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Dr. Gregory D. Boardman, Chairman

(ABSTRACT)

Energy recovery from the anaerobic treatment of crab processing wastewater was
investigated. Biogas from two laboratory-scale, upflow anaerobic filters (Systems A and
B) was collected and analyzed to determine percent by volume composition of methane
(CH,), carbon dioxide (CO,), and hydrogen sulfide (H,S). Biogas produced by System
A (upflow anaerobic bed filter) produced biogas averaging 68, 28, and 1.5 % CH,, CO,,
and H,S, respectively. System A average gas production ranged from 6.3 to 15.8 liters
per day (L/d) (6.6 to 10.0 L gas/L feed) for COD reductions ranging from 11,000 to
27,000 milligrams per day (mg/d) and COD loadings ranging from 16,700 to 43,600 mg/d.
System B (upflow anaerobic packed filter) produced biogas averaging 68, 28, and 1.4 %
CH,, CO,, and H,S, respectively. System B average gas production ranged from 7.5 to
19.5 L/d (7.1 to 11.9 L gas/L feed) for COD reductions ranging from 11,700 to 28,700
mg/d and COD loadings ranging from 16,100 to 48,500 mg/d.

A pilot-scale biogas collection system was constructed to collect, treat (remove
H,S), store, and utilize the biogas produced by an anaerobic/aerobic crab processing

wastewater treatment system treating between 15 and 30 gallons per day (gpd). Biogas



was produced by a 190 gallon upflow anaerobic bed filter and a 190 gallon anaerobic
clarifier operated in series. Preliminary results indicated biogas production rates
comparable to maximum average gas production rates of the laboratory-scale systems at
approximately 10 L gas/L feed. Biogas was stored in a 120 gallon tank at up to 12
pounds per square inch (psi) following removal of hydrogen sulfide. Biogas was then
burned in a modified natural gas hot water heater to produce heated water for maintaining

the anaerobic reactors at 35°C.
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CHAPTER 1. INTRODUCTION

Concern over regulations limiting discharge levels for biochemical oxygen demand
(BOD), total suspended solids (TSS), and ammonia (NH,/NH, -N) has stimulated interest
among many small seafood processors in developing economical, efficient, and low
maintenance wastewater treatment systems. High rate anaerobic treatment was selected
for study due to its ability to reduce high levels of BOD typically found in seafood
processing wastewater, while requiring a relatively small reactor size when compared to
typical aerobic treatment systems. The decision to use anaerobic treatment also provided
an opportunity for energy recovery in the form of methane. For example, a crab
processor might use the methane to offset or eliminate current energy requirements for
boilers, automated crab cleaning equipment, lighting, heating, etc.

The crab processing wastewater treated in this study was generated by the
steaming of live blue crabs (Callinectes sapidus). Crab processing begins as live blue
crabs are received at a crab processing facility by boat or truck. The crabs are first
passed through a reel washer to remove sand, dirt, and other materials from the body of
the crab. The crabs exit the reel washer and are immediately collected in large perforated
metal baskets. Three baskets, containing approximately 1,200 pounds (Ibs) of live crabs,
are then stacked in a retort. The crabs are then steamed at 15 pounds per square inch
gauge (psig) and 120°C for 10 to 15 minutes. Approximately 50 gallons of crab
processing wastewater, with a chemical oxygen demand (COD) from 9,300 to 33,700

milligrams per liter (mg/L), is generated per 1,200 lbs of live crabs (Diz and Boardman,



1994). The typical crab processor performs 6 to 20 cooking cycles per day, which yield
400 to 1,000 gallons of crab cooker wastewater (Boardman et al., 1993).

The generation of energy, while degrading the vast quantities of organic waste
material generated in today's society, make anaerobic treatment very promising as not
only a means of organic waste stabilization, but also as an alternative energy source. The
stabilization of organic materials in an anaerobic environment and the subsequent use of
the methane by product is by no means a recent development. Anaerobic treatment dates
back as far as 100 years. Cameron of Exeter, England constructed a tank he called a
"septic tank" which provided preliminary treatment for approximately 60,000 gallons of
wastewater per day. The methane gas produced was used for heating and lighting at the
treatment facility (McCarty, 1982¢). One hundred years later, anaerobic treatment for the
sole purpose of producing methane, is still not economically feasible with existing prices
for fossil based fuels (Frank and Smith, 1993b).  This includes the operation of "energy
farms" dedicated to growing biomass feedstocks such as Sorghum, Pennisetum, and
Succharum species for anaerobic methane production (Frank and Smith, 1993a). Biogas
production may, however, be economical when it is a by-product of another process, such
as waste treatment (Frank and Smith, 1993b). Modern day wastewater treatment plants
often collect and utilize the biogas produced by the anaerobic digestion of sludge.

This study focused on collection, analysis, treatment, storage, and utilization of
biogas generated by the anaerobic treatment crab cooking waters. Thus, this research was
divided into two overlapping phases. Phase I consisted of the collection and

characterization of biogas derived from the laboratory-scale, anaerobic treatment of crab



processing wastewater. The primary goal of Phase I was to determine the relative
composition of the biogas in terms of percent by volume CH,, CO,, and H,S, as well as
the volume of biogas generated. Phase II consisted of constructing a pilot-scale biogas
collection, treatment, storage, and utilization system linked to an anaerobic biological
treatment system treating crab processing wastewater. The goal of Phase II was to
determine if a biogas system could be constructed and operated so as to be economical

and practicable for the crab industry.



CHAPTER 1. LITERATURE REVIEW

Anaerobic Treatment

Anaerobic treatment is a biological process whereby complex organic compounds
are broken down into simple molecular components followed by the subsequent
production of methane and carbon dioxide. Anaerobic treatment involves a very complex
ecosystem made up of a variety of anaerobic microorganisms. (Figure 1)

The first stage of the anaerobic treatment process involves the hydrolysis of
complex organic compounds (i.e. carbohydrates, proteins, lipids) into simple organic
compounds (i.e. sugars, amino acids, fatty acids). Fermentative bacteria are responsible
for this stage. The fermentative bacteria produce enzymes capable of hydrolyzing
complex organic materials and producing simple materials which can be further
assimilated by the bacterial cells (Novaes, 1986).

The second stage involves the conversion of these simple materials to hydrogen
(H,), carbon dioxide (CO,), acetate, and longer chain fatty acids by the anaerobic bacteria
called acidogens. In the third stage, the long chain fatty acids are converted into acetate,
H,, and CO, by the acetogens, also referred to as H,-producing or proton (H") reducing
acetogenic bacteria. Homoacetogenic bacteria, a special group of acetogenic bacteria,
convert a portion of the H, and CO, to acetate (Novaes, 1986).

In the final stage, the substrates produced in the second and third stages are

consumed by the methanogenic bacteria. Carbon dioxide is reduced to CH, by the CO,
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Figure 1. Stages of anaerobic treatment and gas production (Anderson, 1982).



reducing methanogenic bacteria. Acetate is decarboxylated to CH, and CO, by the
acetoclastic methanogenic bacteria.
Methane Production Pathways

CO, reducing methanogens. Most methanogens are capable of utilizing H, to
reduce CO, to CH, as follows (Thauer et al., 1993):

4H,+ CO, — CH,+2H,0 m
Of the five orders of methanogenic bacteria in the proposed taxonomy, four

consist mainly of species that can utilize H, and CO,. The hydrogen and carbon dioxide
are generally produced by other anaerobic bacteria such as the acidogens and acetogens,
with the hydrogen being quickly consumed by the methanogens. Hydrogen is typically
the electron donor for the reduction of CO, to CH, as shown in reaction [1]. However,
formate can also be used as an electron donor for CO, reduction. (Boone et al., 1993)

Acetoclastic methanogens. The other main route of methane production is acetate
degradation by acetoclastic methanogens. Acetate is cleaved, with the carboxyl group
being oxidized to CO, and the methyl group being reduced to methane. Acetoclastic
methanogenesis can be represented as follows (Karhadkar ez al., 1987):

CH,COOH —» CH, + CO, [2]

Methylotrophic methanogens. Methylotrophic methanogens are a broader group
of methanogens, including those that decarboxylate acetate, that produce methane from
compounds containing methyl groups. The methyl groups from compounds such as
methanol, trimethylamine, and dimethyl sulfide are reduced to methane. Hydrogen is

often the electron donor for this reaction. (Keltjens and Vogels, 1993)



Mesophilic vs. Thermophilic Treatment

Anaerobic treatment is typically divided into two temperature regimes: mesophilic
and thermophilic. The mesophilic range is generally considered from 85 to 100°F, or
approximately 30 to 40°C. The thermophilic range is generally considered from 120 to
135°F, or approximately 50 to 60°C. (McCarty, 1964b) The higher temperatures of the
thermophilic range allow for higher loading rates than the mesophilic temperatures and
generally result in increased organic stabilization for similar loadings and retention times
(Harmon et al., 1993; Chynoweth and Isaacson, 1987). Disadvantages of operating in the
thermophilic range include a narrower optimum temperature range, as well as the
additional energy required for maintaining high system temperatures (Chynoweth and
Isaacson, 1987).
Advantages and Disadvantages of Anaerobic Treatment

Anaerobic treatment offers several advantages over conventional aerobic treatment.
Sludge production is significantly reduced due to the lower cell yield inherent under
anaerobic conditions (McCarty, 1964a; Parkin and Speece, 1983; Anderson et al., 1977).
Higher cell growth in aerobic systems represents a transfer of organic waste material to
cellular material without stabilization. However, anaerobic systems transfer a large
portion of the waste material to methane gas. This results in 80 to 90 % stabilization
rates for anaerobic systems compared to approximately 50 % for aerobic systems
(McCarty, 1964a). Lower cell yield also translates into lower nutrient requirements for
anaerobic treatment systems (McCarty, 1964a; Parkin and Speece, 1983). Another

advantage of anaerobic treatment is the absence of a need for energy for oxygen transfer.



In addition, anaerobic treatment produces energy in the form of methane gas (McCarty,
1964a; Parkin and Speece, 1983). Anaerobic treatment systems are capable of
maintaining a viable cell population even after prolonged periods of zero loading, while
aerobic systems will typically require reseeding (McCarty, 1964a; Anderson et al.,1982).

Two main disadvantages are associated with anaerobic treatment.  One
disadvantage is the relatively slow growth rate of methanogens. The slow cell growth
results in longer start-up times (when seed sludge is not available), susceptibility of
systems to upsets caused by shock loadings and toxicants, and fluctuations in temperature.
This disadvantage can be overcome in many situations by careful control of bacterial
solids retention time (Parkin and Speece, 1983). Another disadvantage of anaerobic
treatment is the requirement for maintaining relatively high temperatures necessary for
efficient system operation (McCarty, 1964a).

Conversion of waste organic matter to a source of energy (i.e. biogas) is perhaps
the most attractive of the advantages associated with anaerobic treatment. Biogas is a
mixture of CH, and CO,, with small amounts of H,S (Stafford, 1980). The CH, content
ranges from 50 to 80 % by volume (Camargo, 1986; Wise, 1981; Stafford er al., 1980;
Rohlich et al., 1977; Auerbach, 1973; Gunnerson and Stuckey, 1986; Orth, 1982). The
remainder of the biogas is primarily CO,. Hydrogen sulfide also may be present in
amounts ranging from 0.1 to 5 % or higher (Soto and Lema, 1991; Wheatly, 1980).
Biogas will produce a stable blue flame and can be burned in most gas burning
appliances (i.e. generators, boilers, hot water heaters, internal combustion engines) with

little or no modification (Rohlich et al.,, 1977, Auerbach, 1973; Fredericks and Boll,



1980). The CH, content of the biogas is the sole contributor of calorific value (i.e.
heating value).

A mixture of 60 % CH, and 40 % CO, has a calorific value of approximately 600
British thermal units per cubic foot (Btu/ft’) at 25°C and atmospheric pressure, as
compared to 978 Btu/ft’ for pure CH,. Natural gas is comprised of 97-98 % CH, with
propane and butane as the balance; resulting in a calorific value of approximately 1,000
Btu/ft’ (Dehart, 1995). Upon combustion, H,S can form sulfur dioxide and sulfur
trioxide, which can then react with moisture to form sulfuric acid resulting in damage to
burner assemblies or engine parts. If the gas is used in engines, removal of H,S has been
suggested when concentrations exceed from 0.25 to 0.7 % to prevent corrosion (Rohlich
et al., 1977). Some suggest concentrations of not more than 1 % are acceptable (Dohne,
1980). Specific manufacturers generally set limits for H,S. Removal of H,S may be
advisable regardless of the way the gas is used because of its extremely toxic nature
(Dohne, 1980). Removal of CO, will increase the heating value per unit volume of the
gas. However, economics of CO, removal must be considered on a case by case basis.
Carbon dioxide removal is generally only required when the gas is intended for use in a

public supply system (Dohne, 1980).

Gas Scrubbing

Caustic Scrubbing

Caustic scrubbing can be used to accomplish removal of both CO, and H,S from



biogas. Sodium hydroxide (NaOH), potassium hydroxide (KOH), and calcium hydroxide
(Ca(OH),) are commonly used for this purpose. Carbon dioxide is removed in carbonate
forming reactions as follows:

2NaOH + CO, — Na,CO, + H,0 [3]

Na,CO, + CO, + H/O = 2NaHCO, [4]
Extending contact time will also result in the removal of H,S by the carbonate formed in
reaction [3] as follows (Rohlich, 1977):

H,S + Na,CO, — NaHS + NaHCO, [5]
Caustic Scrubbing can be very costly for small systems not capable of regenerating the
spent caustic solutions.
Water Scrubbing

Water scrubbing can be used for the removal of CO, This process takes
advantage of the solubility of CO, in water. This process does have disadvantages.
Water requirements are high (i.e. 24.2 gallons of water per 2.45 ft’ of CO, at 20°C and
1 atmosphere). Increased pressures and decreased temperatures will increase the solubility
of CO, in water, thereby increasing CO, removal efficiency. However, increased
pressures will also lead to corrosion problems in compressors. In addition, the acid water
may pose a disposal problem. (Rohlich, 1977)
Monoethanolamine Process
The monoethanolamine (MEA) process is widely used in the natural gas industry

for the removal of both CO, and H,S from natural gas (Stafford ez a/., 1980). The gas

is forced upward through a packed tower against a countercurrent flow of aqueous low

10



temperature MEA. Carbon dioxide and hydrogen sulfide are absorbed by the MEA
solution. The contaminated MEA solution is then passed through a stripping tower where,
upon heating, the CO, and H,S are released.
Iron Sponge
The use of "Iron Sponge" is a relatively simple and economical method for the

removal of H,S from biogas (Connelly GPM, 1994). "Iron Sponge" consists of hydrated
iron oxide (Fe,O,* H,0), wood fiber, soda ash (Na,CO,), and limestone prior to use. The
reaction effecting the removal of H,S from biogas 1is as follows:

Fe, 0, H,O + 3H,S — Fe,S; + 4H,0 + heat [6]
The hydrated iron oxide reacts with H,S under slightly alkaline conditions (pH 8-9) to
produce ferric sulfide (Fe,S,), water and modest heat. The spent "Iron Sponge" is
regenerated as shown in reaction [7].

2Fe,S, + 30, + 2H, O — 2Fe,0,»H,0 + 6S + heat [7]
Ferric sulfide, in the presence of oxygen and sufficient moisture, is converted back to iron
oxide with the evolution of elemental sulfur and significant heat. The life of the "Iron
Sponge" 1s usually limited to a single regeneration and reuse, as the efficiency of the
sponge decreases with increasing amounts of elemental sulfur (Connelly GPM, 1994).

The removal of H,S under neutral to slightly acidic conditions is undesirable

because of the formation of ferrous sulfide (FeS) shown in reaction [8].

Fe,0,» HO + 3H,S — 2FeS + S + 4H,0 + heat (8]
The ferrous sulfide can also be converted back to hydrated iron oxide as shown in

reaction [9].
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4FeS + 30, + 2H,0 — 2Fe,0,*H,0O + 4S5 [9]
However, at the elevated temperatures generated by the reaction of iron oxide with
hydrogen sulfide, ferrous sulfide is converted to iron disulfide (FeS,), as shown in reaction
[10].
FeS + S —  FeS, [10]

Iron disulfide is inert and not reoxidized to iron oxide. Ferrous sulfide will also create
acidic conditions in the presence of water. The addition of a soda ash and water mixture
to the "Iron Sponge" during the operation and regeneration of the sponge will help to
prevent this condition. Slaked lime (Ca(OH),) addition is not recommended because of
reaction with CO,, rendering the slaked lime inactive as calcium carbonate. (Stafford,
1942a)

Several factors affect the life of the "Iron Sponge". Various grades of sponge are
available; from a CH grade with approximately 9 pounds of dry basis Fe,O, per bushel
(1 bushel = approximately 1.25 ft* loose or 1 ft’ installed) to a Cl grade with
approximately 15 pounds of Fe,O, per bushel (Taylor, 1956b). The denser grades
typically result in a slightly longer time between revivification (Taylor, 1956c).
Continuous versus periodic regeneration of the "iron Sponge" has a significant effect on
the overall capacity of the sponge remove sulfur from the gas. Continuous regeneration
1s accomplished by the addition of enough air (three percent) to supply a few tenths of
a percent oxygen to the sponge to catalyze the transformation of Fe,S; to Fe,O, with
liberation of elemental sulfur. Continuous regeneration of the CH grade sponge can result

in as much as 22.5 pounds of sulfur removed per cubic foot of sponge compared to five

12



pounds of sulfur removed per cubic foot of sponge without continuous regeneration.
(Taylor, 1956d)
Membrane Separation

Carbon dioxide and hydrogen sulfide can also be separated from the methane
component of biogas using membrane separation processes (Wise, 1981). These processes
rely on the different diffusion speeds of CH,, CO,, and H,S through a membrane.

