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FOREWORD

The u.s. Environmental Protection Agency is charged by Congress with
protecting the Nation's land, air, and water systems. Under a mandate of
national environmental laws, the agency strives to formulate and implement
actions leading to a compatible balance between human activities and the
ability of natural systems to support and nurture life. The Clean water Act,
the Safe Drinking Water Act, and the Toxic Substances Control. Act are three of
the major congressional laws that provide the framework for restoring and
maintaining the integrity of our Nation's water, for preserving and enhancing
the water we drink, and for protecting the environment from toxic substances.
These laws direct EPA to perform research to define our environmental
problems, measure the impacts, and search for solutions.

The Water Engineering Research Laboratory is that component of EPA's
Research and Development program concerned with preventing, treating, and
managing municipal and industrial wastewater discharges; establishing
practices to control and remove contaminants from drinking water and to
prevent its deterioration during storage and distribution; and assessing the
nature and controllability of releases of toxic substances to the air, water,
and land from manufacturing processes and subsequent product uses. This
publication is one of the products of that research and provides a
communication link between the researcher and the user community.

The research described in this report was concerned with evaluation ot
alternative approaches to anaerobic digestion, a process commonly used on the
residual stream from wastewater treatment. The principal approach studied was
that of separating the acid and methane forming phases by using two digestion
vessels rather than one. The effects of varying temperature and other
operating parameters; and of adding enzymes to the process, were also
investigated.

Francis T. Mayo, Director
Water Engineering Research Laboratory
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ABSTRACT

Laboratory research was conducted to study the performance characteris
tics of separate acid- and methane-phase anaerobic sludge digesters and the
overall two-phase systems under mesophilic and thermophilic fermentation
conditions at several levels of hydraulic flow-through and organic loading
rates, culture pH, and feed solids consistency. Chicago municipal wastewater
sludges were used as digester feeds. The sludges were chemically and
biochemically characterized, and theoretical digestion efficiencies and
anaerobic biodegradability factors were determined. Performances of single
stage and two-phase systems using continuous-flow, continuously-stirred tank
reactor (CFCSTR) digesters were studied under a variety of comparable
operating conditions. The effects of three important variables (pH, hydraulic
residence time, and temperature) on acid-phase sludge digestion were
determined based on the results of digestion runs conducted according to a
factorial experimental design. In a more applied part of the research, novel
upflow digesters which were mixed by indigenous gas production and had high
solids retention times were used in lieu of the CFCSTR digesters to develop an
advanced two-phase system. The study also included investigation of the
effects of ce11u1ase-ce110biase pretreatment of the two-phase process sludge
feed and of lipase treatment of the acid-phase digester on liquefaction,
acidification, and gasification efficiencies.

The CFCSTR two-phase process performed better than CFCSTR single-stage
digestion under all operating conditions. The performance of the two-phase
process was further enhanced by using the upflow digesters and cellulase
cellobiase pretreatment of the feed sludge in combination with direct lipase
treatment of the acid-phase culture.

This report was submitted in fulfillment of Cooperative Agreement No.
CR 809982 by the Institute of Gas Technology under the sponsorship of the U.S.
Environmental Protection Agency. This report covers the period October 1,
1982, to November 30, 1985, and work was completed as of November 30, 1985.
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SECTION 1

INTRODUCTION

Anaerobic digestion is an important aspect of biotechnology because of
its applicability to waste treatment, energy conversion, and production of
chemicals. In addition, the digestion process can be coupled to appropriate
thermal and electrochemical processes to produce electric power, methanol,
hydrocarbons, and other useful products.

The conventional digestion system using the single-stage continual-flow,
continuously-stirred tank reactor (CFCSTR) digester is perhaps the most
commonly used in commercial sludge stabilization. The single-stage CFCSTR
process has several disadvantages, however, including the requirement of
large, capital-intensive digestion tanks and process instability because of
imbalances between the symbiotic fermentation steps of acid formation by
acidogenic bacteria (acidogens) and acid-gasification by the more sensitive
and slow-growing methane bacteria (methanogens).

A review of the anaerobic digestion literature indicates that an advanced
digestion mode in which the acid-production and acid-gasification phases are
conducted separately has several advantages over single-stage digestion.
Among the principal benefits of this two-phase digestion process are reduced
plant capital and operating costs, enhanced stabilization and gasification
rates and efficiencies, increased net energy production, and improved process
stability and reliability at higher system loadings-and shorter hydraulic
residence times (HRT's). Although several two-phase digestion studies have
been conducted with soluble synthetic substrates and wastes to support some of
the claimed benefits of two-phase digestion, there is a paucity of information
on process behavior with such particulate feeds as sewage sludge.

First, it is necessary to demonstrate that two-phase digestion of sludge
is superior to single-stage digestion under identical operating conditions.
The relative advantages (if any) of two-phase digestion over the single-stage
process could be a function of such basic operating parameters as HRT,
fermentation temperature, and pH; these should be studied. Next, the effects
of these important variables on acid- and methane-phase digestion stages need
to be delineated. The efficiencies of the conversion of the major organic
components of sewage sludge -- carbohydrates, proteins, and lipids -- by two
phase and conventional digestion at appropriate ranges of HRT and digestion
temperature should be compared to establish the superiority of one or the
other process. Overall, it is necessary to quantify the benefits of two-phase
digestion in terms of gains in conversion rates and efficiencies relative to
the baseline performance of single-stage digestion. This project was
undertaken to develop this fundamental information by conducting parallel two
phase and single-stage digestion studies, with each process using the same
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reactor design to obtain a valid comparison. Although several reactor designs
are available to conduct anaerobic digestion, the commonly used CFCSTR reactor
was selected for the process comparison experiments.

Once the superiority of the two-phase process is demonstrated -- an
important initial goal -- it is also necessary to investigate means of
improving this process further to maximize solids stabilization as well as the
volumetric gas formation rate at system HRT's that are lower than those of the
CFCSTR digesters. Two obvious approaches to accomplishing these goals are
1) to use reactor designs that provide solid residence times (SRT's) that are
higher than those of the CFCSTR, and 2) to enhance the reactivity (or
biodegradability) of the feed sludge by cost-effective enzyme or chemical
treatment. Accordingly, the second part of this research project was
concerned with 1) the application of novel upflow digesters that are known to
exhibit better performances than those of CFCSTR digesters, and 2) cellulase
and lipase treatment of the raw sludge to increase the digestibilities of
these two major sludge components.

PROJECT OBJECTIVES

The overall objective of this research was to conduct fundamental and
applied studies to demonstrate the application of an advanced digestion
process (two-phase digestion) to stabilize and gasify sewage sludges at higher
overall rates and efficiencies than are achieved by conventional high-rate
digestion.

The research was directed toward developing a better understanding of the
fundamental engineering aspects of the acid-forming and methane-forming phases
of the overall anaerobic digestion process and investigating selected two
phase process configurations for further development by pilot-plant-scale
application later at a selected sewage treatment plant. To address these
objectives, the program was divided into two parts:- Fundamental studies and
applied studies. Specific objectives for each part of the program are
described below.

Specific Objectives

Fundamental Studies--

The specific objectives of the Fundamental Studies were to conduct bench
scale anaerobic digestion experiments and --

• To compare two-phase and conventional single-stage, high-rate anaerobic
digestion processes at mesophilic and thermophilic culture temperatures
at selected HRT's

• To develop basic information on the effects of key operating variables on
acid-phase digester performance with a selected sewage sludge.

Applied Studies--

The specific objectives of the Applied Studies were --
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• To conduct a bench-scale investigation of an advanced two-phase digestion
mode using novel upflow acid- and methane-phase digesters and interphase
culture recycling to identify the best two-phase digestion process
configuration for pilot-scale testing later in a sewage treatment plant

• To study the effect of sludge pretreatment by selected cellulase and
lipase enzyme systems on two-phase process performance at a short
hydraulic residence time.
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SECTION 2

RESULTS AND CONCLUSIONS

Several important aspects of single-stage and two-phase anaerobic diges
tion were investigated during this research. The results of the experimental
work showed that under comparable operating conditions, the two-phase sludge
digestion process was more stable and exhibited higher conversion efficiencies
and rates than single-stage digestion. Theoretical and kinetic analyses of
single-stage and two-phase processes supported these experimental observa
tions. The performance of the two-phase digestion process could be improvea
considerably by the use of high-SRT upflow reactors in lieu of CFCSTR
digesters, or by pretreatment of the digester feed by a commercial cellulase
cellobiase system and direct lipase treatment of the acid-phase digester. It
was observed that, although sludge liquefaction and acidification were
enhanced at a higher digester temperature, the thermophilic acetogens and
methanogens were inhibited by certain unidentified products of protein and
lipid degradation.

Only 59% of the sludge volatile solids were anaerobically biodegradable,
and complete conversion of the biodegradable material was achieved by two
phase digestion.

The following are specific results and conclusions from work on the
specific research topics listed below.

KINETIC ANALYSES OF SINGLE-STAGE AND TWO-PHASE DIGESTION

1. Kinetic analysis based on the available information indicated that, in
theory, the rate of production of volatile acids in single-stage CFCSTR
anaerobic digesters is higher than the rate of conversion of volatile
acids unless the digester is operated at a fairly high HRT -- usually
20 days or higher. Single-stage digestion at lower HRT's leads to an
imbalance between volatile acids production and volatile acids
conversion, resulting in acids accumulation and inhibition of acidogenic
and/or methanogenic fermentation(s). Also digester operation at unduly
high HRT's is tantamount to maintenance of the acidogenic bacteria in the
stationary or the endogenous growth phases, which leads to the decelera
tion of the substrate hydrolysis and acidification processes. Two-phase
fermentation, which provides for separate culturing of the kinetically
dissimilar digester organisms, has the advantages of maximizing the rates
of volatile solids degradation and volatile acids formation and minimiz
ing volatile acids conversion (methanogenesis) in the acid-phase
digester. Methanogenesis, on the other hand, is maximized and the acid
formation rate is minimized in the methane digester. Thus, in two-phase
fermentation, both groups of digester organisms could be maintained in
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the exponential growth phase and the probability of unbalanced
acidogenic-methanogenic fermentation and its inhibition is minimized.
The two-phase process thus should afford higher sludge stabilization
rates and efficiencies at lower HRT's and higher loading rates than are
feasible with single-stage digestion.

CHEMICAL CHARACTERISTICS OF DIGESTER FEEDS

1. About 80-95 wt % of total solids (TS) content of the Chicago sludge used
for the digestion studies was insoluble particulate matter with the
balance being soluble material. On the average, about 8 wt % of the T~

was soluble inorganics, 21 wt % (of TS) was insoluble inorganics (fixed
solids), 7 wt % (of TS) was soluble organics, and 64 wt % (of TS) was
insoluble organics. The total COD of the sludge solids averaged 1.5 g
COD/g VS. About 93% of the sludge COD was due to particulate organic
matter. Of the total nitrogenous matter, 85-91% was particulate protein
aceous material. The average protein, carbohydrate, and lipid contents
of the feed sludge lots were about 33 wt %, 24%, and 27 wt % of the V~,

respectively. On the average, about 83 wt % of organics could be
accounted for by proteins, lipids, and carbohydrates. The chemical
characteristics of the feed indicated that the success of the digestion
process would be dictated to a large extent by the ability of the
digester culture to hydrolyze proteins and lipids and metabolize the
hydrolysis products to produce acetate or other methanogenic substrates.

2. Decomposition of the feed sludge during storage and delivery to the
digester could be minimized by refrigerated storage. It was observed
that certain indicator chemical characteristics of the digester feed
slurry remained virtually unchanged and stable during refrigerated
storage at 2° to 4°C, as indicated by a time-series analysis of the feed
reservoir contents for TS, VS, and individual volatile acids during a
worst-case storage period of 8 days.

THEORETICAL EFFICIENCIES AND CHEMICAL AND BIOCHEMICAL REACTIVITIES OF DIGESTER
FEEDS

1. The theoretical total gas (biogas) and methane yields of the Hanover Park
wastewater sludge, as estimated from the elemental analysis, theoretical
carbonaceous COD, and calorific value, were within a few percentage
points of each other. The total biogas and methane yields of this feed
sludge were 0.50 and 0.79 SCM/kg VS reacted (~.U and ll.b SCF/lb VS
reacted), respectively. In contrast to these observations, the analyti
cal COD's (in terms of kg of measured total and carbonaceous ~OU's per kg
of sludge VS) of the different sludge lots collected at various times of
the year were significantly different from each other; consequently,
theoretical methane yields of different lots based on measured carbonace
ous COD's differed from each other by as much as about 3B%. The
analytical carbonaceous COD content and the analytical COD-based methane
yields of the Hanover Park sludge were related to the sum total of the
masses of total carbohydrate, crude protein, and lipids in the sludge
(ECPL). It was found that the theoretical methane yield varied directly
as the ECPL of the sludge.
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2. Comparison of the elemental-composition-based and analytical (directly
measured) COD's of the raw sludge showed that about 59% of the sludge
volatile solids (VS) was chemically oxidizable under the COD test
conditions.

3. Results of long-term batch anaerobic digestibility potential (ADP) tests
indicated maximum expected biogas and methane yields of 0.46 and
0.32 SCM/kg VS added (7.3 and 5.1 SCF/lb VS added) from mesophilic diges
tion of the Hanover Park wastewater sludge. These gas yields provided a
VS reduction of 48%. Results of the ADP test showed that about 80 wt %
of the sludge VS was rapidly biodegradable and about 20 wt % was
relatively recalcitrant to mesophilic (35°C) anaerobic digestion.

4. A comparison of the theoretical and the ADP methane yields indicated that
about 58% of the sludge VS was anaerobically biodegradable under meso
philic (35°C) conditions. This biodegradability factor compared well
with the observation that about 59% of the sludge carbonaceous VS was
chemically oxidizable. Thus, it appeared that the chemical oxidizability
of the carbonaceous VS could be a good measure of anaerobic biodegrad
ability.

5. There was a high degree of correlation between influent and effluent VS
and total carbon concentrations; VS reductions calculated on the bases of
mass-flow of gaseous carbon out and mass-flow of feed carbon in seemed to
be more accurate than those calculated by other methods.

SINGLE-STAGE CFCSTR DIGESTION

1. A comparison of the performances of mesophilic single-stage CFCSTR runs
conducted at 15, 7, and 3-day HRT's indicated that optimum process
performance would be expected at an HRT of 7 days.

2. With single-stage CFCSTR digesters, the best thermophilic performance was
obtained at an fiRT of 15 days. Gas and methane yields and organic
reductions decreased and volatile acids accumulation increased as the
digester HRT was decreased from 15 to 7 to 3 days. Inhibitory levels of
volatile acids were observed at the 7 and 3-day HRT's.

3. There was clear evidence of the occurrence of unbalanced acidogenic
methanogenic fermentations in the single-stage CFCSTR processes at the
3-day HRT under the mesophilic-and thermophilic conditions.

4. Comparison of steady-state performances of single-stage CFCSTR mesophilic
and thermophilic runs under the comparable HRT and loading rate condi
tions showed that higher methane yields and production rates were
obtained at the thermophilic temperature at all operating conditions
tested (HRT's of about 15, 7, and 3 days and loading rates of about 2, 7,
and 15 kg VS/m3-day).

5. The highest thermophilic methane yield and methane production rate of
0.28 SCM/kg VS added (4.5 SCF/lb VS added) and 1.8 vol/vol-day,
respectively, observed in the single-stage CFCSTR systems were 24% and
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12% higher than the highest observed single-stage CFCSTR mesophilic
methane yield and methane production rate.

6. Volatile acids concentrations of the single-stage CFCSTR thermophilic
digester effluents were in all cases higher than those of the single
stage CFCSTR mesophilic digester effluents, suggesting that higher
degrees of hydrolysis and acidification occurred during thermophilic
operation.

7. Even though the volatile acids concentrations were high in the
thermophilic CFCSTR, the pH levels remained high due to higher
alkalinities and ammonia nitrogen concentrations in the thermophilic
CFCSTR than in the mesophilic CFCSTR.

8. Although the single-stage thermophilic digesters effected enhanced
hydrolysis and acid production, gasification of the volatile acids was
not similarly enhanced, with the result that high concentrations of
unconverted acids accumulated and emanated with the thermophilic
effluents.

9. During single-stage CFCSTR digestion, carbohydrate conversion was highest
(44%) during mesophilic operation at the lowest HRT (3 days); in
contrast, the highest carbohydrate conversion (25%) during thermophilic
operation was observed at the highest HRT (15 days). Thermophilic
carbohydrate reductions in single-stage CFCSTR's were lower than those at
the mesophilic temperature at all test HRT's.

10. Crude protein reductions in thermophilic single-stage CFCSTR digesters at
15 and 7-day HRT's were about double those in the mesophilic single-stage
CFCSTR digesters; however, thermophilic and mesophilic protein
conversions were comparable at the lowest HRT.

11. During single-stage CFCSTR digestion, lipid reductions at the thermo
philic temperature were higher than those at the mesophilic temperature
at all HRT's.

CFCSTR TWO-PHASE DIGESTION

Acid-Phase Digestion

1. The mesophilic and thermophilic acid-phase digesters exhibited enhanced
volatile acids production and gas-formation rates as the HRT was
decreased from 2 to 0.9 days and the loading rate was incr~ased from 2 to
15 kg VS/m3-day.

2. The "natural" pH of the mesophilic and thermophilic acid-phase digesters
stabilized at about 6.6.

3. There was no evidence of hydrogen accumulation in the head gases except
during mesophilic operation at an HRT of 0.9 days. These observations
(coupled with the fact that all acid-phase runs exhibited high methane
content gases) indicated that the rate of hydrogen utilization by the
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syntrophic - and carbon dioxide-reducing - methane bacteria exceeded the
rate of hydrogen production during oxidation of the sludge hydrolysates.

4. It was apparent that the wash-out (or critical) HRT of the syntrophic
methane formers was less than 1 day.

5. Gases from the mesophilic and thermophilic acid digesters contained more
nitrogen than those of the methane digester, suggesting that substrate
oxidation during acidogenesis was coupled to nitrogen oxides reduction
(denitrification).

6. The ECPL [sum total of the masses of total carbohydrate (C), crude
protein (P), and lipids (L)] reductions in the mesophilic acid digester
were higher than those in the mesophilic methane digester at all HRT's
and loading-rates, indicating that liquefaction of organics was
predominant in the acid digester. Conversely, rCPL reductions in the
mesophilic acid digesters were lower than those in the thermophilic
methane digester, suggesting continued and enhanced liquefaction of the
organics under the thermophilic conditions of the latter digester.

7. Carbohydrate and lipid reductions in the mesophilic acid-phase digester
decreased as the HRT was decreased from 2 to 0.9 days.

8. Acetate was the predominant volatile acid in the mesophilic and thermo
philic acid digesters, followed by propionic and isovaleric/butyric.

Methane-Phase Digestion

1. Total gas and methane yields and the gas-phase methane content decreased,
and their production rates and acids accumulation increased as the HRT of
the mesophilic methane digester was decreased from 13 to 5 to 2 days.

2. Surprisingly, both gas and methane yields and production rates, and
volatile acids accumulations, increased as the HRT of the thermophilic
methane digester was reduced from 13 to 5.5 days; however, all these
performance parameters exhibited lower values as the HRT was decreased
from 5.5 to 2 days. Thus, a methane digester HRT of 5.5 days seemed to
be optimum for thermophilic methanogenesis.

3. About 86% of the meso-meso two-phase system methane production was
derived from the mesophilic methane digester when the ratio of the
methane digester HRT to the system HRT was 0.87; this percentage dropped
as the HRT ratio was decreased. Thermophilic methane digesters fed with
mesophilic acid digester effluents showed the same trend as above, but
exhibited a lower proportion of system methane production when operated
in series with a thermophilic aciu digester.

4. The methane contents and bicarbonate alkalinities of both the mesophilic
and thermophilic methane digesters were considerably higher than those of
the acid digesters. The bicarbonate alkalinity increased significantly
during methane fermentation; enhancement of the bicarbonate alkalinity
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had the effect of scrubbing the gas-phase CO2 , thereby enhancing the gas
phase methane content of the methane digester.

5. For a given HRT and loading-rate, the thermophilic methane digester
exhibited much higher acids accumulation and ammonia-nitrogen concentra
tion than the mesophilic methane digester. Accumulation of propionate
was higher than that of any other volatile acids.

Overall System Performance

1. The results of meso-meso, meso-thermo, and thermo-thermo two-phase
digestion studies showed that, for IS-day and 3-day system tiRTts, the
meso-meso operations were better than the meso-thermo or thermo-thermo
operations in terms of gas and methane productions and VS and organic
reductions. For a 7-day HRT, the meso-thermo two-phase system was better
than the meso-meso or the thermo-thermo operation in terms of methane
yield and VS reduction.

2. The meso-thermo and thermo-thermo two-phase processes had much higher
effluent volatile acids concentrations than the meso-meso two-phase
process.

3. Although liquefaction and acidification were enhanced under thermophilic
conditions, the gasification reactions were not similarly enhanced.

PROCESS COMPARISON: CFCSTR SINGLE-STAGE VERSUS CFCSTR TWO-PHASE

Process Comparison at a IS-Day System HRT

1. Both the meso-thermo and the meso-meso two-phase processes were superior
to the mesophilic or thermophilic single-stage digestion in all respects.

2. The meso-meso two-phase run exhibited the best performance; it afforded
the highest methane yield of 0.41 SCM/kg VS added, a VS reduction of 54%,
and a LCPL conversion efficiency of 57%, indicating complete conversion
of biodegradable organics. By comparison, the best single-stage methane
yield and VS reduction were 0.28 SQ~/kg VS added and 39%, respectively.
The above meso-meso two-phase methane yield was 82% of the theoretical
methane yield, which was based on 100% recovery of the feed carbon in the
digester gases.

Process Comparison at a 7-Day System HRT

1. The meso-thermo two-phase system exhibited better performance than the
meso-meso and the thermo-thermo two-phase and the single-stage mesophilic
and thermophilic digestion processes in terms of gas and methane yields,
methane content of gas, and VS (total and biodegradable) and ECPL
reductions; however, the volatile acids concentration in the effluent of
the meso-thermo system was higher than those of the other systems. The
next best performance was exhibited by the meso-meso two-phase process;
the effluent acids concentration of this process was one-tenth of the
concentration of the meso-thermo effluent.
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2. The performance of the thermo-thermo two-phase process was worse than
those of the meso-thermo and meso-meso two-phase processes.

3. The methane-phase gas production declined sharply when it was charged
with thermophilic acid-digester effluent, indicating that thermophilic
metabolites could have retarded the acetogenic and/or methanogenic
bacteria.

4. Two-phase digestion effected higher lipid and carbohydrate degradations
than single-stage digestion. Protein and lipid conversions were enhanced
under thermophilic conditions. Carbohydrate reduction was enhanced under
mesophilic conditions. The lipid degradation efficiency was higher than
those of proteins and carbohydrates.

Process Comparison at a 3-Day System HRT

1. The thermo-thermo and the meso-meso two-phase systems exhibited higher
methane yields and production rates and VS and organic reductions than
the mesophilic and thermophilic single-stage digesters. However, at the
3-day HRT, the meso-meso two-phase system was better than the thermo
thermo process.

2. Volatile acids accumulations (2000-3200 mg/L) in the single-stage
digesters were double those of the two-phase systems showing that,
whereas unbalanced digestion occurred in the former process at a 3-day
HRT, a more balanced acidogenic-methanogenic fermentation was experienced
in the latter fermentation mode.

3. At a 3-day system HRT, the methane yield of the meso-meso two-phase
process was 102% higher than that of single-stage mesophilic digestion;
this positive methane yield differential at the 3-day HRT was higher than
those observed at the 7 and the IS-day HRT's. -Thus, the benefits of two
phase fermentation were more evident at the lowest HRT.

CHARACTERISTICS OF THERMOPHILIC DIGESTION

1. Volatile acids gasification efficiency at the thermophilic temperature
was lower than that under mesophilic digestion conditions.

2. Under thermophilic conditions, the efficiencies of volatile acids
conversion by two-phase digestion was higher than those by single-stage
digestion.

3. Relative to ~esophilic (3S0C) digestion conditions, the thermophilic
(55°C) digestion temperature enhanced the hydrolysis of sludge particles
and acidification of the hydrolysate but retarded acetogenic conversions
of propionate, branch-chain fatty acids, and caproate and methanogenic
conversions of acetate and hydrogen and CO2 •

4. Thermophilic degradation products of proteins and lipids seemed to be
inhibitory to thermophilic acetogens and methanogens.
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5. For comparable operating conditions, buffer capacities of the methane
phase digesters of the two-phase systems were higher than those of the
single-stage digesters, and this positive alkalinity differential
increased as the system HRT decreased from 15 to 7 to 3 days. The two
phase process was thus more stable than the single-stage digester, and
the relative stability of the former process increased as the system HRT
decreased.

EFFECTS OF pH, HRT, AND TEMPERATURE ON ACID-PHASE DIGESTION

Mesophilic Acid-Phase Runs: pH and HRT Effects

1. The optimum pH for mesophilic acidogenesis of the Hanover Park sludge was
between 5.5 and 6.2; gas and acid productions were maximized within this
range. At an HRT of 2 days, protein, lipid and ECPL reductions were
higher at pH 5 than at pH 7; carbohydrate reductions at these two pH's
were about the same. At an HRT of 1.3, pH 7 effected a higher degree of
acidogenesis than pH 5. The worst acid-phase performance was obtained at
an HRT of 1.3 days and a pH of 5, which was a combination of a low HRT
and a low pH. There was hydrogen in the digester gas at an HRT of
1.3 days and a pH of 5.

2. At pH 7, the efficiency of acidogenesis was higher at an HRT of 2 days
than at 1.3 days. At pH 5, methane yield and production rate were higher
at an HRT of 1.3 days than at an HRT of 2 days, whereas acids productions
at these two BRTts were about the same.

Thermophilic Acid-Phase Runs: pH and HRT Effects

1. Optimum thermophilic acid-digester performance was obtained at a pH of 6.

2. Carbohydrate, protein, lipids and tCPL reductions, and gas and volatile
acids productions, were higher at pH 7 than at pH 5.

3. At pH's 7 and 5, gas and volatile acids productions were higher at an HRT
of 2 days than at an HRT of 1.3 days.

4. As with mesophilic acid-phase digestion, the worst thermophilic acid
phase digester performance was observed at the lowest HRT of 1.3 days and
at the lowest pH of 5.

Temperature Effects

1. Gas and methane yields and production rates from the thermophilic acid
digesters were lower than those from the mesophilic acid digester under
all test operating conditions; however, the reverse was true for volatile
acids production. These observations indicated that the activities of
the syntrophic methane formers were probably inhibited under thermophilic
conditions.
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Statistical Inference from Analysis of Variance (ANOVA) of the Factorial
Experiment

1. The culture pH had a strong influence on the conversion of VS and the
major organic components of carbohydrate, protein, and lipids; these
conversions increased as the pH was increased to the optimum value.

2. Increases in culture temperatures and HRT tended to increase carbohydrate
conversion; however, the effect of each variable could not be separated
because of large temperature-HRT interaction.

3. Increase in acid-digester HRT tended to increase protein and lipid
reductions.

4. The digester HRT, temperature, and culture pH each independently
influenced (and increased) acid-digester gas yield; the gas yield
decreased as the HRT and culture temperature increased, and it increased
as the culture pH was increased.

5. Overall, enhanced hydrolysis and acidification were achieved at the
thermophilic temperature and at a pH of about 6.

OPTIMUM OPERATING CONDITIONS FOR TWO-PHASE DIGESTION

1. Based on the process comparison and parametric-effect acid-phase
digestion studies, the following operating conditions were regarded
optimum for two-phase anaerobic digestion of Hanover Park sludge:

• A culture temperature of 35°C

• A system HRT of 7 days (a 2-day HRT for acid digester and as-day
HRT for methane digester)

• A feed VS concentration of 50 giL

• A pH of about 6.6 for the acid digester, obtainable without pH
control

• A pH of 7 or higher for the methane digester.

ADVANCED MESOPHILIC TWO-PHASE DIGESTION WITH NOVEL UPFLOW REACTORS

1. Methane yield from the mesophilic upflow two-phase system was 17% higher
than that from the CFCSTR two-phase system with both systems operated at
an HRT of 7 days and a system loading rate of about 7 kg/m3-day; this
increase in methane yield reflected the reactor effect.

2. Volatile acids production in the upflow acid-phase digester was about
three times that of the CFCSTR acid digester. There was no evidence of
acetogenesis occurring in the acid digester.
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3. The upflow two-phase digestion system exhibited higher VS, protein,
carbohydrate, and lipid reduction than the CFCSTR two-phase digestion
process.

4. Acetate and the higher volatile acids were readily converted within the
bottom one-half of the culture depth of the upflow methane digester.
Acetogenesis, acetate conversion, and syntrophic methane fermentation
were the predominant reactions in the methane digester.

5. Recycling of the upflow methane digester effluents to the upflow acid
digester enhanced methane and nitrogen gas yields and production rates
and the volatile acids formation rate, indicating that this r~cycling had
the effect of enhancing sludge hydrolysis and acidification.

ADVANCED THERMOPHILIC TWO-PHASE DIGESTION WITH NOVEL UPFLOW REACTORS

1. During meso-thermo upflow two-phase digestion of Hanover Park sludge, the
thermophilic methane-phase digester produced more acids than the
mesophilic acid digester, and system gas yield was low under these
conditions. Two-phase system performance did not improye when the upflow
acid digester temperature was changed from 35°C to 55°C.

2. There was little evidence of acetogenic and methanogenic activities in
the upflow methane digester.

3. The inhibitory effects of thermophilic metabolities on aceto
methanogenesis were more severe on the high-SRT upflow methane digester
than on the CFCSTR methane digesters. The reason for this enhanced
inhibition could be that the high-SRT upflow digester contained a larger
reservoir of inhibitor-producing substances than the CFCSTR digester,
which experiences continual flushing of the inhibitors.

THERMO-THERMO-THERMO THREE-STAGE DIGESTION

1. A three-stage system consisting of an upflow acid digester, an upflow
methane digester, and a CFCSTR methane digester performed better than the
meso-thermo or the thermo-thermo upflow two-phase systems primarily
because the CFCSTR methane digester exhibited considerably higher
gasification efficiency than the upflow methane digester.

2. It was observed that a thermophilic temperature of 60°C was detrimental
to methane fermentation of thermophilic acid-digester effluents; gas
production practically ceased at 60°C.

3. Considerably improved performance of a thermo-thermo upflow two-phase
system could be obtained when a prolonged enrichment and acclimation
period was used, and when a mixed Downers Grove primary/Stickney
activated sludge was substituted for the Hanover Park sludge.
Apparently, the degree of thermophilic inhibition could depend on the
nature and source of the raw sludge.
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MESO-MESO TWO-PHASE CFCSTR DIGESTION OF ENZYME-TREATED SLUDGE

1. Cellulase-cellobiase treatment of the feed sludge and lipase treatment of
the acid-phase digester increased the methane yield from the mesophilic
CFCSTR two-phase system by about 23% over that obtained from digestion of
the untreated raw sludge; this increase was significant at the system HRT
of 3 days used to evaluate the effect of enzyme treatment.

2. Carbohydrate reductions by the acid-phase digester and the overall two
phase system were 50% and 64%, respectively, with cellulase-cellobiase
treatment compared with the corresponding reductions of 16% and 50%
obtained without enzyme treatment, indicating that the commercial enzyme
system was effective in hydrolyzing sludge carbohydrates.

3. Lipid reductions by the methane-phase digester and the overall two-phase
process were 36% and 39%, respectively, with lipase treatment compared
with the corresponding reductions of 9% and 27% obtained without such
treatment, indicating that the commercial lipase was effective in
hydrolyzing the sludge lipids.

4. Two-phase system effluents contained lower volatile acids concentrations
when the system feed sludge was enzyme-treated than those obtained
without any enzyme treatment. This performance, considered together with
the observed enhancement of methane content, yield, and production rate
achieved by enzyme treatment, seemed to indicate that enzyme treatment of
sludge had beneficial effects on the acidogenic, acetogenic, and
methanogenic organisms.
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SECTION 3

RECOMMENDATIONS

The process-comparison studies of this project demonstrated that the two
phase digestion process can exhibit performances that are superior to those of
the single-stage digestion process under a comparable set of operating
conditions. These studies should be repeated with larger scale pilot systems,
but under one set of selected operating conditions and with CFCSTR digesters
and concentrated sludge feeds.

In this research the best system performance was exhibited by a two-phase
system that utilized high-SRT novel upflow digesters. It is recommended that
engineering studies be undertaken to investigate the flow regimes, solids
retention characteristics, etc., of digesters of unconventional design.
Considerable work remains to be done to develop the structural details of
efficient digestion reactors.

This research indicated that the biochemical steps of acetogenesis and
aceticlastic and syntrophic methane fermentation could be severely retarded
during thermophilic fermentation of sewage sludge. It is recommended that a
separate investigation of the causative factors underlying this problem be
initiated.

The effect of temperature on acid and methane fermentation should be
studied in more detail than was accomplished in this project.

Stabilization (reduction) of volatile solids is an important criterion
for evaluating digester performance in a municipal wastewater treatment
plant. Volatile solids reduction calculation, which is needed for this
evaluation, is commonly based on an outmoded procedure. Unrealistic and
inaccurate results are obtained when determinations of residual sludge mass
for ultimate disposal are based on such calculation methods as the one
outlined in the Water Pollution Control Federation (WPCR) Manual of Practice
(MOP) No. 16. There is a need to develop a better, more accurate method for
the determination of volatile solids reduction during anaerobic digestion.
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SECTION 4

BACKGROUND

UTILITY OF ANAEROBIC DIGESTION

Waste Treatment Application

One of the widely used unit processes in sewage and industrial wastewater
treatment is anaerobic digestion. During its ~ore than 100 years of commer
cial application, anaerobic digestion has proved to be a cost-effective
disposal process because of the following characteristics:

• The capability to stabilize large volumes of dilute organic slurries
(sludge) at relatively low cost

• The capability to generate medium-Btu fuel gas from low-grade feed carbon

• Low microbial cell mass production

• The capability to produce stable and odor-free solid residues of good
fertilizing value

• A high kill rate of pathogenic organisms and viruses.

Anaerobic digestion is preferred to alternative biological and thermo
chemical sludge stabilization methods that are energy-intensive and have
unfavorable environmental impacts. Increased application of this process to
waste stabilization is expected, both to conserve energy and to help meet new
and stringent pollution abatement standards.

Sludge treatment and disposal are among the most difficult problems 1n
wastewater treatment and represent as much as 25% to 30% of the capital and
operating costs of a sewage treatment plant. 1 ,2 Also, published data indi
cate that about 40% of the total cost of sludge handling and disposal is
incurred in operating the digestion system. 3 ,ij Any improvement of the con
ventional sludge digestion process could thus result in substantial savings in
waste disposal costs.

Energy-Production Application: Methane From Wastes

One attractive feature of anaerobic digestion is its ability to convert
organic (and inorganic) carbon in the feeds to a product gas stream high 1n
methane, which has a high demand as a clean fuel. This aspect of the process
has prompted several investigators to advocate its application for the simul
taneous stabilization and gasification of municipal, industrial, and agricul-
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tural wastes. 5 There was an upsurge of interest in applying anaerobic diges
tion for methane (substitute natural gas or SNG) production from biomass and
waste since the advent of the "energy crisis" in the early 1970's. The impact
of SNG from waste alone could be significant. For example, it is estimated
that in a city of 1 million people, 0.3 to 0.6 million SCM/day of SNG may be
obtained by digesting municipal sludge and refuse alone. This quantity of SNG
could satisfy 5% to 15% of the community's natural gas demand.

Nationwide, about 180 million metric tons of municipal refuse, 80 million
metric tons of industrial waste, 3 billion metric tons of agricultural wastes,
and 6 million metric tons of sludge solids are currently produced annually.
These wastes represent a renewable source of nonfossil carbon which, instead
of causing enormous land, air, and water pollution problems, could be
converted by anaerobic digestion to produce substantial amounts of
supplemental SNG.

Energy-Production Application: Methane From Biomass

Because of the ability of anaerobic digestion to generate fuel gases
(methane and hydrogen), an entirely new line of digestion process application
is developing for small- and large-scale conversion of biomass and other high
moisture organic feedstocks to SNG.5-8 Several authors have pointed out the
potential of biomass as a plentiful source of renewable energy for both the
developing and developed countries. It is recognized that biomass and waste
could supply up to 15% of U.S. energy needs by the end of this century via
gasification or other conversion schemes,S and that anaerobic digestion will
playa major role in producing gaseous fuels from biomass. 6 ,7 The feasibility
of SNG production by anaerobic digestion has already been demonstrated for
such biomass species as grass, algae, marine giant kelp, and water
hyacinth. 9- 16 The energy-production application of anaerobic digestion may in
time exceed its classical waste treatment application in terms of plant
capacity and investment. -

Chemical Production

Considerable work has been done to demonstrate that certain novel
configurations of the anaerobic digestion process can be employed to produce
organic acids from biomass and wastes in reasonable yields with the residue
from the acid-production process converted to generate methane. 17 ,18 Since
the prices of the organic acids "are about one order of magnitude higher than
that of methane on a mass basis, the economics of the digestion process
improve significantly with such dual applications.

CONVENTIONAL SLUDGE DIGESTION PROCESSES

Originating from the rather crude septic-tank system and the Imhoff tank,
the anaerobic digestion process has evolved through a series of modifications
into the high-rate digestion process now employed by many waste-treatment
plants. The most widely used process designs are the so-called "standard
rate" (or low-rate) and "high-rate" digestion systems.
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Standard-Rate Digestion

Standard-rate digesters are unmixed, covered tanks with hydraulic
residence times (HRT's) of 30 to 60 days. These digesters are fed inter
mittently at organic loading rates of 0.5 to 1.6 kg VS/m3-day.19 A state of
stratification exists in these tanks, and contact between influent organics
and the digesting organisms is limited. Consequently, standard-rate digestion
is frequently a diffusion-controlled process.

High-Rate Digestion

High-rate digestion differs from the standard-rate process in that con
tinuous or more frequent feeding and mixing of the raw and digesting sludge
are used. Mass transfer, therefore, is theoretically not a limiting factor in
high-rate digestion kinetics. This allows process oper~tion at reduced HRT's
of 15 days or less; loading r9tes of 1.6 to 3.2 kg VS/m -day for high-rate
digester designs are common.1~

Anaerobic Contact Process

An advanced high-rate digestion system is the anaerobic contact process
which is comprised of a high-rate digester, a degasser (optional) and an
anaerobic settler. Effluent from the mixed high-rate digester is settled in
the settler and a fraction of the settler underflow is recycled to the high
rate digester to maintain a higher biological population. As a result of cell
mass recycling, lower hydraulic residence times (9 to 12 days) are possible in
the contact process. However, the anaerobic contact process is more suitable
for dilute wastes; it is seldom used to stabilize municipal sewage sludge.

Two-Stage Digestion

Standard-rate digesters are single-stage systems that provide for diges
tion, supernatant separation and sludge concentration, and even digested
sludge storage, all in the same tank. T9 ,20 Aside from the slower kinetics,
standard-rate digesters suffer from the disadvantage that valuable heated
digester space has to be provided for supernatant separation and storage.
Also, the supernatant withdrawn from standard-rate digesters is high in bio
chemical oxygen demand (BOD) and suspended solids, probably because hindered
settling conditions prevail in these tanks. 21 These difficulties are overcome
in the "stage-digestion" system in which the fermentation process is
accomplished separately from supernatant separation, sludge concentration, and
storage. In a common configuration of the stage-digester system, the first
digestion tank is mixed and is maintained at the optimum digestion tempera
ture. The second tank receives digested sludge from the first tank and holds
it in a quiescent condition to permit a better solid-liquid separation and a
polishing treatment of the supernatant liquor. 21 ,22 The "secondary stage" is
often a covered, unheated tank where the digestion process initiated in the
first tank continues to "technical completion" at a much slower rate. 21 In
some systems an uncovered third tank may also be provided for winter and/or
operational storage.
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DISADVANTAGES AND LIMITATIONS OF CONVENTIONAL DIGESTION

It is well known that the overall anaerobic digestion process is mediated
by at least three different dominant groups of anaerobes -- acidogenic,
acetogenic, and methanogenic organisms -- that are responsible for liquefac
tion, acetate formation, and methane production. These microbial groups are
different from each other in terms of physiology, metabolic characteristics,
growth kinetics, environmental requirements, and sensitivity to physical and
chemical environmental stresses and toxicity. The conventional digestion
process provides for the culturing of these diverse groups of organisms under
the same environmental conditions, and no attempt is made to optimize the
separate microbial phases. The single-stage conventional digesters harboring
mixed microbial phases are designed to accommodate the rate-limiting bio
chemical step which is frequently that of the methanogenic population. This
design philosophy has led to the use of high HRT's, low flowthrough rates,
large digestion tanks, and high capital and operating and maintenance costs.
Digester operation at low flow rates results in low gas and methane production
rates and causes the relatively fast-growing acidogenic organisms to operate
at lower growth rates associated with the declining or the stationary growth
phases. In addition, considerable difficulties are encountered in mixing
large digestion tanks. Lack of adequate or "complete" mixing gives rise to
scum formation, sludge deposits, and accumulated incrustations, all of which
have the ultimate effect of reducing the active or effective volume of the
digester. It has been reported that up to 60% of the digester volume could be
"dead" space.

A serious limitation of the conventional single-stage digestion is the
occurrence of unbalanced acidogenic and methanogenic fermentations in response
to process operation at high organic loading rates. This is illustrated by
the data in Table 1. 23 The data presented in this table show that as the
loading rate on the mesophilic sludge digester was incr~ased, methane yield
and methane content of the digester gases decreased-while the digester vola
tile acids concentration incr~ased. Stable and balanced acidogenic and
meth~nogenic fermentations occurred up to a loading rate of about 1.9 kg
VS/m -day as indicated by the high methane yields, low residual VA's and high
VS stabilization efficiencies. At higher loadings, liquefaction and acidifi
cation predominated over methane formation as indicated by the high VA
concentrations, lower methane yields and concentrations, and low VS reduction
efficiencies. Occurrence of high acids concentration had the effect of
inhibiting the methanogenic bacteria.

The above observations indicate that single-stage digesters have an upper
limit for the loading rate which is maintained in commercial digesters by
increasing the HRT and utilizing dilute feed slurries or both. Low HRT's and
high loading rates which decrease digester size and capital and operating
costs and increase net energy production (due to lower heating requirement)
cannot be applied to the single-stage CFCSTR digester because these operating
conditions lead to unbalanced acidogenic and methanogenic fermentations
resulting in dominant acidogenic activity, volatile acids accumulation, and
inhibition of methane fermentation.
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TABLE 1. STEADY-STATE PERFORMANCE OF CONVENTIONAL SINGLE-STAGE MESOPHILIC
(3S0C) DIGESTION OF SEWAGE SLUDGE IN CFCSTR REACTORS

Methane content Methane yield, Digester VS
Loading rate, of digester SCM/kg VS volatile stabilization
kg VS/m3-day mol % added acids, mg/L efficiency, %

1.28 (0.08)* 72.7 0.300 100 41.3

1.44 (0.09) 69.S 0.310 80 45.5

1.92 (0.12) 70.1 0.290 100 42.7

5.45 (0.34) 57.7 0.076 1370 IS.5

9.13 ( O.S7) 51.1 0.047 3220 11.6

* Numbers in parentheses are the loading rates in lb VS/ft3-day.

PROCESS IMPROVEMENT NEEDS AND APPROACHES

In view of the important role of anaerobic digestion in sewage sludge
stabilization and energy conversion from various types of organic materials,
it is necessary to develop an innovative and alternative anaerobic digestion
technology that is capable of efficient and rapid-rate conversion ~f sub
strates and of exhibiting higher net energy production efficiency. The
conventional digestion processes are not capable of meeting these needs.

Innovative digestion systems necessarily incorporate advanced reactor
designs and fermentation modes that permit process operation with concentrated
feeds at lower HRT's and higher loading rates than are possible with the
conventional high-rate process configurations. Achievement of these
objectives, of course, means reduction in capital and operating costs and
enhanced net energy (surplus methane) production.

Several approaches could be used to improve the anaerobic digestion
process. One approach is to develop and apply novel digestion reactors that
retain substrate and microbial solids for residence times significantly higher
than the HRT. For biochemical processes that are mediated by several micro
bial phases, a staged fermentation system, referred to as "two-phase"
digestion, that permits separate optimization of the dominant microbial
reactions, is expected to exhibit superior performance. Thus, a unified
approach to process improvement would involve separate optimization of the

* Net energy production efficiency = (Energy value of digester methane --
External thermal and electrical energies)/(Energy value of digester
methane).
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liquefaction-acidification and methanation phases with an appropriate novel
reactor design selected for each fermentation phase. 24 ,25

Novel Process Concepts

Various approaches can be envisioned to enhance the efficiency, kinetics,
and stability of the anaerobic digestion process. Chemical or enzymatic
hydrolysis of the particulate feed and utilization of genetically improved
microorganisms, for example, could improve the process, but these methods do
not seem to be cost-effective or practical at this time. Engineering
approaches including application of advanced operating or fermentation modes
and utilization of novel reactors are feasible and merit development for
digestion process improvement in the near term. Thus, a two-part approach, as
outlined below, is needed:

• First, the kinetically dissimilar reaction steps of the overall digestion
steps must be optimized in isolated environments or reactor stages
because this is not achieved in single-stage mixed-phase digesters, as
indicated by the data in Table 1.

• Second, novel digestion reactor designs that provide high substrate and
microbial solids retention times (SRT's), must be developed and applied.

TWO-PHASE ANAEROBIC DIGESTION

The Phase-Optimization Concept

There is ample evidence in the literature indicating that the environ
mental requirements and the growth kinetic characteristics of acidogenic and
acetogenic-methanogenic bacteria are very different from each other. 17 ,19,26-35
Optimization of the above kinetically dissimilar microbial phases in separate
digesters has many advantages which include enhanced net energy production,
increased process stability, maximized substrate conversion, decreased
digester size and plant capital and operating costs, and production of a
higher methane-content-gas. Phase separation can be achieved, by inhibition of
methane formers,36 dialysis separation,37 or kinetic control. 28 Phase
separation by kinetic control of nonmethanogenic and acetogenic-methanogenic
bacterial growth by adjustment of HRT and reactor loading rate is the simplest
and has been applied by several researchers since it was first demonstrated by
Pohland aad Ghosh. 19 In the two-stage two-phase approach, hydrolysis and
acidogenesis are dominant in the first-stage digester and aceticlastic
methanogenesis is the predominant reaction in the second-stage digester
(Figure 1). Methane fermentation by carbon dioxide reduction, which is
mediated by hydrogenotrophic methanogens and is faster than the aceticlastic
reaction and is recognized to be the primary source of methane in anaerobic
digestion, is not dominant in the lawer-HRT acid-phase digester.
Acetogenesis, which is the process of oxidation of higher fatty acids to
acetate, is supposedly a slow reaction because of the unfavorable free energy
of reaction, and may not be an important conversion step in the first-stage
digester. For highly biodegradable liquid substrates which could be rapidly
converted by fermentative pathways to acids and molecular hydrogen, acetogen
esis may not occur in the first-stage digester and may thus be shifted to the
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second stage. On the other hand, some acetogenesis may occur in the first
stage digester when it is charged with particulate substrates. Acetogenic
conversion could also occur in the first-stage digester when higher HRT's or
SRT's are used to promote hydrolysis at a higher efficiency.

Phase Separation with CFCSTR Bioreactors

Commercial high-rate digesters are intermittently or continuously mixed
by compressed digester gas, mechanical agitation, or recirculation of the
digester contents. The first proposed two-phase digestion process configura
tion consisted of two conventional CFCSTR reactors operated in series.l~
Anaerobic settlers can be installed in tandem with each digester to permit
densification and recycling of settled effluent solids to increase microbial
and substrate solids retention times (SRTm and SRTs ). Figure 2 represents a
physical model of the two-phase anaerobic digestion process utilizing
complete-mix digesters and anaerobic solid-liquid separators. The purpose of
the solid-liquid separator, according to classical concepts, is to produce a
concentrated stream of microbial mass and to selectively retain the microbial
solids within the digestion system longer than the HRT. In this way, the
microbial solids residence time (SRTm) is higher than the HRT, and the
efficiency of the digestion process is enhanced commensurate with the value of
the ratio of SRTm to HRT.

Application of Novel Biodigesters

With few exceptions, solids-liquid separation is difficult with most
anaerobic digester effluents, and separate settling of the effluent solids as
shown in Figure 2 is not practical. Novel reactor designs which combine
solids retention with digestion, and are equivalent in performance to the
classical digester-separator combihation shown in Figure 2, have been deve
loped and applied successfully dur~ng the last two decades. In these
digesters the microbial and substrate solids residence times are considerably
higher than the HRT, and these reactor characteristics provide the follOWing
dual benefits:

• For a given HRT, the high-SRT novel digester exhibits a higher substrate
conversion efficiency than that of a complete-mix digester.

• The critical or wash-out HRT of a novel digester is considerably lower
than that of a complete-mix digester, which means that the former
digester can provide a selected conversion efficiency at a much lower HRT
than that of the latter.

The benefits of acidogenic conversion of soluble and particulate sub
strates in high-SRT digesters are illustrated in Figures 3 and 4. In these
examples, the novel digester was a~sumed to have a microbial or a substrate
solids residence time that was double the HRT. The growth kinetic constants
(maximum specific growth rate, ~, and saturation constant, K, for the soluble
carbohydrate and the sewage sludge'volatile solids substrates are shown on
Figures 3 and 4; these kinetic constants and the biokinetic models on which
these curves of Figures 3 and 4 were based on work presented in an earlier
paper. 38 Inspection of Figure 3 shows that a high-SRT novel digester can
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exhibit the same conversion efficiency as that of a complete-mix reactor, but
at one-half the HRT of the latter digester; this superior performance of the
novel digester in converting the soluble feed is due to enhanced retention of
the microbial solids. Novel digesters would exhibit similar improvement in
performance when charged with particulate feeds because of microbial solids
retention. However, like microbial solids, substrate solids are also retained
longer than the HRT, and an additional increase in efficiency over that
effected by microbial solids retention alone is realized by use of the high
SRT novel digesters. Thus, as indicated in Figure 4, a comp1ete-mix
conventional digester requires an HRT of about 28 hours to exhibit an 80%
conversion efficiency with sludge VS; a novel digester in which the SRTm and
SRTs are twice the HRT, the same conversion efficiency can be achieved at an
HRT of about 8 hours.

High SRT novel digesters that utilize suspended-growth cultures and
combine digestion with solids retention within the same vessel, and are
primarily suitable for soluble feeds, include the Dorr-Oliver Claridigester,
the Tower digester developed by the University of Sydney, Australia, and the
Baffle-Flow digester developed by Prof. McCarty of Stanford University. In
still other novel reactor designs, microbial solids are retained by immobil
izing the cells on to static or moving media. The UASB Biothane and the Dorr
Oliver Anitron digesters and the biodisc reactor are examples of cell reten
tion by immobilization on moving media (e.g., "granules" for UASB and sand for
the Anitron digesters). By comparison, the Celrobic and the Bacardi downflow
anaerobic filters retain solids by fixation of cells on static media used to
pack the digestion vessel. A system that is of hybrid design and utilizes
both the suspended-growth and the fixed-film cultures has also been applied
successfully in laboratory sca1e. 24 A more detailed discussion on the design
and operating chara~~eristics of the above "novel" digesters can be found in a
recent publication.

All the novel digesters discussed above are suitable for low suspended
solids content soluble feeds. Novel digesters that are expected to provide
high SRT's and are suitable for particulate feeds include the Pfulg-Enerbio
digester,24 the ENEA plug-flow digester, and the upflow digester with solid
deflectors. 23

Advantages of Two-Phase Digestion Based on Kinetic Considerations

The application of kinetic control to separate the acid-forming and
methane-forming phases of anaerobic digestion of soluble substrates was first
demonstrated by Pohland and Ghosh,19,26 and later by Ghosh et a1,28 Ghosh and
Klass,38,39 Heertjes and van der Meer,40 Smith et al.,41 Cohen et a1.,42 and
Ghosh and Henry.3q

Poh1and and Ghosh,19,26 and Ghosh and Klass38 studied the kinetic
characteristics of acid-forming and methane-forming organisms derived from a
digested sewage sludge inoculum and reported the kinetic constants for the
acidogenic and methanogenic mixed cultures (Table 2). Kinetic rate constants
for acidogenic and methanogenic bacteria were assumed based on -previous
experiences and results for two-phase and combined-phase systems fed with
70 gIL (of volatile solids) in sewage sludge. These assumed constants were
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TABLE 2. ESTIMATED KINETIC CONSTANTS FOR MESOPHILIC (37°C) ACIDOGENIC AND
METHANOGENIC CULTURES GROWN ON SOLUBLE AND PARTICULATE SUBSTRATES

Acid formers
grown on glucose

Acid formers
grown on

sewage sludge Methane formers

Kinetic constant

N
00 Maximum specific

gJ:owth t'~fe.

(p). day

Saturation
constant.
(K). mg/L

Cell yield
coefficient

Batch
cultures

7.2

400 as
glucose

0.15

Continuous
culture

30.0

23 as
glucose

0.17

Continuous
culture

3.84

26.0
as VS

0.4

Mixed volatile
acids substrates

from glucose
(Continuous culture)

3.4

600
as acetate

Acetate substrate
(semicontinuous

culture)

0.49

4200
as acetate

0.28



used to generate theoretical performance curves for acid-, methane-, and
combined-phase digesters indicated in Figures 5 through 7.

Examination of the data in Table 2 shows that the values of the kinetic
constants depend to a significant extent on the nature of the substrate and
the culturing mode. It is reasonable to expect, therefore, that considerable
improvement in individual culture kinetics may be achieved by optimizing the
growth environment for each class of digesting bacteria. Thus, by separate
culturing of the acidogeni.c and methanogenic organisms, it is possible to
maximize volatile solids conversion (hydrolysis) and volatile acids production
(acidification) rates in the acid-phase digester, as shown in Figure 5. For
the operating conditions indicated in Figure 5, volatile acids (acetate)
conversion to methane (methanogenesis) cannot occur in the acid digester below
a critical HRT of about 2.3 days, and the volatile acids conversion rate is
lower than its production rate at higher HRT's. Conversely, volatile acids
conversion rate (methanogenesis) is maximized in the separate methane
digester, and is much higher than volatile acids production rates at all HRT's
(Figure 6); these characteristics of the separate methane digester lead to
increased process stability and insurance against unbalanced acidogenic
methanogenic fermentation, which could occur in a single-stage digestion
process at low HRT's as shown in Figure 7.

In contrast to the operating characteristics of the separate methane
digester of a two-phase digestion process, volatile acids production rate is
higher than volatile acids conversion rate in a single-stage CFCSTR conven
tional digester unless it is operated at a high HRT of about 22 days or higher
for the example process depicted in Figure 7. Single-stage digester operation
at lower HRT's means 1) unbalanced acidogenic-methanogenic fermentation and
the consequent accumulation of volatile acids which in turn leads to
inhibition of the methane formers, and 2) maintenance of the hydrolytic and
acidogenic bacteria at low growth rates and in the ~tationary or endogenous
growth phases which could be significantly deleterious to the overall
conversion process.

A comparison of the theoretical performances of the two-phase and single
stage CFCSTR processes whose operating characteristics are depicted in
Figures 5 through 7 shows that the two-phase process could be operated at a
much higher loading rate and a much lower HRT than those of the single-stage
process, and yet would provide a 79% increase in methane production rate with
both processes exhibiting about the same methane yield (Table 3).

In developing the above theoretical treatment, kinetic models applying to
acetate-utilizing methanogens, which are predominant and rate-limiting in
sludge-fed methane digesters, were utilized. In addition, substrate
inhibition of methanogenesis was not considered since it was assumed that
residual volatile acids concentration in the single-stage and the methane
digester of the two-phase system would be maintained at non-inhibitory levels
by appropriate selection of digester HRT and the loading rate. Kinetic models
utilized to develop the theoretical basis for superior performance of the two
phase anaerobic digestion relative to the single-stage process,'were reported
in earlier publications. 26 ,28,29,38,43 Two-phase process performance observed

29



90

80

Z>- 7000
...... "WI
~Q) 60WL
>J
Z-+J
0- 50
OJ'0Z 400-1......,
t-t»

UJ 0 30
0 ::J ...

OW
O~ 20~«
0..0::

10

0
0

VOLATILE ACIDS
PRODUCTION RATE

1 2 3 4 5 6 7 8 9 10 11 12

HYDRAULIC RESIDENCE TIME (HRT)~ days
A85050323H

Figure 5. Operating characteristic of a complete-mix acid-phase digester
charged with sewage sludge having a volatile solids concentration of

70 giL (kinetic con~tants assumed were ~ = 3.84 day-l and K = 26 giL for
acid formers, and ~ = 0.49 day-l and K = 4.2 giL for methane formers).



""0 16 4000 ...J0)

"""0 0>""0
14 E

Z>- 0
00 00

..
t-i""O 00
001 > 12 3000 0
0::0) ..a t-i

WL - U
>J

" 10 VOLATILE ACIDS (VA) <
Z-+J
0- l..t.. CONVERSION RATE W
UJ (,) ...J"0 00 8 2000 ~Z TWO-PHASE SYSTEM
O...J ..

METHANE YIELD <0
t-i" ...J 6 ...J
t-O> 0
(,) W >::::> .. t-i

W >- 1000 ~..... OW 4
ot- W0::< Z W
0...0:: ::::>

< 2 ...JI VOLATILE AC IDS I.L.t- PRODUCTION RATE I.L.W
0 0 WE

0 1 2 3 4 5 6 7 8 9 10 11 12.
HYDRAULIC RESIDENCE TIME (HRT) .. days A85050322H

Figure 6. Operating characteristics of a complete-mix methane digester
charged with effluents from an acid-phase digester which is operated with a

sludge volatile solids concentration of 70 gIL (see Figure 4.5) at an HRT
of 2 days (kinetic con~tants assumed were ~ = 3.84 day-l and K = 26 gIL
for acid formers, and ~ = 0.60 day-l and K = 3 gIL for methane formers).



40 4000
-J,
0)

.. E
W ..I- -« «Q: 30 3000 >
Z>- -00 00~-U 0001
O:::IIJ ~

UWL «>:J
z~ 20 2000 W0- -JU:J

~'0 I-
€5~ «

-Jw ~,

0N 1-0)
>U

::> 10 1000 I-0 Z0 WQ: :::>a.. -J
lL
lL
W

00 0
2 4 6 8 10 12 14 16 18 20 22 24

HYDRAULIC RESIDENCE TIME (HRT)J days A8505032,H

Figure 7. Operating characteristics of a single-stage complete-mix
conventional digester charged with sewage sludge having a~ volatile solids
concentration of 70 giL (kinetic conskants assumed were ~ 3.84 day-l and

K = 36 giL for acid formers, and J.I = 0.49 day-l and K = 6 giL for
methane formers).



TABLE 3. COMPARISON OF THEORETICAL PERFORMANCES OF CFC~TK SINGLE-STAGE
AND TWO-PHASE DIGESTION OF SEWAG~ SLUDGE

CFCSTR
CFCSTR Two-phase digestion single-stage

Acid-phase Methane-phase System

Sludge VS concentration,
gIL 70 70 70

HRT, days 2 10 12 22

Loadi~ rate, kg
VS/m -day 35.0 7.0 5.8 3.2

Methane production
rate, SCM/m3-day 0 3.0 2.5 1.4

Methane yield, SCM/kg
VS added 0 0.385 0.385 0.365

Residual VA in methane
digester, mg/L 600 610

* Kinetic constants assumed in developing the performances are reported in
Figures 5 through 7. It was assumed that gas from the single-stage
digester has a methane content of 60 mol % and that gas from the acid
digester has 70 mol % methane. It was further assumed that 90% of the
volatile acids is converted to gas in the two-phase system compared with
85% for the single-stage digester.

in this project were generally in agreement with the type of projections that
can be made from these models and are presented in Table 3.

The performance of a two-phase system is expected to be superior to that
of a single-stage system irrespective of the reactor type used as the
digestion vessel. The theoretical development presented in the foregoing
paragraphs was based on the application of CFCSTR digesters. But similar
development is possible for other novel high-SRT bioreactors. For example, it
could be shown that a two-phase system consisting of a UASB acid digester and
a UASB methane digester exhibits superior performance relative to a single
stage UASB system.
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Historical Development of the Two-Phase Concept

Babbit and Baumann22 were probably the first to suggest that separation
of the anaerobic digestion process into "two or more stages" may have the
advantage of overcoming the inhibitory effects of the intermediate products
(for example, volatile acids) in the early stages (hydrolysis and acidifica
tion) of digestion. The first experimental work on two-phase digestion was
conducted by Hammer and Borchardt,44 and Schaumburgh and Kirsch. 36 These
researchers attempted to separate the acid and methane phases by dialysis

-membranes, selected inactivation of the acid- or methane-formers by
appropriate inhibitors.45 ,46 The complexity and operational difficulties of
these techniques with acidogenic and methanogenic organisms, however, make
them unattractive and impractical. Since the cited work, little interest has
been expressed in these methods for separating the microbial phases of
anaerobic digestion.

