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1.0 Executive Summary

Tuna sludge and municipal solid waste (MSW) generated on Tutuila Island, American Samoa,
represent an ongoing disposal problem as well as an emerging opportunity for use in renewable
fuel production. This research project focuses on the biological conversion of the organic fraction
of these wastes to useful products including methane and fertilizer-grade residue through
anaerobic high solids digestion.

Preliminary assessments of the anaerobic bioconversion potential for tuna sludge wastes
indicated that after adaptation of the anaerobic microbial consortium, this waste was amenable
to bioconversion. Additionally, increasing the level of tuna sludge in a combined tuna
sludge/MSW feedstock also required adaptation of the microbial consortium but ultimately
resulted in increases in the methane yield and in the extent of anaerobic bioconversion.
Therefore, the addition of tuna sludge was found to supply nutrients required for effective MSW
bioconversion, and thereby enhance the bioconversion of the MSW portion of the feedstock
substantially.

The anaerobic bioconversion of the combined tuna sludge/MSW feedstock evaluated in the
conventional low solids continuous stirred tank reactor (CSTR) system demonstrated optimum
bioconversion up to and including organic loading rates (feed introduction rates) of 8 grams of
volatile solids per liter of reactor sludge volume per day (g VS/Led). Even at this loading rate,
the fermentation parameters were quite stable, with sludge pH values in excess of 7.2 and low
cumulative volatile fatty acid pools. However, organic loading rates in excess of 8 g VS/Led
resulted in excessive foam production, which limits the safe operation of the fermentation
system.

The novel high solids system utilized to conduct anaerobic fermentations of the combined
feedstock performed as anticipated and similarly to the low solids system, resulting in greater
than 80% bioconversion of the combined feedstock chemical oxygen demand (COD) content.
The average methane yield for the combined feedstock was 0.363-0.422 liters of methane per
gram of volatile solids fed per day (L/g VSed [5.82-6.76 ft3/Ib VSed]). However, the high
solids system was operated at a much greater organic loading than were the low solids systems.
Organic loading rates examined to date indicate a stable fermentation at loadings of
14-18 g VS/Led (0.87-1.121b VS/ft®ed) for the combined feedstock. Although additional
studies are in progress to determine the maximum organic loading rate for the high solids
system, results to date indicate the level of improvement in process economics that may be
expected for the high solids system, including reduced reactor sizing (10%-15% of a comparative
low solids system) and organic feed rates of 2-3 times that of the low solids system.

In sumumnary, the anaerobic bioconversion of tuna sludge with MSW appears promising. In this
preliminary study, the addition of tuna sludge to the MSW feedstock serves to enhance the
overall bioconversion of the combined waste. This result will affect the bioconversion process
by increasing the yield of the methane energy produced and will ensure a higher quality residue
that is more stable to further bioconversion for use as a soil amendment.



2.0 Introduction

The island of American Samoa, located in the Pacific Rim region, is actively pursuing alternative
disposal options for two major waste streams produced on the island: municipal solid waste
(MSW) and tuna processing wastes. The MSW produced on the island is currently landfilled.
However, the landfill operation is severely inadequate for handling the MSW generated each
year. The lack of adequate land area (restricted by communalland ownership), the development
of the landfill along a steep slope, the lack of appropriate compaction equipment, and the
shortage of cover material (top soil is scarce), all contribute to a landfill that is unstable to vehicle
traffic and that poses a severe health risk by promoting infestations of insects and rodents.

Tuna processing wastes produced by the island’s two commercial canneries are currently
shipped 5 miles (approximately 8 ldlometers) offshore for disposal at sea under a U.S.
Environmental Protection Agency (EPA) permit (4).

Anaerobic digestion of a combined MSW and tuna sludge waste generates two valuable
products—the fuel methane and a fertilizer-quality compost residue. The application of high
solids fermentation also allows for smaller reactor and facility requirements, which are of major
concern on this small island. The products that result from the biological disposal of the
combined MSW/tuna sludge waste are particularly desirable with respect to the island’s needs.

The island’s utility demand is focused on electrical generation. The electricity is generated solely
from imported oil (as American Samoa possesses no known domestic sources of energy). The
production of biogas (a mixture of methane and carbon dioxide), resulting from the anaerobic
digestion of the combined waste, has long been utilized by U.S. sewage treatment works as a
medium-Btu fuel for electrical generation. Applying the anaerobic digestion process would
therefore result in the development of a renewable domestic source of energy. Using the biogas
produced would thus reduce the quantity of imported oil required to meet the island’s electrical
generating demand.

The island lacks adequate top soil (most ground cover is volcanic cinders), hence it lacks
adequate cover for maintenance of a "sanitary" landfill. The anaerobic digestion process results
in a residue also referred to as anaerobic compost. This residue is rich in slow-to-degrade
organics (humus), as well as soil nutrients liberated during biological degradation, such as
nitrogen, potassium, phosphate, and sulfur. A ready market exists for the anaerobic compost
residue; it can be used as residential ground cover, in limited farming practiced on the island,
and as fill material. Additionally, the need persists for cover material at the local landfill to
reestablish operation in a sanitary fashion.

The application of other anaerobic digestion technologies thus fits the needs of the island in
waste disposal as well as in generating beneficial products.



