations. AFirét,'hemi—
celluloses were initially solubilized during the heating cycle, This resulted
in the lignin plus hexosan sum increasing from 81.3 percept of the particulate
solids content to 99.2 perceﬁt. Then, with time of treatment, either (15 tﬁe
hexosans, which were predominantly cellulose, were soluﬁilized and then subse-
quently formed condensation products which were assayedvas lignin; or (2) the
hexosan fraction formed such condensation products directly without forming
soluble intermediates. '

It is important to understand which mechanism predominates for proper
assessment and application of autohydrolysis pretreatment; therefore, three
nonoxidative reactions were conducted to test these hypotheses. The white
fir slurry (Table B-5) was hydrolyzed in staged, sequential reactions as fol-
lows: Stage 1 - heated to 200°C.and immediately cooled to room temperature,
and Stages 2 and 3 were performed identically as 2-hour nonoxidative treat-
ments at 225°C. After each stage, the product was assayed for total and sol-
uble COD, and the particulate fraction was separated by filtration. These
solids were resuspended in 0.75 liter of deionized water, assayed for total
COD, and treated in the subsequent stage. The overall objective was to simu-
late nonoxidative processing as depicted in Figure B-4 for 225°C, but with
solﬁble'product recovery at intermediate steps. If polysaccharides were being
solubilized and reprecipitated as lignin-like matter, then overall soluble-
product recovery would be significantly higher in staged processing due to a
reduction in condensation reactions. However, if lignin-like products were
formed directly, then staged processing would not result in significant im-
provement in soluble-product recovery.

The data, summarized -in Table B-7, shoﬁ rather'conclusively that the o
formef mechanism predominates. Also, the particulate yield (41 percent)
closely approximates the theoretical 40 percent COD represented by fhe lignin
fraction of the original solids, and the soluble yield (51 percent) represents
aprroximately 85 percent of the theoretical carbohydrate COD. Thus, a complex
lignocellulosic, represented by white fir, was transformed by autohydrolysis
into two easily separable fractions: a soluble fraction that originated pre-

dominantly from carbohydrates, and a particulate residuevcomprised primarily

72




€L

" TABLE B-7. SUMMARY OF 3-STAGE NONOXIDATIVE AUTOHYDROLYSIS OF WHITE FIR

: .
iReaction Conditions

Product COD, g/l

Percent of Original cop®

Feed?
Stage ! Temp., °C| Time, hr i COD, g/l ) Total | Soluble] Particulate Los!l Particulate | Soluble
1 i 200 0.0 §| 82.6 82.6 14.3 68.3 0.0 82.7 17.3
2 225 2.0 - 63.4 61.2 18.4 . 42,8 3.1 55.9 24.0
3 3 225 2.0 ‘9.8 65.1 8@51 3606 503 ‘1.0 906 »
Sum | 8.4 50.9

al.o

8Actual COD concentration for each reaction.

K4

First stage employed l-liter'liquid volume; for

stages two and three, a portion of recovered particulates from preceding stage was resuspended
in 0.75-1iter liquid volume and assayed for COD concentration.

Respective fraction referenced to the original feed COD of stageone, and based on percent
particulate recovery of preceding stage as referenced to feed.
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of lignin condensation broducts. Furthermore, virtually the entire heating
value was retained in each fraction. These data in conjunction with prelimi-
nary biodegradability studies from autohydrolyzed newsprint (Healy et al.
1978), suggest that staged nonoxidative autohydrolysis pretreatment and
anaerobic fermentation has potential for obtaining 51gn1f1cant methane yields

from a relatively non-biodegradable lignocellulosic, white fir.

Conclusions and Future Studies

The following conclusions can be drawn from the previous study:

1. Oxygen was found not .to be beneficial for solubilization of the
components of lignocellulose or for polysaccharide solubilization
from the lignocellulose matrix independenf of pH.

2. Oxidative treatment has the potential of increasing the amount of
acids produced from autohydrolysis of lignocellnloée; however, the
corresponding effect on hydrolysis rate is insignificant.

3. Based on the first two conclusions, nonoxidative treatment would be
preferred over oxidative hydrolysis of lignocellulose for the purpo- -
of increasing product bioconversion efficiency by solubilization of
polysaccharides.