Phase Separation by Kinetic Control

A much simpler and more practical technique to separate and maintain
dominant microbial phases is that studied by Ghosh and Pohland. 45 This
technique, termed kinetia aont~ol, relies on the principles of population
dynamics and enrichment of the acidogenic and methanogenic phases in separate
digesters by simple operational adjustment of the reactor dilution rate or the
organic loading rate and cell mass recycle ratios. The objectives of these
adjustments are to exceed the maximum specific growth rate of the acetate
utilizing methane formers by the allowable growth rate in the first reactor
(acid digester), and to promote maximized conversion of the biodegradable
substrates in the first phase to volatile acids and other intermediates
acceptable to the acetogenic bacteria and the methane formers. Considerable
work has been done to accomplish phase separation by kinetic control since
Pohland and Ghosh reported the results of their ph~se separation studies in
1971. Various configurations of two-phase digestion have been developed for
the digestion of liquid, "semi-solid," and "solid" substrates which are
briefly described in the following sections.

Two-Phase Digestion of Soluble Substrates

The application of kinetic control to separate the acidogenic and
methanogenic phases of anaerobic fermentation of soluble substrates was first
demonstrated by Pohland and Ghosh,19,26 and later by Heertjes and van der
Meer,47 Smith et a1.,41 Cohen et al.,42 and others. Ghosh and Pohland45 also
presented kinetic models describing the velocities of production as well as
the concentrations and yields of product acids and gases from two-phase diges
tion of soluble substrates. A comparative study of the kinetic characteris
tics of the acidogenic and methanogenic organisms was also presented.

Various reactor designs, differing from the completely mixed digesters 2
used by Pohland and Ghosh, were studied by other researchers. Cohen et al. 4

experimented with a two-phase system consisting of a completely mixed acid
phase reactor and a plug-flow type upflow methane digester with a built-in
settler to conduct anaerobic digestion of glucose. The cell yield coefficient
in the acid-phase digester at 30°C was 0.11, compared with a yield coefficient
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of 0.17 at 37°C reported by Ghosh and pohland. 29 •45 Ethanol, acetate. propio
nate. butyrate, formate, lactate. carbon dioxide and hydrogen were the main
products of acidogenesis. Butyrate was produced in the largest concentra
tions. followed by acetate. The acidogenic reaction products were gasified in
the upflow methane digester to produce head gases having 84.3 mol %methane
and 15.7 mol % carbon dioxide.

Ghosh47 and Ghosh and Henry34 operated a CFCSTR acid-phase and an upflow
packed-bed methane digester with real soft-drink bottling waste. and demon-

-strated that a two-phase digestion process could be operated at about seven
times the loading rate and one-half the HRT of the conventional process and
still obtain the same methane production as. and a slightly higher COD reduc
tion than. the conventional process (Table 4). An important advantage of the
two-phase process was that gases from the methane phase had a significantly
higher methane content than those of the conventional digester. It was
projected that two-phase operation would allow the total digester volume (and
associated capital and operating costs) to be reduced by 67% and the net
energy production to be increased by more than 73% relative to those of the
conventional process. Also. while the conventional high-rate digester failed
at an HRT of 10 days and a feed COD concentration of 26,000 mg/L. the two
phase process exhibited stable and efficient performance at a system HRT of
7.4 days and a feed COD concentration up to 45.000 mg/L.

The two-phase digestion process has been proven in both pilot- and full
scale operation at overall loading rates up to 12 kg COD/m3-day and HRT's down
to 13 hours. affording the same or higher methane yields as achieved at one
tenth the loading rate and ten times the HRT needed for stable operation of a
single-stage high-rate digester. 48 •49 The commercial process (known as the
Anodek process in Europe) utilized a CSTR acid-phase digester operated in
tandem with a VASB methane digester. 48 •49

Heertjes and van der Meer40 also conducted two-phase digestion of
saccharose and sodium acetate in an upflow digester with an internal settler
built at the top (effluent end) of this digester. High conversion efficien
cies were obtained at 3- to 6-hour residence times and a relatively low
loading (1.92 kg TOC/m3-day). A two-reactor two-phase system exhibited
increased stability at higher loadings up to 11.84 kg TOC/m3-day.

Smith et al. 41 operated a packed-bed mesophilic (37°C) upflow methane
digester ("anaerobic filter") with solids-free acidic substrates derived from
animal wastes. Satisfactory acid-phase digestion could not be developed with
this waste. Methane digester gas production rates from 0.24 to a high value
of 2.77 volume/digester volume-day were observed at hydraulic retention times
of 1.1 to 40.5 days.

Pipyn et al. 30 investigated anaerobic digestion of distillery wastewaters
(-10,000 mg/L COD) in a two-phase pilot plant consisting of a 36-m3 CFCSTR
acid-phase digester and a 5-m3 upflow methane-phase digester. The acid-phase
was operated at 42°±2°C at an HRT of 16 to 72 hours, while the methane-phase
digester was maintained at 39°±2°C and an HRT of 14 hours. Overall COD and
BOD reductions of 84% and 92i. were obtained. The methane digester gases had a
methane content of 75:3 mol i..
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TABLE 4. HIGH-RATE AND TWO-PHASE MESOPHILIC (35°C)
DIGESTION OF SOFT-DRINK BOTTLING WASTE

Conventional
high rate Two-phase

Acid Methane
phase phase Overall

Loading t kg VS/m3-day 0.64 16.0 6.4* 4.8

HRT t days 15 2.2 5.2* 7.4

Methane yield t SCM/kg VS added 0.64 0.06 0.59 0.61

Methane content t mol % 61.1 0.2 70.5 63.1

Gas production rate t

SCM/m3-day 0~4 1.03 3.68 2.90

Digestion efficiencies t %
VS reduction 72 64
COD reduction 84 96

Digester volume for 9090 kg/day
TS load t 1000 m3 5.6 0.6 1.2 1.B

Net energy production
106 kcal/day 11.7 20.2
Percent of total production 37 62

* Loading and HRT of the upflow filter methane digester were calculated on the
basis of the gross volume of the packed bed.

Two-Phase Digestion of Semi-Solid Substrates

Ghosh et al. 28 and Ghosh and Klass38 first demonstrated the feasibility
of separating the acid and methane phases of anaerobic digestion of a
particulate feed (activated sludge) by kinetic control. Satisfactory acid
phase digestion occurred at hydraulic retention times of 10 to 24 hours and
high loadings of 32 to 80 kg VS/m3-day. Acidogenesis occurred at an
oxidation-reduction potential (Ec ) of -240 mV and a pH of 5.7 t compared to
-400 mV and 7.0 for methane formers. Kinetic constants were determined for
both phases of activated sludge digestion. Methanogenesis was-the rate
controlling step of the overall digestion process. The methane digester gases
contained 70 mol % methane. One important finding from this work was that
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high reactor loadings are required to maximize acid production rate per unit
reactor volume and to minimize acid digester retention time.38 ,50 Two-phase
mesophilic digestion of 1.7 to 2.5 wt % VS-content Chicago activated sludge
exhibited an average methane yield of 0.27 SCM/kg VS added and a VS reduction
of 40%28 at an overall HRT of 6.9 to 7.7 days compared with 0.22 SCM/kg VS
added and 34% observed during conventional digestion of this sludge at an HRT
of 14 days. The methane content of conventional digester gases was 60 mol %
compared with 70 mol % in the head gases of the methane-phase digester.

Eastman and Ferguson27 conducted acid-phase digestion of primary sewage
sludge at HRT's of 9 to 72 hours, and concluded that hydrolysis of the solid
sludge particles was the rate-limiting step of the overall acidogenic phase.
Lipids were not biodegraded, and 50% of the non-lipid COD of primary sludge
was solubilized. Acidogenic sludge was difficult to settle. Hydrogen
evolution occurred at the minimum detention time of 9 hours. Volatile acid
production and distribution of acid species in the effluent appeared to be
influenced by the reactor pH. Brownsl indicated that hydrolysis of particu
late substrate was favored at an acidic pH (pH 6), and methane fermentation of
the acid-digestion products was better at an alkaline pH (pH 7.5). Detailed
investigation of the pH effect, however, was not conducted to delineate the pH
optima. The methane digester gases contai~ed 80 mol percent methane.

Norrman and Frostells2 conducted mesophilic (33°C) two-phase digestion of
a semi-solid synthetic feed (blended dog food) in a laboratory system
comprised of a completely mixed acid-phase digester and a packed-bed upflow
methane digester. The acid digester was followed by a 500-mL gravity settler,
the supernatant from which was fed to the packed-bed methane digester. Acid
digester pH was low (pH 4). Solid-liquid separation was a problem with the
acid-digester effluent. The overall system was operated at HRT's of 2.7 to
12.1 days and low loadings of 0.42 to 2.24 kg VS/m3-day. A long starting time
was required for the anaerobic filter. The methane digester gases contained
65 to 80 mol % methane. Like Norrman and Frostell,-Therkelsen and Carlson53

also investigated the two-phase digestion characteristics of dog food, but at
a thermophilic temperature of SO°C. The performances of completely mixed and
plug flow acid digesters were compared. Surprisingly, lactate was the major
acidic product. The pH of the acid digester was also low (pH 4) and grease
and organic nitrogen were not reduced significantly. One interesting
observation was that acid production in a plug-flow acid digester was much
higher than that in the complete-mix reactor. At the test loadings (5.9 to
9.9 kg VS!m3-day) and HRT's (4.3 to 7.5 days), two-phase thermophilic
digestion of dog food was slightly better than thermophilic conventional
digestion.

Keenans4 conducted two-phase digestion of simulated solid waste (Purina
Dog Chow) at 22° and 48°C. The acid-phase digester had relatively long HRT's
of 4.5 and 6 days; the methane digester had a HRT of 10 days. Acid digester
gases contained mainly CO2 and a small amount of hydrogen. Gases from the
methane digester had 80 mol percent methane. The acid digester effluent had
13,000 to 14,000 mg/L of volatile acids. There was no significant difference
in acid conversion efficiencies at 22° and 48°C. The two-phase process
exhibited higher stability than the conventional mixed-phase high-rate
process.
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In contrast to the two-reactor systems studied by most researchers,
Johnson55 found evidence of separation of the acidogenic and methanogenic
phases during anaerobic fermentation of pig excrement and biomass leachate in
a four-stage system. The two-phase multi-stage process was superior to
conventional high-rate digestion.

Two-Phase Digestion of Semi-Solid Feeds With Novel Upflow Bioreactors

A review of the literature on digestion of such particulate feeds as
sewage sludge, municipal solid waste, manure, and various biomass species
showed that mesophilic digestion of these feeds is generally conducted at an
HRT higher than 10 days and at loading rates lower than 3.2 kg VS/m3-day.~3,56
Best methane yields and methane production rates are less than 0.42 std m3/kg
VS added and 1.9 vol/culture vol-day, respectively. These performances were
significantly exceeded during digestion of sewage sludge in an advanced two
phase system comprised of custom-designed and unmixed upflow digesters
operated in series to optimize the liquefying-acidification and acetogenesis
methanation reactions. 23 The system was operated in a continuous mode for
about 16 months and exhibited a progressively increasing methane yield at
HRT's of less than 6 days. With continuing culture enrichment and improve
ments in reactor design, the methane yield increased from 0.31 to 0.43 SCM/kg
VS added, and then to 0.48 SCM/kg VS added (Table 5). This methane yield was
about 77% of the theoretical methane yield achievable with this sewage sludge
and is the highest methane yield reported for sludge at this HRT. Operation
of the novel process configuration was very stable and superior to that of
conventional single-stage digestion in terms of methane yield, gas production
rate, and net energy production. Considerations of the volatile suspended
solids (VSS) and particulate (or solid-phase) COD inputs to and outputs from
the acid- and methane-phase digesters showed a liquefaction efficiency between
46 and 55% in the first-stage digester compared with a liquefaction efficiency
between 0 and 10% only for the methane digester. 23 Acetogenesis and
methanogenesis predominated in the second-stage digester. Whereas little
methane fermentation occurred in the acid-phase digester at an HRT of 1.1
days, methane production increased 20-fold when the first-stage HRT was
increased to 1.3 days; acetate was the major volatile acid at the lower HRT,
but propionate predominated at the higher HRT.

As shown in Table 6, a 91 metric ton/day hypothetical two-phase upflow
digestion plant requires about 60% of the digester volume needed for a
conventional single-stage system, and exhibits a VS reduction three times that
of the latter process. These performances translate to substantial savings in
capital and operating costs. The single-stage conventional process is a net
energy consumer for a low-HRT operation. By comparison, about 83% of the
digester methane is available as surplus bio-fuel if a two-phase upflow
digestion process is used.

Two-Phase Digestion of Solid Feeds

The two-phase digestion systems described above are suitable for semi
solid feeds; the above process configurations may not be applied to gasify and
stabilize solid feeds unless they are diluted to form slurries. This dilution
approach, although commonly employed, is not attractive for many reasons. A
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TABLE 5. PERFORMANCE OF AN ADVANCED TWO-PHASE UPFLOW MESOPHILIC (35°C)
DIGESTION SYSTEM AT AN HRT OF 5.9 DAYS (1.3 Days for Acid Phase and

4.6 Days for Methane Phase) WITH A 5.8 wt % TS-CONTENT FEED

Operating conditions/performance

Run duration, number of HRT's
Loading rate, kg VS/m3-day

Gas production
Methane yield, SCM/kg VS added
Methane content, mol %
Methane production rate, SCM/m3-day

Effluent characteristics
pH

Volatile acids, mg/L
Acetic
Propionic
Isobutyric
n-Butyric
Isovaleric
n-Valeric
Caproic
Total as acetic
Ethanol, mg/L

Acid phase

35
28.8

0.06
59.2
1.77

6.6

643
2251

123
141
266

79
o

2827
o

Methane phase

10
7.8

0.42
70.1
3.27

7.2

77
48
o
o
o
o
o

118
o

System

8
6.2

0.48
68.4
2.96

7.2

77
41>
o
o
o
o
o

118
o

special process configuration - leach-bed two-phase digestion - is more
suitable for "dry" or high-solids-content feeds, is simpler than slurry-phase
digestion, and is conducted without dilution of the feed, without mixing, and
even under ambient conditions. Leach-bed solid-phase anaerobic fermentation
is particularly attractive for such low-moisture organic feeds as m~nicipal

and industrial solid wastes, sludge cakes, manure, agricultural and forestry
residues, farm wastes, and other similar organic biomass and wastes.

The leach-bed two-phase digestion process overcomes the difficulties of
the so-called dry digestion by inducing rapid bio-leaching of the solid feed
by application of an acidogenic culture, and promoting continued and
accelerated liquefaction and acidification of the bed by recirculation of the
reactivated culture (Figure 8). This fermentation approach employs active
control of all phases of the overall digestion process. Liquefaction products
from the acidogenic leach-bed are moved to an acid-recovery process or are
diverted to a separate methane-phase digester for gasification of the volatile
acids with recycling of the methane-phase effluent to the leach-bed to
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TABLE 6. COMPARISON OF HYPOTHETICAL CONVENTIONAL AND TWO-PHASE UPFLOW
MESOPHILIC (35°C) DIGESTION SYSTEMS TO STABILIZE AND GASIFY

91 METRIC TONS/DAY (Dry Solids Basis) OF SLUDGE AT AN HRT OF 5.5 DAYS

Conventional
Two-stage

upflow

Operation and performance
Feed VS. wt %
Loading rate. kg VS/m3-day
Methane yield. SCM/kg VS added
Methane production rate, SCM/m3 vol-day
VS reduction to gas. %

Gross methane production, 103 std m3/day

Estimated operating energy requirement. 106 kcal/day
Feed sludge heating
Mixing
Pumping
Heating, ventilation. lighting. other

Total

Net energy production. 106 kcal/day

Digester volume. 1000 m3

2.2 3.7
4.0 6.6

0.13 0.48
0.5 2.8

24 75

6.8 26.6

61.2 38.6
1.5 0
0.5 0.8
2.0 1.3

65.2 40.7

4.8 196.6

13.6 8.3

conserve the nutrients indigenous to the solid substrate and thus to eliminate
or reduce the need for external nutrient addition.

The leach-bed two-phase digestion process is superior to the traditional
slurry-culture single-stage digestion process because --

• It is able to handle "dry" or high-solids-containing feeds.

• A minimum of feed processing (e.g •• shredding. grinding and separation)
and feed pretreatment (e.g •• chemical or enzymatic) are necessary.

• Feed slurrification is not necessary.

• Intensive mechanical mixing is not required.

• Addition of external nutrients is eliminated or minimized.

• The process can be applied for in-situ bioconversion of waste deposits
(e.g •• landfills) and the ultimate disposal of the final residues.
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• Fermentation can be conducted in simple containment vessels.

• There are fewer fermenter volume and energy requirements, compared with
the conventional dilute-slurry fermentation processes.

Investigation with a small pilot-scale system consisting of a 126-L
refuse-derived feed (RDF)-filled mesophilic (35°C) leach bed and a mesophilic
12.5-L methane-phase anaerobic filter exhibited a volatile acids yield of 23%
(0.23 g acids/g VS) and a methane yield of 0.31 SCM/kg VS added, indicating
complete conversion of the biodegradable fraction of refuse. 56 For batch
operation, gasification was virtually completed in about three months. The
leach-bed two-phase digestion process can be operated in the sequential-batch,
fed-batch, or the semi-continuous fermentation mode. Leach-bed two-ghase
digestion of municipal landfill is known as the LanFilgas@ process. 57

Benefits of Two-Phase Digestion

Based on data reported in the literature, it appears that two-phase
anaerobic fermentation has the potential of fulfilling the need for a short
residence-time and high-efficiency biomass/waste-to-methane conversion
process. Acid-phase digestion can be conducted at HRT's as low as 3 to
6 hours for soluble organics and 9 to 48 hours for particulate organic
material. The overall two-phase system can be operated at HRT's of 2 to
7 days depending on the feed -- a substantial improvement over conventional
high-rate digestion conducted at HRT's of about 12 to 20 days.

In addition, two-phase digestion has several other demonstrated and
potential benefits as follows:

o The capacity of maintaining an optimum environment for each group of
digester organisms, thus optimizing the overall 'digestion process.

• A substantial reduction in total reactor volume and consequent savings in
capital and operating costs.

• Improved mixing in smaller low-residence-time digesters.

• Possibility of auto-mixing by the high-rate of gas production.

• Higher rates of solids stabilization and methane production.

• Much higher methane content (up to 85 mol %) of the final product gas.

• Decreased heat requirements and increased net energy production.

• Suitability for incorporation into existing treatment plants with minimum
capital investment.

• Reduction of the nitrogen content of the system effluent by- simultaneous
liquefaction and denitrification of waste feeds in the acid digester.
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• Increased process stability because the sensitive methane bacteria are
separated and are not subjected to environmental shocks of sudden acid
production and dropping pH.

It is expected that the cost of operating a two-phase digestion system
would be significantly lower than that of conventional single-stage digestion
because of reduced operating energy requirements, lower residue disposal
costs, and lower annualized plant capital cost.
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SECTION 5

EXPERIMENTAL PLAN

DIGESTER FEEDS

Since many municipal digesters receive both primary and activated
sludges, it was decided that the digestion experiments of this project should
be conducted with mixtures of these two sludges to be collected from the
Chicago metropolitan area. Another factor that was considered important was
the source of the collected sludge. It was reasoned that sludges collected
from both large and small sewage treatment plants should be tested.
Accordingly, mixed primary-activated, primary, and activated sludges were
collected from a suburban and a City-of-Chicago plant of the Metropolitan
Sanitary District of Greater Chicago (MSDGC) system and from a plant of a
suburban (Downers Grove) sanitary district.

DIGESTION SYSTEMS

Consistent with the objectives of this research, it was necessary to
utilize two types of digestion apparatus -- two-phase and single-stage
digestion systems. Two-phase systems for the fundamental studies comprised
CFCSTR acid- and methane-phase digesters, whereas novel upflow and CFCSTR
digesters were used to conduct the two-phase runs for the Applied Studies.

The choice of the digester type for the fundam~ntal studies allowed for
direct comparison of single-stage and two-phase digestion and a delineation of
the effect of the fermentation mode on system performance. Similarly, by
cross comparison of two-phase digestion runs with CFCSTR and upflow digesters
employed in the fundamental and applied studies, it was possible to assess the
effect of reactor design.

DIGESTION RUNS

A total of 27 single-stage and two-phase digestion runs were conducted to
accomplish the objectives of Process-Comparison, Parametric-Effects acid
phase, and Applied-Studies digestion runs. Runs were conducted with single
stage (SS) and two-phase (TP) digestion systems at mesophilic (M) and thermo
philic (T) temperatures at various HRT's, feed VS concentrations, and pH's,
and with and without enzyme treatment of the raw sludge.

A rational numbering system which identifies the digester type, digester
HRT, temperature, and culture pH for a particular run was used. The first
letters of a run number indicate the digester type (e.g., 88 for single-stage,
AP for acid-phase, MP for methane phase, TP for two-phase system with CFCSTR
digesters, UTP for two-phase system with upflow digesters). The first letters

44



of run number are followed by the digester HRT in days which in turn is
followed by the letter(s) M, T, M-M, M-T or T-T denoting single-stage meso
philic (meso) or thermophilic (thermo) temperature, or meso-meso, meso-thermo,
or thermo-thermo acid-methane phase temperature combinations of a two-phase
system. The digits following the temperature notation indicate the target
culture pH to be attained by addition of acid or alkali. A run number with
(E) at the end indicates that the feed sludge in this run was treated with
cellulose and lipase. As an illustration, Run No. TP3M-M(E) indicates a
CFCSTR two-phase run at a system HRT of 3 days with a mesophilic acid-phase
digester operated in series with a mesophilic methane digester with enzyme
treatment of the feed sludge.

Fundamental Studies

Process-Comparison Studies--

A number of digestion runs were planned as shown in Table 7 to conduct
comparative studies of single-stage high-rate and two-phase digestion pro
cesses under the same conditions of temperature, HRT, loading rates, and feed
VS concentrations. Single-stage digestion runs were planned at fermentation
temperatures of 35°C and 55°C and at HRT's of 15, 7, and 3 days with parallel
two-phase runs conducted at these same target HRT's. The experimental design
thus provided for the pairing of single-stage and two-phase runs based on HRT,
and digestion temperature. All digesters of the mesophilic pairs were
oRerated at 35°C. The single-stage and methane-phase (MP) digesters of the
thermophilic pairs had a target temperature of 55°C. The acid-phase (AP)
digesters of the thermophilic two-phase systems were to have temperatures of
35° or 55°C depending on the system HRT. As shown in Table 7, a mesophilic
temperature of 35°C was chosen for the acid digester when the system HRT of
the thermophilic two-phase system was high (15 days). For a low system HRT
(3 days) both digesters of the thermophilic two-phas& process had a target
temperature of 55°C. It was reasoned that owing to faster kinetics, a
thermophilic temperature could be more appropriate than a mesophilic
temperature when the system HRT is decidedly low. For the intermediate HRT of
7 days, two thermophilic two-phase runs were planned, one with the acid-phase
digester 35°C and the other at 55°C. Thus, the thermophilic two-phase systems
in reality were meso-thermo (35°C AP-55°C MP) or thermo-thermo (55°C AP-55°C
MP) processes.

The above experimental design was expected to provide the follOWing
information:

• Effects of HRT and temperature on single-stage and two-phase digestion

• Benefits, if any, of two-phase digestion over the single-stage process in
terms of gas and methane productions and rates and efficiencies of
conversions of VS, total carbohydrate, lipids, and proteins.
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TABLE 7. DESIGN OPERATING CONDITIONS FOR PROCESS COMPARISON DIGESTION RU~S CONDUCTED
WITH CFCSTR DIGESTERS

Single-stage digestion runs

Run no. SS15H SS7M 853M 5S15T S87T Ss3T

Digester no. 331 331 331 337 331 335

Culture temperature, °c 35 35 35 55 55 35

HRT, days 15 7 3 15 7 3

Organic loading rate,
kg VS/m3-day 2.1 7.1 16.7' 2.1 7.1 16.7

Feed VS concentration, gIL 31.5 50.0 50.0 31.5 50.0 50.0

Two-phase digestion runs

~

Run no. TPI5H-M TP7M-f1 TP3M-M TP15U-M TP7M-T TP7T-T TP3T-T0'1

Digester * 332-333 334-333 334-333 334-337 334-331 335-331 335-331nos.

Culture temperatures,t °c 35-35 35-35 35-35 35-55 35-55 55-55 55-55

HRT, days

Acid-phase 2 2 0.8 2 2 2 0.8
Methane-phase 13 5 2.2 13 5 5 2.2
System 15 7 3.0 15 7 7 3.0

System or~anic loading rate,
kg VS/m -day 2.1 7.1 16.7 2.1 7.1 7.1 16.7

Feed VS concentration, gIL 31.5 50.0 50.0 31.5 50.0 50.0 50.0

* The first number is that of the acid-phase and the second number is that of the methane-phase.

t The first temperature is that of acid-phase culture and the second temperature is that of the
methane-phase culture.



Parametric-Effects Acid-Phase Runs--

A total of 12 CFCSTR acid-phase digestion runs were planned at two
temperatures, four pH's and two HRT's (Table 8) to delineate the effects of
these operating parameters on acid digestion of sewage sludge. The factorial
experimental design follows a three-criteria classification in which a
selected variate (e.g., total volatile acid concentration, protein reduction,
or gas yield, etc.) is influenced by three treatment variables: digestion
temperature, pH, and HRT. The effects of the treatment variables on digester
performance as measured by a selected variate (e.g., organic component
reduction, volatile acid production) may be evaluated by performing the
analysis of variance (ANOVA) test using steady-state values of the variate.

Applied Studies

Advanced Two-Phase Digestion--

Several two-phase experiments were planned with upflow acid and methane
digesters maintained at mesophilic and thermophilic temperatures and without
and with recycling of the methane digester effluents to the acid phase -- it
was reasoned that this effluent recycling would moderate the acid digester pH
and supply hydrogen utilizing methanogens which, by removing electrons, would
enhance hydrolysis and acidification. Screening studies were planned at meso
meso, meso-thermo, and thermo-thermo acid- and methane-phase temperature
conditions to be able to select the best reactor temperature combination. It
was decided that this advanced two-phase process would be operated at an HRT
and pH deemed best from the results of the Fundamental Studies. This
experimental design was expected to aid in the selection of optimum operating
conditions for the two-phase process. At least one steady-state run was
planned at the optimum operating conditions (Table 9).

Enhancement of Sludge Reactivity by Enzyme Treatment--

It is well known that the volumetric rate of anaerobic digestion
increases at lower HRT's; however, a decrease in stabilization efficiency is
also experienced as the rate of conversion increases. One way to enhance the
conversion efficiency at the lower HRT is to increase the reactivities of
certain organic components by enzymatic treatment. As mentioned before,
cellulase and lipase treatments of the raw sludge were considered to this end
in view of the success of this approach in another EPA-sponsored project. The
applied studies included a 3-day HRT CFCSTR run that would be conducted with
enzyme treatment of the feed sludge (Table 9).
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TABLE 8. DESIGN OPERATING CONDITIONS FOR PARAMETRIC-EFFECTS CFCSTR ACID-PHASE DIGESTION RUNS

Mesophilic acid-phase runs

Run no. AP2H7 AP2M6 AP2MS.S AP2MS API.3M7 API.3MS

Digester no. 334 334 334 334 334 334

Culture temperature, °c 35 35 35 35 35 35

Culture pH 7 6 5.5 5 7 5

HRT, days 2 2 2 2 1.3 1.3

Organic loading rate,
kg VS/m3-day 25.0 25.0 25.0 25.0 38.5 38.5

Feed volatile solids concentration, giL 50.0 50.0 50.0 50.0 50.0 50.0
~
00

acid-phaseThermophilic runs

Run no. AP2I7 AP2T6 AP2T5.5 AP2T5 API.3T7 API.3T5

Digester no. 335 335 335 335 335 335

Culture temperature, °c 55 55 55 55 55 55

Culture, pH 7.0 6.0 5.5 5.0 7.0 5.0

Culture temperature, °c 55 55 55 55 55 55

HRT, days 2.0 2.0 2.0 2.0 1.3 1.3

Organic loading rate,
kg VS/m3-day 25.0 25.0 25.0 25.0 38.5 38.5

Feed VS concentration, giL 50.0 50.0 50.0 50.0 50.0 50.0



TABLE 9. STEADY-STATE OPERATING CONDITIONS FOR ADVANCED STUDIES
FOR MESOPHILIC (BOTH PHASES) TWO-PHASE DIGESTION RUNS

Run no. UTP711-M TP3M-11(E)

Digester no. (s) 338-339 334-333

Culture mode Upflow CFCSTR

Feed pretreatment None Enzymatic

HRT, days

Acid-phase 2 0.1:i
Methane-phase 5 2.2
System 7 3.0

Loading rate. kg VS/m3-day 7.1 16.7

Feed volatile solids concentration, gIL 50.0 50.0
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SECTION 6

MATERIALS AND METHODS

PROCESS FEEDS

Mixed primary-activated municipal sludges were used as digester feeds in
this project. These mixed sludges were either obtained directly from a
treatment plant or were prepared by mixing activated and primary sludges
collected separately. Raw sludges were obtained from several sources and were
processed by various methods, as described in the following sections, to
prepare feedstocks for freezer storage. Digester feed slurries were prepared
from these homogenized batches of feedstocks.

Sources of Raw Sludge

Raw wastewater sludges were collected from several water pollution
control plants in the Greater Chicago area to conduct the digestion
experiments. Raw primary, raw activated, and raw mixed primary-activated
sludges were collected from wastewater treatment plants located in Hanover
Park, Chicago, and Downers Grove, Illinois.

The fundamental studies digestion runs were conducted with mixed primary
activated sludges collected from the Hanover Park wastewater treatment plant
of the Metropolitan Sanitary District of Greater Chicago (MSDGC). The Hanover
Park plant is located in a northwest suburb of Chicago, and has a wastewater
flow rate of about 35,000 m3/day (9.2 mgd). About 5% of the plant flow is
from industrial discharges. The collected sludge contained about 60% primary
sludge and 40% activated sludge.

The applied studies were conducted with raw sludges from wastewater
treatment plants in Hanover Park and Downers Grove, and with vacuum-filtered
activated sludge cake from the West-Southwest (Stickney) wastewater treatment
plant of the MSDGC. The Stickney plant has a raw sewage flow of about
820 MGD; about 50% of this flow is of industrial origin. Vacuum-filtered
activated sludge cakes having TS contents between 12 and 14 wt % were
collected. The Downers Grove plant has a wastewater flow rate of about
42,000 m3/day, and 10%-15% of the flow is of industrial origin. Raw primary
sludge having a solids content between 3.5 and 5 wt % was collected from this
plant.

Collection and Processing of Hanover Park Raw Sludge

Raw municipal sludge that could be collected from the Hanover Park waste
water treatment plant was dilute in solids content and was not suitable for
use as digester feed directly. This sludge had to be concentrated before
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digester feed could be prepared. Four different processing methods, described
below, were used to concentrate the Hanover Park sludge.

Method 1. Freezing and Thawing in 200-Liter Drums--

The raw sludge was collected in large lots of several 200-liter drums
from the Hanover Park plant. The collected sludge was trucked immediately to
a freezer warehouse and stored at -26°C. Several drums of the frozen sludge
from a lot were retrieved at a time from the cold storage and brought to IGT
for thawing and solid-liquid separation upon completion of the thawing
process. The liquid portion (supernatant) was decanted and discarded, and the
concentrated bottom sludges from all the drums were fed to a O.6-m3-capacity
double-ribbon blender and homogenized to prepare a single batch. While
blending was in progress, sludge was withdrawn from a bottom port in the
blender to fill up 10-liter plastic storage bags. Small aliquots taken from
each bag were mixed in a container to produce a composite sample for total
solids (TS), volatile solids (VS), and other analyses. The IO-liter sludge
containers were stored in the refrigerated warehouse or in an IGT freezer;
these containers were thawed, as needed, and the concentrated sludge was
diluted and blended with tap water to prepare digester feed sludge of a
selected consistency. The feed slurry was stored in a refrigerator. It was
charged directly to the digester for manual (and once-a-day) feeding. For
continuous feeding, the feed sludge was stored in a refrigerated in a
continuously mixed feed reservoir, and this sludge was delivered to the
digester with a timer-operated pump.

Method 2. Freezing and Thawing in IO-Liter Bags--

Method 2 was used in a few cases when digester feed sludge was needed
quickly. In this method, the collected lot of raw dilute sludge was brought
to IGT, and several drums were blended in the O.6-m3-capacity blender. The
blended sludge was transferred to 10-liter plastic bags, which were then
placed in an in-house freezer. The bags were then thawed; water was drained
out of the bag during the thawing, leaving concentrated sludge in the bag.
The contents of the bag(s) were homogenized to produce a batch of thick
sludge.

Method 3. Concentration by Laboratory Centrifuge--

In Method 3, a laboratory centrifuge (Sorvall@ Model RC-SB) was used to
concentrate small lots of raw sludge. Centrifugation was done for 10 minutes
at 7000 rpm, and the centrifuged pellets were blended to prepare a
concentrated batch of sludge. Since only 3 liters of sludge could be
processed at a time by the laboratory centrifuge, this method was used when
feed sludge was needed quickly.

Method 4. Concentration by Pilot Centrifuge--

Considering the tedious and time-consuming nature of sludge concentration
by freezing and thawing, an aiternative sludge concentration procedure
involving the use of a pilot centrifuge was tried during the second year of
the project. The dilute raw sludge was concentrated by a Model 309 Alfa-Laval

51



pilot centrifuge with a rated capacity of 4-40 liters/min. The centrifuge was
fed continuously with an air-operated drum pump at flow rates considerably
below 40 liters/min. Many problems, including centrifuge-motor burn out, pipe
clogging, etc., were experienced. In addition, the solids capture in the
centrifuged cakes was low. It was felt that considerable amounts of
biodegradable solids were probably lost in the discarded supernatant. The
solids content of the centrifuged cake was about 8.5 wt % TS without any
polymer treatment of the dilute sludge. Only one lot of sludge was processed
by this method.

Nineteen lots of Hanover Park raw sludge, totaling about 30,000 liters
were collected, during the project. The sludge lots were processed in 1 to 15
batches. The processing method for each batch is described in the next
section. The raw sludge had TS contents between 2 and 3.5 wt % and VS
contents between 68 and 76 wt % of TS. By comparison, the concentrated sludge
had VS concentrations between 60 and 79 wt % of TS.

Collection and Processing of Stickney and Downers Grove Sludges

Since the processing of the mixed activated-primary sludge from Hanover
Park was difficult, digester feed sludge was prepared by mixing concentrated
activated and primary sludges. Activated sludge (AS) cakes were collected
from the wastewater treatment plant of Chicago Metropolitan Sanitary District
in Stickney, IL. These sludge cakes had a TS concentration of about 14 wt %
(Table 10), so there was no need for sludge concentration. The collected
sludge cakes were diluted and blended in a commercial-size double-ribbon
blender at IGT, and the blended sludges were transferred to 10-liter plastic
bags for storage at -26°C.

TABLE 10. COLLECTION, PROCESSING, AND SOLIDS ANALYSES OF
VACUUM-FILTERED ACTIVATED SLUDGE CAKE FROM STICKNEY

Date
collected

9/84

11/84

Lot
no.

20

21

Quantity,
kg

221

314

TS,
wt %

13.67

13.67

vs, wt %
of TS

65.68

66.55

Raw primary sludges (PS) were collected from the Downers Grove wastewater
plant; these sludges had TS contents between 3.5 and 5 wt % (Table 11). The
VS concentration of the Stickney activated sludge was between 65% and 67% of
TS. By comparison, the VS concentration of the Downers Grove sludge varied
between 75% and 80% of TS. The activated and primary sludges were mixed in
the ratio of about 73% activated to 27% primary sludge on a dry TS basis -
similar to the AS/PS ratio of 75:25 for the Hanover Park sludge -- to provide
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TABLE 11. COLLECTION, PROCESSING, AND SOLIDS ANALYSES OF
DOWNERS GROVE PRIMARY SLUDGE

Date Lot Quantity, TS, VS, wt %
collected no. liters wt % of TS

10/84 22 49 4.90 79.67

12/84 23 58 3.78 75.86

12/84 24 15 4.63 77 .82

12/84 2S 18 4.34 76.71

about a 7 wt % TS-content digester feed sludge. The digester feed sludge was
prepared in this manner to provide a VS concentration similar to that of the
Hanover Park sludge (68% to 70% of TS).

APPARATUS FOR DIGESTION SYSTEMS

Eight digestion systems were used to conduct the Fundamental and Advanced
Studies digestion runs. The digester dimensions and volumes are described in
Tables 12 through 15. Details of the digester systems and ancillary equipment
are described below.

Digestion Systems for Fundamental Studies

Six digesters were used to conduct the CFCSTR single-stage and two-phase
process-comparison runs (Tables 12 and 13) and the CFCSTR acid-phase
parametric-effects runs (Table 14). These runs were part of the fundamental
studies. All the digesters were cylindrical in shape and fabricated of
Plexiglas with removable headplates. Various ports were provided for feed
slurry delivery, effluent removal, and sampling of the liquid and gaseous
digester effluents. Each digester was provided with equipment for culture
agitation, temperature control, and gas collection. Automatic feed systems
were installed on the single-stage and acid-phase digesters to permit inter
mittent feeding under conditions approximating continuous flow. In addition,
automatic pH controllers were installed on the two separate acid-phase
digesters to control culture pHts. A schematic diagram of a CFCSTR two-phase
digestion system is presented in Figure 9; the design of the single-stage and
parametric-effect acid-phase digesters was similar to that shown in Figure 9
except that these systems had no methane-phase digester.

Each digester was mixed with three-blade propellors mounted on a
stainless-steel shaft, which passed through a custom-made shaft-seal housing
mounted on the center of the digester headplate. The shaft was driven at
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TABLE 12. LIST OF CFCSTR DIGESTERS USED FOR SINGLE-STAGE
DIGESTION RUNS FOR PROCESS COMPARISON STUDIES

Digester Digester Total Culture
Digester height, diameter, volume, volume,

Run no. no. em cm L L

Mesophilic (35°C)

SS15M 331 38 29 25.5 20.0

SS7M 331 38 29 25.5 15.0

SS3M 331 38 29 25.5 15.0

Thermophi1ic (55°C)

SS15T 337 38 29 25.5 20.0

SS7T 331 38 29 25.5 15.0

SS3T 335 25 19 7.2 5.2

about 120 rpm by a variable speed motor. Four vertical baffles were attached
90 0 apart on the inside wall of the digester to minimize vortexing.

Digester temperature was sensed by a thermistor probe installed in an
oil-filled thermowell, which extended through the digester headplate into the
culture. The temperature was maintained by a proportional controller
connected to heating tapes or pads wrapped around the outside of the digester.
The controller maintained the culture temperature to within a.5°C of the
setpoint.

Gas production in each digester was measured with automatic gas burets,
which continuously collected and wasted small volumes of gas (about 50 mL) as
it was produced by the digester. Gas collection and wasting cycles were
totalized by electro-mechanical digital counters. Gas productions were
determined to an accuracy of 3% or less, as determined by periodic
calibrations.

Each automated feed system consisted of a refrigerated and mixed 19-1iter
feed reservoir, a timer-operated progressive cavity pump and associated piping
and valves (Figure 9). The feed reservoir was maintained at 3° to SoC to
minimize biological degradation of the feed slurry. A pneumatically operated
pinch valve was installed between the pump and the digester to prevent
backflow of the culture through the pump. The autofeed system delivered feed
slurry to the digester at regular intervals (12 to 60 times per day) to
approximate continuous-flow conditions.
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TABLE 13. LIST OF CfCSTR DIGESTERS USED FOR TWO-Pl~SE DIGESTION
RUNS FOR PRUCESS COMPARISON STUDIES

Digester Digester Total Culture
Digester height, diameter, volume, volume,

Run no. no. em cm L L

Meso-meso

TPI5M-M Acid-phase 332 25 19 7.2 3.0
Methane-phase 333 38 29 25.5 20.0
System 32.7 23.0

TP7M-M Acid-phase 334 25 19 7.2 5.2
Methane-phase 333 38 29 25.5 13.5
System 32.7 18.7

TP3M-M Acid-phase 334 25 19 7.2 5.2
Methane-phase 333 38 29 25.5 12.3
System 32.7 17.5

Meso-thermo

TPI5M-T Acid-phase 334 25 19 7.2 3.2
Methane-phase 337 38 29 25.5 20.0
System 32.7 23.2

TP7M-T Acid-phase 334 25 19 7.2 5.2
Methane-phase 331 38 29 25.5 15.0
System 32.7 20.2

Thermo-thermo

TP7T-T Acid-phase 335 25 19 7.2 5.2
Methane-phase 331 38 29 25.5 15.0
System 32.7 20.2

TP3T-T Acid-phase 335 25 19 7.2 5.2
Methane-phase 331 38 29 25.5 15.0
System 32.7 20.2
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TABLE 14. LIST OF DIGESTERS USED FOR CFCSTR PARAMETRIC-EFFECTS
ACID-PHASE DIGESTION RUNS

Digester Digester Total Culture
Digester height, diameter, volume, volume,

Run no. no. cm cm L L

Mesophilic

AP2M7 334 25 19 7.2 6.0

AP2M6 334 25 19 7.2 5.2

AP2M5.5 334 25 19 7.2 5.2

AP2M5 334 25 19 7.2 5.2

APl.3M7 334 25 19 7.2 5.2

AP1.3M5 334 25 19 7.2 5.2

Thermophilic

AP2T7 335 25 19 7.2 6.0

AP2T6 335 25 19 7.2 5.2

AP2T5.5 335 25 19 7.2 5.2

AP2T5 335 25 19 7.2 5.2

APl.3T7 335 25 19 7.2 5.2

APl.3T5 335 25 19 7.2 5.2

Effluents from the automatically-fed single-stage and parametric-effects
acid-phase digesters were wasted continuously through gravity overflow pipes
to collection vessels. The overflows were U-shaped in design to prevent the
loss of product gases with the effluent. Effluents from the acid-phase
digester of the two-phase system were delivered to their associated methane
phase digester by gravity overflows or by timer-operated peristaltic pumps.

The pH control systems for the parametric-effects acid-phase digesters
consisted of an automatic pH controller with analog pH meter (Cole-Parmer
Model No. 5997), an in-line pH probe, and a peristaltic pump and storage
vessel for delivery of the pH control solution to the culture. The pH probe
was mounted through the headplate and extended about 2.5 cm deep into the
culture. The peristaltic pump was activated by the controller to deliver the
pH control solution to the digester whenever the culture pH deviated more than
about 0.1 pH units from the setpoint. A 2.5-N solution of NaOH was used to
control the culture to pH 7; 2.5-N HCI was used for control to pH 6 and below.
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TABLE 15. LIST OF DIGESTERS USED FOR ADVANCED TWO-PllASE DIGESTION RUNS

Di~ester Digester Total Culture
Digester height, diameter, volume, volume,

Run no. no. Culture mode em em L L

CFCSTR two-phase system operated
with enzyme-treated sludge

TP3M-H(E) Acid-phase 334 CFCSTR 25 19 7.2 5.2
Methane-phase 333 CFCSTR 38 29 25.5 12.9
System 32.7 16.1

VI Upflow two-phase system
'!

UTP7M-H Acid-phase." 338 Upflow 8.5 7.0
Methane-Phase t 339 Hybrid upflowl 71 19 21.5 19.0

complete-mix
System 30.0 26.0

• The acid-phase digester was rectangular in shape with a trapezoidal bottom with a height, width, and length of 22, 11, and 34 em,
respect! vely.

t The methane-phase digester was cylindrical in shape with a small inverted pyramid at the bottom, 20 em square and 9 cm high.
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Digestion Systems for Advanced Studies

Four digesters comprising two separate two-phase systems were used to
conduct the advanced studies digestion runs (Table 15). One of the two-phase
systems (Digester Nos. 333 and 334) was operated as a CFCSTR system receiving
enzyme-treated sludge, and the other (Digester Nos. 338 and 339) was operated
as an upflow system. Systems for culture agitation, temperature control, gas
collection, feed slurry delivery, and effluent removal were similar to those
described previously for the fundamental studies runs, except as noted below.

A lipase dosing system was installed on the acid-phase digester (Digester
No. 334) of the two-phase system operated with enzyme-treated sludge feed.
The dosing system consisted of a timer-operated peristaltic pump and an enzyme
storage vessel. The rate and frequency of delivery of the lipase solution to
the acid-phase digester was controlled by varying the settings of the timer.

A schematic of the upflow two-phase system is depicted in Figure 10. The
upflow acid-phase digester (Digester No. 338) consisted of a rectangular tank
separated into two compartments by a central vertical baffle. The digester
feed slurry was pumped into the left compartment through a vertical feed pipe
that extended through the bottom of the digester about halfway up into the
culture. A small deflector located just above the feed pipe directed the
slurry toward the bottom of the compartment. Feed solids then flowed upward
toward the culture surface in the left compartment, over the central baffle,
and into the right compartment. Additional baffles (not pictured) were
installed in the right compartment to keep floating scum away from the
overflow effluent port and to promote sedimentation and retention of feed
solids within the digester. The bottom of each compartment sloped toward the
center of the digester to permit storage of settled solids. Two pipes with
ball valves were installed at the bottom of the digester on either side of the
central baffle and were connected to a pump to perm~t delivery of the stored
sludge to the methane-phase digester. Sludge could be withdrawn from either
compartment by opening one of the ball valves and closing the other. The rate
of sludge withdrawal from the bottom of the acid-phase digester was controlled
by a timer that operated the pump. Temperature control was provided by hot
water, which was recirculated from a water bath through a jacket around the
outside of the digester.

The upflow methane-phase digester (Digester No. 339) consisted of a
cylindrical tank with a truncated, inverted pyramid-shaped bottom, a feed pipe
and solids deflector, and three sets of alternating static baffles and
turbine-type impellors. Effluents from the acid-phase digester were pumped
into the bottom of the methane-phase digester through a vertical pipe which
extended about one-third up into the culture. The solids in the incoming feed
were directed toward the bottom of the digester by an inverted cup-shaped
deflector that allowed the liquid portion of the feed to flow upward toward
the culture surface. Three ring-shaped horizontal baffles were attached at
the 9, 13, and 17-liter levels of the digester. In addition, three sets of
turbine-type impellors were attached to a low-speed (9.8 rpm) central rotating
shaft. This pattern of alternating static baffles' and impellors was designed
to produce a circuitous flow pattern within the digester while also prOViding
areas of local mixing. Effluent ports with U-shaped overflows were installed
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at the side of the digester to permit operation at culture volumes of 15 to
19 liters.

CHEMICAL ANALYSES

Sample Collection and Preparation

Sample Collection--

Sample collection was carried out in strict accordance with the sample
collection procedures outlined in Part 105, APHA Standard Methods (15th
Edition)58 or in ASTM Part 26, (1982) manuals. 59 Two types of samples, gas
and liquid, were collected. Gas samples were collected directly from the
digester head space in well-purged disposable plastic syringes and analyzed
immediately by gas chromatography. Liquid samples were collected during
sludge processing operations and from digester feed reservoirs and effluents.

As specified in Table 16, three types of liquid samples were collected:
grab, grab composite, and time composite.

Grab Samples--Grab samples were spot or catch samples representing
physical and/or chemical characteristics at the time of sampling and the
location of sample collection.

Grab Composite Samples: Processed Feed--

Several constant-volume grab samples were collected from each large batch
of blended feed sludge, which was withdrawn from a large blender to fill 10 or
20-liter containers for refrigerated storage. The grab samples were collected
every time a sludge container was filled. These samples were mixed and
homogenized to produce a grab composite for solids analyses.

Grab Composite Samples: Feed and Effluent Slurries--Daily grab samples
from digester feed reservoirs and effluent were collected, composited, and
processed to characterize feed and effluent quality during steady-state
segments of the digestion runs.

Time Composite Samples: Effluents--Grab samples were composited from
digester effluents accumulated over a 24-hour period.

Sample Preparation--

Sample preparation was not required for gas samples; these were analyzed
immediately after collection. The liquid samples were homogenized for
representativeness of the final aliquots withdrawn for analysis. Wherever
possible, sample preparation procedures as outlined in the APHA or ASTM
Standard Methods were followed.

In the case of the COD and ammonia and organic nitrogen analyses, sample
preparation procedures were modified to improve the accuracy and precision of
these analytical determinations. These modifications were necessary due to
the heterogeneous nature and high solids contents of the slurries.
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TABLE 16. SAMPLE COLLECTION AND PROCESSING PROTOCOL

Sample preservation
Determination Sample source Sample type (if not analyzed immediately)

Carbon (total) Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Hydrogen Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Nitrogen, ammonia Influent (feed) Grab, grab composite pH <2 with H2SO4' seal and freeze
Effluent Grab, grab composite, time composite pH <2 with H2SO4 , seal and freeze

Nitrogen, organic Influent (feed) Grab, grab composite pH <2 with H2 SO4' seal and freeze
Effluent Grab, grab composite, time composite pH <2 with H2SO4, seal and freeze

Sulfur (total) Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Phosphorus Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Ash Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Heating value Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Total solids Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, tipte composite Seal and freeze

Volatile solids Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Fixed solids Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

pH Influent (feed) Grab
Effluent Grab

Alkalini ties Influent (feed) Grab
(total and Effluent Grab
bicarbonate)

Volatile acids Influent (feed) Grab 1.5 mL 20% H3P04/10 ml sample;
refrigerate at 4·C

Effluent Grab 1.5 mL 20% H3P04/10 ml sample;
refrigerate at 4·C

COD (total and Influent (feed) Grab, grab composite pH <2 with H2SO4' seal and freeze
filtrate) Effluent Grab, grab composite, time composite pH <2 with H2SO4, seal and freeze

Lipids Influent (feed) Grab, grab composite Seal and freeze
Effluent Grab, grab composite, time composite Seal and freeze

Carbohydrates Influent ( feed) Grab, grab composite Seal and freeze
(total) Effluent Grab, grab composite, time composite Seal and freeze

Gas composition Head space Grab
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Total COD analyses were conducted with feed and effluent slurries from
two of the CFCSTR parametric-effect acid-phase runs using APHA Standard
Methods and modified sample preparation procedures to compare the precision of
the two methods (Table 17). Analyses of the samples were conducted in an
identical manner with r.egard to reagent volumes and reflux time and differed
only in the preparation method.

Preparation and dilution of samples by the APHA method (Method 1)
consisted of the following steps:

• The collected sample (about 500 mL) was homogenized for about 1 minute in
a Waring blender.

• 5.0 mL of blended and mixed sample were transferred to a volumetric flask
with a 5.0-mL wide-tip pipet and diluted to 500.0 mL with distilled water
to prepare a 1:100 diluted sample.

• 10-mL aliquots of the mixed and diluted sample were added to each COD
flask with a 10.0 mL Wide-tip pipet.

Sample preparation and dilution by the modified method (Method 2)
consisted of the following steps:

• The collected sample was homogenized as in Method 1.
,

• About 25 g of blended and mixed sample was weighed and diluted with
25.0 mL distilled water to prepare a dilution of known proportion.

• Four 5-mL aliquots of this di~uted and mixed sample were diluted to
500.0 mL in a 500.0 mL volumet!ric flask; the pipets were flushed into the
flask with distilled water aft'er the transfer .of each aliquot.

• Two 5.0-mL aliquots of this d~luted and mixed sample were pipeted into
each replicate COD flask; each aliquot was flushed with distilled water
into the COD flask after trans'fer.

The standard deviations of the COD's conducted by the modified sample
preparation method were sUbstantiarlY lower than those conducted by the APHA
sample preparation method, for botH feed and effluent slurries. The data
indicated that the precision of totlal COD's on samples prepared by the
modified method was superior to th~t obtained with samples prepared by the
APHA method. Accordingly, all of tlhe total COD analyses were conducted with
samples prepared by the modified melthod. Samples analyzed for ammonia and
organic nitrogen were also prepared: by this method.

,

I

Sample Handling, Identification, P~eservation, and Storage
I

Liquid samples were collected lin clean glass and plastic bottles that
were rinsed out two or three times ~ith the fluid being sample~. Before
collecting samples from tubings or :pipes, the lines were flushed out
sufficiently by draining the digest:er or reservoir contents to ensure
collection of representative sample!s. Each sample bottle was marked with an
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TABLE 17. EFFECT OF SAMPLE PREPARATION ON TOTAL COD DETERMINATIONS OF FEED AND EFFLUENT SLURRIES
FROM CFSTR MESOPHILIC AND THERMOPHILIC ACID-PHASE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE

Run AP2T7 Run AP2M7

Feed slurry Effluent slurry Feed slurry Effluent slurry

Sample preparation method APHA* Modifiedt APHA Modified APHA Modified APHA Modified

Total COD, mg/L

Replicate 1 103,054 77 ,655 101,322 68,842 69,820 81,972 99,590 88,268
Replicate 2 127,302 78,994 99,590 69,706 107,384 86,164 113,446 82,298
Replicate 3 139,426 80,780 51,094 71,152 97,858 86,630 64,950 82,298
Replicate 4 79,887 74,387 95,945 84,430

Q\
Replicate 5 80,333 76,235 84,767

~

Average 123,260 79,530 84,002 72,064 91,507 87,096 92,662 84,323

Standard deviation 18,520 1,239 28,512 3,145 19,830 5,269 24,979 2,815

Coefficient of variation, % 15.0 1.6 33.9 4.4 21.7 6.0 27.0 3.3

* The APHA sample preparation consisted of preparing a 1:100 dilution of the sample; 10.0-mL aliquots of the diluted
and mixed sample were added to each replicate flask with a 10-mL Wide-tip pipet.

t The modified sample preparation consisted of diluting a known weight of sample (about 25 grams) with 25.0-mL of
water; two 5.0-mL aliquots of this diluted and mixed sample were added to a SOO.O-mL volumetric flask with a
5.0-mL wide-tip pipet, and two 5.0 ml aliquots of this mixed and diluted sample were added to each replicate
flask. Each aliquot was washed with water directly into the flask after pipeting.



identification number; a label containing information on date, time, location
of sample, and the name of the sample collector was securely attached.

All samples were analyzed for the intended data as soon as they were
collected, if possible. Temperature, pH, alkalinity, and gas composition
determinations were performed immediately after collection of the sample. In
cases where the analysis could not be performed immediatela, the sample was
preserved by proc~~ures prescribed in APHA {15th Edition)5 and ASTM (1962)
Standard Methods.

Feed Analyses

Processed sludge feed lots were analyzed for total solids (TS), volatile
solids (VS), and fixed solids (FS). Digester feed slurry samples collected
during steady state were analyzed for pH, TS, VS, and FS, total and
bicarbonate alkalinities, ammonia and organic nitrogen, lipids, carbohydrates,
and crude protein. Several fresh slurry samples were also analyzed for total
and volatile suspended solids and total and filtrate COD, elemental content,
and heating value. An anaerobic biogasification potential (ABP) test was also
conducted on one Hanover Park feed sample to estimate the biodegradability of
the feed sludge.

Effluent Analyses

Digester performances were monitored by daily measurement of gas
production; effluent pH was determined at least three times per week. Gas
composition and volatile acids concentrations were analyzed at least once per
week during nonsteady-state segments and two or three times per week during
steady-state segments. Steady-state effluent samples were analyzed for TS,
VS, and FS, total and bicarbonate alkalinities, ammonia and organic nitrogen,
lipids, carbohydrates, and crude protein. In a few cases, effluents were also
analyzed for total and volumetric suspended solids, "total and filtrate COD,
elemental contents, and heating value.

Analytical Procedures

A number of physical and
digester performance, monitor
digester feeds and effluents.
presented in Table 18.

chemical analyses were performed to evaluate
the progress of digestion runs, and characterize
Details of these analytical methods are

Information derived from results of the physical and chemical analyses
was used for the following purposes:

• To determine the empirical formula of the feed, and to estimate
theoretical and biodegradable gas and methane yield potentials

• To monitor acid- and methane-phase culture development, population
transitions in response to changes in operating conditions, and the
condition of the culture during runs
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TABLE 18. LIST OF PHYSICAL AND CHEMICAL ANALYSES/MEASUREMENTS, METHOD
OF DETERMINATION, AND THE INTENDED USE OF THE RESULTING DATA

MeasurementlAna 1vsls

Temperature-

Liquid floW' rate

Gas volume

Gas pressure

C. ", N, s. Ash,
Heating Value, and

TS I VS, fl'led so lids

Total. a.nd vQlatlle
suspended solid..;

pH

Total ...nd b1c.arbon;at.e
alkalLnity

ADIfIIonla-N

Volatile Acids

COD (tota! and ftltrate)

Lipids

Crude protein

Carbohydrate

GaR production

Gas composition (CH 4 ,

CO2 • HZ. "2)

Samrle

Digester culture

Digester gas

Digester influent
and eftluent

01Rester gas

Ulgestt'"t' gas

Dlxester teed ilnd
eff lucnt

Salle as above

Ollitc&ter teed
ilild lOf fluent

Same ;as ahove

Same as ab(JV~

Sotme as above

DIMester feed and
etl iuent

DIgester culture

Digester feed and
etfluent

Same as above

Same a9 above

Same as above

Digester gas

Same a8 above

Metbod

APIlA Std. Hethods (15th ed.) Part 212

Same as above

[ndependent determinAtion of liquid
volume In callbt"at~d containers and time
by certlfied timers

Mes'iured in a gas col1@ctor calibrated
accordinJit to AliTI1 Part 26, Designation
0-IU71-7HII. Article 12 (1982)

AS'I'M 1982 edition Pan 26 (1982)
Uesi~natlon D-J&31-71

ASTM 1982 edition. Part 2&, IJesllitnation
0-3178, Jl79, 3177. 317-4. and APHA
Std. Methods (l")th ed.) Part 424

APIIA Std. Methods (15th ed.) Part 209-G

Ce.ntrUu1l.a.t lon m.ethod (described in test)

APIIA Std. Methods (15th ed.) Par' 413

T\)tat al\c.al1.nt.ty 36 per AliMA Std.
Methods (I'tth ed.) io'art 1,03-4; bicarbonate
alkaltnlty by C'alculation

APIIA Std. Methods (15th .d.) Part 411l-A

APHA Std. Hethods (15th ed.) Pott 411-0

Hod If led APHA Std. Hethods (15th _d.):
procedure CllPdttlcatlon described in text

Salle as a hove

APIlA Std. Hethods (15th _d.) Part 508-A

APIlA Std. Hethods (15th _d.) Part 503-0

Organic nitrogen X 6.2S

Merican Society for Microbiology t Hanua1
of Hethod6 for General Mh:robtology (1981)

Same as gas V01UlU8

APHA Standard Methods (15th ed.) PlIrt Sll-B

Intended Use

Culture monitoring and maintenance; etlaluate telllperature
effect on dlRestlon.

Reduce Ras yoluM9 to those at the standard temperature of
60°F.

Determine residence times; use to perform mass balances.

Calculate total Ras yield and methane yield and
determine process t"fUeiency.

tteduce !Cas volumes to thoSE! at tbe standard pressure of
)1)-ln. Hg.

I::stlmate empir1cal formulAS and theoretical f(BS and methane
yields; elemental balances; use in eRtimating c.arbon and
enetRY recoveries in Rat;; nutrient 8vallabtl1ty and
Umitattonl'l.

Determine $tag and methane yields; so11ds balances; estiute
slud~e concentration and SRT; determine soUds reduction
efflclenclf"s.

t>eterttttne. t;uspended soUds retent ion and UquUac:tton"

CuI ture monitorlnR and maintenance; evaluate pH effect.

Cult..:!"e monttot'lnlt. malntenanc::e, and sta.tus; use tn c.at'bon
billance.

Estimate crude protein and protein di~eRtion effic:iency.

Monitor nltroRen avaUabiLit!; use in nitrogen balancE'.

Estimate feed-to-acfd and acld-to-Jitas conversion
efficiencies.

Honitor dige-stlon status.

Evaluate feed hydrolysis aod acidifiCAtion efftclendes;
estimate "dds-to-methane conversIon efficiency.

Evaluate lipid conversion efficiency.

Ellaluate protein dtRestton efficiency.

Evaluate carbohydrate conversion efficiency.

Determine gas and me.thane yields and prodoctlon rates;
utlUze to conduct mass balance.

Monitor culture status; determine methane yields; utllh:e

In maas balances



• To identify steady-state operation and evaluate steady-state digester
performances and efficiencies in accordance with project objectives

• To evaluate conversion efficiencies of various feed components, and to
perform mass balances

• To determine substrate conversion and product formation efficiencies
during steady-state segments of the digestion runs.

Standard Test Procedures

As indicated in Table 18, measurement methods and test procedures used
throughout this project were as specified in APHA Standard Methods, ASTM, or
other accepted analytical manuals, with the exceptions of the volatile fatty
acids (VFA) and suspended solids determination. Descriptions of these
modified procedures are provided below.