3.0 Waste Streams on Tutuila Island
3.1 Municipal Solid Waste

Most MSW on the island is collected from curbside drums by an independent hauler contracted
by the American Samoa Government. This same company operates and maintains the island’s
landfill. Although the exact quantity and composition of MSW is not known (there are no scales
appropriate for weighing waste hauling vehicles), the total quantity of wastes has been estimated
in three different studies, and an average value is considered to be approximately 60 tons/day
(1-3). This estimate is consistent with a national disposal rate of approximately 1.8 kg (4 Ib) of
MSW per day per person.

Although the composition of MSW is known to be quite variable with respect to location and
season, in general, it is expected to be similar to most U.S. MSW and therefore contains 80%
combustibles in the form of paper products and food and yard wastes, and 20%
noncombustibles, including glass, aluminum, and ferrous metals.

3.1.1 Landfill Operation

The disposal of MSW has presented a problem to the governunent of American Samoa for some
time. Several studies were conducted to evaluate the practices for MSW disposal, operation and
improvement of the landfill, and alternative technologies to recover energy and reduce loading
to the landfill (1-3).

In an independent study funded by the American Samoa Government, Department of Public
Works, in June of 1988, the lack of landfill capacity was identified as a major concern to
continued disposal of MSW on the island. Expanding the landfill has not been accomplished to
date, in part because of land ownership rights. An additional problem noted in the study was
inappropriate methods of landfill operation. The containment of new wastes to sections of the
landfill, followed by appropriate compaction and application of cover materials, would allow for
"sanitary” operation. However, current landfill operation was found to be contrary to established
practices because the waste was spread daily over the entire landfill without proper compaction.
Additionally, as little or no cover materials exist for use in maintaining the landfill, serious
health risks persist. This manner of landfill operation encourages flies and rodents, increases the
potential for fires, and provides unstable footing for vehicles dumping wastes in the landfill.
Previously, waste-hauling vehicles have overturmed while dumping waste in the landfill because
-of the lack of appropriate compaction.

3.2 Tuna Cannery Waste

Two major tuna canneries have operations in American Samoa: Star-Kist Samoa, Inc. and VCS
Samoa Packing Co. (Chicken of the Sea). These companies represent the majority of industrial
jobs on the island. Although the production outputs of both canneries have varied, a relatively
steady increase in production occurred during the 1980s for both canneries. Additionally,
cannery operations have been improved to allow for the recovery of fish by-products such as
fish meal. An average estimate for the tuna wastes generated by the two tuna canneries is
757,080 L/day or 757 m3/ day (200,000 gal/day). This waste is thickened using conventional
(relatively low-cost) dissolved air-flotation (DAF) technology resulting in 75,708 L/day or
75.7 m>/day (20,000 gal/day) of DAF sludge. The composition of the tuna sludge produced by
the DAF system varies from approximately 7% to 11% solids.



3.3 Tuna Sludge and MSW Analysis

Because of the remote location of the canneries in American Samoa, local (California) tuna sludge
was procured for analysis and study. The cannery from which tuna sludge was procured is
similar in operations to both canneries in American Samoa. Additionally, the MSW used for
analysis and experimentation was obtained from a mainland U.S. source.

Specifically, tuna processing waste (sludge) was obtained from Pan Pacific Fisheries, Inc. .,
Terminal Island, California. During cannery operations, tuna processing wastes are partially
dewatered, using DAF, to produce a sludge for disposal. Tuna sludge from the DAF was
shipped frozen to our laboratory and maintained at -20°C in freezers until use.

The MSW feedstock used was obtained from Future Fuels, Inc., Thief River Falls, Minnesota.
The MSW, a mixture of residential and industrial wastes, was processed using a combination of
mechanical and manual separation. The MSW feedstock was obtained in two fractions, including
the food/yard waste portion and the paper and paperboard materials (also referred to as refuse-
derived fuel [RDF] in the form of densified pellets). The food/yard waste fraction was stored
at 4°C until it was blended with the RDF-MSW fraction. Prior to blending, the food/yard waste
was screened using a 1.9-cm (3/4-in.) tray sieve, and plastic materials were removed by hand.
The RDF-MSW was size-reduced from the storage pellets using a knife mill (All Steel, Inc.,
Brunswick, New Jersey), equipped with a 0.95-cm (3/8-in.) round hole rejection screen. These
materials were weighed separately and added to a large-scale cube blender at 82-kg (180-1b) total
weight (50%-50% mix) and blended with forty 12.7-cm (5-in.) ceramic balls for approximately
48 h. The mixed MSW was again screened using the 1.9-cm (3/4-in.) tray sieve before it was
packaged into plastic drum liners for storage. Most of the mixed MSW was stored at -20°C until
it was used.

3.3.1 Compositional Analysis of Tuna Sludge and MSW

The compositional characteristics of both tuna sludge and MSW are compared in Table 1. The
data indicate a high moisture content for the tuna sludge compared with the MSW. Although
both waste materials were high in volatile solids (VS) content, analysis of feedstock polymer
content revealed that the tuna sludge was composed primarily of protein, fat, oil, and grease,
whereas the MSW contained predominately cellulose (because of the high paper and packaging
content).