Membrane separation often requires gas pressurization of 350 to 400 psi.

Nutnient Limitations

Nutrient limitations can have a wide range of effects on the microbial population
in an anaerobic treatment system. Nutrient limitations can slow cellular growth, lower
treatment efficiency by limiting substrate utilization, and halt cellular growth completely;
all resulting in a decrease or cessation of methane production (Chynoweth and Isaacson,
1987). Nutrient requirements for methanogens include (decreasing order of importance):
nitrogen, sulfur, phosphorus, iron, cobalt, nickel, molybdenum, selenium, riboflavin, and
vitamin B,, (Speece, 1985).

The nutrients of most importance are nitrogen, sulfur, and phosphorus. Ammonia
appears to be a source of nitrogen for all methanogens. Most methanogens use sulfide
as a sulfur source, while some can utilize cysteine. (Takashima and Speece, 1990)
Understanding the nutrient limitations of the methanogens will not necessarily result in

a "healthy" anaerobic treatment system. A nutrient that is limited for other anaerobic

13



microorganisms in the system, such as the acidogens and acetogens, will directly affect
the methanogens, resulting in system upset (Chynoweth and Isaacson).

The relative amounts of carbohydrates, proteins, and fatty acids in the waste being
treated will ultimately increase or decrease cell production, hence have an effect on
possible nutrient limitation. The synthesis of new cells from a high carbohydrate waste
is much greater than cell synthesis from a high protein or fatty acid waste. This
relationship is shown in Figure 2. The higher cell synthesis from the high carbohydrate
waste will increase the chances of a nutrient limitation as greater numbers of cells

compete for existing nutrients.

Ammonia Inhibition

Significant levels of total ammonia are typically present when wastes containing
a high proportion of proteinaceous material are anaerobically degraded. The amount of
protein in the waste being treated, in addition to the pH in the anaerobic reactor,
contribute to the overall effect that ammonia will have on the anaerobic system.
Ammonia will be present in the anaerobic environment as either ammonium ion (NH,")
or as dissolved ammonia gas (NH;). The relative concentration of each depends on the
pH. Ammonium ion and ammonia gas will be in equilibrium based on the following
equations:

NH,” = NH, + H [11]

14
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K, = _[H'][NH,] [12]
[NH,']

For a K, = 1.13E-9 at 35°C, the free ammonia (NH,) concentration will be approximately
0.1, 1, and 11 % of the total ammonia (NH, + NH,") concentration at a pH equal to 6,
7, and 8, respectively (Anderson er al., 1982). According to McCarty (1964c), "The
ammonia gas is inhibitory at a much lower concentration than the ammonium ion." The
pH range from 6.6 to 7.6, considered acceptable for stable operation of anaerobic
systems, favors the less toxic ammonium 1on (McCarty, 1964b).

Total ammonia concentrations of from 1,500 to 3,000 mg/L at pH values above
7.4 to 7.6 may result in NH, concentrations that can become inhibitory. At total ammonia
concentrations above 3,000 mg/L, inhibition can occur regardless of pH, because of NH,"
toxicity (McCarty, 1964c). Sathananthan (1981) reported no inhibition at pH 7 and total
ammonia concentration of 7,000 mg/L, indicating possible acclimation to the ammonium
ion.  Sathananthan (1981) also reported inhibition at pH 7.5 and total nitrogen
concentrations of between 2,000 and 3,000 mg/L and inhibition at free ammonia
concentrations of greater than 80 mg/L regardless of pH. McCarty and McKinney (1961)
reported failure of acetate utilizing methanogens at free ammonia concentrations
exceeding approximately 150 mg/L as N. Parkin ez al. (1983) reported acclimation of a
submerged anaerobic filter to a maximum level of 6,000 mg/L NH,"-N at pH levels not
exceeding 7.5.

Velsen (1979) reported acclimation of a digested sewage sludge to an ammonia

nitrogen concentration of 5,000 mg/L following a 50 day lag period. In addition, results

16



with the same digested sewage sludge indicated a threshold level between 1,210 mg/L and
2,360 mg/L, supporting the results of Melbinger and Donnellon (1971) who reported
ammonia nitrogen inhibition at concentrations above 1,700 to 1,800 mg/L. when the
ammonia nitrogen concentration increased faster than the acclimation of the methanogens.
Soto et al. (1991) reported acclimation of a mesophilic sludge to fish canning wastewaters

with ammonia concentrations reaching 4,000 mg/L, only after 38 days of adaptation.

Sulfide Inhibition

The presence of sulfurous compounds, such as sulfate and sulfite, in wastewaters
can have an inhibitory effect on the anaerobic treatment process. In addition to sulfate
and sulfite, the presence of sulfur containing organic compounds can contribute to the
overall sulfur levels when these compounds are anaerobically degraded. Sulfur reducing
bacteria utilize sulfate (SO,”) as an electron acceptor in the oxidation of hydrogen and
acetate;, the same substrates utilized by the methanogens. The reduction of sulfate to
hydrogen sulfide yields more energy than that derived by the methanogens in the
reduction of carbon dioxide and acetate decarboxylation, and is therefore favored

[equations 13 - 16].

Methanogenesis:
CO, + 4H, — CH, + 2H,0 ; AG=-135kJ [13]
CH,COOH —» CH, + CO, ; AG=-285KkJ [14]

17



Sulfate Reduction:
SO, + 4H, —» HS + 2H,0 + 20H ; AG=-154kJ [15]

SO,” + CH,COOH — H,S + 2HCO, ; AG=-43kJ [l6]

Hence, theoretically sulfate reducing bacteria will outcompete the methanogens
(Karhadkar et al., 1987, Anderson et al., 1982; Sarner et al., 1988; Velsen, 1979).

Parkin ef al. (1983) reported inhibition of unacclimated batch systems by 50 mg/L
S*. McCarty (1964c) stated that up to 200 mg/L soluble sulfides can be tolerated in
continuous systems with acclimation, while concentrations exceeding 200 mg/L are toxic.
Rinzema and Lettinga (1988) reported stable granular sludge anaerobic degradation of
propionate in the presence of excess sulfate at total sulfide concentrations of 700 mg/L,
as long as H,S was kept below 100 mg/L S. Soto ef al. (1991) investigated H,S toxicity
in the anaerobic treatment of fish canning wastewater. They reported an inhibition
threshold of H,S at 40 mg/L S (1.5 % H,S in the gas phase) and an increase to 50 %
inhibition at 133 mg/L S (5 % H.,S in the gas phase) at pH 7.0 to 7.2.

Therefore, there is evidence supporting two mechanisms of inhibition of
methanogenesis due to hydrogen sulfide formation: indirect inhibition of methanogenesis
due to competition between the methanogens and sulfur reducing bacteria for the same
substrates, and direct inhibition of methanogenesis due to the action of soluble sulfides
on cellular functions.

Karhadkar et al. (1987) attempted to determine if inhibition is caused by

competition for substrates and/or by sulfide inhibition of cellular functions. They reported

18



greater total methane production in batches with 40 and 80 mg/L sulfide as S added
compared to a control (< 5 mg/L sulfide as S), indicating that sulfide is growth limiting
below a certain concentration. Increasing inhibition was observed in batches with 160
mg/L (as S added) and greater sulfide concentrations. Batches with sulfate added showed
no inhibition at up to 5,000 mg/L sulfate, reportingly ruling out the possibility of
competition for substrates. Karhadkar also reported 20 mM molybdate caused inhibition
to both sulfate reduction and methanogenesis.
Soluble sulfides will exist in their various forms in solution based on pH as
expressed in reactions [17] and [18] and in Figure 3.
HS = HS + H [17]
HS = S$* + H [18]
For the typical range of pH involved in anaerobic treatment, reaction [18] is displaced to
the left and S* is negligible. Therefore, reaction [17] is of greater importance, with the
relative amounts of HS™ and H,S being dependent on pH.
Soluble H,S will be in equilibrium with H,S in the gas phase according to Henry's
law as shown in reaction [19].

H,S

2Mgas
[19]
HS, = HS + H'

Increased gas production will shift the equilibrium to the left, as the partial pressure of
H,S in the gas phase drops, thus, increasing the transfer of H,S from the liquid to gas
phase. This equilibrium relationship is the basis for a H,S toxicity reduction procedure

in which gas is removed from the reactor, washed to remove H,S, and returned to the
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reactor (Sarner ef al., 1988). This method promotes the removal of the reportedly toxic
unionized H,S from the liquid phase , thereby reducing sulfide inhibition (Rinzema and

Lettinga, 1988).

Gas Production

The volume of CH, produced by anaerobic treatment of organic waste is directly
related to the degree of waste stabilization achieved. As stated by McCarty (1964a)
"_..the ultimate oxygen demand of the waste being degraded is equal to the ultimate
oxygen demand of the methane gas produced. The ultimate oxygen demand of methane
1s given by reaction [20].

CH, + 20, - CO, + 2H,0 [20]
Two moles of oxygen is required to completely oxidize one mole of methane to carbon
dioxide and water. As stated above, the converse of this 1s also true. In other words, if
the amount of stabilization achieved, in terms of COD reduction of the waste , is known,
an estimate of the methane production can be made. Theoretically, one gram of COD
reduced will produce 350 ml of CH, at standard temperature and pressure (STP) (STP:
0°C, 1 atmosphere) based on reaction [20]. This is equivalent to 5.62 ft’ of methane per
pound of COD stabilized. In the same manner, if the volume of methane produced is

measured, the theoretical degree of waste stabilization can be calculated.
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Gas Storage

Biogas is typically stored in one of three pressure ranges: low pressure storage
(0 to 60 inches of water column) (Stafford e al., 1980; Dohne, 1980; Hobson et al,
1981; Ru-Chen, 1982), medium pressure storage (100 to 350 psi) (Stafford ef al., 1980,
Dohne, 1980; Hobson et al., 1981), and high pressure storage (2,000 psi and up) (Dohne,
1980; Hobson ez al., 1981).

Low Pressure Gas Storage

Low pressure gas storage includes the following types: fixed dome, floating cover,
and membrane type storage devices (Gunnerson and Stuckey, 1986; Ru-Chen 1982).

Fixed dome. The fixed dome reactor allows the gas pressure to increase within
the reactor headspace, thus displacing a portion of the reactor contents into an elevated
effluent chamber. An example of the fixed dome type reactor is shown in Figure 4a. The
effluent chamber is typically designed to allow the liquid level to reach a maximum of
1.0 to 1.5 meters (m) (40 to 60 inches (in.)) above the liquid level in the reactor, thereby
allowing for a gas pressure from 1.0 to 1.5 m (40 to 60 in.) of water column pressure.
(Ru-Chen, 1982)

Floating cover. The floating cover reactor consists of two major parts. The
reactor walls and bottom are typically constructed of brick or concrete. The reactor cover
is made from materials such as steel, polyethylene, and fiberglass. As gas 1s produced,
the cover slides upward on a central guide or on vertical channels constructed along the

reactor walls. An example of the floating cover reactor is shown in Figure 4b. The gas
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pure water

membrane digester cover

Figure 4. Low pressure gas storage in anaerobic digestion (Ru-Chen, 1982).
a. Fixed dome reactor
b. Floating cover reactor
¢. Membrane gas holder reactor
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pressure is determined by the force required to lift the cover; namely, the weight of the
cover itself. However, additional control of gas pressure can be attained by using a
weight and pulley system to increase or decrease the weight of the cover (Stafford et af.,
1980). The floating cover type reactor typically stores gas at pressures of 2 to 35
centimeters (cm) (0.8 to 14 in.) of water column pressure (Ru-Chen, 1982). A slight
variation of the floating cover is shown in Figure 4b. The reactor is of the fixed dome
type. The gas is transported to a separate gas holder that is based on the floating cover
type reactor where water takes the place of the reactor contents.

Membrane storage devices. There are two basic types of gas membrane storage
devices (Gunnerson and Stuckey, 1986, Ru-Chen, 1982). One employs a flexible and
impermeable membrane cover that is attached directly to the top of the reactor as shown
in Figure 4c. The other type consists of a storage balloon connected by a gas line to the
headspace of a fixed dome type reactor. The membrane is allowed to inflate as gas is
produced. Once full, the pressure within the membrane is typically allowed to increase
to only 2 to 3 cm ( 0.8 to 1.2 in.) of water column pressure. The ultimate pressure is
controlled using gas pressure relief valves (Ru-Chen, 1982). Operating pressures
approaching 40 cm (16 in.) of water column have been used with a Norprene coated
nylon fabric bag in Taiwan, China (Gunnerson and Stuckey, 1986).

Medium Pressure Gas Storage

Medium pressure gas storage involves compressing biogas to pressures from 100

to 350 psi in commercially available tanks. Compression of biogas can result in corrosion

of compressors due to H,S, NH,, and CO, as these biogas components react with moisture
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in the biogas. Corrosion problems are aggravated with increasing pressures. Therefore,
gas scrubbing is recommended prior to compression of the gas to medium range pressures
(Hobson ez al., 1981). When compressing the gas, the energy requirements of the
compression must be considered against the energy value obtainable from the gas itself.
Another disadvantage of compression is related to the pressure of gas required by gas
burning devices. The pressure of the stored gas must generally be reduced using a
pressure reducer/regulator device prior to the point of use. An advantage of compression
lies in the ability to store large volumes of gases in relatively small tanks consuming
relatively little space.

High Pressure Gas Storage

High pressure gas storage (2,000 psi and up) is almost entirely reserved for very
large biogas production facilities and specialized uses (Hobson ef al., 1981). The biogas
must be scrubbed and dried to produce relatively pure methane gas in order to avoid
corrosion problems. Again, as with medium pressure compression, costs of specialized
equipment (heavy cylinders, appropriate gas safety devices, pressure gauges, pressure
reducing devices, etc.) and handling related costs, along with energy requirements, must
all be considered.

High pressure gas storage is most frequently used for special applications which
require large volumes of gas in small spaces. An example of this is the use of purified
biogas for fueling methane powered vehicles (Lapp et al., 1974). Cylinders with gas
compressed to in excess of 2,500 psi are stored on the vehicle and used to power the

engine which has been designed or adapted to burn methane gas. The high pressures are
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necessary to provide an adequate supply of methane (in a confined space) which will
enable reasonable travelling distances between refuelings. High pressure gas cylinders
are also sold to specialty gas suppliers who sell and distribute the gas cylinders to
laboratories (Hobson et al., 1981).

Liquefaction of the methane component of biogas is not practical for small scale
systems. Liquefaction of methane requires a temperature of -82.5°C (181°F) and a

pressure of 46 atmospheres (676 pst).

Biogas Utilization

Biogas Handling and Safety Devices

Biogas utilization systems require various devices for safe and efficient operation.
Notwithstanding equipment associated with the type of gas storage (low, medium, high
pressure) and the extent of gas treatment (removal of H,S and/or CO,), all biogas
utilization systems should include the following devices where appropriate:

* Condensate trap

» Flame trap (Flame arrester)

» Pressure relief valve

» Pressure regulator

® Check valve
This list is not meant to be all inclusive. Individual systems may require additional gas
handling equipment for specific applications. This list does include those devices highly

recommended for all biogas utilization systems (Rohlich, 1980; Fredericks and Boll, 1980;

Price and Cheremisinoff, 1981; Fry, 1974).
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Condensate traps are typically installed at low points in the gas collection and
utilization system. Water condenses in gas lines as the biogas cools. Condensate traps
allow for the removal of this water enabling the gas to flow freely through the system and
preventing ice from forming in colder environments.

Flame arresters are extremely important safety devices. The flame arrester
prevents flames from travelling back through gas lines from a point of gas ignition to a
point of gas storage. Flame arresters should be installed prior to any point where gas is
in contact with and open flame or the possibility of gas ignition exists.

Pressure relief valves are necessary to maintain safe operating pressures within the
system. The possible build up of unsafe pressures due to blockages in the gas lines
caused by particulate matter, condensate, and/or ice, can be prevented by the strategic
placement of pressure relief valves.

Check valves prevent gas from flowing backwards through the gas collection and
utilization system to the anaerobic reactor(s). Check valves are particularly important
when the gas is pressurized. The check valve acts as a safety device which helps to
maintain pressure differences in the gas system should a pump or compressor fail.

Pressure regulators, or pressure reducers, are typically used at the point of gas
usage. The regulator maintains a constant delivery pressure required by gas burning
devices. This allows for the direct use of gas stored at pressures exceeding the pressure
required by the gas burning device.

Additional Safety Precautions

In addition to the safety and control devices described above, additional safety
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precautions should be taken prior to and during the operation of a biogas collection and
utilization system. At the initial start-up of the anaerobic reactor, the reactor headspace,
gas lines, and gas storage equipment will contain air. Methane is explosive when mixed
with air in proportions of 5 to 15 % by volume. The range of the explosive limits
narrows with increasing amounts of inert gas, such as carbon dioxide and nitrogen as
shown in Figure 5 (Zabedakis, 1965). The range increases with increasing pressure and
temperature.  For this reason, it is recommended that the system be purged of air
(Rohlich, 1977, Fry, 1974). This can be accomplished in a variety of ways. The air can
be purged from the system by allowing the biogas being generated to displace the air.
A sample of gas can then be taken and analyzed to determine if the gas is of sufficient
quality to burn. The system can also be flushed with an inert gas (i.e. N,).