Evaluation and Selection of Alternative Analytical Procedures

Volatile Fatty Acids--

Gas chromatography was used to determine VFA concentrations in feed and
digested sludges. The chromatographic technique was preferred to the elution
chromatographic and distillation methods because, using this technique, the
individual volatile acids could be separated and measured with greater
accuracy and precision. Information on the concentrations of individual
volatile acids was necessary for proper monitoring of digester performance;
the gas chromatographic technique described here provided this required
information. Also, the gas chromatographic method was less time-consuming and
was convenient when a large number of samples had to be analyzed quickly.
Most investigators in the anaerobic fermentation field utilize gas chromato
graphic techniques similar to the one described here to obtain volatile fatty
acids concentration data. 60- 64

A Hewlett Packard Model 5840A Reporting Gas Chromatograph equipped with a
hydrogen-air flame ionization detector, a programmable digital processor to
control the various aspects of GC analysis (for example, temperatures,
detector operation, integration of peak areas, component identification,
chromatogram plotting, retention times, run programming, etc.), and an
automatic liquid sampler were used. The glass column, 1.8 m x 4 mm in
diameter, was packed with acid-washed Chromosorb 101, as suggested by All Tech
Associates and John Mansville Corp.65 Similar column packings are used by
other investigators.60- 62 The injection port was maintained at 200 o e, while
the column was operated at 190°C. Detector temperature was set at 250 o e. The
nitrogen carrier gas was supplied at a flow rate of about 25 mL/min. Hydrogen
gas pressure and flow rate were maintained at 18 psig and 25 mL/min, while air
pressure and flow rate were set at 28 psig and 240 mL/min, respectively.

A 10-mL sample of the feed or digester effluent was acidified to a pH of
about 1.7 with 1.5 mL of 20% H3P04; it was then centrifuged for 15 minutes at
15,000 rpm to separate a clear liquid fraction, which was transferred to a
2-mL clean glass vial. The glass vial was sealed with a Teflon-faced rubber
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septum and then placed in an automatic sampler tray. A l-~L sample was
withdrawn from the bottle and injected into the chromatographic column by the
automated injection system.

The injector was programmed for automatic washing to the 10-~L syringe
with portions of the sample four times before the sample was withdrawn for
injection and analysis. This operation was followed by eight additional
purgings to ensure expulsion of air. The column was periodically injected
with acidified water samples between sample injections. A standard VFA
solution containing a mixture of individual volatile acids of known concentra
tion was chromatographed in the same manner as the unknown. Unknown fatty
acids concentrations were calculated by comparing areas under chromatogram
peaks obtained for individual VFA's in the unknown and standard samples.
Individual VFA concentrations are expressed in terms of equivalent acetic acid
concentration.

Suspended Solids--

Analysis of feed and effluent suspended solids by the APHA Standard
Methods procedure (Parts 209-D and 209-G, 15th Edition)58 was problematic due
to the high concentration (20 to 40 gIL) of suspended solids in the samples.
To avoid clogging the filters with solids particles, it was necessary to use
very small sample volumes (less than 5 mL). The difficulty in accurately
measuring the small sample volumes resulted in widely dispersed replicate data
for each determination. A centrifugation procedure was then developed for the
determination of total and volatile suspended solids to overcome the
limitations of the APHA filtration method.

Suspended solids determinations by the centrifugation method were
conducted in triplicate and consisted of the following steps:

• Known weights of sample (about 20 g) were transferred to SO-mL centrifuge
tubes.

• The tubes were centrifuged for 20 minutes at 20,000 rpm to separate the
sample into solids pellets and clean supernate fractions.

• The clean supernate was drained off, taking care to minimize loss of
floating solids particles; distilled water was then added to each tube,
and the pellets were resuspe~ded with a small magnet.

• The centrifugation and suspension steps were repeated twice more.

• The suspended solids were transferred to crucibles and dried and ashed at
103° and 550°C, respectively, to determine total and volatile suspended
solids of the plug.

• The supernate collected after each centrifuge operation was analyzed for
total and volatile suspended solids contents per APHA Standard Methods,
Parts 209-D and 209-G.
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• Suspended solids concentrations for each sample were reported as the sums
of the TSS and VSS contents of the solids pellet and supernate fractions.

Carbohydrates--

Since the APHA Standard Methods do not include a carbohydrate analysis
procedure for sewage sludge, and because there is no consensus among
researchers as to which method of the many published techniques is suitable
for this material, considerable work was done to select a suitable analytical
procedure to determine the "total carbohydrate" contents of feed and digested
sludges. As discussed below, determination of total carbohydrates in sludge
is difficult because of the complex composition of this generic material, the
heterogeneity of sludges, and the limitation of the analytical methods in
detecting various types of sugars.

Carbohydrates can be classified as monosaccharides, oligosaccharides, and
high-molecular-weight polysaccharides such as starch, glycogen, cellulose,
hemicellulose, pectins, xylans, mannans, etc. In addition, sewage sludge
contains a variety of carbohydrates that have their origin in microbial cells;
this is particularly true of activated sludge. Cells contain nucleic acids
that, upon degradation, yield deoxyribose and ribose. Microbial cell walls
contain other complex polysaccharides (for example, capsular polysaccharides,
lipopolysaccharide) containing amino sugars, and other monosaccharides.

Most commonly used analytical methods for determination of "total
carbohydrate" are derived or adapted from the MoUsch test. 66 This method
involves heating the sample with concentrated sulfuric acid and a "color
developer" which is usually an aromatic amine or a phenol. The reactions
include -

• Hydrolysis of polysaccharides to monosaccharid~s

• Dehydration and transformation of the monosaccharide to form furfural (in
the case of pentose sugars) or hydroxy methyl-furfural (in the case of
hexose sugars)

• Complexation of the hydrolysis products with the color developer to form
a colored compound, the concentration of which is measured
spectrophotometrically.

Samples such as sewage sludge and digested sludge contain particulate
polysaccharides of various compositions, and the result of total carbohydrate
analysis depends to a large extent on the details of the hydrolysis
procedure. The degree of hydrolysis and the nature of the hydrolysis products
depend on the type of acid used, the acid concentration, pH, hydrolysis time
and temperature, and other factors. For example, complete hydrolysis of
cellulose yields glucose, whereas partial hydrolysis yields the disaccharide,
cellulobiose. Hydrolysis of hemicellulose, on the other hand, produces D
xylose and D-glucoronic acids. The reactivities of these different compounds
with the color developer are quite different. Also, it has been pointed out
that certain hydrolysis products such as amino sugars, trioses, tetroses, and
other carbohydrates that do not form furfural or furfural derivatives hardly

69



react with the coloring agent.67 Separate specific assays are~ ther~fore,
required to ascertain the concentrations of carbohydrates that do not yield
furfurals upon hydrolysis. It is apparent that no single analytical method or
color-forming agent can accurately measure the various types of carbohydrates
that are present in biological suspensions and sewage sludges. 68

Among the myriad of color developers such as indole, orcinol, carbazole,
cysteine, trypotophan, a-naphthol, anthrone and phenol used for colorimetric
determination of total carbohydrates, the last two compounds have been
particularly useful and are utilized in the so-called anthrone and phenol
sulfuric-acid methods. 68 These two methods were investigated to select the
better method for this project.

Analysis of the Hanover Park sludge with the anthrone and phenol-sulfuric
acid methods indicated that a much higher concentration is obtained by the
latter procedure (Table 19). One reason for the lower carbohydrate analysis
by the anthrone method is that the anthrone reagent exhibits weak reactions
with pentoses and heptoses, for example~ and much stronger reactions with
hexoses. 68 The phenol reagent, on the other hand, reacts equally well with
all sugars. It was determined from HPLC analysis that the concentration of
five carbon sugars was much higher than that of the hexoses, which could cause
the anthrone analysis to be considerably lower than that obtained by the
phenol-sulfuric acid procedure. Also, the total carbohydrate contents
obtained by ~h; anthrone procedure were much lower than those reported in the
literature.6 - 1

TABLE 19. TOTAL CARBOHYDRATE CONCENTRATIONS IN HANOVER PARK SLUDGE AS

DETERMINED BY THE ANTHRONE AND THE PHENOL-SULFURIC ACID METHODS

Total carbohydrate concentration

Analytical wt % wt %
methods mg/L Average of TS Average of VS Average

Anthrone 8,000 11.1 15.9
8,100 8,050 11.3 11.2 16.1 16.0

Phenol sulfuric 13,900 19.4 27.7
14,400 20.0 28.7
13,700 19.1 27.3
14,440 14,100 20.0 19.6 28.7 28.1

Lipids--

Considerable work was done to select a suitable procedure to determine
lipid contents of feed and digested sludges. Lipids are a diverse group of
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high-molecular-weight carbon-oxygen-hydrogen compounds that are insoluble in
water but soluble in such organic solvents as benzene, ethers (diethyl ether,
petroleum ether, etc.), chloroform, acetone, pentane, hexane, freon
(dichlorodifluoromethane, CCIZF2), or mixtures thereof. Simple lipids include
fats (glycerides and triglycerides, which are products of a combination of
fatty acids and the trihydroxyalcohol, glycerol), waxes (esters of fatty acids
and alcohol rather than glycerol), oils (low- to high-molecular-weight
hydrocarbons ranging from gasoline to heavy oil to lubricating oils), esters
of long-chain fatty acids (calcium or magnesium soaps), etc. Compound lipids
have a more complex structure and include phospholipids (for example,
lecithins and cephalins, frequently combined with proteins) glycolipids, and
sulfolipids. These compound lipids are present in all microorganisms and may
yield nitrogenous bases, phosphoric acids, etc., in addition to fatty acids
and glycerol upon hydrolysis. Derived lipids consist of a heterogeneous group
of compounds derived from, or chemically related to, other lipids. These
substances include steroids (hormones, ergosterols, cholesterols, etc.),
cartenoids, and polyisoprenoids and behave like lipids in that they are
extractible by lipid solvents. The feed and the digested sludges were
expected to contain all types of lipids of natural and synthetic origins,
although the relative proportions of the various lipid types are expected to
be altered due to anaerobic fermentation.

Since all lipid analytical methods rely on its extraction by selected
solvents, and because a chosen solvent does not selectively dissolve a
particular kind of lipid, the determined concentration represents a
heterogeneous group rather than a specific chemical classification. Lipid
analytical methods are simple in principle and involve solvent extraction of
this hydrophobic compound from an aqueous suspension followed by drying to
produce a moisture-free residue. The methods are necessarily empirical;
errors are introduced because low-boiling fractions are lost and certain non
lipid substances may be extracted along with lipids.- Chloroform, for example,
dissolves certain carbohydrates to a limited extent. Similarly, elemental
sulfur and certain organic dyes are extracted as "hexane-soluble lipids."
Special precautions are necessary because some extractibles, especially
unsaturated fats and fatty acids, oxidize readily. However, replicable and
comparable results can be obtained by strict adherence and meticulous
attention to all procedural details. Consequently. the extraction technique
and the rate and time of extraction must be reproduced exactly for all determ
inations because of varying solubilities of different kinds of lipids in the
selected solvent. Also, the length of time for drying and the drying tempera
ture (which influences volatilization) as well as the cooling time -- exces
sive cooling time may result in an increase in lipid weight, presumably due to
oxidation of extractibles and the absorption of oxygen by the solvent --must
be closely controlled and kept constant to produce comparable and meaningful
results.

Because there appears to be no consensus as to which of the various lipid
analytical procedures is "best" for sewage sludges, three methods were
investigated. One of these methgds was that recommended by the American
Society for Microbiology (ASM).ol The ASH method was proposed in the quality
assurance plan considering that the Hanover Park raw sludge contained 60% by
weight of biological sludge. The other two methods investigated were the
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freon-extraction method outlined in the APHA Standard Methods 58 for oil and
grease and the chloroform-methanol extraction procedure suggested by
O'Rourke72 for digester feeds and effluents. The ASM and the O'Rourke
procedures are semiwet methods utilizing chloroform-methanol extractions, and
are probably not as accurate as the APHA Soxhlet extraction procedure. Since
Soxhlet extraction is recommended for oil and grease, it had to be compared
with the ASM and O'Rourke procedures to ascertain its capability to extract
biological lipids.

Recovery of "Standard" Lipids--As a first step, the three selected lipid
determination methods were compared with respect to their abilities to recover
"standard" or common lipids. Crisco'" was used as the common natural lipid.
Motor oil was selected as the common synthetic lipid. The results reported in
Table 20 show that Soxhlet extraction exhibited precision and accuracy that
were comparable to those of the ASM and the O'Rourke methods. Also, it was
evident that lipid recoveries by Soxhlet extraction with freon were not
affected by the ratio of natural to synthetic lipids.

Recovery of Sludge Lipids--The three selected lipid-analysis procedures
were also compared in terms of their efficiencies to recover sludge lipids.
Analyses were conducted with sludge samples alone and with sludge samples
mixed with known quantities of an external standard, motor oil. Standard
recoveries were calculated from concentrations determined for sludge and the
sludge-standard mixture. Results reported in Table 21 show that freon Soxhlet
extraction was better than the other two methods in terms of biological lipids
recovery. Also, freon extraction recovered the non-biological lipid with
efficiencies comparable to those of the other two procedures.

Selected Lipid Analytical Method--Based on the analytical work described
above, it was concluded that the ASM method involved a slow solvent
evaporation rate and a lyophilization step. The O'Rourke method involves a
slow filtration step. Both methods are time-inefficient and require the use
of hazardous solvents. Quantitative lipid transfer from one step to another
was a problem, and results from these semiwet methods do not compare well with
those from the Soxhlet extraction procedure known to be more accurate for
oils, grease, and waxes.

Although the freon Soxhlet extraction procedure is not clearly specified
to be suitable for biological lipids, results of investigations reported above
showed that this method afforded increased recovery of sludge lipids over the
alternative techniques tested. It was felt that the Soxhlet method is simple,
straightforward, time-efficient, and at least as precise and accurate as the
other lipid-analysis methods; also, freon appears to be less hazardous than
the other solvents required for the semiwet techniques. Last, but not least,
the APHA procedure should be preferred to other methods because results from
this research can then be compared with those of others. One possible
disadvantage is that freon Soxhlet extraction may be more expensive than the
other extractions. Overall, the APHA Soxhlet procedure seemed to be better
than the ASM and O'Rourke methods, and it was selected for this project.
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TABLE 20. RECOVERIES OF COMMON LIPIDS BY THE SOXHLET, ASM, AND O'ROURKE METHODS

Sample

3

Soxhlet method O'Rourke method ASM method

Extracted Recovery, Extracted Recovery, Extracted Recovery,
Standard lipid in sample lipid, g % lipid, g % lipid, g %

5 g Motor oil + 15 g Crisco 19.4774 . 97.4

15 g Motor oil + 5 g Crisco 19.3826 96.7

50 g Motor oil 48.5787 97.0

50 g Motor oil 47.9892 96.0

5 g Motor oil 5.0601 101.2

5 g Motor oil 5.0209 100.4

* Sample 1 could not be analyzed by the O'Rourke and the ASM methods because of quantitative lipid transfer
problems.

t Sample 2 could not be analyzed by the ASM method because this procedure is designed for small samples.



TABLE 21. RECOVERIES OF SLUDGE LIPIDS AND MOTOR OIL BY THE
SOXHLET, ASM, AND O'ROURKE METHODS

Analytical method

Soxhlet freon extraction

O'Rourke method (chloroform
methanol extraction)

ASM method (chloroform
methanol extraction)

Raw sludge
lipid cone.,.
wt % of TS

a) 27.6
b) 24.3

17.2

16.5

Recovery of motor oil
standard from mixed

sludge-oil sample, %

94.1
78.6

94.1

• Analysis was run on raw sludge sample only.

ANAEROBIC DIGESTIBILITY POTENTIAL TEST (ADPT)

Test Concept

The theoretical digestibilty potential of the digester feed sludge can be
calculated from its elemental analysis assuming stoichiometric conversion of
the organics to product gases. This theoretical potential, however, cannot be
achieved in practice because only a part of the organics (volatile solids) is
anaerobically biodegradable. An anaerobic digestibility potential (ADP) test
was conducted with the Hanover Park feed sludge to estimate the anaerobic
biodegradability potential of this substrate by long-term batch digestion at a
selected mesophilic reference temperature of 35°C. The final methane yield
and VS reduction obtained from this test serve as "bench marks" against which
other experimental yields and VS reductions can be compared to evaluate the
efficacy of the particular digestion system.

The ADP test is based on a concept similar to that of the long-term BOD
test; the final methane yield and VS reduction of the ADP test are anaerobic
counterparts of the "ultimate" BOD.

ADP Test Protocol and Data Analysis Procedure

The ADP test is started with an appropriate inoculum (seed) and a
selected volume of the test sludge to produce measurable volumes of gas during
selected incubation periods. In this research, the inoculum was obtained from
a single-stage high-rate digester, which was continuously fed with Hanover
Park sludge at an HRT of 7 days and exhibited satisfactory and stable
performance.
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The test is set up in triplicate by filling 282-mL-capacity glass serum
bottles with selected volumes of the digester feed sludge, the inoculum, and
deoxygenated water to obtain a final culture volume equal to about one-half
the volume of the bottle. All transfers were made anaerobically, and the
serum bottle was purged with a 20%-C02-80%-N2 gas mixture that was passed
through a heated copper column to remove any oxygen from this purge gas. The
bottle was stoppered, crimp-sealed, and incubated at 35°C in an inverted
position to minimize gas leaks. Control digester bottles were also prepared
in the same manner but without the test sludge to be able to correct for gas
production from the inoculum sludge, and thus to obtain net gas production
from the feed sludge only. Tests with feed and seed sludges were conducted in
triplicate.

Gas production and composition were determined for all bottles at
selected intervals; a computer program was utilized to perform the tedious
calculations necessary to determine accumulative and corrected biogas and
methane productions at various incubation times. All measured gas volumes
were reduced to dry volumes under the standard conditions of 15.55°F and
762 mm Hg mercury pressure. The ADP test was continued until gas production
leveled out and no further measurable gas production could be observed. At
termination. the contents of the bottles were mixed. and TS and VS analyses
were performed in triplicate on aliquots of digested residue sampled from the
bottles. Total and volatile solids balances were performed to check if gases
were lost during the test. and to estimate VS reduction achieved by long-term
digestion.

ENZYMATIC PRETREATMENT OF SLUDGE

Enzyme pretreatment of sludge was conducted using cellulase-cellobiase,
and lipase enzymes obtained from Novo Laboratories Inc. (Cellulast 1.5 L,
Novozym 188, and Novozym 225. respectively). These enzymes were sel;§ted on
the basis of work conducted by SYSTECH Corporation for the U.S. EPA.
Cellulase aids the breakdown of cellulosic substrates to glucose, cellobiose
and higher glucose polymers; cellobiase was used to convert cellobiose, a non
fermentable carbohydrate, to glucose. Lipase was used to aid the hydrolysis
of feed sludge lipids to volatile fatty acids. Samples of these enzymes were
obtained from Novo Laboratories Inc. as liquid slurries; the TS contents of
the cellulase, cellobiase, and lipase were 0.665, 0.495, and 0.300 g/mL,
respectively.

Digester feed slurries were pretreated with cellulase and cellobiase for
24 hours in containers incubated at 35°C. Dosages of 2.76 g cellobiase TS/kg
feed TS and 0.28 g cellobiase TS/kg feed TS were,used; the feed slurry was
adjusted to pH 5 with 2.5N Hel prior to pretreatment and back to the original
slurry pH (about 5.5) with 2.5N NaOH after pretreatment. Lipase was dosed
directly to the acid-phase digestion with a timer-operated peristaltic pump
about 43 times per day at a dosage of 2.75 g lipase TS/kg feed TS. Lipase was
added directly to the acid-phase digester, instead of to the pretreatment
container because its activity is optimum at the pH of the acid-phase digester
(pH 6 to pH 7) and is greatly reduced at the pH used for the cellulase/
cellobiase pretreatment. The enzy,~ dosages used in this work were found to
be optimum by SYSTECH Corporation.
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SYSTEM START-UP AND OPERATION

Culture Start-Up and Acclimation

As indicated previously, eight different digesters were used to conduct
the various single-stage, separate acid-phase and two-phase digestion runs.
Each of these digesters was initially started with active mesophilic inocula
obtained from either ongoing bench-scale digesters operated at IGT or full
scale digesters operated at MSDGC's West-Southwest wastewater treatment plant
in Stickney, Illinois. Prior to inoculation, each digester was filled with
water to expel air and then drained under a gas purge containing 70 mol %
methane and 30 mol % carbon dioxide. Gas purging was continued after the
water was drained until all traces of oxygen in the digester were removed, as
determined by periodic gas analyses. The inocula were then anaerobically
transferred to the digesters.

The mesophilic cultures were then acclimated to Hanover Park feed sludge
with daily feeding at HRT's of 15 to 20 days for the single-stage and methane
phase digesters and at HRT's of 6 to 7 days for the acid-phase digesters. The
single-stage and methane-phase HRT's were gradually reduced to the target HRT
and loading-rate conditions while gas composition and effluent volatile acids
concentrations were monitored to ensure that the methanogenic populations were
not washed out of these digesters. Acid-phase HRT's were reduced more rapidly
to enrich the acidogenic populations in these digesters.

Thermophilic cultures were developed from acclimated mesophilic cultures
by increasing the digester temperature to 55°C in a single step after a volume
of feed sludge equal to about 10% of the culture volume was added. The
single-stage and methane-phase thermophilic cultures were left in batch for
several days until effluent volatile acids had decreased to acceptable levels
before daily feeding was started. Daily feeding was started immediately for
the thermophilic acid-phase cultures. '

Frequency of Digester Feeding

As indicated in the experimental plan, various steady-state CFCST~

digestion runs were to be conducted at digester HRT's of between 15 and
0.8 days. Digesters operated at HRT's lower than 15 days were fed, in small
slug doses, 12 to 40 times per day with the auto-feed systems described in a
previous section. The feed frequency was increased as the digester HKT was
reduced in consideration of the relationship between feed frequency and
microbial growth rate. Digesters were fed manually once per day after a
selected volume of digester contents was wasted (~ithdrawn) when the HRT was
15 days.

The frequency of digester feeding used in this research varied from once
to about 40 times per day. As will be evident from the following theoretical
considerations, the above feeding frequencies were selected so that
intermittent or semicontinuous feeding mode was for all practical purposes
equivalent to continuous feeding.
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Theoretical Basis for Equivalency of Intermittent and Continuous Feeding

Intermittent or semicontinuous digester operation is characterized by
regular withdrawal (or wasting) of a part of the spent medium (or digester
content) after a selected time interval of digestion and the replacement of
the part withdrawn by fresh substrate or digester feed slurry. When the
number of withdrawals and feedings per unit time is infinity or sufficiently
high, the semicontinuous or intermittent feeding converts to continuous
feeding. Under steady-state conditions in a CFCSTR digester, a dynamic equi
librium is established between the increment of microbial mass in the digester
grown at the expense of the slug feed and its decrease with effluent drawoff,
so that the total mass of microorganisms in the digester after wasting is
constant. At steady state the specific growth rate, J.I, of the digester
organisms is related to the dilution rate by Fencl's equation,74 as follows:

1 = (l _ D)n exp J.I (1)
n

where D = dilution rate = a-I

e = theoretical detention time = V/F

V = digester volume

F = flow rate

n = number of digester wastings and feedings per unit time.

When n is infinity, the semicontinuous process passes into the continuous
process, and Equation 1, in this case, can be rewritten as --

1 = lim r exp ~(1 _ D)n
n+ ClO ~

The solution of Equation 2 is --

(2)

(3)

That is, for the "ideal" case of continuous feeding (CF) and withdrawal, the
specific growth rate, ~F' is equal to the dilution rate.

Further analyses of Equat~ons 1 and 3 show that, in theory, there is
little difference between semicontinuous and continuous digestion provided a
and n are sufficiently large. As e and n are decreased, the semicontinuous
process deviates more and more from the ideal continuous process in that the
specific growth rate of the organisms must be increasingly greater than the
dilution rate if steady-state digester operation is to be achieved.

For example, the specific growth rate at steady state for a CFCSTR
digester fed once per day (n = 1) at a IS-day HRT must be only 3% higher than
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the dilution rate (Figure 11). Thus, for all practical purposes, daily
feeding once per day is equivalent to continuous feeding at a 1S-day HRT.

However, for a steady-state CFCSTR digester operated at a 2-day HRT with
daily feeding, the growth rate must be 39% higher than the dilution rate
(Figure 12). As the feed frequency is increased to 15 times per day or more,
the deviation between specific growth rate and dilution rate is reduced to
less than 3%. For this reason, feed frequencies for digesters operated at
HRT's of less than 15 days were selected so that the deviation between
specific growth rate and dilution rate would be 3% or less.

pH Control

Culture pH's were controlled only for the parametric-effects acid-phase
digestion runs because one of the objectives of these runs was to ascertain
the effects of selected pH's (pH 5 and pH 7) on acidogenesis of sludge. The
culture pH's were controlled continuously, with the apparatus described
previously, by dosing the cultures with 2.SN NaOH (for pH 7) and 2.5N HCI (for
pH's below 7). Sodium bicarbonate (NaHC03 ) and lime [Ca(OH)2] were considered
as pH control chemicals for the pH 7 runs but were rejected because
bicarbonate could act as a carbon source for gas production, and lime is
incapable of maintaining culture pH's above 6.8. Hydrochloric acid was used
to control the cultures below pH 7 (instead of sulfuric or nitric acids)
because the chloride ion is less toxic to anaerobes than the sulfate or
nitrate ions. The normalities of the pH control chemical solutions were
selected so that the volumes dosed for pH control were high enough to measure
accurately, but low enough so as not to significantly dilute the cultures or
affect the digester HRT's.

Several procedures were used to ensure that the pH controllers functioned
properly. During the first 2 months of operation, chart recorders were
attached to both controllers to provide a continuous record of pHj these
charts were scanned particularly to check for large pH excursions that may
have occurred during non-working hours. Analog pH meters incorporated in the
controllers were checked several times per day. Effluent pH measurements were
made at least three times per week with a bench-top pH meter and compared with
the controller pH meter readings. In addition, the in-line pH probes for both
controllers were cali9rated at least once per week with standard buffer
solutions.

During the first few weeks of operation with automatic pH control,
several large pH excursions were observed. The problems were resolved by
lowering the pH probes further into the cultures to improve contact with the
culture and by moving the pH control delivery tubes closer to the pH probes to
improve pH response time. Thereafter, the controllers functioned
independently and maintained culture pH to within 0.15 pH units of the
setpoint.

Foam and Scum Control

Floating scum and foam were encountered during mesophilic operation at
short HRT's (less than 5 days) and high loadings (more than 10 kg VS/m3-day).
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Scum and foam interfered with digester operation and gas collection; however,
these problems were not observed in the thermophilic digesters. In many cases
the scum or foam moved out of the digester with the product gases, fouling the
gas collections tubings and valves. Dissolved gases and foam in the digester
effluent resulted in loss of gas-liquid seals in the effluent overflows, which
interfered with effluent withdrawal.

Several strategies were investigated to eliminate these problems. An
antifoam agent (Dow-Corning FG-10) was added to the feed slurry and inter
mittent mixing was instituted instead of continuous mixing. Neither of these
actions had any appreciable effect on scum formation, however. Foam traps
were then installed in the gas lines between the digesters and the gas
collection systems, and the effluent overflow systems were modified.

The foam traps consisted of 2-L vessels and were installed so that
product gases from the digesters entered at the bottom and exited at the top
of the vessels before passing to the gas collection systems. Thus, any foam
carried out of the digesters with the product gases could be collected in the
foam traps before it fouled the collectors. The traps were drained manually
as necessary. The original 1.9 to 2.5-cm-diameter overflow pipes were
replaced with larger 3.8 to 5.l-cm-diameter overflows to minimize gas locking
caused by the foam and scum in the effluent. In two of the digesters
(Digester Nos. 332 and 333), the overflow pipes were installed through the
digester walls and 90 0 elbows were installed on the pipes inside the
digesters. The open ends of the elbows were directed downward and were
submerged in the culture to a depth of about 4 cm so that only effluent from
beneath the foam and scum layer was withdrawn. A perforated plate was also
mounted in Digester No. 333 just below the culture surface to keep the foam
layer submerged and wetted. Although these modifications did not totally
eliminate the accumulation of scum and foam within the digesters, they did
resolve the problems associated with gas collection and effluent withdrawal.

Process Monitoring

Routine Monitoring--

Digestion runs were routinely monitored by determining digester HRT's,
culture temperatures, gas production rates (GPR), gas composition, and
effluent pH and volatile acids concentrations according to the schedule in
Table 22. These data were regularly plotted and reviewed to assess the
progress at each run and to determine when steady-state operation was
achieved. Gas production rates were monitored daily because this determina
tion was the easiest and most accurate means of tracking the performance of
the runs and because it was the primary performance variable used for
selecting steady-state segments of the runs. Gas compositions and effluent pH
and volatile acids were measured less frequently because these parameters
varied less with time.

Steady-State Monitoring--

The schedule for process monitoring during steady-state operation was
similar to that followed during nonsteady-state operation (Table 22), except
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TABLE 22. ROUTINE PROCESS MONITORING SCHEDULE

Non-steady-state Steady-state
Determination frequency frequency

Digester HRT Daily Daily

Culture temperature 3 to 7 times per week 3 to 7 times per week

Digester gas production rate Daily Daily

Gas composition 1 to 2 times per week 2 to 4 times per week

Effluent pH 3 to 7 times per week 3 to 7 times per week

Effluent volatile acids 1 to 2 times per week 2 to 4 times per week

that gas compositions and effluent volatile acids were measured more
frequently to ensure that these process variables were also stable with time.
As described previously, feed and effluent slurry samples were also collected
during steady-state operation and analyzed for solids, organic components,
alkalinity, and nitrogen contents.

Steady-State Criteria--

This research required collection of steady-state data for most of the
experimental phases. Steady-state was defined as a segment of a digestion run
during which the digester operating variables and performance parameters wer~

maintained at "constant" levels, permissible within the constraints of bench
scale equipment operability and the available measurement techniques and for
which solids balances were between 85% and 115%. For complete-mix systems,
the steady-state duration was equal to at least twice the HRT. The criterion
used for achievement of steady state was the constancy of certain digester
operating and performance data during a selected run segment. A particular
parameter was assumed to have reached a constant level 1f the coefficient of
variation was less than that specified in Table 23. Digester HRT's, loading
rates, and culture temperatures were the parameters that defined the operating
conditions of each run and were thus used for the operation criteria. The
primary performance criteria were gas and methane productions, which were
measured more accurately and frequently than the other performance parameters.
Solids balances were also used as indicators of steady state because the
solids analyses could be completed quickly, and because good mass balances are
prerequisites for steady-state operation.

The levels of variabilities specified in Table 23 are reasonable in view
of the unavoidable variabilities associated with control of the operating
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TABLE 23. STEADY-STATE CRITERIA

Process variable/performance parameter

Operation

HRT, days

Loading rate, lb VS/ft3-day

Temperature, °c

Performance

Methane content, mol %

Methane yield, SCF/lb VS added

Methane production rate, vol/day-culture vol

Maximum acceptable
coefficient of
variation, %

20

20

5

5

10

20

20

* This variable was a criterion for only the pH-controlled parametric-effects
acid-phase digesters.

variables at selected levels and measurement of the performance parameters.
For example, a 20% variability in sludge pumping rate is normal for the type
of equipment available commercially. A variability of 20% in HRT is thus
almost unavoidable. If feed sludge is delivered with a 20% variability in
rate, gas yield and production rate would also have the same variability.

Data Reduction

The collected raw data were reduced to provide the operating and
performance parameters indicated in Table 24. The reduced data were tabulated
and graphed, as appropriate, for evaluation and interpretation of the
experimental observations, and for arriving at conclusions with regard to
parametric effects on digestion process efficiency. Data reduction also
included the computation of such simple statistics as the mean, standard
deviation, coefficient of variation, and correlation coefficient.

Hydraulic retention times and organic loadings were calculated based on
daily measurements of feed slurry flow rates. Volatile solids concentrations
used for the loadings were based on direct analyses of the feed slurries
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TABLE 24. REDUCED OPERATING AND PERFORMANCE PARAMETERS

Analysis or measurement

Hydraulic retention time (HRT)

-Organic loading rate

pH control chemical dosage

Total solids (TS)

Volatile solids (VS)

Fixed solids (FS)

Total suspended solids

Volatile suspended solids

Gas volume

Total gas and methane yield

Total gas and methane production rate

Gas composition

Volatile fatty acids (VFA)

Total VFA

pH

Total and bicarbonate alkalinities

Volatile fatty acids

COD (total and filtrate)

Nitrogen (ammonia)

Nitrogen (organic)

Crude protein

Lipids

Carbohydrate

Carbon and hydrogen

Sulfur

Phosphorous

Heating value

Feed component reduction

Solids balances

84

Reduced data

days

kg VS/m3 culture-day

meq/L feed

mg/L or wt %

mg/L or wt % of TS

mg/L or wt % of TS

mg/L or wt %of TS

mg/L or wt % of TS

Standard m3 (dry) wt 15.55°C and 762 mm Hg

Standard m3 /kg VS added

Standard vol/culture vol-day

Normalized mol %

mg/L

mg/L as acetic

Dimensionless unit or moles/l [H+]

mg/L as CaC03
mg/L as acetic acid

mg/L or g COD/g VS

mg/L NH3-N or wt % of TS

mg/L Org-N or wt % of TS

mg/L or wt % of VS

mg/L or wt % of VS

mg/L or wt % of VS

wt % of TS

wt %of dry solids

wt % of TS

kcal/kg (dry)

percent

percent



during steady-state runs. During nonsteady segments of runs, the VS
concentrations were calculated on the basis of the concentrated feed solids
analyses and the dilution factor used to prepare the slurry. Chemical dosages
for the pH-controlled parametric-effects acid-phase runs were determined on
the basis of the daily flow rates of chemical solutions and feed slurry.

Gas production volumes were converted to standard volumes at standard
temperature and pressure (15.55°C and 762 mm Hg) on a dry basis using daily
barometric pressure and ambient temperature readings taken in the digester
laboratory. Gas yiel9s were reported in units of standard m3/kg VS added
instead of standard m3/kg VS reduced, sometimes used by other researchers,
because the former units better describe the conversion efficiency of feed
volatile solids to gas. Methane yields were calculated on a daily basis as
the product of the total gas yield and the measured methane content; on days
when gas composition was not analyzed the average of the previous and
subsequent methane contents was used to calculate the methane yield. Steady
state methane yields were reported as the mean of these daily yields during
the steady-state segment of each run. Daily and mean steady-state methane
production rates were calculated in a similar manner. Analyzed gas
compositions generally totaled less than 100%, primarily due to water vapor in
the gas samples (which was not detected by the chromatograph) and experimental
error. For these reasons, gas compositions were reported on a normalized
basis; the individual gas components were multiplied by a constant factor to
bring the total to 100.0%.

Feed and effluent slurry analyses were generally reported in units of
mg!L to permit direct comparison of feed and effluent slurry characteristics.
Organic component analyses (crude protein, carbohydrates, and lipids) were
also reported as wt %of VS because these compounds were the major
constituents of volatile solids in the feed and effluent slurries.

VS Reduction Efficiency

Organic component reductions were calculated as the percent ratio of the
difference of feed and effluent concentrations to feed concentration.
Volatile solids reductions can be calculated by three different methods, as
follows:

Mop-16 Method

Mass of Gas Method

W
VS

R
= J X 100

VS
f
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Carbon-in-Gas and Carbon-in-Feed Method

F X C
VS

R
= P g X lUO

VS
f

where VS i
::: influent VS, decimal wt % of T5

VS ::: effluent VS, decimal wt % of T~
0

Wg ::: daily mass flow of product gases, g/day

VS ::: daily mass flow of feed VS, g/dayf

Cg
::: daily mass flow of carbon in product gases, g/day

Fp = correlation factor (1.84), g VS/g carbon

(6)

Equation 4 was used to calculate VS reduction bec~use this method is
recommended by the Water Pollution Control Federation. This method of
determining VS reduction is based on the assumption that the mass flow rates
of fixed solids in the feed and effluent slurries are the same and it accounts
for the changes in slurry volume which take place during digestion as a result
of gas production. It is, however, sensitive to errors in the determination
of the feed and particularly the effluent VS contents.

In general, errors in the determination of feed VS content are limited to
normal analytical errors, whereas determinations of effluent VS contents are
also subject to errors due to incomplete volatilization of the sample and
differences in the fixed solids contents relative to those of the feeds. The
physical/chemical characteristics of the effluent slurries are different than
those of the feed slurry as a result of digestion. Inorganic films develop on
dried effluent solids and shield the sample from complete volatilization. The
organic residue in effluent slurries may also have different volatilities than
the feed organic due to differences in composition, solids particle size, and
porosity. In addition, effluent slurries usually have higher bicarbonate
alkalinities than feed slurries due to conversion of organic carbon to
inorganic forms, which results in a net inc~ease in fixed solids content.
These errors are further aggravated when external chemicals are added directly
to the digester, as was the case for the pH-controlled and enzymatic
pretreatment digestion runs.

For these reasons, two other methods of calculating VS reduction
(Equations 5 and 6) were investigated. Both methods are based on the
assumptions that the mass flow rates of feed VS and product gases can be
accurately determined, and the problems associated with effluent VS determina
tion can be avoided. In Equation 5, the mass rate of gas production is
assumed to be equal to the rate of VS reduction (in other words, each gram of
VS reduction is equal to 1 gram of gas production). Although this assumption
seems reasonable, it is subject to potentially large errors because the weight
ratio of product gas formed per unit VS reduced varies between 0.5 and l.b g
gas/g VS converted, depending on the elemental composition of the reduced
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organic component. 2 Ratios greater than 1 occur when a portion of the
hydrogen and oxygen in the methane and carbon dioxide product gases are
contributed by water during hydrolysis of the organic component. For example,
stoichiometric conversion of a carbohydrate with an assumed composition of
C6H1005 results in the following balanced reaction:

For this reaction, the weight ratio of product gas to carbohydrate VS reduced
is 1.11. Similarly, the ratio for conversion of lipids is 1.6, assuming a
composition of C50H9006. Ratios lower than 1 may occur for conversion of
proteins because a portion of the carbon dioxide produced becomes chemically
bound to ammonia (produced during decomposition of amino acid groups) to form
ammonium bicarbonate. Thus, -the weight ratio of product gas to VS reduced is
dependent not only on the elemental composition of each organic component but
also on reduction of each component.

Equation 6 was developed in an attempt to avoid the problems associated
with hydrolysis, inherent in Equation 5. In this method, the mass flow rate
of VS reduced is calculated as the product of the mass flow rate of product
gas carbon and a proportionality factor relating carbon to equivalent VS. It
was reasoned that carbon in the product gas could be produced only from con
version of feed VS carbon. Thus, if a correlation between feed VS and carbon
content could be established, the mass rate of VS reduced could be calculated
based on gas production and composition data. The correlation factor used
(1.84 g VS/g carbon) was determined on the basis of a linear regression
analysis of carbon and VS contents in 10 sewage sludge feeds and 4 effluent
slurries (Figure 13). Volatile solids and carbon contents, which form the
basis for Figure 13, and the correlation analysis are detailed in Table 25.
The correlation coefficient for all 14 data sets was about 99% indicating a
strong correlation between carbon and VS in both feeds and effluents.

As a further check on the MOP-16 method, the data were examined to see if
concentration of ash (mg/L TS-mg/L VS) was the same in the feed and effluents
from the digesters. This calculation (see Table G-l) showed losses relative
to the total feed solids to be low, about ±2 percent. Surprisingly, these
small differences caused large discrepancies between VSR's (volatile solids
reduction) calculated by the MOP-16 method and the material balance method.
The absolute differences ranged from -7 to 10% (see Table G-l). The methods
gave the same result when th~re was no ash loss. As is shown &elow, the
results by the two methods correlated better with each other than with results
of the mass-of-gas method:

Comparison

MOP-16 vs. Material Balance
Mass of Gas vs. MOP-16
Mass of Gas vs. Material Balance

Correlation Coefficient (r)

0.84
0.70
0.78

The conclusions of the report would not be substantially changed if any
one of these three methods were used to calculate VSR• However, when the
inaccuracies in determining true volatile solids levels in the effluent were
considered, the mass-of-gas method appeared to be the best choice.
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TABLE 25. VOLATILE SOLIDS AND CARBON CONTENTS OF RAW AND
DIGESTED SEWAGE SLUDGES

Raw sludge Digested sludge

Volatile Volatile
Sample solids, Carbon, solids, Carbon,

no. Source of sludge SIL giL S/L giL

1 Hanover Park mixed
primary/activated 14.66 8.33 22.43 12.36

2 Hanover Park mixed
primary/activated 51.73 30.01 32.09 17.44

3 SESD primary
(Salem. MA) 38.64 24.41

4 Hanover Park mixed
primary/activated 45.10 24.86 29.42 15.44

5 Stickney activated 79.24 42.28

6 Hanover Park mixed
primary/activated 45.07 26.41

7 Stickney activated 92.06 49.20

8 Hanover Park mixed
primary/activated 77 .02 45.29

9 Disney World
primary (Orlando, FL) 27.84 17.31 7.35 4.35

10 Stickney activated 43.98 22.64
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SECTION 7

CHEMICAL CHARACTERIZATION OF PROCES~ FEEUS

CHEMICAL CHARACTERIZATION OF UNPROCESSED RAW SLUDGES

Since raw sludges collected from the wastewater treatment plants were not
directly fed to the digesters, limited chemical analyses were conducted to
characterize them. More detailed chemical analyses were performed on the
digester feed sludges which were prepared by processing the collected raw
sludge.

The raw sludges were analyzed for TS and VS contents as reported in
Tables 26, 27, and 28. The mixed primary-activated raw sludge from Hanover
Park had VS contents between 68% and 76% depending on the season (Table 26).
The primary raw sludge from Downers Grove had VS contents between 76% and 80%
(Table 27). The activated sludge from Stickney had VS contents between 66%
and 67% (Table 28). The mixed primary-activated and activated raw sludges
were analyzed for total carbon, hydrogen, total sulfur, total nitrogen, total
phosphorous, and heating (or calorific) value; the results of these analyses
are reported in Table 29. Examination of the data in Table 29 showed that
higher carbon and VS contents of the sludge solids gave rise to higher heating
values, as expected. It is also evident that a unit mass of activated slUdge
VS had lower carbon content and calorific value than those of a unit mass of
mixed primary-activated sludge VS; these observations indicated that the gas
and methane yield potentials per unit mass of VS would also be lower for
activated sludge.

The CIN and CIP ratios of the Hanover Park sludge were 8.3:1 and 28.5:1,
respectively. From these ratios, it was concluded that this sludge was not
deficient in nitrogen and phosphorus.

CHEMICAL CHARACTERIZATION OF DIGESTER FEED SLUDGE

Solids Analyses

Digester feed slurries were analyzed for total solids, volatile solids,
and fixed solids during the steady-state and non-steady-state operating
periods of the digestion runs. These data were reported in detail in
Table A-I. Efforts were made to maintain the feed solids concentrations at
levels specified under the experimental-design operating conditions outlined
in Tables 7 through 9 (Section 5). However, deviations from these desired
concentrations were unavoidable.

90



TABLE 26. COLLECTION, PROCESSING, AND SOLIDS ANALYSES OF
HANOVER PARK RAW SLUDGE

Processed raw
Collected raw sludge sludge analyses a

V5, V5,
Date lot Lot Quantity, T5, wt% Batch Processing T5, wt I.
collected no. liters wt % of T5 no. method wt % of T5

11/82 1400 2.00 73.47 1 none 2.00 73.47
2 FTBb 4.99 73.13
3 FTB 4.56 74.08
4 FTB 11.98 59.74
5 FTB 4.51 74.27
6 FTB 3.65 74.47
7 FTB 3.62 73.39
8 FTDc 4.37 72.61:\
9 FTD 4.91 74.25

10 FTD 4.54 73.54
11 FTD 4.95 64.56
12 FTD 5.83 72 .91
13 FTD 4.82 73.14
14 FID 5.10 72.36
15 FTO 5.13 73.16

12/82 2 1200 1 FTD 8.03 75.ll
2 _FTD 8.64 73.99
3 FTO 6.89 73.76
4 FTD 9.82 75.40

4/83 3 1400 1 FID 11.39 70.47
2 FTDB 6.86 69.97

6/83 4 1200 1 FTD 7.70 72.25
2 FTD 8.08 71.76

7/83 5 '3000 1 FTD 6.09 64.61
2 FTD 10.48 71.08
3 FTD 12.30 69.54
4 FTD 11.62 70.00

11/83 6 3600 1 no 9.31 68.10
2 FTD 9.88 68.29
3 FTD 14.11 68.45
4 FTD 12.96 68.97

(continued)
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TABLE 26 (continued)

Processed raw
Collected raw sludge sludge analysesa

VS, VS,
Date lot Lot Quantity, TS, wt % Batch Processing TS, wt %
collected no. liters wt % of TS no. method wt% of TS

1/84 7 3600 1 FTD 5.96 76.38
2 FTl> 7.02 75.87
3 FTD 7.77 74.15
4 FTD 6.88 75.94

2/84 8 1400 3.07 76.80 1 LCd 11.05 78.58
2 LC 6.26 78.13
3 LC 6.14 74.57
4 FTD 8.01 78.22
5 FTD 5.15 77 .34

3/84 9 3600 3.49 76.88 1 FTB 6.42 76.14
2 FTB 5.99 75.73

4/84 10 600 2.04 67.98 1 FTD 7.25 68.86
2 FTD 6.60 76.66

4/84 11 600 FTD 10.29 77.06

5/84 12 900 FTD 8.58 76.35

5/84 13 600 FTD 9.63 76.62

6/84 14 1200 PCe 8.47 71.36

6/84 15 600 PC 9.00 69.41

7/84 16 hOD 1 FrD 8.97 74.56

8/84 17 600 FTD 13.15 74.78

(continued)
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TABLE 26 (continued)

Processed raw
Collected raw sludge sludge analyses a

VS, VS,
Date lot Lot Quantity, TS, wt ., Batch Processing TS, wt ~~I.

collected no. liters wt % of T5 no. method wt % of TS

9/84 18 1400 1 FTD 13.76 72.92
2 FTD 15.01 73.40
3 FTD 21.06 72.23
4 FTD 15.51 73.72
5 FTD 16.01 50.51
6 FTD 14.87 72.02
7 FTD 15.35 72.29
8 FTD 17.36 72.22
9 FTD 17.34 72.16

11/84 19 1400 1 FTD 14.61 70.5&
2 FTD 14.66 71.22
3 FTD 16.20 71.16
4 FTD 13.29 70.76
5 FTD 15.68 60.32
6 FTD 13.98 71.54

a These analyses were performed immediately after preparation of the sludge batches and
were used as guides to prepare digester feed slurries for the experimental runs.
Separate solids analy~es were performed on the digester feed slurries.

b FTB refers to raw sludge processing by freezing and thawing in 10-liter plastic bags
(Method 1 in text).

c FTD refers to raw sl~dge processing by freezing and thawing in 200-liter drums
(Method 1 in text).

d LC refers to raw sludge processing by laboratory centrifuge (Method 3 in text). -

e PC refers to raw sludge processing by pilot centrifuge (Method 4 in text).
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TABLE 27. COLLECTION, PROCESSING, AND SOLIDS ANALYSES OF
DOWNERS GROVE RAW PRIMARY SLUDGE

Processed raw
Collected raw sludge sludge analyses

VS, VS,
Date lot Lot Quantity, IS, wt % Batch Processing IS, wt %
collected no. liters wt % of TS no. method wt % of TS

10/84 22 50 4.90 79.67 1 homogenize 4.90 79.67

12/84 23 58 3.78 75.86 1 homogenize 3.78 75.86

12/84 24 15 4.63 77 .82 homogenize 4.63 66.82

12/84 25 18 4.34 76.71 1 homogenize 4.34 76.71

12/84 26 20 4.26 77 .51 homogenize 4.26 66.51

Table 28. COLLECTION, PROCESSING, AND SOLIDS ANALY~ES OF
STICKNEY RAW ACTIVATED SLUDGE

Processed raw
Collected raw sludge sludge analysesa

VS, VS,
Date lot Lot Quanqty, TS, wt % Batch Processing TS, wt %
collected no. liters wt % of TS no. method wt % of TS

9/84 20 870 13.67 65.68 1 D&B* 9.03 65.68

11/84 21 490 13 .67 66.55 D&B 10.25 66.55

* D&B refers to raw sludge cake processing by dilution and blending.
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Table 29. CHEMICAL CHARACTERISTICS OF UNPROCESSED RAW SLUDGES

Mixed primary-
activated sludge from Activated sludge
Hanover Park (Lot 1) * 20)from Stickney (Lot

Total carbon, wt % of TS 41.65 37.60

Total carbon, wt % of VS 56.91 51.46

Hydrogen, wt % of TS 6.25 5.68

Total sulfur, wt % of TS 1.50 0.85

TKN, wt % of TS 4.99 6.47

Total phosphorus, wt % of TS 1.46 2.00

Higher heating value

Btu/lb TS 7,937 7,582

Btu/lb VS 10,846 10,37!)

* The Stickney activated sludge was mixed with Downers Grove primary sludge to
prepare the digester feed slurries.

Selected digester feed slurries were also analyzed for total, volatile,
and fixed suspended solids (TSS, VSS and FSS). These analyses are reported in
Table A-2. A summary of these analyses is presented in Table 30. About 78%
to 92 wt % of the total solids was insoluble or particulate matter with the
balance being soluble. Of the total residue (i.e., total solids upon
evaporation), 0.3% to 13.4 wt % was soluble inorganics (soluble fixed solids),
about 12% to 32 wt % insoluble inorganics. about 2% to 11 wt % soluble
organics (soluble VS), and 56% to 67 wt % insoluble organics. The average
contents of soluble inorganics, insoluble inorganics, soluble organics, and
insoluble organics were about 8.3, 21.4, 7.5, and 63.8 wt % TS, respectively.
The data also indicated that on the average, about 89 wt % of the sludge
organics were insoluble particulate matter. Direct measurement of suspended
and dissolved total and volatile solids indicated that about 8Y wt % of VS was
insoluble and 11 wt % of the organics was soluble (Table 31). The information
developed above from the solids analyses clearly indicated that the sludge
feed was predominantly insoluble in nature, and hydrolysis of the particulate
organics was an important consideration in gasification and stabilization of
this substrate.
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TABLE 30. SOLIDS ANALYSES OF DiGESTER FEED SLURRIES

IJIr,est,'r fe"d
slurry pr"roared

frum fe<'d Tntal Volatile t'txed Total Volatlle Flx"d
lot/batch no{s) Total residue. mg/!. s\lspeluled matter suspendpd matter s\lsp""ded moltter soluble matter* soluble matter* soluble matter*

Tot"l Volatile t'ile.ed wt 7- wt % wt % wt 7- wt % wt %
solids soli ds solids mg/l. of TS mr./!' of TS mll/L 01 TS mg/L of TS mg/L of TS mg/L of TS

5/3 71,bUU ~u,2all 21,320 6~,740 91.1i 44,710 62.4 21,030 29.4 5860 8.2 5570 7.8 290 0.41

5/4 40,280 28,6bO 11,620 33,560 113.3 27,lOIl b7.3 MbO 1b.O 6720 Ib.7 15bU 3.9 51bO 12.8

~/4 39,35U 28,1110 11 ,250 J2 ,10O 81.6 25,910 65.8 6190 15.7 7250 18.4 2190 5.6 5060 12.9

\0 5/4 74,380 48,711U 25,6UO 6~,160 87.6 41,8UIl 5b.2 23 •.11,0 31.4 '1220 12.4 698U 9.4 8240 3.0
0-

5/4 77,710 52,62U 25,090 !>9,890 89.9 45,000 57.9 24,890 32.0 7820 10,J 7620 9.8 2011 0.2')

b/'l. 8U,34U 53,5!1U 2b,7(,(J 61,b r,0 79.2 47,670 59.3 15,9AO 19.9 16,690 20.8 6580 8.2 10,780 13.4

6/2 69,460 4b,930 22,530 62,170 89.5 45,690 65.8 16,480 23.7 7290 10.5 1240 1.8 6050 8.7

8/5 59,3110 44,960 14,420 46,140 71.7 39,200 66.0 b'l40 11.7 13 ,240 22.3 5760 7.7 74BO 12.6

B/S 55,960 42,890 13,07U 43,740 711.2 36,7UO 65.6 7040 12.6 12,770 ll.:..! 6190 .!.h!. b030 10.8

Means 84.4 61.8 21.4 15.7 7.5 8.3

* Total, volatile, and f!x(,d soluble matter contents of the feed slurries were determined by difference.

Reproduced from
best available copy.



TABLE 31. DIRECT MEASUREMENTS OF TOTAL, SUSPENDED, AND DISSOLVED
, SOLIDS CONTENTS OF DIGESTER FEED SLURRIES

Oi~ester feed slurry
prepared frol, Total solids Vol:ttile solids Suspended so I ids Dissolved s~lids Volatile solids,

feed lot/batch (no)8 (T5), m~/L (V5) , rag/I. (55) , mg/L (OS), mg/L SS + 05*, mg/L % of total

Total Volatile Total V"latile Total Volatile Insoluble Soluble

6/2 110,340 . 53,580 61,650 47,670 15,070 5,990 78,720 53,660 88.8 11.2
~
'J 6/2 69,4flO 46,930 1'>2,170 45,690 4980 5900 67,150 51,590 88.6 1l.4

* Data reported in these columns compare favorably with th.. TS and VS data obtained independent I)' in separate tests.



Elemental Analyses and Calorific Value

Elemental analyses and calorific value determinations were performed on
selected digester feed slurries; the results of these analyses are reported in
Table 32. Given the nature of the material sampled and the difficulty of
collecting a "representative" sample, the accuracy of the data in Table 32 was
satisfactory. Also, comparing the analyses performed on samples collected
over a period of eight days, there seemed to be no evidence of decomposition
of the feed sludge during storage, as discussed in the next section. .

From a comparison of the elemental and calorific-value analyses of the
raw and the digester feed sludge, it appears that the latter showed higher
carbon analysis and heating value and lower nitrogen and phosphorus concentra
tions than those of the former. Consequently, the C/N and e/p ratios of the
digester feed sludge were slightly higher than those of the raw sludge. It
was speculat'ed from the above observations that during sludge processing by
freezing, thawing, and decanting and discarding liquids, relatively more
soluble nitrogen and phosphorus than carbon were lost during the sludge
concentration process.

Chemical Oxygen Demand (COD) Analysis

Samples of digester feed slurries were also analyzed for total and
filtrate COD's, so that the data could be used to estimate theoretical methane
yield. Results of the COD analyses for several feed sludges are reported in
Table A-4. Table 33 shows that the total COD contents of Lots 5 and 6 Hanover
Park sludges ranged between about 1.3 and 1.6 g COD/g VS and averaged at 1.4 g
COD/g VS. About 93% of the sludge COD was due to particulate organic matter
and 7% due to soluble organics.

The COD of Lot 8 feed sludge was considerably bigher than most samples
from Lots 5 and 6 sludges. About 91% of the COO was due to particulate
organics and 9% due to solubles.

Overall, the COD data indicated that 91.93 wt % of the sludge organics
was particulate matter, and this observation is in close agreement with that
made on the bases of suspended solids analyses showing that 90% of the sludge
VS was insoluble mate~ial.

Ammonia and Organic Nitrogens

Nitrogens present in sewage sludges are mainly found as ammonia and
organic nitrogens; nitrite and nitrate nitrogens are also present, but the
concentrations of these nitrogenous species are minor relative to those of
ammonia and organic nitrogens. Digester feed sludges were analyzed for
ammonia and organic nitrogens because these data are useful in assessing
1) the physical nature of the nitrogenous material, 2) the immediate and
potential availability of nitrogen, 3) the protein content of the sludge,
4) the potential buffering capacity that can be generated during digestion,
and 5) the degree of liquefaction taking place under various fermentation
conditions.
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TABLE 32. ELEMENTAL ANALYSES AND CALORIFIC VALUES OF DIGESTER FEED SLURRIES
PREPARED FROM HANOVER PARK SLUDGE*

Sample Sludge
date lot/batch

nos. Elemental analysis. wt % of TS Higher heating value

Total Total Total
carbon Hydrogen TKN sulfur phosphorus Btu/1b T5 Btu/1b VS

1/6/83 1/2 4.99
(O.62)t

\0 1/18/83 1/3 3.82
\0 (0.78)

7/25/83 4/2 43.05 6.71 4.03 1.19 8556 11.719

7/27/83 4/2 43.01 6.79 1.19 8685 11.612

7/29/83 4/2 42.54 6.54 1.29 8414 11,386

8/2/83 4/2 44.11 6.63 1.28 1.22 8613 11,655

* The samples were collected directly from a refrigerated and mixed feed reservoir.

t Number in parenthesis is NH3-N; organic nitrogen is (TKN)-(NH3-N).



TABLE 33. CHEMICAL OXYGEN DEMAND ANALYSES FOR DIGESTER SLURRIES

Digester feed
slurry prepared from Volatile Filtrate Particulate Soluble Particulate
feed lot/batch no(s) solids Total COD (soluble) COD COD (by diff) COD COD

mgIL mg/L gIg VS mg/L gIg VS mg/L g/ p; VS % of total COD

5/1 48,795 6390 0.130

5/3 50,160 4922 0.098

5/3 50,160 79,530 1.585 4696 0.093 74,834 1.492 5.9 94.1

5/3 47,430 66,723 1.406 5673 O.ll9 61,050 1.287 8.5 91.5

5/3 53,440 87,096 1.b29 4918 0.092 82,178 1.538 5.6 94.4

5/3 53,440 4979 0.093

..... 5/3 50,280 78,047 1.552 6547 0.130 7I .500 1.422 8.4 91.60
0

5/4 28,660 39,580 1.381 2745 0.095 36,835 1.285 6.9 93.1

5/4 28,100 34,822 1.239 2601 0.092 32,221 1.147 7.5 92.5

5/4 48,780 78,798 1.615

6/2 53,580 80,617 1.504 4211 0.078 76.406 1.426 5.2 94.8

6/2 46,930 77,702 1.655 4605 0.098 73,097 1.558 5.9 ~

Heans 1.507 0.102 1.394 6.8 93.2

8/5 47,940 85,983 1.793 7968 0.166 78,015 1.627 9.3 90.7

8/5 44,960 81,896 1.821 7753 0.172 74,143 1.649 9.5 90.5

8/5 42,890 76,394 1.781 7042 0.164 69,352 1.617 9.2 90.8

Means 1.798 0.167 1.631 9.3 90.7



The ammonia and organic nitrogen analyses for a number of digester feed
slurries are presented in Table 34. The results of these analyses showed that
the ammonia-nitrogen (expressed as N) concentration of the raw feed slurries
ranged between about 220 to 620 mg/L (0.33 to 1.05 wt % of TS) depending on
the sludge lot. Lot 5 had the lowest ammonia nitrogen concentration and Lot
16 the highest. However, even the lowest observed ammonia-nitrogen
concentration was adequate for anaerobic metabolism.

The organic nitrogen concentration, which is a measure of particulate
proteinaceous material, ranged from about 1900 to 2900 mg/L (3.0 to 4.5 wt %
of TS) depending on the lot of raw sludge of the total nitrogenous material
(as measured by TKN) present in raw sludge Lots 1, 5, 6, 12, 13, 14, and 28, 9
to 15 wt % was soluble and 98 to 91 wt % was particulate proteinaceous
material that had to be hydrolyzed. Raw sludge Lots 8, 16, and 17 had higher
concentrations (18 to 20 wt %) of soluble nitrogenous materials and conse
quently, lower concentrations of nitrogenous particulates. That raw sludge
Lot 8 had higher soluble organics than Lots 1, 5, 6, 12-14, and 28 was also
evident from considerations of COD and SS data analyses as presented in
Tables 30 and 33.

Acid-Base Characteristics

The pH values and alkalinities of the raw feed sludges are summarized in
detail in Table A-3 and summarized in Table 35. These analyses were conducted
to delineate the acid-base characteristics of these substrates, and to assess
the type of buffer capacities that would be generated during digestion.

Table 35 indicates that all sludges were acidic in nature with pH values
usually less than 6.5. The bicarbonate alkalinities were between 2160 and
5513 mg/L as CaC03 which are regarded as satisfactory for digester feeds. It
was expected that additional alkalinities would be generated during the
digestion process to produce a high natural buffering capacity within the
digester.

About 20% to 40% of the bicarbonate alkalinity was due to ammonium
bicarbonate, except that for raw sludge Lots 8, 16, and 17 about 50% to 80% of
bicarbonate alkalinity was due to ammonium bicarbonate (Table 35), the reason
being that these thre~ sludge lots contained much larger concentrations of
ammonium compared to the concent ra ti.ons in the other s1udges • Interes tingly,
sludges having higher ammonium-bicarbonate alkalinities also exhibited higher
volatile-acids-salts alkalinities. It may be speculated from these
observations that sludge Lots 8, 16, and 17 contained particulates that were
more readily liquefied than those of the other sludges.