Table 1. Compositional Analysis of Tuna Sludge and MSW Feedstocks

Tuna Sludge MSwW
Total solids (TS) (%) 113 £ 0.7 72.7 + 1.8
Volatile solids (% of TS) 814 + 14 87.5 1.6
Ash (% of TS). 18.6 + 1.4 125+ 1.6 -
COD (mg/g wet weight) 213.7 £ 4.2 7270 + 4.7
Protein /fat/oil /grease (% of VS) 96.8 = 0.3 164 + 1.0
Hemicellulose (% of VS) 0.6 + 0.3 44 + 1.3
Cellulose (% of VS) 08 £0.1 625 £ 2.5
Lignin (% of VS) 4.1 + 2.1 13.7 £ 1.2




As one might expect, the tuna sludge contains a significant level of odor, much of which is
caused by the presence of volatile fatty acids (VFA). Although the presence of VFAs increases
the odor level of the sludge, these organic acids are readily biodegraded to methane in anaerobic
bioconversion systems. An analysis of the VFA content in tuna sludge is given in Table 2.

Table 2. VFA Content in Tuna Sludge

Organic Acid Concentration (millimolar)
Acetic acid 12.3 + 0.5
Propionic acid 109 £ 0.5
iso-Butyric acid 0.6 + 0.2
n-Butyric acid 1.1+0.2

3.3.2 Priority Metal Analysis of Tuna Sludge and MSW

The presence of priority metals (heavy metals) in the tuna sludge was evaluated utilizing the E
PA-approved toxicity characteristic leaching procedure (TCLP) for extraction. Metal concentration
was determined by atomic adsorption spectrophotometry. The analysis for both tuna sludge and
MSW is detailed in Table 3.

Table 3. Priority Metal Analysis for Tuna Sludge and MSW Materials

Priority Metal Abbreviation - Tuna Sludge* Msw** EPA Limits
Arsenic As 0.2 <0.1 5.0
Barium Ba 1.7 0.31 100.0

Cadmium Cd <0.008 <0.008 1.0
Chromium Cr <0.1 <0.1 5.0
Lead Pb <0.2 <0.2 5.0
Mercury Hg 0.0003 <0.0002 g
Selenium Se <0.15 <0.15 1.0
Silver Ag 0.36 <0.005 5.0

*Analyzed 8/27/91 by Evergreen Analytical, Inc., Wheat Ridge, Colorado
**Analyzed 7/15/92 by Analytical, Inc., Golden, Colorado

The results indicate that the levels of priority metals for both tuna sludge and MSW are well
below established EPA limits. Therefore, the tuna sludge and MSW do not pose a hazard or
health risk and may be disposed of like any ordinary organic waste.



3.3.3 Dewatering Potential for Tuna Sludge

As identified in the original technology assessment report (see SAND90-2804, section VI), further
dewatering of tuna sludge may be required to produce a truly high solids feed when blended
with MSW for high solids anaerobic bioconversion. In preliminary experiments, the tuna sludge
was observed to readily settle into two distinct phases following mixing at room temperature.
The terminal settling velocity of the tuna sludge is a function of this gravity sedimentation and
is important in determining the application of various dewatering technologies. A terminal
settling velocity of 1.5 mm/s was determined experimentally for the tuna sludge at room
temperature. The development of two distinct phases during gravity sedimentation was
followed through a time course of 0 to 60 min to determine the volume reduction for the solids
portion of the tuna sludge. As the data indicate in Figure 1, the majority of gravity
sedimentation occurs within the first 8~10 min. The maximum separation results in the solids
occupying approximately 55% of the original liquid volume.

A greater degree of dewatering (i.e., compaction of the solids) may be obtained by exerting
centrifugal forces on the solids in the tuna sludge. The effects of varying centrifugal forces on
tuna sludge dewatering are shown in Figure 2. A relative centrifugal force (RCF) of 2000-5000
is required to obtain the maximal dewatering possible. At these centrifugal forces (for a 5-min
residence time), the solids volume occupies only 28% of the original volume of the completely
mixed sample.

Although both gravity and centrifugal sedimentation prove effective in the further dewatering
of the tuna sludge, the commercial application of filtration dewatering was also evaluated.
Filtration dewatering of sludge is widely used in industrial applications through screw and belt
filter press systems. The filter medium may be specified with a wide range of exclusion pore
sizes. In a preliminary evaluation of filtration, and using the standard methods protocol for the
determination of filterable solids, a 1-um (nominal) glass fiber filter was used to determine
filtration characteristics of the tuna sludge. Filtration proceeded rapidly and without holdup of
the liquid phase on the filter medium. The filtered solids represented 27% of the original
volume of the well-mixed sample. To further define the utility of commercial filtration medium,
a series of calibrated pore size sieves was used to experimentally determine the particle-size
distribution of the tuna sludge. As shown in Figure 3, the majority of the solids (85%—95%) may
be removed with a filter medium with a pore size in the range of 90-100 pm. From this
experimental data, the average particle size for the tuna sludge sample was calculated to be
approximately 280 pm.

The effectiveness of the technologies evaluated for dewatering the tuna sludge is shown in
Figure 4. The results indicate that, while centrifugation was the most effective, filtration was
similar in performance; depending on the level of dewatering required, gravity sedimentation
may be equally applicable.

As a caution to the utility and implementation of these results, although the tuna sludge has a

propensity for dewatering using standard technology, the quality of the supernatant and

usefulness of this stream must not be overlooked. Following the experimental determination of

filterable solids (utilizing the 1-um glass fiber filter), the supernatant was evaluated for COD.

The COD of the supernatant was determined to be approximately 1,580 + 90 mg COD/L. These

data indicate that although the clarity and light amber color may allow the assumption of

relatively high-quality liquid, the opposite is true, and biological treatment to reduce the COD
content of the supernatant is most probably required before final disposal.