A positive pressure should be maintained in all gas lines to prevent air from
infiltrating the system, resulting in an explosive mixture of methane in air (Fry, 1974).
The entire system should be checked for leaks prior to operation. This can be
accomplished by pressurizing the system with an inert gas such as nitrogen. Soapy water
1s then applied to areas that may leak. A vigorous bubbling action is evidence of a leak
(Auerbach, 1973).

Adequate ventilation around all gas lines and equipment is necessary to prevent
the accumulation of gas in the event a leak should occur (Rohlich, 1977; Fry, 1974).
Ventilation should be provided at both floor and ceiling level to allow for the ventilation
of heavier-than-air and lighter-than-air gases, respectively (Fry, 1974). Gas burning

equipment should be located separately from the anaerobic reactor and gas collection
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Figure 5. Effect of inert gases on the flammability range of methane/air mixture
(Zabedakis, 1965).
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equipment to minimize the possibility of a gas build-up near an open flame or other
source of ignition (Fredericks and Boll, 1980).
Biogas Utilization Systems

Typical collection and utilization flow diagrams are shown in Figures 6 through
9. These diagrams show the use of the gas handling and control devices discussed
above, as well as other gas handling devices found in biogas utilization systems. The
system shown in Figure 7 consists of a 270 m’, glass-fiber, reinforced polyester reactor
with a floating gas cover. The system is fed fresh manure from 1700 pigs. The floating
cover holds from 50 to 100 m’ gas at a pressure of 0.015 bar. Gas production is
approximately 250 m*/d. Gas is used to power two 15 kilowatt (kW) generators. The
total investment for the system was $84,000 (1979), with an estimated running cost of
$2,000 per year (1979). The generators produced 135,000 kilowatt-hours per year
(kWh/yr) of electricity, of which 100,000 kWh/yr was used on-site, while 35,000 kWh/yr
was sold to a public grid for a total value of $6,300 (1979).

The system shown in Figure 8 consists of two 200 m® concrete block reactors with
flexible PVC gas covers. The system is fed manure from 150 cows. Each PVC cover
holds 120 m’ gas. Gas production is approximately 300 m*/d. Electricity is produced
from the gas using a modified 40 kW diesel engine and an A/C generator. The total cost
of the system was $96,000 (1979) with an estimated running cost of $2,000 per year
(1979). The total value of the electricity used and sold (160,000 kWh/yr) was $7,300 per
year (1979).

The system shown in Figure 9 consists of two 180 m’ precast concrete reactors
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{. MANMOLE COVER

2.HANDHOLE COVER

3.COVER POSITION INDICATOR
WITN HI-LOW ALARM

4.SEDIMENT & ORIP TRAP ASSEMSBLY

8. COMPRESSOR

6. FLANE TRAP ASSEMBLY

7. GAS PURIFIER

8. ORIP TRAP

9. PRESSURE REGULATOR

10. CHECK VALVE

11. SEDIMENT & DRIP TRAP ASSEMBLY

12.FLAME TRAP ASSEMBLY

I3.PRESSURE REGULATOR

14. FLAME TRAP ASSEMBLY

18. PRESSURE REGULATOR

18. METER

{7. CHECK VALVE

18. THREE UNIT MANOMETER

19. WASTE GAS BURNER

20. FLAME TRAP

21. PRESSURE RELIEF AND
FLAME TRAP ASSEMBLY

Figure 6. Typical flow and installation diagram (Price and Cheremisinoff, 1981).
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with flexible PVC gas covers each holding a maximum of 80 m’. The system is fed fresh
manure from 96 cows and 600 pigs. Gas production is approximately 350 m’/d. Two gas
fired boilers are powered by biogas. The total cost of the system was $101,000 (1979)
with an estimated yearly operating cost of $2,000 (1979). A total of $15,000 per year

was saved by heat generation using biogas instead of oil.

Biogas Combustion

Commercial gas burning devices designed to burn natural gas, propane, etc.,
normally require minor modifications to combust biogas. Two properties of the biogas
make modifications necessary: lower heating value and lower flame velocity than natural
gas and propane. Both of these properties are due to the presence of the inert gas, CO.,.
Higher concentrations of CO, result in lower heating values and flame velocities.

The problems associated with both of these properties can be overcome by
increasing the volume of biogas burned per unit time (Fredericks and Boll, 1980; Jiang
et al., 1987, Walsh et al., 1988; Orth, 1982) and restricting air intake (Jiang et al., 1987,
Walsh ef al., 1988). Increasing the volume of biogas available for burning per unit time
is accomplished by enlarging the gas orifice or by increasing the biogas delivery pressure.
Equations [21] (Jiang et al., 1987) and [22] (Orth, 1982) can be used to calculate required

orifice diameter modifications when biogas delivery pressure is unchanged.
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(dy/dy) = [(S)/S) ™ 1I(H/H,)*"] [21]
d = gas orifice diameter (cm)
S = specific gravity of gas
H = energy value of gas (kJ/m®)

subscript 1 = biogas
subscript 2 = other gases

D, = [D|][W,/W,] [22]

D, = original orifice diameter

D, = modified orifice diameter

W,, = Wobbe-Index for original gas
W,, = Wobbe-Index for biogas

Equation [22] relies on the Wobbe-Index of the gases involved. The Wobbe-Index 1s
defined as follows:
Wobbe-Index = H/(G)*’ [23]

H = heating value of gas
G = specific gravity of gas

The Wobbe-Index ranges from 41.9 to 47.7 MJ/m’ and 19.8 to 27.2 MJ/m’ for natural gas
and biogas (55-70 % CH,), respectively. The Wobbe-Index can be used when blending
biogas and natural gas or biogas and propane. The objective is to create a fuel mix with
a similar Wobbe-Index to that of the original gas used for orifice design (Walsh et al.,
1988). This allows for the use of natural gas and propane as back-up fuels.
Alternatively, the gas delivery pressure can be increased, while maintaining the

same orifice diameter as shown in equations [24] and [25] (Jiang et al.,1987; Orth, 1982).
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(p/p;) = [(Sl/sz)][(Hz/H1)2] [24]

p = gas pressure (mm H,0)

S = specific gravity of gas

H = energy value of gas (kJ/m’)

subscript 1 = biogas

subscript 2 = other gases

P, = [P]][(WOI/WO2)2] [25]

P, = original gas pressure

P, = biogas pressure

W,, = Wobbe-Index for original gas

W,, = Wobbe-Index for biogas
Equation [24] is used to calculate the required gas delivery pressure required to burn
biogas in the existing gas orifice. The modification is based on the specific gravities and
energy values of the respective gases. Equation [25] is also used to calculate the required
gas delivery pressure necessary to burn biogas in the existing gas orifice. The
modification, as in equation [23], relies on the Wobbe-Indices of the respective gases.

Table 1 lists orifice diameter multipliers for calculating orifice enlargements when
converting from natural gas or propane to biogas. The existing orifice diameter is
multiplied by the correct orifice multiplier for the corresponding biogas methane content.
In addition to modification of the main gas orifice, enlargement of the pilot gas

orifice will improve pilot flame stability. Some installations have experienced difficulty

in maintaining a stable pilot flame. Based on this problem, a separate propane fired pilot

may be more effective than a biogas fired pilot. (Walsh er al., 1988)
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Table 1.  Orifice diameter multipliers for gas appliances (Walsh, 1988).

Orifice Diameter Multipliers

Percent Methane _ Natural Gas Propane
in Biogas (1.050 Btu/ft’) (2.500 Btu/ft’)
70% 1.32 1.63
65% 1.39 1.72
60% 1.46 1.81
55% 1.54 1.92
50% 1.64 2.04
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CHAPTER IIl. METHODS AND MATERIALS

This chapter will focus on the methods and materials used for data collection from
laboratory and pilot-scale upflow anaerobic reactors designed for the treatment of crab
processing wastewater. Particular attention will be given to a description of the pilot-

scale biogas collection, storage, treatment, and utilization system.

Laboratory-Scale Systems

Biogas from two laboratory-scale treatment systems, constructed and operated by
a fellow graduate research assistant, was collected, measured, and analyzed. For a
complete description of each system, consult "Anaerobic/Aerobic Pretreatment of Crab
Cooker Wastewater" (Diz and Boardman, 1994). Each system consisted of two upflow,
4 L anaerobic reactors and an 8 L aeration tank. (Figures 10 and 11) A layer of 240, 0.5
in. foam cubes was added to the first anaerobic reactor of System A to serve as a filter
to retain biomass. Both anaerobic reactors of System B were filled with 180 foam pieces
(1 x 1 x 0.5 in.) each. Both systems were inoculated with the same concentration of
anaerobic sludge on day 0. During the research period, average wastewater flow through
each system varied from 0.96 to 2.32 L/d and 0.91 and 2.40 L/d for systems A and B,
respectively. Characteristics of the retort waters anaerobically treated in the laboratory-
scale systems during this study are provided in Table 2.

Systems A and B were both monitored for a total of 280 days. The first 132 days
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TaBle 2. Characteristics of Crab Cooker Wastewater (Diz, 1995).

Parameter Untt Mean Min.-Max.
copt? mg/L 18,900 9,300-33,700
BODsM mg/L 14,100 12.200-15,500
TSS mg/L 1,430 530-4,000
vss mg/L 1,150 250-2,200
pH std. unit 71 6874
NH¥NHa-N mg/L-N 1060 470-1,770
VFA mg/L-HAc 6,370 3,400-8,900
Alkalinity mg/L-CaCOa 780 60-2,000
Metais:

Sodium mg/L 1,770 890-2,570
Potassium mg/L 600 340-870
Magnesium mg/L 230 140-380
Calcium mg/L 330 200-530
fron mg/L 56 2589
Nickel pg/lL 95 26-150
Cobalt ug/l 12 1-24
Molybdenum ngil 4 37
Anions:

Chloride mg/L 8,300 3,000-20,000
Nitrite mg/L-N 12 nd™@-30
Nitrate mg/L-N 4 nd-19
Phosphate mg/L-P 70 14-160
Suifate mg/L-S 250 30-460

(1) COD and BODs values were not necessarily obtained for every sampie. Therefore, comparison of minimum,

maximum, and mean values for these two parameters is not appropnate.

(2) nd = not cetected
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was designated as the acclimation period during which waste fed to each system was
diluted. The degree of dilution was progressively decreased at various times during the
132 day acclimation period. Full strength waste was fed beginning on day 133 and
continued until the end of the 148 day study period. Consult "Anaerobic/Aerobic
Pretreatment of Crab Cooker Wastewater" for a detailed description of the operation of
systems A and B (Diz and Boardman, 1994). The 148 day study period was divided into
five "pseudo-steady state" periods based on chemical oxygen demand (COD) loadings.
Gas Collection

Flexible Tygon tubing, initially connected to the top of both anaerobic reactors in
each system, connected the reactor headspace to the point of gas collection. During the
study period, biogas was collected only from the first anaerobic reactor of each system.
Biogas generated by the anaerobic reactors of systems A and B was collected daily in
separate Tedlar gas sample valves, each fitted with a septum and polypropylene valve.

The type of gas collection bag used was chosen based on minimizing the
reactivity of the compounds of interest with the bag and valve materials, as well as
facilitating gas collection and analysis (Parmar, 1991). Twelve and 40 L size bags were
used based on the amount of gas being produced by each system during a particular
period. The polypropylene valve allowed for direct connection of tubing from reactor
headspace to gas bag. The septum was used for withdrawing small samples for analysis
using a gas-tight syringe.
Gas Measurement

A 6 foot (ft.) long, 8 in. internal diameter acrylic pipe was adapted for measuring
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gas volumes. This size was selected to provide a 60 L of volume for gas measurement;
approximately one and one-half the maximum expected daily production from both
systems. The acrylic pipe was sealed at both ends and fitted with valves to control the
flow of water into and out of the column (Figure 12). Two fittings were placed side by
side directly on the top end of the column to allow for gas to enter and exit the column.
Two fittings were placed opposite from each other approximately three inches from the
bottom end of the column. The column was then filled with water by opening and
closing the appropriate valves. The column was graduated using a calibrated Masterflex
pump to introduce one liter of air to the column per unit time. The changing water level
in the column was marked at appropriate time intervals to correspond to 1 L volume
changes.

The modified acrylic column was placed in a 24 x 12 x 6 in. plastic pan. The
column was then filled with water using a hose connected to valve (1), with valve (2)
open to allow air to escape. Valves (3) and (4) were also left opened until water reached
an equilibrium level marked by two 0.5 in. holes drilled approximately 2 in. from the top
of the plastic pan. Valves (3) and (4) were then closed to allow the column to fill with
water. Valve (1) was closed and a Tedlar gas bag, containing gas to be measured, was
attached to valve (2). Valves (3) and (4) were then opened to drain water from the
column, forming a vacuum in the column immediately filled by gas from the Tedlar gas
bag.

Gas Analysis

Percent by volume of CH, CO, and H,S were determined using gas
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Figure 12. Modified acrylic pipe used for biogas measurement
Dimensions: 6 ft. long, 8 in. internal diameter
Capacity: 60-L
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chromatography. Gas samples from systems A and B were analyzed weekly using a
Hewlett Packard 5880A Series Gas Chromatograph equipped with a single filament
thermal conductivity detector (TCD). A Hamilton 1725, gas tight, 250 microliter (uL)
syringe was used for withdrawing 100 pLL samples of biogas from Tedlar gas sample bags used for
gas collection. The samples were then injected directly into the gas chromatograph injection
port. Helium was used as the carrier gas to provide the highest possible sensitivity for
detection of the gases of interest (Cowper and DeRose, 1987). Two 6 ft. long, 0.125 in.
outside diameter stainless steel columns packed with Porapak Q 80/100 mesh were used.
The reference and sample flows were set to 15 milliliters per minute (mL/min). The
modulator flow was set to 30 mL/min. Temperatures for oven, injector, and detector were
set at 35, 100, and 150°C, respectively.

Duplicate injections of varying amounts of a gas standard with known % by
volume composition (+/-2 %) of CH,, CO, and H,S were made to monitor
reproducibility. These were followed by duplicate injections of 50 and 100 ul. amounts
of pure CH, and CO, (> 90 %). Together, this data was used to plot a standard curve of
peak area versus moles of gas. CH,, CO,, and H,S peak areas generated from 100 pL
injections of biogas with unknown composition were then used to calculate relative molar
amounts of CH,, CO,, and H,S based on the standard curves.

Reproducibility of the peak areas for CH, and CO, were determined by making
12 consecutive injections of the same standard and calculating the relative standard
deviations (RSD) of the peak areas. The RSD for CH, and CO, were 1.2 % and 1.3 %,

respectively. A similar procedure was used for H,S, yielding a RSD of 0.27 %.
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Biogas from System B was analyzed for NH, concentration using Gastec (1-60
ppm) ammonia analyzer tubes. A calibrated Masterflex pump was used in place of a
Gastec hand pump for delivery of the samples to the analyzer tubes. The pump was
calibrated to deliver the same sample volume (100 mL) as the hand pump over the same
sample period (1 minute).
Effluent Collection and Analysis

The volume of effluent treated by each system was collected and recorded daily
in graduated 4 L polyethylene containers at the time of gas sample bag replacement.
Chemical Oxygen Demand (COD) and Volatile Suspended Solids (VSS) were measured

using Methods 5220C and 2540E, respectively, as outlined in Standard Methods for the

Analysis of Water and Wastewater (1992).

Pilot-Scale System

Crab Cooker Anaerobic Wastewater Treatment

The pilot-scale anaerobic treatment system was constructed by a fellow graduate
research assistant. The system is located at the Virginia Polytechnic Institute and State
University Seafood Research and Extension Center in Hampton, Virginia. Only the
components of the crab cooker wastewater treatment system pertinent to gas collection
will be discussed here.

The treatment system is located approximately 100 yards from a privately owned

crab processing facility. The crab processor operates two retorts. All wastewater from
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one retort was collected in a 55 gallon drum at the crab processing facility. The
wastewater was automatically pumped through 0.75 in. polyvinylchloride (PVC) piping
to a 250 gallon holding tank located in a building at the VPI & SU Seafood Research and
Extension Center. Wastewater from the other retort emptied directly into the Hampton
Creek. Wastewater exceeding the 250 gallon holding tank capacity overflowed into an
effluent collection pipe that also emptied into the Hampton Creek.

A Masterflex pump controlled by a pressure switch transferred wastewater from
the 250 gallon holding tank into the bottom of the first upflow anaerobic reactor P1 at
approximately 30 gpd (Figure 13). Flow was temporarily decreased during periods when
a decrease in the quantity of crabs harvested resulted in shortages of wastewater. Effluent
flowed from P1 to an anaerobic clarifier, P2, through a line of flexible tubing. P1 and
P2 each had a total volume of 190 gallons; approximately 160 gallons of useful liquid
volume and 30 gallons of gas headspace volume.