Crude-Protein, Carbohydrate and Lipid Analyses

Hanover Park Sludge--

Feed slurries used to operate the sludge digesters were analyzed for the
three major organic components -- crude protein, total carbohydrate, and
lipids. Generally, the samples were collected from the feed reservoir during
a steady-state operating period. In some cases feed slurry samples were also
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TABLE 34. A}~10NIA AND ORGANIC NITROGEN CONTENTS OF DIGESTER FEED SLURRIES

Digester feed
slurry prepared
from raw sludge Totak Kj eldahl
lot/batch nos. Total solids nitrogen, (TKN) Ammonian nitrogen Organic nitrogen

wt % wt % wt i:. wt % wt %
mg/l mg/L of T5 mg/L of TKN of T5 mg/L of TKN of T5

1/8 45,100 2251 4.99 280 12.4 0.62 1971 87.6 4.37

4/2 64,390 569 0.88
4/2 45,810 385 0.84

5/1 69,635 2599 3.72 247 9.5 0.35 2352 90.5 3.37

5/3 67,420 2380 3.52 224 9.4 0.33 2156 90.6 3.19
5/3 77,930 2544 3.26 2'19 11.7 0.38 2245 88.3 2.88
5/3 71,600 2366 3.30 268 11.3 0.37 2098 88.7 2.93
5/4 39,350 1587 4.03 131 8.3 0.33 1456 91.7 3.70
5/4 82,170 2688 3.26 16B 6.3 0.20 2520 93.8 3.06

Means 223 U 0.33 2138 90.6 3.18

6/2 80,340 2701 354 13.1 0.44 2347 86.9 2.92
6/2 69,460 2263 219 9.7 0.31 2044 90.3 2.94

Means ill 1M o:J'8 2196 BB:6 2.93

8/5 63,020 3206 5.08 589 18.4 0.93 2617 81.6 4.15
8/5 59,380 3187 5.36 624 19.6 1.05 2563 80.4 4.31
8/5 55,960 2929 5.22 509 17 .4 0.90 2420 82.6 4.32

Means m 18.5 0.96 2533 81.5 4":2"6

12/1 41,560 2104 5.06 237 11.3 0.57 1867 88.7 4.49

13/1 69,870 3120 4.45 327 10.5 0.46 2793 89.5 3.99
13/1 67,530 3122 4.61 302 9.7 0.44 2820 90.3 4.17
13/1 65,310 3255 4.97 337 10.4 0.51 2918 89.6 4.46
13/1 67,530 3254 4.81 321 9.9 0.47 2933 90.1 4.34

Means ill 10:1 0.47 2866 89.9 4.24

14/1 68,440 2704 3.94 369 13.6 0.53 2335 86.4 3.41

16/1 67,250 3337 4.95 587 17.6 0.87 2750 82.4 4.08
16/1 66,735 3534 5.29 755 21.4 1.13 2779 78.6 4.16
16/1 46,045 2440 5.29 528 21.6 1.14 1912 78.4 4.15

Means m 20.2 1.05 2'480 79.8 4:T3

17/1 66,540 3032 4.55 582 19.2 0.87 2450 80.8 3.68
17/1 68,960 3067 4.43 585 19.1 0.84 2482 80.9 3.59
17/1 66,430 3208 4.82 546 17.0 0.82 2662 83.0 4.00

Means ill T8.4 o:B4 25JT BT:6 3.76

28/1 66,840 3411 5.10 535 15.7 0.80 2876 84.3 4.30
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TABLE 35. ACID-BASE CHARACTERISTICS OF DIGESTER FEED SLURRIES

Digester feed Ammonium
slurry prepared Ammonia alk./total
from raw sludge nitrogen, bicarbonate

lot no. pH mg/L Alkalinity, mg/L as CaC03 alkalinity, %

Total Volatile
Ammonium bicarbonate acids alk. Total

6.74 280 1000 3971 671 4642 25.2

4 477 1704

5 6.4 223 796 4426 857 5283 18.0
....
0 6 6.8 287 1025 3783 579 4362 27.1w

8 6.7 574 2050 2493 2224 4717 82.2

12 5.9 237 846 2160 1090 3250 39.2

13 5.9 414 1479 3850 1783 5633 38.4

14 6.2 369 1318 5513 1662 7175 23.9

16 6.4 623 2225 2975 2883 5858 74.8

17 6.2 571 2039 3919 1798 5717 52.0

28 6.1 535 1911 4750



collected during the nonsteady-state operating period. Results of these
analyses for the different feed slurries are reported in detail in Table A-6.
A summary of these analyses is presented in Table 36.

The crude protein content of the Hanover Park sludge varied between a low
analysis of about 27 wt % of VS to a high value of about 37 wt % VS
(Table 36). Similarly, the total carbohydrate and lipid contents varied
between 18 and 30 wt % of VS, and 20 and 38 wt % of VS. The average protein,
carbohydrate, and lipids contents of the feed slurries used during two years
of research were 32.5, 23.7, and 27.0 wt % of VS, respectively. Thus, crude
protein was the largest organic component and carbohydrate the lowest. Taken
together protein, carbohydrate and lipids accounted for 75 to 92 wt % of the
volatile solids or total organics depending on the time of sludge collection;
on the average, about 83 wt % of the organics could be accounted for by
protein, carbohydrate, and lipids. Short-chain fatty acids and alcohols could
form a significant part of the total organics. As shown in Table 36, 2 to
11 wt % of the feed sludge VS was accounted for by short-chain fatty acids
which are not detected as carbohydrates, lipids, or protein. Thus, the ana
lyzed organics constituted about 88 wt % of the volatile solids, and 12 wt %
of the VS was unidentified organics. By comparison, Buswell and Neave
reported that lipids, carbohydrates and protein accounted for about 91 wt % of
raw sludge volatile solids. 75

Inspection of the data shows that the protein, carbohydrate, and lipid
contents of the sludge varied from month to month, but there was no evidence
of any definitive type of cyclical variation.

Mixed Downers Grove Primary and Stickney Activated Sludge--

The sum total of the contents of crude protein, total carbohydrate, and
lipids of the mixed Downers Grove primary and Stickney activated (DGPSA)
sludges was the same as that of the Hanover Park sludge. However, the DGPSA
sludge had a significantly higher protein content and a much lower lipid
content than those of the Hanover Park sludge; both sludges had about the same
carbohydrate content.
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TABLE 36. CRUDE PROTEIN, TOTAL CARBOHYDRATE, AND LIPIDS ANALYSES OF
DIGESTER FEED SLURRIES PREPARED FROM HANOVER PARK SLUDGE

Digester feed
prepared from

sludge lot/batch nos. Organic component, wt % of VS*

Date Short-chain Total of proetein,
sludge Crude Total fatty acid, + carbohydrate, lipids,

collected protein carbohydrate Lipids ethanol vol. acids and ethanol

I/l:I ll/B2 36.8 1~.5 23.1 2.33 81.7

3/2 4/l:13 24.5

4/1 6/B3 31.5

4/2 o/B3 32.5

5/1 7/B3 30.2

5/3 7/1'>3 26.9 26.5 27.4 2.50 113.3

5/4 7/83 JV.1i 29.6 24.3 1.94 86.6

6/'2 11/83 '27.3 IB.4 311.0 2.78 l:I4.0

8/5 2/1'>4 35.U <?b.J '26.0 7.11 94.4

12/1 5/1'>4 30.9 23.1 31.7 4.77 96.5

13/1 5/l:I4 35.1 23.1 29.4 4.84 92.4

14/1 6/1'>4 30.4 28.4 20.5 4.71 84.0

16/1 7/'rl4 35.7 19.3 20.0 9.78 84.8

17/1 8/84. Ed .ll:Z. .ll:.2. ~ !l:..§.

Means 32.5 23.7 '27.0 4.5l:1 87.0

28/1** 11/84 38.& 22.4 17.2 10.62 88.8

32/1** 12/l:I4 33.2 19.8 5.81

* Average of all analyses performed on various samples of a particular sludge is reported here. Refer to
Table A-6 for listing of all analyses.

t Ethanol content was very small and varied between 0-6 wt %of the mass tabulated in this column.

** Sludges 28/1 and 32/1 were mixtures of Downers Grove primary and Stickney activated sludges.
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SECTION 8

STABILITY OF DIGESTER FEEDS

Raw sludge feed slurries stored in a refrigerated feed reservoir were
delivered to the digesters by intermittent pumping. The feed reservoir was
refrigerated, and the sludge remained at 2° to 4°C to minimize its degradation
to acids and gases during the storage period, which varied between 2 and 7
days depending on the HRT of a particular run. The feed reservoir contents
Were sampled for solids and volatile acids determinations during an 8-day
storage period - this storage period is longer than 7 days and represents the
worst-case sludge storage. The results of these analyses are reported in
Table 37. Looking at the TS and VS analyses, it is clear that these solids
concentrations remained essentially unchanged during the 8-day period
indicating no significant degradation of the organic materials. The daily
samples were analyzed for volatile acids. Concentrations of the individual
volatile acids also remained virtually constant except for isobutyric acid,
which was present only in low concentrations, during the 8-day storage of the
feed slurry. Thus, the information presented in Table 37 showed that the feed
sludge composition probably remained quite stable under the conditions of
refrigerated storage.
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TABLE 37. TIME PROFILES OF SOLIDS AND VOLATILE ACIDS ANALYSES OF DIGESTER FEED SLURRY WHICH WAS
PUMPED CONTINUALLY FROM THE REFRIGERATED (4°C) FEED RESERVOIR TO THE ANAEROBIC DIGESTER

Sample lyp" RE'5prvoi r Samflh· nay Analy~ts TS, Ethanol ..
or loc:ation levrol. L date Sarnph"r ~o. d~t. wt t VS Volatll. acid. analyAis, mg/t ..~/L

wt t Total
~/I. of i~ Ac"t·ti~ Propionic Isobutyric Butyric Isovaleric Va Lertc Caproic .. acetic:

Blended b"'tc'h 1I/2ijl83 ,"pa 0 11/2~f81 4.5 1.1 "".11 204 2Zfl n 28 51 13 0 450 8

FKb 17.80 11/2J/81 PP " 11/251ijl 4.4 1.11 bij.1 176 222 21 14 0 388 0

t"K 17 .89 II !23f81 IIPl'c II 11125/81 4.4 1,0 68.1 162 2iJK 11 24 29 0 376 0

FK 16.811 • 11125/81 IlPP II !2~/81 .4.1 1.1 h9.4 170 .'!1(1 17 28 0 384 0- 14.811 IIIib/81 11/26/81 '1.1 \.1 70.9 171 2Of. 16 13 0 363 00 FH IIPP

"'-J
FR 12.80 11/2718) IIPP 4 11/27/81 4.1 1.11 69. \ 101 illl IZ 21 16 0 411 0

FK 8.76 11/28/81 1WI) 11/)8/81 4.fJ 2.~ 7t1.\ 194 In 17 29 6 0 390 0

FR 5.26 11/29/83 IIPP 6 11/1!l/81 197 190 15 22 0 380 0

fH 3.51 IlnO/Sl IlPP 11/10/83 II.ud 'l.I, 70.6 21l 1% I'; 22 0 400 0

FH 2.66 12/1/83 IlPP 8 12/2/83 4.Sd 3.J 69.1 246 217 17 32 0 459 0

a PP Is perlstAltit' pump with 1/4-111. 1.0. tl1hlnK to ("oilE-c.t t:ludnc from dHfl"'rcnt arp.:tl lo('ation!:; and dttpthR "f thE' re5erVtllr fcpd slurry.

b FR l<:s n:frlJ(erated feed reservolr thf" ('ontentB of which verI' mfx(!d at 8it rpm with a ,)-In. dl:ttnpt("r J-htadr rrl''lpet ter Impellor.

C Hrp is II hand-oper"ted piston pump which ~crved the Allmt> fnnC't ion 81;; that nf the prrhtal t Ie- rump.

d The ac('uracy of these solids analysts was pour because thp reservoir liquid It"vft>ls wprt;> v('ry low on these days, and It waR dtfflrult to obtAtn sampleR of w~ll-mlxf'rl fet'd sludge.

Reproduced from
best available copy.



SECTION 9

THEORETICAL GAS AND METHANE YIELDS OF DIGESTER FEED SLUDGE

Theoretical gas and methane yields were calculated for selected Hanover
Park raw feed sludges to estimate the maximum stabilization efficiency
corresponding to complete conversion of the organic carbon to methane, carbon
dioxide, and microbial cell mass. As discussed below, these calculations can
be based on the elemental, COD, or calorific-value analysis of the substrate.

THEORETICAL YIELDS BASED ON ELEMENTAL ANALYSIS

Theoretical total gas and methane yields were calculated for the Hanover
Park Lot 1 and Lot 4 mixed activated-primary raw sludges used as digester
feeds. These yield calculations were based on the elemental analyses of these
sludges and on the following assumptions:

• All of the analyzed total carbon in the feed is biodegradable.

• The feed carbon is incorporated in methane, carbon dioxide, and cellular
protoplasm.

• About 30% of the VS is utilized for cell synthesis.

e Complete stoichiometric conversion of the VS is achieved.

As shown in Table 38, the Hanover Park feed sludge had theoretical total gas
and methane yields of 0.793 and 0.506 SCM/kg VS reacted (12.7 and 8.1 SCF/lb
VS reacted), respectively. The theoretical methane content of the digester
gas was calculated to be 64 mol %.

THEORETICAL METHANE YiELDS BASED ON THEORETICAL SLUDGE COD

Theoretical methane yields can be calculated on the basis that each mole
of methane produced is tantamount to a removal of two moles of COD (CH4 + 202
+ C02 + 2HZO). This means that 0.369 SCM (5.91 SCF) of methane produced 1s
equivalent to the removal of 1.0 lb (0.454 kg) of COD. Thus, 369 L of methane
production is equivalent to the removal of 1 kg of COD removed. The
theoretical COD of the substrate was calculated from the empirical chemical
formula of the sludge substrate considering complete chemical oxidation of the
measured carbon, nitrogen (TKN), and sulfur, and no oxidation of the
phosphorus. This consideration entailed the implicit assumptions that
concentrations of sulfate, sulfites, and other oxidized forms can be
neglected, and that all the measured phosphorus remains in their oxidized
forms; furthermore, it means that a part of the substrate oxygen remains tied
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TABLE 38. THEORETICAL GAS AND METHANE YIELDS OF HANOVER PARK SLUDGE BASED ON ELEMENTAL ANALYSES

Theoretical
Sludge Theoretical methane

lot/batch yields. SCM/kg content.
no. Elemental analysis. wt % of T5 VS reacted mol %

Total Total Total OXygen Total
carbon Hydrogen TKN sulfur phosphorus (by diff.) VS Ash gas Methane

1/1 41.65 6.25 4.99 1.50 1.46 20.85 73.2 23.30 0.784 0.493 62.9
(0.62)* [12.56)t [7.90)

~
4/2 42.87 6.67 4.08 1.24 1.22 19.07 73.9 24.85 0.799 0.517 ~

0 [12.80) [8.28)
\C

Mean 0.793 0.510 64.3
[12.7] [8.17 )

* The number In parenthesis is aDIJDon!a-nltrogen (NH3-N)~ organic nitrogen is (TKN)-(NH3-N).

t Numbers in brackets are the theoretical yields expressed In unIts of SCF/lb VS added.



with the phosphorus and is not available for the oxidation of carbon,
hydrogen, nitrogen, and sulfur.

The theoretical total and carbonaceous COD's of two raw feed sludges are
reported in Table 39. The theoretical total COD is comparable to the
analytical COD. The carbonaceous COD, which is less than the total COD, forms
the basis for digester methane production calculations. Table 39 indicates
that the carbonaceous COD was 88% and 92% of the total COD. On the average,
90% of the total COD was carbonaceous COD.

Theoretical methane yields of raw sludge Lots 1 and 2 were calculated to
be 0.506 and 0.487 SCM/kg VS reacted (8.1 and 7.8 SCF/lb VS reacted)
corresponding to complete conversion of the carbonaceous substrate COD; these
yields compared favorably with those calculated on the basis of elemental
analysis. (See Table 37.)

THEORETICAL METHANE YIELDS BASED ON ANALYTICAL COD

Methane yields were also calculated from the measured or analytical COU's
of the raw feed sludge samples. These yield calculations are summarized in
Table 40.

Based on the theoretical total and the analytical total COD's of raw
sludge Lot 1 (2.22 and 1.31 kg COD/kg VS, respectively), it appears that only
about 59 wt % of the raw sludge VS was chemically oxidizable. Since
biochemical anaerobic oxidation reactions occur under near-ambient
temperatures - as opposed to the high temperature of chemical oxidation - it
may be reasonable to assume that no more than 59% of the above sludge would be
biochemically convertible. Lot 1 raw sludge thus could be about 59%
biodegradable.

THEORETICAL METHANE YIELDS BASED ON CALORIFIC VALUE

Theoretical methane yields of the sludge feed could also be calculated
from its calorific value (higher heating value) as shown in Table 41. Feed
sludge Lots 1 and 4 thus had theoretical methane yields of 0.468 and
0.500 SCM/kg VS reacted (7.49 and 8.01 SCF/lb VS reacted), respectively.

Summary

Methane yields estimated on the basis of elemental analysis, theoretical
and analytical COD's, and calorific-value analysis of the feed sludges are
summarized in Table 42. Examination of the data in Table 42 shows that
theoretical methane yields calculated on the bases of elemental, theoretical
COD, and calorific-value analyses of a given feed sludge (e.g., Lots 1 or 4)
were within few percentage points of each other. Also, the mean theoretical
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TABLE 39. THEORETICAL METHANE YIELDS OF HANOVER PARK SLUDGE
BASED ON THEORETICAL CARBONACEOUS COD

Sludge VS, % Theoretical COD, Theoretical *
lot no. of T8 Empirical chemical formula kg COD/kg VS methane yield

SCM/kg VS SCF/lb VS
Total Carbonaceous converted converted

..... 1 73.18 C3.468H6.18801.301NO.356S0.047PO.047Ashx 2.22 1.95
t

0.504 8.07.... (87.7).....
4 73.9 C3.57H6.60401.764NO~127S0.089PO.039Ashx 2.04 1.88 0.486 7.78

(92.2)

* The theoretical methane yield was calcula~ed from the carbonaceous COD and assuming that 30% of the
carbonaceous matter is incorporated in cell mass.

t Numbers in parentheses are the ratios of carbonaceous to total theoretical COD expressed as a percentage.



TABLE 40. THEORETICAL METHANE YIELDS OF HANOVER PARK SLUDGE
BASED ON ANALYTICAL CARBONACEOUS COD'S

l'heoreti:al *
methane yJ.eld,

Feed sludge Analytical COD, SCM/kg VS converted
lot no. kg COD/kg VS (SCF/lb VS converted)

Totalt Carbonaceous+

1 1.314 1.183 0.305 (4.89)

5 1.487 1.338 0.345 (5.53)

6 1.580 1.422 0.367 (5.88)

8 1.798 1.618 0.418 (6.69)

* The theoretical methane yields were calculated from the analytical
carbonaceous COD's assuming that 30% of the carbonaceous matter is
incorporated in cell mass.

t Total COD's in this table are means for the indicated lot.

+ Carbonaceous COD was assumed to be 90% of the total COD.

TABLE 41. THEORETICAL METHANE YIELD OF HANOVER PARK SLUDGE
BASED ON CALORIFIC VALUE

Feed sludge
lot no.

1

4

Mean higher
heating value,

kcal/kg VS
(Btu/lb.VS)

6026 (10,846)

6441 (11,593)

*Methane yield,
SCM/kg VS reacted

(SCF/lb VS reacted)

0.468 (7.49)

0.500 (8.01)

* The theoretical methane yield was calculated by
assuming that 30% of VS is incorporated in the cell
mass and that the calorific value of 1 SCM of methane
is 9014 kcal (1013 Btu/SCF).
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TABLE 42. SUMMARY OF THEORETICAL METHANE YIELDS FOR HANOVER PARK SLUDGE

Digester feed slurry prepared from lot nos.

Overall
4 5 6 8 mean

Based on elemental analysis

Carbon dioxide yield,
SCM/kg VS reacted 0.291 0.282 0.286
SCF/lb VS reacted 4.66 4.51 4.58

(2.3)*

Methane yield,
SCM/kg VS reacted 0.493 0.518 0.506
SCF/lb VS reacted 7.90 8.29 8.10

(3.4 )

Carbon dioxide content, mol % 36.3 35.2

Methane content, mol % 63.7 64.8

Methane yield based on theoretical COD,
SCM/kg VS reacted 0.504 0.486 0.494
SCF/lb VS reacted 8.07 7.78 7.92

(2.6)

Methane yield based on analyzed COD,
SCM/kg VS reacted 0.305 0.345 0.367 0.418 0.359
SCF/lb VS reacted 4.89 5.53 5.88 6.69 5.75

(13)

Methane yield based on calorific value,
SCM/kg VS reacted 0.468 0.500 0.484
SCF/lb VB reacted 7.49 8.01 7.75

(4.7)

Methane methane yield for the lott
SCM/kg VS reacted 0.488 0.501 0.494
SCF/lb VS reacted 7.82 8.03 7.92

(3.8) (3.2 ) 0.9 )

* Numbers in parentheses are coefficients of variation.

t Methane yields calculated on the bases of elemental analysis, theoretical COD, and calorific
value were used in computing the mean.
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methane yields of Lots 1 and 4 feed sludges were within about 2.5% of each
other. An overall mean of 0.499 SCM/kg VS reacted (7.99 SCF/lb VS reacted)
was regarded as the theoretical methane yield for the Hanover Park sludge; the
theoretical total gas yield was estimated at 0.787 SCM/kg VS added
(12.6 SCF/lb).

The data in Table 42 indicate that theoretical methane yields calculated
on the bases of elemental, theoretical COD, and calorific-value analyses were
in close agreement with each other. In addition, the theoretical methane
yields for the different lots also were about the same. In contrast to these
observations, methane yields calculated on the basis of analytical COD's were
different for different sludge lots apparently because the oxidizabilities of
the lots were different. This observation suggested that the anaerobic
biodegradabilities of the various feed sludges were different although they
were collected from the same source (Hanover Park sewage treatment plant); the
variation in sludge biodegradability may be attributed to the variation in the
organic composition of the sludge volatile matter. For example, it can be
seen from Table 43 that sludge Lot 1 which had the least analytical-COD based
methane yield also had the least tCPL, (sum total of the masses of protein,
carbohydrate, and lipids). Thus, the higher the tCPL, the higher the
analytical-COn-based methane yield as indicated by Column 2 of Table 43.
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TABLE 43. DEPENDENCE OF POTENTIAL METHANE YIELD OF HANOVER PARK SLUDGE ON PROTEIN,
CARBOHYDRATE, AND LIPID CONTENTS

Analytical COD-based Theoretical
Digester feed methane yield, methane yield, Sum total of ~rotein,

slurry prepared SCM/kg VS reacted SCM/kg VS reacted
*

carbohydrate and lipids,
..... from lot no • (SCF/lb VS reacted) (SCF/lb VS reacted) Oxidizability, i. of sludge VS.....
VI

1 0.305 (4.89) 0.494 (7.92 ) 61.7 81.7

6 0.367 (5.88) 0.494 (7.92) 74.2 84.0

8 0.418 (6.69) 0.494 (7.92) 84.5 94.4

* Oxidizability was the ratio of the analytical COD-based methane yield to the theoretical methane yield.



SECTION 10

BIODEGRADABILITY OF DIGESTER FEED SLUDGE

Anaerobic digestibility potential (ADP) tests wer~ conducted with
mesophilic inocula in triplicate with samples of mixed primary-activated feed
sludge collected from the Hanover Park wastewater treatment plant of the
MSDGC. Details of the test conditions and protocol are described in
Section 6. Results of the ADP tests plotted in Figure 14 and shown in
Table 44 indicate that after an initial lag, gasification of the Hanover Park
Sludge proceeded at a rapid rate for about 17 days after which time there was
a dramatic decline in the rate of digestion. This observation seems to
indicate that the Hanover Park sludge had one or more highly biodegradable
components which were preferentially gasified rapidly during an initial 17-day
period. Methane content of the head gases at the end of this vigorous
digestion phase was about 73 mol % compared with a methane concentration of
74 mol % at the end of the ADP test. The data in Figure 14 indicate that
maximum total gas and methane yields of 0.454 and 0.312 SCM/kg VS added
(7.3 and 5.0 SCF/lb VS added) can be expected from digestion of this sludge
under mesophilic conditions. A volatile solids reduction of about 48% (which
is the higher of the two calculated reductions) was obtained during the ADP
digestion test (Table 45). Satisfactory TS, VS, and FS balances were obtained
for this ADP test as indicated in Table 45.

As indicated in a previous section, the Hanover Park sludges had a
theoretical total gas yield of about 0.787 SCM/kg VS reacted (12.6 SCF/lb VS
reacted) representing conversion of all the volatile solids. Comparing this
with the long-term ADP total gas yield of about 0.456 SCM/kg VS added
(7.3 SCF/lb VS added), it appears that about 58% of the sludge VS was
anaerobically biodegradable under mesophilic conditions. This biodegrad
ability factor compares favorably with those reported in the literature. It
was concluded in a previous section that about 59% of the sludge carbonaceous
matter was chemically oxidizable. This oxidizability factor compared very
well with the anaerobic biodegradability of 58%.

As indicated by the ADP test data, a methane yield of about 0.252 SCM/kg
VS added (4.1 SCF/lb VS added) was obtained from digestion of the rapidly
biodegradable fraction after 35 days of incubation (Figure 14). Comparing
this methane yield with the maximum methane yield of 0.312 SCM/kg VS added
(5.0 SCF/lb VS added) at the end of the test, it may be reasoned that about
80% of the sludge VS was more rapidly biodegradable than a recalcitrant
fraction constituting 20% of the VS.
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TABLE 44. GAS AND METHANE PRODUCTIONS FROM MESOPHILIC ANAEROBIC
DIGESTIBILITY POTENTIAL TEST CONDUCTED WITH

LOT 16 BATCH 1 HANOVER PARK SLUDGE*

Total gas yield, Methane yield,
Incubation SCM/kg VS added Methane content, SCM/kg VS added

period, days (SCF/lb VS added) mol % (SCF/lb VS added)

5.6 0.022 (0.36) 7.9 0.002 (0.03)

17 .8 0.052 (0.83) 39.2 0.021 (0.33)

25.8 0.177 (2.83) 68.1 0.120 (l.93)

29.7 0.266 (4.26) 64.4 0.171 (2.74)

34.7 0.360 (5.77) 70.4 0.254 (4.07)

50.0 0.397 (6.36) 69.8 0.277 (4.44)

125.0 0.435 (6.97) 69.0 0.300 (4.81)

150.9 0.444 (7.12) 69.1 0.307 (4.92)

187.9 0.454 (7.27) 68.8 0.312 (5.00)

* Data in this table are the averages of triplicate determinations and are
corrected for gas and methane production from the inoculum.
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TABLE 45. VOLATILE SOLIDS REDUCTION AND MASS BALANCES FUR THE MESOPHILIC
ADP TEST CONDUCTED WITH HANOVER PARK MIXED ACTIVATED-PRIMARY SLUDGE

Test digesters Mean

Replicate Replicate Replicate
1 2 3

Total solids (TS), g
Initial 0.4451 0.4451 0.4451 0.4451
Final 0.2968 0.2942 0.2780 0.2897

Volatile solids (VS)
Initial, g 0.3186 0.3186 0.3186 0.3186
% of initial TS 71.57 71.57 71.57 71.57
Final g 0.1756 0.1726 0.1591 0.1691
% of final TS 59.16 58.67 57.23 58.36

VSR by MOP-16,* % 42.5 43.6 46.8 44.3

Mass of digester gas, g
CO2 0.0802 0.0882 0.0848 0.0844
Methane 0.0641 0.0694 0.0682 0.0672
Total 0.1443 0.1576 0.1530 0.1516

VS R by mass of gas,t % 45.3 49.5 48.0 47.6

Mass balance, ** % of initial
TS 99.1 101.5 96.8 99.2
VS 100.4 103.6 98.0 100.7

* Volatile solids requction, VSR, w2s calculated by the formula suggested in
WPCF Manual of Practice (MOP) 16.

t VSR was assumed to be at least equal to the mass of the dry gas produced.

** Mass balance was expressed as the percent ratio of the sum of the masses of
material out and product gases to the initial mass of the material.
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SECTION 11

PERFORMANCE OF SINGLE-STAGE CFCSTR DIGESTERS

EXPERIMENTAL RUNS

A total of six single-stage high-rate digestion runs were conducted as
per the experimental plan to provide baseline data for comparison with two
phase process performance under similar operating conditions. Three meso
philic runs were conducted at mean temperatures between 34.7° and 35.9°C at
HRT's of about 15, 7, and 3 days (Table 46). The 7-day- and the 3-day-HRT
runs had a higher feed VS concentration than that of the 15-day HRT run
because it was felt that substrate concentration should be increased to
support higher organism growth rates at the lower HRT's. A second set of
three runs was conducted at mean thermophilic temperatures between 54.7° and
56°C and at feed VS concentrations the same as the set of mesophilic runs.

SINGLE-STAGE CFCSTR PROCESS PERFORMANCE

The performance of the mesophilic runs at the three HRT's are compared in
Tables 47,48 and 49. The gas production, effluent quality and digestion
efficiency data in these tables show that the 7-day HRT run was best in terms
of organic reduction; this run, although fed with a more concentrated sludge,
exhibited a methane yield, gas-phase methane content, alkalinity, and effluent
filtrate COD that were comparable with those of the r5-day HRT run.

The mesophilic run conducted at a three-day HRT had lower gas and methane
productions and organic reductions, and showed much higher levels of propionic
and total VA accumulations indicating unbalanced acidogenic and methanogenic
fermentations. Compared to the 7-day HRT test, the 3-day HRT was very
unstable and was clearly unsuitable for mesophilic single-stage CFCSTR
digestion of sewage sludge.

A comparison of the gas production, effluent-quality, and digestion
efficiency data reported in Tables 50, 51, and 52 for thermophilic single
stage CFCSTR runs showed that the best thermophilic performance was obtained
at an HRT of 15 days. Under thermophilic conditions, gas and methane
production, and organic reductions decreased and propionate and total VA
concentrations increased as the HRT was decreased from 15 to 7 to 3 days.
Inhibitory levels of volatile acids were observed for the 3-day HRT test.

The steady-state performances of the mesophilic and thermophilic runs are
compared in Table 53, which shows that higher methane yields and production
rates were obtained at the thermophilic temperature in all cases.
Interestingly, volatile acids and ammonia-nitrogen concentrations of the
thermophilic effluents were in all cases higher than those of the mesophilic
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TABLE 46. ACTUAL OPERATING CONDITIONS FOR SINGLE-STAGE
CFCSTR DIGESTERS FED WITH HANOVER PARK SLUDGE

Run Steady-state Mean Feed Feed
Digester duration, duration, Mean culture Mean HRT, loading

3
rate, total solids volatile solids

Run no. no. days days temp., °c days kg VS/m -day cone., gIL eonc' t gIL

Mesophilic

SS15M 331 77 57 34.7 (2)t 15.0 (6) 2.00 (14) 40.2 30.1

SS7M 331 90 54 34.9 (2) 7.0 (l5) 7.51 (6) 76.1 52.2

S83M 331 65 19 35.9 (2) 3.1 (8) 15.38 (8) 63.8 48.3

.... ThermophilicN....
5515T 337 43 25 56.0 (1) 15.0 (3) 2.11 (3) 41.5 31.8

SS7T 331 44 26 55.8 (1) 7.0 (4) 7.10 (4) 68.2 49.9

S53T 335 25 17 54.7 (1) 3.2 (11 ) 15.63 (12) 66.7 49.2

* Data reported are the means of all data collected during the steady-state period. All runs were made with Hanover Park sludge
but batches were different. See Appendix Table F-l for specific batch numers.

t Numbers in parentheses are the coefficients of variation. expressed as the percent ratio of the standard deviation to the mean.



TABLE 47. EFFECT OF HRT ON STEADY-STATE GAS PRODUCTIONS FROM MESOPHILIC
CFCSTR SINGLE-STAGE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE*

HRT, days

Run No.

Operation

Feed VS concentration,t mg/L

Loading, kg VS/m3-day

Performance

Total gas yield, SCM/kg VS added

Methane Yield, SCM/kg VS added

Gas Composition, mol %

Methane
Carbon dioxide
Nitrogen

Total gas production rate,
SCM/m3-day

Methane Production Rate,
SCM/m3-day

15.0

SS15M

30,060

2.00

0.320
(13)**
0.225

( 13)

70.3
29.2
0.5

0.625
(11)

0.440
(11)

7.0

857M

52,220

7.51

0.318
(13)

0.220
(16)

6~.1

30.6
0.3

2.327
(12)

1.609
(13)

3.1

S53M

48,29U

15.38

U.160
(13)

0.089
(15)

55.6
43.9
0.5

2.457
(11)

1.365
(13)

* Data reported are means of all data collected during the steady-
state portion of the run.

t Feed VS concentrations are the weighted averages of the various
feed slurry concentrations.

** Numbers in parentheses are the coefficients of variation expressed
as the percent ratio of the standard deviation to the mean.

122



TABLE 48. EFFECT OF HRT ON THE QUALITY OF STEADY-STATE
EFFLUENTS FROM MESOPHILIC CFCSTR SINGLE-STAGE DIGESTERS

OPERATED WITH HANOVER PARK SLUDGE*

HRT, days

Run no.

Effluent pH

Alkalinities, mg!L as CaC0 3

Total
Bicarbonate

Volatile acids, mg!L

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg!L

Nitrogen, mg!L

Ammonia-N
Organic-N

Chemical oxygen demand, mg!L

Total
Filtrate

Solids, mg(L

IS
VS

TSS
VSS

Organic components, mg!L

Crude protein
Carbohydrates
Lipids

15.0

SS15M

7.l~
(1)

6072
6071

1

°o
o
o
o
o
1

(203)

3

779
1429

29,690
2024

35,025
22,450

32,710
23,040

8976
4750
5797

7.0

SS7M

7.06
(0)

6368
6196

164
104

o
o
o
o
o

248
(29)

3

728
1966

67,450
2956

64,350
39,585

56,840
39,460

10,427
7014

11,389

3.1

SS3M

6.77
(0)

6475
4620

343
1571

191
39

329
86
o

2017
(20)

o

1122
2023

74,791
6331

55,240
40,480

12,644
6752

10,397

• Data reported are means of one or more determinations made
during the steady-state portion of the run.

t Numbers in parentheses are the coefficients of variation
expressed as the percent ratio of the standard deviation to
the mean.
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TABLE 49. EFFECT OF HRT ON STEADY-STATE ORGANIC REDUCTION
EFFICIENCIES OF MESOPHILIC CFCSTR SINGLE-STAGE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGEa

HRT t days 15.0 7.0 3.1

Run No. 8S15M 8S7M 883M

VS reduction, %

MOP b 38.2 Uj.3 13.7
Wt-~~-gas basisc 28.8 32.7 19.3

VSS reduction, % 26.5 17.2

COD (total) reduction, % 31.6 16.3 13.0

Reduction of organic components, %

Crude protein 27.1 26.2 23.7
Carbohydrates 27.3 26.4 44.4
Lipids 25.1 40.0 16.5
1:CPLd 26.6 32.4 27.6

a Data reported are means of all data collected during the
steady-state portion of the run. The VSS t COD, and organic
component reductions are means of one or more determinations
made during the steady-state period.

b These VS reductions were calculated according to the following
formula: VSR = 100 X (VSi - VSo)!{V8i - (VSi X VSo»).

c These VS reductions were calculated according to the following
formula: VSR = 100 X (wt of product gases)!(wt of VS fed).

d 1:CPL means the sum of the masses of carbohydrates t crude
protein t and lipids.
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TABLE 50. EFFECT OF HRT ON STEADY-STATE GAS PRODUCTIONS
FROM THERMOPHILIC CFCSTR SINGLE-STAGE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE a

HRT, days

Run No.

HRT, days

Operation

Feed VS concentration,b mg/L
Loading, kg VS/m3-day

Performance

Total gas yield,
SCM/kg VS added

Methane Yield,
SCM/kg VS added

Gas composition, mol %

Methane
Carbon dioxide
Nitrogen

Total gas production rate,
SCM/m3-day

Methane production rate,
SCM/m3-day

15.0

5S15T

15.0

31,760
2.11

0.425
(5)C

0.280
(4)

66.1
33.7
0.2

0.894
(4 )

0.591
(4)

7.0

SS7T

7.0

49,890
7.10

0.373
(5)

0.253
(5)

68.0
31.9

0.1

2.641
(3)

1.797
(4)

3.2

S53T

3.2

49,250
15.63

O.lbO
(9)

0.114
(9)

63.3
36.4
0.3

2.798
(4)

1.770
(5)

a Data reported are means of one or more determinations made during
the steady-state portion of the run.

b Feed VS concentrations are the weighted averages of the various
feed slurry concentrations.

c Numbers in parentheses are the coefficients of variation expressed
as the percent ratio of the standard deviation to the mean.
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TABLE 51. EFFECT OF HRT ON THE QUALITY OF
STEADY-STATE EFFLUENTS FROM THERMOPHILIC

CFCSTR SINGLE-STAGE DIGESTERS OPERATED
WITH HANOVER PARK SLUDGE*

HRT, days 15.0 7.0 3.2

Run no. S515T SSlT S53T

Effluent pH 7.47 7.50) 7.27
(1) t (1) (1)

Alkalinities, mg/L as CaCO)

Total 6500 10,450 9026

Bicarbonate 5854 8683 6440

Volatile acids, mg/L

Acetic 154 . 211 1045
Propionic 844 1708 1379
Isobutyric 69 163 375
Butyric 3 0 321
Isovaleric 239 624 811
Valerie 8 0 32
Caproic 9 60 138
Total as acetic 1037 2105 3205

(24) (13) (6)

Ethanol, mg/L 0 0 0

Nitrogen, mg/L

Ammonia-N 1132 1646 1550
Organic-N 868 1460 2212

Solids, mg/L

TS 27,780 52,320 62,340
VS 18,560 34,310 42,705

Organic components, mg/L

Crude protein 5425 9125 13,825
Carbohydrates 5444 8625 8428
Lipids 3185 5134 7195

* Data reported are means of one or more determinations made
during the steady-state portion of the run.

t Numbers in parentheses are the coefficients of variation
expressed as the percent ratio of the standard deviation to
the mean.
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TABLE 52. EFFECT OF HRT ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES OF
THERMOPHILIC CFCSTR SINGLE-STAGE DIGESTERS OPERATED WITH HANOVER PARK SLUDGEa

HRT, days

Run no.

VS reduction, %

MOP b
16 .

Wt-of-gas bas1sc

Reduction of organic components, %

Crude protein
Carbohydrate
Lipids
1':CPLd

15.0

8815T

36.8
45.9

53.5
25.3
68.2
51.5

7.0

5S7T

32.9
39.6

47.8
10.8
47.8
38.1

3.2

S53T

19.0
20.2

20.4
10.4
22.9
18.4

a Data reported are means of all data collected during the
steady-state portion of the run. The organic component
reductions are means of one or more determinations made
during the steady-state period.

b These VS reductions were calculated according to the following
formula: VSR = 100 X (VSi - VSo)/[VSi - (VSi X VSo)].

c These VS reductions were calculated according to the following
formula: VSR = 100 X (wt of product gases)/(wt of feed VS).

d rCPL means the sum of the masses of carbohydrates, crude protein,
and lipids.
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TABLE 53. COMPARISON OF STEADY-STATE PERFORMANCES OF
MESOPHILIC AND THERMOPHILIC CFCSTR SINGLE-STAGE

DIGESTERS OPERATED WITH HANOVER PARK SLUDGE

HRT. days IS 7 3

Run no. 5S-15M 5S15-T

Culture temperature Meso Thermo

Methane yield,
SCM/kg VS added 0.225 0.280

Methane Production Rate,
8CM/m3-day 0.440 0.591

Methane content, mol % 70.3 66.1

S57M

Meso

0.220

1.609

69.1

SS7T

Thermo

0.253

1.797

68.0

8S3M

Meso

0.089

1.365

55.6

SS3T

Thermo

0.114

1.770

63.3

Effluent volatile acids,
mg/L as acetic

Effluent pH

V5 reduction, %

MOP 16
a

wt-of-gas basisb

Carbon-in-gas basisc
Based on theoretical

gas yieldd
Biodegradable V5

reductione

Orsanic reductions, %

Crude protein
Carbohydrates
Lipids
rCPLf

7.11

38.2
28.8
29.1

29.7

51.2

27.1
27.3
25.1
26.6

1037

7.47

36.8
45.9
39.4

39.4

68.0

53.5
25.3
68.2
51.5

248

7.06

18.3
32.7
28.8

29.5

50.9

26.2
26.4
40.0
32.4

2105

7.50

32.9
39.6
34.7

24.6

59.7

47.8
10.8
47.8
38.1

2017

6.77

13.7
19.3
14.9

14.8

25.6

23.7
44.4
16.5
27.6

3205

7.27

19.0
20.2
16.7

16.7

28.8

20.4
10.4
22.9
18.4

a These VS reductions were calculated according to the following formula:
VSR • 100 X (V&i - VSo)/[V5R - (VSi X VSo)]'

b These VS reductions were calculated according to the following formula:
VSR • 100 X (wt of product gases)/(wt of VS fed).

c These V5 reductions were calculated according to the following formula:
VSR • 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

d These VS reductions are calculated by expressing the observed total gas
yield as a percentage of the theoretical gas yield of 1.078 SCH/kg VS added.

e The biodegradable VS reduction was calculated by dividing the theoretical
gas yield based VS reduction by a biodegradability fraction of 0.58.

f rCPL means the sum of the masses of carbohydrates, crude protein, and
lipids.
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effluents suggesting a higher degree of solids liquefaction at the higher
temperature. Despite the prevalence of higher volatile acids concentrations
in the thermophilic digesters, the culture pH remained significantly above 7
apparently because the thermophilic process generated higher buffering
capacity as evidenced by the higher concentration of ammonium bicarbonate.

Overall, thermophilic digestion exhibited higher gas yields and produc
tion rates and stabilization efficiencies than those of mesophilic digestion.
However, it is questionable whether this increased performance is sufficient
to justify process operation at a higher temperature. To justify thermophilic
operation it may be necessary to operate the digester at much higher feed
solid concentrations and to develop means of reducing the effluent VA.

Carbohydrate reduction was highest at the lowest HRT during mesophilic
digestion; the reverse was true for thermophilic digestion. In general,
carbohydrate reduction at the thermophilic temperature was about the same or
lower than that at the mesophilic temperature. Crude protein reductions at
the thermophilic and mesophilic temperatures were comparable at the lowest
HRT; higher crude protein reductions were obtained at the thermophilic
temperature at an HRT's of 15 and 7 days. At the mesophilic temperature, the
highest lipid conversion was obtained at an HRT of 7 days. Lipid reductions
at the thermophilic temperature were higher than those at the mesophilic
temperature at all HRT's.

COMPARISON OF CPL CONVERSIONS UNDER MESOPHILIC CONDITIONS

The percent conversions of carbohydrates, proteins, and lipids (CP~) were
about the same as each other at a IS-day HRT. By comparison, O'Rourke 72

observed lower "effective" destruction of influent "degradable" protein than
of influent "degradable" lipid.

Protein conversion was the same as the carbohydrate conversion at the
7-day HRT. Also, the conversion of the organic components at the IS-day and
the 7-day HRT's were about the same. Lipid conversion at the 7-day HRT was
higher than those of protein and carbohydrate. Lipids degra~ation was lowest
at the low HRT; a similar observation was made by O'Rourke. 72 Surprisingly,
carbohydrate degradation was maximum at the lowest HRT of 3 days.

COMPARISON OF CPL CONVERSION UNDER THERMOPHILIC CONDITIONS

Under thermophilic conditions protein degradation was maximized at the
7-day HRT. At the other two HRT's protein reductions were about the same as
those under mesophilic conditions. Lipid reduction was maximum at the I5-day
HRT and decreased with decreases in the HRT as opposed to being maximized at
the 7-day HRT.

Overall, the combined conversions of carbohydrate protein and lipid at
the thermophilic temperature were higher than those at the mesophilic
temperature at the IS-day and the 7-day HRT; the reverse was true at the 3-day
HRT. Since the thermophilic methane yields were higher than mesophilic
yields, it is apparent that the overall rate and yield of digestion (i.e.,
hydrolysis, acidification, and gasification) is higher at thermophilic
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temperature than at mesophilic temperature. However, the thermophilic
cultures were unable to convert all of the incoming volatile acids to gas
considering the significantly higher effluent volatile acids concentrations
observed at the thermophilic temperature.

MASS BALANCES

Volatile solids mass balances (defined as the ratio of sum of the masses
of effluent VS and gases to influent VS) performed with the steady-state data
showed that the effluent VS's were between 100% and 110% of influent VS.
Fixed solid balances (defined as the ratio of effluent FS to influent FS)
showed that effluent FS's were between 93% and 109% of the influent FS.
Details of the mass balances are shown in Figures B-1 to B-6.
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SECTION 12

PERFORMANCE OF CFCSTR TWO-PHASE DIGESTION SYSTEMS

EXPERIMENTAL RUNS

Three sets of two-phase digestion runs (designated as meso-meso, meso
thermo, and thermo-thermo in Table 54) were conducted with CFCSTR acid- and
methane-phase digesters at HRT's of about 15, 7, and 3 days. A meso-meso
digestion run was conducted with a mesophilic acid digester operated in series
with a mesophilic methane digester. Similarly, a meso-thermo system consisted
of a mesophilic acid-phase digester followed by a thermophilic methane diges
ter and so on. The acid-phase digesters had an HRT of about 2 days except
when the system HRT was 3 days. For two-phase system HRT's of 3 days, the
acid-phase digester had an HRT of about 0.9 days. As with the single-stage
CFCSTR digestion runs (Section 11), higher feed VS concentrations were used
for the 7-day and the 3-day HRT runs.

The run durations and the steady-state durations for all experiments
were, in general, longer than three HRT's. The variabilities of the operating
parameters were generally lower than 15% for the digester runs listed in
Table 54.

PERFORMANCE OF MESO-MESO SYSTEMS

Acid-Phase Performance

The performance of the meso-meso two-phase systems at 15-, 7- and 3-day
HRT's are compared in Tables 55, 56, and 57 in terms of gas production and
quality, effluent quality, and organic-reduction efficiency. The acid
digester generally exhibited the highest gas and methane yields when it was
operated at a 2-day HRT and was charged with the higher VS concentration (47
and 50 giL) feeds; gas and methane yields were lower at the lower HRT (O.8-0.~

days) or with the lower feed VS concentration. Residual volatile acids con
centration in the acid digester effluent was much higher at the O.9-day HRT
than at an HRT of 2 days indicating that acidogenesis was favored over gasifi
cation at lower HRT's. Gas and methane production rates from the acid-phase
digesters increased in direct proportion to the increase in loading rates.
Methane production was observed in all acid-phase runs, although the methane
content of the head gases decreased as the HRT decreased or the feed VS
concentration increased. It appears that methane production from the acid
phase digester was predominantly by the hydrogen-oxidizing methane bacteria
which, by virtue of their higher growth rate, could survive at the low HRT's.
Methane formation by the aceticlastic reaction is not expected to be
significant at HRT's of 2 days or lower.
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TABLE 54. ACTUAL STEADY-STATE OPERATING CONDITIONS FOR PROCESS COMPARISON CFCSTR
TWO-PHASE DIGESTION SYSTEMS OPERATED WITH HANOVER PARK SLUDGE*

Total I'un !lteady-Rtatl" He~1n acid Menn methane Mean methane Mean Mean Mean
Digester duration, run digester digeo;ter acid-rli~ester T:l.E>thane-dlgef>ter system system loadin~, Feed total solids Feed volatile solids

Run no. nos. days dura.tion, days temp .. , °C temp •• °c llRT. clays HRT. days IlRT, days kg VS!I'lLday concentration, gIL concentration, gIL

Meso-Heso

TPI5H-H 332-333 70 45 34.9 34.8 2.0 13.2 15.2 1.94 41.8 29.5
O)! (2) ( If» (15 ) (15) (14 )

TP7H-H 334-333 52 21 35.3 15.7 1.9 4.9 6.8 7.29 67.7 49.7
(1)! (I) ( 12) (12) (12) (13)

TP3H-M** 334-333 26 13 35.7 35.0 0.91 2.15 3.06 14.7 66.4 44.9

..... (2) (I) (8) (10) (9) (9 )

W
N Meso-Thermo

TPI5M-T 334-337 70 38 35.1 55.7 2.1 I J.o 15.1 2.14 45.8 32.3
(2) (I) ( 10) (1) (3) (5)

TP7H-T 334-331 52 24 35.4 55.4 1.9 0;. , 7.4 6.74 66.4 50.0
(2) (2 ) (17) ( 17) (18) (17 )

Thermo-Thermo

TP7T-T 335-331 50 27 54.4 54.8 2.1 6 .. 0 8. I 6.60 69.9 51.3
(I) (I) (18) ( 18) (18 ) (J 9)

TP3T-T 335-331 19 9 5>.3 0;2.9 0.81 2.33 3.14 15.0 68.0 47.2
(I) 0) ( Il) (1:\) (11) (14 )

Data reported are the means of all data collected during the steady-state period. Specific batch numbers for all runs are given in Appendix Table F-l.

t Numbers in parentheses are the coefficients of variation, expressed 88 the percent ratIo of the standard deviation to the mean.

**This run was conducted with mixed Downers Grove prlmat"y and Stickney activated sludges.
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TABLE 55. EFFECT OF HRT ON STEADY-STATE GAS PRODUCTIONS FROM MESO-MESO CFCSTR
TWO-PHASE DIGESTION OF HANOVER PARK SLUDGE 8

Two-phase at 15.2-day IIRT Two-phase at 6.8-day HRT Two-phase at 3.1-day HRTh

Add Nethane Acid Methane Acid Methane
digester digester System digester digester System digester digester System

Run no. ----------- TPI5M-M ---------- ----------- TP7M-M ----------- ----------- TP3M-M -----------
Operation

Feed VS concentration,c mg/L 29,500 49,680 46,600
IIRT, days 2.0 13.2 15.2 1.9 4.9 6.8 0.91 2.15 3.06
Loading, kg VS/m3-day 14.78 2.23 1.94 26.38 10.08 7.29 51.21 21.68 15.23

Performance

Total gas yield, 0.093 0.499 0.592 0.157 0.310 0.467 0.108 0.197 0.305
SCM/kg VS added (18)d (16) (16) (16 ) (II) (12 ) (7) (9) (6)

Methane yield: 0.058 0.352 0.410 0.091 0.212 0.102 n.057 0.124 0.180
..... SCM/kg VS added (19 ) (16) (16) (16) (12) (13 ) (10) (9) (8)
VJ
VJ

Gas composition, mol %

Hydrogen o.n n.05 0.0 0.0
Methane 62.6 70.6 69.3 57.1 68.2 64.7 52.0 63.1 59.1
Carbon dioxide 36.1 2R.9 30.1 42.) 31.6 35. I 47.3 36.5 40.4
Nitrogen 1.3 0.5 n.6 1l.4 0.2 0.2 0.7 0.4 0.5

Total gas production rate, 1.345 1.090 1.124 4.061 3.0H9 3.3')8 5.575 4.293 4.674
SCM/m3-day (12) (9) (8) (5) (5) (4 ) (6) (13) (12 )

Methane production rate, 0.841 n.770 0.779 2.343 2.100 2.173 2.R98 2.708 2.764
SCM/m3-day (12) (9) (8) ( 5) (5) (4 ) (9) (14) (12 )

a The data reported are means of all data collected during the steady-state portion of the run.

b This run was conducted with mixed Downers Grove primary and Stickm·y activated slurlge.

c Feed VS concentrations are the weighted averages of the various [perl slurry concpntrations.

d Numbers in parentheses are the coefficients of variation expressed as the percent ratio of the standard deviation to the mean.



TABLE 56. EFFECT OF HRT ON THE QUALITY OF STEADY-STATE EFFLUENTS FROM
MESO-MESO CFCSTR TWO-PHASE SYSTEMS OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at Two-phase at Two-phase at
15.2-day HRT 6.8-day HRT 3.1-day HRTb

Acid Methane Acid Methane Acid Methane
digester digesterC digester digesterC digester digesterC

Run no. ----- TP15M-M TP7M-M TP3M-M

HRT, days 2.0 13.2 1.9 4.9 0.91 2.15

Effluent pH 6.63 7.10 6.63 7.30 6.48 7.19
(1 )d (1) (l) (1) (l) (1)

Alkalinities, mg/L as CaC0 3

Total 3290 4950 7475 8100 6550 8350
Bicarbonate 2926 4944 6368 8068 2059 6735

Volatile acids, mg/L

Acetic 295 20 721 63 2177 218
Propionic 328 8 728 29 1403 1503
Isobutyric 40 0 109 0 288 50
Butyric 24 0 160 0 749 0
Isovaleric 84 0 136 0 596 195
Valeric 15 0 61 10 1907 136
Caproic 0 0 31 33 51 31
Total as acetic 663 26 1627 109 5518 1680

(33) (112) (15) (44) (16) (15)

Ethanol, mg/L 3 4 0 0 19 0

Ni trogen, mg/L

Ammonia-N 621 646 918 1049 1138 1820
Organic-N 970 795 2241 1845 1927 1682

Chemical oxygen demand, mg/L

Total 35,7&0 2&,080
Filtrate 2270 958

Solids, mg/L

T5 37,050 30,355 60,720 50,690 61,600 57,450
VS 25,520 18,535 42,480 32,810 39,320 35,040
TSS 30,900 28,120
VSS 23,960 19,890

Organic components, mg/L

Crude protein 6094 4183 14,006 11 ,531 12,044 10,512
Carbohydrates 5375 4404 7791 4932 9224 5413
Lipids 3458 1705 7178 3824 6448 5879

a Data reported are means of one or more determinations made during the steady- state period.

b This run was conducted with mixed Downers Grove primary and Stickney activated sludges.

c System effluent characteristics are the same as those of the methane-phase,

d Numbers in parentheses are the coefficients of variation expressed as the percent ratio of the standard
deviation to the mean.
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TABLE 57. EFFECT OF HRT ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES OF MESO-MESO CFCSTR
TWO-PHASE SYSTEt1S OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at 3.1-day HRTbTwo-phase at 15.2-day HRT Two-phase at 6.8-day HRT

Acid Methane Acid Methane Acid Methane
digester digester System digester digester System digester digester System

Run no. .,.---------- TP15M-M ---------- ----------- TP7M-M ----------- ----------- TP3M-M ----------
HRT, days 2.0 13.2 15.2 1.9 4.9 6.8 0.91 :l.15 3.06

VS reduction, %

HOP c 11.4 29.2 37.2 15.7 21.2 33.6 17.1 11.4 :l.6.5
Wt-~~-gas bas1sd 10.7 58.0 63.4 18.1 33.4 51.5 13.5 26.1 35.5

VSS reduction, % 1l.6 17.0 26.6

.... COD (total) reduction, % 9.6 27.1 34.1
w
\J1 Reduction of organic components, %

Crude protein 31.4 31.4 52.9 9.6 17.7 25.6 33.0 12.7 41.5
Carbohydrate 35.3 18.1 47.0 29.1 36.6 55.1 15.8 41.3 50.6
Lipida 49.2 50.7 75.0 28.2 46.7 61.8 19.7 !l.8 26.8
ECPLe 37.8 31.0 57.1 20.6 30.0 44.4 25.0 21.3 41.0

a The data reported are means of one or more determinations made during the steady-state period.

b This run was operated with mixed Downers Grove primary and Stickney activated sludges.

C These VS reduction were calculated according to the following formula: VSR ~ 100 X (VS i - VSo)/[VSi X VSo)]'

d These VS reduction were calculated according to the following formula: VSR ~ 100 X (wt of product gases)/(wt of VS fed).

e ECPL means the sum of the masses of carbohydrates, crude protein, and lipids.



The acid-digester gases did not contain any hydrogen except during oper
ation at an HRT of 0.9 days, indicating that the rate of hydrogen utilization
by the syntrophic methane formers exceeded the rate of hydrogen production by
oxidation of the particulate sludge substrates. In all cases, the acid-phase
head gases contained more nitrogen than the methane digester gases, indicating
that reduction of nitrogen oxides to nitrogen gas (denitrification) was
favored in the acid digester. This is expected because substrate oxidation in
the acid-phase digester is expected to be coupled with hydrogen removal by
deni trifiers.

The pH's of the acid-phase digesters stabilized at about 6.5-6.6. The
bicarbonate alkalinity was maximum (about 6400 mg/L as CaC03 ) at a 2-day HRT
and with 50 g/L VS content feed, and it decreased as the flow-through rate
increased or the feed VS concentration decreased.

Carbohydrate and lipid reductions were higher at the higher HRT of 2
days, whereas crude protein reduction appeared to be lower at the 2-day HRT.

Methane-Phase Performance

Total gas and methane yields from the methane digesters decreased as the
methane-phase HRT was decreased from 13 to 5 to 2 days; conversely, the gas
and methane production rates increased with decreases in HRT and increases in
the loading rate.

It is noteworthy that methane production from the methane digester
amounted to 86% of the system methane production when the ratio of methane
digester HRT to system-HRT was 0.87; similarly, 70% and 69% of system methane
production emanated from the methane digester when the ratios of methane
digester HRT to two-phase system HRT were 0.72 and 0.69, respectively. Thus,
about 70% or more of the system methane production emanated from the methane
phase of the meso-meso two-phase process.

The methane content of the methane-digester gases were significantly
higher than those of the acid digesters. The pH and alkalinity of the methane
digesters were considerably higher than those of the acid digesters. The
methane digesters received a low bicarbonate alkalinity-content acidic feed.
The bicarbonate alkalinity increased substantially during methane fermenta
tion, which had the effect of scrubbing CO2 and was responsible, in part, for
enhancing the methane content of the methane digester gas.

It is interesting to note that ICPL (sum of the masses of carbohydrate,
protein and lipid) reductions in the methane digesters were lower than those
in the acid digester indicating that liquefaction was more predominant in the
acid digester. The ~CPL reductions at the 7-day and the 3-day HRT's were
about the same during two-phase operation.

Performance of the Overall System

Total gas and methane yield from the meso-meso two-phase system decreased
as the loading rate was increased from 1.9 to 15.2 kg VS/m3-day and the
corresponding reduction in HRT from 15 to 3 days. Gas and methane production
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rates at 7- and 3-day HRT's increased substantially by 390% and 270%,
respectively, compared to that observed at a IS-day HRT. The overall protein,
carbohydrate, and lipid reduction (ECPL) decreased progressively as the two
phase system HRT was decreased. However, the decrease in rCPL reduction was
not significant when the HRT was decreased from 7 days to 3 days.

PERFORMANCE OF MESO-THER}ID SYSTEMS

Acid-Phase Performance

Two meso-thermo two-phase runs were conducted at system HRT's of about 15
and 7 days (Tables 58 and 59). Gas and methane yields and the gas-phase
methane contents of the acid-phase digester decreased and residual volatile
acid concentration increased as the feed VS concentration was increased from
about 32 to 50 mg!L. Thus, acid formation was enhanced by the more concen
trated feed. The gas and methane production rates from the acid-phase
digester increased almost in direct proportion to the increase in the loading
rate. The acid digester gases had high methane contents; no hydrogen was
detected in the gas phase. The two acid-phase runs at an HRT of about 2 days
exhibited a pH of about 6.6 and high bicarbonate alkalinity and ammonia
nitrogen concentrations (Table 59). Carbohydrate and lipid reductions
increased while protein reduction decreased almost in direct proportion to the
increase in feed VS concentration (Table 60).

Methane-Phase Performance

Gas and methane yields and production rates as well as effluent volatile
acids concentrations were higher at a 5.5-day HRT than at a I3-day HRT, while
organic reductions at these two HRT's were nearly equal. Methane production
from the thermophilic methane digester amounted to 67% of the system methane
production when the ratio of the methane digester HRT to two-phase system HRT
was 0.86. About 72% of the system methane production emanated from this
methane digester when the methane digester-HRT to system-HRT ratio was 0.74.
Overall, thermophilic methane digester operation at a 5.S-day HRT with a
concentrated feed appeared to be more attractive than that at a 13-day HkT.

Total carbohydrate-protein-lipid (ECPL) reductions in the methane
digester were higher t~an those in the acid digesters; this indicated
continued and enhanced liquefaction-acidification under the thermophilic
conditions of the methane digester. By comparison, the meso-meso two-phase
system showed that ECPL reduction in the acid-phase digester was much higher
than that in the methane-phase digester, and that little liquefaction occurred
in the methane digester.