Solids Volume (% of Total Volume)

Solids Volume (% of Total Volume)

ot
=

60

40

20

0 10 20 30 40 50 60

Time (min)

Figure 1. Gravily sedimentation: tuna sludge residue

p—
()
-

80

60

40

20

(=

2 4 6 8 10 12 14 16 18 20
Relative Centrifugal Force (RCF x 1000)

o

Figure 2. Centrifugal sedimentation: tuna sludge residue

7



100

B
O 80f-
o
£
2 60[
(%))
O
S 40[
I
2 20
2
0 » _
10,000 1,000 100 10
Sieve pore size (microns)
Figure 3. Particle size distribution: tuna sludge residue
~ Concentration Factor '
4
3
2
1

Gravity settling Filtration Cenwifugation

Figure 4. Dewatering technology: tuna sludge residue



4.0 Application of Anaerobic Bioconversion Technology for
Codisposal of Tuna Sludge/MSW

4.1 Objectives

Waste conversion technology for American Samoa should include processes that encompass both
waste streams (MSW and tuna sludge); produce a useful fuel to reduce the use of imported fuel;
produce by-products that are useful or do not pose disposal problems themselves; and are
uncomplicated and stable to operate and maintain. The high solids anaerobic digestion process
may be the best overall solution to American Samoa’s waste problems.

The anaerobic digestion process has been found to be effective in reducing odors, organic
content, and further biological activity of many organic waste streams. Its primary use has been
in municipal sewage treatment. However, because these waste streams are low in solids content
(5%—8%), the reactor design most often employed is the CSTR. Economic evaluations indicate
that the high level of water (which acts as a carrier for the solids) drives the costs of the process
prohibitively high, in part because of the large reactor vessels required, high heating
requirements for large vessels, and high stirring or mixing costs. Research at the National
Renewable Energy Laboratory (NREL) has resulted in the development of an improved reactor
design that has specific applications for feedstocks or wastes that are initially low in water
content (suchas MSW). Laboratory-scale reactor systems have been successfully tested on MSW,
sewage sludges, and various forms of biomass and agricultural residues. A description of the
reactor design and process performance can be found in references 6-10.

In anaerobic biodegradation assessments, the theoretical methane yield for various feedstocks
(or wastes) tested is traditionally calculated from the feedstock COD content (8). The level of
anaerobic biodegradation is then determined by the ratio of the actual methane yield for a given
anaerobic fermentation system to the theoretical methane yield calculated from the feedstock
COD value. This ratio serves as a direct reflection of the organic carbon conversion of the
substrate added.

4.2 Biological Methane Potential (BMP) Assessment

Initial anaerobic digestibility assessments were conducted with the tuna sludge, employing the
traditional BMP protocol that uses low solids digester sludge adapted to a MSW feedstock as
the biocatalyst. The data, as shown in Figure 5, demonstrate the anaerobic bioconversion of tuna
sludge at various feed addition levels for the first 80 days of incubation (the BMP analysis was
conducted for a total incubation time of 90 days). The data indicate that when the tuna sludge
feedstock was added at volumetric loadings greater than 0.5 mL (for this assay protocol), the
anaerobic microbial consortium was initially inhibited.

The inhibition of the microbial consortium was transient, lasting from 18 to 28 days, after which
active anaerobic biodegradation occurred (denoted by cumulative biogas production above zero).
Total methane yields from the BMPg, resulted in an anaerobic bioconversion for the tuna sludge
feedstock of 89%-98% of the theoretical yields (as determined by feedstock COD content) for all
the organic loadings tested.

After information was gained from the initial BMP assay conducted with the tuna sludge
feedstock, a low solids anaerobic digester was operated on a combined feedstock of 30% tuna
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Figure 5. BMP assay: tuna sludge residue

sludge and 70% MSW (based on VS content), in order to adapt the anaerobic consortium to a
combined waste. This adapted anaerobic consortium was then utilized in further BMP assays
to evaluate the effects of increasing the tuna sludge content of the combined feedstock. The data
shown in Figure 6 indicate that the onset of anaerobic biodegradation was most rapid with the
addition of the 100% MSW feedstock; as the level of tuna sludge in the combined feedstock was
increased, the onset of anaerobic bioconversion was delayed. However, as noted above, the
results indicate only a transient inhibition in response to the changing feedstock composition,
and, on further incubation, the microbial consortium became adapted, resulting in comparable
fermentation rates. In addition, increasing the level of tuna sludge in the feedstock resulted in
a greater level of bioconversion, as shown by an increase in the total biogas production

(Figure 7).

The analysis of the effect of tuna sludge content in the combined feedstock on the resulting
methane yield (i.e., compared to the theoretical yield determined from the feedstock COD
content) is shown more graphically in Figure 8, at the completion of the 90-day incubation
period of the BMP assay. The data indicate that increasing the tuna sludge content of the
combined feedstock results in greater overall anaerobic bioconversion for the combined
feedstock, based on feedstock COD content.