Biogas Collection

Biogas accumulated in the headspace of reactors P1 and P2 up to approximately
3 in. of water column pressure. When this pressure was reached, a pressure switch (G)
activated a Masterflex pump (E) and opened a solenoid valve (F) (Figure 13). The gas
was then pumped from the reactor headspace, through 0.5 in. PVC piping, until the
pressure dropped to approximately 1 in. of water column, at which time the pressure
switch cut off the pump and closed the solenoid valve. The solenoid valve served as a
check valve to prevent gas from flowing in the reverse direction.

1

The selection of 1 to 3 in. of water column pressure range was somewhat arbitrary.
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Automatic transfer of biogas from the reactor headspace through H,S scrubbing columns
and into storage at elevated pressure required the use of a pump controlled by a pressure
switch. Large pressure changes within the reactors as gas was generated and removed
would have resulted in significant changes in liquid levels within the reactors effecting
wastewater flow throughout the system. In addition, the pressure range was maintained
as low as possible to minimize the potential for gas leaks from the anaerobic reactors.

Gas sample valves were located at various points throughout the gas system for
monitoring gas composition. Condensate drains were installed at low points in the system
to drain condensate from the gas lines to prevent blockages.
Hydrogen Sulfide Removal

Biogas was pumped through two 3 in. internal diameter, 6 ft. long carbon steel
pipes (J) filled with "Iron Sponge". "Iron Sponge" consists of hydrated iron oxide
(Fe,O,* H,0) and a sodium carbonate (Na,CO,) buffer on a support media of wood chips.
Hydrogen sulfide is removed from the gas when the H,S reacts with the hydrated iron
oxide, at a slightly alkaline pH from 8 to 9, to form ferric sulfide (Fe,S,). Carbon steel
gas lines were required in the immediate area of the hydrogen sulfide scrubbing columns
to withstand temperatures, in excess of 38°C, generated by the reaction of H,S with
Fe,O,.

A valve (I) was installed at the top of each column for water addition and pH
adjustment of the "Iron Sponge". A drain valve (K) was installed at the top of each
column to remove excess condensate and water generated upon the removal of H,S from

the biogas. A H,S tester (L) and a gas sample valve (C) were installed at the base of the
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first column in order to monitor the removal of H,S from the biogas. Gas shut-off valves
were located to allow for isolation and removal of a single H,S scrubbing column without
interruption of gas flow.
Biogas Flow Measurement and Control

The methane and carbon dioxide gas mixture then flowed through an Omega mass
flow meter (M). The flow meter was used to monitor the cumulative gas produced by the
anaerobic reactors. The mass flow meter was followed by a 120 gallon storage tank (O).
Varying amounts of gas could be stored depending on the pressure allowed to accumulate
in the storage tank. The maximum pressure was limited by the maximum sustained
operating pressure (25 psi) of the Masterflex pump (E) used to pump biogas. The actual
operating pressure was controlled by venting gas from the drain valve (D) on the storage
tank. An in-line pressure relief valve (Q) was installed following gas storage as a safety
device. The relief valve was set to automatically release gas if the pressure in the system
reached 24 psi.
Biogas Combustion

The stored gas was then burned in a modified 26,000 Btu/hr natural gas hot water
heater (T). Modification of the hot water heater consisted of enlarging both the pilot gas
orifice and main gas orifice. Based on information presented in the literature review on
burner modification, the existing burner orifice (0.094 in.) was enlarged to 0.125 in. (See
Appendix B). Prior to burning, the gas pressure was reduced to the 4.5 to S in. of water
column required by the hot water heater using a pressure reducer/regulator (R). A flash

arrestor (S) was installed prior to the hot water heater to prevent a flashback from the
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burner assembly to the gas storage tank.
Hydrogen Sulfide Scrubbing Column Design

An estimate of biogas production for the proposed pilot-scale system treating 100
gpd was made based on maximum laboratory-scale system gas production of
approximately 30 L of gas per gallon of waste treated. This estimate was set at 3,000
L/d. An estimate of the percent by volume H,S was set at 1.3 % based on early gas
analysis by gas chromatography.

Calculations of required H,S scrubbing column dimensions were made based on
various design parameters. The first design parameter was based on limiting sulfur
deposition within the "Iron Sponge" material. It was suggested that sulfur deposition be
limited to less than 15 grams of sulfur per square foot of column cross-sectional area per
minute (Taylor, 1956b). Based on this limit, and the estimated biogas production (3,000
L/d; 1.3 % H,S), a minimum column diameter of approximately 2.6 in. would be
required.

The second design parameter was based on limiting the rate of gas flow through
the column. It was suggested that gas flow through the column be limited to a maximum
of 30 ft’ of gas per hour per cubic foot of sponge material (Connelly GPM, 1994). Based
on this limit, and the estimated biogas production (3,000 L/d; 1.3 % H,S), a minimum
volume of 0.15 ft’ of sponge would be required.

A minimum sponge bed thickness of 10 ft. was recommended to produce a
pressure drop sufficient to create a high gas velocity within the sponge material.

Pressurizing the gas from one to two pounds per square inch produces this effect, and
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therefore, eliminates the need for a 10 ft. deep column. (Taylor, 1956b)

The final H,S scrubbing column dimensions were based on the calculate 2.6 in.
minimum column diameter, the 0.15 ft’ minimum value of "Iron Sponge", and the
available space where the column would be operated. The requirement for ease of
removal of the column from the gas system for replacement and regeneration of the
sponge material also factored into this decision.

A section of carbon steel pipe, 6 ft. long with a three inch internal diameter was
selected. This provided an internal volume of 0.29 ft’; taking into consideration void
space within the column. A second column of equal size was designed into the system
to allow for removal of one column without interrupting gas flow. The columns were

operated in series during normal operation.
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CHAPTER IV. RESULTS AND DISCUSSION

Phase 1I: Laboratory-Scale Biogas Collection and Characterization

Laboratory results are presented in terms of changes in gas production relative to
changes in COD reductions, COD loadings, feed rates, and biomass (expressed as VSS)
that occurred during periods designated 1 through 5. The length of each period, and its
corresponding mean feed rate and mean COD loading, i1s given in Tables 3 and 4,
respectively. A three day running average was used to smooth out fluctuations among the
volumes of effluent collected daily from each system. The values for mean feed rates
(3dAVGQ) represent the mean of these three day running average values for each period.
The following mean system parameters are also included: COD concentration (mg/L), gas
production (L gas/d , L gas/L feed, mL gas/g COD reduced, mL gas/g VSS), COD
reduction (mg/d), and methane production (mL CH,/g COD reduced).

Period 1

The mean COD loadings during the first period, at 33,038 and 33,388 mg/d for
systems A and B, respectively, were the second highest loadings of the five periods
(Tables 3 and 4). Systems A and B showed the greatest reductions in COD (System A
= 26,967 mg/d ; System B = 28,683 mg/d) during period 1. Gas production reached a
maximum average of 15.8 L/d for System A. Gas production per amount of COD
reduced averaged 587 and 588 mL/g COD for systems A and B, respectively (Figures 14

and 15).
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Figure 14. Average gas production per gram of COD reduction versus COD loading for
System A; numbers 1-5 represent time periods.
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Figure 15. Average gas production per gram of COD reduction versus COD loading for
System B; numbers 1-5 represent time periods.
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Period 2

The mean COD loading decreased approximately 27 % for System A and 24 %
for System B from period 1 to period 2 (Tables 3 and 4). COD reductions decreased 49
% and 41% for systems A and B, respectively. Mean gas production decreased slightly
from 15.8 L/d to 15.2 L/d for System A and stayed relatively constant for system B (16.9
L/d to 17.0 L/d). Both systems appeared to have the highest gas production per amount
of COD reduced during period 2 at 1,099 and 1,011 mL/g COD reduced in systems A and
B, respectively.
Peniod 3

A five day transition period preceded period 3 during which COD loadings
averaged lower than those of either periods 2 or 3. The COD loadings increased
significantly from period 2 to period 3 for both systems to the maximum average values
for the five periods. The COD loading in System A increased from 24,007 to 43,631
mg/d. The COD loading in System B increased from 25,303 to 48520 mg/d. System A
gas production dropped from 15.2 to 14.7 L/d. COD reductions reached the second
highest values of the five periods for both systems. System B gas production increased
from 17.0 L/d during period 2 to a maximum of 19.5 L/d during period 3. Gas produced
per amount of COD reduced decreased to 684 and 703 mL/g COD in systems A and B,
respectively, during period 3.
Period 4

The lowest mean COD loadings of the five periods were observed during period

4 for systems A and B, at 16,957 and 16,087 mg/d, respectively. COD reductions also
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decreased to the minimum mean values for the five periods of 10,956 and 11,723 mg/d
for systems A and B, respectively. System A gas production decreased by 57 % from
14.7 L/d during period 3 to 6.3 L/d. System B gas production decreased by 62 % from
19.5 L/d during period 3 to 7.5 L/d. Gas produced per amount of COD reduced
decreased from the previous period to 577 and 644 mL/g COD for systems A and B,
respectively.
Peniod S

COD loadings increased, relative to period 4, by 41 % and 46 % to 23,942 and
23,494 mg/d for systems A and B, respectively. COD loadings and COD reductions
returned to the levels observed during period 2 for System A, while COD loadings and
reductions averaged slightly lower during period 5 than period 2 in System B. Gas
production increased to 9.1 and 10.3 L/d for systems A and B, respectively. Gas
produced per amount of COD reduced increased, relative to period 4, to 670 and 692
mL/g COD in systems A and B, respectively.
Gas Composition

System A. Percent by volume CH,, CO,, and H,S showed little variation
throughout the period of analysis at 68, 28, and 1.5 %, respectively, with standard
deviations of 4.5, 4.4, and 0.6 %, respectively. Methane ranged from a low of 60 % to
a high of 74 %, while CO, ranged from 21 % to 37 %. H,S ranged from 0.5 % to 2.7
% (Figure 16).

System B. System B produced a biogas with an average composition for the

period of analysis almost 1dentical to System A of 68, 28, and 1.4 % CH,, CO,, and H,S,
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Figure 16. Biogas composition over 120 days during study period for System A,
numbers 2-5 represent time periods.
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respectively. Methane ranged from 60 % to 76 %; CO, ranged from 22 % to 35 %; and
H,S ranged from 0.5 % to 2.6 % (Figure 17). Ammonia (NH,) was measured and
consistently found to be less than 0.5 ppm (part per million; volume basis), with the
exception of two measurements at approximately 1ppm.
Biogas versus COD Reduction

System A. Gas produced by System A increased with increasing COD reductions
from 6.3 L/d at 10,956 mg/d and 9.1 L/d at 13,512 mg/d, to a maximum of approximately
14 to 16 L/d for COD reductions of 14,000 to 27,000 mg/d (Figure 18) (See Appendices
F and G). System A gas production ranged from 577 to 684 mL gas/g COD reduced with
the exception of period 2 when gas production was 1,099 mL gas/g COD reduced.

Theoretically, 393 mL of CH, is produced for every gram of COD digested at
35°C (McCarty, 1964a) (See discussion in Literature Review).  Systems A and B
produced biogas with an average percent by volume CH, content of 68 %. Therefore,
system A produced from 389 to 462 mL CH,/g COD reduced during the study period,
with the exception of period 2, when CH, production averaged 742 ml CH,/g COD
reduced (Table 3). The average value of 742 mL CH,/g COD reduced indicates that CH,
production was almost twice that which would theoretically be expected. The analysis
of the biogas composition during period 2, and subsequent periods, showed that the gas
collection bags were not contaminated with air (Figures 16 and 17). A possible
explanation for this discrepancy lies in the different frequencies of gas collection versus
COD measurement. Gas was collected and measured daily, whereas COD was measured

only three times during the second period. Thus, it is possible that the limited number
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Figure 17. Biogas composition over 120 days during study period for System B;
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of COD measurements do not accurately reflect the actual COD reductions during the
second period. Actual COD reductions were apparently greater than that measured.

System B. System B gas production increased with increasing reductions in COD
from 7.5 L/d at 11,723 mg/d and 103 L/d at 14,847 mg/d, to a maximum of
approximately 16 to 20 L/d for COD reductions of 17,000 to 29,000 mg/d (Figure 19).
System B gas production ranged from 588 to 703 mL gas/g COD reduced with the
exception of period 2 when 1011 mL gas/g COD reduced was produced. The average
CH, content of gas from System B was 68 %. Therefore, System B CH, production
ranged from 400 to 478 mL CH,/g COD reduced, excluding period 2's high value of 687
mL CH,/g COD reduced (Table 4).

Again, the high value of 687 mL CH,/g COD reduced, which was observed during
period 2, is significantly higher than the corresponding values for periods 1, 3, 4, and 5
(Table 4). The same explanation as provided above for System A for the difference
between actual and theoretical gas production is offered here.
Biogas versus COD Loading

System A. System A gas production increased with increasing COD loadings from
6.3 L/d at 16,957 mg/d and 9.1 L/d at 23,942 mg/d to a maximum of 14 to 16 L/d at
COD loadings of 24,000 to 44,000 mg/d (Figure 20).

System B. System B gas production increased with increasing COD loadings from
7.5 L/d at 16,087 mg/d and 10.3 L/d at 23,494 mg/d to a maximum of 16 to 20 L/d at

COD loadings ranging from 25,000 to 50,000 mg/d (Figure 21).
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Biogas versus Volume of Feed

System A. System A gas production for periods 1 and 2 averaged 6.6 L gas/L
feed. Gas production increased to 10 L gas/ L feed during period 3, corresponding to the
maximum average COD loading of 43,631 mg/d. Gas production decreased to an
average of 7.1 L gas/L feed during periods 4 and 5. (Table 3)

System B. System B gas production followed the same pattern as System A, but
with slightly higher gas productions. Gas production averaged 7.1 L gas/L feed during
periods 1 and 2. Gas production reached a maximum of 11.9 L gas/L feed during period
3. During periods 4 and 5, the average was 8.5 L gas/L feed. (Table 4)

Biogas versus Biomass

The volatile suspended solids (VSS) in the first anaerobic reactor of each system
was measured on three occasions. The VSS was measured on days 0, 160, and 280. The
distribution of suspended solids and solids adhered to the foam pieces is shown in Table
5.

The first reactor of each system was inoculated with 5,500 mg/L VSS on day 0.
The solids had increased to 7,900 and 21,700 mg/L VSS in reactors Al and BI,
respectively, by day 160. Solids were measured at 14,100 and 27,800 mg/L VSS in
reactors Al and B1, respectively, on day 280. It was assumed that the bacterial growth
followed a linear pattern between measurements as shown in Figure 22.

System B, while having approximately twice the concentration of biomass as
System A, did not exhibit significantly higher reductions in COD for the COD loadings

observed during the study period. In addition, the total amount of gas produced by both
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Table 5. Volatile solids in reactors Al' and B1* (Diz, 1994).

Mass (mg)
Suspended  On Cubes Total Solids

Reactor Al

Day 0 22,000 0 22,000

Day 160 8,600 23,100 31,700

Day 280 33,300 23,000 56,300
Reactor Bl

Day 0 22,000 0 22,000

Day 160 9,900 76,900 86,800

Day 280 27,300 83,700 111,000

(1) Al = first anaerobic reactor of System A
(2) B1 = first anaerobic reactor of System B
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Figure 22. Volatile suspended solids in reactors Aan1' and Banl” over the course of the
study (Diz, 1994).

(1) Aanl = A1 = first anaerobic reactor of System A

(2) Banl = B1 = first anaerobic reator of System B
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systems is not significantly different for the study period. However, gas production per
amount of VSS averaged approximately twice as high for System A as for System B
(Tables 3 and 4).

System B had three times the volume of foam pieces as System A, while the foam
pieces in System A were one-fourth the size of those in System B. The cubes in both
reactors became completely filled and covered with biomass. There are various
consequences of these conditions that could explain the similar performance of System
B, with twice the biomass, to System A in terms of COD reduction and gas production.
First, the greater volume of foam pieces in System B would tend to decrease the operating
liquid volume of the system, hence decreasing the hydraulic retention time (HRT).
Second, the larger individual foam pieces in System B, relative to System A, may have
resulted in a lower rate of diffusion of substrate to the microorganisms located within the
foam pieces of System B. This may have resulted in a correspondingly lower metabolic
rate for those microorganisms located within the foam pieces in System B. Third, the
higher sludge age inherent in the larger biomass population of System B, may result in
a larger 1nactive fraction of biomass relative to System A. All three of these factors may
have contributed to the similar gas productions and COD reductions observed in systems
A and B.

Energy Value

The typical crab processor performs 6 to 20 cooking cycles per day, which yield

400 to 1,000 gallons of crab processing wastewater (Boardman et al,, 1993). Gas

production in this study ranged from 6.6 to 11.9 L gas/ L feed. A crab processor
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producing 400 gallons of waste could, therefore, theoretically produce between 353 and
637 ft’ of gas per day at 6.6 and 11.9 L gas/L feed, respectively. This corresponds to
212,000 and 382,000 Btu/d for 6.6 and 11.9 L gas/L feed, respectively, for a biogas of
60 % CH, (heating value equals 600 Btu/ft’) (Wheatly, 1980). A crab processor producing
1,000 gallons of waste could theoretically produce between 883 and 1592 ft’ of gas per
day for conversions of 6.6 and 11.9 L gas/L feed, respectively. This corresponds to
530,000 and 955,000 Btu/d, respectively, for a gas of 60 % CH,.