Performance of the Overall System

Gas and methane yields and production rate from the 7-day HRT meso-thermo
two-phase process were higher than those at a IS-day HRT, while ICPL
reductions at these two HRT's were about the same; volatile solids reduction
was higher at the lower HRT. Overall, better meso-thermo two-phase
performance was observed at a 7-day system HRT.
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TABLE 58. EFFECT OF HRT ON GAS PRODUCTIONS FROM STEADY-STATE MESO-THERMO
TWO-PHASE SYSTEMS OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at 15.I-day HRT Two-phase at 7.4-day HRT

Acid Methane Acid Methane
digester digester System digester digester System

Run no. ----------- TPI5M-T ---------- -----..,.----- TP7M-T -----------
Operation

Feed Concentration,b mg/L 32,300 49,965
HRT, days 2.1 13.0 15.1 1.9 5.5 7.4
Loading, kg VS/m3-day 15.52 2.4!S 2.14 26.29 9.06 6.74

Performance

Total gas yield, SCM/kg VS added 0.163 0.290 0.453 0.15!> 0.342 0.498
(I l)c (10) (7) (17) (12) (13)

Methane Yield, SCM/kg VS added 0.104 0.19!S U.302 0.O!i7 0.231 0.318
(10) (10) (7) (17) (13) (13)

Gas Composition, mol %

Hydrogen 0.0 0.0 0.(1 V.I) 0.0 1).0
Methane 63.7 68.3 66.8 56.0 67.4 63.8
Carbon dioxide 35.9 31.3 32.8 43.7 32.3 35.9
Nitrogen 0.4 0.4 0.4 0.3 0.3 0.3

Total gas production rate, 2.514 0.720 0.954 3.997 ~.993 3.251
SCHlm3-day (5) (10) (6) (7) (ILl ) (7)

Methane Production Rate, 1.604 0.492 0.637 2.235 2.022 2.077
SCM/m3-day (6) (10) (6) (7 ) (10 ) (7)

a Data reported are the means o~ all data collected during the steady-state portion of the run.

b Feed VS concentrations are the weighted averages of the various feed slurries used during the steady-state
portion of the run.

c Numbers in parentheses are the coefficients of variation, expressed as the percent ratio of standard
deviation to the mean.
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TABLE 59. EFFECT OF HRT ON STEADY-STATE EFFLUENT QUALITIES
OF MESO-THERMO CFCSTR TWO-PHASE SYSTEMS OPERATED

WITH HANOVER PARK SLUDGEa

Two-phase at Two-phase at
IS. I-day HRT 7.4-day HRT,

Acid Methane Acid Methane
digester digesterb digester digesterb

Run no. --- TPISM-T TP7M-T

HRT, days 2.1 13.0 1.9 5.5

Effluent pH 6.64 7.54 6.66 7.57
(2)C (1) (1) (1)

Alkalinities, mg!L as CaC0 3

Total 49S2 7092 6050 7975
Bicarbonate 4094 6443 4651 6246

Volatile acids, mg!L

Acetic 497 179 892 441
Propionic 408 672 849 1415
Isobutyric 28 32 27 94
Butyric 62 0 159 0
Isovaleric 81 185 147 361
Valeric 22 0 27 0
Caproic 33 26 32 69
Total as acetic 966 867 1826 1900

(17) (13) (13) (18)

Ethanol, mg!L 0 0 0 0

Nitrogen, mg!L

Ammonia-N 756 1249 874 1452
Organic-N 1642 1094 2365 1706

Solids, mg!L

TS 39,590 31,710 60,550 49,330
VS 27,240 20,020 42,760 31,950

Organic components, mg!L

Crude protein 10,262 6838 14,781 10,662
Carbohydrates 4601 4228 7487 6700
Lipids 6306 2264 9875 3568

a Data reported are means of one or more determinations made during the steady
state period.

b System effluent characteristics are the same as those of the methane-phase.

c Numbers in parentheses are the coefficients of variation expressed as the
percent ratio of the standard deviation to the mean.
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TABLE 60. EFFECT OF HRT ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES OF
~mSO-THERMO CFCSTR TWO-PHASE SYSTEMS OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at IS.I-day HRT Two-phase at 7.4-day URT

Acid Hethane Acid Methane
digester digester System digester digester System

Run no. ---------- TP15H-T ----------- ----------- TP7M-T ----------
ltRT, days 2.1 13.0 15.1 1.9 5.5 7.4

VS reduction, %

MOP16
b 7.3 22.4 28.0 12.1 23.S 32.8- Wt-of-gas basisc 18.1 36.2 48.5 18.9 40.8 54.7

~

0
Reduction of organic components, %

Crude protein 12.8 33.4 41.9 8.3 27.9 33.8
Carbohydrates 24.5 8.1 30.6 34.0 10.5 40.9
Lipi~s 7.6 64.1 66.8 12.7 63.9 68.5
ECPL 14.2 37.0 46.0 17.1 35.0 46.0

a The data reported here are means of one or more determinations made during the steady-state period.

b These VS reductions were calculated according to the following formula:
VSR - 100 X (VSi - VSo)/lVSi - (VSi X VSo)}'

c These VS reductions were calculated according to the following formula:
VSR - 100 X (wt of product gases)/(wt of VS fed).

d ECPL means the sum of the masses of carbohydrates, crude protein, and lipids.



PERFORMANCE OF THERMO-THERMO SYSTEMS

Acid-Phase Performance

As with the mesophilic acid digesters, gas and methane yields from the
thermophilic acid digester decreased and gas and methane production rates
increased as the HRT was decreased from 2.1 to 0.81 days (Table 61). The acid
digester gases had methane contents of 57-58 mol %, and no hydrogen was
detected even at an HRT of 0.81 days. As with the meso-meso system, the acid
digester gases contained much higher nitrogen contents than those of the
methane digesters. This observation indicated that the hydrogen removal rate
of the thermophilic syntrophic methane formers was higher than the substrate
oxidation-linked hydrogen production rate even at a low HRT of 0.8 days. In
contrast, there was evidence of hydrogen accumulation during mesophilic acid
phase digestion at a comparable HRT of 0.9 days. This observation suggests
that thermophilic syntrophic methane formers have a higher growth rate than
those of the mesophilic syntrophic methanogens. The pH and volatile acid
concentrations in the thermophilic acid digesters were higher than those in
the mesophilic acid digesters under similar operating conditions. (See
Tables 56, 59, and 62.) Acetate was detected at the highest concentration
followed by propionic and other higher acids. These results provided evidence
of enhanced liquefaction-acidification under thermophilic conditions.

Methane-Phase Performance

Gas and methane yields from the thermophilic methane digester decreased
by 18-20% when the HRT was reduced from 6 days to 2.33 days, and even at these
low HRT's the digester gases had a methane content of 68%. A very high gas
production rate of 4.1 vol/culture vol-day was observed at an HRT of 2.33
days. About 81-84% of the thermo-thermo system methane production was
obtained from the thermophilic methane digester for methane digester-HRT to
two-phase system-HRT ratios of 0.43-0.74. By comparison, a lower proportion
of the system methane production was derived from the mesophilic methane
digester of the meso-meso two-phase process under similar HRT conditions.
This difference was due to depressed methane production in the thermophilic
acid digester relative to that in the mesophilic acid digester.

COMPARISON OF MESO-MESO, MESO-THERMO, AND THER}10-THERMO TWO-PHASE SYSTEMS

Systems Comparison at a IS-Day HRT

A compilation of the summary data collected at a system HRT of 15 days
shows that the meso-meso two-phase system was better than the meso-thermo
system with respect to gas and methane yields and production rates, gas-phase
methane content, and VS and tCPL reductions (Table 63). The meso-thermo two
phase process had a much higher effluent volatile acid concentration than that
of the meso-meso two-phase process and yet the effluent pH of the former
system was higher than that of the latter; this is explained by the fact that
the ammonia-nitrogen concentration and the bicarbonate alkalinity of the meso
thermo process were considerably higher than those of the meso-meso two-phase
process. About 86% of the system methane production from the meso-meso two
phase process was derived from the methane digester compared with 67% for the
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TABLE 61. EFFr:CT OF HRT ON STEADY-STATE GAS PRODUCTIONS FROM CFCSTR
THERMO-THERMO TWO-PHASE SYSTEMS OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at 8.1-day HRT Two phase at 3.1-day HRT

Acid Methane Acid Methane
digester digester System digester digester System

Run no. ----------- TP7T-T ----------- ----------- TP3T-T ----------

Operation

Feed concentration,b mg/L 51,340 47,240
HRT, days 2.1 6.0 8.1 0.81 2.33 3.14
Loading, kg VS/m3-day 33.50 8.53 6.80 58.41 20.24 15.03

Performance

Total gas yield, SCM/kg VS added 0.071 0.253 0.324 0.048 0.207 0.255
I (20)c (16) (16) (30) (15) (11 )

Methane yield, SCM/kg VS added 0.042 0.177 0.219 0.027 0.141 0.168..... (22) (16) (16) (28) (16) (11)
~
N

Gas composition, mol %

Hydrogen 0.0 0.0 0.0
Metnane 58.1 70.2 67.6 57.2 68.2 65.9
Carbon dioxide 40.9 29.4 31.9 41.2 31.7 33.8
Nitrogen 1.0 0.4 0.5 1.6 0.1 0.3

Total g~s production rate, 1'.715 2.119 2.015 2.814 4.133 3.793
SCM/m -day (14) (16) (12) . (30) (12) (8)

Methane production rate, 0.993 1.485 1.358 1.606 2.818 2.506
SCM/m3-day (13) (16) (12) (28) (12) (8)

a Data reported are the means of all data collected during the steady-state portion of the run.

b Feed VS concentrations are the weighted averages of the various feed slurries used during the steady-state
portion of the run.

c Numbers in parentheses are the coefficients of variation, expressed as the percent ratio of standard
deviation to the mean.



TABLE 62. EFFECT OF HRT ON STEADY-STATE EFFLUENT QUALITIES OF
THERMO-THERMO CFCSTR TWO-PHASE SYSTEMS OPERATED WITH HANOVER PARK SLUDGEa

Two-phase at
8.1-day HRT

Two-phase at
3.1-day HRT

Acid
digester

Methane
digesterb

Acid
digester

Methane
digester b

Run no.

HRT, days

Effluent, pH

Volatile acids, mg/L

2.1

6.88
(l)C

TP7T-T

6.0

7.59
(1)

0.81

6.92
(1)

TP3T-T

2.33

7.59
(1)

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg/L

Wt-of-gas VS reduction,d %

994 474 1192 !Uz
723 878 667 91U
215 2CJ9 197 40
198 0 268 °465 359 446 190

5 34 164 233
31 41 48 59

2154 1580 2432 1146
(24) (12) (31) (29)

0 0, 0 5

8.1 25.5 5.6 21.5
[33.7]e [27.1]

a Data reported are means of one or more determinations made during the
steady-state period.

b System effluent characteristics are'the same as those of the methane-phase.

c Numbers in parentheses are the coefficients of variation expressed as the
percent ratio of the standard deviation to the mean.

d The wt-of-gas VS reduction was calculated according to the following
formulas: VSR = 100 X (wt of product gases)/(wt of VS feed).

e Numbers in brackets are VS reductions for the system.
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TABLE 63. COMPARISON OF STEADY-STATE PERFORMANCES OF MESO-MESO
AND MESO-THERMO CFCSTR TWO-PHASE DIGESTION SYSTEMS
OPERATED AT A IS-DAY HRT WITH HANOVER PARK SLUDGE

Culture temperatures

Run no.

Methane yield, SCM/kg VS added

Methane production rate, SCM/m3-day

Methane content, mol %

Methane production from methane digester. % of
system methane production

Effluent volatile acids, mg/L as acetic

Ammonia-N, mg/L

Effluent pH

Methane digester bicarbonate alkalinity,
mg/L as CaC03

VS reduction. %

Meso-meso Meso-thermo

TP15M-M TP15M-T

0.410 0.302

0.779 0.637

69.3 66.8

86.0 67.2

26 867

646 1249

7.10 7.54

4944 6443

HOP16a

Wt-of-gas basisb

Carbon-in-gas basis c

Based on theoretical yieldd
Biodegradable VS reductione

Organic reductions, %

Crude protein
Carbohydrates
Lipids
rCPL f

37.2
63.4
53.8
54.9
94.7

, 52.9
47.0
75.0
57.1

28.0
48.5
40.9
42.0
72.4

41.9
30.6
66.8
46.0

a These VS reductions were calculated according to the following formula:
VSR • 100 X (Vsi - Vso)/[Vsi - (VSi X VSo)].

b These VS reductions were calculated according to the following formula:
VSR • 100 X (wt of product gases)/(wt of VS fed).

c These VS reductions were calculated according to the following formula:
VsR • 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

d These VS reductions are calculated by expressing the observed total gas
yield as a percentage of the theoretical gas yield of 1.078 SCM/kg Vs added.

e The biodegradable VS reduction was calculated by dividing the theoretical
gas yield based VS reduction by a biodegradability fraction of 0.58.

f rCPL means the sum of the masses of carbohydrates, crude protein. and
lipids.
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thermophilic digester of the meso-thermo system. Overall, the above observa
tions indicated that the bulk of the two-phase system methane production was
derived from the methane digester at both mesophilic and thermophilic temper
atures. The volatile acids and ammonia nitrogen concentrations and crude
protein and lipid productions in the thermophilic methane digester were higher
than those of the mesophilic methane digester, and yet the thermophilic
digester exhibited lower methane production. These observations indicated
that the thermophilic methane digester enhanced particulate hydrolysis and
acidification, but the hydrolysis products were probably not as efficiently
gasified as it was by the mesophilic methane digester. To achieve enhanced
thermophilic process performance, it may be necessary to develop special
thermophilic culture acclimation techniques, and to apply novel digester
designs to provide microbial SRT's that are considerably higher than the
HRT. Since thermophilic organisms have higher growth rates than mesophiles, a
higher-concentration feed should be used for the thermophilic system.

Systems Comparison at a 7-Day HRT

Comparing meso-meso, meso-thermo, and thermo-thermo two-phase operation
at a system HRT of 7 days, the meso-meso system was best in terms of methane
production rate and residual volatile acid concentration (Table 64). The
meso-thermo two-phase process exhibited slightly higher VS, protein, lipid,and
ECPL reductions and had higher effluent volatile acids and ammonia nitrogen
concentrati.ons than those of the meso-meso two-phase process although the
methane yields from both systems were the same. Similar observations were
made during operation at a IS-day HRT. It may be inferred from these results
that there was a higher degree of liquefaction-acidification under
thermophilic conditions, and that the products of these reactions could not be
gasified by the thermophilic methanogens as efficiently as it was by their
mesophilic counterparts. From the above trends and characteristics of
thermophilic operation it would be expected that a ~hermo-thermo two-phase
process exhibited the lowest methane yield and production rate when compared
with the meso-meso and the meso-thermo systems.

As was the case with the IS-day HRT runs, the thermophilic methane
digesters had higher effluent acids and also a higher pH than those of the
mesophilic methane digester. This may be explained by the fact that the
ammonia nitrogen concentration at the thermophilic temperature was higher than
that at the mesophilic temperature.

As reported in Table 64, 70-80% of the two-phase system methane
production was derived from the methane digester at both mesophilic and
thermophilic temperatures.

Systems Comparison at a 3-Day HRT

The performances of the meso-meso and thermo-thermo two-phase systems at
an HRT of about 3 days are compared in Table 65. The data show the same
trends as observed at the higher HRT's in that the meso-meso two-phase process
exhibited higher methane yield and production rate than those of the thermo
thermo system. As with other system HRT's discussed above, 69-ti4% of the two
phase methane production was derived from the methane digester.
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TABLE 64. COMPARISON OF STEADY-STATE PERFORMANCES OF CFCSTR MESO-~lliSOt

MESO-THERMO t AND THEIDI0-THERMO TWO-PHASE DIGESTION SYSTEMS
OPERATED AT A 7-DAY HRT WITH HANOVER PARK SLUDGE

Culture temperatures

Run no.

Methane yield, SCM/kg VS added

Methane production rate, SCM/m3-day

Methane content, mol %

Methane production from methane digester,
% of system methane production

Effluent volatile acids, mg/L as acetic

Ammonia-N, mg/L

Effluent pH

Methane digester bicarbonate alkalinity,
mg/L as CaC03

VS reduction, %

MOP a
Wt-~~-gas basisb

Carbon-in gas basisc

Based on theoretical yieldd
Biodegradable Vs reductione

Organic reductions, %

Crude protein
Carbohydrates
Lipids
rCPLf

Meso-meso

TP7M-M

0.302

2.173

64.7

69.7

109

1049

7.30

8068

33.6
51.5
42.8
43.3
74.7

25.6
55.1
61.8
44.4

Meso-thermo

TP7M-T

0.318

2.077

63.8

72 .3

1900

1452

7.57

6246

32.8
54.7
45.1
46.2
79.6

33.8
40.9
68.5
46.0

Thermo-thermo

TP7T-T

0.219

1.35/j

67.6

81.2

1580

7.59

33.6
29.6
30.1
51.8

a These VS reductions were calculated according to the following formula:
VSR = 100 X (VSi - VSo)/(VSi - (VSi X VSo)].

b These VS reductions were calcl1lated according to the following formula:
VSR ~ 100 X (wt of product gas)/(wt of VS fed).

c These VS reductions were calculated according to the following formula:
VSR • 110 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

d These VS reductions are calculated by expressing the observed total gas yield as
a percentage of the theoretical gas yield of 1.078 SCM/kg VS added.

e The biodegradable VS reduction was calculated by dividing the theoretical gas
yield based VS reduction by a biodegradability fraction of 0.58.

f rCPL means the sum of the masses of carbohydrate, crude protein. and lipids.
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TABLE 65. COMPARISON OF STEADY-STATE SYSTEM PERFORMANCES OF
MESO-MESO AND THERMO-THERMO CFCSTR TWO-PHASE DIGESTION SYSTEMS

OPERATED AT A 3-DAY HRT WITH CHICAGO SI~DGE

Culture temperatures

Run no.

Feed sludgea

Methane yield, SCM/kg VS added

Methane production rate, SCM/m3-day

Methane content, mol %

Methane production from methane digester,
% of system methane production

Effluent volatile acids, mg/L as acetic

Effluent pH

VS reduction, %

Meso-meso Thermo-thermo

TP3M-M TP3T-T

DG-S HF

0.180 0.168

2.764 2.506

59.1 65.9

68.8 83.5

1680 1146

7.19 7.59

MOP b
Wt-~~-gas basisc

Carbon-in-gas basisd
Based on theoretical yielde

Biodegradable VS reductionf

Organic reductions, %

Crude protein
Carbohydrates
Lipids
l:CPLg

26.5
35.5
28.5
28.3
48.8

41.5
50.6
26.8
41..0

27.1
23.5
23.6
40.8

a DG-S means mixed Downers Grove primary and Stickney activated sludges; HP
means Hanover Park sludge.

b These VS reductions were calculated according to the following formula:
VSR • 100 X (VS j - VSo)/[VSi - (VSi X VSo)]'

c These VS reductions were calculated according to the following formula:
VSR • 100 X (wt of product gases)/(wt of VS fed).

d These VS reductions were calculated according to the following formulas:
VSR • 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

e These VS reductions are calculated by expressing the observed total gas
yield as a percentage of the theoretical gs yield of 1.078 SCM/kg VS added.

f The biodegradable VS reduction was calculated by dividing the theoretical
gas yield based VS reduction by a biodegradability fraction of 0.58.

g rCPL means the sum of the masses of carbohydrates, crude protein, and
lipids.
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Summary

Overall, the results of the various two-phase experiments showed that
meso-meso two-phase operation seemed to be better than meso-thermo or thermo
thermo two-phase operation in terms of gas production. The meso-thermo and
the thermo-thermo two-phase processes afforded higher organic reduction, but
lower gas yields than those of the meSO-meso process. Gasification reactions
appeared to be less efficient under thermophilic conditions.

The acid digesters performed well at the 2-day and the O.8-day HkT's at
both temperatures; however, acid accumulation was higher at the thermophilic
temperature while gas production was lower compared to those at the mesophilic
temperature.

The mesophilic methane digester exhibited higher gas yields than the
thermophilic methane digester at all HRT's. Although there was evidence of
enhanced liquefaction-acidification at the thermophilic temperature, gasifica
tion of these reaction products was inefficient in a CFCSTR digester. For
overall system operation, HRT's of 1-2 days for the acid-phase and about 5-6
days for the methane-phase seemed optimum.
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SECTION 13

PROCESS COMPARISON: CFCSTR SINGLE-STAGE VERSUS CFCSTR TWO-PHASE

PROCESS COMPARISON AT A IS-DAY HRT

The performances of the single-stage CFCSTR and the two-phase CFCSTR runs
at a IS-day HRT are compared in Table 66. Both the meso-thermo and meso-meso
two-phase processes exhibited better performances than mesophilic or
thermophilic single-stage conventional high-rate digestion in terms of total
gas and methane yields and production rates, VS reduction, and conversion of
the carbohydrate fraction of VS (Figure 15). The methane yields of the meso
meso and meso-thermo two-phase processes were 82% and 34% higher than those of
the mesophilic single-stage run (IS-day HRT baseline run). Similarly, the
methane production rates from the meso-meso and meso-thermo two-phase
processes were about 77% and 47% higher than those of the single-stage
processes.

Volatile solids reductions for the single-stage and overall two-phase
systems were calculated by four different methods as explained in Table 66. It
appears that VS reductions calculated by the MOP-16 method were unrealistic
and inconsistent with the gas production data. This is probably due to the
lack of accuracy of the VS measurement procedure, particularly when alkali and
acids were added for pH control and/or sample preservation. The MOP-16 VS
reductions tended to be lower than those calculated from mass balances on
theoretical gas yields. Volatile solids reductions calculated on the bases of
carbon content of digester gas and theoretical gas yield were within 2% of
each other, and appeared to be more realistic than those obtained by the MOP
16 formula. Biodegrad~ble VS reduction were calculated to afford a more
realistic assessment of process performance. These calculations were based on
an estimated biodegradability factor of 0.58 (see Section 10).

Information presented in Table 66 and Figure 15 shows that both meso-meso
and meso-thermo two-phase systems exhibited higher VS reductions than the
single-stage systems, and that the meso-meso two-phase system had the highest
VS and organics reductions. Considering conversions of individual organic
components, proteins and lipids were degraded at higher efficiencies than
carbohydrates under all conditions except in the case of the IS-day HRT
single-stage mesophilic run where all organic components were degraded about
equally.

The meso-meso two-phase digestion run exhibited the best performance in
all respects relative to the other runs. The observed methane yield from this
run was 82% of the theoretical compared with 60%, 56% and 45% for the meso
thermo two-phase, single-stage mesophilic, and single-stage thermophilic runs,

149



TABLE 66. COMPARISON OF STEADY-STATE PERFORMANCES OF CFCSTR SINGLE
STAGE ~~ TWO-PHASE DIGESTION SYSTEMS OPERATED AT ABOUT A IS-DAY

SYSTEM HRT WITH HANOVER PARK SLUDGE

Single-stage Single-stage Meso-thermo Meso-meso
mesophilic thermophilic two-phase two-phase

Run no. SS15M SS15T TPI5M-T TP15M-M

Total gas yield, SCM/kg VS added 0.320 0.425 0.453 0.592

Methane yield, SCM/kg VS added 0.225 0.280 0.302 0.410
(24.4)a (34.2) (82.2)

Observed methane yield as:
% of theoretical yield 45.0 56.0 60.4 82.0
% of ADPT yield 70.8 88.1 95.0 128.9

Methane production rate, SCM/m3-day 0.440 0.591 0.637 0.779
(34.3 ) (46.8) (77 .0)

Methane content, mol % 70.3 66.1 66.8 69.3

Effluent volatile acids, mg/L as acetic 1037 867 26

Effluent pH 7.11 7.47 7.54 7.10

Ammonia-nitrogen, rng/L 779 1132 1249 646

Ratio of effluent bicarbonate alkalinity
to feed bicarbonate alkalinity 1.53 2.71 2.75 1.73

VS reduction, %

MOP I6
b 38.2 36.8 28.0 :H.2

~~:~::~:~_:::i::SiSd
28.8 45.9 48.5 63.4
29.1 39.4 40.9 5:;.8

Based on theoretical gas yielde 29.7 39.4 42.0 54.9
Biodegradable VS reduction f 51.2 68.0 72.4 94.7

Organic reduction, %

Crude protein 27.1 53.5 41.9 52.9
Carbohydrates 27.3 25.3 30.6 47.0
Lipids 25.1 6!l.2 66.8 75.0
l:CPLg 26.6 51.5 46.0 57.1

a Numbers in parentheses are the percentage increases in the particular performance parameter over that
of the mesophilic single-st~ge high-rate process.

b These VS reductions were calculated according to the following formula:
VSR = 100 X (VSi - VSo)/!VSi - (VSi X VSo»).

c These VS reductions were calculated according to the following formula:
VSR = 100 X (wt of product gases)/(wt of VS fed).

d These VS reductions were calculated according to the following formula:
VSR = 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

e These VS reductions are calculated by expressing the observed total gas yield as a percentage of the
theoretical gas yield of 1.078 SCM/kg VS added.

f The biodegradable VS reduction was calculated by diViding the theoretical gas-yield based VS reduction
by a biodegradability factor of 0.58.

g l:CPL means the sum of the masses of carbohydrates, crude protein, and lipids.
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Figure IS. Comparison of organic reduction efficiencies of CFCSTR
single-stage and two-phase anaerobic digestion systems.



respectively. The meso-meso two-phase process effected complete conversion of
all the biodegradable volatile solids.

PROCESS COHPARISON AT A 7-DAY HRT

Table 67 compares the performances of mesophilic and thermophilic single
stage digestion with those of thermo-thermo t meso-thermo t and meso-meso two
phase runs, all at a 7-day system HRT. The summary data show that the meso
thermo two-phase system exhibited the best performance in terms of gas yield
and VS and organic reductions. The next best performance at a 7-day HRT was
exhibited by the meso-meso two-phase process. Surprisingly, the thermo-thermo
two-phase process was worse than the meso-thermo and the meso-meso two-phase
runs. Comparison of the methane yields of methane digesters of the three two
phase systems in Table 67 shows that the gasification efficiencies of the
methane digesters were comparable when they were operated in tandem with
mesophilic acid-phase digesters; but the methane digester gas production
declined sharply when it was preceded by a thermophilic acid-phase digester.
A plausible explanation for this phenomenon is that thermophilic acid-phase
digestion products retarded acetate and/or C02-HZ conversion directly;
alternatively, acetogenic conversion of higher fatty acids and other acetate
precursors to acetate could have been inhibited.

Lipid and carbohydrate degradations were higher for two-phase digestion
than for single-stage digestion. Crude protein and lipid conversions were
enhanced under thermophilic conditions. Carbohydrate reduction seemed to be
higher at the mesophilic temperature. The efficiency of lipid conversion was
higher than those of protein and carbohydrate.

Overall t the performances of the single-stage and two-phase systems at
the 15- and 7-day HRT's were essentially similar with the exception that the
meso-meso two-phase process performed significantly ?etter at the 15-day HRT.

PROCESS COMPARISON AT A 3-DAY HRT

In contrast to system operation at HRT's of 15 and 7 days, the meso-meso
two-phase run exhibited the best performance at a 3-day system HRT (Table 68)t
although it should be noted that a meso-thermo run was not conducted at this
HRT. Both the meso-meso and thermo-thermo two-phase processes were better
than the mesophilic and thermophilic single-stage runs at this low HRT. While
protein and lipid degradations were favored at a thermophilic temperature,
carbohydrate conversion was higher than those of protein and lipids at the
mesophilic temperature.

It is noteworthy that at a 3-day HRT the methane yield of the meso-meso
two-phase process was 102% higher than that of the single-stage process; this
increase was higher than those observed at system HRT's of 7 and 15 days.
Thus, the relative advantages of two-phase digestion were more conspicuous at
the shortest HRT.
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TABLE 67. COMPARISON OF STEADY-STATE PERFORMANCES OF CFCSTR
SINGLE-STAGE AND TWO-PHASE DIGESTION SYSTEMS OPERATED AT

ABOUT A 7-DAY HRT WITH HANOVER PARK SLUDGE

Run no ..

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS added

Observed methane yield as:
% of theoretical yield
% of AD?T yield

Methane production rate, SCM/m3-day

Methane content, mol %

Effluent volatile acids, mg!L as acetic

Effluent pH

Ammonia-nitrogen, mg!L

Ratio of effluent bicarbonate alkalinity
to feed bicarbonate alkalinity

\'S feduction, %

MOPUi b
Wt-of-gas basis c

Carbon-in-gas basis d

Based on theoretical methane yielde

Blodegradable \'5 reduction f

Organic reduction, %

Crude protein
Carbohydrates
Lipids
tCPLg

Single-stage
mesophilic

SS7M

0.318

0.220

44.0
69.2

1.609

69.1

248

7.06

728

1.43

18.3
32.7
28.8
29.5
50.9

26.2
26.4
40.0
32 .4

Single stage
thermophilic

SS7T

0.373

0.253
05.0)a

50.6
79.5

1.797
01.7)

68.0

2105

7.50

1646

2.26

32.9
39.6
34.7
34.6
59.7

47.8
10.8
47.8
38.1

Thermo-thermo
two-phase

TP7T-T

0.324

0.219
(0.0)

43.8
68.9

1.358
(-15.6)

67.6

1580

7.59

33.6
29.6
30.1
51.8

Heso-thermo
two-phase

TP7H-T

0.498

0.3111
(44.6)

63.6
100.0

2.077
(29.1)

63.8

19(;u

7.57

1452

1.41

32.11
54.7
45.1
46.2
79.6

33.8
40.9
68.5
46.0

Heso-Meso
two-phase

TP7H-M

0.467

0.302
(37.3)

60.4
95.0

2.173
(35.0)

64.7

109

7.30

lU49

2.09

33.0
51.5
42.8
43.3
74.7

25.6
55.1
61.8
44.4

a Numbers in parenthesis are the ~rcentage increases in the particular performance parameter over that of the
mesophilic single-state high-rate process.

b These VS reductions were calculated according to the following formula:
VS R = 100 X (VS i - VSo)/!VSi - (VSi X VSo)]'

c These VS reductions were calculated according to the following formula:
VSR = 100 X (wt of product gases)!(wt of VS fed).

d These VS reductions were calculated according to the following formula:
VSR = 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

e These VS reductions are calculated by expressing the observed total gas yield as a precentage of the theoretical
gas yield of 1.078 SCM/kg VS added.

f The biodegradable VS reduction was calculated by dividing the theoretical gas yield based VS reduction by a
biodegradability fraction of 0.58.

g l:CPL means the sum of the masses of carbohydrates, crude protein, and lipids.
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TABLE 68. COMPARISON OF STEADY-STATE PERFORMANCES OF CFCSTR
SINGLE-STAGE AND TWO-PHASE DIGESTION SYSTEMS OPERATED AT

ABOUT A 3-DAY HRT WITH HANOVER PARK SLUDGE

Run no.

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS added

Observed methane yield as:
% of theoretical yield
% of ADPT Yield

Methane production rate, SCM/m3-day

Methane content, mol %

Effluent volatile acids, mg/L as acetic

Effluent pH

Ammonia-nitrogen, mg/L

Ratio of effluent bicarbonate alkalinity
to feed bicarbonate alkalinity

VS reduction, %

MOP l6
c

Wt-of-gas basisd

Carbon-in-gas basise

Based on theoretical gas yield f

Biodegradable VS reductiong

Organic reduction, %

Crude protein
Carbohydrates
Lipids
tCPLh

Single-stage
mesophilic

SS3~j

0.160

fJ.089

17.8
28.0

1.365

55.6

2017

6.77

1\22

1.88

13.7
19.3
14.9
14.8
25.6

23.7
44.4
16.5
27.6

Single-stage
thermophilic

553T

0.180

22.8
35.8

1.77u
(29.7)

63.3

321);

7.27

J') 51)

2.35

1':1.0
2/).2
10.7
11>.7
28.8

20.4
10.4
22.9
18.4

Thermo-thermo
two-phase

TP3T-T

0.255

0.168
(~H.8)

33.1,
52.8

2.,)fJ6
(~3.2)

1146

7.5Y

L7 .1
23.5
23 .1,

4u.1:!

/Ieso-meso
two-phasea

TP3M-M

U.305

0.180
( 111.2)

36.1)

51>.6

2.764
(lU2.5)

59.1

16~U

7. JY

lb2u

5.41

21,.5
35.5
2b.;
LH.J
~H.H

41.S
5/J .6
26.8
41.0

a This run was operated with mixed Downers Grove primary and Stickney activated sludges.

b Numbers in parenthesis are ~he percentage increases in the particular performance paramet~r over that of
the mesophilic single-stage high-rate process.

c These VS reductions were calculated accotding to the following formula:
VSR = 100 X (VS i - VSo)/[VSi - (VSi X VSo)]'

d These VS reductions were calculated according to the following formula:
VS R = 100 X (wt of product gases)/(wt of VS fed).

e These VS reductions were calculated according to the following formula:
VSR = 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

These VS reductions were calculated by expressing the observed total gas ield as a percentage of the
theoretical gas yield of 1.078 SCM/kg VS added.

g The biodegradable VS reduction was calculated by dividing the theoretical gas-yield-based VS reduction
by a biodegradability factor of 0.58.

h ICPL means the sum of the masses of carbohydrates, crude protein, and lipids.
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CHARACTERISTICS OF THERMOPHILIC DIGESTION

Examination of the data in Tables 66, 67, and 68 shows that essentially
all thermophilic systems exhibited much higher residual effluent volatile
acids than the mesophilic systems. However, acids accumulations under
thermophilic conditions were higher in the single-stage runs at HRT's of 7 and
3 days than in the two-phase runs. These observations suggested the
following:

• Volatile acids were not gasified as efficiently under thermophilic
conditions as they were at the mesophilic temperature.

• Under thermophilic conditions, the efficiency of volatile acids
conversion by two-phase digestion seemed to be higher than that by
single-stage digestion.

It was reasoned that acids accumulation under thermophilic conditions
probably occurred due to one or both of the following reasons:

• Inhibition of acetogenic bacteria and retarded conversion of higher fatty
acids and other acetate-precursors to acetate

• Inhibition of acetate-utilizing methane bacteria and retarded conversion
of acetate to methane and carbon dioxide.

The effluent volatile acids data shown in Table 69 indicated that under
similar operating conditions, the thermophilic acid digester experienced
higher accumulation of acetate, butyrate, and iso-valerate than the mesophilic
acid-phase digester, suggesting that utilization of these acids was retarded
under thermophilic fermentation conditions. It is probable that acetate
utilizing methanogens, and butyrate and valerate-uti~izing acetogens were
inhibited more during thermophilic digestion than they were during mesophilic
digestion.

The phenomenon of acids accumulation was clearly evident in the thermo
philic methane digesters of the two-phase systems (Table 70). Whereas there
was hardly any volatile acids accumulation in the mesophilic methane digester
at HRT's of 13 and 5 days, acetate, propionate, iso-butyrate, iso-valerate,
and caproate accumulated at much higher concentrations during thermophilic
metabolism. Interestingly, butyrate which tended to accumulate in the
thermophilic acid-digester did not accumulate at all in the methane digester.
Also, there was no accumulation of valerie acid in the thermophilic methane
digester. Thus, butyrate and valerate were metabolized at the higher HRT's
prevalent in the methane digester. Under thermophilic conditions propionate
accumulated in the highest concentration followed by acetate (Table 70). It
is noteworthy that accumulation of all the acids increased almost in direct
proportion to the increase in dilution rate as the HRT was decreased from 13
days to 5 days. The above observations indicated the folloWing effects of
thermophilic digestion:

• Aceticlastic gasification (acetate conversion) was retarded during acid
phase digestion at a short (2-day) HRT and during methane-phase digestion
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TABLE 69. STEADY-STATE EFFLUENT VOLATILE ACIDS CONCENTRATIONS IN
MESOPHILIC AND THERMOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE AT ABOUT A 2-DAY HRT

Hesophilic
acid-phase

Thermophilic
acid-phase

Two-phase system run no.

Feed VS concentration, gIL

Volatile acids, mglL

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

TP7N-H

49.7

721
728
109
160
136
61
31

1627

TP7M-T

50.0

892
849

27
159
147
27
32

1826

TP7T-T

51.3

994
723
215
198
465

5
31

2154

at even higher HRT's of 5 and 13 days suggesting that thermophilic
methanogens are inhibited by certain metabolite(s) of thermophilic
digestion

• Propionate-utilizing acetogens were inhibited even at a high HRT of
13 days

• Butyrate and valerate metabolism was not affected under thermophilic
conditions, but caproate conversion was affected even at a high HRT of
13 days

• Thermophilic bacferia which utilize the branch-chain fatty acids (iso
butyrate and. iso-valerate) experienced inhibition even at high HRT's

• The above inhibitory effects at the thermophilic temperature of 55°C
increased in direct proportion to the increase in dilution rate.

It is indeed true that acetate-utilizing methanogens and propionate-,
caproate-, iso-butyrate-, and iso-valerate-utilizing acetogens are inhibited
in the methane-phase digesters under thermophilic conditions, then higher
accumulations of these very acids would also be predicted for thermophilic
single-stage digesters. Data presented in Table 71 show that the experimental
observations were in total agreement with these predictions. As expected from
the above considerations, acids accumulations in the single-stage thermophilic
digester were considerably higher than those in the single-stage mesophilic
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TABLE 70. STEADY-STATE EFFLUENT VOLATILE ACIDS CONCENTRATIONS IN MESOPHILIC AND THERMOPHILIC
CFCSTR METHANE-PHASE DIGESTERS OF TWO-PHASE SYSTEMS FED WITH HANOVER PARK SLUDGE*

13-day HRT s-day HRT

Two-phase system run no.

System feed VS concentration, giL

Volatile acids, mglL

Mesophilic
methane-phase

TPlsM-M

29.5

Thermophilic
methane-phase

TP15H-T

32.3

Mesophilic
methane-phase

TP7M-M

49.7

Thermophilic
methane-phase

TP7M-T

50.0

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

20 179 63 441
8 672 29 1415
0 32 0 94
0 0 0 0
0 185 0 361
a 0 10 0
a 26 33 69

26 867 109 1900

* The acid-phase digesters of the two-phase systems were operated at 2-day HRT's.



TABLE 71.. STEADY-STATE VOLATILE ACIDS CONCENTRATIONS IN MESOPHILIC AND
THERMOPHILIC SINGLE-STAGE CFCSTR DIGESTERS OPERATED WITH HANOVER PARK SLUDGE

IS-day HRT 7-day HRT 3-day HRT

Mesophilic Thermophilic Mesophilic Thermophilic Mesophilic Thermophilic
single-stage single-stage single-stage single-stage single-stage single-stage

Run no. SS15M SS15T SS7M SSlT SS3M SS3T

Feed VS concentration, gIL 30.1 31.8 52.2 49.9 48.3 49.2

Volatile acids, mg/L.....
V!
(XI Acetic I 154 164 211 343 1045

Propionic 0 844 104 1708 1571 1379
Isobutyric 0 69 0 163 191 375
Butyric 0 3 0 0 39 321
Isovaleric 0 239 0 624 329 811
Valerie 0 8 0 0 86 32
Caproic 0 9 0 60 0 138
Total as acetic I 1037 248 2105 2017 3205

Methane yield. SCM/kg VS added 0.225 0.280 0.220 0.253 0.089 0.114

VS reduction, % 28.8 45.9 32.7 39.6 19.3 20.2

SePL reduction, % 26.6 51.5 32.4 38.1 27.6 18.4



digester, although methane yield, VS reduction, and total carbohydrate
protein-lipid (SCPL) reduction under thermophilic conditions Were
significantly higher than those of mesophilic digestion. By comparison, acid
accumulations in the thermophilic two-phase systems were significantly lower
than those in the single-stage process under comparable conditions of HRT and
feed VS concentration.

In light of the above discussions, it may be concluded that relative to
mesophilic conditions, the thermophilic temperature enhanced the hydrolysis of
the particulate matter and acidification of the hydrolysate, but retards
acetogenic conversion of propionate, branch-chain acids, and caproate as well
as acetate fermentation with the result that these metabolites accumulated in
the digester. This problem was aggravated more as the HRT of the thermophilic
digester is reduced. Volatile acids accumulation in thermophilic two-phase
anaerobic digestion systems were significantly lower than those in the single
stage thermophilic process. This indicated that the thermophilic two-phase
process promoted enhanced acetogenic and methanogenic activities than
conventional single-stage digestion.

The acid-phase digesters of the two-phase systems were operated at HRT's
of about 1.9-2.1 and 0.8-0.9 days which were expected to be lower than the
critical RRT for acetate-utilizing methanogens. Consequently, the methano
genic activity in the acid-phase digesters would be primarily attributable to
that of the hydrogen-utilizing methanogens. A concern that is worth consid
ering is whether the hydrogen-utilizing methane bacteria were also adversely
affected by thermophilic metabolites in a similar manner as the acetogens and
acetate-utilizing methanogens were impacted during thermophilic digestion.
Table 72 was prepared to elucidate this question. Considering thermophilic
and mesophilic acid-phase digestion under similar operating conditions, there
was evidence of a higher degree of acidification at the thermophilic tempera
ture. Yet, methane yield at the thermophilic temperature was less than one
half that at the mesophilic temperature. It may be inferred from these
observations that certain thermophilic sludge-degradation products could also
be inhibitory to the hydrogen-oxidizing methanogens. Alternatively, the
kinetics of methanogenic bacteria (i.e., the saturation constant) may be
strongly affected by temperature; i.e., it may be lower at thermophilic than
at mesophilic temperature.

Plausible Causes for Inhibition

It is plausible to conclude that inhibition of the acetogenic and methan
ogenic activities during thermophilic digestion was caused by carbohydrate-,
protein-, or lipid-degradation product(s). Carbohydrate degradation products
under thermophilic conditions were not expected to be inhibitory to methane
fermentation considering that cellulosic feeds reported18 digest better under
thermophilic conditions than at mesophilic temperatures. ,76 Comparison of
steady-state data included in Table 73 on mesophilic and thermophilic diges
tion of the cellulosic fraction of municipal solid waste showed that there was
no evidence of higher volatile acids accumulation during thermophilic
fermentation. 77 Thermophilic methane yield was also higher than the
mesophilic methane yield. Thus, products of thermophilic digestion of
cellulosics do not seem to have any adverse effect on the acetogenic and

159



TABLE 72. COMPARISON OF STEADY-STATE METHANE YIELDS AND EFFLUENT
VOLATILE ACIDS CONCENTRATION FROM MESOPHILIC AND THERMOPHILIC CFCSTR

ACID-PHASE DIGESTION OF HANOVER PARK SLUDGE OPERATED AT ABOUT A 2-DAY HRT

Two-phase system run no.

HRT, days

Feed VS concentration, gIL

Methane yield, SCM/kg VS added

Volatile acids, mg/L

Mesophilic Thermophilic
acid-phase acid-phase

TP7M-M TP7M-T TP7T-T

1.9 1.9 2.1

49.7 50.0 51.3

0.091 0.087 0.042

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

721
728
109
160
136

61
31

1627

892
849

27
159
147

27
32

1826

994
723
215
198
465

5
31

2154

methanogenic organisms. In view of this, and considering that carbohydrate
was degraded the least during thermophilic sludge digestion (Table 74) it may
be inferred that products of protein and lipid degradation may have been
inhibitory to thermophilic acetogens and methanogens.

Stability of Two-Phase Digestion

One major reason for digester instability is the accumulation of volatile
acids and the concomittant drop in pH, both of which are inhibitory to the
methanogens. The rate of pH drop and the magnitude of the final pH depend to
a large extent on the buffer capacity of the digester contents; digester
buffer capacity is mainly due to the bicarbonate alkalinity generated during
the digestion process. Bicarbonate alkalinity increases with increases in gas
(C02) and ammonia-nitrogen concentrations. Generally, the two-phase systems
exhibited higher CO2 and ammonia-nitrogen productions than those of the
corresponding single-stage processes. In particular, the methane phases of
the two-phase systems generated significantly higher bicarbonate alkalinities
and buffer capacities than those of the single-stage processes, and this
differential increased as the system HRT decreased (Tables 66, 67, and 68).
For example, at a IS-day system HRT, the bicarbonate alkalinity of the meso-
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TABLE 73. STEADY-STATE EFFLUENT VOLATILE ACIDS CONCENTRATIONS IN
MESOPHILIC AND THE~10PHILIC SINGLE-STAGE CFCSTR DIGESTERS OPERATED WITH THE

CELLULOSE FRACTION OF MUNICIPAL SOLID WASTE AT A 7-DAY HRT

Mesophilic Thermophilic

BRT, days 7.3 7.1 7.1

Feed VS concentration. gil 32.8 35.3 48.9

Methane yield, SCM/kg VS added 0.131 0.156 0.131

Volatile acids, mg/L

Acetic 30 31 12
Propionic 360 132 124
Isobutyric 0 0 0
Butyric 0 0 1
Isovaleric 0 0 0
Valerie 0 3 14
Caproic 0 0 18
Total as acetic 330 139 130

TABLE 74. PROTEIN, CARBOHYDRATE, AND LIPIO CONVhRSIONS AT
STEADY-STATE IN THERMOPHILIC CFCSTR METHANE-PHASE DIGESTERS

FED WITH HANOVER PARK SEWAGE SLUDGE

Two-phase system run no.

,
Methane-phase HRT, days

Feed VS concentration, giL

Reduction of organic components, %

Crude protein
Carbohydrates
Lipids
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TP15M-T

13.0

32.3

33.4
8.1

64.1

TP7M-T

5.5

50.0

27.9
10.5
63.9



meso two-phase system was 73% higher than the feed compared to a 53% increase
for the single-stage process (Table 66). The corresponding increases at a 7
day HRT were 109% and 43%. At the very short system HRT of 3 days the
bicarbonate alkalinity of the two-phase process increased by 441% compared
with only 88% in the single-stage process. It is well accepted that the
higher the buffer capacity of the culture the less vulnerable is the
methanogenic culture to volatile acids accumulation and the more stable is the
overall digestion process. The two-phase digestion process is more stable,
and therefore, more reliable than single-stage digestion because a higher
buffer capacity is maintained in the separated methane phase. The enhanced
stability of the two-phase process relative to single-stage digestion
increased by larger and larger amounts as the system HRT was decreased from 15
to 7 to 3 days.
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SECTION 14

PERFORMANCE OF ACID-PHASE RUNS: PARAMETRIC-EFFECT STUDIES

EXPERIMENTAL RUNS

Six mesophilic and six thermophilic acid-phase runs were conducted with
Hanover Park sewage sludge at HRT's of 2.0-2.4 and 1.3-1.5 days and at pH's of
7.0-7.1, 6.0-6.2, 5.5, and 5 (Table 75). Sodium hydroxide was used to control
the pH at 7, whereas hydrochloric acid was used to control the pH at 6 or
lower. All runs were conducted for a minimum duration of four HRT's. Most
runs continued for a duration of about 10 HRT's. The maximum variability
(coefficient of variation) of the culture pH and temperature were 4%. The
variability of the digester HRT was between 2% and 13%. All runs were
conducted with feed VS concentrations ranging between 46 and 54 giL with an
average concentration of about 50 giL, which was the target VS consistency.

MESOPHILIC ACID-PHASE RUNS

pH Effects at a Two-Day HRT

The effects of pH on mesophilic acid-phase digester performance with
Hanover Park sewage sludge feed are apparent from the data presented in
Tables 76 through 78 and Figure 16. Consideration of the gas production and
volatile acids production data shows that the optimum pH for acid-phase
digestion of the feed sludge was between about 5.S and 6.2. At an HRT of
2 days, protein and lipids reductions were 18% and 23% higher at a pH 5 than
they were at pH 7; however, total carbohydrate reduction at pH's 7 and 5 were
the same.

Hydrogen gas was not detected in any of the runs; consequently, inhibi
tion of acetogenic organisms probably did not occur. Keduction of the total
mass of carbohydrate-~rotein-lipid(ECPL) was higher at pH 5 than at pH 7.

pH Effects at an HRT of 1.3 Days

Data presented in Tables 79, 80, and 81 show that at an HRT of 1.3 days,
acid-phase digester performance at pH 5 was worse than that at pH 7 when
compared in terms of gas and volatile acids productions; and protein, carbo
hydrate and lipid reductions. These observations were opposite of those made
during acid digester operation at a 2-day HRT. Apparently, a combination of
low pH and low HRT adversely affected acid-phase digestion of sewage sludge
under mesophilic conditions.
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TABLE 75. ACTUAL STEADY-STATE OPERATING CONDITIONS FOR PARAMETRIC-EFFECTS
CFCSTR ACID-PHASE DIGESTERS FED WITH HANOVER PARK SLUDGE*

Total run Steady-state Culture Mean Mean Mean loading Feed Feed
Digester duration, duration, temperature, culture HRT, rate total solids volatile solids

Run no. no. days days °c pH days kg VS/mj-day concentration, gIL concentration, gIL

Mesophilic

AP2M7 334 63 40 35.1 6.99 2.1 23.43 69.8 48.3
(I )** (3) (12) (11)

AP2M6 334 20 20 35.7 6.17 2.4 22.20 65.3 52.4
(1) (4) (20) (25)

AP2M5.5 334 9 9 35.8 5.47 2.2 23.40 65.5 50.3
(1) (2) (6) (6)

AP2M5 334 13 13 35.5 5.02 2.1 24.62 67.3 51.5
(1) (1) (5) (5)

API.3M7 334 30 22 35.2 69.6 1.3 34.08 60.1 46.0
(1) (4) (10) (10)

I-
0- API.3f15 334 13 12 3';.7 5.04 1.5 32.76 68.4 48.5
~ (1) (2) (10) (10)

Thermophlic

AP2T7 335 98 79 54.3 7.08 2.1 25.48 76.1 52.8
(3) (2) (13) (12)

AP2T6 335 11 9 56.4 5.95 2.1 24.25 65.5 50.0
(2) (3) (2) (2)

AP2T5.5 335 18 17 54.4 5.53 2.0 26.13 69.2 53.6
(4) (2) (16) (21)

AP2T'; 335 20 11 54.8 5.07 2.1 24.03 65.3 50.0
(1) (2) (3) (3)

APl.3T7 335 56 39 55.4 7.04 1.3 36.02 62.7 47.9
(1) (1) (7) (12)

AP1.3T5 335 15 14 55.2 4.99 1.3 38.74 67.5 51.1
(1) (2) (7) (6)

* Data reported are the means of all data collected during the steady-state period. Batch numbers for the various runs are shown in Appendix Table F-l.

** Numbers in parentheses are the coefficients of variation, expressed as the percent ratio of standard deviation to the mean.



TABLE 76. EFFECT OF pH ON STEADY-STATE GAS PRODUCTIONS FROM MESOPHILIC
CFCSTR ACID-PHASE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE AT AHOUT

A 2-DAY HRTa

Culture pH

Run no.

Operation

Feed VS concentration,b mg/L
BRT, days
Loading, kg VS/m3-day
pH-control chemical (2.5N)
pH-control dosage, meq/L feed

Performance

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS added

Gas composition, mol %
Hydrogen
Methane
Carbon Dioxide
Nitrogen

Total gas production rate,
SCM/m3-day

Methane production rate,
SCM/m3-day

7.0

AP2M7

48,270
2.1

23.43
NaOH
32.9

0.049
(22)C
0.035

(21)

71.4
27.0
1.6

1.124
(17)

0.804
(17)

AP2M6

52,390
2.4

22.20
HCl

23.4

0.133
(14)

0.071
(14)

53.2
46.6
0.2

2.887
(13)

1.542
(16)

5.5

AP2M5.5

50,310
2.2

23.40
Hel

46.(J

0.093
(12)

0.048
(12)

51.7
48.0
0.3

2.166
( 8)

1.12.U
(8)

5.0

AP2H5

51,460
2.1

24.62
HCI

80.9

0.058
(23)

0.029
(24)

0.0
5U.1
4'1.2
0.7

1.424
(21)

0.713
(23)

a Data reported are means of all data collected during the steady-state
portion of the run.

b Feed VS concentrations are the weighted averages of the various feed slurry
concentrations.

c Numbers in parentheses are the coefficients of variation, expressed as the
percent ratio of the standard deviation to the mean.
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TABLE 77. EFFECT OF pH ON STEADY-STATE EFFLUENT QUALITITES OF MESOPHILIC
CFCSTR ACID-PHASE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE AT

ABOUT A 2-DAY HRT*

Culture pH

Run no.

Alkalinities, mg/L as CaC03

Total
Bicarbonate

7.0

AP2M7

8160
6963

6.2

AP2M6

5.5

AP2M5.5

5.0

AP2M5

2520
13

Volatile acids, mg/L

Acidic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg/L

662 1145 1465 1087
646 1113 1223 740
100 128 160 176
118 335 547 524
195 271 1002 93:l

13 109 185 282
2 11 39 5

1457 2592 3657 2880

3 ° 0 79

Nitrogen, mg/L

Ammonia-N
Organic-N

Chemical oxygen demand, mg/L

Total
Filtrate

Solids, mg/L

TS
VS

TSS
VSS

Organic components, mg/L

Crude protein
Carbohydrates
Lipids

505
1638

68,480
5064

62,120
39,650

55,080
40,280

10,238
7851

14,444

923
2150

59,290
44,590

13,438
10,561
10, Y81:s

* Data reported are means of one or more determinations made during
steady-state period.
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TABLE 78. EFFECT OF pH ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES
OF MESOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE AT ABOUT A 2-DAY HRTa

Culture pH

Run no.

VS reduction, %

MOP 16 b
Wt-of-gas basisc

VSS reduction

COD (total) reduction, %

Organic component reduction, %

Crude protein
Carbohydrates
Lipids
ECPLd

7.0

AP2M7

15.3
5.2

11.8

11.9

20.0
9.3

21.7
18.4

6.2

AP2M6

16.0

5.5

APZM5.5

11.6

5.U

AP2H5

5.2
3.5

24.7
9.4

27.2
21.6

a Data reported are means of one or more determinations made during
steady-state period.

b These VS reductions were calculated according to the folloWing formula:
VS R = 100 X (VSiO - VSo)/[VSi - (VSi X VSo»)'

c These VS reductions were calculated according the following formula:
VSR = 100 X (wt of product gases)/(wt of VS fed).

d ECPL means the sum of'the masses of carbohydrates, crude protein, and
lipids.

HRT Effect

Comparing mesophilic acid-digester performances at pH 7 at HRTts of 2.0
and 1.3 days, gas and volatile acids productions, and protein, carbohydrate
and lipid reductions were significantly higher than at the lower HRT
(Table 82). Similar comparison of acid-phase digester performances at pH 5
showed that whereas gas and acid productions at HRTts of 2.0 and 1.3 days were
about the same, protein and lipid reductions were lower at .the lower HRT
(Table 83); carbohydrate conversion at 1.3-day HRT, however, was higher than
that at a 2-day HRT.
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Figure 16. Effect of pH on mesophilic acid-phase digestion of Hanover
Park sewage sludge at an HRT of about 2.2 days and a loading

rate of about 23 kg VS/m3-day.
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TABLE 79. EFFECT OF pH ON STEADY-STATE GAS PRODUCTIONS FROM MESOPHILIC
CFCSTR ACID-PHASE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE

AT ABOUT A 1.3-DAY HRTa

Culture pH

Run no.

Operation

Feed VS concentration,b mg/L
HRT, days
Loading, kg VS/m3-day
pH-control chemical (2.5N)
pH-control dosage, meq/L feed

Performance

Total gas yield, SCM/kg VS added

Methane Yield, SCM/kg VS added

Gas composition, mol %
Hydrogen
Methane
Carbon dioxide
Nitrogen

Total gas production rate,
SCH/m3-day

Methane production rate,
SCM/m3-day

7.0

AP1.3M7

46,OUO
1.3

34.0~

NaOH
69.2

0.085
(l2)C

0.056
(16)

65.3
34.1
0.6

2.889
( 9)

1.891
(15)

5.0

AP1.3M.5

48,49U
1.5

32.76
HCI

52.8

0.Ob2
(23)

0.031
(19)

0.04
50.3
48.9
0.8

2.075
(15)

1.046
(12)

a Data reported are means of all data collected during the steady
state portion of the run.

b Feed VS concentrations are the weighted averages of the various
feed slurry concentrations.

C Numbers in parentheses are the coefficients of variation,
expressed as the percent ratio of the standard deviation to the
mean.
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TABLE 80. EFFECT OF pH ON STEADY-STATE EFFLUENT QUALITIES OF
MESOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED WITH

HANOVER PARK SLUDGE AT ABOUT A 1.3-DAY HRT

Run no.

Culture pH

Alkalinities, mg/L as CaC03
Total
Bicarbonate

AP1.3M7

7.0

7950
4116

AP1.3M5

5.0

5660
3872

Volatile acids, mg/L

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg/L

2498 1140
1641 963

258 148
536 565
382 485

91 317
0 22

4648 2889

0 22

Nitrogen, mg/L

Ammonia-N
Organic-N

Chemical oxygen demand, mg/L

Total
Filtrate

Solids, mg/L

TS
VS

TSS
VSS

Organic components, mg/L

Crude protein
Carbohydrates
Lipids

1008
1916

75,480
8973

51,060
35,410

38,370
31,620

11,975
7114
9202

757
2084

60,890
43,200

13,025
10,849

9176

* Data reported are means of one o~ more determinations made
during the steady-state period.
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TABLE 81. EFFECT OF pH ON STEADY-STATE ORGANIC REDUCTION
EFFICIENCIES OF MESOPHILIC CFCSTR DIGESTERS OPERATED WITH

HANOVER PARK SLUDGE AT ABOUT A 1.3-DAY HRTa

Run no.

Culture pH

VS reduction t %

MOP 16
b

Wt-of-gas basisc

VSS reduction

COD (total) reduction, %

Organic reductions, %

Crude protein
Carbohydrates
Lipids
ECPLd

AP1.3M7

7.0

27.4
9.6

19.3

7.S

24.6
42.1
21.4
29.0

AP1.3MS

S.O

0.0
8.1

10 .8
20.4
6.6

13.2

I

a Data reported are means of one or more determinations made
during the steady-state period.

b These VS reductions were calculated according to the
following formula:
VSR = 100 X (VSi - VSo)/[VSi - (VSi X VSo)].

c These VS reductions were calculated according to the
following formula:

VSR = 100 X(wt of product gases)/(wt of VS fed).

d ECPL means the 'sum of the masses of carbohydrates t crude
protein, and lipids.

THERMOPHILIC ACID-PHASE RUNS

pH Effects at a Two-Day HRT

Tables 84 t 8S t 86 and Figure 17 present experimental data collected to
delineate the effects of pH on thermophilic acid-phase digestion of Hanover
Park sewage sludge at an HRT of 2 days. ApparentlYt optimum thermophilic acid
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TABLE 82. COMPARISON OF STEADY-STATE PERFORMANCES OF
MESOPHILIC AND THERMOPHILIC ACID-PHASE DIGESTERS

OPERATED WITH HANOVER PARK SLUDGE AT pH 7

HRT, days

Run no.

Culture temperature

NaOH dosage, meq/L feed

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS-day

Methane content, mol %

Total gas production rate, SCM/m3-day

Effluent volatile acids, mg/L as acetic

vs reduction, %

MOP 16
a

Wt-of-gas basisb
Carbon-in-gas basisc

VSS reduction, %

COD (total) reduction, %

Organic reduction, %

Crude protein
Carbohydrates
Lipids
I:CPLd

2

AP2M7

Mesophilic

32.9

0.049

0.035

71.4

1.124

1457

15.3
5.2
4.4

11.8

11.9

20.0
9.3

21.7
18.4

2

AP2T7

Thermophilic

30.5

0.014

0.008

58.6

0.345

3220

3.7
1.6
1.2

2.8

1.8

42.2
48.9
31.1
40.6

1.3

AP1.3M7

Mesophilic

69.2

0.085

0.056

65.3

2.889

4648

27.4
9.6
7.9

19.3

7.5

24.6
42.1
21.4
29.0

1.3

APl.3T7

Thermophilic

17 .6

0.046

0.026

57.2

1.615

4184

5.9
5.9
4.2

17.2

10.5

34.4
22.8
15.2
25.2

a These VS reductions were calculated according to the following formula:
VSR - 100 X (VSi - VSo)/IVSi - (VSi X VSo)]'

b These VS reductions were calculated according to the following formula:
VSR - 100 X (wt of product gases)/(wt of VS fed).

c These VS reductions were calculated according to the following formula:
VSR - 100 X (1.84 X wt of carbon in product gas)/(wt of VS fed).

d I:CPL means the sum of the masses of carbohydrates, crude protein, and lipids.
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TABLE 83. COMPARISON OF STEADY-STATE PERFORMANCES OF
MESOPHILIC AND THERMOPHILIC ACID-PHASE DIGESTERS

OPERATED WITH HANOVER PARK SLUDGE AT pH 5

HRT, days

Run no.

Culture temperature

HCI dosage, meq/L feed

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS-day

Methane content, mol %

Total gas production rate, SCM/m3-day

Effluent volatile acids, mg/L as acetic

VS reduction, %

MOP16 a

Wt-of-gas basisb

Carbon-in-gas basis c

Organic reduction, %

Crude protein
Carbohydrates
Lipids
rCPLd

2

AP2M5

Mesophilic

80.9

0.058

0.029

50.1

1.424

2880

5.2
3.5
5.4

24.7
9.4

27.2
21.6

2

AP2T5

Thermophilic

69.5

0.031

0.015

49.1

0.745

3494

7.1
4.0
2.8

22.9
13.8
28.0
22.2

1.3

APl.3M5

Mesophilic

52.8

0.062

0.031

50.3

2.075

2889

0.0
8.1
5.9

10.8
20.4
6.6

13.2

1.3

APl.3T5

Thermophilic

58.3

0.017

0.009

50.6

0.663

3222

4.8
2.2
1.5

17 .0
8.4

23.0
16.8

a These VS reductions were calculated according to the following formula:
VSR = 100 X (VS i - VSo)/lVS{ - (VS i X VSo )]'

b These VS reductions were calculated according to the following formula:
VSR = 100 X (we of product gases)/(we of VS fed).

c These VS reductions were calculated according to the following formula:
VSR - 100 X (1.84 X wt of carbon in product gas)/(we of VS fed).

d tCPL means the sum of the masses of carbohydrates, crude protein, and lipids.
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TABLE 84. EFFECT OF pH ON STEADY-STATE GAS PRODUCTIONS FROM
THERMOPHILIC CFGSTR ACID-PHASE DIGESTERS OPERATED WITH HANOVER PARK

SLUDGE AT ABOUT A 2-DAY HRTa

Culture pH

Run no.

Operation

Feed VS concentration,b mg/L
HRT, days
Loading, kg VS/m3-day
pH-control chemical (2.5N)
pH-control dosage, meq/L feed

Performane

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS added

Gas composition, mol %
Hydrogen
Methane
Carbon dioxide
Nitrogen

Total gas production rate,
SCM/m3-day

Methane production rate,
SCM/m3-day .