4.3 Low Solids (CSTR) Digester System Results
The effects of tuna sludge addition to the MSW feedstock on the overall anaerobic bioconversion

were also evaluated using conventional laboratory-scale low solids CSTR systems. These
digesters were operated at a nominal organic loading rate of 4 g VS/Led and a retention time

10
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of 14 days. As surmunarized in Figure 9, the data indicate that the overall level of anaerobic
bioconversion is substantially enhanced when the MSW feedstock is supplemented with tuna
sludge. These results are surprising, in light of the fact that the laboratory-study-defined
nutrient solution was a result of an extensive investigation into optimizing the nutritional
requirements for robust anaerobic bioconversion (11). Without added nutrients, the overall
bioconversion of the MSW feedstock is meager. The level of anaerobic conversion of the tuna
sludge/MSW combined feedstock (50%/50%, based on VS content) obtained using the conven-
tional CSTR system was approximately 120% of that determined for the BMPg assay. This result
is consistent with our previous experience with other feedstocks and represents a continuous
adaptation to the feedstock, resulting in a more "tailored" anaerobic consortium.

4.3.1 Maximum Organic Loading Rate (OLR) for Low Solids Anaerobic Digestion

In order to accurately determine the economics for the anaerobic bioconversion of tuna sludge
and MSW wastes, the maximum organic leading rate (OLR) (i.e., maximum feedstock loading
rate) for the process must be established. The data, as shown in Table 4 and Figure 10,
demonstrate an enhanced level of overall bioconversion attained when tuna sludge is codigested
with MSW, as well as an increase in the process digestion rate. Increasing the process-
conversion rate allows for higher organic loadings to the process. A maximum OLR for
conventional low solids anaerobic digestion systems treating MSW wastes is on the order of
3.5-4.5 g VS/Led. The codisposal of MSW with tuna sludge wastes allows substantially higher
OLRs to be attained before a loss in conversion. The maximum OLR for the MSW /tuna sludge
wastes for low solids digester systems appears to be approximately 7-8 g VS/Led, which
represents a 100% increase in the process OLR. These results indicate that even a conventional
low solids digester system treating the MSW /tuna sludge waste would require only half the
normal reactor volume because of the improved process OLRs.
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Table 4. Anaerobic Bioconversion Performance for Low Solids Digester Systemns
Fed Various Feedstocks and at Increasing OLRs

Tuna
Parameter MSW Aione Sludge MSW/Nutrient Solution MSW/Tuna Sludge
Total Feed Volumes: '
MSW (g/Led) 2.86 4.29 - 2.86 4.29 571 5.71 2.86 4.29 4.29 429 5.71
Nutrient (mL/Led) _ _ _ 429 429 429 714 _ - . _ _
Tuna Sludge (mL/Led)* _ - 4?29 - o S _ 10.0 143 28.6 429 429
Total OLR _ :
MSW (g VS/Led) 1.81 2.72 - 1.81 2.72 3.63 3.63 1.81 272 272 2.72 3.63
Nutrient (g VS/Led) _ _ _ 1.00 1.00 1.00 1.66 - _ - _ —
Tuna Sludge (g VS/Led) _ _ 444 _ _ - - 1.24 0.89 2.96. 444 444
Total (g VS/Led) 1.81 2.72 444 2.81 3.72 4.63 5.29 3.05 3.61 5.68 7.16 8.07
Total COD . -
MSW (g COD/Led) 2.11 3.16 _ 2.11 3.16 421 421 2.11 3.16 3.16 3.16 4.21
Nutrient (g COD/Led) _ _ _ 1.10 1.10 1.10 1.83 _ - - _ _
Tuna Sludge (g COD/Led) _ _ 9.24 _ _ _ _ 2.32 2.14 6.16 9.24 9.24
Total (g COD/Led) 2.11 3.16 9.24 3.21 4.26 531 6.04 443 5.30 9.32 124 13.45
‘Total Biogas Production (L/Led) 0.61 0.76 431 1.29 1.71 2.09 222 1.88 - 238 4.24 5.87 5.76
Biogas Composition (% Methane) 58.9 59.0 731 63.8 62.0 61.5 654 66.5 66.8 67.0 717 712
Total Methane Production 0.36 045 3.15 0.83 1.06 1.29 1.45 1.25 1.59 2.84 4.21 4.10
(L/Led) ;
Theoretical Methane Yield
(from COD loading, L/L/«d) 0.74 1.11 - 3.23 1.12 1.49 1.86 2.11 1.55 1.86 326 434 4.71
Percent Anaerobic Bioconversion .
(% of theoretical [COD]) 48.8 40.5 97.5 73.5 71.1 69.4 68.7 80.6 85.5 87.1 97.0 87.0

*The composition of tuna sludge differed with the batch used over the extended evaluation period with respect to TS, VS, and COD.




4.3.2 Foam Limitation for Low Solids Digestion

Although further increases in the process loading rates did not result in a reduced level of
anaerobic bioconversion, the low solids systems were unstable because of foam production. The
production of foam during anaerobic fermentation at elevated process loading rates is a result
of the high sludge solids levels (8%-9%) and vigorous biogas production. Foam results when
sludge solids become entrapped in the biogas produced. With small laboratory-scale systems,
this foam may plug gas ports resulting in elevated reactor head pressures and possible vessel
failure. Therefore, because of the production of foam, the low solids digester systems are limited
to OLRs of 7-8 g VS/Led for safe operation.