Sixty percent methane and 6.6 L gas/L. feed are the minimum average methane
concentration and the minimum average gas production, respectively, observed during this
study. These numbers, thereby, provide a conservative estimate of the value of the
available biogas; whereas, 11.9 L gas/L feed is the maximum yield of biogas observed

which might be used in predicting the most favorable scenario for utilizing the biogas.

Phase II: Pilot-Scale System

System Costs

The major components of the pilot-scale gas collection, treatment, storage, and
utilization system are tabulated in Appendix E with the price of each item. The total cost
of the major system components was approximately $3,800. This does not include
miscellaneous equipment (e.g. shut-off valves, sample valves, piping, etc.) which cost an
additional $300 to $400. Therefore, the total cost of the system was approximately

$4,200.
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CO, Removal

As cited in the literature review, the removal of CO, from the biogas is generally
only economical and necessary when a large quantity of gas is available for sale to a
public natural gas line. The estimated cost of caustic scrubbing for CO, removal from
the biogas produced by the pilot-scale system was calculated assuming an estimated
wastewater treatment rate of 100 gpd and gas production of 3,000 L/d (30 % CO,) (See
Appendix A). Carbon dioxide removal would average approximately $5.00 per day
($1,825/yr). This expense was not justified based on the additional equipment and
supervision that would be required. The only added benefit of CO, removal at the pilot-
scale system would have been storage of a higher heating value of gas (1,000 versus 700
Btu/ft’) in the existing storage tank.
H,S Removal

The two 6 ft., three inch internal diameter columns filled with "Iron Sponge"
successfully removed the hydrogen sulfide from more than 1,200 liters of biogas. Further
operation of the gas system will be necessary to determine if water and/or pH adjustment
of the "Iron Sponge" material will be necessary. Initial performance suggests that the
moisture present in the biogas is sufficient to prevent dehydration of the "Iron Sponge".
The "Smyly H,S tester" located at the base of the first column was used to monitor the
removal of H,S from the biogas. Operation of the tester is based on exposing a paper
disk treated with lead acetate to the gas for one minute. The absence of discoloration of
the paper disk indicated that there was less than 4 ppm H,S in the gas leaving the first

column. In addition, hydrogen sulfide was not detected in treated gas analyzed using gas
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chromatography.

The H,S scrubbing columns contained a total of 0.60 ft’ of "Iron Sponge". This
material costs $6.50 per bushel (1 bushel = approximately 1 ft* installed). The H,S
scrubbing columns costs $180.00 for the carbon steel pipe and fittings. Therefore, the
complete H,S removal system cost less than $190.00 fof materials. The life of the "Iron
Sponge" material will depend on variations in the H,S concentration of the biogas and the
volume of biogas treated.

System Operation

Prior to operation, the gas system was pressurized with nitrogen to check for leaks.
The system was pressurized up to 25 psi. Several leaks were found at pipe connections
with threaded fittings. One leak involved an improperly glued PVC fitting. Attempts
to repair existing leaks resulted in discovery of additional leaks. It was finally determined
that the system was capable of handling pressures up to approximately 12 psi.

The completed gas collection and storage system was operated with virtually no
supervision. Daily replacement of gas pump tubing was required. The use of pumps
requiring tubing poses a problem in terms of possible breaks which may occur in the
tubing, resulting in gas leaks. The pressure gauge indicating gas storage pressure had
to be checked daily. This was done to determine if gas had to be vented from storage to
prevent pressure from exceeding the predetermined safe level of 12 psi.

Preliminary operation of the pilot-scale system at 30 gpd (December 1994)
indicated that the system performed comparably to the laboratory-scale systems. Gas

production averaged approximately 10 L gas/L feed. This is comparable to the maximum
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observed laboratory-scale gas production of 11.9 L gas/L feed. The flow rate was
decreased to approximately 16 gpd on January 27, 1995 due to a decrease in the amount
of waste available for treatment.
Biogas Analysis

Biogas generated by the pilot-scale system was analyzed using the procedure
outlined previously for gas collected from the laboratory-scale systems. The methane
content of the biogas was 73 %.
Biogas Combustion

At the time the hot water heater was initially operated, a sufficient quantity of
biogas had not been generated to displace all the nitrogen gas used to leak/pressure test
the system. Therefore, the gas in the 120 gallon storage tank was 54 % methane as
compared to 70 % methane in the gas being generated by the anaerobic reactors. The
pilot gas orifice had to be enlarged slightly to obtain a stable pilot flame. To compensate
for the lower methane content of the stored gas, the modified main gas orifice had to be
enlarged from 0.125 in to 0.213 in. to obtain a stable flame. The required gas orifice size
will decrease significantly (e.g. from 0.213 in. to 0.125 in.) as the methane content in the

storage tank approaches 70 %.

Summary of Results

Laboratory-Scale Systems

The biogas generated in this study by the anaerobic treatment of crab processing
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wastewater ranged from 60 to 76 % CH,, 21 to 37 % CO,, and 0.5 to 2.7 % H,S..
Laboratory-scale biogas production ranged from 6.6 to 11.9 L gas/L of wastewater. Based
on laboratory results, a small crab processor (6 cooks/day) may expect to produce from
212,000 to 382,000 Btu/d for a gas production rate of 6.6 and 11.9 L gas/L feed,
respectively, whereas a large crab processor (20 cooks/day) could expect between 530,000
to 955,000 Btu/d. The range of 212,000 to 382,000 Btu/d corresponds to 212 to 382 ft’/d
of natural gas (1000 Btu/ft’) or a savings of from $1.19 to $2.14 per day ($0.56 per 100
ft’) (Virginia Natural Gas, 1995). The high range of expected available energy of 530,000
to 955,000 Btu/d corresponds to 530 to 955 ft'/d of natural gas, or a savings of from
$2.97 to $5.35 per day.

The crab processor involved in this study used natural gas for boiler operation and
for heating during winter months. Records obtained indicated an average monthly natural
gas consumption to be approximately 160,000 ft’ per month. At 70 % methane, biogas
has a heating value of approximately 700 Btu/ft’ (Rohlich, 1977). Therefore, 160,000 ft’
of natural gas is equivalent to approximately 230,000 ft’ of biogas. Based on the range
of gas productions observed in the laboratory-scale systems (6.6 to 11.9 L gas/L feed),
4,800 to 8,700 gallons of waste would have to be treated daily to produce enough gas to
satisfy the crab processors monthly natural gas requirements for boiler operation and
heating.

As noted in the literature review, the average large crab processor may produce
up to 1,000 gallons of wastewater per day. Under these conditions, the most attractive

scenario for the crab processor may be to charge a fee to collect and treat wastewater
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from nearby seafood processors. Treatment of the additional wastewater would increase
gas production, while the fee charged for wastewater collection and treatment could be
used to offset the cost of discharging the treated waste to the municipal sewer and the
cost of treatment system operation.

Pilot-Scale System

The pilot-scale biogas system was shown to be capable of collecting, treating,
storing, and utilizing biogas generated by the anaerobic treatment of crab processing
wastewater, while requiring minimal supervision. Supervision included daily replacement
of gas pump tubing and observation of accumulated gas pressure. A tubeless pump would
be more appropriate for pumping gas. This would eliminate the need for tubing
replacement and the possible danger associated with a break in tubing.

Intermittent pumping of biogas from the reactor headspace using a pump
controlled by a pressure switch was an effective means of transferring biogas from the
reactors, through the H,S scrubbing columns, and into the gas storage tank. The
maximum pressure allowed to accumulate in the reactor headspace (3 in. of water column
pressure) minimized effects of pressure changes on wastewater flow through the waste
treatment system.

Pressurization of the biogas demanded that additional time and care be taken in
the construction of the gas collection system to insure that all pipe fittings were properly
sealed. PVC connections proved to be more reliable than threaded carbon steel and
galvanized steel fittings. However, steel components were required near H,S scrubbing

columns due to heat produced by the reaction of H,S with Fe,O, .
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Only a minor modification of the natural gas hot water heater burner assembly was
necessary to combust the biogas. Modification consisted of enlarging the existing main
gas orifice to accommodate the lower heating value and flame velocity of the treated
biogas. The pilot gas orifice was also enlarged slightly to produce a stable pilot flame.
The required enlargement of the main gas orifice was larger than that originally calculated
(0.213 in. vs. 0.125 in.) due to the presence of nitrogen used to test the system for leaks.

Biogas production from the pilot-scale system (10 L gas/L feed; 73 % CH,) at a
feed rate of 30 gpd was comparable to the maximum average gas production from the
laboratory-scale systems (11.9 L gas/L feed). The gas production rate of 10 L gas/L feed
corresponds to 1,340 ft’ of biogas per 1,000 gallons of waste treated; assuming that the
crab processor produces and treats 1,000 gallons of wastewater per day. This is
equivalent to 936,000 Btu/d or $6.25 in terms of the cost of an equivalent heating value
of natural gas.

Pilot-scale gas production estimates were made based on preliminary results
obtained during winter months when the crab processor was not receiving crabs on a
regular basis. Because of this, the pilot-scale treatment system suffered from shortages
in wastewater. The feed rate had to be adjusted accordingly to maintain a constant supply
of wastewater to the anaerobic reactors. Further data on gas production under conditions
of prolonged system operation (with an ample supply of wastewater) will have to be
collected to determine if pilot-scale system gas production is similar to gas production
observed in the laboratory-scale systems. Further operation of the pilot-scale system will

also be necessary to determine the life of the H,S scrubbing columns and the possible
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difficulties associated with removal and regeneration of the "Iron Sponge".

79



CHAPTER V. CONCLUSIONS

The following conclusions can be drawn from this research study with crab cooker

wastewater:

1. The biogas generated by the anaerobic treatment of the wastewater ranged from 60
to 76 % CH,, 21 to 37 % CO,, and 0.5 to 2.7 % H,S with an approximate heating value

of 700 Btu/ft’.

2. Laboratory-scale biogas production ranged from 6.6 to 11.9 L gas/L of wastewater for

COD reductions ranging from 60 to 80 % at loadings of 16,000 to 50,000 mg/d.

3. Based on laboratory-scale biogas production, a crab processor treating 400 gallons of
wastewater per day (6 cooks/day) could expect to produce 212,000 to 382,000 Btu/d at
a gas production rate of 6.6 to 11.9 L gas/L feed (60 % CH,), respectively. A crab
processor treating 1,000 gallons of wastewater per day (20 cooks/day) could expect to
produce 530,000 to 955,000 Btu/d at a gas production rate of 6.6 to 11.9 L gas/L feed (60

% CH,), respectively.

4. A pilot-scale biogas collection and utilization system was successfully demonstrated.
Biogas production was approximately 10 L gas/L feed and the biogas contained 73 %
CH,. COD reductions of approximately 60 % were observed for feed rates ranging from

15 to 30 gpd.

5. Anaerobic treatment of 4,800 to 8,700 gallons of wastewater per day would provide
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sufficient quantities of biogas (70 % CH,) to eliminate the natural gas requirements
(160,000 ft' per month) of one of the largest crab processors in Virginia. Therefore,
collection and utilization of the biogas from an anaerobic system may be a viable option
provided that sufficient quantities of wastewater can be collected, a fee can be charged
for treating wastewater from other seafood processors, and sufficient space is available

for construction of the waste treatment system.

81



CHAPTER V1. REFERENCES

82



Aldrich, Henry C., "Ultrastructural Studies of Bacteria in Anaerobic Biomass Digesters."
Biomass and Bioenergy, 5, No. 3-4, 241-246 (1993).

Anderson, G. K., Donnelly, T., and McKeown, K. J., "Identification and Control of
Inhibition in Anaerobic Treatment of Industrial Wastewaters." Process
Biochemistry (July/ August 1982).

Auerbach, Leslie M. (1973). A Home Power Unit: Methane Generator. Madison, Ct.,
50 p.

Boardman, G. D., Flick, G. J., Harrison, T.D., and Wolfe, C. Management and Use of
Solid and Liquid Wastes from the Blue Crab (Callinectes sapidus) Industry, Part
I: Waste Treatability Studies. Final report submitted to Virginia Graduate Marine
Science Consortium, Sea Grant, September, 1993.

Boone, David R., Chynoweth, David P., Mah, Robert A., Smith, Paul H., and Wilkie,
Ann C., "Ecology and Microbiology of Biogasification." Biomass and Bioenergy,
5, No. 3-4, 191-202 (1993).

Boone, David R., Whitman, William B., and Bouviere, Pierre (1993) Diversity and
Taxonomy of Methanogens. In Methanogenesis: Ecology, Physiology,
Biochemistry & Genetics (edited by Ferry, J. G.). Chapman and Hall. New York.
35-80.

Camargo, Eulico B., "Biogas Clean-up and Utilization." Water Science Technology, 18,
No. 12, 143-150 (1986).

Chynoweth, David P. and Isaacson, Ron (1987). Amnaerobic Digestion of Biomass.
Elsevier Applied Science Publishers Ltd., New York, NY, 279 p.

Connelly GPM Inc., personal communication with company representative. 1994,

Cowper, C. J. and DeRose, A. J. (1983). The Analysis of Gases by Chromatography.
Wheaton & Co. Ltd., Great Britain, 147 p.

Dehart, James, personal communication with representative of United Cities Gas Co.,
1995.

Diz, Harry R. (1994). M.S. Thesis. Anaerobic/Aerobic Treatment of Crab Cooker
Wastewater. Virginia Polytechnic Institute and State University, Blacksburg,
Virginia.

83



Diz, H. R. and Boardman, G. D., Anaerobic/Aerobic Pretreatment of Crab Cooker
Wastewater. Proceedings, 1994 Food Industry Environmental Conference, Georgia
Tech Research Institute, Atlanta, Georgia.

Dohne, E. (1980) Biogas Storage and Utilization. Proceedings, First International
Symposium on Anaerobic Digestion, University College, Cardiff, Wales,
September 1979: 429-448.

El-Shimi, S. A., El-Housseini, M., Ali, B. E. and El-Shinnawi, M. M., "Biogas Generation
from Food Processing Wastes." Resource Conservation and Recycling, 6, 315-327,
(1992).

Frank, James R. and Smith, Wayne H., "Methane from Biomass - Science and
Technology I. Feedstock Development: Guest Editorial." Biomass and Bioenergy,
5, No. 1, 1-2 (1993a).

Frank, James R. and Smith, Wayne H., "Methane from Biomass - Science and
Technology 2. Microbiology and Engineering: Guest Editorial." Biomass and
Bioenergy, 5, No. 3-4, 189-190 (1993Db).

Fredericks, Jack and Boll, Alvin (1980). Handbook of Methane Gas Production. Desert
Publications, Cornville, Arizona, 41 p.

Fry, L. John (1974). Practical Building of Methane Power Plants. Standard Printing,
Santa Barbara, Calif., 96 p.

Gron, G. (1980) The Engineering Design of Digesters for the Biogas Research and
Development Project in Denmark. Proceedings, First International Symposium on
A naerobic Digestion, University College, Cardiff, Wales, September 1979: 377-
393.

Gujer, W. and Zehnder, A. J. B., "Conversion processes in Anaerobic Digestion." Water
Science Tech., 15, 121-167 (1983).

Gunnerson, Charles G. and Stuckey, David C. (1986). Anaerobic Digestion. The
International Bank for Reconstruction and Development, Washington, D.C., 154

p.
Harmon, J. L., Svoronos, S. A., Lyberatos, G., and Chynoweth, D., "Adaptive

Temperature Optimization of Continuous Anaerobic Digesters." Biomass and
Bioenergy, 5, No. 3-4, 279-288 (1993).

84



Harrison, T. D. (1993). Characterization and Treatment of W astew ater from the Blue Crab
(Callinectus sapidus) Processing Facilities. M.S. Thesis. Virginia Polytechnic
Institute and State University. Blacksburg, Virginia.

Hobson, P. N., Bousfield, S., and Summers, R, (1981). Methane Production from
A gricultural and Domestic Wastes. Applied Science Publishers Ltd., London, 269

p.

Jiang, Z., Steinsberger, S. C., and Shih, Jason C. H., "In Situ Utilization of Biogas on a
Poultry Farm: Heating, Drying, and Animal Brooding." Biomass, 14, 269-281
(1987).

Karhadkar, P. P., Audic, Jean-Marc, Faup, G. M., and Khanna, P., "Sulfide and Sulfate
Inhibition of Methanogenesis." Water Res., 21, No.9, 1061-1066 (1987).

Keltjens, Jan T. and Vogels, Godfried D. (1993) Conversion of Methanol and
Methylamines to Methane and Carbon Dioxide. In Methanogenesis: Ecology,
Physiology, Biochemistry & Genetics (edited by Ferry, J. G.). Chapman and Hall.
New York. 253-303.

Lapp, H. M,, Schulte, D. D, and Buchanan, L. C. (1974). Methane Gas Production from
Animal Wastes. Canada Department of Agriculture, Ottawa, Canada, 10 p.

Legrand, Robert, "Methane from Biomass Systems Analysis and CO, Abatement
Potential." Biomass and Bioenergy, 5, No. 3-4, 301-316 (1993).

McCarty, Perry L., "Anaerobic Waste Treatment Fundamentals. Part Four, Process
Design." Public Works, 95-99 (Dec. 19644d).

McCarty, P. L. and McKinney, R. E., "Salt Toxicity in Anaerobic Digestion." Journal
WPCF, 33, No. 4, 399-415 (April 1961).

McCarty, Perry L., "Anaerobic Waste Treatment Fundamentals. Part Two, Environmental
Requirements and Control." Public Works, 123-126 (Oct. 1964b).