7.1

AP2T7

52,750
2.1

25.48
NaOH
30.5

0.014
(24)C
0.008

(22)

58.6
38.6

2.8

0.345
(22)

0.202
(20)

6.0

AP2T6

49,960
2.1

24.25
HCl

33.2

0.052
(9)

0.024
(13)

46.0
53.2
0.8

1.251
(9)

0.575
(l2)

5.5

AP2T5.5

53,560
2.0

26.13
HCI

58.6

0.024
(21)

0.009
(40)

38.4
57.7
3.9

0.499
(25)

0.230
(37)

5.1

AP2T5

49,9~O

2.1
24.03

HCI
69.5

0.031
(11)

0.015
( 11)

O.L
49.1
49.2
1.5

0.745
(10)

0.366
(10)

a Data reported are means of all data collected during the steady-state
portion of the run.

b Feed VS concentrations are the weighted averages of the various feed slurry
concentrations.

c Numbers in parentheses are the coefficients of variation, expressed as the
percent ratio of the standard deviation to the mean.
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TABLE 85. EFFECT OF pH ON STEADY-STATE EFFLUENT QUALITIES
OF THERMOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE AT ABOUT A 2-DAY HRT*

Culture pH

Run no.

Alkalinities, mg/L as CaGO)

Total
Bicarbonate

7.1

AP2T7

8900
5680

6.0

AP2T6

5.5

AP2T5.5

5.1

AP2T5

3000
1255

Volatile acids, mg/L

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg/L

1445 2171 1944 1976
986 1219 1229 845
336 326 220 177
461 580 833 376
686 652 412 734

50 89 144 43
0 24 19 1

3220 4223 39~4 3494

11 0 24 86

Nitrogen, mg/L

Ammonia-N
Organic-N

Chemical oxygen demand, mg/L

Total
Filtrate

Solids, mg/L

TS
VS

TSS
VSS

Organic components, mg/L

Crude protein
Carbohydrates
Lipids

980
1370

81,120
10,820

72,245
49,745

67,030
46,430

7870
6934
9735

959
2204

57,710
43,260

13,775
9943

10,539

* Data reported are means of one or more determinations made during the
steady-state period.
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TABLE 86. EFFECT OF pH ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES
OF THERMOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE AT ABOUT A 2-DAY HRTa

Culture pH

Run no.

VS reduction, %

~10P16b
Wt-of-gas basisc

VSS reduction

COD (total) reduction, %

Organic component reduction, %

Crude protein
Carbohydrates
Lipids
I:CPLd

7.1

AP2T7

3.7
1.6

2.8

1.8

42.2
48.9
31.1
40.6

6.0

AP2T6

7.0

5.5

AP2TS.S

3.1

5.1

AP2T5

7.1
4.0

22.9
13.8
28.0
22.2

a Data reported are means of one or more determinations made during steady
state period.

b These VS reductions were calculated according to the following formula:
VS R = 100 X (VSiO - VSo)/[VSi - (VSi X VSo)]'

c These VS reductions were calculated according the following formula:
VSR = 100 X (wt of product gases)/(wt of VS fed).

d tCPL means the sum ~f the masses of carbohydrates, crude protein, and
lipids.
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Figure 17. Effect of pH on thermophilic acid-phase digestion of
Hanover Park sewage sludge at an HRT of about 2.1 days and a

loading rate of about 25 kg VS/m3-day.
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digester performance was obtained at a pH of 6. Protein, carbohydrate, and
lipid degradations were higher at pH 7 than at pH 5; volatile acids production
at these two pH's were about the same. The depresse~ hydrolytic activities at
pH 5 may have resulted due to the presence of hydrogen in the gas phase at pH
5. The presence of hydrogen indicated that the production of this gas was
greater than its removal by the hydrogen-utilizing methanogens. This
observation could be indicative of the fact that hydrogen-oxidizing
thermophilic methane bacteria are inhibited at pH 5.

Crude protein and carbohydrate reduction were much lower at pH 5 than
they were at pH 7; however, lipid degradation were about the same at these two
pH's.

pH Effect at an HRT of 1.3 Days

Data reported in Tables 87, 88, and 89 show that at a 1.3-day HRT gas and
methane production at pH 5 were significantly lower than those at pH 7. These
results suggest that the activities of the syntrophic methane formers were
depressed under thermophilic conditions at a pH of 5. The presence of
hydrogen in the gas phase at pH 5 attests to this hypothesis.

Table 88 indicates that protein, carbohydrate, and SCPL reductions were
lower, but lipid conversion was higher at pH 5 than they were at pH 7.
Volatile acids production at pH 7 was significantly greater than that at pH 5.

HRT Effect

Comparing thermophilic acid-digester performances at pH 7 at HRT's of 2.0
and 1.3 days, gas and volatile acids productions were higher at 1.3 days,
although organic reductions were lower at the lower HRT (Table 82). Similar
comparison at pH 5 showed that the thermophilic acid-digester performance
deteriorated significantly when the HRT was decreased from 2.0 to 1.3 days
(Table 83). At pH 5 gas and volatile acids productions and organic reductions
were lower at a 1.3-day HRT than they were at a 2-day HRT.

EFFECT OF TEMPERATURE ON ACID-PHASE DIGESTION

Consideration of data presented in Tables 82 and 83 indicated that at a
2-day HRT, the thermophilic acid digester exhibited higher liquefaction
acidification efficiency than the mesophilic acid digester at both pH 7 and pH
5. The same was also true at an HRT of 1.3 days at pH 5, but not at pH 7. At
pH 7 and a 1.3-day HRT the mesophilic acid digester exhibited slightly higher
volatile acid production, and carbohydrate and lipid reductions than the
thermophilic acid digester. It is noteworthy that gas and methane productions
from the thermophilic acid digester were lower than those of the mesophilic
acid digester under all operating conditions. Thus, the activities of the
thermophilic syntrophic methanogens were considerably lower than those of
their mesophilic counterparts. It is speculated that thermophilic metabolites
of sludge organics could be instrumental in depressing the activities of the
syntrophic methanogens.
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TABLE 87. EFFECT OF pH ON STEADY-STATE GAS PRODUCTIONS
FROM THERMOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED

WITH HANOVER PARK SLUDGE AT ABOUT A l.3-DAY HRTa

Culture pH

Run no.

Operation

Feed VS concentration,b mg/L
HRT, days
Loading, kg VS/m3-day
pH-control chemical (2.5N)
pH-control dosage, meq/L feed

Performance

Total gas yield, SCM/kg VS added

Methane yield, SCM/kg VS added

Gas composition, mol %
Hydrogen
Hethane
Carbon dioxide
Nitrogen

Total gas production rate,
SCN/m3-day

Methane production rate,
SCM/m3-day .

7.0

APl.3T7

47,900
1.3

36.02
NaOH
17.6

0.046
(24)C
0.026

(25)

57.2
41.8
1.0

1.615
(IS)

0.923
(16)

5.U

APl.3T5

51,140
1.3

38.74
HCl

58.3

0.U17
(13)

0.009
(14)

U.4
50.6
45.6
2.4

0.664
(14)

0.335
(14)

a Data reported are means of all data collected during the steady-state
portion of the run.

b Feed VS concentrations are the weighted averages of the various feed
slurry concentrations.

c Numbers in parentheses are the coefficients of variation, expressed
as the percent ratio of the standard deviation to the mean.
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TABLE 88. EFFECT OF pH ON STEADY-STATE EFFLUENT QUALITIES OF
THERMOPHILIC CFCSTR ACID-PHASE DIGESTERS OPERATED WITH

HANOVER PARK SLUDGE AT ABOUT A 1.3-DAY HRT*

Culture pH

Run no.

Alkalinities t mg/L as CaC03
Total
Bicarbonate

Volatile acids t mg/L

Acetic
Propionic
Isobutyric
Butyric
Isovaleric
Valerie
Caproic
Total as acetic

Ethanol, mg/L

Nitrogen, mg/L

Ammonia-N
Organic-N

Chemical oxygen demand t mg/L

Total
Filtrate

Solids, mg/L

TS
VS

TSS
VSS

Organic components, mg/L

Crude protein
Carbohydrates
Lipids

7.0

APl.3T7

8625
5079

1756
1306
416
689
984
66

°4184

o

1308
1582

68,400
10,070

53,410
40,340

36,910
30 t 400

9885
9036
9451

5.0

APl.3T5

4~15

22'1.7

1946
7ti6
162
405
312
101

H5
3222

85

916
2398

60,860
45,170

14,9ti~

10,595
11 ,466

* Data reported are means of one or more determinations made
during the steady-state period.
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TABLE 89. EFFECT OF pH ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES
OF THERMOPHILIC CFCSTR DIGESTERS OPERATED WITH HANOVER PARK SLUDGE

AT ABOUT AI. 3-DAY HRTa

Culture pH

Run no.

VS reduction, %

MOP 16
b

Wt-of-gas basisc

VSS reduction

COD (total) reduction, %

Organic reductions, %

Crude protein
Carbohydrates
Lipids
I:CPLd

7.0

AP1.3T7

5.9
5.9

17.2

10.5

34.4
22.8
15.2
25.2

5.0

AP1.3T5

4.8
2.2

17.0
8.4

23.0
16.8

a Data reported are means of one or more determinations
made during the steady-state period.

b These VS reductions were calculated according to the
following formula:
VSR = 100 X (VSi - VSo)/[VSi - (VSi X VSo)].

c These VS reductions were calculated according to the
following ,formula:

VSR = 100 X (wt of product gases)/(wt of VS fed).

d ECPL means the sum of the masses of carbohydrates, crude
protein, and lipids.

ANALYSIS OF VARIANCE AND STATISTICAL INFERENCE

As mentioned in a previous section, the acid-phase parametric-effect
studies were conducted according to a factorial experiment design to explore
the effect of the control (or treatment) variables (or factors) of culture
temperature, pH, and HRT on such observable response variables or variates as
gas yield, gas production rate, volatile acid production, and reductions of
major organic components (e.g., carbohydrates, proteins and lipids) at steady
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state. Temperature was set at levels of 35°C and 55°C, pH at 5 and 6, and HRT
at 2 days and 1.3 days. There were eight treatments (or runs), each at a
different combination of the control variables. Two to 12 replicates of each
variate at steady state were considered for each run. The results of analysis
of variance (ANOVA) of the steady-state acid-phase digestion data are shown in
Tables 90 and 91. The ANOVA results may be interpreted as follows:

• The culture pH appeared to have a strong effect on carbohydrate, crude
protein, lipid, and ECPL (sum of the carbohydrate, protein and lipid
masses) reduction efficiencies almost regardless of the levels of the
other variables (temperature and HRT in this case). The effect of
increasing the culture pH from 5 to 7 was to increase carbohydrate,
protein, lipid and ECPL reductions by about 19, 14, 14 and 23 percentage
points, respectively. It should be noted, however, that the above ANOVA
analysis does not identify the existence of a probable optimum pH lying
between the values of 5 and 7.

• Increases in culture temperature and digester HRT both tended to increase
carbohydrate reduction; however, the effects of these two control
variables cannot be viewed independently because of the large interaction
effect.

• Increase in HRT tended to increase protein reduction, but the HRT effect
was influenced strongly by the culture pH.

• Temperature had no significant effect on lipid reduction.

• Increase in HRT from 1.3 to 2 days increased lipid reduction by about 13
percentage points. The HRT effect was not influenced by pH or
temperature.

• Increases in temperature and HRT increased ECPL reduction, but effects of
these control variables cannot be separated.

• The digester HRT, temperature, and culture pH, each independently
influenced the acid-digester gas yield. The gas yield decreased as the
digester HRT and culture temperature increased, and it increased as the
culture pH was iQcreased.

• The digester temperature independently acted on the acid-phase gas pro
duction rate, which decreased substantially (by 1.04 vol/culture vol-day)
as the temperature was increased from 35°C to 55°C.

could not be
However, an

On the other

• The effects of pH and HRT on acid-digester gas production
separated because of the large pH-HRT interaction effect.
increase in pH tended to increase the gas production rate.
hand, an increase in HRT decreased gas production rate.

• An increase in HRT increased the methane content of the acid-digester
gas, regardless of the levels of pH and temperature. Increases in pH and
temperature seemed to have 'the effect of increasing the methane content,
but the effects of these variables cannot be viewed separately.
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TABLE 90. RESULTS OF ANALYSIS OF VARIANCE (ANOVA) OF ACID-PHASE DIGESTION STEADY-STATE DATA
TO ASSESS THE EFFECTS OF THE CONTROL VARIABLES OF CULTURE TEMPERATURE, pH,

AND HRT ON REDUCTIONS OF CARBOHYDRATES, PROTEIN, AND LIPIDS

Source of $um of LJeo~reec; of Mp:ln Computvd f-('r1tt(Al Cuot rol Matn 95% ('onf idE'T1C"e Interaction 95% confidlnce
Response variable variance squares fr~edom square F 1"( = O.O'j var1a.ble efft'cts I1mits* Interactions effect 11m! tB

Carbohydrate reduction, % t'pan 871n.66 I Temp, "c 11.47 5.U6 to 17 .88 Temp-pH 7.60 1.19 to 14.01
Treatmemtc; 4699.13 7 b71.10 pH 19.48 13.07 to 2S.89 Temp-HRT 18.98 12.57 to 25.39

Error 437.90 11 39.HI 16.86 1.01 URT I day.; 6.11 -0.n9 to 12.72 pH-HRT 1.40 -5.00 to 7.81

.-. Protein reduction, % Mean 9818.1l9 Temp, °c 11.30 9.511 to 11.11 Temp-pH 6.05 4.24 to 7.86
00 TreatmentCJ 1204.40 172.11'" pll 13.92 12.11 to I S.73 Temp-HRT -0.02 -1.83 to 1.78
W Error 15. J(I 2.16 79.7ij 1.79 IIRT I daye; 7.68 5.87 to 9.49 pH-HRT -5.71 -7.52 to -3.90

Lipid reduction. % Mean 5572.3> Temp, 'c 1.43 -2.88 to 5.73 Temp-pH -4.80 -9. J 1 to -0.49
Treatments SOO.()/f 71.43 pH 14.17 9.87 to 18.48 Temp-IIRT 5.50 1.20 to 9.81

Error 1 S.68 ';.21 13.67 8.89 flRT I days 13.16 8.8> to 17.46 pH-HRT 3.85 -0.45 to 8.16

ICPL t redurtlon. % Mean n,397.30 1 TpTTlp, °c 11.67 10.90 to 12.44 Temp-pH 4.48 3.71 to 5.25
Treatments 4099.62 7 >8S.66 pH 21.111 22. >4 to 24.07 Temr-HRT 15.59 14.82 to 16.36

Error 79.h2 '<3 1.85 1I 6.29 2.24 HRT, days 17.84 17 .07 to 18.60 pH-HRT 6.22 5.45 to 6.98

., If zero is contained within the confiden('e interval, it indi(""t~o:;. that thE" effe«·t is not ~ignific;mt At the ')% levE'l.

r l:CPL means the sum of the masses of carhohydrate, crude protein, and 1tp1ds.

Reproduced from
best available copy.



TABLE 91. RESULTS OF ANALYSIS OF VARIANCE (ANOVA) OF ACID-PHASE DIGESTION STEADY-STATE
DATA TO ASSESS THE EFFECTS OF THE CONTROL VARIABLES OF CULTURE TEMPERATURE. pH. AND

HYDRAULIC RESIDENCE TIME (HRT) ON TOTAL GAS YIELD. GAS PRODUCTION RATE, AND METHANE CONTENT

* If zero i8 contained within the confidence interv81. it indicates that the effect is not significant at the 5% level.



• Increases in temperature, pH and HRT increased volatile acids productions
by acid-phase digestion, but the independent effects of these variables
cannot be ascertained separately.

The above interpretations of the ANOVA analysis suggested that enhanced
hydrolysis of the major organic components of sludge may not be achieved at
the lower pH, HRT, and temperature of 5, 1.3 days, and 35°C, respectively.
The analysis also suggested that the acidification process, which follows
hydrolysis, was also not the most efficient at pH 5, 35°C, and a 1.3-day
HRT. According to the ANOVA results, hydrolysis and acidification
efficiencies were higher at the thermophilic temperature and at a pH higher
than 5. This is in agreement with discussions presented in the earlier
sections which indicated that a pH of about 6 would be optimum for these
reactions; this pH appeared to be optimum also for maximized gas production
rate and gas yield. The statistical analysis indicated that a thermophilic
temperature and a pH 5 decreased gas yield and gas production rate; this
inference suggested that the syntrophic methane formers were probably
inhibited under these operating conditions. Similar conclusions were also
drawn from the results of the single-stage CFCSTR and two phase digestion
studies.
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SECTION 15

ADVANCED TWO-PHASE DIGESTION TESTS: APPLIED STUDIES

TWO-PHASE PROCESS IMPROVEMENT WITH NOVEL UPFLOW REACTORS

As discussed in detail in Section 4 of this report, the application of a
high-SRT reactor -- that is, a reactor in which the SRT is considerably longer
than the HRT -- has the effect of significantly enhancing the substrate con
version efficiency relative to that achieved with a CFCSTR digestion reactor
in which SRT equals HRT. It is also important to note that there are only a
few anaerobic reactor designs which can promote efficient digestion of
particulate solids and simultaneously effect prolonged retention of microbial
and substrate solids to exhibit high SRT's. Bioreactors that provide
efficient solids retention may also experience short-circuiting, creation of
dead zones, and accumulation of unreacted solids. Thus, the benefits of
having high SRT's could be readily neutralized by the detrimental effects of
short-circuiting, dead zoneS t and the accumulation of biologically inert
solids if an appropriate reactor design is not utilized. Since little work
has been done on characterizing novel reactor performance, guidelines for the
design of appropriate high-SRT reactors for acid- and methane-phase digestion
of wastewater sludge were not available. Consequently, the reactor develop
ment approach utilized in the applied studies was an empirical one and
involved the design t construction t and testing of an innovative biodigester
that incorporated structural and operating features ~hich were expected to
promote solids retention t and to exhibit higher sludge stabilization
efficiencies than the CFCSTR digester.

The innovative digesters utilized in the applied studies were of the
upflow type. This particular type of bioreactor was used for acid- and
methane-phase digestion of a difficult-to-treat wastewater sludge in a
previous research project, and exhibited better performance than the CFCSTR
digesters. 23 The upflow digesters used in the applied studies were improved
versions of the earlier design which provided for a vertical standpipe feed
inlet and a canopy solids deflector directly above it. As described in detail
in Section 6, the acid digester (Digester 338) incorporated the above
mentioned features, and in addition, included vertical baffles and hoppered
bottoms to facilitate the containment of floating scum and the controlled
withdrawal of a volatile acids-rich underflow stream that was pumped to the
methane digester. The upflow methane digester (Digester 339) included static
horizontal ring baffles and rotating impellors between them to minimize short
circuiting, and to achieve plug-flow characteristics. Provisions were made to
recycle methane digester effluents to the acid digester to promote hydrogen
removal.
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Optimum Operating Conditions for Two-Phase Digestion

Information compiled from the process-comparison and the parametric
effect acid-phase runs (Sections 11 through 14) was used to select the optimum
operating conditions for the advanced two-phase run. A mesophilic temperature
was preferred to the thermophilic temperature which was found to inhibit
acetogenic and methanogenic conversions (see Section 13). However, thermo
philic digestion studies were also conducted after termination of the meso
philic run to investigate the feasibility of thermophilic two-phase digestion
with high-SRT digesters. An HRT of 7 days and a feed VS concentration of
about 50 giL were selected for the advanced two-phase run because the process
comparison studies indicated this HRT-feed-VS concentration combination to be
optimum from the viewpoint of methane production and solids stabilization.
HRT's of about 2 and 5 days were selected for the acid- and methane-phase
digesters. Based on the information collected from the parametric-effect
acid-phase runs, a pH of about 6.5 was regarded as optioum for sludge acido
genesis. Since this pH is "naturally" obtained during sludge acidogenesis,
the need for pH control with external chemicals entailing added operating cost
was ruled out.

Mesophilic Two-Phase Digestion With Upflow Reactors

A two-phase system comprised of the upflow acid- and methane-phase
digesters described above was operated under the optimum digestion conditions
delineated in the foregoing section. The upflow two-phase system was operated
for about 2.5 months at a mesophilic temperature and at a system HRT of about
7.5 days (Table 92). Steady-state operating conditions and performance
characteristics of the upflow acid and methane digesters are detailed in
Tables 92, 93, and 94.

Conventional CFCSTR digesters are generally operated for about three
HRT's at steady state once constant performance levels are reached. Since no
such criterion was available for unconventional reactors, the upflow acid- and
methane-phase digesters were operated for about 36 and 13 HRT's, respectively,
to ensure the achievement of steady state. The variabilities of total gas and
methane yields, production rates, and volatile acid productions during a
37-day period of operation of the upflow two-phase system were comparable to
those of the CFCSTR two-phase and the CFCSTR single-stage runs at steady state
(see Tables 93 and 94). These variabilities were indicative of the fact that
the upflow system was at steady state -- variabilities of acid digester gas
yields and methane digester effluent volatile acids were rather high due to
the low levels of these parameters and the associated inaccuracies and poor
precision of measurements. Achievement of a steady-state operation of the
upflow digesters was also indicated by the constancy of the volatile acids
profiles in the acid- and methane-phase digesters (Table E-2).

The upflow two-phase system treatment resulted in a methane yield of
0.352 SCM/kg VS (5.64 SCF/lb VS) added which was higher than those of other
CFCSTR two-phase runs. This methane yield was 70% of the theoretical methane
yield. The upflow system gas yield was 87% of the ADP yield indicating nearly
complete conversion of the biodegradable VS. As indicated in Table 93, the
methane yield of the CFCSTR two-phase process was 37% higher than that of
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TABLE 92. STEADY-STATE OPERATING CONDITIONS FOR ADVANCED UPFLOW TWO-PHASE
DIGESTION RUNS CONDUCTED WITH HANOVER PARK SLUDGE

Run no.
Digester

no.
Mean

temperature. °c
Mean

HRT. days
Mean loading.
kg VS/mLday

Upflow acid phase

Mesophilic UAP2MR* 338 35.4 (3)t 2.0 (12) 26.1 (13)
Mesophilic UAP2M 338 36.0 (3) 2.3 (19) 21.4 (19)

Upflow methane phase

Mesophilic UMP5M 339 33.8 (3) 5.5 (11) 9.35 (II)

Meso-meso two-phase

System (UAP2MR and UMP5M) UTP7M-M 7.5 (11) 6.87 (11)

....
(X)
(X)

Feed total solids Feed volatile solids Total run Steady-state run
concentration. gIL concentration. gIL duration. days duration. days

Upflow acid phase

Mesophilic 67.6 51.3 73 37
Mesophilic 68.4 49.9 60 41

Upflow methane phase

Mesophilic 73 37

Meso-meso two-phase

System (UAP2MR and UMP5K) 67.6 51.3 73 37

.,.
Methane-phase effluent from acid-phase run UAP2MR was recycled to this acid-phase digester at
a rate of about 35 vol % of the system feed rate.

+Numbers in parentheses are the coefficients of variation. expressed as the percent ratio of standard
deviation to the mean.



TABLE 93. COMPARISON OF STEADY-STATE GAS PRODUCTIONS FROM MESO-MESO UPFLOW
TWO-PHASE, MESO-MESO CFCSTR TWO-PHASE AND MESOPHILIC CFCSTR SINGLE-STAGE SYSTEMS

OPERATED WITH HANOVER PARK SLUDGE AT ABOUT A 7-DAY HRT*

Upflow two-phaset CFCSTR two-phase

Acid Methane Acid Methane CFCSTR
digester digester System digester digester System single-stage

Run number UAP2MR UMP5M UAP7M-M ---------- TP7M-M ---------- SSS7M

Operation

Feed VS concentration, mg/L+ 51,320 51,000 52,220

HRT, days 2.0 5.5 7.5 1.9 4.9 6.8 7.0

Loading, kg VS/m3-day 26.13 9.35 6.87 26.38 10.08 7.29 7.51

Performance

Total gas yield, 0.144 0.400 0.544 0.157 0.310 0.467 0.318
SCM/kg VS added (24 )"* (12 ) (16) (16) (11 ) (12) (13)

Methane yield, 0.083 0.269 0.352 0.091 0.212 0.302 0.220
SCM/kg VS added (25) (]2) (J5) (I6) (12) (I3) (I6)

Gas composition, mol %

Hydrogen 0.4 0.0 0.0
Methane 57.7 67.4 64.8 57.1 68.2 64.7 69.1
Carbon dioxide 41.2 32.2 34.6 42.5 ' 31.6 35.1 30.6
Nitrogen 0.7 0.4 0.5 0.4 0.2 0.2 0.3

Total gas production 3.256 3.359 3.332 4.063 3.089 3.358 2.327
rate, SCM/m3-day (I6) (10) (12) (5) (5) (4 ) (12)

Methane production rate, 1.874 2.263 2.160 2.343 2.100 2.173 1.609
SCM!m3-day (17 ) (10) (I2) (5) (5) (4 ) (I3)

* Data reported are means of all data collected during the steady-state period.

In this upflow mode of operation acid-phase underflow was 12 vol % of the system flow rate. Also, methane
digester effluents were recycled to the acid digester at the rate of 35 vol % of the system flow rate.

+ Feed VS concentrations are weighted averages of the various feed slurry concentrations.

** Numbers in parentheses are the coefficients of variation, expressed as the percent ratio of standard deViation
to the mean.
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TABLE 94. COMPARISON OF STEADY-STATE EFFLUENT QUALITIES OF MESO-MESO UPFLOW
TWO-PHASE, MESO-MESO CFCSTR TWO-PHASE, AND MESOPHILIC SINGLE-STAGE SYSTEMS

OPERATED WITH HANOVER PARK SLUDGE AT ABOUT A 7-DAY HRT*

Upflow two-phase' CFCSTR Two-phase

Acid
digester
overflow

Acid
digester
underflow

Methane
digester+

Acid
digester

Methane
digester+

CFCSTR
single-stage

Run number

HRT, days

Effluent, pH

Alkalinities, mg/L as CaC03

------ UAP2MP ------

2.0 --------

6.77 6.66

UMP5M

5.5

7.29

TP7M-M

1.9

6.63

4.9

7.30

SS7M

7.0

7.06

Total
Bicarbonate

Volatile acids, mg/L

Acetic
Propionic
Iso-butyric
Butyric
Iso-valerie
Valerie
Caproic
Total as acetic

Ethanol, mg/L

Nitrogen, mg/L

Ammonia-N
Organic-N

Solids, mg/L

TS
VS

Organic components, mg/L

Crude protein
Carbohydrates
Lipids

8325
7020

1277
1147

266
377
581
192

37
3118

(6)**

4

1269
2000

60,150
4-2,980

12,500

9259

8480
5384

2438
1518
425

1024
688
361

31
5289
(I8)

18

1185
2285

70,260
51,920

14,281

11 ,661

9415
9248

145
180

o

°o
3
4

295
(51)

o

1378
1891

59,640
39,790

11,819
5650
4849

7475
6368

721
728
109
160
136
61
31

1627
(I5)

o

918
~241

60,720
42,480

14,006
7791
7178

8100
8068

63
29
o
o
o

10
33

109
(44)

o

1049
1845

50,690
32,810

11 ,531
4932
3824

6368
6196

164
104

o
o
o
o
o

248
(29)

3

728
1966

64,350
39,585

10,427
7014

11 ,389

* Data reported are means of one or more determinations made during the steady-state period.

t In this upflow mode of operation acid-phase underflow was 12 vol %of the system flow rate. Also, methane
digester effluents were recycled to the acid digester at the rate of 35 vol % of the system flow rate.

+ Numbers in parentheses are coefficients of variation, expressed as the percent ratio of standard deviation
to the mean.

** System effluent qualities are the same as those of the methane digester.
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single-stage CFCSTR digestion under similar operating conditions showing the
beneficial effect of the phase-separated fermentation mode. Similarly, the
methane yield of the upflow two-phase process was about 17% higher than that
of CFCSTR two-phase high-rate digestion. This additional increase in methane
yield could be attributed to the reactor effect. Other notable performance
characteristics of the upflow two-phase process were as follows:

• The upflow acid digester gases contained hydrogen gas and a higher
concentration of nitrogen gas than the CFCSTR acid digester. The
presence of hydrogen gas in the upflow acid digester indicated that there
was no acetogenic activity in this reactor. Hydrolysis and acidification
were the major reacti.ons in the upflow acid digester.

• Volatile acids production in the upflow acid digester was much higher
than that in the CFCSTR acid digester (Table 95); acids concentrations in
the underflow were about double those in the overflow. Increased acids
production in the upflow acid digester was due to the fact that this
reactor had an SRT which was considerably higher than that of the CFCSTR
digester.

• The upflow acid and methane digesters developed bicarbonate alkalinities
which were considerably higher than those of the CFCSTR digesters, and
therefore was less prone to upsets owing to organic overloads.

• The upflow two-phase digestion process effected much higher protein,
carbohydrate, and lipid reduction than the CFCSTR two-phase digestion
process (Table 96).

Data presented in Table 95 showed that the right (or second) chamber of
the acid digester accumulated C3 and higher volatile acids in larger concen
trations than the first chamber. This observation ~uggests that the
hydrolysis and liquefaction processes continued to be operative in the second
chamber indicating effective utilization of the entire digester.

Volatile acids concentration profile in the upflow methane digester
showed that acetate as well as the higher acids were readily converted to
their respective end-products within the bottom one-half of the culture depth.
Acetogenesis, aceticl~stic methane formation, and syntrophic methane fermenta
tion were the predominant reactions in the upflow methane digester.

Effect of Inter-Phase Effluent Recycling

The steady-state upflow two-phase run discussed above was conducted with
methane-phase effluents recycled to the feed side of the acid-phase digester.
The intent of the recycle was to promote removal of hydrogen (or electron
flow) and substrate oxidation to produce volatile acids or their precursors.
Hydrogen is removed by reduction of sulfates, nitrates/nitrites, and carbon
dioxide with the production of sulfides, and nitrogen and methane gases by the
sulfate-reducing, denitrifying, and hydrogen-utilizing syntrophic methane
bacteria. Steady-state data reported in Table 97 show that for similar
operating conditions, methane and nitrogen yields and production rates in the
acid digester were much higher when methane digester effluents were recycled
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TABLE 95. STEADY-STATE pH, ORP, AND VOLATILE ACIDS AND ETHANOL CONCENTRATION PROFILES IN
MESO-MESO UPFLOW TWO-PHASE DIGESTERS OPERATED WITH HANOVER PARK SLUDGE AT ABOUT A 7-DAY HRT*

Underflow
Left chamber (right chamber Bottom 11.5-L 15.5-L Effluent

(influent side) on effluent side) Overflow port port port (19-L port)

Run number ------------------- UAP2MR ------------------- ---------------- UMP5M ----------------
pH 6.66 6.77 7.29 7.29

ORP; mV -234 -241 -327 -371

Volatile acids, mg/L-\C Acetic 2576 2438 1277 3 173 211 145N

Propionic 1282 1518 1147 0 290 311 180
Iso-butyric 314 425 266 0 0 0 0
Butyric 990 1024 377 0 0 0 0
Iso-valerie 368 688 581 0 0 0 0
Valerie 218 361 192 0 3 3 3
Caproic 39 31 37 0 4 4 4
Total as acetic 4870 5289 3118 3 412 467 295

Ethanol, mg/L 89 18 4 0 0 0 0

* Data reported are means of all determinations made during the steady-state period.
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TABLE 96. COMPARISON OF STEADY-STATE ORGANIC REDUCTION EFFICIENCIES OF MESO
MESO UPFLOW TWO-PHASE, MESO-MESO CFCSTR TWO-PHASE, AND MESOPHILIC SINGLE

STAGE SYSTEMS OPERATED WITH HANOVER PARK. SLUDGE AT ABOUT A 7-DAY HRTa

Upflow two phase'o CFCSTR two-phase

Acid Methane Acid Methane CFCSTR
digester digester System digester digester System single-stage

Run number UAP2MR UMP5H lITP7H-M ----------- TPnHI ---------- ssm

ItRT, Days 2.0 5., 7.5 1.9 4.9 &.8 7.0

VS reduction, %

HOP 16
c 14.1 21.2 12.1 15.7 2\ .2 3'} .& 1~.3

Wt-of-llas basisd 14.6 37.1 51.7 III .1 33.4 51.5 32.7
Carbon-in-gas basise lI.ll 33.1 44.9 14.1 28.5 42./! 2~.8

Based on the theoretical
lias yie Id f

I 11.4 37.1 50.5 14.6 2B./! 43.3 29.5
Biodegradable VS reductiong 21.0 &4.0 87.0 25.1 49.& 74.7 5u.9

Reduction of organic components, %

~ Crude protein 29.0 7.n 34.U 9.6 17.7 l5.1:> 26 .. :!
\0 Carbohydrates 29.0 31> .4 54.!! 29.1 Jh.h '>'>.1 lh.4W

Lipids 37.!! 49.1 hll.4 211.2 4h .. 7 bl.!! 41) to
ECPLh 32.0 28.3 51.2 2D.b )I} .0 44.4 J2.4

a Data reported are means of one or more determinations made during tlw steady-state period.

b Methane phase effluents were recycled to the -acid-phase digester at " rate of 15 vol % of the sy.. tem feed r.tte.

c These \IS reductions were calculated according to the foltowinll formlll,,: VSR = lOO X (VS i - V5
0

)/IV5 i - (VS i X VSo)J.

d These \IS reductions were calclliated accordiny, to the following forMula:
VS R = 100 X (wt of product gases)!(wt of VS fed).

e These VS reduction were ealcul:lted according to the following formulas: VSI( ~ \00 X (1.114 X mag" flow rdte ot product
gas carbon)!mass flow rate of VS fed.

These VS reductions were calculated by expressing the observed total y,ag yield as a percentaf\e of thE' theoretic"l gas
yie ld of 1.078 HCH!kg VS added.

g The biode~radable VS reductions were calculated by dividinf\ the theoret ical-gas-yield-baRed VS reduction by a
biodellradability factor of 0.58.

h ECPL means the Sum of the mas~es of carbohydrates, crude protein, "uri Upidg.



TABLE 97. COMPARISON OF STEADY-STATE GAS PRODUCTIONS FROM MESOPHILIC
UP FLOW ACID-PHASE DIGESTION OF HANOVER PARK SLUDGE WITH AND WITHOUT

METHANE-PI~SE EFFLUENT RECYCLE

Run number

Operation

Feed VS concentration, mg/L t

HRT, days
Loading, kg VS/m3-day

Performance

Total yield, SCM/kg VS added
Hethane yield, SCM/kg VS added

Gas composition, mol i.

Mesophilic
without
recycle

UAP2M

49,900
2.3

21.36

0.090
0.052

Mesophilic
with *

recycle

UAP2MR

51,320
2.0

26.13

0.144
0.083

Hydrogen
Methane
Carbon dioxide
Nitrogen

Total gas production rate,
SCM/m3-day'

Methane production rate,
SCM/m3-day

Nitrogen production rate,
SCM/m3-day

0.4
57.7 57.7
41.-8 41.2
0.5 0.7

1.928 3.256

1.112 1.874

0.0096 ,0.0228

* Methane phase effluent was recycled to the acid-phase digester
at 35% of the system feed rate.

t Feed VS concentration are weighted averages of the various feed
slurry concentrations.
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to it than those observed without such recycle. Data presented in Table 9S
show that the rates of volatile acids production with methane-phase effluent
recycle were higher than those obtained without recycle. These observations
strongly suggested that methane-digester effluent recycling accelerated
hydrolysis and acidification of the sludge solids.

Thermophilic Two-Phase Digestion With Innovative Upflow Reactors

Thermophilic Acid-Phase Digestion--

Upon termination of the mesophilic runs, the upflow acid-phase digester
was acclimated to a thermophilic temperature; the overflow effluents from the
acid digester were fed to the upflow thermophilic methane digester. Methane
digester effluents were not recycled to the acid digester, as it was during
the mesophilic operation. Operating data from three consecutive acid-phase
runs at a 2-day HRT are presented in Tables 99 and 100 and show that gas and
methane productions and gas-phase methane contents under thermophilic
conditions were much lower than those under mesophilic conditions.
Examination of the volatile acids production data for acid-phase Runs UAP2T,
UAP2.1T and UAP1.9T shows that although thermophilic acids production during
the initial Run UAP2T was higher than that at the mesophilic temperature, the
volatile acid yields dropped upon continued operation at the 2-day HRT
(Table 100).

Meso-Thermo and Thermo-Thermo Upflow Two-Phase Digestion

In the meso-thermo two-phase runt the upflow acid digester had a
mesophilic temperature of 35°C while the upflow methane digester was
maintained at a temperature of 55°C. The HRT's of the acid and methane
digesters were 4.5 and 12.1 days, respectively. Operating and performance
data presented in Tables 101 and 102 show that the mesophilic acid-phase
digester exhibited higher gas and methane yield and production rates and
methane content than the methane digester. Concentrations of all individual
volatile acids were about 50% higher in the thermophilic methane digester
compared to those in the mesophilic acid digester despite the fact that the
HRT of the former digester was three times that of the latter. Data presented
in Table 103 showed that additional volatile acids over those prevalent in the
acid digester were produced in the methane digester. It was obvious from
these observations that the thermophilic methane digester experienced little
acetogenic and methanogenic conversions, and that it behaved as an acid
digester. The meso-thermo upflow two-phase operation was discontinued after
about two weeks of operation.

In the next upflow two-phase run the acid digester temperature was
changed to 55°C for thermophilic operation. It was rationalized that if the
acid digester was maintained at a thermophilic temperature then the
liquefaction-acidification process would be enhanced in this digester with a
concommitant decline in acidification activity in the thermophilic methane
digester.

In the thermo-thermo two-phase run the acid and the methane digesters
were operated at HRT's of about 2.1 and 5.4 days, respectively. The perform-

195



TABLE 98. COMPARISON OF VOLATILE ACIDS PRODUCTION RATES FROM
MESOPHILIC AND THERMOPHILIC UP FLOW ACID-PHASE DIGESTION OF HANOVER

PARK SLUDGE WITH AND WITHOUT METHANE-PHASE EFFLUENT RECYCLE

Run number

Effluent pH

Volatile acids, g/day

Hesophilic
without
recycle,
overflow

UAP2M

6.60

Hesophilic
with

*recycle

UAP2HR

6.67

Acetic
Propionic
Iso-butyric
Butyric
Iso-valerie
Valerie
Caproic
Total as acetic
Total

Ethanol, g/day

4.14 4.96
4.40 4.17
0.86 1.00
1.25 1.59
1.18 2.08
0.89 0.74
0.28 0.13

10.51 11.83
13.00 14.66

0.00 0.02

* Methane-phase effluent was recycled to the acid-
phase digester at a rate of 35% of the system
feed rate. Effluent from this run was continuously
wasted from the top (overflow) and bottom (underflow)
of the digester. The overflow and underflow rates
were 88 and 12% of the total effluent rate, respectively.
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TABLE 99. COHPARISON OF GAS PRODUCTIONS FROH MESOPHILIC AND
THERMOPHILIC UPFLOW ACID-PHASE DIGESTION OF HANOVER PARK SLUDGE

Thermophilic Thermophilic Thermophilic Mesophilic
(55°C) (54°C) (54°C) (35°C)

Run number UAP2T UAP2.1T UAP1.9T UAP2M

Run duration, days 16 9 7 41

Operation

Feed VS concentration, mg/L* 50,200 49,930 24,900 49,900
IIRT. days 2.0 2.1 1.9 2.3
Loading, kg VS/m3-day 24.55 24.24 13.11 21.36

Performance.....
\0
--.J Total yield, SCM/kg VS added 0.021 0.020 0.030 0.090

Methane yield, SCM/kg VS added 0.009 0.009 0.014 0.052

Gas composition, mol %

Hydrogen 0.0
Methane 44.8 45.8 46.4 57.7
Carbon dioxide 52.6 48.5 49.6 41.8
Nitrogen 2.6 5.7 4.0 0.5

Total gas production rate, SCM/m3-day 0.525 0.475 0.394 1.928

Methane production rate, SCM/m3-day 0.235 0.218 0.183 1.112

* Feed VS concentration ar~ weighted averages of the various feed slurry concentrations.



TABLE 100. COMPARISON OF EFFLUENT QUALITIES FROM MESOPHILIC AND THERMOPHILIC UPFLOW
ACID-PHASE DIGESTION OF I~NOVER PARK SLUDGE WITHOUT METHANE-PHASE EFFLUENT RECYCLE

Thermophilic Thermophi lie Thermophilic Mesophilic
(55°C) (54°C) (54°C) (35°C)

Run number UAP2T VAP2.1T UAP1.9T VAP2M

Effluent, pH 6.44 6.48 6.55 6.60

- Volatile adds, mg/L
~

00
Acetic 2516 1360 803 1183
Propionic 1531 693 414 1256
Iso-butyric 514 226 153 246
Butyric 792 411 188 358
Iso-valerie 972 452 268 337
Valerie 54 120 8 254
Caproic 71 74 46 79
Total as acetic 5287 2731 1557 3002

Ethanol, mg/L 10 16 0 0



TABLE 101. COMPARISON OF GAS PRODUCTIONS FROM MESO-THERMO AND THERMO-THERMO UPFLOW TWO-PHASE
AND THERMO-THERMO-THERMO THREE-STAGE DIGESTION SYSTEMS OPERATED WITH HANOVER PARK SLUDGE

Meso-thermo two-phase Thermo-thermo two-phase

Mesophilic (35·C)
acid digester

Meso-thermo
Thermophilic (55·C) two-phase Thermophilic (54 "C) Thermophilic (5Z·c) Thermo-thermo
methane digeater system acid digester methane digester syatem

Run number UAP4.5M UHP1ZT UTP17M-T UAP2.IT UHP5.4T UTP7T-T

Operation

Feed VS concentration, mg/L· --------------------- 49,100 ---------------------- ----------------------- 49,600 ------------------------

HRT, days

Loading, kg vS/.3-day
f-l
~ Performance
~

Total gas yield, SCH/kg VS added

Metbane yield, SCM/kg VS added

Gas composition, mol %

4.46

11.22

0.182

0.109

4.13

0.060

0.032

16.55

3.02

0.242

0.141

2.06

24.24

0.020

0.009

5.35

9.34

0.029

0.015

7.41

6.74

0.049

0.024

Hydrogen
Metbane
Carbon dioxide
Nitrogen

Total gas production rate, SCM/m3-day

Methane production rate, SCM/m3-day

59.8 53.8 58.3
39.7 45.2 41.1
0.5 1.0 0.6

2.046 0.248 0.732

1.224 0.133 0.426

0.0
45.8
48.5
5.7

0.475

0.218

52.0
45.6
2.4

0.271

0.141

49.4
47.0
3.6

0.326

0.160

• Feed VS concentrations are weighted averages of the vsrloRs feed slurry concentrations.

(continued)



TABLE 101 (continued)

Thermo-thermo-thermo three-stR~e

Run number

Thermophilic (54·C)
acid diKester

UAPI.9T

Thermophilic (49"C)
upflow methane

dip;ester

lIMP 5. 2T

Thermophilic (Si"C)
CFCSTR methane

di~e8ter

CMPI3T

Three-stsge
system

UTP20T-T-T

Operation

Feed VS concentration, mg/L* --.------------------- 24,900 --------------

I'.)

oo

HRT, days

Loading, kg VS/m3-day

Performance

Total gss yield, SCM/kg VS added

Methsne yield, SCM/kg VS sdded

Gas composition, mol %

1.91

13.11

0.030

0.014

5.18

4.83

0.051

0.031

13.30

1.88

0.267

0.209

20.39

1.23

0.348

0.254

Hydrogen
Methane
Carbon dioxide
Nitrogen

Total gas production rate, SCK/m3~ay

Methane production rate, SCM/m3~ay

46.4 61.1 78.3 72.9
49.6 38.3 20.8 25.9
4.0 0.6 0.9 1.2

0.394 0.249 0.501 0.421

0.183 0.152 0.392 0.311

* Feed VS concentrationa are weighted averages of the various feed slurry concentrations.
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TABLE 102. COMPARISON Of EFfLUENT QUALITIES FROM MESO-THERMO AND THERMO-THERMO UPFLOW TWO-PHASE
AND THERMO-THElUtO-THERMO THREE-STAGE DIGESTION SYSTEMS OPERATED WITH HANOVER PARK SLUDGE

N
o..-

Run n\lmb~r

Elf1"ent. pI!

Vu tat t Ie at: [fls, mg/t

AC.'lir.
Propt onie:
Jti.o-hutyric
B\1tyrt c
I coo-valerie;
Val<!rlc
CaprlJI r
Total as ,;:H'pt 1('

fo~thanol, m~/L

Meso-thermo twu-phac;e Thermo-t hPftno two-phasE" Thermo-thermo-thermo three-s tage

Thermophil Ie (54 'C) Thermophil Ie (49'C) Th..r ..ophillc (52'C)
M...nphi lIe (J5 ·C) Thermophil I c (55 .~) Thcrmophi lIe (54 ·C) The rmoph 111 e (52 .~) upf low acid upf low methane CFCSTR me t ha ne

,"u'itl dlgcstpr m~thilnp di~(>~ter <1t.·ld digt.~~ter methane dir.ester diReRtE"f' di~ester digester•

llAP4.5fl UflPllT IIAP2.1T IIMP5.4T UAPI.9T lIMP5.2T CMPIJT

6,90 7.20 b.4B 7.06 6.5S 6.78 7.64

11146 IM)I 1160 1742 80) J345 229
976 14f}') 69J 1264 414 685 782
116 368 226 339 151 235 178
162 207 411 417 188 227 0
224 h78 452 628 208 410 303
114 " 12l) 158 8 4J 13
104 112 74 2 46 73 78

22KO 3097 2731 3759 1557 2519 1211

II II 16 18 0 0 0

* Sy~tem effluent quantitfes .UE" the solime as those of the mC'thane flhall;E' di~ester.

Reproduced from
best available copy.



TABLE 103. SOLIDS, pH, ORP, AND VOLATILE ACIDS CONCENTRATION PROFILES IN THERMOPHILIC
UPFLOW METHANE-PHASE DIGESTER OPERATED IN TANDEM WITH THERMOPHILIC UPFLOW ACID-PHASE DIGESTER

UMP5.4T --------------------------------------------------

62.86 64.00 57.70
42.69 43.75 39.94
20.17 20.25 17.76

6.99 7.03 7.06

-)(,11 -317 -373

1709 1720 1742
12M 1263 1264

)47 340 339
477 467 437
1>58 643 628
155 157 158

6 7 2
3836 3769 3759

[) 0 0

Acid phase Hethane-phase Methane-phase Methane-phase
effluent bottom port 7-L port I I. 5-L port

Run number UAP2.1T --------------------------------------------------

Solids, giL

Total 68.51> 78.16 66.8'3
Volatile 47.02 47.59 44.84
Fil(ed 21.54 30.57 21.99

pH 6.48 6.98 7.02 7.04
N
0 ORP, mV -371 -3'J9 -3'Jl -378N

Volatile acids, mg/L

Acetic 1360 1M3 1732 1701l
Propionic 693 1153 1248 1248
Iso-butyric 226 320 339 3 J9
Butyric 411 443 462 462
Iso-valerie 452 601 042 642
Valerie 120 166 155 152
Caproic 74 4 6 0
Total as acetic 2731 3551 371>2 37.16

Ethanol, mg/L 16 0 (J 0

Methane-phase
15.5-L port

Methane-phase
19-L port (top)

Methane-phase
overflow (~ffluent)



ance of the upflow acid digester changed dramatically when the operating
temperature was changed from mesophilic to thermophilic. As would be evident
from Tables 101 and 102, gas and methane production, and gas-phase methane
content decreased, and volatile acids production and denitrification activity
increased substantially in the acid digester as a result of this temperature
change. Gas and methane yields from the upflow thermophilic methane digester
were lower when it received thermophilic acid digester effluent than they were
when it was fed with mesophilic acid digester effluents. Surprisingly,
volatile acids accumulations in the thermophilic methane digester at an HRT of
5.4 days during the thermo-thermo run were about the same as those experienced
at an HRT of 12 days during the meso-thermo run. Clearly, conversion of the
upflow acid digester from mesophilic to thermophilic operation, and decrease
in methane digester HRT from 12 to 7 days had no effect on the performance of
the methane digester. As would be evident from Table 101, methane yield from
the thermo-thermo upflow two-phase process at a system HRT of about 7 days was
about one-seventh that of the meso-thermo two-phase run at an HRT of about 17
days. However, methane yields from both the above two-phase runs were very
low. The thermo-thermo two-phase run was terminated after about 9 days of
operation.

The results of the meso-thermo and thermo-thermo upflow two-phase runs
demonstrated that the thermophilic upflow methane digester showed little
acetogenic and methanogenic activities. In addition, gas production from the
upflow acid digester decreased substantially when the operating temperature
was changed from mesophilic to thermophilic. Thus, the inhibitory effects of
thermophilic temperature observed during CFCSTR single-stage and two-phase
runs were also observed during upflow two-phase operation; in fact, the
inhibitory effects of the thermophilic metabolites was more severe on the
upflow thermophilic digesters than the CFCSTR thermophilic digesters. This is
evidenced by the fact that methane yield and production rate from the upflow
thermophilic methane digester were considerably lower than those of the eFCSTK
thermophilic methane digester (see Tables 93 and 101).

THERMo-THERMO-THERMO UP FLOW THREE-STAGE DIGESTION

In the three-stage thermo-thermo-thermo operation, the upflow acid and
the upflow methane digesters were operated at HRT's of about two and 5.2 days
as in the case of the thermo-thermo two-phase run discussed above (Table 101).
In addition, a CFCSTR methane-phase digester was also operated at an HRT of
about 13.3 days and in series with the thermo-thermo upflow two-phase system
to promote gasification of the accumulated volatile acids. The CFCSTR
thermophilic methane digester was first operated at about 60°C -- this
thermophilic temperature is higher than the "normal" thermophilic temperature
of 55°e -- expecting that methanogenic conversion at this temperature would be
better than at the 55°e temperature used for all thermophilic operations. It
was observed that gas production at 60 o ±I°C was very low (about 1 L/day)
indicating that this digester temperature was unacceptable for CFCSTR methane
phase operation. A thermophilic temperature of 52°±1°C was used next. In
response to this change. gas production from the thermophilic digester
increased from 1 L/day at 60°C to 20 L/day at 52°e showing that the latter
temperature should be preferred; The three-stage system was operated at about
one-half the loading rate of the meso-meso and the meso-thermo two-phase
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systems to alleviate inhibition of the gasification process during
thermophilic operation. The operating and performance data for the three
stage system are presented in Tables 101 and 102. It is apparent from these
data that the three-stage system performed better than the meso-thermo or the
thermo-thermo two-phase runs primarily because the CFCSTR thermophilic methane
digester exhibited higher gasification efficiency than the upflow thermophilic
methane digester.

Information compiled from the thermo-thermo upflow two-phase digestion
runs seemed to indicate that a much higher degree of inhibition of thermo
philic digestion was experienced in the high-SRT upflow digester than in the
CFCSTR digester. This may be due to the fact that whereas there is continual
flushing of digesting substrate solids and their breakdown products in a
CFCSTR digester, these substances, which plausibly produce inhibitors for the
thermophiles, accumulated in the upflow digesters; thus, unlike the CFCSTR
digesters, the upflow reactors contained a larger reservoir of the inhibitor
producing compounds. This is apparent considering that for similar dilution
rate and loading-rate conditions, the thermophilic upflow methane digester
contained 40-47 giL of VS and 3600-3800 mg/L of volatile acids (see solids and
VA profiles in Table 103) compared with 34-g/L of VS and about 2100 mg/L of VA
in the thermophilic CFCSTR single-stage system (see Table 51, Section 11).
The three-stage thermophilic run was terminated after about 10 days of
operation (in October 1984).

FINAL THERliO-THERl10 UPFLOW TWO-PHASE RUN

Based on the experience gained from the thermophilic upflow two-phase
digestion runs described above, it was decided'that successful thermophilic
operation of the upflow two-phase system could be achieved perhaps with
prolonged enrichment and acclimation of the acidogenic and methanogenic
populations under conditions of gradually increasing loading and hydraulic
dilution rates and by changing the digester feed. The upflow acid and methane
digesters were operated according to this strategy for about two months with
Hanover Park sludge; the operating and performance data for the last three
weeks of this run, operated with mixed Downers Grove primary and Stickney
activated sludges are depicted in Figures 18 through 20. These figures show
that with gradual acclimation of the acidogenic and methanogenic thermophiles
to decreasing HRT and increasing loading rate, it was possible to steadily
improve the methane yields and production rates of the upflow two-phase
system. At the time of termination of this run, the methane yield and
production rate, and system effluent volatile acids concentration of this
thermo-thermo upflow two-phase system were 0.32 SCM/kg VS added, 1.40 vol/vol
day, and 2100 mg/L, respectively, which compared well with the corresponding
performance parameters of the thermophilic CFCSTR two-phase process (see
Tables 61 and 62, Section 12).

Although operation of the above upflow thermophilic system could not be
continued due to time constraints, data collected during the transient phase
of operation suggested that upflow thermophilic digesters could be sensitive
to certain feed sludges and that a long enrichment and acclimation period is
required before efficient system operation can be expected.

204



--------- --- -----

I 8.5 0 METHANE PHASE
a. f). ACID PHASE

8.0 0 SYSTEM
-f.J
C
Q) 7.5

~
0 0 0 0

J 0 0 0-c.- 7.0c.-
W

6.5

"\

0>
.~ 6 20
-0-0
0' 15OC0
-E
O~ 10
.->
6 0> 5
0>..1":L 0 ......... "'---__-'-__-'-__--'- '--__-'-__-'-__--"' "'---__....t-__--'-.....

o

3 5

A85080628H

Figure 18. Operating conditions of the thermo-thermo two-phase system
fed with a mixture of Downers Grove primary and Stickney activated sludge.



o METHANE PHASE
b. AC I D PHASE
o SYSTEM

).. 2.a
o

"\l' 1.5
~

~~ l.a
L
~ a.5

a~-_----J'---__'--__""""__"",--__-'--__-'-__--'-__---' .L.-__-L.-__~

... '"U
'"UQ)_ '"U a.4

Q)'"U

'>.~ 0.3

~> 0.2,
00>
..c~ a.l
~L
~~ OL-..-L__--L.__--1-__--'-__-'--__....L-__....L-__...L.....__...L.....__...L.....__...L.....__J.....J

N
o
0-.

A85080626H

fJ) 40
>o 30

'"U

"\ 20.
ex 10

Iol.L_~:::=t:~::±==±:::::I~:±~=±:~~=&=*~::::::i~~
5 9 11 I 3 15 I 7 19 21 23 25

Feed date: December 1984

Figure 19. Methane yield and production rate from the thermo-thermo
two-phase system fed with a mixture of Downers Grover primary

and Stickney activated sludges.



-~-~- - ~ -- -- - ------~ ---

"\

I/) 0
"'U .- 8.0.- ..f-J
o <D

6.0o 0
0

<D
4.0I/)

0
+> 2.00.-1
-'-.
00> 0>
~ 70

<D 0 65
C E
0 60..c. "\

+>..f-J
55<D C

N EQ)
0 -f,.)

50....., C
0

450

o METHANE PHASE
t.. AC ID PHASE
o SYSTEM

__ ---€r------o--~O----eO----./.e~~
o 0

A85080627H

OU-----=i::~~~=::±:~::r:::~~~~~~~~~~~
5 7 8 11 13 15 17 I8 21 23 25

Feed date: December 1984

I/) 40
)..

-8 30

"\ 20
I-
fr: 10
I

Figure 20. Methane content and effluent volatile acids of the
thermo-thermo two-phase system fed with a mixture of Downers Grove

primary and Stickney activated sludges.



TWO-PHASE PROCESS IMPROVEMENT WITH ENZYME TREATMENT OF DIGESTER FEED

As described in Section 6, efforts were directed towards improving two
phase process performance by pretreating the feed sludge with cellulase
cellobiase while also dosing the acid-digester with lipase. These enzymes
were expected to accelerate hydrolysis of the polymeric cellulosic and lipid
particles, thereby promoting further conversion of the hydrolytic products to
volatile fatty acids, hydrogen, and carbon dioxide which are substrates for
methane fermentation.

That the selected cellulase-cellobiase enzyme system was an effective
hydrolyzer is evident from the data in Table 104 which shows that during
incubation (and before digestion) the enzyme-treated feed produced more than
twice as much volatile acids as produced by the untreated raw sludge. The
presence of residual hydrogen gas' in this pretreatment vessel was indicative
of the occurrence of oxidation reactions involved in the conversion of sludge
hydrolysates to fatty acids. Since methane and nitrogen are end products of
hydrogenation of carbon dioxide, and nitrates, respectively, and since the
contents of these gases in the pre-treatment vessel were unusually high and
that of carbon dioxide was very low, if could be concluded that considerable
dehydrogenation of the sludge feed occurred following cellulose-cellobiase
treatment and prior to the addition of this sludge to the digester.

Comparison of two-phase digestion data obtained at a system HRT of three
days with untreated and enzyme-treated sludges showed that gas and methane
yields and production rates from the mesophilic acid and methane digesters and
the two-phase system receiving enzyme treatment were considerably higher than
those observed with the untreated sludge feed (Tables 105 and 106). The
methane contents of the digesters' gases were also higher when enzyme treat
ment was used. As expected, the acid-phase and the two-phase system carbohy
drate reductions of about 50% and 64% obtained with cellulase-cellobiase
treatment of the feed were much higher than those observed with untreated
feeds (Table 107). Similarly, methane-phase and two-phase system lipid
reductions with lipase addition were 36% and 39% compared with about 9% and
27%, respectively observed without such treatment. Gas and methane yields and
production rates from digestion of the enzyme treated sludge were signifi
cantly higher than those from digestion of untreated sludge (Table 105).
Similarly, residual effluent volatile acids from the system receiving enzyme
treated feed were much lower than those from the two-phase system receiving
untreated sludge (Table 106).

It is noteworthy that lipase dosing had the effect of shifting lipid
reduction from the acid to the methane digester, probably because this
external enzyme was relatively ineffective at the low pH of 6.4 prevalent in
the former digester. Another reason for this low lipid reduction in the acid
digester could be that with cellulase-cellobiase treatment, the acidogenic
organisms metabolized carbohydrates in preference to the more recalcitrant
lipid substrates because this mode of fermentation was energetically more
favorable. Lipase activity in the acid digester receiving enzyme-treated feed
appeared to be much lower than that evidenced with untreated feeds. The acid
digester exhibited higher indigenous lipolytic activity than the methane
digester during two-phase process operation with untreated raw sludge.
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TABLE 104. EFFECT OF CELLULASE-CELLOBIASE PRETREATMENT ON
VOLATILE ACIDS AND GAS PRODUCTION DURING INCUBATION FROM MIXED

DOWNERS GROVE PRIMARY AND STICKNEY ACTIVATED DIGESTER FEED SLUDGES

Initial
After 24 hrs

Volatile acids, mg/L

Untreated
feed

slurry

6.25

Enzymatically
pretreated

*feed slurry

4.69
5.77

Acetic
Propionic
Iso-butyric
Butyric
Iso-valerie
Valerie
Caproic
Total as acetic

Ethanol, mg/L

Gas composition, mol %

Hydrogen
Nethane
Carbon dioxide
Nitrogen

1484 1891
799 965

0 395
214 1538

0 828
42 918
43 42

2324 5739

171 402

4.0
88.3

6.4
1.3

* This raw feed was pretreated for 24 hours at 35°C
with cellulose (Novo Celluclast 1.5L) and cellobiase
(Novozym 188) enzymes at dosages of 2.76 g/kg feed TS
and 0.28 g/kg feed TS, respectively. Prior to
pretreatment the feed pH was adjusted to <5 with
2.5 N HCI.
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TABLE 105. EFFECT OF CELLULASE-CELLOBIASE AND LIPASE TREATMENT ON
STEADY-STATE GAS PRODUCTIONS FROM MESO-MESO CFCSTR TWO-PHASE SYSTEMS

OPERATED WITH MIXED DOWNERS GROVE PRIMARY AND STICKNEY
ACTIVATED SLUDGES AT AN HRT OF ABOUT 3 DAYS*

TWo-phase digestion with Two-phase digestion Wi¥h
untreated raw sludge enzyme treated sludge

Acid Methane Acid Methane
digester digester System digester digester System

Run number ---------- TP3N-N ---------- -------- TP3M-M(E} ---------
Operation

Feed Vs concentration, mg/L+ ---------- 46,600 ---------- ---------- 47,420 ---------
HRT, days 0.91 2.15 3.06 0.93 2.31 3.24

Loading, kg VS/m3-day 51.21 21.61.' 15.23 50.99 20.49 14.62

Performance

Total gas yield, SCM/kg VS added 0.108 0.197 ().305 1).121 0.230 0.351
(7)** (9) (6) (23) (18) (l8)

Methane yield, SCM/kg VS added 0.057 0.124 0.180 0.070 0.152 0.222
(l0) (9) (7) (26) (19) (19)

Gas composition, mol %

Hydrogen 0.05 0.0 0.0 0.05
Methane 52.0 63.1 59.1 57.3 65.9 63.0
Carbon dioxide 47.3 36.5 40.4 42.3 34.1 36.9
Nitrogen 0.7 0.4 0.5 1).4 O.U 0.1

Total gas production rate, 5.575 4.293 4.674 6.245 4.749 5.178
SCM/m3-day (6) (13) (12) (12) (7) (7)

Methane production rate, 2.898 2.708 2.764 3.567 3.128 3.254
SCM/m3-day (9) (14) (12) (IS) (7) (7)

* Data reported are the means of all data collected during the steady-state period.