4.4 High Solids Anaerobic Digestion System Results

As discussed above, the advantages of high solids anaerobic digestion includes improved process
economics through smaller reactor sizing, lower heating and mixing requirements, and the
reduction or elimination of process water treatment. The laboratory-scale (20-L) high solids
digesters used for experimentation were previously adapted to a MSW feedstock. The adaptation
to the tuna sludge/MSW feedstock was facilitated by reducing the process OLR. Although the
adaptation to the new feedstock was slow, after a 2-month period of adjustment, the fer-
mentation became robust and stable. Process stability is denoted by relatively high sludge pH
values (i.e., 7.6-8.2) and low VFA pools.

Initial fermentation data for the extent of anaerobic bioconversion were similar to those obtained
from the low solids anaerobic digester systems.

4.4.1 Maximum OLR for High Solids Anaerobic Digestion

After the initial adaptation and evaluation of fermentation performance, research to identify the
maximum OLR for the high solids process began. The adaptation of the high solids system to
increasing OLRs requires a longer time period than a comparable low solids system before
steady state data become available. Therefore, data identifying the maximum OLR for the high
solids process are incomplete at this time. Data gathered to date are detailed in Table 5 and
indicate that at organic loadings of 14-18 g VS/Led for the tuna sludge/MSW feedstock, near
complete bioconversion is obtained. These dataare compared in Figure 11 to the experimentally
derived data for the conventional low solids process (CSTR). The data indicate that at the
present high solids organic loadings tested, the high solids system may be loaded at 2-3 times
the rate of the low solids system. Additionally, when operated at 32%-35% sludge solids, the
high solids reactor system would be approximately 10%—-15% of the size of a comparable low
solids CSTR system (operated at 3%—5% sludge solids).

4.4.2 Foam Limitation for High Solids Digestion

High solids digester systems are unaffected by the consideration of foam as the low level of free
water eliminates foam production. However, although foam production is not a problem in the
operation of the high solids process, this depends on the sludge solids level. In order to
maintain a high sludge solids level, the feedstock materials must be considerably higher in
solids. For example, a feedstock solids content of 60%-75% will result in sludge solids levels of
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Table 5. Anaerobic Bioconversion Performance for Low Solids Digester Systems
Fed Various Feedstocks and at Increasing OLRs

Parameter Units Tuna Sludge/MSW Feedstock

Total Feed Volumes

MSW (g/Led) 20 20 20

Nutrient (mL/Led) . _ _

Tuna Sludge (mL/Led)* 116 35 60
Total OLR

MSW (g VS/Led) 12.7 12.7 12.7

Nutrient (g VS/Led) . . .

Tuna Sludge (g VS/Led) 1.2 3.6 6.2

Total (g VS/Led) 139 16.3 18.9
Total COD _

MSW (g COD/Led) 14.7 14.7 14.7

Nutrient (g COD/Led) - . _

Tuna Sludge (g COD/Led) 25 75 129

Total (g COD/Led) 17.2 22.2 27.6
Total Biogas Production (L/Led) 84 10.0 -11.9
Biogas Composition (% Methane) 60 64 67
Total Methane Production (L/Led) 5.04 6.40 797
Theoretical Methane Yield :
(from COD loading) (L/Led) - 6.02 7.77 9.66

Percent Anaerobic Bioconversion
(% of theoretical [COD)) : 83.7 82.4 82.5

*The composition of tuna sludge differed with the batch used over the extended evaluation period with
respect to TS, VS, and COD.

30%-35% (the practical limit for the microbial consortium). When "wet" feedstocks are added
(wet is defined here as a feedstock with a solids content of <30%), the solids level within the
reactor system may be significantly lower than the optimum level. In fact, when a significant
level of wet feedstock. is added, the sludge solids level may fall below 20%, where foam
production may again cause operational problems and limit the fermentation.

4.5 Comparative Analysis of Solids Effects on Anaerobic "Biodegradative Power"

Both low and high solids digestion systems were evaluated with respect to fermentation
performance (Table 6) and resident cellulase enzyme activities (Table 7, using a series of
detergent extractions developed by Adney, Rivard, Grohmann, and Himmel [1989] Biotech.
Appl. Biochem. 11, 387). Results indicate that in general, both low and high solids digestion
systems performed appropriately at their respective OLRs (note that the high solids system was
‘loaded at 4 to 5 times the load of the low solids system). Bioconversion, as determined from the
theoretical values for biogas calculated from feedstock COD content, indicates a 71%—85%
conversion for all systems. :
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Figure 11. Low solids versus high solids organic loadings tests

Table 6. Anaerobic Digestion Performance for Low and High Solids Digestion Systems
Fed a Combined MSW/Tuna Sludge Feedstock

Low Solids High Solids

OLR: (g VS/Led) ' 36 141 18.2

(g COD/Led) 5.3 212 27.6
Feedstock Ratio (tuna sludge:MSW) 26:74 30:70 30:70
Sludge TS (%) 3802 20.0 + 0.5 20.5 = 0.8
Sludge pH 720 - 785 7.67
Total Biogas Production: (L/g VS added) 0.659 0.676 0.595
% Anaerobic Bioconversion (based on COD) 85.5 84.3 70.9

The biodegradative power of the respective systems was evaluated with regard to the rate-
limiting step in the anaerobic conversion of the combined MSW /tuna sludge feedstock, namely
cellulose hydrolysis. To evaluate resident cellulase enzyme activities, extraction procedures that
utilize low detergent concentrations to extract active enzymes from the particulate fraction of
sludge samples taken from both low and high solids reactor systems were employed. Table 7
describes the results of individual enzymatic assays for B-D-glucosidase, endoglucanase, and
"apparent” exoglucanase. (The term "apparent” is used here in referring to the exoglucanase
activity because phosphate-swollen cellulose was substituted as the substrate in this assay in
place of Whatman #1 filter paper strips.) Enzymatic activity expressed in activity units per gram
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Table 7. Comparison of Hydrolytic Enzyme Levels for Low and High Solids Digestion Systems
Fed a Combined MSW/Tuna Sludge Feedstock '