McCarty, Perry L., "Anaerobic Waste Treatment Fundamentals. Part Three, Toxic
Materials and their Control." Public Works, 91-94 (Nov. 1964c¢).

McCarty, Perry L. (1982¢). One Hundred Years of Anaerobic Treatment. Proceedings,

Second Interational Symposium on Anaerobic Digestion, Travemunde, Federal
Republic of Germany, 3-22.

85



McCarty, Perry L., "Anaerobic Waste Treatment Fundamentals. Part One, Chemistry and
Microbiology." Public Works, 107-112 (Sept. 1964a).

Melbinger, N. R. and Donnellon, J. "Toxic Effects of Ammonia-Nitrogen in High Rate
Digestion." Journal WPCF, 43, 1658-1668 (1971).

Novaes, R. F. V., "Microbiology of Anaerobic Digestion." Water Science Tech., 18,
No.12, 1-14 (1986).

Orth, Hans W. (1982). Gas Utilization. Proceedings, Second International Symposium on
A nearobic Digestion, Travemunde, Federal Republic of Germany, 217-236.

Parkin, G. F. and Speece, R. E., "Attached versus Suspended Growth Anaerobic
Reactors: Response to Toxic Substances." Water Science Tech., 15, 261-289
(1983).

Parkin, G. F., Speece, R. E,, Yang, C. H. J,, and Kocher, W. M., "Response of Methane
Fermentation Systems to Industrial Toxicants." Journal WPCF, 55, No. 1, 44-53
(January 1983).

Parmar, S. S, "A Study of 'Holding Times' for H,S, COS, CS,, and CH,SH Samples
(Gas Phase) in Different Containers." ENSR Consulting and Engineering, 1991.

Price, Elizabeth C. and Cheremisinoff, Paul N. (1981). Biogas Production and
Utilization. Ann Arbor Science Publishers, Inc., Ann Arbor, Michigan, 146 p.

Rinzema, Arjen and Lettinga, Gatze, "The Effect of Sulphide on the Anaerobic
Degradation of Propionate." Environmental Technology Letters, 9, 83-88 (1988).

Rohlich, Gerard, A. and Advisory Committee on Technology Innovation (1977). Methane
Generation from Human, Animal, and Agricultural Wastes. National Technical
Information Service, Springfield, VA, 132 p.

Ru-Chen, Chen (1982). Building Rural Digesters. Proceedings, Second International
Symposium on A nearobic Digestion, Travemunde, Federal Republic of Germany,

293-314.

Sarner, E., Hultman, Bengt G., and Berglund, Anders E., "Anaerobic Treatment Using
New Technology for Controlling H,S Toxicity." Tappi Journal, 41-45 (Feb. 1988).

Sathananthan S., Ammonia Toxicity in Anaerobic Digesters. MSc Dissertation. 1981,
University of Newcastle-upon-Tyne.

86



Soto, M., Mendez, R., and Lema, J. M, "Biodegradability and Toxicity in the Anaerobic
Treatment of Fish Canning Wastewaters." Environmental Technology, 12, 669-677
(1991).

Speece, R. E., "Environmental Requirements for Anaerobic Digestion of Biomass."
Advances in Solar Energy, An A nnual Review of Resources and Development, 2,
51-123 (1985).

Stafford, David A, Hawkes, Dennis L., and Horton, Rex (1980). Methane Production
From Waste Organic Matter, CRC Press, Inc., Boca Raton, Florida, 285 p.

Stafford, R. W., "Iron Sponge as an Aid to Sewage Gas Engine Operation." Sewage
Works Engineering (July 1942a).

Takashima, M. and Speece, R. E., "Mineral Requirements for Methane Fermentation."
Critical Review in Environmental Control, 19, Issue S, 465-479 (1990).

Taylor, D. K., "Natural-Gas Desulfurization - 4: Iron - Sponge Desulfurization Gains
Popularity." The Oil and Gas Journal. Dec. 10 ed. (1956d).

Taylor, D. K., "Natural-Gas Desulfurization - 3: Using Small - Diameter Towers Used
for Purifiers." The Oil and Gas Journal. Dec. 3 ed. (1956¢).

Taylor, D. K., "Natural-Gas Desulfurization - 2: Using the Recirculation Method of
Revivification." The Oil and Gas Journal. Nov. 19 ed. (1956b).

Taylor, D. K., "How to Desulfurize Natural Gas - 1." The Oil and Gas Journal. Nov. 5
ed. (1956a).

Thauer, K., Hedderich, R, and Fisher, R. (1993) Reactions and Enzymes Involved in
Methanogenesis from CO, and H,. In Methanogenesis: Ecology, Physiology,
Biochemistry & Genetics (edited by Ferry, J. G.). Chapman and Hall. New York.
209-252.

Velsen, A. F. M., "Adaptation of Methanogenic Sludge to High Ammonia-Nitrogen
Concentrations." Water Research, 13, 995-999 (1979).

Virginia Natural Gas Co., personal communication with Michelle Center (company
representative, 1995.

Walsh, James L., Ross, Charles C., Smith, Michael S., Harper, Stephen R., and Wilkins,
W. Allen (1988). Handbook on Biogas Utilization.

87



Wheatly, B. I. (1980) The Gaseous Products of Anaerobic Digestion - Biogas.
Proceedings, First International Symposium on Anaerobic Digestion, University
College, Cardiff, Wales, September 1979: 415-428.

Wise, Donald L. (1981). Fuel Gas Production from Biomass. Volume I. CRC Press,
Inc., Boca Raton, Florida, 264 p.

Wise, Donald L. (1981). Fuel Gas Production from Biomass. Volume II. CRC Press,
Inc., Boca Raton, Florida, 280 p.

Yang, J. and Speece, R. E., "Effects of Engineering Controls on Methane Fermentation
Toxicity Response." Journal WPCF, 57, No. 12, 1134-1141 (Dec. 1985).

Zabedakis, M. G. (1965). Flammability Characteristics of Combustible Gases and
Vapours. Bureau of Mines Bull. 627, Washington.

Zeikus, J. G, Kerby, R., and Krzycki, J.A., "Single-Carbon Chemistry of Acetogenic and
Methanogenic Bacteria." Science, 227, 1167-1173 (March 1985).

88



CHAPTER VII. APPENDICES

89



Appendix A: Data from laboratory systems A and B.

90



1£06 86C 97855 081 [T 5091 1£66C Z81 ¥6/1 L/v0
5868 B3 05/8v 091 081 0EZL _ |69v0E 18t v6I0Lv0
£€68 I5E TIvEY D CEt 05GL  |8004€ 081 v6/60/70
2888 €EV SG8IE 4 oLt OF 9L [ovSIE 611 V6/80/70
0c88 %% LYooy A A 0790 |g80c¢ 8Z1 v6/L0/70
818 Ovv GEBRY 051 05t SSIC_ |eeaee 11 v6/90/%0
1Ti8 65% 1LIEY 0ct 08 1 08°6L  [c9lEe 9/l ¥6/S0/v0
5198 3 €El [T 00121 006% 0082 00vv %3 OrvOy 0C ¥ 090 G69F  |00ZEE SLT v6/v0/v0
€298 GOE 1v656 I0°F A G601 |00ZEE Vil V6/50/70
T8 13 OvyOr 0c L oV T 00GL __|ooZee 1 Y6/20/v0
0258 8oV 05181 oLt 001 058 00591 [713 ¥6/L0/P0
EEIL 907 00EVE 180 060 0L0F _ |00S9t (91 V6/LE/E0
1¥8 5L SCOPL S8 0 0,0 0901|0059k 0Z1 V6I0E/E0
SOE8 5501 SZOvL S8 0 S60 08¥%L _ |0059} 691 v6/6¢/50
[€1€8 216 SChaL [N 060 0671|0059t 891 V6/82/£0
T928 85C 00v9C 091 05+ 089 00591 197 V6IL2IE0
0128 0SC viv SIEY 056% GIEE STIY 0055 €19 GZOIE 61 ove OF6L _ |00S9F 9971 ¥6/9¢/50
8518 0ce 60V (434 5o 0L0C__ |0Sh0L SOt v6/52/E0
2018 916 198€C 44 0L¢C 0S€C__ |0SPO0F vor Y6Iveieq
G508 €26 1115C ve 0E¢ 08€C__ |0SV0b €91 V6/ECIE0
€008 ov6 189€C T ove Ovec  |0ShOL Zo1 V6/2e/E0
TS6L 815 189EC Jk44 01 ¢ 0L€t _ |0Shol 191 v6/12/c0
0062 €00L GEOVT (4 0€C PNz ST 0ot ¥6/0C/E0
S88L €81 BV B4 05¢ 066+ |05V0L 851 v6/61/c0
0Z8L 6ES qCYSC e 053¢ 0L€L  |05vO0L Y Y6/81/E0
G581 59 18952 V44 0cC 009F  |0S¥O0L 151 V6/LLIE0
O¥8L = BEEEC €T ¢ 00¢C 081 |0S¥O0F 95t Y6/91/E0
ST8L SLL SYeIC 01¢ ove 007Z% ___|osvoL oGl Y6/S1/E0
0182 627 6L 00 eViL 0¥61 (474 (1434 SEV £8EVC tET 06t 090 __|0svOb =1 Y6/ L/ED
G611 8L ZELVE I€T 0L¢ 008 |0SvOL €51 V6/EL/E0
0822 005 [44:174 IS¢ 05¢ O €L |0svOL TSt Y6/ZLED
S9IL 815 STl9C 0S¢ 05¢ 0LSh _ [osvor 15T V671 1/e0
051 815 51082 I€C 05¢ OV iLF  |c0e6 051 V601750
Sell v6¥ (S (%4 (T4 010y [c0E6 671 Y6/60/E0
[3147) P9 244 05¢ 00¢C 00GE  |e0e6 I v6/80/€0
S0LL 05¢C G95EC €52 ove 065 (433 vl Y6ILOIE0
0697 b5 G9SEC £5¢ (744 06¢h  |c0e6 v v6/90/50
G971 059 BLEGE 80C 00¢C 09CL _ [c0e6 Sl V6/50/£0
0992 1o 528 BVL- E=EY 9B S09C 524 ShT 6SLE1 Z0¢ S0C RENS Z0t6 byl V6IVOIE0
SVoL 159 6880E (444 00¢ 0L 0C _ [seeel TrL V6/E0/E0
0£9Z ¥Z5 #4153 B44 09T 0c 9L |Geeet [423 V6IZ0/E0
G192 195 ELEVE x4 [1%4 0G6F  |GebEl W v6/L0/20
009 625 STrOE EI%¥4 (%4 0191 |Gesel vl v6/82/20
S85L 8C 708 11 18911 08Z1 [o]¥%4 1813 909 €062 80¢C SLt 09ZF _ |SeeEl 6EL V6I13Ic0
045 669 111 I 081 OVZE  |vivwl BEL ¥6/92720
SGSL 815 TEILE 09¢C 002 056l [vibvi gl ¥6/5¢/20
OvSL 3 12507 08T 007 09€L__ [vibbl 9t Y6IveIZ0
GZSL (13 vOB6E %4 ove 0L0F __ |vivbl GEl V6/EIC0
015 06¢ v80ZE (444 SoT 05Tt |vivvl vEL Y6ICeIe0
S6vL — V8t G108 [H%¥4 0ve 08 Ll [vibbl £EL ¥6/12/20

176w YZv o1 Ly L] 17 /bW /bW B /bW | goob/sebw p/ow q 1 ©) q VbW

SSA_|lerowaig jerowdigl 2y-LY QOO Lv-ul 30D £v¥ Q09| 2v a0 1V Q02 peoigoobiavised) peo| goobay Dbavpe]  ueniye seb U god Aval  3iva

v wayshs

91



1z8it (45 OLLLL 860 SO 08'8 oopLL 9eC v6/¥0/90
SLLLL LbS 0T899t 60 060 0oL'6 oovLL SeT ¥6/€0/90
€CLLL 6EC oLyl <80 S60 (3 oopLL vee ¥6/C0/90
[T 985 0/gS1 88°0 090 006 0ovLit £eC v6/L0/90
0zoLl 86¥ 09951 060 oLl 08’2 oovLL [434 ¥6/1€/G0
89611 (7174 0opLL 00’ 00'L [ ] oov/l (134 ¥6/0£/S0
LISEL 68 L ¥S 004 Zled ooey 002L 0064 o8y ovegL €60 060 06'L [ ¢34 v6/62/S0
SovLL vl Ovsst €60 060 04T 05991 62T ¥6/82/S0
Eivil acs 818Gl S60 00'L oc'e 05991 (44 v6/L2/SO
COELL S9¢ Svoie oc'th 062 05991 px44 ¥6/92/S0
OLEL} €SS £180C A 09’} 0S'LE 05991 (144 $6/52/S0
85Ci) [$34 slegt oL} 060 062 05991 44 [N
L0211 €0S 80V} 880 08'0 or'L 05991 (144 ¥6/€2/S0
SSitl 9ov €Sivi S8°0 G60 099 05991 (544 p6/22/SO
€0LLL et 69svL 880 080 00 05991 [44£4 v6/1e/S0
S0k Sed €180C SC L 08¢ 05994 12z ¥6/02/S0
00041 LTy 96£02 el [ 0.8 05991 [1/44 ¥6/61/S0
8y601L 8c08t 80°L SL0 05991 6LC ¥6/81/S0
26801 98¢ 8y 0091~ 8r99l 00Le 002L 009S €8 evoel 8.0 080 00'S 05991 8T v6/L1/1S0
Gre0l (214 orsst 080 080 or'9 00861 112 ¥6/91/S0
€6.01 €0} ozsrL €L0 080 05} 00861 []%4 ¥6/SL/S0
cri0l 6ce 08161 LL0 090 00'S 00861 Sl v6/¥L/SO
06901 80F 08ist L0 06'0 (4] 00861 (154 ¥6/EL/SO
8c901 L6C [EED S8°0 080 06’y 00861 %4 ¥6/21/S0
48504 Z20¢ [3114 Se'l or's 00861 [4%4 v6/LLISO
S€S01 (i 0cLLe ov'} 06’4 00y 00861 Lz ¥6/01/S0
gyl 080ST 1} 060 00861 []¥4 v6/60/S0
Zeyol [§44 0941 480 00t 08'e 00861 602 ¥6/80/S0
08e0} 181 091zl 180 0.0 oL'e 00861 80C ¥6/20/50
2zeot 684 09iLL 180 060 43 00861 02 v6/90/S0
2201 9L} 08rst €60 00’} ste 00861 90C ¥6/50/S0
S2ZoL zel LS OLZL 059/1 00L9 ovZLL  Joséch ovi 0c8lL 060 060 05T 0086} S0C p6/¥0/S0
€101 201 0s08¢ 260 08'0 00t 0090€ 0 ¥6/£0/S0
[440]} (<43 08G6C 160 SsO'L 09'¢ 0090¢ €0 $6/20/50
02001 oLl ovace 01 SO’k 09'¢ 0090€ [{i4 v6/10/S0
81001 SeC 0090€ 00t ot't (4] 0090¢e 102 P6/0E/¥0
1966 08T 05e8e 4 S80 001 0090¢ 002 ¥6/6Z/¥0
5166 SiL 0065F oS’k 08t (K] 0090€ 661 v6/82/v0
£986 €9C 01995 G8'L S8'L 06'vL 0090¢ 861 ¥6/.2/v0
Cl86 9L €325 000} Livyl 0026 00ZCL  Joocel cly 0202s 0L’} 06'L 0s'ic 0090¢ 161 ¥6/92/v0
096 0gc 0£52S [7N se'l [[1X43 0090¢€ 961 v6/ST/v0
8046 19¢ 0001S 291 06'L oy 8L 0090¢ S61 ¥6/vCiv0
1596 G6¢ 0199S S8l SL't 091 0090¢ v6i v6/€2iv0
S09%6 £6€ 0908¥ 08'L 06l 0681 00492 €61 ve/zzivo
€556 LlE GE8SY 743 SLL 0g'Ll 00492 6l y6/12/v0
2056 ooy Sslccy 85’1 oSt 0691 00£9C 161 v6/0C/Iv0
0sy6 80V [X:184 51 oS’} S0'LL 0029¢ 061 v6/6L/IV0
86£6 (434 0S00v oSt oLt oLt 00292 681 y6/811v0
1vE6 oy €9y 0049 oLevi 00c8 0066 0099t 16C 0locy €9} oc't 0L'¢h 00492 881 v6/LLIv0
5626 £SE 18Sey 09'L 06’1 [ 8€CLC 181 v6/91/70
[3Z43 91125 06't LU 981 v6/SLIv0
Z6l6 (3] 0l89¢ ot 0561 GlLese S8l PEIVLIVO
orle Sy 99Loy 09’ oc't [ ¥S88¢C yel ve/eLiv0
8806 ove 2008y €9l 06} 099} 6662 €8l v6/Ciiv0