The feed slurry for this run was pretreated with cellulase (Novo Celluclast 1.5 L) and cellobiase
(Novozym 188) at dosages of 2.76 g/kg feed T5 and 0.28 g/kg feed T5, respectively. Lipase (Novozym 225)
was added to the acid digester at a dosage of 2.75 g/kg feed T5.

+ Feed V5 concentrations are weighted averages of the various feed slurry concentrations.

** Numbers in parentheses are the coefficients of variation expressed as the percent ratios of standard
deviation to the mean.
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TABLE 106. EFFECT OF CELLULASE-CELLOBIASE AND LIPASE TREATMENT
ON STEADY-STATE EFFLUENT QUALITIES OF MESO-MESO CFCSTR TWO-PHASE

SYSTEl1S OPERATED WITH NIXED DOh'NERS GROVE PRIMARY AND STICKNEY
ACTIVATED SLUDGES AT ABOUT A 3-DAY HRT

Two-phase digestion
with untreated

raw sludge

Two-phase digestion
with enzyme treated

sludgeb

Acid
digester

Methane
digesterC

Acid
digester

Methane
digester C

Run number ----- TP3H-M ---- TP3M-M(E)

HRT, days

Effluent, pH

Volatile acids

0.91

6.48

2.15

7.19

0.93

6.36

2.31

7.19

Acetic
Propionic
Iso-butyric
Butyric
Iso-valerie
Valerie
Caproic
Total as acetic

EthanoI, mg /L

Solids, mg/L

2177 218 1206 208
1403 1502 1310 978
288 50 230 27
749 0 585 4
596 195 426 60

1907 136 626 17
51 31 33 12

5518 1680 3458 1066
(6)d (15) (28) (20)

19 0 11 5

TS
VS

Organic compounds, mg/L

Crude protein
Carbohydrates
Lipids

61,600
39,320

12,044
9224
6448

57,450
35,040

10,512
5413
5879

60,410
39,170

7882
5729

54,900
33,820

8990
5729

a Data reported are means of one or more determinations made during the
steady-state period.

b The feed slurry for this run was pretreated with cellulase (Novo Celluclast
1.5L) and cellobiase (Novozym 188) at dosages of 2.76 g/kg feed TS and
0.28 g/kg feed TS, respectively. Lipase (Novozym 225) was added to the
acid digester at a dosage of 2.75 g/kg feed TS.

c System effluent qualities are the same as those of the methane digester.

d Numbers in parentheses are the coefficients of variation, expressed as the
percent ratio of standard deviation to the mean.
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TABLE 107. EFFECT OF CELLULASE-CELLOBIASE AND LIPASE TREATMENT
ON STEADY-STATE ORGANIC REDUCTION EFFICIENCIES OF MESO-MESO CFCSTR

TWO-PHASE SYSTEMS OPERATED WITH MIXED DOWNERS GROVE PRIMARY AND
STICKNEY ACTIVATED SLUDGES AT ABOUT A 3-DAY HRTa

Two-phase digestion with Two-phase digestion with
untreated raw sludge enzyme treated sludgeb

Acid Nethane Acid Methane
digester digester System digester digester System

Run number ---------- TP3M-M ---------- -------- TP3M-M(E) ---------
HRT, days 0.91 2.15 3.06 0.93 2.31 3.24

VS reduction, %

MOP 16
c 17.1 11.4 26.5 14.2 13.0 25.4

Wt-of-gas-basisd 13.5 26.1 35.5 14.5 30.3 39.5
Carbon-in-gas basise 10.1 18.4 28.5 11.4 21.6 33.0
Based on theoretical gas yield f 10.0 18.3 28.3 11.2 21.3 32.6
Biodegradable VS reductiong 17.3 31.5 48.8 19.4 36.8 56.1

Reduction of organic components, %

Crude protein 33.0 12.7 41.5
Carbohydrates 15.8 41.3 50.6 49.9 27.3 63.6
Lipids 19.7 8.8 26.8 4.1 36.3 38.9

a Data reported are means of one or more determinations made during the steady-state period.

b The feed slurry for this run was pretreated with cellulase (Novo Celluclast 1.5L) and cellobiase (Novozym
188) at dosages of 2.76 g!kg feed TS and 0.28 g!kg feed TS, respectively. Lipase (Novozym 225) was
added to the acid digester at a dosage of 2.75 g/kg feed TS.

c These VS reductions were calculated according to the following formula:
VSR = 100 X (VSi - VSo)/[VSi - (VSi X VSo)]'

d These VS reductions were calculated according to the following formula:
VSR = 100 X (wt of product gases)!(wt of VS fed).

e These VS reductions were calculated according to the following formula:
VSR = 100 X (1.84 X mass flow rate of product gas carbon)!mass flow rate of VS fed.

f These VS reductions were calculated by expressing the observed total gas yield as a percentage of the
theoretical gas yield of 1.078 SCM/kg VS added.

g The biodegradable VS reductions were calculated by dividing the theoretical-gas-yield-based VS reduction
by a biodegradability factor of 0.58.
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Overall~ cellulase-cellobiase and lipase treatments of sludge increased
the methane yield from the mesophilic CFCSTR two-phase system by about 23%
over that obtained with untreated feeds. This increase is significant at the
low HRT level of 3 days selected for the tests.

213



REFERENCES

1. Burd, R. S., "A Study of Sludge Handling and Disposal." Fed. Water
Pollut. Control Ass. Publ. WP-20-4, Washington, D.C.: U.S. Dept. of
Interior, May 1968.

2. Subcommittee on Sludge Digestion, Technical Practice Committee,
"Anaerobic Sludge Digestion." Water Pollut. Control Fed. Manual of
Practice No. 16, Washington, D.C.: Water Pollution Control Federation,
1968.

3. Lynam, B., McDonnell, S. and Krup, M., "Start-Up and Operation of Two New
High-Rate Digestion Systems." J. Water Pollut. Control Fed. 39, 4, 518,
1967. -

4. DiGregorio, D., "Cost of Wastewater Treatment Processes." Robert A. Taft
Water Research Center Report No. TWRC-6. Cincinnati, Ohio: U.S. Dept.
of Interior, Federal Water Pollution Control Administration, December
1968.

5. Bylinsky, G., "Biomass: The Self-Replacing Energy Source." Fortune 100,
78-79, 81, Sept. 24, 1979.

6. Szego, G. C., "The Estimated Availability and Resources for Large-Scale
Production of SNG by Anaerobic Digestion of Specially-Grown Plant
Material." Final Report by Inter-Technology Corp., October 1975.

7. Klass, D. L., "Energy From Biomass & Wastes: 1978 Update." Symposium
Papers -- Energy From Biomass and Wastes, 1-28, Chicago: Institute of
Gas Technology, September 1978.

8. Ghosh, S. and Klass, D. L., "Methane Production From Peat by Anaerobic
Digestion." Symposium Papers -- Energy From Biomass and Wastes, 45-76,
Chicago: Institute of Gas Technology, September 1978.

9. Lecuyer, R. P., "An Economic Assessment of Fuel Gas From Water Hyacinth."
Paper presented at The Symposium on Clean Fuels From Biomass, Sewage,
Urban Refuse, and Agricultural Wastes, Orlando, Florida, January 27-30,
1976.

10. Klass, D. L. and Ghosh, S., "Methane Production by Anaerobic Digestion of
Bermuda Grass." Paper presented at The Symposium on Biomass as a Non
Fossil Fuel Source, Honolulu, Hawaii, April 1-6, 1979.

11. Klass, D. L. and Ghosh, S., "The Anaerobic Digestion of Macrocystis
pyrifera Under Mesophilic Conditions." Symposium Papers: Clean Fuels

214



From Biomass and Wastes, 323-51, Chicago: Institute of Gas Technology,
March 1977.

12. Klass, D. L., Ghosh, S. and Chynoweth, D. P., "Methane Production From
Aquatic Biomass by Anaerobic Digestion of Giant Brown Kelp." Paper
presented at The E. V. Murphree Award Symposium, 175th National Meeting,
American Chemical Society, Anaheim, California, March 15, 1978.

13. Chynoweth, D. P., Klass, D. L. and Ghosh, S., "Biogasification of Giant
Brown Kelp Macrocystis pyrifera." Symposium papers: Energy From Biomass
and Wastes, 229-52, Chicago: Institute of Gas Technology, September
1978.

14. Klass, D. L., Ghosh, S. and Conrad, J. R., "The Conversion of Grass to
Fuel Gas for Captive Use." Symposium papers: Energy From Biomass and
Wastes, 229-52, Chicago: Institute of Gas Technology, March 1976.

15. Oswald, W. J., "Gas Production From Micro Algae." Paper presented at The
Symposium on Clean Fuels From Biomass, Sewage, Urban Refuse, and
Agricultural Wastes, Orlando, Florida, January 27-30, 1976.

16. Ghosh, S., Henry, M. P. and Klass, D. L., "Bioconversion of Water
Hyacinth-Bermuda Grass-MSW-Sludge Blends to Methane." Paper presented at
The Second Symposium on Biotechnology in Energy Production and
Conservation, Gatlinburg, Tennessee, October 3-5, 1979.

17. Ghosh, S., Henry, M. P. and Sajjad, A., "Novel Two-Phase Anaerobic
Gasification With Solid-Bed Acid Digestion in Tandem With Fixed-Film
Methane Fermentation." Paper presented at International Gas Research
Conference, London, England, June 13-16, 1983.

18. Ghosh, S., "Solid-Phase Digestion of Low Moisture Feeds." Hiotechnology
and Bioengineering Symposium No. 14, 365-82, John Wiley & Sons, Inc.,
1984.

19. Pohland, F. G. and Ghosh,S., "Development in Anaerobic Treatment
Processes." R. P. Canale, Ed., Biological Waste Treatment (Biotechnol.
Bioeng. Symp. No.2), 85-106. New York: Interscience Publishers, 1971.

20. Great Lakes-Upper Mississippi River Board of State Sanitary Engineers,
Recommended Standards for Sewage Works, May 10, 1960.

21. Fair, S. M. and Geyer, J. C. , Water Supply and Waste-Water Disposal. New
York: John Wiley & Sons, 1961.

22. Babbitt, H. E. and Baumann, E. R. , Sewerage and Sewage Treatment, 8th
Ed. , New York: John Wiley & Sons, 1964.

23. Ghosh, S. et al., "Two-Stage Upflow Anaerobic Digestion of Concentrated
Sludge." Biotechnol. and Bioeng. Symp. No. 13, 351-370, John Wiley &
Sons, Inc., 1983.

215



24. Ghosh. S•• "Innovative Anaerobic Digester Design." Paper presented at
the Symposium on Alternative Energy in the Midwest. Schaumburg. Illinois.
February 21-23. 1985.

25. Ghosh. S•• "Novel Processes for High-Efficiency Biodigestion of
Particulate Feeds." Proc. Internatl. Conf. on State-of-the-Art on Biogas
Techno!. Transfer and Diffusion. (in press), Cairo. Egypt. November 17
24, 1984. Egyptian Natl. Res. Center. Cairo.

26. Pohland, F. S. and Ghosh. S•• "Developments in Anaerobic Stabilization of
Organic Wastes - The Two-Phase Concept." Environ. Letts • .!.., 4, 255,
1971.

27. Eastman, J. A. and Ferguson, J. F•• "Solubilization of Particulate
Organic Carbon During the Acid Phase of Anaerobic Digestion." Paper
presented at the 51st Annual Conference of the Water Pollution Control
Federation, Anaheim, California, October 3, 197~.

28. Ghosh, S., Conrad, J. R. and Klass, D. L•• "Anaerobic Acidogenesis of
Sewage Sludge." J. Wat. Pollute Contr. Fed., 47, 1,30, 1975.

29. Ghosh, S. and Pohland, F. G., "Kinetics of
Product Formation in Anaerobic Digestion."
46, 4, 784-59, 1974.

Substrate Assimilation and
J. Wat. Pollute Contr. Fed.

30. Pipyn, P., Verstraete. W. and Ombregt, J. P., "A Pilot-Scale Anaerobic
Upflow Reactor Treating Distillery Wastewaters." Biotechnl. Letts., 1,
495, 1979.

31. Cohen, A., "Two-Phase Digestion of Liquid and Solid Wastes." Proc. Third
Internatl. Symp. on Anaerobic Digestion, Cambridge, Massachusetts, 123,
1983.

32. Pipyn, P. and Verstraete, W., "Lactate and Ethanol as Intermediates in
Anaerobic Digestion." Biotechnol. and Bioeng., 23.1145.1981.

33. de la Torre. I. and Goma, G•• "Characterization of Anaerobic Microbial
Culture With High Acidogenic Activity." Biotechnol. and Bioeng •• 23.
185. 1981.

34. Ghosh, S. and Henry, M. P., "Stabilization and Gasification of Soft-Drink
Manufacturing Waste by Conventional and Two-Phase Anaerobic Digestion."
Proc. 36th Ann. Purdue Indust. Waste Conf •• West Lafayette. Indiana. May
12-14. 1981: Ann Arbor Science. 1982.

35. Asinari di San Marzano. C. M. et al., "Volatile Fatty Acids, An Important
State Parameter for the Control of the Reliability and the Productivities
of Methane Anaerobic Digestion." Biomass • ..!.... 47. 1981.

36. Schaumburgh. F D. and Kirsch, E. J •• "Anaerobic Simulated Mixed Culture."
App. Microbiol. 14. 761. 1966.

216



37. Borchardt, J. A., "Anaerobic Phase Separation by Dialysis Technique."
Proc. Third Internatl. Conf. on Wat. Pollute Res.,~, 309, 1967.

38. Ghosh, S. and Klass, D. L., "Two-Phase Anaerobic Digestion," Process
Biochem. 13, 15-24, April 1978.

39. Ghosh, S. and Klass, D. 1., "Two-Phase Anaerobic Digestion." U.S. Patent
No. 4,022,665 (assigned to the Institute of Gas Technology), May 10,
1977 •

40. Heertjes, P. M. and van der Meer, R. R., "Comparison of Different Methods
for Anaerobic Treatment of Dilute Wastewaters." Paper presented at the
Purdue University Industrial Waste Conference, West Lafayette, Indiana,
May 8-10, 1979.

41. Smith, R. E., Reed, M. J. and Kiker, J. T., "Two-Phase Anaerobic
Digestion of Poultry Waste." Paper No. 75-4544, presented at the
American Society of Agricultural Engineers Winter Meeting, Chicago,
Illinois, December 15-18, 1979.

42. Cohen, A. et a1., "Anaerobic Digestion of Glucose With Separated Acid
Production and Methane Formation." Water Res. 13, 571-80, 1979.

43. Ghosh, S., "Microbial Production of Energy." Plenary Lecture presented
at the Seventh International Biotechnology Symposium, New Delhi, India,
February 19-25, 1984.

44. Hammer, M. S. and Borchardt, J. A., "Dialysis Separation of Sewage Sludge
Digestion." Proc. Amer. Soc. Civil Eng., 95, SA5, 907, 1969.

45. Ghosh, S. and Pohland, F. G., "Population Dynamics in Continuous CulturE:s
of Heterogeneous Microbial Populations." Developments in Industrial
Microbial. ll, 295 , 1971.

46. Ghosh, S., "Kinetics of Substrate
Anaerobic Mixed Culture Systems."
Application of Continuous Culture
Processes, 162nd Natl. Meeting of
Washington, D.C., September 1971.

Assimilation and Product Formation in
Paper presented at the Symposium on

Theory to Biological Waste Treatment
the American Chemical Society,

I,I

47. Ghosh, S., "Alleviation of Environmental Problems of Waste Disposal With
Production of Energy and Carbon Dioxide." Paper presented at the 28th
Annual Meeting, Soc. of Soft Drink Technologists, Colorado Springs,
Colorado, August 26-29, 1981.

48. Ghosh, S., Ombregt, J. P., DeProost, V. H. and Pipyn, P., "Methane
Production From Industrial Wastes by Two-Phase Anaerobic Digestion."
Symposium papers: Energy From Biomass and Wastes VI, Lake Buena Vista,
Florida. Chicago: Institute of Gas Technology, January 25-29, 1982.

217



49. Ghosh, S., et al., "Stabilization of High-COD Industrial Wastes by Two
Phase Anaerobic Digestion." Proc. Indust. Waste Symp., 56th Ann. Conf.
Wat. Pollute Contr. Fed., Atlanta, Georgia, October 1983.

50. Ghosh, S., Conrad, J. R. and Klass, D. L., "Anaerobic Acidogenesis of
Sewage Sludge." Paper presented at 46th Ann. Conf. Wat. Pollute Contr.
Fed., Cleveland, Ohio, September 30-0ctober 5, 1973.

51. Brown, A. H., "Bioconversion of Solar Energy." Chemtech., 434-37, July
1975.

52. Norrman, J. and Frostel!, B., "Anaerobic Waste Water Treatment in a Two
Stage Reactor of a New Design." Paper presented at the Purdue University
Industrial Waste Conference, West Lafayette, Indiana, May 10, 1977.

53. Therkelson, H. H. and Carlson, D. A., "Thermophilic Anaerobic Digestion
of a Strong Complex Substrate." Paper presented at 50th Ann. Wat.
Pollute Cont. Fed., Philadelphia, Pennsylvania, October 2-7, 1977.

54. Keenan, J. D., "Two-Stage Nethane Production From Solid Wastes." Paper
No. 74-WA/Ener-ll presented at the ASl"'.E Winter Annual Heeting, New York,
November 17-22, 1974.

55. Johnson, A. L., "Final Report on Research in Methane Generation." U.S.
Office of Sci. and Technol. Work performed under Contract No. AID/ta-C
1278, Project No. 931-17-998-001-73, El Segundo, California. The
Aerospace Corporation, September 1976.

56. Ghosh, S., "Solid-Phase Methane Fermentation of Solid Wastes." Proc.
1984 Natl. Waste Processing Conf., Engineering: The Solution, 683-89,
Am. Soc. Mech. Eng., New York, 1984.

57. Ghosh, S., "Gas Production by Accelerated In Situ Bio1eaching of
Landfills." U.S. Patent No. 4,323,367, April 6, 1982.

58. "Standard Methods for the Examination of Water and Wastewater," 15th Ed.,
American Public Health Association, American Water Works Association,
Water Pollution Control Federation, Washington, D.C. (1980).

59. "Annual Book of ASTM Standards, Part 26." 1982 Ed., American Society for
Testing and Materials, Philadelphia, Pennsylvania, 1982.

60. Unger, P. et al., "Analyses of Cell "Metabolic Products and Fermentation
Gases by Gas Chromatography." J. Appl. Chem. Biotechnol., 27, 150-54,
(1977) •

61. Stevens, T. G. and van den Berg, L., "Anaerobic Treatment of Food
Processing Wastes Using a Fixed-Film Reactor." Proc. 36th Ind. Waste
Conf., Purdue University, May 12-14, 1981, Ann Arbor Science, Ann Arbor,
Michigan, 1982.

218



62. Ackman t R. S.t "Porous Polymer Bead Packings and Formic Acid Vapor in the
GLC (Gas Liquid Chromatography) of Volatile Free Fatty Acids t " J.
Chromatographic Science t lOt 560-62 (1972).

63. Brumm t T. J. and Nye t J. C' t "Dilute Swine Waste Treatment in an
Anaerobic Filter." Proc. 36th Ind. Waste Conf' t Purdue UniversitYt May
12-14 t 1981 t Ann Arbor Science t Ann Arbor t Michigan (1982).

64. Khan t A. ~. and Trottier, T. M., "Effect of Sulfur-Containing Compounds
on Anaerobic Degradation of Cellulose to Methane by Mixed Cultures
Obtained From Sewage Sludge." Applied Environ. Microbial., 12., 1027-34
(1978).

65. Johns Mansville Bulletin FF-202A t April 1980.

66. Dische t ZOt Methods Carbohydrate ChemistrYt (Ed. by R. L. Whistler and M.
L. Wolform) ~, 477-517 t Academic Press t New York t 1962.

67. American Society of Microbiology, Manual of Methods for General
BacteriologYt~' 333-34, 1981.

68. Herbert, D. t Phipps, P. J. and Strange, R. E., "Chemical Analyses of
Hicrobial Cells." Methods in MicrobiologYt l.t 265-82, Norris and Ribbons.

69. Balmat t J. L., "Chemical Composition and Biochemical Oxidation of
Particulate Fractions in Domestic Sewage." Ph.D. dissertation t Rutgers,
The State University, 1955.

70. Heukelkian, H. and Balmat, J. L., "Chemical Composition of the
Particulate Fractions of Domestic Sewage." Sewage and Industrial Wastes,
~, 413-23, 1959.

71. Hunter, J. V. and Reukelkian, H., "The Composition of Domestic Sewage
Fractions." J. of Wat. Pollute Contr. Fed., 37, 1142-63, 1965.

72. O'Rourke, J. T., "Kinetics of Anaerobic Waste Treatment at Reduced
Temperatures." Ph.D. dissertation, School of Sanitary and Municipal
Engineering, Stanford University, 1968.

73. Systech Corporation, "Improved Municipal Wastewater Treatment Through
Enzymatic Hydrolysis." Draft report prepared for U.S. Environmental
Protection Agency, 1984.

74. Fencl, Z., "Synthesis of Biomass in Single- and Multi-Stage Continuous
Cultivation." Conference on Fermentation, Smolenica, Czechoslavakia,
1961.

75. Buswell, A. M. and Neave, S. L., "Laboratory Studies on Sludge
Digestion." Ill. State Water Surv. Bull. 30, 1934.

219



76. Pfeffer, J. T., "Progress Report: Reclamation of Energy From Organic
Refuse." Solid Waste Program, EPA Grant No. EP00364. Urbana:
Department of Civil Engineering, University of Illinois, September 1971.

77. Ghosh, S. et a1., "BIOGAS® Process Development." Paper presented at the
Biomass and Wastes Conversion Workshop, San Diego t California, Gas
Research Institute t August 20-21, 1984.

220



APPENDIX A

FEED SLURRY ANALYSES

TABLE A-I. DIGESTER FEED SLURRY SOLIDS ANALYSES·

Digester feed
prepared

from sludge Run in Digester sst Fixed solids
lot/batch nos. which used noes). SS/NSSt Sample date(s)+ Total solids Volatile solids (by diff)

wt % wt %
mg/L wt % mg/L of TS mg/L of IS

1/8 SS15M 331 SS 1/6/83 45,100 4.51 33,500 74.28 11 ,600 25.72
1/14 SS15M 331 NSS 3/10/83 50,740 5.07 36,720 72.37 14,020 27.63

4/2 SS7M 331 NSS 7/25/83 64,390 6.44 47,010 73.01 17,380 26.99
4/2 SS7M 331 NSS 7/27/1l3 65,760 6.58 49,190 74.80 16,570 25.20

5/2 TPI5~I-M 332-333 NSS 8/24/83 45,810 4.58 33,410 72.93 12,400 27.07
5/2 TPI5M-M 332-333 NSS 8/26/83 46,000 4.60 32,750 71.20 13,250 28.80
5/3 AP2M7 334 NSS 10/3/83 71,850 7.19 50,160 69.81 21,690 30.19
5/3 AP2T7 335 55 10/3/83 77,930 7.79 53,440 611.57 24,490 31.43
5/3 AP2M7 334 N5S 10/14/83 67,420 6.74 47,430 70.35 19,990 29.65
5/3 AP2T7 335 SS 10/14/83 71 ,600 7.16 50,280 70.22 2I ,320 29.78
5/4 AP2M7 334 NSS 10/26/83 74,380 7.44 48,780 65.58 25,600 34.42
5/4 AP2T7 335 S5 10/26/83 77,710 7.77 52,620 67.71 25,090 32.29
5/4 TPI5M-M 332-333 S5 11/5/83 40,280 ... 03 21l,660 71. 15 11,620 28.85
5/4 AP2T7 335 S5 11/9/83 82,170 8.22 53,860 65.55 28,310 34.45
5/4 TI'15M-M 332-333 5S 11/11/83-11/14/83 39,350 3.\14 l8,100 71.41 11,250 28.59

6/1 TPI5M-M 332-333 NSS 11/23/83 44,260 4.43 30,140 68.10 14,120 31.90
6/1 TPI5M-~1 332-333 NSS 11/28/83 43,950 4.40 30,040 68.35 13,910 31.65
6/1 TPI5M-M 332-333 NS;; 11/25/83 43,610 4.36 30,240 69.34 13,370 30.66
6/1 TPI5M-M 332-333 NSS 11/25/83-11/27/33 41,800 4.18 28,130 67.30 13,670 32.70
6/1 TPI5M-M 332-333 NSS 11/26/83 42,630 4.26 30,240 70.94 12,390 29.06
6/1 TPI5M-M 332-333 NS5 11/27/83 42,65lJ 4.27 29,66U 69.54 12,99U 30.46
6/1 TPI5M-M 332-333 NSS 11/28/83 39,690 3.97 27,880 70.24 Jl ,810 29.76
6/1 TPI5M-M 332-333 N5S 11/30/83 34,210 3.42 24,150 70.59 10,060 29.41
6/2 8S7M 331 5S 12/9/83 64,080 6.41 43,950 68.59 20,130 31.41
6/2 AP2M7 334 NSS 12/9/83 70,I6U 7.02 49,48U 70.52 20,680 29.48
6/2 ss7M 331 SS 12/9/83-12/11/83 67,300 6.73 45,400 67.46 21,900 32.54
6/2 AP2M7 334 SS 12/9/83-2/11/83 68,580 6.86 47,160 68.77 21,420 31.23
6/2 AP2M7 334 5S 12/9/83-12/14/83 69,460 6.95 46,930 67.56 22,530 32.44
6/2 8S7M 331 SS 12/12/83-12/14/83 75,760 7.58 49,750 65.67 26,010 34.33
6/2 AP2M7 334 SS 12/12/83-12/14/83 70,430 7.04 46,700 66.31 23,730 33.69
6/2 5S7M 331 SS 12/31/83-1/9/84 80,340 8.03 53,580 66.69 26,760 33.31
6/4 SS7M 331 NSS 1/10/84-1/19/84 56,310 5.63 36,530 64.87 19,780 35.13

7/4 SS3M 331 NBS 3/3/84-3/12/84 65,740 6.57 50,650 77.05 15,090 22.95

(continued)
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TABLE A-I (continued)

Digester feed
prepared

from sludge Run in Digester SS/ Fixed solids
lot/batch nos. which used noes). NSS t Sample date(s)+ Total solids Volatile solids (by diff)

wt % wt 7-
mg/L wt % mg/L of TS mg/L of TS

8/1 SS3M 331 NSS 3/7 /84 62,290 6.23 48,280 77.51 14,010 22.49
8/1 TP7M-M(NG) 332-333 NSS 3/7 /84 61,670 6.17 47,920 77.70 13,750 22.30
8/1 AI' 1.3~17 334 N5S 3/7 /84 59,710 5.97 46,290 77.52 13,420 22.48
8/1 APl.3T7 335 NSS 3/7 /84 59,770 5.98 46,400 77.63 13,370 22.37
8/5 APl.3T7 335 55 3/18/84-3/27/84 55,960 5.60 42,890 76.64 13,070 23.36
8/5 S53M 331 55 3/28/84-4/6/84 63,020 6.30 47,940 76.07 15,080 23.93
8/5 API.3M7 334 55 3/28/84-4/6/84 59,380 5.94 44,960 75.72 14,420 24.28

12/1 SS15T 337 55 5/31/84-6/9/84 41,560 4.16 31,630 76.11 9,930 23.89

13/1 AP2T5 335 55 6/12/84-6/16/84 65,310 6.53 49,840 76.31 15,470 23.69
13/1 AP2M5 334 55 6/19/84-6/23/84 67,530 6.75 51,460 76.20 16,070 23.80
13/1 UTP7M-M 338-339 55 6/28/84-7/1/84 69.870 6.99 52,230 74.75 17,640 25.25
13/1 API.3T5 335 55 6/28/84-7/2/84 67,530 6.75' 50,750 75.15 16,780 24.85

14/1 TP7H-M(NG) 332-333 NSS 7/1/84 67,230 6.72 48,220 71.72 19,010 28.28
14/1 APl.3M5 334 55 7/2/84-7/6/84 68,440 6.84 47,970 70.09 20,470 29.91

16/1 557T 331 55 8/2/84-8/6/84 67,250 6.73 49,740 73.96 17,510 26.04
16/1 553T 335 55 8/8/84-8/12/84 67,510 6.75 49,240 72.94 18,270 27.06
Ibll TPI5~!-T 334-337 55 8/8/84-8/12/84 47,060 4.71 32,900 69.91 14,160 30.09
1611 5S3T 335 SS 8/8/84-8/17/84 66,735 6.67 48,615 72.85 18,120 27.15
16/1 TPI5M-T 334-337 SS 8/8/84-8/17/84 46,045 4.60 32,420 70.41 13,625 29.59
Ib/I 553T 335 55 8/13/84-8/17/84 65,960 6.60 47,990 72.76 I7.970 27.24
10/1 TPI5M-T 334-337 55 8/13/84-8/17/84 45.030 4.50 31.940 70.93 13,090 29.07

17/1 TP7M-T 334-331 5S 9/10/84-9/14/84 66,430 6.64 48,640 73.22 17,790 26.78
17/1 TP7M-~1(NG) 332-333 NSS 9/1/84-9/15/84 68,960 6.90 50.640 73.43 18,320 26.57
17/1 TP7~1-M 334-333 SS 9/25/84-9/29/84 66.540 6.65 48,860 73.43 17,680 26.57

28/1 TP3M-M 334-333 SS 12/17/84-12/21/84 68.500 6.85 46,600 68.03 21,900 31.97

32/1 TP3M-M(E) 334-333 SS 1/8/85-1/12/85 69,470 6.95 47,420 68.26 22,050 31.74

* Data reported are the averages of triplicate determinations.

+ '55' meanS the sample was collected during steady-state operation; 'NSS' means the sample was collected during
non-steady-state operation.

A single sample data indicates that the analysis waS conducted on a grab sample collected that day. A time period
under this column indicates the start and end dates of collection of a grab or time-composite sample used for
analysis.
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TABLE A-2. *DIGESTER fEED SLURRY SUSPENDED SOLIDS ANALYSES

111':"91"1" f .·.·d
Jlrt'(mr4"tI 'ot.d Vo lst lie

f rom ,.llUl~~p Run fn III )~l·~U ('f SS/ Flx"d so) Ids t-:uHpl'mh'd suspended FIxed susppnded
lol/bHl(Oh nus. whtdl \uu·d 110(8). NNS+ Sam"l., dalf'(M) I 'rol.,t 90llds Volat II., "0) td9 ( hy dLft) solids 801lds solids (by dlff)

wt ?:: wt 'l: wt 7- wI :r. wt i
mg/1. wt :r. mn/I. of TS mil/I. of T5 m/:/t. of T5 mg/l. of 15 mll/L of 15

1/14 S51SM I'll NSS 3/111//11 SU,74U S.07 3&,720 72.17 14,020 27.63 411,000 94.60 36,270 71.48 11,730 23.12

,/'1 AI'2T7 33; ss 10/14//13 71,1>00 7.11> SO,2/10 70.22 21,120 2<J.UI 6~,740 91.112 44,710 62.44 21,030 29.37
;/4 Al'lMl ]V. NSS JUn&/1I1 74,1/10 7.44 4 II, lllo I>;.~R 2').600 14.1.2 6',IM) 87.60 41,/100 56.20 23, )(,0 31.41
',/4 AP2T7 ns SS 10/21>//11 71,710 7.77 '2,1>20 &7.7I 2~,040 12.29 &9,11'10 IIQ.94 45,000 57.91 24,1190 32.03

N ':>/4 n'I,M-1! 312-'1"11 55 11/;/11'\ 40,2/10 4.01 211,f,hO 7 I • I , II,f,20 2/1./15 3:1, ~&O 111.12 27,100 &7.28 6,460 16.04
N ':>/4 11'1,11-11 3\2-1H S5 11/11/81-11/14/83 39,3'0 3,94 2/1, tHO 71.1<1 11,2'0 211,,9 32.100 81.58 25,910 65,84 6,1\10 15.73
W

1>/2 AI'2M7 114 5S 12/9//11-12/14/111 1>\I,4M) &,95 41>,910 1>7.,1> 22,,'\0 12,1.4 bl,I70 89.50 45,690 65,78 16,480 23,73
1>/2 557M ]lJ 55 12/31/113-1/9//14 80, '\40 11,03 53,;/10 I>&.b'l 2b,lf>(J 11.31 63,b;0 79.21 47,670 59.34 15,9110 19,89

/1/'> AI') • '1T7 1'1, 55 '1/111/114-3/27/114 ,5,%0 '>.1>0 42,1I<J0 76.64 13,ll70 21.16 41,71.0 78.lb 36,70U 65,58 7,040 12,58
11/; AI'I.1M7 134 5S 1/211/114-4/6/114 59,3110 ,.94 44,9bO 75,72 14,~20 24.211 4&,14U 77 ,70 19,200 66.02 6,940 11.69

* l)nta rcportt>d are tht" averanes of triplicate d£>termlnatlcms.

'SSI m~Rm; the r;ampJ<" was eollected during steady-state nperat Ion; 'NSS' me-nns the Rampl (" was c:()lle(~(ed dt1rin~ non-steady-Rtate operatton.

+ A slIll:l" S;lmpl,' dat" Indl ..Rtp8 thRt the analysts was ,'"ndu.. lt·d on a I:r~b 8Rmple collpct"d that d ..y. A tim" I't'rlod tinder this column indtcatt's the start and "nd dstes of
(OoJ lc(otfun of a grab or time-composite sampJe uSl'd Cor analysis.

Reproduced from
best available copy,



TABLE A-3. DIGESTER FEED SLURRY pH, AMMONIA NITROGEN, AND ALKALINITY ANALYSES·

Digester feed
prepared Ammonia Total Bicarbonate

from sludge Run in Digester 5S/ nitrogen, alkalinity, alkalini ty,
lot/batch nos. which used nO(8). NS5 t Sample date(s)+ pH mg/L mg/L as CaC03 mg/L as CaC03

1/8 5515M 331 S5 1/6/83 21lU
1/9 SS15M 331 S5 1/111/83 6.114 4583 3912
1/9 S515M 331 S5 1/20/83 l>.h4 4700 4029

4/2 ssm 331 NSS 7/25/83 569
4/2 TPI5tHl 332-333 NSS 7/2,/83 385

5/1 AP2M7 334 N5S 9/22/83 247
5/3 AP2H7 334 NSS 101J/1l3 &.48 5200 4318
5/3 AP2T7 335 S5 10/3/83 6.20 299 5050 4106
5/3 AP2M7 334 N5S IO/14/1l3 n4
5/3 AP2T7 335 S5 10/14/83 .lh8
5/4 AP2T7 3H SS 11/9/83 f>.43 1f,8 5bon 4855
5/4 TPI5M-M 332-333 55 11/11/83-11/14/113 131

6/1 TPI5M-M 332-333 55 11/21l/83 7.19 314(1 2838
&/1 AP2T7 335 NSf, 11 /30/83 b.58 4720 4352

N &/1 TPISM-~I 332-333 S5 12/2/83 7.UU 3185 2883
N 6/2 AP2M7 334 55 12/9/83-12/14/83 219
~ 6/2 557M 331 55 12/14/83 f't. [, 2 5390 4334

6/2 AP2M7 334 55 12/l4/1l3 6.hl 5373 4 Sill
6/2 S57M 331 S5 12/31/IlJ-I/9/1l4 n4

8/5 API.3T7 335 55 J /l8/84-J/27/84 509
sis API.3T7 335 ~S 3/211/84 6.01 5200 3091
8/5 5S3M 331 S5 3/28/84-4/6/84 5119
8/5 API.3M7 334 55 3/28/114-4/6/84 624
8/5 553M 331 55 4/1/84 &.05 4575 2455
1l/5 API.3M7 334 55 4/1/84 6.16 4375 1931

12/1 5515T 337 55 5/31/84-6/9/84 237
12/1 S515T 337 55 &/10/84 5.94 3250 2160

13/1 AP2T5 335 55 6/12/84-6/16/84 337
13/1 AP2M5 334 55 &/17/84 5.11& 4820 2844
13/ J AP215 335 S5 &/17/84 S.1l5 4870 3125
13/1 AP2M5 334 55 6/19/84-6/23/84 3U2
13/1 UTP7M-M 338-339 55 6/28/84-7/1/84 327
13/1 API.3T5 335 S5 6/28/84-7/2/84 321
13/1 UTP71Hof 338-339 55 7/6/84 6.04 5500 3766
13/1 API.3T5 335 55 7/6/84 5.87 7340 5665

(continued)
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TABLE A-3 (continued)

Digester feed
prepared Ammonia Total Bicarbonate

from sludge Run in Digester 55/ t nitrogen, alkalini ty, alkalini ty,
lot/batch nos. which used no(s). N55 Sample date(s)+ pH mg/L mg/L as CaC03 mg/L as CaC03

14/1 API.3H5 334 55 7/2/84-7/6/84 369
14/1 APl.3M5 334 5S 7/6/84 6.16 7175 5513

16/1 557T 331 55 7/30/84 6.16 6850 3845
16/1 557T 331 55 8/2/84-8/6/84 587
16/1 553T 335 55 8/8/84-8/17/84 755
16/1 TPI5M-T 334-337 55 8/8/84-8/17/84 528
16/1 553T 335 55 8/16/84 6.37 6105 2737
161l TPI5M-T 334-337 S5 8/17/84 6.52 4618 2343

17/1 TP7M-T 334-331 55 9/ I0/84-9/14/84 546
N 17/1 TP7M-M(NG) 332-333 N55 9/11/84-9/15/84 585N
VI 17/1 TP7M-M(NG) 332-333 NS5 9/13/84 6.00 5250 3473

1711 TP7M-T 334-331 55 9/13/84 6.33 6050 4421
17/1 TP7M-M 334-333 55 9/25/8!,-9 /29/84 582
17/1 TP7M-M 334-333 55 9/29/84 6.37 5850 3863

28/1 TP3M-M 334-333 55 12/17/84-12/21/84 535
2B/1 TP3M-M 334-333 55 12/19/84 6.06 4750 1245

* J)ata reported are the averages of duplicate or triplicate determinations.

'5S' means the sample was collected during steady-state operation; 'NSS' means the sample was collected during
non-steady-state operation.

+ A single sample data indicates tha the analysis was conducted on a grab sample collected that day. A time period
under this column indicates the start and end dates of collection of a grab or time-composite sample used for
analysis.



TABLE A-4. DIGESTER FEED SLURRY TOTAL AND FILTRATE CHEMICAL OXYGEN DEMAND (COD) ANALYSES*

Digester feed
prepared Total Total Filtrate Filtrate Particulate Particulate

from sludge Run in Digester 55/ COD. COO, COO. COO. (by diff) (by diff)
lot/batch nos. which used no(s). NS5 t Sample date(s)+ mg/L gIg V5 mg/L gIg V5 COO, mg/L COD, gIg VS

1/14 SS15H 331 NSS 3/10/83 48.270 1.315 5324 0.145 42,946 1.170

5/1 AP2H7 334 NSS 9/22/83 6390 0.131
5/3 AP2M7 334 N55 10/3/83 4922 0.098
5/3 AP2M7 334 N5S 10/3/83 79,530 1.586 4696 0.094 74.834 1.492
5/3 AP2T7 335 55 10/3/83 4979 0.093
5/3 AP2T7 335 S5 10/3/83 87.096 1.630 4918 0.092 82.178 1.538
5/3 AP2M7 334 NS5 10/14/83 66.723 1.407 5673 0.120 61,050 1.287
5/3 AP2T7 335 S5 10/14/83 78.047 1.552 6547 0.130 71,500 1.422
5/4 AP2M7 334 NSS 10/26183 78,798 1.615
5/4 TPI5M-M 332-333 S5 11/5/83 39,580 1.381 2745 0.096 36.835 1.285

.r-.,) 5/4 TPI5H-H 332-333 55 11/11/83-11/14/83 34.822 1.239 2601 0.093 32,221 1.147
N
0"1

6/2 AP2H7 334 55 12/9/83-12/14/83 77.702 1.656 4605 0.098 73,097 1.558
6/2 5S7M 331 S5 12/31/83-1/9/84 80.617 1.505 4211 0.079 76,406 1.426

8/5 APl.3T7 335 55 3/18/84-3/27/84 76.394 1.781 7042 0.164 69.352 1.617
8/5 553M 331 55 3/28/84-4/6/84 85,983 1.794 7968 0.166 78,015 1.627
8/5 API.3M7 334 55 3/28/84-4/6/84 IH,896 1.822 7753 0.172 74,143 1.649

* Data reported are the averages of two or more determinations.

t '55' means the sample was collected during steady-state operation; 'NSS' means the sample was collected during non-steady-state
operation.

+ A single sample date indicates that the anslysis was conducted on a grab sample collected that day. A time period under this column
indicates the start and end dates of collection of a grab or time-composite sample used for analysis.



TABLE A-5. DIGESTER FEED SLURRY AMMONIA, ORGANIC, AND TOTAL KJELDAHL NITROGEN ANALYSES*

Digester feed
prepared

from sludge Run in Digester sst
lot/batch nos. which used no(s). NSS t Sample date(s)+ Ammonia nitrogen Organic nitrogen Total Kjeldahl nitrogen

wt % wt % wt % wt % wt % wt %
mg/L of TS of VS mg/L of TS of VS mg/L of TS of VS

1/8 SS15M 331 SS 1/6/83 280 0.62 0.84 1971 4.37 5.88 2251 4.99 6.72

4/2 SS7M 331 NSS 7/25/83 569 0.88 1.21
4/2 TPI5M-M 332-333 NSS 7/25/83 385 0.84 1.15

5/1 AP2M7 334 NSS 9/22/83 247 0.35 0.51 2352 3.38 4.82 2599 3.73 5.33
573 AP2T7 335 55 10/3/83 299 0.38 0.56 2245 2.88 4.20 2544 3.26 4.76
5/3 AP2M7 334 NS5 10/14/83 224 0.33 0.47 2156 3.20 4.55 2380 3.53 5.02
5/3 AP2T7 335 55 10/14/83 268 0.37 0.53 2098 2.93 4.17 2366 3.30 4.71

N 5/4 AP2T7 335 55 11/9/83 168 0.20 0.31 2520 3.07 4.68 2688 3.27 4.99N......, 5/4 TPI5H-M 332-333 55 11/11/83-11/14/83 131 0.33 0.47 1456 3.70 5.18 1587 4.03 5.65

6/2 AP2M7 334 SS 12/9/83-12/14/83 219 0.32 0.47 2044 2.94 4.36 2263 3.26 4.82
6/2 557M 331 55 12/31/83-1/9/84 354 0.44 0.66 2347 2.92 4.38 2701 3.36 5.04

8/5 APl.3T7 335 S5 3/18/84-3/27/84 509 0.91 1.19 2420 4.32 5.64 2929 5.23 6.B3
8/5 S53M 331 55 3/21$/84-4/6/84 589 0.93 1.23 2617 4.15 5.46 3206 ,.-. 5.09 6.69
8/5 AP 1.3M7 334 S8 3/28/84-4/6/84 624 1.05 1.39 2563 4.32 5.70 3187 5.37 7.09

12/1 SS15T 337 88 5/31/84-6/9/84 237 0.57 0.75 1867 4.49 5.90 2104 5.06 6.65

13/1 AP2T5 335 5S 6/12/84-6/16/84 337 0.52 0.68 2918 4.47 5.85 3255 4.98 6.53
13/1 AP2M5 334 58 6/19/84-6/23/84 302 0.45 0.59 2820 4.18 5.48 3122 4.62 6.07
13/1 UTP7M-M 338-339 58 6/28/84-7/1/84 327 0.47 0.63 2793 4.00 5.35 3120 4.47 5.97
13/1 APl.3T5 335 55 6/28/84-7/2/84 321 0.48 0.63 2933 4.34 5.78 3254 4.82 6.41

14/1 APl.3H5 334 85 7/2/84-7/6/84 369 0.54 0.77 2335 3.41 4.87 2704 3.95 5.64

(continued)



TABLE A-5 (continued)

Digester feed
prepared

from sludge Run in Di~ester 5S/
lot/batch nos. which used noes). N8S t Sample date(s)+ Ammonia nitrogen Organic nitrogen Total Kjeldahl nitrogen

wt % wt % wt % wt % wt % wt %
mg/L of TS of VS mg/L of TS of V5 mg/L of T5 of V5

16/.1 557T 331 55 8/2184-8/6/84 587 0.87 1.18 2750 4.09 5.53 3337 4.96 6.71
16/1 553T 335 55 8/8/84-8/17/84 755 1.13 1.55 2779 4.16 5.72 3534 5.30 7.27
16/1 TPI5H-T 334-337 58 8/8/84-8/17/84 528 1.15 1.63 1912 4.15 5.90 2440 5.30 7.53

N 17/1 TP7H-T 334-331 55 9/10/84-9/14/84 546 0.82 1.12 2662 4.01 5.47 3208 4.83 6.60
N 17/1 TP7H-M(NG) 332-333 NSS 9/11/84-9/15/84 585 0.115 1.16 2482 3.60 4.90 3067 4.45 6.0600

17/1 TP7M-H 334-333 S5 9/25/84-9/29/84 582 0.87 1.19 2450 3.68 5.01 3032 4.56 6.21

28/1 TP3H-H 334-333 55 12/17/84-12/21/84 535 0.78 1.15 2876 4.20 6.17 3411 4.98 7.32

* Data reported are the averages of duplicate or triplicate determinations.

'55' means the sample was collected during steady-state operation; 'N5S' means the sample was collected during non-steady-state operation.

+ A single sample date indicates that the analysis was conducted on a grab sample collected that day. A time period under this column
indicates the start and end dates of collection of a grab or time-composite sample used for 8naysis.



------------

TABLE A-6. ORGANIC COMPONENT ANALYSES FOR DIGESTER FEED SLURRIESa

Run in IHgcsLl'[

Feed des ignat! on whf~h IIs~d* S5/NSSb lItl(s) .. c S<1I"ple date(s) TS VS Crude protein Total carbohydrate Lipids

Lot nu./batch no. mg/L mg/L wt 7, of TS mg/L wt % of V5 mg/L wt %of V5 mg/L wt 7. of V5

1/8 5S15M 55 331 l/b/83 45,100 31,500 71,.27 12,315 36.76 6532 19.49 9288 27.72
55l5M 55 331 1/6/83 45,100 13,500 74.27 6700 20.00
sst 'iM 55 ]]1 l/b/83 45,100 33,500 74.27 7239 21.60

Means 36.76 19.49 23.1l

3/2 (diluted)d N5S 132-333 b/4/83 51,500 37,434 69.97 9160 24.47

4/1 (diluted) N55 332-331 7111/81 7I,700 51,803 72.25 16,294 31.45

4/2 (diluted) NS5 331 7/25/81 64,390 47,010 73.00 14,100 29.99
N55 331 7/27/83 65,760 49,190 74.80 17,933 36.45
NS5 331 7/27/83 65,760 49,190 74.80 15,300 31.10

Means 32.51

5/1 (diluted) NS5 334 9/22/83 71,850 50,160 69.81 14,700 29.31
NSS 334 9/22/83 67,420 47,430 70.35 14,700 31.99

5/3 (diiuted) NSS 334 10/3/83 71,850 50,160 69.81 13,561 27.04 13,400 26.71
AP2Tl 55 135 10/3/83 71,930 53,440 68.57 14,031 26.25 14,100 26.38 14,600 27.32

NSS 334 10114/83 67,421l 47,430 70.3'i 13,415 28.41 12,350 26.03
AP2T7 55 335 10/14/83 71,600 50,280 10.22 13,112 26.01 13,300 26.45 14,100 28.04

N
N 5/4 (diluted) AP2Tl S5 315 11/9/81 82,110 53,860 65.5/' 15,150 29.24
\0

TPI5M-M 55 332-333 11/lll/81 39,350 28,100 11.41 6,200 22.06
TPI5M-M 55 332-333 11/11-11/14/83 39, ))0 28,100 71.41 9100 32.18 8307 29.56
TPI5M-M 55 332-333 11/13/83 39,350 28,100 71.41 7,450 26.51

Means JO.81 29.56 24.28

6/2 (diluted) 557M 55 331 12/12-12/14/83 75,760 49,150 65.66 9,958 20.01
557M 55 331 12/31/83-1/9/84 80,340 5'3, SilO 66.69 14,669 27.31 9,036 16.86 18,929 35.32

AP2M7 55 334 12/9-[2114/1l3 69,460 46,910 67.56 12,17 5 21.22 19,068 40.63
Means 21.30 18.44 37.98

8/5 (concentrated) AI.3T7 55 J35 3/18-3/21//l4 55,960 42,890 76.64 15,125 35.26 12,118 28.25
553M 55 331 3/28-4/b/84 63,02D 47,940 76.01 16,536 34.11 12,012 25.05 12,392 25.85
553M 55 331 3/28-4/6/84 113,020 47,940 76.01 11,538 23.69

API.3M7 55 334 3/28-4/6/84 59,380 44,960 15.11 16,019 35.62 12,724 28.30 11,736 26.10
Means 35.00 26.32 25.98

12/1 (diluted) 5515T 55 337 5/31-6/9/84 41,560 11,630 76.10 11,bb9 36.89 7,292 23.05 10,030 31.71

13/1 (diluted) AP2T5 55 335 6/12-6/16/84 65,31 1l 49,/l40 76.11 18,238 36.59
AP2M5 S5 334 6/19-6/23/84 67,530 51,460 1&.20 17,625 34.24 10,994 21.36 15,104 29.35
AP2M5 55 334 6/19-b/21/84 67,5-10 51,460 71>.20 11,813 22.95

UTP7M-M 55 338-339 6/28-7/1/84 69,87n 52,21lJ 74.15 11,956 22.89
UTP7M-M 55 338-339 &/28-7/1/84 1>9,870 52,2 In 74.75 11.456 31.42 11,934 26.&7
API.3T5 55 335 6/2/l-7/2/84 67,530 50,750 75.1 ~ 18,lJl 36.12 10,781> 21.25
API.3T5 55 335 6/28-7/2184 hl,5'lO 50,7 'ilJ 75. I 'i 12,016 23.67

Means 35.09 23.13 29.35

14/1 (diluted) API.3M5 55 334 7/2-7/6/84 68,1.40 47,970 711.09 14,594 30.42 13,637 28.42 9,824 20.48

(ContInued)



TABLE A-6 (continued)

Run in Digester
Peed designation which used'" SS/NSS no. Sample dlltp(s) T5 VS Crude protein Total carbohydrate Lipids

Lot No./Batch No. ml(/L mg!L wt % of TS mgfL wt % of VS mg!L wt % of V5 mgfL wt % of V5

16/1 (diluted) 557T S5 331 8/2-8/6/84 67,2;1l 49.740 73.96 17.188 34.55 9,292 18.68 9,70; 19.51
557T 55 3)1 8/2-8/6/64 67,2;1l 49.740 73.96 10.238 20.;8
553T S5 33; 8/8-8/17/64 66,1)'; 48,61; 72.84 17.369 3;.72 10.363 21.31 8,952 18.41
553T 55 31; 8/8-6/17/64 1>6,73; 48.61 ; 7.2 .84 8.497 17.47

TPI;H-T S5 331,-337 8/8-8/17/84 46,04; 32.420 70.40 11.9;0 36.8; 5,943 16.33 7.156 22.07
Heans 35.71 19.27 20.00

17/1 (diluted) TP7H-T 55 334-331 9/10-9/14/64 66,430 48,640 1).21 16,638 34.20 12,202 2;.08 11,994 24.66
TP7H-T 55 334-331 9/10-9/14/64 66.43ll 48.640 73.21 11,114 22.84

N5S 132-333 9/11-9/1 ;/84 68,960 ;U,640 73.43 15.;12 30.63 10.;94 20.92
TP7H-H S5 334-331 9/2;-9/29/84 66.540 46.860 73.42 1;.312 31.33 11,7111 22.87 9,314 19.06

N TP7H-H 55 334-333 9/2;-9/29/84 6(,.;40 48.860 73.42 10.61ll 21.71
\..oJ Heans 32.05 22.68 21.86
0

28/1 (diluted) TP3H-H S5 334-313 12/17-12/21/84 68,;1)0 46.600 68.1l2 17.97; 38.57 10.4;9 22.44 8.026 17.22
TP3H-H S5 334-333 12/17-12121/84 68.;00 46.6UO 68.02 11,4;2 24.;7

Heana 38.57 23.50 17.22

32/1 (diluted) TP3H-H(E) 55 334-333 1/8-1/12/8; 69,470 47,420 68.2; 15,734 33.18 9,370 19.75

a Data reported in this table were averages of replicate determinations.

b 55 means that the run was at steady state during sampling; N5S is not steady stllte.

c One digester number indicates a si~gle-stage digester. Two digester nllmbers indicate II two-phllse system
c~nsisting of two digesters operated in series.

d Digester feed slurry was prepared by appropriately dilut tng the Indl('atpt! feedstock.



APPENDIX B

EFFLUENT ANALYSES FOR SINGLE-STAGE CFCSTR DIGESTERS

TABLE B-1. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS15M: CFCSTR SINGLE-STAGE MESOPHILIC (35°C) DIGESTER OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A IS-DAY HRT

Date

1/2/83

1/8/83

1/10/83

1/14/83

1/29/83

2/5/83

2/8/83

2/10/83

2/18/83

Hydrogen,
IDol %

0.00

0.00

Carbon dioxide,
IDol %

30.59

29.66

29.63

28.73

29.00

29.63

28.93

29.15

28.89
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Nitrogen,
IDol %

0.71

0.27

0.65

1.04

0.00

0.63

0.48

0.00

0.81

Methane,
IDol %

68.69

70.07

69.72

70.23

71.00

69.75

70.59

70.85

70.30



TABLE B-2. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING
STEADY-STATE RUN NO. SS15M CFCSTR SINGLE-STAGE MESOPHILIC (35°C)

DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A I5-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L m~/L mg/L mg/L mg/L mg/L mg/L mg/L

12/31/82 0 0 0 0 0 0 0 0

1/8/83 0 0 0 0 0 0 0 0

N
w 1/14/83 0 0 0 0 0 0 0 0
N

1/21/83 0 0 0 0 0 0 0 0

1/28/83 0 0 0 0 0 0 0 0

2/5/83 2 0 0 0 0 0 0 2 7

2/8/83 0 0 0 0 0 0 0 0 0

2/12/83 3 0 0 0 0 0 0 3 3

2/19/83 0 0 0 0 0 0 0 0 0



-----------

OlrTPUT
RF.O!JCTlflN/

( PROOUCTlON)

~-------------------------------------------)

i

0.75 SCH CH4
0.31 SCM CO2
1.10 kK total RaA
O. 54 kp; carbon
6801 kcal

Total slurry

FS @ B.7 wt % of TS

VS @ 74.3 wt %

TS

100 kg ------------------------)

1.16 kg ------------------------)

3.35 ------------------------)
4.51 kg

Run nn. SS15H

CFCSTR
-----------) @ 35.9 wt % of TS 1.26 kp;

------------) @ 64.1 wt % of TS 2.25 12.8%

J.51 kp;

27.1%

27.3

25.1

26.6 %

0.90 kp;

0.48

0.58

1.96 kg

(87.0 wt % of VS)

-----------) @47.0 wt % of VS

------------) @21.2 wt % of VS

------------) @25.8 wt % of VS

Loading:

2.0 Kg VS/m3-d

1.24 kg -----)

0.65 -------)

~ ------)
2.66 kg

(79.4 wt % of VS)

Protein @ 36.8 wt % of VS

Carbohydrate @ 19.5 wt % of VS

Lipide' @ 23.1 wt % of VS

tCPL*

N
~ VA @ 2.4 wt % of VS

Otber orgllRice (by diff)

0.08 lep; -------)

0.61 kg -------)

(\8.2 wt % of VS)

URT: 15.0 days ------------) @ 0.0 wt % of VS 0.00 kp;

-----------------------------------) 0.29 kg
(12. 9 wt % of VS)

100.0%

52.5%

FS balance: effluent/feed· 109%

VS balance: effluent/feed. 100%

Carbon recovery In p;as

Energy recovery in ga8

• 28%

• 32%

• tCPL iB the Bum of protein, carbohydrate, and lipids.

Figure B-1. Mass balances for single-stage CFCSTR mesophilic
Run SSISM conducted with Hanover Park sludge at a IS-day HRT



TABLE B-3. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS7M: CFCSTR SINGLE-STAGE MESOPHILIC (35°C) DIGESTON OF

HANOVER PARK SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

11/27/83 31.87 0.81 67.32

12/4/83 30.45 0.80 68.75

12/11/83 29.85 0.14 70.01

12/19/83 30.45 0.00 69.55

12/28/83 31.17 0.00 68.83

1/2/84 30.19 0.00 69.81
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TABLE B-4. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. SS7M
CFCSTR SINGLE-STAGE MESOPHILIC (35°C) DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 7-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valeric, Caproic, as IIcetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

N 11/28/83 189 117 0 0 0 0 0 284 0
w
VI

12/5/83 170 128 0 0 0 0 0 274 0

12/12/83 136 88 0 0 0 0 0 207 0

12/19/83 121 99 0 0 0 0 0 201 0

12/26/83 95 86 0 0 0 0 0 164 17

1/3/84 272 105 2 0 0 0 0 359 0



26.4
~

32.4 %

23.4 %

2&.2 %

93.3 %

(40.8%)

RF.llliCTrON/
( PRllDUeTION)~

1.14 5eM CII4
0.50 SCM Cll2
1.11 kg tut.al 'l""
0.83 kg CUban
10.260 kcal

---------> @ 38.5 wt % of TS 2.48 kg

----------> @ 61.5 wt % af TS 3.96

6.44 kg

----------> @ 26.3 wt % of VS 1.04 kg

----------> @ 17.7 wt % of V5 0.70
----------> @ 28.8 wt % of VS ~

r----------------------------------------------->

Run no. S57M

CI!'5TR

8ingle-8tage

Temp: 35·C1.41 kg ----->
0.95 ------->
.h2.Q. ------>
4.26 kll Load inll: 2.118 kg

(82.5 wt % of VS) 7.5 kg-VS/,.3-d 02.8 wt % of VS)

0.15 kg ----->1 HRT: 7.0 day. 1'---------->@0.8wt%OfVSO.03kg

04.7 ::7: : ~~----> '-- ---' ---------------------------~~~~~>w:';~o:gVS)

IOU kg ------------------------>1
2.64 kg ------------------------>
5.17 ------------------------>
7.81 kg

VA @ 2.9 wt % of VS

Other org8nic8 (by diff)

Total slurry

I'S @ :n.8 wt % of TS

VS I! 66.2 wt %

TS

Prat.... i.n @ 27.3 wt % of VS

Carbohycl rate @ 18.4 wt % of VS
Lipid8 @36.8 we % of VS

[CPL·

FS balance: effluent/feed· 94%

VS balance: effluent/feed· 110%

Carbon recovery In laR
ErierllY recovery n Ra : ~H

• I:CPL i8 the 8U11 of protein, carbohydrate, Rnd lipid8.

Figure B-2. Mass balances for single-stage CFC8TR mesophilic
Run 887M conducted with Hanover Park sludge at a 7-day HRT



TABLE B-5. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS3M: CFCSTR SINGLE-STAGE MESOPHILIC (35°C) DIGESTION

OF HANOVER PARK SLUDGE CONDUCTED AT A 3-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

3/25/84 45.19 0.50 54.31

3/30/84 44.43 0.50 55.07

4/3/84 40.58 0.50 58.92

4/8/84 42.56 0.47 56.98
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TABLE B-6. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. SS3M
CFCSTR SINGLE-STAGE MESOPHILIC (35°C) DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

I'..) 3/23/84 610 1,520 267 91 486 114 0 2,439 0
IN
CO

3/30/84 350 1,600 205 48 360 96 0 2,087 0

3/31/84 389 1,727 220 52 334 97 0 2,227 0

4/4/84 247 1,766 176 0 232 61 0 1,971 0

4/9/84 121 1,243 85 2 234 62 0 1,363 0



·r-----------------------------------------------)

0.43 SCM CIl I,

0.14 SOl Cll-,
0.92 kit total l!.'R·

0.39 kll carbun
38';0 keal

REllur.rrONI
( PRODUCTION)

Protein @34.6 vt t of VS

Carbohyd rate @ 25.4 vt % of VS

Lipids @26.0 vt % of VS

I:CPL*

Total slurry

FS@ 23.9vt t of TS

VS @ 76.1 vt %

TS

100 kg -----------------------)

1.51 kg -----------------------)

4.79 -----------------------)
6.30 kg

1.66 kg -- ----)

1.22 -----)

1.25 -------)

4.13 kg

(86.0 vt t of VS)

Run no. SS3H-H

CFSTR

aingle-atage

Temp: 35°C

LoadlnR:

15.4 kg VS! m3_d

--------) (i 26.7 vt % of TS 1.47 kg

--------) (i 73.3 vt % of TS 4.05

5.52 kg

-------) (i 31.2 wt t of VS 1.26 kg

--------) @ 16.7 wt % of VS 0.68

--------) (i 25.7 wt t of VS 1.04

2.98 kg

(73.6 wt % of VS)

15.4 %

23.7 %

44.4

16.5

27.6 %

VA @6.2 vt % of VS

Other organics (by diff)

0.30 kg ------)

0.36 kg -------)

(7. 5 vt % of VS)

HRT: 3.1 days --------> (i 6.3 vt % of VS 0.26 kg

---------------------------------) 0.81 kg
(20.0 vt % of VS)

13.3 %

(125.0% )

FS balene.. : efflnE'ntffe..d. 97%

VS balance: effluent! feed· 104%

Carbon recovery in gaa • 14%

Energy recovery in gaa 12%

* I:CPL is the sum of protein, carbohydrate, and lipids.