Cellulase Activity* Low Solids High Solids
B-D-glucosidase (units/min)
(Units/mL digester sludge) 0.008 + 0.002 0.17 + 0.06 0.21 + 0.006
(Units/g digester sludge) 0.16 = 0.05 0.85 + 0.28 101 + 0.3
(Units/g VS addeded) 78 +10 12.1 +4.3 15.5 + 0.33
Endoglucanase (umol glucose released/min)
(Activity units/mL digester sludge) : 0.008 + 0.004 0.29 + 0.05 0.34 + 0.1
(Activity units/g digester sludge solids) 0.16 + 0.05 14 = 0.26 16 £ 0.5
(Activity units/g VS addeded) 76 20 20.7 + 2.6 289 + 5.6
Exoglucanase (nmol of glucose released/min) _
(Activity units/mL digester sludge) 0.007 + 0 0.07 + 0.021 0.06 + 0.004
(Activity units/g digester sludge solids) 014 +0 0.33 £ 0.11 0.31 + 0.02
(Activity units/g VS addeded) 68 +0 50+ 14 3.3 +0.22

*One unit of act1v1ty was defined as that amount of enzyme that catalyzes the cleavage of 1.0 pmol
substrate per min. All assays were performed at 37°C in triplicate.

of digester sludge solids is comparable although lower for the low solids (compared with the
high solids systems). However, the levels of enzymatic activity are significantly higher in the
high solids system when evaluated on a volume basis (i.e., per milliliter) because of the greater
level of solids in this system. When comparing the resident hydrolytic enzyme activities with
the system OLR, the levels are also comparable. Therefore, the data indicate the "biodegradative
power" as assessed by the level of hydrolytic enzyme activities (cellulases) is a function of the
total sludge solids. The high solids systems, by virtue of an increased level of solids and
therefore hydrolytic enzyme activities, are capable of higher process loading rates. Finally, by
increasing the process loading rate, the size and resulting capital and operating costs for the
system can be reduced dramatically.

4.6 Evaluation of Proposed Process Flow Designs

Research conducted to date has focused on applying the anaerobic digestion process for disposal
of the combined MSW /tuna sludge wastes generated in American Samoa. Three separate
process flow diagrams have been developed through evaluation of the fermentation research
results. These process trains include a relatively simplistic high solids digester design
(Figure 12), a process train for dewatering the tuna sludge before high solids digestion
(Figure 13), and a conventional low solids CSTR option (Figure 14). The greatest improvement
in the process application would require volume reduction of the tuna sludge prior to anaerobic
digestion by continuous centrifugation. In preliminary laboratory tests, the supernatant would
most likely require biological treatment before discharge through the ocean outfall (this ocean
outfall is currently under construction in American Samoa).
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4.6.1 Economic and Technical Evaluation of Proposed Process Flow Designs

The principal objective is to rank the three proposed process flow designs for site imple-
mentation and subsequent research efforts. Through a subcontract with an independent
engineering firm, a preliminary economic analysis will be performed on all three proposed
process designs. The analysis includes process mass flow evaluation based on full-scale
implementation in American Samoa. Economic information as to local labor rates and remote
site installation costs will be taken into account in the economic evaluation. A detailed report,
including engineering process flow diagrams and mass flow information, with detailed cost
estimates and assumptions, will be prepared. This information will be used to develop an
objective ranking of the three proposed process flow designs as a basis for determining future
efforts.

4.6.2 Analysis of Bioconversion of Filtrate from Potential Tuna Sludge Dewatering

If tuna sludge is to be dewatered prior to the high solids anaerobic digestion process (see
Figure 13), the expressed liquid (supematant or filtrate) will require biological treatment to
reduce the organic loading, and thus the pollution potential, before disposal. Several options
in reactor design may be appropriate for anaerobic treatment of this waste stream. Reactor
system examples may include fixed film, upflow sludge blanket, and draw and fill. In an initial
investigation of the anaerobic bioconversion potential for this expressed liquid, we chose to use
a conventional fixed-film reactor. The solid matrix used as a support for immobilization of the
anaerobic biocatalyst was a Celite Bio-Catalyst Carrier (Manville, Denver, Colorado). The data
shown in Table 8 demonstrate the early performance of the fixed-film reactor system after only
2 weeks of operation at a retention time of 2.4 days. Clearly, the fixed-film reactor is capable
of reducing the majority of the organics in the expressed liquid. Additionally, it is anticipated
that the level of COD reduction (anaerobic bioconversion) and the OLR (to this system) may be
further improved with ongoing adaptation of the fixed-film microbial consortium.

Additionally, the anaerobic treatment resulted in a 32% reduction in color (Figure 15). This
reduction in the filtrate color is an important parameter by which wastewaters are appraised.
These results add confidence to the integration of dewatering eqmpment to increase the TS of
the tuna sludge prior to high solids anaerobic digestion.