Govil |8V 129 ¥ov 09p 1L (3 [ 8179 I8¢ 15691 960 ¥60 Z€9 vlll 1GZ-G0Z Aep]  ueaw
866 [AZ4 VS €5/T VESY GI€9 GE06 AT €EE 1E9¢EY A o'l B 6000€ VOC-€LL ABp|  UEaW
SI8L SOl 909 88 9v09 859C [3443 0i0¥ 0€9 200vC 62¢C 05T 616l 6190F 791vpL ABp|  ueaw
YZSL L1 9’18 9¢ 12911 €871 8G9C (4414 16V 8EOEE [434 (X344 ¥8 Gl 4428 Evi-€ci Aep| ueaw
1w fZv 01 1Y LY oy U /bW /bW /bW LY i/Bu Jpeo|qoob/sebw p/bw il 7 o) ] /bW
SSA _jlerowaigy jerowai%l 2v-1V 09| 1¥-ul 0D €Y gOOf 2V o)) Ly goo|| peoigoobayysed| peol goobAay| DBAvpe]  iueniye seb v gQo pouad
v WasAs
0Z'1
00Vl [9TH 619 066 TBLTH 0SEL 0889 078 055 TI18k [ 0t 000F 02591 082 V6/8HIZ0
gvovl - v ¥Z861 4 080 08¢ 0259t 61 PE/LLIL0
166EL 669 [7A5]3 oFt 05t (%4 0259+ 8T v6/91/20
ISVEEL [X42 v19C 4 00F 00}t 00CIZ 1T (R
€68ECL €8E 1Z0ve €Ll (A 026 00212 9/Z v6/v /L0
ZYeElL I8 €192C 01 01 059 00Z1C SIT v6/EV/L0
06.E1 13 OpPSZ 0Z1 080 0501 00Z1C (224 V6/CHL0
8EicL [0 008 008 €666 00vY 0026 00001 8% OvPST 0Z+ 091 (4 00212 [F24 v6/1 170
189¢L Z8 915kC x4 0C b 00C GGE6L [44 v6/0/L0
GEGEL 18y 4434 [4 00+ 0E 1F GGE61 [¥44 v6/60/20
€8GEL 86 €06Z¢ E3 oVt OV LF GGEBH 072 v6/80/20
ZEGEL £9C ¥8¥SC (433 SLt 0Z9 GGEBL 652 V6/L0/20
08PEL vy SEBIC €Ll vt 086 GGE6F 89C ¥6/90/20
8ZvEl_ |00 ¥99 0 OLiEF 001€ 0.69 0769 99C €0622 Bl S8 0 019 EET 192 ¥6/S0/L0
LIEEL 0Ly (44 €0t 0t Ov 0l 00viZ 99C v6/v0/L0
GZeEl (12 [IEIZ4 ST 60 0E 01 00¥IC 59T v6/€0/Z0
€LCEL 243 0L9vC SLE 0zt 0¥ Ol 00¥12 [224 V6/C0/L0
(4438 10C I8E1E vt 0t 069 00v1IZ €9C v6/10/20
0LIEY [¥43 0012€ 0S5t 061 0E04 00V 1T 29 V6/0€/90
8iIEL 3 LvT6L IE1 0Et 086 00F 1 192 ¥6/62/90
Z90€1 296vC vt 060 14 092 v6/82/90
GIOEL  [0C v'Sy 002" ¥918 009€ 0000F _ |0086 €81EC 80 L (<33 [1%4 652 ¥6/22/90
€96CH Siv GIEEC STL SOt 0.6 00481 85 v6/92/90
Zi6Z1 97¢ GIEET STh o't 088 00281 15T P6/G2I90
098C1 953 866€C 8 0EF 068 00281 05C ¥6/¥Z/90
B0BCH (£ SveSe GET SET 026 00481 GSC V6/EC/90
ISIZL 152 GIEEC SZ'h 09'F 086 00281 ¥SC ¥6/2/90
GOZZE [Z53 157444 [Z43 00t 058 00Z81 €52 ¥6/12/90
€50Ct  |9'SE ovS 0S.2 Z106 ovic 086V 0ELL 905 89161 €0 T SOt 0L6 00L8}F Z5C ¥6/0Z/90
C09Z1L (143 8¥8Ch 080 0SS 0903+ 15T ¥6/61/90
05521 €6 Y8zl 080 S50 4 0909¢ 05C ¥6/81/90
Lz 695 cIECh L0 GO'H 00 0909+ 6¥C v6/1/90
LyvZl a9 [4257} 260 0.0 016 0909+ 8vC ¥6/91/90
G6EC L €19 €8EEL €80 001 0Z8 0909¢ JiZ4 v6/51/90
EVETH 505 10z8t €L L 080 026 0909+ ove ¥6/v 1/90
62t |16 699 025 19814 0E8C 0625 0985 1€9 GZSS1 760 09F 086 0309} SvZ Y6/EL/90
OvZeH olv 16v8E <01 050 0L 00671 vve ¥6/Z 190
88ICE ¥69 0ESZ1 0.0 00'F 0.8 00611 eve v6/F1H/90
LEITL s €155 /80 090 058 0061 (474 |¥6/01/30
GBOCH GES 1551 /80 00¢ 0£8 006LF 874 76/60/90
€€0C1 ¥ES OFi91 060 00F 098 0061+ ovZ v6/280/90
T861 1 Sl €O0ELL 160 0.0 = 006L1 6€C ¥6/£0/90
0E6Lt |G 09 001" 60v0 1 00¥S 0069 0089 €05 €O0ELL 160 0z} 0.8 00611 8EC ¥6/90/90
8811 GEV 05981 801 00 4] 00vZE IEC ¥6/50/90

93



[z

X

655

[e6¢

AT

TozZiE

[eace

0558

Jose

[eveee

[Tt

|4

[60°6

—[98i6t

[ 08225 Aep|

ueaw

94



8182¢ 8EE0L SET 1E66C Z81 ¥6/11/v0
1913C £6C 89€95 S8l 06T 059l  [69V0E 18t ¥6/01/70
L1I2C GOS ZLSov 051 080 0GEC _ [800IE 081 ¥6/60/70
9992¢ 805 ZL0ZE [ 080 0E 9L 9¥SLE 611 ¥6/30/%0
51922 8 2443 el ShT 0c0c__ [5802¢ gL v6/20/v0
[£:44 33 06075 Sl 0Lt 08 [eC9cE Py v6/90/%0
€152C 68Y TEGLY eVl 0LT GCEC  |COLEE Y ¥6/50/70
ToveZ |G 6€ 6€L 001 00CH 00ZF 0092 00EY €85 0L0Z€ OLL 050 001C _ [00IEE SLL ¥6/70/70
[41244 8E9 10262 280 0.0 €98l |00/EE vZi ¥6/£0/V0
19€2C EI%a 0Z0Z% TN [ 0SSt 00ZE€ 31 y6/20Iv0
[[¥%44 Zv9 00781 €L 0} 002Zt 0059¢ [213 ¥6/10/v0
(1444 159 00861 [43 080 00€l__ [00SSt [} P6/1E/E0
8022C 289 00971 01 091 00T [0059L OLL ¥6/0€/E0
P %44 [i44} 00CEL 080 080 0F9F _ |00S9t 691 ¥6/62/€0
10122 18/ 0SE0C €Tl 06Gh___J00S9L 891 ¥6/82/€0
95022 0E6 05082 0Lt 06 0LSC _ [00S9F 291 ¥6/L2/E0
G00Zc_ [8L ) 00€ G299 GZ9C GZSE GZ8E 16 00£0¥% ve (V44 0661 |00S9F 991 ¥6/92/E0
¥S61C 999 GEOvT 0ET 0ET 00°9F 0S¥0L So1 ¥6/5C/E0
€061 856 IIIST v e [\[&4 0LvC  [05v0F ¥3L ¥6/VZIE0
[45]%4 £0L 17082 89C 0.T 0761 0S¥0L €91 ¥6/€2/E0
[4:%4 26 €8EVe (K4 S6¢ 0L€C _ [0GvOF [Z8 ¥6/C2/E0
(57134 226 ZELVT IEC GET 08¢CC __ [05v0L 191 ¥6/12/€0
00ZiC 101} [£144 [4X4 08¢ 08¢ [0SvOF 091 ¥6/02/€0
6651C €28 CI68C LT [IX3 08€c _ |0SvOk 651 ¥6/61/€0
5254 959 X374 €EC ove 009F 0SvOL E V6/BL/E0
96ELC 608 0662¢ (1144 05t 0981 0S¥OL 51 V6/LL/ED
G6CIHC 995 0805C 0ve 0LT [I41} 0SYOL o951 ¥6/9L/E0
¥611C 075 14254 €ve 00€ 05 v 0Sv0L S5l ¥6/SL/E0
€60k [P 1 7L [ 8EVL Ov6E 0522 (V444 [45] 1115T T 091 0C €l 0S¥Ol ¥Sl ¥6/PL/E0
16602 059 189€C ITT 08¢ OV Gl 0Sv0L €51 ¥B/EL/E0
0680C 1€5 1981T 19T oV Z 087 0Sv0L Z51 ¥6/CL/E0
6820 619 [44:14 IS¢T 08C 099F OSYOL 151 ¥6/1L/€0
8890C S99 ¥ES6L 0+Z 0S¢ 00€h Z0e6 051 ¥6/0L/€0
98502 ZES Sv6Ze vT 00+ OZCL__ |20E6 BrL ¥6/60/€0
S8FOT ZeS 001€C 8v C 06 € 0ECH 2066 vl ¥6/80/€0
#8802 0SS 982/ €6¢C ST 0051 T0E6 vl ¥6/L0/€0
€820 0v9 74 LET GET 0L 71 20E6 ovi ¥6/90/€0
18102 059 (291574 €2 ¢ 022 0S€r 2066 Ghi P6/S0/E0
08002 (L1 298 6v1- 650Z 1 0981 ¥B80Z GE6L 65C 68961 [4%4 ¥4 015 Z0E6 [228 PE/PO/E0
67661 169 X443 X4 00¢C 05¢c  |Gesel £vi V6/E0/20
82861 019 1€06C 802 082 [ GEBEL [41 Y6/20/E0
97161 73 091/€ 9T Syt 00v1 GEBEL vt ¥6/10/€0
G196l 067 £822¢ [<¥4 23 0S5GC _ |GEBEL OvlL Y6/82/20
ZET N 968 2ET ¥BECH oLk EEEDY 0602 G395 8ESPE 05¢ St 0.6l CE6EL 6EL V6IL2IZ0
€LV61 296 /8602 SV 00¢C 020 |vivvh BEL ¥6/92/20
[V Bzl Z196C S0C 090 00GC _ |vivbE LEL v6/52/20
102261 SVE 6E88¢ 89C SGE Ov'Er vivvi Otk v6/%2/c0
69161 B B69CY G6C 06°€ 0S¥ vivPE SEL V6/EZIR0
29061 99% 0B06E 0lT oVt 0E V1 vivvi [ ¥6/22/0
99681 S8 GBEOE [o]%4 08T 598 vivrl £EL V671220
/5w Jcgoria Lgory jow /6w /6w ow yow QODb/seb W p/BwW R il i 1w
SSA_[lerowaig) lerowaigel  28-18 OO 18-41 40D £68.0092 | 28 a0 | 18 90D | peoigonbay/seb|| peol goobAyll DBavpe]  jusnye seb ul goo Aval  3ivd

g wealshg

95



€966¢ Zls 086/} €0’ 0c0 [ 4] 0ovLL 9eC v6/P0/90
€166C L6v 08051 .80 oyl ov'L A SeT ¥6/€0/90
Z9rse 6Ly 00€0Z LL'L 060 058 00vLE (134 ©6/20/90
L1¥SC 06y 09581 201 oc't 0oL'6 [ 72% 334 ¥6/10/90
09esZ 8.y 086L1 €0’} Ok 098 00vii [4%4 v6/1e/50
60€SC s oyl61 oL’} 080 00'L oor/i LeC ¥6/0€/50
8G62SZ 00 GEL 0 184¢Ch 00LE 009 009 [ 08641 €01 or'L 0S9 oovii i34 v6/62/S0
80¢ST (414 Slesl oL’} 060 oL'8 05991 62T ¥6/82/S0
1516C 8cs G609 160 00’} 0S8 05994 8¢¢ $6/12/S0
90152 och S86V 1 060 00’} o8l 05991 Jx44 v6/92/50
SS0SC 528 oevyl 180 0L0 06'+1 05991 (44 ¥6/S2/S0
¥00SC 809 0ceet 080 060 018 05991 (544 ¥6/¥2/S0
£66vC LSS £9¢S1 260 080 0s'e 05991 (144 ¥6/€2/S0
€06vT €69 €280} S90 S04 0s'L 05991 544 P6/2T/S0
[ 174 629 £e6L L L0 oto 05, 05991 [£44 ¥6/12/S0
108¥C 062 0666 090 00t 06°C 05991 [¥44 ¥6/02/S0
0S.ve IS¥ (5448 180 0.0 09'9 05991 0ze p6/61/S0
669vZ 1144 58671 060 060 09'9 05991 (%4 ¥6/81/S0
8y9ve 0'se 69 Q0et ZleLl 00€C 006¢ 002S 0ge €925 1 260 Ob'L 08'S 05991 (144 ¥6/L1/S0
1652 o9y [ 480 SL0 06'L 00861 i34 ¥6/91/S0
LYSPT 958 0815! L0 SL0 [ 00861 9le $6/51/S0
96vvZ 08¢ 0e891 S80 080 [ 00861 Sle ¥6/¥1/S0
Sy (344 0C8LL 060 Q0L ov'g 00861 (424 p6/eLISO
(3324 (444 08yl €60 060 0c'8 00861 €l ¥6/Z1/S0
erere 86¢ 0z8lL 060 060 I3 00861 [4%4 v6/11/S0
[434Z4 86¢ 0281 060 060 0lL 00861 [1%4 ¥6/01/50
(44444 8¢ 00591 €80 060 ov'9 00861 [<]%4 ¥6/60/S0
154 ocy opest 080 0.0 069 00861 60C ¥6/80/S0
orive gig orest 080 080 00'S 0086} 80T v6/£0/S0
680¥2 €82 09LL1 180 060 Se'b 00861 L02 ¥6/90/50
8e0yZ [4%4 0c8ll 060 060 S8'Y 00861 902 ¥6/50/S0
186€C 00 9.9 0osey 00202 0L5¥ 0sey 0066 €61 05181 260 06 0 0s'e 0086 | S0Z v6/v0/S0
LE6EC oL 99882 ¥60 S60 00'e 0090€ ({4 ¥6/€0/SO
988€C [543 8962 160 860 (47 0090€ €02 v6/20/S0
GEBET Sel Zieie [ 860 4 0090¢ (414 ¥6/10/SO
v8.cC 19T 9eeLT 680 o'} [ 0090¢ [{iH4 v6/0E/P0
€ELEC LvE orlie €Ch 090 oL'et 0090€ 00Z v6/62/¥0
CB9ET (34 0LEYY Syl 00'c 0s'6l 0090¢€ 661 v6/82/¥0
¢e9eT 8¢ 0,965 G6'} SLL oLZL 0090€ 861 ¥6/.2/¥0
L8SEC  |6Gl S¥S 000C 08051 00e8 0090} 0092} (344 05985 6L oL'e 009 0090€ L6l v6/92/¥0
0e5€C 98¢ 08109 161 06'} [4%4 0090€ 96l v6/STIY0
BLYET oy 09165 €61 06'L 09'vC 0090¢ S6l ¥6/vZiv0
8CPET (453 00Z19 002 00¢C 0Z'sT 0090€ 61 ¥6/£2/¥0
L1€€C (14 SPeES 20T [o[X4 00'SC 00/9C €6l ¥6/22/v0
J34334 vy S90CS S6'1 S6'L 00€C 00.9¢ {413 v6/1ZIv0
9.2€C (314 S80S 88’1l 08’ oL'ee 00492 161 ¥6/0Z/¥0
SCCET (234 0908y 08l 06' 08'cc 00492 061 ¥6/61/70
(21134 ocy 06CPS €0¢C oL 082e 00.9¢ 68} ¥6/8L/v0
44 6'8¢ S¥9 00Zb 66561 00CS 0099 00801 89¢ 062vs €0¢ 0s¢C 000z 00492 881 ¥6/L1I¥0
Z10€C 0y 6295 0¢C 06t 0L2C 8ETLC 181 ¥6/9L/v0
2coee 06c 90vLS 10T 08’ or'ze LLLLZ 98l v6/SHY0
11622 [4il4 81585 202 0S¢ 0S'€Z SLEST EEL ¥6/vLIv0
0z62¢ 344 [43 107 06'} oz'sT $S882 ¥8L [N
69822 16¢ SLEPS 8L 08’} STie C6E6T €8l ¥6/CLiv0