4. The mechanism of COD solubilization can be likened to the acid-
saccharification process: polysaccharides are hydrolyzed first, ani
soluble constituents subsequently condense forming lignin-like pro-
ducts. Also, for single-stage processing, soluble COD is maximize::
by analogous conditions for maximizing sugar yields by saccharifica-
tion: high reaction temperatures and short contact times.

5. VWithin constraints of the test facilities employed for these studic ..,
a three-stage nonoxidative scheme worked well for soluble COD reco.-
ery from white fir.. The overall scheme recovered 85 percent of the
carbohydrate heat content as a mixture of soluble products, and vir-
tually all of the lignin fraction as insoluble residue.

Based on these findings, future studies will address the biochemical as-
pects of fermentation of soluble products from autohydrolysis. Products from
the reactions dlsons sed 1n this phase will be employed for bioassay testing
using the BMP and ATA methods. In addition to determlnxng overall system biu-

conversing e‘f1c1onvy, autohydro]yqlq products will ‘also be tested for poten-

tial toxicity.
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C. BIODEGRADATION OF LIGNIN AND LIGNIN FRACTIONS
P. J. Colberg and L. Y. Young

Background
‘Approximately half of the earth's carbon which is fixed annually via

photosynthesis is incorporated into lignocellulosic cell walls (Bassham, 1975).

Lignin 1s a structural polymer of all vascular plants that performs functions

essential to survival (Sarkanen and Ludwig, 1971), by imparting rigidity and

cementing‘plant cells together, so as to confer resistance to impact, bending,

and compression. Lignified tissues also act as barriers to permeation of

water across cell walls and prevent invasion by pathogenic microorganisms.

Most microorganisms which aré able to degrade isolated wood carbohydrates

cannot attack woody tissues directly unless they are also able to decompose

lignin. Thus the microbial degradation of lignin is an integral part of the

carbon cycle, not only because lignin is a major repository of reduced carbon

in the biosphere, but also because it physically protects wood carbohydrates i

from decomposition. Lignin, therefore, is perhaps one of the most serious

impediments to the development of successful bioconversion processes for waste

lignocellulosics. | ‘
Previous studies at Stanford have related enhanced biodegradability of |

lignocellulosic wastes and wood products to the solubilization of lignin dur-

ing alkaline heat treatment, which has béen correlated to an increase in the

number of low molecular weight compounds released (Healy et al., 1977). Most

investigators maintain that lignin's resistance to biodegradation is most

probably related to its large molecular size and poor solubility. Since lig-

nin is such a complex polymer, much work has centered on the degradation of

nodel compounds of low molecular weight (Healy and Young, 1978). With the

advent of radioactive-labeled natural lignocellulose, biodegradation studies

with intact lignins have recently begun (Crawford and Crawford, 1976). The

potential for biodegradatidn of the two extremes (whole lignin and model 1lig-

nins)., therefdre; have been assessed under a variety of aerobic and anaerobic

conditions. However, the potential for anaerobic degradation by bacteria of

the more complex compounds produced during alkaline heat treatment of lignin

is unknown at this time.
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Although the phenemenon of toxicity has been reported for both anaerobic
digesters, bioassay studies, and enrichment cultures in which relatively low
concentrations of lignin were fed‘(Caldef'and Tader, 1976; Chmielowski et al.,
1964; Scheffer and Cowling, 1966; Gossett, 1976; and Healy et al., 1977),
little experimental attention has been focused on the problem. Previous work
at Stanford has related lignin toxlcity with the presence of aromatic com-
pounds, though specific identification of potentlally toxic substances has

never been attempted.

Current Studies_

The objective of the first:phase4Of”iéboratofy'wbrk was to adapt gel
filtration chromatographic techniques fér the preparative fractionation and
collection of alkaline heat-treated peat lignin to be used in biodegradation
and toxicity studies. The protocol employéd for lignin pretreatment, frac-
tionation by gel filtration chromatoéraphy; and preparation for feeding experi-
mente were described in detail in the last report (Healy et al., 1978 b) and

schematically in Figure C-1.°

Elution Patterns of Peat Lignin

Fractionation of elkaline heat-treated peet preparations on Sephadex LH-20
(Pharmacia Fine Chemicals, Uppsala, Sweden), resulted in three major fractions:
two low molecular weight peaks (mv ~ 200 aﬁd ﬁw . 600), and one larger, high
molecular weight fraction, the size of which approaches the exclusion limit
of the gel (Flg. C-2). | | '