Table 8. Fixed-film Reactor Performance on Expressed
Tuna Sludge Liquid

VFA COoD COD
pH (mM) (mg/L) Reduction
Influent 5.48 9.3 2,430 .
Effluent 7.66 15 450 81.5%
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4.7 Residue Evaluations for Utility as a Soil Amendment

Although agriculture is not a major industry in American Samoa, a demand still exists for
fertilizers and ground cover materials for residential use (personal communication, Land Grant).
The American Samoa wastewater treatment works makes available partially digested municipal
sewage solids that are free to the public for residential landscaping purposes. Additionally, on
nearby islands (including Western Samoa), substantial agricultural industries do exist,
representing a market for fertilizers or composted (ground cover) materials.

Local demand for the process residue (anaerobic compost) is paramount to the effective
application of the high solids anaerobic treatment technology for MSW/tuna sludge wastes.
However, the local market must be carefully evaluated, especially with regard to the varied uses.
In addition to ordinary use of the anaerobic compost in residential and farm applications, this
material may be used as fill to increase level land production. Furthermore, the most pressing
need for top soil is in the operation of the island’s landfill. It is not anticipated that landfill use
will completely end with the application of the anaerobic disposal technology for MSW. Rather,
it is expected that limited use of the landfill will continue into the future. Therefore, there will
be an ongoing need for landfill cover materials in order to maintain sanitary operation and
prevent infestations of insects and rodents. The application of cover materials to the landfill also
improves the overall compaction and stability to disposal vehicle traffic.

Several studies designed to identify the potential utility and market for the process residue are
under way through a subcontract with Colorado State University’s Department of Agronomy.
These studies evaluate the local (American Samoa) market for utilization of the anaerobic
compost produced by focusing on relevant residue processing considerations and analysis, as
well as evaluations of American Samoan soil. Requirements for dewatering/drying of the
anaerobic compost to approximately 75% solids for ease of handling and transportation will be
evaluated. Additionally, the quality of the compost produced will be determined through
extensive chemical analyses, including evaluation of potential heavy metal contamination (as
identified by U.S. EPA Resource Conservation and Recovery Act [RCRA] requirements).
Research will determine the fertilizer quality of the anaerobic compost through standard
chemical assessments for components such as nitrogen, potassium, phosphate, and sulfur. Local
(American Samoa) soil will be analyzed to ascertain desirable attributes of a potential compost
for use as a soil amendment. Finally, plant growth studies, involving the use of varying ratios
of anaerobic residue to American Samoan soil, will be conducted with representative plants of
agricultural importance to this area.

4.8 Pilot-scale High Solids System Development for American Samoa

Aspects of pilot-scale development were evaluated, including site-specific application of this
technology to this remote island location. Information on the potential pilot-scale system
configuration, equipment selection, and detailed cost breakdowns was provided for inclusion in
a proposal from the government of American Samoa for this waste-to-energy (WTE) technology
development. The conceptual site plan (Figure 16) and the ability to share data from this remote
location (Figure 17) were also evaluated.
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Figure 17. Pilot demonstration unit: high solids anaerobic disposal MSW/tuna sludge control system diagram




5.0 Ongoing Research Efforts

Multiple research projects (some ongoing from FY 1992 funding [subcontracted]) are required
to rapidly bring this technology to the stage of pilot-scale demonstration in American Samoa.
Subcontracted economic and engineering assessments of three potential process flow designs and
analyses of residue quality for determination of market demand will be concluded in early
FY 1993. However, analysis of the maximum process OLR and scale-up fermentation
performance requires attention in FY 1993 to provide important information in advance of
potential pilot-scale development.

5.1 Evaluation of the Maximum Process Feed Rate for the Anaerobic High Solids Process

In order to accurately determine the process economics, engineer the pilot-scale system, and
finally develop the full-scale system for implementation, the maximum process feed rate must
be known. The OLR affects the biological system by influencing the size and operating costs of
the system, the methane fuel yield, and the quality of the anaerobic compost (residue) produced.
The knowledge of the maximum feed rate for the process allows informed operation of the
process at rates known to permit enhanced yet stable performance.

The evaluation of the maximum feed rate for the high solids anaerobic process will be
determined using one MSW and tuna sludge mixture. The composition of the combined
feedstock will be maintained at a ratio similar to that at which these waste materials are
produced in American Samoa. The process feed rate will be evaluated through stepped increases
in the organic loading of feedstock to the laboratory-scale reactor system and careful analysis of
the process conversion and stability. Process variables, such as pH, volatile organic acid pools,
biogas composition, and VS content of the residue, will be monitored. The data will be cor-
related to determine the effects of increasing process feed rate on anaerobic bioconversion
efficiency.

5.2 Intermediate Scale-up Testing of the High Solids Anaerobic Reactor System Fed the
Combined MSW/Tuna Sludge Feedstock

The proposed research focuses on the development and testing of an intermediate-scale high
solids reactor system in advance of a proposed pilot-scale system. The intermediate-scale system
to be evaluated has a 1000-L total capacity with a 750-L working volume. The scale of this
system represents a sizable advance over the laboratory reactors now in operation. This
intermediate-scale system is the largest system that is still appropriate for testing within our
NREL laboratories (high bay facility). Following fabrication of the reactor system and equipment
shakedown, the system will be operated for 8 months using the combined MSW/tuna sludge
feedstock. During this time, additional information as to the process performance, mixing
horsepower requirements, and process stability will be determined. The information gained
from the intermediate-scale reactor operation will serve to guide the development of the pilot-
scale system.
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