96



G1SC 99t 1 0L [ vZ6ZL 810C 89vY ZovS B3 Z809% 160 060 vSZ ViV 162-G02 F% uesw
6ViEC_ |F9E 169 (X3 G689F 3712 8819 00v6 0¥ 0258k = €91 Gv'6F  [6000€ Y0Z-€Z1 Aep| ueaw
981iZ_ [c¢€ ¢0L Gel 1€0Z €82c 888 €20E 519 €0€5C [\[24 [iX4 (2} 61501+ 791-vv1 Rep| ueslu
€Iv6L L1 6G8 t42 ezt 8851 161 £10C 0vS 8BEEE SET 4 9891 447 €vI-€C1 Aep| _ ueal
/oW jzg ol g g oy “ybw /6w /oW /B 1/Bw Qqoob/seb W p/bw il R q 176w
SSA_Jlerowaiy lerowaig)  zg-18 OO} 18-Y1 Q0D £8 goo | 28 a0 | 18 a0 | peoigoobay/seb] peol gooBay| Dbaypel  ueniys seb U1 goo Avg]  3ivag
g waisig
ot
008 v L €L 06¢€- SOIStE 0451 0065 0155 [£13 LIEvL /80 0v 0 080F _ [0ZS31 08Z v6/81/20
6vLIT B80S X258 260 011 0L L 0259+ [7%4 Y6/LLIL0
[86922 €65 6VS6L B8lL 4D 091k |0CSot 8LC v6/9L/L0
_WQR 243 /80ST I [ 090 |OOZIC 11T VB/SHLO
16G1T 19V [04334 0L ¢ 0Lt 0670} [s[4%4 ()4 V6/vL/L0
OvSIT 28¢ OCEEC OF L 001 068 0021 ST VB/EL/Z0
S6viT Iy 0v¥ST 4 (4 090F 00¢iZ (744 V6/ZHLO
vwviZ |06 009 00V~ S10CH 009¢ 0078 0008 Sov €ELVT Iy ov'l 0SLL |00z (324 y6/LEL0
€6ELC [X43 [451574 £ 060 0C1F  [G5E6H [4%4 ¥6/01/20
EVELL Z8E 29162 0ET 081 096 GGE6L Y14 ¥6/60/20
[454%4 8Ly [Z¥5T4 S (4 0C 1L [GSE6E 02 ¥6/80/20
(12444 8Sp €062¢C gLt SLl 0S 0L |SGE61 692 ¥6/20/10
06112 Svv [E444 0 0zl 066 GSE6L 89C ¥6/90/20
6€VLZ  |I¢C 5G9 [ Z95EL 0S5t 069 091Z (33 18522 It oLt 0.6 GSE6E 92T ¥6/S0/20
880Z¢ 6EV 0rove SEE (4l 0801 [00¥i2 99C Y6/70/L0
8€04C G6E €CTEST gL SiT 00CL __Jo0vic SOC V6/E0/L0
1869C Sty (343534 8L L (4 050 [00viZ (24 ¥6/Z0IL0
9E69C (243 0895C A (43 060L |ooviT €9C v6/10/20
G889C GOV 0895C [ [ Ov0F  |oovic [44 ¥6/0€/90
PEBOT I 196VC L [ Ov'0r  |oOviT 19T ¥6/62/90
€819C 1412 059C ST 01l 0LCE  [00ViC 09 ¥6/82/90
€EL0C (66 9¢CS 005" GZv6 0062 0006 0058 €8€ €6£9C €t Syt 01 OF 00FIZ 66C ¥6/L2/90
Z899C (524 GZEET ST L St 05 0F 00Z8F 85S¢ ¥6/92/90
1€99C S0C S0S IS SLE E3 ov v 008} 15T ¥6/52/90
0859C oS GOS1Z SLL Sit 086 00281 95 V6/¥ZI90
6259 607 [47%44 T Sl 0E6 0048} 4 ¥6/E2/90
8LV9C 9% B66€C et ST 0CFL___[00Z8¢F (4 $6/22/90
8ZV9C £33 Svese GEL SET [ 00281 €5 v6/12/90
[IE9T  [ecT 965 0ZSH 6004 0Z0F 0625 0189 155 €611 N} GET 081l ___Jooist [414 ¥6/02/90
9ZEST 999 ZCivt 260 0,0 086 09091 15 v6/61/90
GIZ9T 8PS 085Z1 8.0 020 069 09091 05¢ v6/31/90
(24474 689 [ S80 560 3 09091 6vC [N
€219 0v9 [ €60 060 096 0909+ Eizd ¥6/91/90
€219 009 6867 €60 60 006 09091 v V6/SHI0
TL09Z ¥65 686V L €60 560 068 0909+ ove ¥6/71/90
1209C |2 9F [ 058 T65CH 045 [543 0015 12 686F1 €60 060 096 0903+ Sve V6/EL90
0165C 45 ENED 260 G610 ov'8 006L1 vve v6IC 190
6165C SIS 10401 €60 060 098 0061 [374 v6/11/90
9985C Z8¥ S00Z1 G610 S60 (4] 006.1 (424 ¥6/01/90
8185 9o ¢09/1 860 00} 0Z8 00671 e ¥6/60/90
1915C G8Y 10/81 €60 001 0r's 006ZF ove v6/80/90
EIVEE4 125 20291 €60 080 088 006.1 6EC ¥6/20/90
GO9Sz |68t Z69 0001 Z68T1 001§ 00Ev 00€S S €606 20t 001 058 0061} gec V6/90/90
¥195C 295 09951 060 o'l 088 00FZF 1€C ¥6/50/90

97



[B%02Z

BT

[8T8

254

[6e52t

[oee

[6%5L

[E62L

Tovo

[r6vee

it

e

[Zor

98



Appendix B: Gas composition data from lab System A

Raw A1
DATE %CH4 %C02  %H2S
03/22/94 74.2 34.5 1.28
04/03/94 66 275 1.5
04/04/94 70.9 29.5 1.72
04/05/94 66.8 30.2 1.94

04/06/94 64.8 28.1 1.87
04/07/94 71.6 31.3 2.68
04/08/94 61 293 27
04/09/94

04/10/94 65.4 31.8 1.69
04/11/94 64 29 1.52
04/12/94 60.1 36.8 213
04/17/94 63.4 35.2 1.51
04/26/94 60.9 34.2 2.05
04/27/94 59.7 33.8 2.11

05/03/94 67.3 28.8 1.37
05/04/94 64.9 29.4 1.55
05/10/94 69.8 26.2 1.44
05/11/94 69.4 26.4 1.44

05/21/94 74 213 0.8

05/27/94 71.3 23.4 0.85 *
06/03/94 741 233 0.74 *
06/12/94 741 20.8 0.53 **
06/19/94 70 233 0.58 **

06/26/94 66.7 26.7 1.34 ™
07/04/94 70.7 22.4 0.89 **
07/11/94 67.6 26.9 1.37 ™
07/18/94 66.1 248 1.22 **

mean 67.5 28.3 1.5
minimum 59.7 20.8 0.5
maximum 74.2 36.8 2.7

* H2S % based on STD run 5/21/94
** H2S % based on STD run 5/12/94
RSD < 2%
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Appendix B cont.: Gas composition data from lab System

Raw B1
DATE %CH4 %C02 %H2S  %NH3
03/22/94 76.1 35.1 1.31
04/03/94 65 26.9 1.58
04/04/94 72.8 28.6 1.7
04/05/94 63.5 28.3 1.86
04/06/94 69 28.4 1.94

04/07/94 67.9 28.9 2.45
04/08/94 62.2 28.1 2.57

04/09/94 66.2 29.5 1.43

04/10/94 67.5 326 1.72

04/11/94

04/12/94 64.6 33 1.74

04/17/94 66.1 32.5 1.37

04/26/94 60.1 31.9 1.82

04/27/94 62.3 321 1.96 @1ppm
05/03/94 67.2 27.9 1.34 <0.5ppm
05/04/94 65.3 30.2 1.6

05/10/94 73 236 1.11 <0.5ppm
05/11/94 73 233 1.03

05/21/94 67.4 215 0.77 <0.5ppm
05/27/94 743 23.6 068 @1ppm *

06/03/94 74.8 22.5 0.68 >
06/12/94 72.9 22.7 0.62 <0.5ppm **
06/19/94 67.3 27 1.23 <0.5ppm **
06/26/94 65.8 27.7 1.54 <0.5ppm **
07/04/94 70 23.6 0.98 <0.5ppm **
07/11/94 67.8 27.8 1.23 >
07/18/94 65.3 247 1.19 >
mean 68.0 27.8 1.4 0.61

minimum 60.1 21.5 0.6 0.5

maximum 76.1 351 2.6 1

* H2S % based on STD run 5/21/94
* H2S % based on STD run 5/12/94
RSD < 2%
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Appendix C: Modification of natural gas hot water heater

Modification of the natural gas hot water heater to convert from natural gas to biogas
involved enlargement of the main gas orifice.

The following equation was used for estimating the required gas orifice enlargement
(Jiang et al., 1987):

(di/dy) = [(S/S,)"*1[(H,/H))™] [21]

d = gas orifice diameter (cm)

S = specific gravity of gas

H = energy value of gas (kJ/m?)
subscript 1 = biogas

subscript 2 = other gases

A sample of biogas from the pilot-scale system was analyzed to determine CH, content
(approximately 70 %). The existing gas orifice measured 0.9375 in. The required gas
orifice size of 0.126 in. was calculated from the above equation using the following
information.

CH, content = 70 %

d, = 0.9375 in.
, =0.85
S, = 0.55

H, = 700 Btu/ft’
H, = 1012 Br/ft’

The required gas orifice enlargement was also estimated using the gas orifice multiplier
for 70 % CH, found in Table 1. The modified gas orifice size of 0.124 in. was calculated
using the following information.

Orifice multiplier (Table 1) = 1.32
d, = 0.9375 in.
d, = (0.9375)(1.32) = 0.124 in.

The actual gas orifice modification was carried out using successive enlargements based
on drill bit sizes available. At the time the modified hot water heater was initially
operated, a sufficient quantity of biogas had not been generated to displace all the
nitrogen gas used to pressurize the system. Therefore, the gas in the 120 gallon storage
tank was 54 % methane as compared to 70 % methane gas being generated by the
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anaerobic reactors. The pilot gas orifice had to be enlarged slightly to obtain a stable
pilot flame. The main gas orifice was then enlarged to 0.213 in. to obtain a stable flame.
The required gas orifice size will decrease significantly (e.g. 0.124 in.) as the methane
content in the storage tank approaches 70 %.
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Appendix D: Cost Analysis of Carbon Dioxide Removal
by Absorption into Sodium Hydroxide Solution

The estimated cost of CO, removal from the biogas was calculated assuming pilot-scale
wastewater treatment of 100 gallons per day (gal./day) and 3000 liters of biogas (30 %
CO,) per day (L gas/day). Gas production was estimated based on initial laboratory-scale
system gas production of approximately 30 L gas/l gal. of wastewater treated.

Removal of CO, from biogas by absorption of the CO, gas into a caustic solution is
controlled by the following reactions:

COy,y = COyy K = 10" at25°C
COypy + HLO = H,CO, K = 10°%
H,CO, = H + HCO;y K = 10°
HCO,- = CO” + H' K = 1079

With the addition of 2 moles of OH per mole of CO,, (or, in effect, the removal of two
moles of H™ per mole of CO,) the above reactions are forced to the right. The formation
of CO,” is favored: the result is the transfer of CO, from the gas phase to liquid phase.

The removal of CO, from biogas using a NaOH solution occurs based on the following
reaction:

2NaOH + CO, = NaCO, + H,0

Based on stoichiometry, two moles of NaOH would be required for every mole of CO.,.
Therefore, approximately 3000 grams of NaOH would be require per day, costing
approximately $5.00 per day (based on price quote by Allgood Chemical Co.; January
1995).
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Appendix E: Cost of materials used for construction of the pilot scale system

Item description:

Masterflex gas/liquid pump (6-600 rpm, L/S, variable speed)
25 psi continuous/40 psi intermittent

Pump head (quick load; stainless steel rotor)

Pump tubing (A60G; size 24; 50 ft.)

Solenoid valve (ASCO 82638232 brass)

Pressure switch (ASCO SA42D, 0-12 in w.c.)

Transducer (ASCO TA40A11, 0-12 in. w.c.)

Carbon steel pipe (S40 stl pipe for H2S columns)

H2S tester (Smyly; Connelly GPM)

Mass flow meter (Omega FMA 869-V; 0-5 SLM; N2)

Power supply (Omega +/- 15 VDC; 200 mA)

Batch controller (Omega DPF66-A)

AC noise filter (Radio Shack 26-1365A)

Gas storage tank (14355 30 in. x 46 in. vertical air receiver; 200 psi)

Pressure gauge (2.5 in./0.25 in.; Im 0-60 psi)

Pressure relief valve (3-50 psi)

Natural gas regulator (Fisher R522 5-6 in. H20)

Flash arrester (Scott M85 #55854)

Hot water heater (30 gal, natural gas)

Temperature/Pressure relief valve

Stainless steel tubing (8 ft. x 0.25 in. internal diameter)

Iron Sponge (2 bushel bag)

Nitrogen (2 cylinders)

Total:

104

Price (8):

495.00

140.00
85.00
56.58

253.00
95.50

180.80
75.00

834.00
95.00

435.00
31.34

425.00
35.65
19.90
56.20

106.00

195.50

4.96
28.76
13.04
80.00

$ 3741.23



Appendix E cont.: Cost of materials used for construction of the pilot scale system

Miscellaneous:

Gas shut-off valves
Sample valves

Drain valves

In-line shut-off valves
Water heater insulation

PVC:
0.5 in. pipe ($/ft.)
elbows
T's

Carbon steel:
0.5 in. pipe ($/ft.)
elbows
T's
unions

No.:

105

WO Wn A

50
26

20

Unit price ($):

3.00
15.00
3.00
4.50
15.00

1.00
0.20
0.30

0.20
0.50
0.50
2.00

Total:

42.00
75.00
12.00
27.00
45.00

50.00
5.20
2.10

4.00
3.00
5.50
16.00

$ 28680



Appendix F

Gas Production (L/d)
System A System B

Period 1

Minimum 10.10 4.50
25th Percentile 13.05 13.70
50th Percentile 16.30 17.70
75th Percentile 18.55 21.35
Maximum 20.10 25.50
Period 2

Minimum 4.60 5.10
25th Percentile 12.30 13.95
50th Percentile 14.90 15.65
75th Percentile 19.53 20.48
Maximum 24.10 27.80
Period 3

Minimum 3.00 3.00
25th Percentile 12.40 16.80
50th Percentile 16.60 22.40
75th Percentile 17.35 23.38
Maximum 21.55 28.30
Period 4

Minimum 1.20 1.00
25th Percentile 3.80 6.60
50th Percentile 7.40 8.10
75th Percentile 8.50 8.70
Maximum 11.50 13.00
Period 5

Minimum 2.00 4.40
25th Percentile 8.65 9.90
50th Percentile 9.80 10.50
75th Percentile 10.40 11.00
Maximum 12.70 12.10
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Appendix G:  Statistical analysis of daily gas production.

System A

Period 1

Mean 15.8364
Standard Error 1.02401
Median 16.3
Mode 19.5
Standard Deviation 3.39625
Variance 11.5345
Kurtosis -1.1348
Skewness -0.3724
Range 10
Minimum 10.1
Maximum 20.1
Sum 1742
Count 11
Confidence Level(0.950000) 2.00702
Period 2

Mean 15.1917
Standard Error 1.12377
Median 149
Mode 13.7
Standard Deviation 5.50533
Variance 30.3086
Kurtosis -0.5655
Skewness -0.0933
Range 19.5
Minimum 4.6
Maximum 241
Sum 364.6
Count 24
Confidence Level(0.950000) 2.20255
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System B

Period 1

Mean 16.8591
Standard Error 1.99892
Median 17.7
Mode NA
Standard Deviation 6.62966
Variance 43.9524
Kurtosis -0.4374
Skewness -0.4604
Range 21
Minimum 45
Maximum 25.5
Sum 185.45
Count 11
Confidence Level(0.950000) 3.91781
Period 2

Mean 17.0417
Standard Error 1.09347
Median 15.65
Mode 16
Standard Deviation 5.35691
Variance 28.6964
Kurtosis 0.06497
Skewness 0.33075
Range 227
Minimum 5.1
Maximum 27.8
Sum 409
Count 24
Confidence Level(0.950000) 2.14317



Period 3

Mean 14.6532
Standard Error 0.92263
Median 16.5
Mode 3.6
Standard Deviation 5.21918
Variance 27.2398
Kurtosis 0.27033
Skewness -1.109
Range 21.55
Minimum 3
Maximum 21.55
Sum 454 .25
Count 31
Confidence Level(0.950000) 1.83725
Period 4

Mean 6.31778
Standard Error 0.3962
Median 7
Mode 7.9
Standard Deviation 2.7162
Variance 7.37774
Kurtosis -0.9213
Skewness -0.4687
Range 11.5
Minimum 1.2
Maximum 11.5
Sum 284.3
Count 45
Confidence Level(0.950000) 0.7936
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Period 3

Mean 19.4494
Standard Error 1.18429
Median 22
Mode 42
Standard Deviation 6.69936
Variance 44 8814
Kurtosis 0.78586
Skewness -1.3239
Range 283
Minimum 3
Maximum 283
Sum 602.93
Count 31
Confidence Level(0.950000) 2.35831
Period 4

Mean 7.54468
Standard Error 0.32783
Median 8.1
Mode 8.5
Standard Deviation 2.24747
Variance 5.05111
Kurtosis 1.81607
Skewness -0.7942
Range 12
Minimum 1
Maximum 13
Sum 354.6
Count 47
Confidence Level(0.950000) 0.64253



Period §

Mean 9.05556
Standard Error 0.47305
Median 9.7
Mode 9.8
Standard Deviation 2.54745
Variance 6.48949
Kurtosis 1.27098
Skewness -1.3975
Range 12.7
Minimum 2
Maximum 12.7
Sum 2445
Count 27
Confidence Level(0.950000) 0.96088
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Period §

Mean

Standard Error
Median

Mode
Standard Deviation
Variance
Kurtosis
Skewness
Range
Minimum
Maximum

Sum

Count

10.2724
0.2695
10.5
10.5
1.45133
2.10635
9.24767
-2.5871
7.7

44

12.1
297.9
29

Confidence Level(0.950000) 0.52822
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