It was suspected that the larger molecular weight fraction (Fraction 1)
might be composed of more than one peak which were not resolvable on Sephadex
LH-20. Sephadex IH—6O (Pharmacia Flne Chemlcals, Uppsala, Sweden) was chosen
to further elute Fraction 1 (Fig. C—}). Although LH-60 elution revealed the
presence of a broad range of higher molecﬁlar Qeight compounds, the majority

of material was still eluted in one major peak{

Mass Balance Results

Binchemical Methane Production: (BMP) assays.(Owen et al., 1979) were

performed on the lignin fractions. -Gas:formation conmenced after one month
of incubation with data based on the mean.results of duplicate bottles
(Table C~1). These results should be viewed with some caution as the gas vol- .

umes produced were very small. One of the limitations of the lignin separation
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PEAT SLURRY - 4% SOLIDS
~ (APPROX. 60% LIGNIN)

ALKALINE HEAT TREATMENT
(400 mea/L - 2000C/1 HR)

| ¥
SEPARATED BY GEL FILTRATION CHROMATOGRAPHY

. (SEPHADEX LH-20)
: J N
FRACTION 1- FRACTION 2 FRACTION 3
1400<M¢<800 2 o MW- 600 - Mw 200

DRIED BY ROTARY EVAPORATION UNDER VACUUM

k{///’ (50-55°C) -

A\ 4

TOC ANALYSIS ~ -TOC ANALYSIS

S

 ANAEROBIC TOXICITY ASSAY FRACTIONS RECONSTITUTED __ GAS PRODUCTION

(ATA) IN DEFINED MEDIUM AND - GAS CONPOSITION
FED AS SOLE CARBON SOURCE ~ MASS BALANCE
| IN BIOLOGICAL METHANE REVERSE PHASE HPLC
ANALYSIS BY REVERSE PRODUCTION (BMP) TEST

-PHASE HPLC

Figure C~1 Schematic representation of protocol to be followed for
examining lignin fraction degradation
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Figure C-2. Elution pattern of alkaline heat-treated peat on Sephadex LH-2C in 1:
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Future Work

TABLE C-1. CONVERSION OF LIGNIN FRACTIONS TO GAS

Percent Carbon Percent Carbon
Converted to COj & CHy, Converted to CH4

Fraction 1 (1000 mgC/1) 30 4
Fraction 2 (750 mg C/1) 38 - 23.5
Fraction 3 (1000 mg C/1) 7 3

is that repeated fractionations are necessary in order to yield sufficient
quantities of Fractions 2 and 3. 1In addition to re-feeding acclimated cul-
tures, assays employing larger bottles have recently been set up in order to

minimize errors in calculation of mass balance data.

In addition to continuation of biodegradation.studies, Anaerobic Toxicity
Assays (Owen et al., 1979) will be conducted on the 1igﬁin fractions.
In order to delineate the presence of a specific toxic compound or compounds,
more refined analytical procedures will be required. Methodology testing and
development 1s now in progress to adapt High-Pressure Liquid Chromatography
(HPLC) techniques for assessment of biodegradation and potential toxicity.
Structural changes in lignin fractions fed in BMP assays may be followed by
HPLC reverse-phase analysis, separating the molecular size peaks into indi-
vidual components according to molecular weight. Since the column is run at
low pressures (100-200 psi), the fractions and individual compounds should
remain intact during analysis. This technique affords the ability to follow
degradation of specific compounds during anaerobic decomposition. In addi-
tion, it allows for identification of compounds which are either non-
biodegradable, i.e., their peaks do not disappear during anaerobic incubation,
and/or UOtEﬂtLd[ly toxic, their peaks likewise por51st1ng during incubation.
HPLC reverse-phase analysis also allows compounds of 1nterest to be collected
during analysis-—-a major advantabe aver other chromatographic technlques in
which the sample is destroyed during ana]ysis (i.e., gas chromatography).
Identification of compounds suspected-to be toxic may subsequently be identi-

fied by Gas Chromatography-Mass Spectroscopy (GC/MS).

D’
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As specified by this contract, investigations into the viability of
wheat straw as a feed stock for methane pfoduction have been undertaken._
Baled sfraw was obtained from a commercial supplier who has the contract
tb supply the University of 111inois with this material. Approximately
five tons were obtained in August 1978. This straw was harvested from the
1978 wheat crop. The straw was sfoked.inside to brofect.it from the
weather. Sipce it was dry, it can be stored indefinitely without decompo-

sition.

1. Particle Size Distribution
The straw is not chopped during harvest. Theréfore, it was necessary
to mill it prior to slurry preparation. The particles were milled through

a-3.2mm (1/8 in.) screen in order to faci]itate feeding of this material

~ to the fermentation system. A sieVe analysis of the dry mi]]ed stravw (see

Figure.I) showed that 97 percent passed the #10 sfeve (1.98 mm) with
essentially O percent passing the #200 sieve (74 um). In fact, only
approximately 5'percent of the milled straw passed the #50 screen (297.um).
This milling resulted in a rather narrow size range. |

When the material was wetted, the particles swelled substantially
as a result of the absorbed moistufé.' Using a wet sieving technique, over
65 percent of the total solids wefe retained on the #10 sieve. At the
same time, 30 percent of the total solids passed the #200 sieve. Essen-
tially all of this 30 pefcent‘was sdiub1e solids. Upbn fermentation, the
total solids passing the #200 sieve increased to 41 percent. However,
only 48 percent of the total solids passed the #10 sieve. These data

are also shown in Figure 1. This size distribution certainly facilitates

| dewatering of the fermented slurry by simple passage over a 10 mesh screen.
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Better than 90 percent of the solids of a size greater than 74 um can be
recovered. The moisture content of the screened solids will be approximately
85 to 90 percent. Additional dewatering can be obtained by appropriate

presses.

2. Straw Slurry Characteristics

This straw slurry has unique chéracteristics, With a solids content
of 12 to 13 percent, the straw and wéter mixture has ébso]ute]y no f]uid'v
properties.v It has an angle of reposevthatvapproacheé 90 degrees. Mixing
by conventional fluid mixers is impossible. The‘power required by a
ribbon mixer designed to mix concenfrated slurries exceeded 2 KW/m3 (75 HP
per 1000 cu ft). This slurry could only be mixed at significantly lower
solids concentrations. | |

Pumping of a slurry containing 10- percent solids was impossib]e. It
was necessary to dilute the solids to about 3 percent. Even at these
concentrations, it was extremely difficult to pump the slurry. To facili-
tate pumping, the Moyno pump speeds were increased to 300 rpm. Various
other procedures were tried in hopes thét it would be possible to operate
the pumping system with the time clocks to approximate continuous operation.
Steam heating of the straQ-water mixture at 115°C (240°F) did impfo?e the‘
water absorption. It was ﬁossib]e to wet the straw more easily with the
heat treatment It also appeared to ease the pumping problems s]ight]y._.
However, the feeding had té be accomplished manually. The pumps would not
start without flushing with water prior to turning on the pumps. |

After-comp]etfngva-run with straw ppetreated as above,'a thermd-
chemical pretreatment Qas ihitiated. uWafer'tonféjhing 0.25 normal sodium

hydroxide was added to the straw to produce a 12.5 percent so}ids concen-
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tration. The resultant pH of the slurry was 12.2 to 12.3. This slurry

was heated at 115°C (240°F) for a total time of 4 hours. The physical
\7characterist1cs of this slurry drastically changéd. Mixing and pumping
with a solids concentration of 12.5 percent was possible. Dilution of
the slurry with tap water to 6.3 percént solids yielded a slurry having
the appearance of cooked catmeal. The pH of this dilution is approxi-
mately 10. Pumping was easy and feed to the fermentation system was
possible with the pumps operating on the time clocks. As with thé corn
stover, the slurry characteristics of the straw suspension is unique.
Special considerations must be given to handling of these slurries in}

any system.

3. Gas Production Data

The data presented in Table 1 show the gas production obtained at
various retention times. Each reactor was operated at the specified
condition for at least 3 retention times before these data were collected.
These data are for ; fermentation temperatureyof 59 + 1°C (138 + 2°F).
The straw slurry had been heat treated prior to addition to the slurry
holding tanks. As discussed previously, this treatment was necessary to
alter the characteristics of slurry so that it was possible to pump it.

Problems in pumping of this slurry were encountered. It was not
poSsib]e to start pumping without first flushing the pipes with water.
The time cycle pump activation system could not be used. Approximately
50 1iters of slurry were added each time the pumps were activated. ‘At
the short retention time (3.8 days), four such pump periods were used

dai]y. Unfortunately, this resulted in adding a substantial feed volume

(200 1iters %nto 750 liters) over a period of 4 to 6 hours. This mode

of feeding resulted in an unstable system.
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Table ].--GaS'ProduttTdn5Ddta‘for Wheat Straw

Week : :] Gas Vol. Solids CH4 Produced]

Lph . | %\CH@ kg/day m3/kg:Vo]. Solids
] 3.8 23.5 57.5 3.73 ©0.087
2 3.8 25.7 56.7 3.90 0.090
3 3.8 211 57.0 . 4.06 0.071
42 5.0 17.8 60.8 3.39 - 0.077
1 5.0 18.4 56.6 2.97 0.084
2 5.0 19.2 57.3 3.02 0.087
3 4.9 22.1 56.1 2.93 0.101
4 5.1 17.1 58.0 2.86 0.083
1 7.5 16.6 56.6 1.96 0.115
2 7.4 16.2 58.7 2.02- 0.113
3 7.3 16.7 54.5 2.00 0.109
4 7.5 14.2 57.5 1.94 0.101
1 13.1 10.7 58.6 1.12 0.134
2 13.2 12.6 58.7 1.18 0.150
33 13.2 9.7 54.1 1.20 0.104
4 14.2 9.7 59.5 1.06 0.131
5 14.3 10.0 (58.9) 1.04 '0.136

1
2

To obtain scf/1b multiply by 16
pH drop to 5.9 due to drop in alkalinity and volatile acid increase
3Gas leak in reactor
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'Nheat straw does not produce'adequate natural alkalinity when fermented.
Consequently, additional a]ka]inify must be added with the feed. As a
result of the instability in the short retention time reactor, the volatile
acids increased. With an alkalinity in the 900 mg/1 as CaCO3'range, the
pH dropped as the volatile acids increased. During Week 4, the pH in the
short retention time reactor dropped to less than 6.0. The feed was stopped
for two days and lime added to the reactor fof pH control. A rapid
recovery was experienced. The gas data for this week were not used in
subsequent calculations. |

During Week 3, the reactor with the longest retention time experienced
a gas leak in the feed piping. This resulted in incorrect gas readings.
Consequently, the gas data for this week were excluded in the subsequent
‘data analyses.

The gas production in Table 1 is expressed in terms of the gas
(methane) generated per unit of volatile solids added. When processing
straw, a 1iquid recycle stream is employed. The fermented slurry is
passed over a screen to remove most of the suspended solids. The total
solids of this stream was reduced from approximately 20 g/2 to 6 g/%
by this simple screening process.v The liquid fraction is used as make-up
.water for the new feed slurry. Consequently, a measurable quantity of
solids is recycled with this system. The gas production in Table 2 is
the average for the data shown in Table 1 and 1is expressed in terms of
the total volatile solids fed (including recycle solids) and in terms of
the volatile solids added with the straw only, the latter being the data

ih the adjusted CH4 production column.
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Table 2. Gas Production Data for Straw

0 | | 4 Product1on B AdJusted CH4 Productlon
Days m /kg V S. Fed m /kg V.S. Fed

3.8 . 0. 083 (1 3])* - 0.100 (1.58)‘

5.0 0.089 (1. 4]) 0.109 (1.72)

7.4 0.110 (1.74) 0,134 (2.12)

13.7 : 0.138 (2.18) : - 0.167 (2.64)

.
( ) Data expressed as SCF/1b V.S. fed -

- The adjusted mefhane production was used to determine the percentage.
of volatile solids that are degradable. This is accomplished by extrapo-
lating the gas production data to an-infinite retention time. A semi-log
plot of methane production against the reciprocal of the retention time
(Figure 2) yields a straight line. The y-intercept is the methane‘productioh
at an infinite retent{on time, or the biodegradability of the organic
material. Based on the data in-Figure 2 the maximum possible methane
production wqu]d be 0.22 m3/kg volatile solids added (3.52 scf/]b). If
one assumes that the organic material being fermented is ce11u1ose,:the '

methane production per kg of cellulose fermented would be 0.44 m3 at a gas

temperature of 15°C. Based on this maximum gas production, the volatile

solids in the straw would be 50 percent biodegradable.
The rate of conversion‘is determined from a simple first order
kinetic relationship in which the substrate removal rate (dS/dt) is a

function of the biodegradable substrate remaining.
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A mass balance on a complete-mix reactor without sludge recyc]e y1e]ds

the fo]]ow1ng equation:

S =Sy () N €
where:
S = biodegradable substrate remaining
' So = initial biodegradab]e substrate
8 = reactor retention time - days
K = rate constant - day']

Using a value for So'as determined from Figure 2, and the values of
'So - S:(methane produced per kg of volatile solids) from Table 2, Figure 3
can be constructed. This is a linear form for Equation 2. A least squares
fit, including the y-intercept value (0,1), yields a line with a slope of

1 This is the rate constant, K, in Equation 2.

- 0.23 day
This rate constant (temperature of 59 + 1°C) corresponds closely

with the values found for manure (0.25 day'T) and corn stover (0.25 day"]).

4. Discussion

Review of the data obtained for wheat straw and corn stover can be
used to identify the major limitation of these materials as substrate for
methane production. The poor conversion efficiency results in extreme
penalties for residue disposal. A thermophilic sysfem (58-60°C) operating
at a 10-day residence would generate the results shown in Table 3.
The. corn stover and straw would be h&rvested with a moisture content of
less than 25 percent. After fermentation, 71.4 and 62.9 percent of the

corn stover and straw volatile solids (dry weight), respectively, would
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Table

3. Fate of the Volatile Solids During
Fermentation - Initial Weight = 100 kg -

S, Sip* - S " Cells  Protein Sop * S

- Corn Stover 40 60 N4 2.9 - 2.0 7.4

Corn Stover = 77 23 22.0 56% 38" " 5.0
(Pretreated)

Wheat Straw 53 47 15.9 3.7° 2.€ 62.9

S b denotes the nonbiodegradable volatile solids

remain as residue

lechanical dewatering processes can reduce the moisture

content in this residue to about 70 percent. Therefore, for each ton of

material harvested from the field (25 percent moisture), approximately

1.8 and'l 6 tons,,respect1ve]y,'of corn stover and straw residue would

have to be adequate]y d1sposed

Th1s residye does not have any value as an an1ma1 feed. Using a

ce]] growth rat1o for the above system equa] to 10 percent of the carbo-

hydrate fermented the ceI] y1e1d;can be ca1cu1ated The ce]l y1e1d data

have been extrapolated fron Speece and,AcCarty (1964). The results are

shown in Tab]e 3

Fo

Clear]y, the result1ng proce1n product1on is low. The

qua11ty of the res1due (dry so]1ds) as an an1ma1 ‘feed is shown in Table 4.

For corn stover 84 percént of the vo]atx]e so]1ds in the res1due are

refractory, or. unavallable in the rumen. At most, some 13 percent m1qht

be con51dered te be d1gest1b]e The prote1n content of this res1due

~wou]d be about 2 8. percent

Th1s is hardly a qua11ty feed.

“The compos1t1on of the re51dua1 volatile solids from wheat straw is

o

s]1ght1y better The straw was more biodegradable than stover. Conse-

quently, the proport:on of refractory solids was less. A1so, the prote1n

content of the res1due was calculated to be 4.1 percent.

=3

aiw
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Table 4. Compositﬁon of Residual Volatile Solids - % by Ory Weight

Corn Stover lheat Straw
No Pretreat Pretreat Mo Pretreat Pretreat

Nonfermentable

Volatile Solids . 84.0% 51.1% 74 .79 -
Fermentable

Volatile Solids 13.29% 40.5% 21.2% -
Protein 2.8% © 8.4% 4.1% -

A mild thermochemical prefreatment of the corn prior to fermentation
substantially .improved the conversion_efficiency of the system. As shown
in Table 3, only 45 percent of the volatile solids remained in the residue.
The wetzweightsof the residue would be approximately 1.1 times the weight
of the corn stover as harvested from the fields. The value of this residue
as an animial feed is also improved. Only 51.1 percent of the residual
volatile solids a;e refractory. About 40 percent of thesevresidua1 solids
are digestible carﬁohydrates. The protein content increases to 8.4 percent.

From this discussion, it is quite clear that pretreatment of both
stover and straw is essential if this system is to havg any chance to be
economically feasible. Improvement of this pretreatment process can be

expected to substantially increase the prebability of success.
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