Figure B-3. Mass balances for single-stage CFCSTR mesophilic
Run 883M conducted with Hanover Park sludge at a 3-day HRT



TABLE B-7. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS15T: CFCSTR SINGLE-STAGE MESOPHILIC (55°C) DIGESTION

OF HANOVER PARK SLUDGE CONDUCTED AT A 15-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

5/27/84 34.36 0.11 65.53

6/3/84 33.39 0.28 66.34

6/1/84 33.38 0.13 66.49

6/11/84 32.91 0.21 66.88
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TABLE B-8. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. SS15T
CFCSTR SINGLE-STAGE MESOPHILIC (55°C) DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 15-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Rthanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

N
.c- 5127/84 209 1,043 121 6 258 0 II 1,299 0....

6/3/84 162 864 89 5 427 0 25 1,191 0

6/9/84 118 746 33 0 37 16 0 776 0

6/II/84 128 721 34 0 234 16 0 882 0



.Q.!!:IT!.'!.

0.119 SCM CII4
0.45 !;OI ell,

r------------------------------------------------>~~;~~a~:~:~nKa9

Tota1 81urry

FS @ n.9 wt 2: of 15

VS @ 7&.1 wt 2:

TS

100 kg

0.99 kg

lill..
4.1& Itg

----------------------->
----------------------->
----------------------->

Run no. 5S15T

CFeSTR

eingle-atage

----------> @33.2 'It % of TS

----------> @ 66.11 'It % of T!;

0.92 kp;

I.A6

2.78 kp;

1:F.IIUCTlflNI
( I'ROUIICTTON)

41.3 %

----------> (! 7. 1 wt % of VS O. 13 kg

--------------------------------> 0.33 kg
(17.7 'It % of VS)

Protein @3&.9 wt % of VS

Carbohydrate @ 23.0 'It 2: of 'IS

Lipide @ 31.7 'It % of VS

cCPL*

VA @ 4.& 'It 2: of VS

Other organice (by diff)

1.17 kg ------->
0.73 ------>
l.!.QQ. ---->
2.90 kg

(91.& wt 1 of VS)

O. 1') kg ------>
O. 12 kg ------>

0.8 'It 2: .of VS)

Temp: 55·C

Loading:

2.1 kg YS/1Il3-d

HRTI 15.0 daye

----------> @29.2 'It % of VS

----------> @29.3 'It % of VS

-------> @ 17.2 wt 2: of VS

(75.7

0.54 kp;

0.54

.Q:.E..
1.40 kg

'It % of VS)

53.5 %

25.3

~

51. ') %

\3.3 %

(175.0%)

FS balan~~: effluent/feed· 93%

VS balance: effluent/feed. 1041

carbon recovery in gaa • 37%

Energy recovery in gaa • 39%

* CCPL ia the aum of protein, carbohydrate, and lipide.

Figure B-4. Mass balances for single-stage CFCSTR thermophilic
Run SSlST conducted with Hanover Park sludge at a IS-day HRT



TABLE B-9. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS7T: CFCSTR SINGLE-STAGE ~ffiSOPHILIC (55°C) DIGESTION

OF HANOVER PARK SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

7/27/84 0.04 31.52 0.00 68.43

7/29/84 0.10 31.43 0.17 68.31

8/3/84 0.07 32.24 0.00 67.69
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TABLE B-IO. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. SS7T
CFCSTR SINGLE-STAGE MESOPHILIC (55°C) DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 7-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

N Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/t mg/L
+:-
+:-

7/27/84 145 1,530 122 0 572 0 47 1,829 0

7/29/84 135 1,876 69 0 653 0 64 2,121 0

8/3/84 352 1,718 298 -0 648 0 70 2,365 0



r------------------------------------------------>

OllTPIrr

1.26 SCM ClI~

0.51} RCM cOl
1.1}6 kR total R~B

0.94 kj! carbon
1I,3S0 kcal

REDIICTION!
( PROnUCTION)

Total alurry

FS @ 26.0 lit % of TS

VS @74.0 lit %

TS

100 kg ------------------------>\
1.75 kg ------------------------>
::~: kg --------------------->1

Run no. SR7T

CFCSTR

----------> @ 34.4 lit % of T5

------------) @ 65.6 wt % of TS

1.80 kl>;

1.41

5.23 kl>;

11.0 %

Protein @ 35.1 lit % of VS

Ca rboliyd rate @ 19.4 lit % of VS

Lipida @19.8 lit % of VS

&CPL*

VA @ 8.7 lit % of VS

Other organica (by dlff)

1.74 kg ------->
0.96 ------->
0.98 ------->
3.68 kg

(74.3 lit % of VS)

0.43 kg ------->
0.86 kg ------->

(17.3 lit % of VS)

Temp: 55·C

LoadlnR:

7.1 kg V5!m3-d

HRT: 7. I daya

------------) II 26.6 lit % of VR .0.91 kj!

------------> @ 25. I lit % of VR 0.R6

------------> @ 15.0 lit % of vs O. ~I

2.2/1 kF;

(6£>.7 wt % of_ VS)

------------> @ 8.1 lit % of VS 0.28 kl>;

-----------------------------------> 0.87 kg
(25.4 lit % of VS)

47.8 %

10./1

47.8

38. I %

14.9 %

(1.2%)

FS balance: effluent/feed· 103%

vs balance: effluent/feed· 108%

Carbon recovery In Raa • 32%

F~ergy recovery in Ras • 35%

* &CPL ia the BUD of protein, carbohydrBte, and lipidB.

Figure B-5. Mass balances for single-stage CFCSTR thermophilic
Run SS7T conducted with Hanover Park sludge at a 7-day HRT



TABLE B-11. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. SS3T: CFCSTR SINGLE-STAGE MESOPHILIC (55°C) DIGESTION

OF HANOVER PARK SLUDGE CONDUCTED AT A 3-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

8/7 /84 0.00 36.82 0.35 62.83

8/11/84 0.00 37.54 0.38 62.09

8/16/84 35.28 0.36 64.37

8/17/84 33.62 0.28 66.10
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TABLE B-12. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. 8S3T: CFCSTR
SINGLE-STAGE MESOPHILIC (55°C) DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

N 8/7/84 937 1,324 473 390 863 0 126 3,172 0.p..
""-J

8/10/84 1,128 1,496 461 338 890 0 131 3,476 0

8/15/84 1,052 1,373 300 299 772 126 148 3,178 0

8/17/84 1,064 1,322 267 258 717 0 148 2,992 0



R~:1lI1I:THlN/

( PROIllJCTIOH)

r------------------------------------------------>

Total slurry

I'S @ 27.2 wt % of TS

VS @ 12.8 wt %

TS

100 kg ------------------------>
1.81 kg ------------------------>
~ ------------------------>
6.67 kg

Run no. SS3T

CFCSTR

8lngle-stage

------------> @ 31.S wt % of TS

------------> @ 68.S wt % of TS

O. SS SCM CH4
0.12 SCM CO2
0.97 ~ total AaA
0.44 kg "arbon
5000 keal

1.96 kg

4.27

6.23 kg

20.~ %

10.4

16.3 %

(n.7%)

1.38 kg

0.84

~
2.92 kg

(68.9 wt % of VS)

-----------> @ 9.6 wt % of VB 0.41 kg

-----------------------------------> 0.94 kg
(22.0 wt % of VS)

------------> @ 32.4 wt % of VS

------------> @ 19.7 wt % of VB

------------> @ 16.8 wt % of VB
Loading:

IS.6 kg VS/ ..3-d

HRT: 3. 3 days

Temp: SS"C

0.49 kg ------->
0.76 kg ------->

(IS.6 wt % of VS)

1.74 kg ----->
0.94 ------>
~ ------>
3.61 kg

(74.2 wt % of VS)

VA @ 10.1 we % of VS

Other organie. (by diff)

Protein @3S.7 wt % of VS

Ca rbohyd rate @ 19. 3 wt % of VS

Lipids @ 19.2 wt % of VS

ECPL*

N
.&>
00

I'S balance: effluent/feed· 108%

VS balance: effluent/feed· 108%

Carbon recovery In gaa • IS%

Y.nergy re"overy in gas • 16%

* &CPL Is the sum of protein, carbohydrate, and lipids.

Figure 8-6. Mass balances for single-stage CFC5TR thermophilic
Run 553T conducted with Hanover Park sludge at a 3-day HRT



------------------------------------------- ----------------------------------------

TABLE B-13. VOLATILE SOLIDS AND ORGANIC COMPONENT CONCENTRATIONS AND REDUCTIONS OBSERVED DURING STEADY-SlATE
MESOPHILIC (35°C) AND THERMOPHILIC (55°C) CFCSTR SINGLE-STAGE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

Sample dilte{s)"Run Sample tot Hall'h T:; vs Crlldf,' pTnteln r:;trbnh"dn1tp.:; I.lplds Organic: reductions,

wt % ",t 7. IoIt ! wt ~

mr./l. mll/~ of T5 mil II. of VS mr./1. uf v~ mr,/I. of V5 Protein Carbohydrate I.lpld.

5515" Feed 1/6I8J 1 J 4S.IOO 13.-;00 74.2H 12,115 16.76 6512 19. SO 7239 21.61
1/6/81 I J "." lOTI J). 'Suo 7/~.2R ~Jl.RR 27.7J
1/6/1ll I 3 ~ '13,5l1t. 74.2H ~ 20.0n

Run r:ltc".l'Ins c 4S.ltHl 11. 'jOt) 74.2H Ih.70 19.511 TI:IT
Feed mt.'ansd 1h.7ft 19.50 21.11

t"inat mellnse ~ ~ ~ ~ --rm 2T.IT

Effluent 2/11/1l) J 35,2HII 22.7HO ()4. r.,7
2/1 2-2/1 5/113 3 878 I 1H. " :. 769 2P.94 l)1I7H 22.29
2/12-2/15/83 3 H14" 21.!5

2/13/83 3 14" 71tl 22.110 h l .. b.l
N 2/16-2/19/83 3 H91H 40.41 47111 21.29 M90 29.14
~ l/16-2119/1l3 J 90M 411,QQ
\0

)';,02' l2.. ~')n 114.10 ~ llJ. I)X ~ 'iT:Th -.;m TI:iiT 27.11 27.28 25.12

557H Feed 12/12-12/14/83 6 7-;.7hU 49,7')0 h"i.h7 995H 211.n~

12/l1-1/9/84 6 Ho,140 ')). "Nfl hh.h9 14,hb9 27.18 qlnh tfl.Kh 11\. QZ9 15.13
Run mNtns 7M,1I'l1l rll.hh'} i7h:TH ~ IH.'.li 15. '03

Feed mrans 27. \II I~. '~4 17.98
t'lnal mlf'.tns ~ ~ f'. lq ~ IM./lll ~ lh .. lb

Effluent 12/12-12/14/81 6 ';4,91l1 12. 'lIn ')1'.13 hMl! :n.ll1
1Z!31-1/9/K4 6 n,7/11 4il,hhO Ill.!') II, ~KH 2h.14 lil 'h I 1. '04!~ 11,4211 28.77

rl4. Je,l! \9,',K'. ~ Itl,U] 7'h':lT 1iiiT 1'.7C II.lW4 28.. 77 26.18 26.38 40.0J

553H Feed J/28-4/6/84 R fll,Ol!1 '.7, q/~l1 1h .. lI] I h. IIlh l'I.I..! 1..!.OII ,,·,.Of'! 12.192 2'o.H'o
3121l-4/6/1l4 II 61.11:W 41, <i411 1fl.1I1 ~ 21.69

Run means (l J,0211 47, 'I till /I,."l l'r:T' ~ 2'o.H5
Fet"d I11pans )·,.tllI lh. II 25.98

Fina.l I!WRnS 1ft, ·.h~ ~ ~ .!'l.lr. Il ,4,),) ~

Effluent J/28-4/6/84 Il ')'),2 l,0 I,O,!iMO It ...·r( Il,h'i4 -11.24 h',,! 7 16.ll I". J97 25.68
JI2Il-4/6/84 Il ""',240 I.O,4HII ]l ...'~ hq7K 17.l4

,)',.!l~O 411,41«0 ~x 11.,h:ltl ~ ~ Ih.hH TO;l9T ~ 21.68 44.44 - 16.52

(l"lInt i llI11'd)

Reproduced from
best available copy.



TABLE B-13 (continued)

Ilun Sample Sample date(s)b t.ot 8atch TS VS Crudt:' l,rotei n CnrhohvdrateR Lipids Organic reductions, %

wt % wt ~ wt % wt %
mg/l. 1l1K/t. of TS M~/I. of VS m~/L of VS mg/L of VS Protein Carbohydrate Lipid.

SS15T Feed 5/31-6/9/84 12 41,560 31,6)0 76,11 11,6b9 36.89 ---l.lli 23.05 10,030 31.71
Rnn means 41.56U 31,610 'i"6.TT 16.89 21.0~ 3T:7T

feed means 36.89 23.05 31.71
Final means II,M9 36.89 1m' ~ Tii;iiJcj ~

Effluent 5/31-6/9/84 12 27,780 18,560 66.81 5425 29.23 541f4 29.33 3185 17.16
27,780 18, ~60 r;;;:ijf ~ 19.11 54'44 29.TI" 3iii'S 17.16 53.51 25.34 68.25

SS7T Feed 8/2-8/6/84 16 67,2511 49,74U 73.96 11.1118 34.56 9292 18.68 9705 19.51
8/2-8/6/84 16 67 250 49,740 73.96 10,2311 20.58

Run mean,; 61:250 49,740 73.96 ~ 19.63 19.51
Feed means n.71 19.27 20.00

Finat means 17,479 3~.14 ---qm 19.45 ~ TD6

Effluent 8/2-8/8/84 16 52,120 J4, Jill 65.58 912~ 26.60 8856 25.81 5134 14.96
11/2-8/111114 16 'i2 , 320 34,310 b'i.'ill 8194 24.47

51,320 34,310 ~ ---rrrr 26.60 lim iT.T4 ---m4 T4:"96 47.79 10.S4 47.77

N S53T Feed 8/8-8/17/84 16 66,735 48,615 72.85 17,369 3'i.73 10,363 21.32 8952 18.41Vt
0 8IS-8/17/84 16 66,735 48,615 72.85 ~ 17.48

Run means 6£,,735 48,615 72,85 15."IT "iDO 18.41
Ffled means 3'>.71 19.27 20.00

Final means 17. )(,5 n.72 . 9ltH2 19.14 9334 19.20

Effluent 8/8-8/17184 16 62,340 42,705 68.50 13,825 32.37 8428 19.74 7195 16.85
62,34/) 42,705 68.50 13,825 Jz.TI' lim 19.74 7195 16.85 20.39 10.36 22.92

a Data reported are the averages of duplic.tte or triplicate determinations.

b A single sample date Indicates that the analyRes were conducted on II grab sample collt"cted that day. A time pt"rtod tinder thls column lndtcl'ltes
the start and end dates of collection of a grab or time-compoRlte samplE" IIsed for thE" ana:lyses.

C Run means are the averages of the feed analyses C'onduC"ted for a partieular stellldy-~tate run on a. stnMle feed lot "nd bRtch.

d Feed ••n8 are the 8\·erage organic contents (expresflsed as weight pert'ent of VS) of all stcRdy-CJtate flample-llt collpctcd for
a particular feed lot and batch.

e rla.l.eaRS ate the ave.rage feed slurry organic conee.ntrations And contentR u"ed tn dt.-ter""tnp. th@ nrRlln{(' t'~d\lct'lons.

The organic eontents are the .'Verage of the fe-ed anel run orgftn{(" contentR. Organic f.-ed concentrat ions wen'! raleu1 ~tE"d

as the product of the final mean organic feed contentlJ and thl' avttrltg(l feed vol.'ttil..- solids com;,pntra.tlon for th£" r\tlh



APPENDIX C

EFFLUENT ANALYSES FOR TWO-PHASE CFCSTR DIGESTION STUDIES

TABLE C-l. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TPI5M-M: CFCSTR MESO-MESO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 15-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Digester No. 332)

10/9/83 38.24 1.56 60.21

10/16/83 39.25 0.98 59.77

10/22/83 37.04 1.25 61.72

10/29/83 36.05 0.81 63.14

11/6/83 35.03 1.51 63.46

11 /13/83 33.78 0.74 65.49

11/14/83 35.09 2.89 62.02

11/20/83 34.78 0.95 64.26

Methane-phase (Digester No. 333)

10/9/83 29.45 1.26 69.28

10/16/83 28.80 1.43 69.77

10/22/83 29.16 0.60 70.25

10/29/83 28.77 0.42 70.81

11/6/83 28.79 0.00 71.21

11/13/83 29.12 0.00 70.88

11/14/83 28.88 0.00 71.12

11/20/83 28.60 0.00 71.40
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TABLE C-2. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TPISM-M:
CFCSTR MESO-MESO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A IS-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 332)

10/17/83 324 340 49 32 91 14 0 716 0

10/21/83 464 468 66 62 119 24 0 1,014 12

10/29/83 396 402 57 48 111 20 0 871 0

11/7/83 282 331 35 7 79 15 0 635 0

N 11/14/83 201 258 24 0 65 4 0 467VI
N

11/15/83 212 219 28 4 71 9 0 458

11/21/83 188 275 23 16 51 18 0 478

Methane-phase (Digester No. 333)

10/17/83 6 3 0 0 0 0 0 8 0

10/21/83 51 13 0 0 0 0 0 61 15

10/29/83 23 0 0 0 0 0 0 23 0

11/7/83 37 30 0 0 0 0 0 62 0

11/14/83 0 0 0 0 0 0 0 0

11/15/83 1 0 0 0 0 0 0



r------------------------------------------------>

O. If, SCI' Cf!4
O.OQ SCM CO2
0.29 kR total ~as

O. n kR carbon
1470 kcal

llF:nI'CTIIlN!
(PllOlllICT ION)

Total slurry

FS @ 28.6 wt % of TS

VS @ 71.4 wt %

TS

100 kg ------------------------)

1.13 kg ------------------------)

~ -------------------~----)
3.94 kg

Run nn. TP I 5H-H

C.·CSTR

acid-phase

------------) ~ 31.1 wt % of TS

------------> @ 68.9 wt % of TS

I. 15 kg

2.55

3.70 kl!:

9.2 %

Protein @ 31.6 wt % of VS

Carbohydrate @ 29.6 wt % of VS

Lipids @24.3 wt % of VS

tCPL*

N
\JI
~ VA @ 1.5 wt % of VS

Other organics (by diff)

0.89 leg ------)

0.83 ------)

0.68 ------)

2.40 kg

(85.5 wt % of VS)

0.04 kg -----)

0.37 kg -------)

(13.2 wt % of VS)

Temp: 35·C

Loading:

14.8 kg VS!m3-d)

HRT: 2.0 dsys

------------) @ 23.9 wt % of VS 0.61 kg

------------) @ 21.1 wt % of VS 0.54

----------) @ 13.4 wt % of VS 0.34

1.49 kg

(58.4 wt % of VS)

------------) @ 3.1 wt % of VS 0.08 kg

-----------------------------------) 0.98 kg
(38.4 wt % of VS)

31.4 %

35.1

49.2

37.8 %

(100.0%)

(164.9% )

FS balance: effluent/feed· 102%

VS balance: effluent/feed· 101%

Csrbon recovery in gaB 8%

Energy recovery in ga8 8%

* tCPL ia the sum of protein, carbohydrate, and lipida.

Figure C-I. Mass balances for mesophilic CFCSTR acid-phase
digester for meso-meso CFCSTR two-phase Run TPISM-M
conducted with Hanover Park sludge at a IS-day HRT



RF.DlICTlnN/
(PRonuc'r ION)

27.1 %

I. III kg

~
1.04 kg

------------> @38.9 wt % of TS

------------> ~ 61.1 wt % of TS
me thane-pha Be

Run no. TPISM-H

CFCSTR

0.99 SCI1 CIl4
0.41 SCM <:02

r---------------------------------------------> ~:~~ ~ ~~~:~nKa8

I 8.920 keel
r------'----,

100 kg ------------------------)

1.15 kg ------------------------>
2.~5 ------------------------>
3.70 kg

Total slurry

F5 @ 31.1 wt % of T5

vs @ 68.9 we %

TS

Protein @23.9 vt % of VS

Carbohydrate @ 21.1 wt % of VS

Lipid8 @ 13.4 vt % of VS

tCPL*

VA @ 3.1 wt % of VS

Other organics (by dUf)

0.61 kg -------)

0.~4 ------->
~ ------->
1.49 kg

(~8.4 vt % of VS)

0.08 kg ------->
0.98 kg ------->

(38.4 wt % of VS)

Temp: 35°C

Loadtng:

2.2 kg VS/m3-d

HRT: 13.2 daya

------------) @ 22.6 wt % of vs 0.42 kg

-----------> @ 23.8 wt % of VS 0.44

-----------) @ 9.2 wt % of V5 0.17

1.03 kg

(55.6 wt % of VS)

------------> @ 0.2 wt % of VS 0.00 kg

-----------------------------------> 0.83 kg
(44.6 vt % of V5)

11.4 %

18.1

1!!:l..
11.0 'J:

100.0 %

(\ ~.3%)

FS balance: effluent/feed· 103%

VS balance: effluent/feed. 129%

Carbon recovery tn ga8 • 48%

Energy recovery tn gaa • ~4%

* tCPL i8 the aua of protein, carbohydrate, and lipida.

Figure C-2. Mass balances for mesophilic CFCSTR methane-phase
digester for meso-meso CFCSTR two-phase Run TPISM-M conducted

with Hanover Park sludge at a IS-day system HRT



r------------------------------------------------)

0I1TPUT

1.15SCHC"4
O. ~O SCM en,
1.72 kg totAl ~as
0.114 kR carbon
10,390 ked

REI1l1CTIllN!
(PROOUCT ION)

Total slurry

FS @ 28.6 wt % of TS

VS @ 71.4 we %

TS

100 kg ------------------------)

1.13 kg ------------------------)

2.81 ------------------------)
3.94 kg

Run no. TPI5H-H

CFCSTR

two-phase system

------------) @ 38.9 wt % of TS

------------) @ 61.1 wt % of TS

1.18 kR

1.86

3.04 kR

31.8 %

------------) @ 0.2 wt % of VS 0.00 kR

-----------------------------------) 0.83 kg
(44.6 wt % of VS)

------------) @ 23.8 wt % of V5 0.44

------------) @ 9.2 wt % of VS 0.17

1.03 kR

(55.6 wt % of VS)
N
\JI
\JI

Protein @ 31.6 wt % of VS

Carbohydrate @ 29.6 wt % of VS

LipIds @24.3 wt % of VS

[CPL*

VA @ 1.5 wt % of VS

Other organica (by dilf)

0.89 kg -------)

0.83 -------)

0.68 ------)

2.40 kg

(85.5 wt % of V5)

0.04 kg -------)

0.37 kg -------)

(l 3. 2 wt % of VS)

Temp: 35-35·C

Loading:

1.9 kg VS/m3-d

HRT: 15.2 days

------------) @ 22.6 wt % of VS 0.42 kR 52.9 %

47.0

ll:.Q.
57.1 %

100.0 %

(124.3%)

FS balance: effluent/feed - 104%

VS balsnce: effluent/feed - 127%

Carbon recovery in gss - 51%

Energy recovery in gaa - 57%

* tCPL is the aum of protein, carbohydrate, and lipida.

Figure C-3. Mass balances for meso-meso CFCSTR two-phase
Run TPISM-M conducted with Hanover Park sludge

at a 1S-day system HRT



TABLE C-3. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP7M-M: CFCSTR ~mSO-MESO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Digester No. 334)

9/21/84 42.25 0.12 57.63

9/24/83 0.00 43.07 0.67 56.26

9/26/84 42.53 0.33 57.14

9/28/84 40.94 0.42 58.65

Nethane-phase (Digester No. 333)

9/21/84 31.56 0.14 68.31

9/24/84 31.51 0.00 68.49

9/26/84 32.00 0.05 67.95

9/28/84 32.25 0.42 67.32
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TABLE C-4. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TP7M-M:
CFCSTR MESO-MESO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Total
Acetic, Propionic, Iso-butyric, Butyric. Iso-valerie, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 334)

9/21/84 703 701 87 136 103 42 68 1,544 0

N 9/24/84 861 753 113 214 137 38 55 1,826 0
V1
~

9/26/84 845 764 116 207 149 58 2 1,808 0

9/28/84 475 693 121 82 155 107 0 1,329 0

Methane-phase (Digester No. 333)

9/21/84 81 11 0 0 0 6 62 125 0

9/24/84 99 9 0 0 0 32 44 148 0

9/26/84 72 47 0 0 0 2 26 124 0

9/28/84 1 47 0 0 0 0 0 39 0



~

0.44 SCM CH4
0.12 SCM CO2

r------------------------------------------------> ~;i~ ~a~:~:~n~aa

Total slurry

FS @ 26.6 wt % of TS

VS @ 73.4 wt %

TS

100 kg ------------------------>
1.77 kg ------------------------>
4.88 ------------------------>
6.65 kg

Run no. TP7H-H

CFCSTR

acid-phaBe

------------> @30.0 wt % of TS

------------> @ 70.0 wt % of TS

1.82 kg

4.25

6.07 kR

REIlUCTION/
( PRODUCT ION)

2.90 kR

(68.2 we % of VS)

------------> @ 4.6 wt % of VS 0.20 kR

-----------------------------------> 1.15 kR
(27.1 wt % of VS)

Protein @ 31.7 wt % of VS

Carbohyd rate @ 22.5 wt % of VS

LipldB @20.5 wt % of VS

tCPL*

N

~ VA @ 5.6 wt % of VS

Other orgBnicB (by diff)

1.55 kg ----->
1.10 ------>
~ ------->
3.65 kg

(74.7 wt % of VS)

0.27 kg ----->
0.96 kg ----->

(19.7 wt % of VS)

Temp: 35"C

Loading:

26.4 kg VS/1Il3-d

HRT: 1.9 daYB

------------> @ 33.0 wt % of VS

------------> @ 18.3 wt % of VS

------------> @ 16.9 wt % of VS

1.40 kg

0.78

~

9.6 %

29. I

!!!:!.
20.6 %

25.9 %

(19.8%)

* tCPL iB the BUD of protein, CBrbohydrate, Bnd lipidB.

FS balance: effluent/feed. 103%

VS balance: effluent/feed· 106%

Carbon recovery in RaB • 14%

Energy recovery in gaB • 13%

Figure C-4. Mass balances for mesophilic CFCSTR acid-phase
digester for meso-meso CFCSTR two-phase Run TP7M-M conducted

with Hanover Park sludge at a 7-day system HRT



INPUT OUTPlrr

1.03 SCM
0.48 SCM

r------------------------------------------------> ~i~! :;a~:~:~nRaa

RF.OIICT10N/
( PRODUCTION)

Total 81urry

FS @ 30.0 wt % of TS

VS @ 70.0 wt %

TS

100 kg ------------------------)

1.82 kg ------------------------)

4.25 ------------------------)
6.07 kg

Run no. TP7M-M

CFCSTR

methane phaBe

-----------> @35.3 wt % of TS

-----------) @ 64.7 wt % of TS

1. 79 lq~

~
5.07 kR

22.B %

-----------) @ O. 4 wt % of VS 0.01 kR

--------------------------------> 1.25 kg

(38.1 wt % of VS)

@ 35. I wt % of VS

@ 15.0 wt % of VS

@ H.6 wt % of VS

Protein @ 33.0 wt % of VS

ca rbohyd rate @ 18.3 wt % of VS

Upid8 @ 16.9 wt % of VS

ECPL·

N
VI
\0 VA @ 4.6 wt % of VS

Other organica (by diff)

1.40 kg ------>
0.78 ------->
.2.:2!. ------->
2.90 kg

(68.2 wt % of VS)

0.20 kg ------->
1.15 kg ----->

(27.1 wt % of VS)

Temp: 3S·C

LoBdlniP

10.1 kg VS/m3-d

HRT: 4. 9 dayB

-----------)
---------->
----------)

1.15 kR

n.49

0.38

2.02 kg

(61.7 wt % of VS)

17.7 %

36.6

46.7

30.0 %

95.0 %

(8.7% )

PS balance: effluent/feed. 98%

VS balance: effluent/feed· 115%

Carbon recovery In gaB • 31%

Energy recovery In ga8 • 34%

• ECPL ia the 8um of protein, carbohydrate, and lipida.

Figure C-5. Mass balances for mesophilic CFCSTR methane-phase
digester for meso-meso CFCSTR two-phase Run TP7M-M conducted

with Hanover Park sludge at a 7-day system HRT



------------------------------------------------>

Total duny

'S @ 26.6 wt I of TS

VS @ 73.4 wt I

TS

100 kg ------------------------>
1.77 kg -------------------~

!

4.88 ----------------------->
6.65 kg

Run nn. TP7H-H

CFCSft

two-phase system

----------->
---------->

@ 3~. 3 wt % of TS

@ 64.7 wt % of TS

1.47 SCM CH4
0.80 SOl CO2
2.49 kR total gas
1.16 kl': carbon
13,290 kcal

1.79 kg

3.28

5.07 kg

RF.OllCTION!
(PRODUCTION)

32.8 %

-----------> @ 0.4 wt % of VS 0.01 kg

-----------------------------------> 1.25 kg
(38.1 we % of VS)

Protein @ 31.7 we % of VS
Carbo~ydrate @22.5 wt % of VS

Lipids @20.5 we % of VS

tCPL·

N
0\
o VA @ 5.6 wt I of VS

Other organica (by diff)

1.55 kg ------>
1.10 ------->
.hQ!!. ------>
3.65 kg

(74.7 we %of VS)

0.27 Itl ----->
0.96 kg ----->

(19.7 we % of VS)

Temp: 35-35·C

Loading:

7.3 kg VS/m3-d

HRT: 6.8 days

-----------> @ 35.1 we % of YS

------------> @15.0 wt % of VS

-----------> @ 11.6 wt % of YS

(61.7

1.15 kg

0.49

~
2.02 kg

wt % of VS)

25.6 %

55.1

!h!.
44.4 %

96.3 %

(30.2%)

FS balance: effluent/feed. 101%

VS balance: effluent/ feed· 118%

Carbm, recovery In gas • 41%

Energy recovery In gas • 42%

• tCPL Is the aum of protein, carbohydrate, and lipids.

Figure C-6. Mass balances for meso-meso CFCSTR two-phase
Run TP7M-M conducted with Hanover Park sludge

at a 7-day system HRT



TABLE C-5. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP3M-M: CFCSTR MESO-MESO TWO-PHASE DIGESTION OF MIXED
DOWNERS GROVE PRI~~RY AND STICKNEY ACTIVATED SLUDGES CONDUCTED

AT A 3-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Digester No. 334)

12/13/84 47.88 0.63 51.50

12/15/84 48.06 1.68 50.26

12/18/84 45.59 0.32 54.08

12/20/84 0.05 44.48 0.29 55.18

Methane-phase (Digester No. 333)

12/13/84 35.10 0.00 64.90

12/15/84 36.64 1.59 61.77

12/i8/84 36.02 0.00 63.98

12/20/84 0.00 38.06 0.00 61.95
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TABLE C-6. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TP3M-M:
CFCSTR MESO-MESO TWO-PHASE DIGESTION OF MIXED DOWNERS GROVE PRIMARY AND STICKNEY ACTIVATED SLUDGES

CONDUCTED AT A 3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 334)

12/13/84 2,133 1,344 282 781 626 3,559 0 6,405 0

N 12/15/84 2,477 1,312 294 849 682 2,014 101 5,956 37
0\
N 12/18/84 2,336 1,615 321 778 618 1,063 18 5,391 0

12/20/84 1,762 1,342 254 588 458 991 83 4,319 39

Methane-phase (Digester No. 333

12/13/84 187 1,306 18 0 68 136 0 1,379 0

12/15/84 293 1,336 19 0 201 69 52 1,575 0

12/18/84 276 1,746 68 0 267 75 0 1,939 0

12/20/84 114 1,620 95 0 245 264 71 1,827 0



OlTfPIIT

0.27 SCM CH4
0.25 SCM cO2

r------------------------------------------------) ~~~~ ~a~~~:~ngae

Total slurry

FS @ 32.0 wt % of TS

VS @68.0 wt %

TS

100 kR ------------------------>
2.19 kg ------------------------)

~ ------------------------)
6.85 kg

Run no. TP3H-H

CFCSTR

acid-phaee

------------) @16.2 wt % of TS

------------) @63.8 wt % of TS

2.21 kg

3.93

6.16 kR

RF.IlUr.TTllNI
(PRllf)IICT ION)

15.7 %

------------) @23.5 wt % of VS 0.92

------------) @ 16.4 wt % of VS 0.64

2.76 kg

(70.5 wt % of VS)

------------) @ 18.2 wt % of VS 0.72 kg

-----------------------------------) 0.45 kg

(11.4 wt % of VS)

Prote1n @38.6 wt % of VS

Carbohydrate @ 23.5 wt % of VS

Lip1ds @ 17.2 wt % of VS

ICPL*

VA @ 10.1 wt % of VS

Other organ1cs (by d1ff)

1.80 kg -------)

1.10 ------)

~ -------)
3.70 kg

(79.4 wt % of VS)

0.47 kg ------->
0.49 kg -------)

(l0.5 wt % of VS)

Temp: 35°C

Load1ng:

49.3 kR VS/m3-d

HRT: 0.9 days

------------> @ 30.6 wt % of VS 1.20 kR 33.0 %

15. R

19.7

25.0 %

(53.2 %)

(8.2%)

* ICPL 1s the SUD of protein. csrbohydrate. and 11p1de.

FS balance: effluent/feed· 102%

VS balance: effluent/feed· 102%

Carbon recovery In gaa • 10%

Energy recovery In gae R%

Figure C-7. Mass balances for mesophilic CFCSTR acid-phase
digester for meso-meso CFCSTR two-phase Run TP3M-M conducted with

mixed Downers Grove primary and Stickney activated sludges
at a 3-day system HRT



~

0.60 SCH CH4
O.lS sot CO2

r------------------------------------------------) ~~~~ ~a~~~:~ngaB

RF.nnCTlnN/
( I'ROOIlCTlON)

Total alurry

FS @ 36.2 wt % of TS

VS @ 63.8 wt %

TS

100 kg ------------------------>
2.23 kg ------------------------>
3.93 ------------------------>
6.16 kg

Run no. TP3H-H

CFCSTR

methane-phase

------------) @ 39.0 wt % of T5

------------) @ 61.0 wt % of TS

2.24 kFl

3.S0

5.74 kg

10.9 %

Protein @30.6 wt % of VS

C8rbohyd rate @ 23. S wt % of VS

Lipida @ 16.4 wt % of VS

tCPL*

N

'"~ VA @ 18.2 wt % of VS

Other organica (by diff)

1.20 kg ----->
O. 92 ------->
~ -----)
2. 76 kg

(70.S wt % of VS)

O. 72 kg -------)

0.4S kg -----)

(11.4 wt % of VS)

Temp: 3S·C

Loading:

20.9 kg V5/m3-d

"RT: 2.2 days

------------) @ 30.0 wt % of V5

------------) @ IS.4 wt % of VS

------------) @ 16.8 wt % of VS

2.IR kg

(62.2 wt % of V5)

------------) @ 6. 1 wt % 0 f VS O. 21 kg

-----------------------------------) 1.11 kg
(3\.7 wt % of VS)

12.7 %

41.3

~

21.1 %

70.8 %

(146.7%)

FS balance: effluent/feed· 100%

VS bslance: effluent/feed· 116%

• tCPL 18 the a,1I of protein, carbohydrate. and lipida.

Carbon recovery in gaB

Energy recovery in gaB

- 21%

- 21%

Figure C-8. Mass balances for mesophilic CFCSTR methane-phase
digester for meso-meso CFCSTR two-phase Run TP3M-M conducted with

mixed Downers Grove primary and Stickney activated sludges
at a 3-day system HRT



OlITPIIT

0.87 SCH Cll4
0.60 SQoI CO2

r------------------------------------------------> ~;~~ ~a~:~:~nRas

Total slurry

F5 @ 32.0 wt % of TS

VS @ 68.0 wt %

T5

100 kg ------------------------>
2.19 kg ------------------------>
4.66 ---------------------->
6.85 kg

Run no. TP1H-H

CPCSTR

two-phase system

----------> @ 39.0 vt % of TS

------------> @61.0 wt %of TS

2.24 kg

3.50

5.74 kg

REDlICT1t>N/
( PRODUCTION)

24.9 !

41.5 %

50.6

lh.'!.
41.0 %

1.05 kR

0.54

~

2.18 kg

(62.2 wt % of VS)

----------> @ 30.0 wt % of VS

------------> @15.4 wt % of VS

------------> @ 16.8 vt % of VS

Loading:

14.7 kg VS/m3-d

Temp: 35-35·C1.80 kg ------->
1.10 ---->
~ -----)
3.70 k&

(79.4 wt % of VS)

Protein @38.6 wt % of VS

Carbobyd rate @ 23.5 wt I of VS

Lipida @ 17.2 wt % of VB

tCPL·

VA @ 10.1 wt % of VB

Other organice (by diff)
O. 47 k& ------->
0.49 kg ------->

00.5 vt % of VB)

URT: 3. I daya -----------> @ 6.lvt%ofVS 0.21 kg

----------------------------------> 1.11 kg

(31.7 wt % of VS)

55.3 %

026.5%)

FS balance: effluent/feed· 102%

VS balance: effluent/feed· 112%

Carbon recovery in gas • 28%

Energy recovery in gas • 26%

• tCPL ia the aum of protein, carbohydrate, and lipids.

Figure C-9. Mass balances for meso-meso CFCSTR two-phase
Run TP3M-M conducted with mixed Downers Grove primary and

Stickney activated sludges at a 3-day system HRT



TABLE C-7. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TPI5M-T: CFCSTR MESO-THERMO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A IS-DAY HRT

Date
Hydrogen,

mol %
Carbon dioxide,

mol %
Nitrogen,

mol %
Methane,

mol %

Acid-phase (Digester No. 334)

7/20/84

7/27/84

8/3/84

8/7 /84

8/11/84

8/16/84

0.00

0.00

0.00

38.83

38.43

33.74

34.03

34.86

33.27

0.42

0.36

0.47

0.30

0.37

0.58

60.75

61.21

65.79

65.67

64.77

66.15

Methane-phase (Digester No. 337)

7/20/84

7/27/84

8/3/84

8/7 /84

8/11/84

8/16/84

0.00

0.00

32.26

31.48

30.54

31.51

31.39

30.55

266

0.32

0.17

0.66

0.20

0.62

0.37

67.42

68.35

68.79

68.28

67.99

69.09



TABLE C-8. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TPISM-T:
CFCSTR MESO-THERMO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A IS-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 334)

7/20/84 396 453 49 71 108 75 17 962 0

7/27/84 284 313 46 50 84 43 13 684 0

8/3/84 590 MI8 29 74 83 0 20 1,082 0

N 8/1 /84 502 351 37 70 83 14 29 931 0
0\

" 8/10/84 605 504 7 43 75 0 29 1,106 0

8/16/84 602 377 0 64 52 0 92 1,030 0

Methane-phase (Digester No. 337)

7/20/84 271 836 0 0 197 0 22 1,076 0

7/27/84 213 579 17 0 143 0 27 792 0

8/3/84 122 713 106 0 231 0 34 925 0

8/1/84 119 633 68 0 191 0 23 803 0

8/10/84 203 621 0 0 185 0 24 827 0

8/16/84 143 648 0 0 165 0 25 779 0



2!!!!!!!..
0.34 SCM CIl4
0.19 SOl CO2

r------------------------------------------------> ~~~~ ~a~:~:~ng88

Total s1ur ry

F8 @ 29.6 wt % of T8

VS @ 70.4 wt %

T8

100 kg

1.36 kg

~

4.60 kg

----------------------->
-----------------------)
----------------------->

Run no. TPI5H-T

CreSTR

acid-phaae

------------) @31.2 wt % of TS
-----------> @ 68.8 wt % of TS

1.24 kg

2.72

3.96 kg

REOflI;TJON!
(PRflI)UCT ION)

16.1 %

12.8 %

24.5

2:!.
14.2 %

66.7 "
(1I.4:t)

1.03 kg

0.46

0.63

2.12 kg

(77.8 vt % of VS)

----------> @ 4.2 vt % of VS O. II kg

-----------------------------------> 0.49 kg
(\8.0 vt % of VS)

------------> @ 37.7 wt % of VS

------------> @ 16.9 vt % of VS

------------> @ 23.2 wt % of VS

HRT: 2. 1 days

Temp: 3S"C

Loading:

IS.5 kg VS/m3

0.33 kg ----)

0.44 kg ------->
(I 3. 6 wt % of VS)

1.18 kg ------>
0.61 ------->
.!!ill.. ---->
2.47 kg

(76.1 wt % of VS)

Protein @ 36.3 wt % of VS

Carbohydrate @18.8 wt % of VS

Lipida @ 21.0 wt % of VS

tCPL*

N

~ VA @ 10.3 wt % of VS

Other organica (by diff)

PS balance: efflllent/feed. 91%

VS balance: effluent/feed. 102%

Carbon recovery in gaa

Rnergy recovery in gaa

• 14%

• 15%

• tCPL is the 8t111 of protein, carbClhydrate, and lipids.

Figure C-IO. Mass balances for mesophilic CFCSTR acid-phase
digester for meso-thermo CFCSTR two-phase Run TPlSM-T

conducted with Hanover Park sludge at a IS-day system URT



-----~ ----

Q!!!!!!!.

0.64 SCM CH4
0.29 SOl CO2

r------------------------------------------------> ~;:~ ~a~~~:~n~as

RRIl\1CTlON/
(PRODUCTION)

Total alurry

P5 @ 31.2 wt % of T5

V5 @68.8 we %

TS

100 kg ------------------------)

1.24 kg -----------------)

2.72 -----------------------)
3.96 kg

Run no. TP 15H-T

CFCSTR

methane-phase

------------> @37.0 wt % of T5

-----------) @ 63.0 wt % of TS

1.18 kg

2.00

3.18 kg

26.5 %

Protein @37.7 wt % of VS

Carbollydrate @ 16.9 wt % of VS

Lipida @23.2 we % of VS

ECPL*

VA @4.2 we % of VS

Other organica (by diff)

1.03 kg ------)

0.46 -------)

0.63 -------)

2.12 kg

(77.8 we % of VS)

o. 11 kg -------)

0.49 kg -------)

(18.0 we % of VS)

Temp: 5S·C

Loading:

2.5 kg V5/m3-d

HRT: 13.0 daya

-----------> @ 34.2 wt % of VS 0.68 kg

------------> @21.1 wt % of V5 0.42

------------> @ 11.3 wt % of VS 0.23
1.33 kg

(66.6 wt % of V5)

-----------) @ 5.5 we % of VS O. II kg

-----------------------------------> 0.56 kg
(28.0 wt % of VS)

33.4 %

8.1

64.1

37.0 %

0.0 '.'

14.3% )

PS balance: effluent/feed· 95%

VS balance: effluent/feed· 110%

Carbon recovery in gss • 30%

Energy recovery in gas • 33%

* ECPL ia the sUM of protein, carhohydrate, and lipids.

Figure C-II. Mass balances for thermophilic CFCSTR methane-phase
digester for meso-thermo CFCSTR two-phase Run TPI5M-T conducted with

Hanover Park sludge at a IS-day system HRT



ollTPlrr
REmJCTTlIN/

(PRODUCTION)

0.911 SCM CII4
0.411 SCl4 C02

r------------------------------------------------> ~~~~ ~a~:~:~nRas

Total slurry

FS @29.6 wt %of TS

VS @ 70.4 wt I

TS

100 kg

1.36 kg

1:li.
4.60 kg

------------------------>
----------------------->
------------------------>

Run No. TPI5H-T

CFCSTR

------------> ~ 37.0 wt % of T5

------------> @ 63.0 wt % of TS

1.18 kg

~

3.18 kg

38.3 %

N......
o

Protein @ 36.3 wt I of VS

Carbohydrate @ 18.8 wt % of VS

Lipids @ 21.0 vt % of VS

tCPL*

VA @ 10.3 wt % of VS

Other organics (by dlff)

1.18 kg ------>
0.61 ------->
~ ------>
2.47 kg

(76.1 wt % of VS)

0.33 kg ------>
0.44 kg ------->

(I 3. 6 wt % of VS)

Temp: 35-35·C

Loading:

2. I kll VS/1I3-d

HRT: 15.1 dsys

------------> @ 34.2 wt % of VS 0.68 kg

------------> @21.1 wt % of VS 0.42

------------> @ 11.3 wt % of VS ~

1.13 kll:

(66.6 wt % of VS)

----------> @ 5.5 wt % of VS 0.11 kll:

-----------------------------------> 0.56 kg
(211.0 wt % of VS)

41.9 %

30.6

M.8

46.0 %

66.7 %

(27.3%)

FS bahnce: effluent/feed - 87%

VS balance: effluent/feed· 110%

Csrbon recovery In gas - 40%

Energy recovery In gas - 42%

* tCPL is the SUII of protein. carbohydrate, snd lipids.

Figure C-12. Mass balances for meso-thermo CFCSTR two-phase
Run TPlSM-T conducted with Hanover Park sludge

at a IS-day system HRT



TABLE C-9. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP7M-T: CFCSTR MESO-MESO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Digester No. 334)

8/24/84 43.73 0.19 56.09

8/31/84 44.43 0.09 55.48

9/7 /84 43.73 0.00 56.27

9/10/84 0.00 43.51 0.36 56.13

9/12/84 0.00 43.22 0.63 56.15

9/16/84 43.76 0.65 55.59

Hethane-phase (Digester No. 331)

8/24/84 31.22 0.09 68.69

8/31/84 30.96 0.61 68.43

9/7 /84 32.51 0.03 67.45

9/10/84 32.98 0.49 66.53

9/12/84 0.00 32.55 0.16 67.29

9/16/84 33.38 0.26 66.36
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TABLE C-IO. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TP7M-T:
CFCSTR MESO-THERMO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Total
Acetic. Propionic. Isobutyric. Butyric. Isovaleric, Valerie. Caproic. as acetic. Ethanol.

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 334)

8/24/84 1.040 962 116 281 201 60 38 2,261 0

8/31/84 839 913 30 151 190 60 53 1.818 0

9/7 /84 755 824 0 91 101 0 31 1,560 0

""
9/10/84 903 841 0 127 118 0 48 1.771 0

-..../

"" 9/12/84 858 190 6 144 114 0 22 1,619 0

9/14/84 958 157 9 155 158 40 0 1.800 0

Methane-phase (Digester No. 331

8/24/84 220 1.214 0 0 13 0 52 1.322 0

8/31/84 278 1,608 86 0 435 0 18 1.936 0

9/7/84 442 1.356 0 0 203 0 46 1.684 0

9/10/84 605 1.540 189 0 4'56 0 83 2.294 0

9/12/84 574 1.338 155 0 471 0 65 2,076 0

9/14/84 528 1.315 134 0 510 0 81 2,090 0



r---------------------------------------------->

OlrrPlrr

0.42 SCM CIl4
0.13 501 CO2
0.91 kp, total ~as

O. lR kll carhon
3810 kcd

RF.DlIr.TION/
(PRODUCT ION)

Total slurry

FS @ 26.8 wt % of TS

VS @ 73.2 wt %

TS

100 kg ------------------------)

1.78 kg ------------------------)

4.86 ----------------->
6.64 kg

Run no TP7H-T

CFCSTR

acid-phase

----------) @ 29.4 wt % of TS

----------) @ 70.6 wt % of TS

1.7R kg

4.28

b.n6 kll
11.9 "

Protein @ 33.1 wt % of VS

Carbohydrste @ 23.3 wt % of VS

Lipids @23.3 wt % of VS

l:CPL*

1.61 kg ------->
1.13 ----->
.!.:ll. ------>
3.67 kg

(79.7 wt % of VS)

Temp: 35·C

Loading:

26.3 kg VS/m3-d

----------)
--------->
----------)

@ 34.6 wt % of V5

@ 17.5 wt % of VS

@ 23.1 wt % of VS

3.22 kg

(75.2 wt % of VS)

8.3 %

34.0

.lli.l.
17.1 %

VA @ 4.6 wt % of VS

Other organics (by diff)

0.22 kg -------)

O. 77 kg -._----)

(15.8 wt % of VS)

IIRT: 1.9 days ----------> @ 5.0 wt % of VS 0.21 kll

---------------------------------> 0.85 kll
09.9 wt % of V5)

4.6 %

(10.4%)

FS hslance: effluent/feed. 100%

VS balance: effluent/feed· 1072:

Carhon recovery In llaS • 13%

Energy recovery In gas • 12%

* tCPL is the sum of protein, carbohydrate, and lipids.

Figure C-13. Mass balances for mesophilic CFCSTR acid-phase
digester for meso-thermo CFCSTR two-phase Run TP7M-T conducted with

Hanover Park sluge at a 7-day system HRT



OIlTPlrr
REOI/CTtONI

(PROOI/CTION)

1.12 SCM C"4
0.54 SCM r.02

r------------------------------------------------> ~~~~1~k;:~:~nRa8

Total 8lurry

FS @ 29.4 wt % of T5

VS @70.6 we %
T5

100 kg ------------------------>
1.78 kg ------------------------>
~ ------------------------>
6.06 kg

Run no. TP7H-T

CI'CSTR

me thane-phase

------------> ~ 35.2 wt % of TS

------------) @ 64.8 wt % of T5

1.74 kg

.h.!.2..
4.91 kg

25.5 %

------------> @ 7. 5 wt % of VS O. 24 kg

-----------------------------------) 0.85 kg
(26.6 wt % of VS)

Protein @ 34.6 wt % of VS

earbohyd rate @ 17.5 wt % of VS

Lipids- @ 23.1 wt % of VS

[CPL*

N

"~ VA @5.0 wt %of VS

Other organics (by diff)

1.48 kg ----->
0.75 ------->
.Qill.. ------->
J.22 kg

(75.2 wt % of VS)

0.21 kg ------>
0.85 kg ------->

(19.9 wt % of VS)

Temp: 55'C

Loading:

9. I kg VS/m3-d

HRT: 5. 5 days

------------)
------------>
------------)

@ 33.4 wt % of VS

@21.0 wt % of VS

@ 11.2 wt % of V5

(65.6

1.07 kg

0.67

0.16

2.10 kll

wt % of Vs)

27.9 %

10.5

63.9

34.9 %

04.3%)

(0.0% )

FS balance: effluent/feed. 9A%

VS balance: effluent/feed· 116%

Carbnn recovery in !lSB • 34%

!!nergy recovery In gaa • 37%

* [CPL is the sum of protein. carbohydrate. and lipids.

Figure C-14. Mass balances for thermophilic CFCSTR methane-phase
digester for meso-thermo CFCSTR two-phase Run TP7M-T conducted

with Hanover Park sludge at a 7-day system HRT



---------- - - ---

REDUCTION!
(I'RODIICTlON)

r------------------------------------------------>

Total slurry

FS l! 26.8 lit % of TS

VS @ 73.2 lie %

TS

100 kg ------------------------>
1.78 kg ----------------->
~ ------------------------>
6.64 kg

Run no. TP7H-T

CFCSTR

two-phaae ayatem

------------> @35.2 wt % of T5

------------> @ 64.8 wt % of 1S

1.54 SCM CH4
0.87 SCM CO2
2.67 ~ total Raa
\. 22 kg carbon
13,940 kcd

1.74 kg

3.\9

4.93 kg

34.4 %

------------> @ 13.4 lit % of VS

------------> @ 2\.0 wt % of VS

------------) ~ 11.2 wt % of VS

N
-...J
lJ1

!'roeein @ 33.1 we lI: of VS

Ca rbohyd rate @ 23.3 lit % of VS

Lipids @ 23.3 lit % of VS

tCPL*

VA @ 4.6 wt % of VS

Other organics (by diff)

1.61 kg -----)

1.13 ------>
.!.&.. ------>
3.87 kg

(79.7 lit :t: of VS)

0.22 kg ------->
0.77 kg ------->

05.8 wt % of VS)

Temp: 3S-3S·C

Loading:

6.7 kg va!m3-d

HRT: 7.4 days

\.07 kg

0.67

~
2.10 kg

(65.6 wt % of VS)

----------> @ 7.5we%ofVS 0.24 kg

-----------------------------------> 0.85 kg
(26.6 wt % of VS)

33.8 :t:

40.9

68.5

46.0 :t:

9. I :t:
(10.4% )

FS balance: effluent/feed· 9R%

VS balance: effluent/feed. 121%

Carbon recovery 1n gas • 431-

Energy recovery 1n gas • 45%

* tCPL is the sua of protein, carbohydrate, and lipids.

Figure C-15. Mass balances for meso-thermo CFCSTR two-phase
Run TP7M-T conducted with Hanover Park sludge at a 7-day system HRT



TABLE C-11. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP7T-T: CFCSTR THERMO-THERMO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Digester No. 335)

10/20/84 40.65 1.18 58.17

10/27/84 41.65 0.65 57.70

11/3/84 41.63 0.80 57.57

11/9/84 43.94 1.51 54.55

Methane-phase (Digester No. 331)

10/20/84 28.40 0.19 71.41

10/27/84 28.45 0.68 70.87

11/3/84 30.01 0.31 69.68

276



----------- ---------

TABLE C-12. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TP7T-T:
CFCSTR THER}10-THERMO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Total
Acetic, Propionic, Isobutyric. Butyric, Isovaleric. Valerie. Caproic. as acetic, Ethanol.

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 335)

10/19/84 718 594 167 134 355 14 0 1,622 0
N
-...J
-...J 10/26/84 1.229 865 260 248 572 0 94 2.660 0

11/2/84 1.036 710 219 211 468 0 0 2.180 0

Methane-phase (Digester No. 331)

10/19/84 519 904 190 0 339 77 0 1.625 0

10/26/84 496 932 225 0 433 24 124 1.738 0

11/2/84 406 798 213 0 305 0 0 1,378 0



TABLE C-13. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP3T-T: CFCSTR THERMO-THERMO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 3-DAY HRT

Date
Hydrogen,

mol %
Carbon dioxide,

mol %
Nitrogen,

mol %
Methane,

mol %

Acid-phase (Digester No. 335)

12/13/84

12/15/84

12/18/84

12/20/84 0.00

42.92

42.06

41.30

36.67

0.95

2.02

1.95

1.45

56.13

55.91

56.75

61.88

Methane-phase (Digester No. 331)

12/13/84

12/15/84

12/18/84

12/20/84 0.00

30.06

32.23

32.29

30.92

278

0.00

0.59

0.00

0.00

69.94

67.18

67.71

69.08



TABLE C-14. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. TP3T-T:
CFCSTR THERMO-THERMO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 334)

12/13/84 1,272 761 230 302 468 176 0 2,630 0

12/15/84 1,393 704 218 307 506 208 105 2,796 0
N

"\0 12/18/84 1,475 853 256 400 519 134 0 2,997 0

12/20/84 627 348 82 64 289 139 87 1,306 0

Methane-phase (Digester No. 331)

12/13/84 140 1,017 77 0 370 561 0 1,564 0

12/15/84 94 799 10 0 269 220 115 1,095 0

12/18/84 145 1,073 71 0 112 87 0 1,180 0

12/20/84 30 752 0 0 7 62 121 743 18



TABLE C-15. VOLATILE SOLIDS AND ORGANIC COMPONENT CONCENTRATIONS AND REDUCTIONS OBSERVED DURING
STEADY-STATE MESO-MESO I AND MESO-THERMO CFCSTR TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGEa

Run Sample Saml,Le dat~(s)b Lnt Butch r:; VS Crude flfotefn C.1rbohydratel'; Lipids Or~.lntc reductions,

wt ~ wt % wt 7- wt %
mgIL mglL of TS ",gIL [)f VS "'giL of Vt; mg/l. of v:; Protein Carbohydra.tE" Lipids

TPI5H-II Feed 11/1ll/S) 5 1l2nn 22.(1(,
11/11-11/14/81 5 lfJ, 'If)O 2R, lOll 71.41 9100 12. ]8 8107 29. ')6

11/13/83 ; ~ 26.')1
Run menn'1c 19,1;1) :rn:Tffil 7"i:4T 12.111 Zq. ')11 24.2R

Flied mcansd ]/1.81 29.% 24.18
Final tneanse Riiiiif ""il:f;"ij ---;rm-r 29. ;0 fiR:?: J 2(f.2H

Acid-phase 11/5-11/7/83 5 4 )7,21411 2S,(,flU (,8.81 'i2UU 2ll.27
effluent 11/10/83 5 4 )54 /• 11.96

11/11-11/14/8] 5 32'34 12.74
11/11-11114183 5

}~'~~:l P,11:l 68.91 hObO 21. q8 S":'2 21.84

',' mr.mr ---,.;r)'IT Tr.1TIl" --nrr Tr;"TTr. ~ rr.rr 11.37 3;.30 49.23

Hethane-phase 11/5/83 5 :!I),lf)(} 1';,"1)0 ')9.84 !Io!. ~" 2H.21

effluent 11/10/83 ; 20')0 9.11
11/11-11/14/83 5 4 1St ';bO 22,02/1 hl.9~ 49fll) :?l.17 .',/.',q 19.10

11/13/83 5 4 201111 9,(18
lO,I15 18, ';15 'hT:ii'b 4TIIT n.'il ~ !'I.7. ~ ""i9:li"i ]1.3(, 18.07 50.69

Sy~tem 52.89 46.98 75.01
N
00 TP7H-II Feed 9/25-9/29/84 17 bb,'>40 4R.Hhll 71,4 ] I 'it 112 II. 14 11,178 1.2.88 911. 19.0(,
0 9/25-9/29/84 17 (,6,540 48,8.11 71.41 ~ 21.72

Run r.'Ieans ot),5 /.O 4H,~ftlJ 71 •• 1 TI:1'Z'" :rI;1iT 19.I1b
Feed mean~ 12..11") 12.b8 21.R('

Final means Ili,4Ji'} Ti:7iT I 0. (U'\q ~ 9997 ~

Acid-phase 9/25-9/29/84 17 hll,720 41.,41'0 f,IJ.t}h l'~tllnr, l~ .97 HI91 19.2H 7118 1•• 911
effluent 9/25-9/29/84 17 !!S!211 42,4HO (>9.% 7 Hth II. I"

hl', 7 2.0 4l, .... HO "M:-%" 1~ .00" l.!.(}J ~ ~ 7ill' ~ 9. )7 29.10 28.20

Hethane-phase 9/25-9/29/84 17 1)11,(,90 12,"10 64.71 II, ,11 'fl , I ~ ";',411 I I-t.";K lftUf II.b5
effluent 9/25-9/29/84 17 SU,f1911 12,H III 04.71 1,I,.!14 11.48

c;O,h9U ~2 ,Ei If) h4:Tf TT";"';lT T';":l""f ~ TI:ili" liIT=:" ~ 17.67 36.63 47.73
$ystem 2').55 55.07 61.75

T'3H-IIt Feed 12/17-12/21/84 21 fJR,I)()O 46.()111l M,,,I 17,97') 18. >7 1", ',')9 .'I.RO S"26 17.22
12/17-12/21/84 21 68,SIIII 4f',hflfl hK"lll ~ 24. 'i8

Run ",PAns bA, SOfl 4h,hllU 'ii"H:iTT Tii:<;T ~ 1T.TI"
Feed mealts }H.',J 21.19 11.12

Final means I' ,9}') ~ ~ :>i:"'IT ~ 17.l2

Acid-phase 12/17-12/21/84 21 bl,hI}l) 19, H" (, I.R I I ~,{I4il lf1,f, I 9)99 .11.911 64.Hi Ih.4r,
effluent 12/17-12/21/84 21 61,6011 39,1W 61.H I -"lll)b H.rn

61,hlllJ 19,1211 M"':Hi" I.~ ,1141. ~ 4rn ~ ----;;m ~ 31.00 15.80 19.66

Methane-phase 12/17-12/21/84 21 )7,4;11 )->,n40 hll.9Q In:i12 )0.1111 hlOh 17.71 5879 16.78
effluent 12/17-12/21/84 21 57,4S0 ]),1141) "B,flC) 4h2:! 1].19

57,4'>0 J ~), tl411 hll,'ll) Ill, ')Il l'ii:iiil --;;-m 1'i.I.. 'i ---;;m- i"6.7ii" 12.72 41.32 8.82
System 41.52 50.59 26.75

(rcl11t Innrd)

Reproduced from
best available copy.



TABLE C-15 (continued)

Run Sample Sample date(s)D Lot Batch TS vS Crude protp!n C.. rhuhytiro"lite~ LI plds Organic reductions t %

wt wt % wt % wt ,;
m~/l. ,"~/L of TS mg/L of VS mg/L of VS mg/L of VS Protein Carbohydrate Lipids

TPI5M-T Feed 8/8-8/17/84 16 46,045 32,420 70,41 11,950 36.86 -1ill.. 18.33 --l.lli. 22,07
Run means 46.045 'l2,42n 7"U':4T 16.86 18.33 TI:Of

Feed mpans 3~.71 19.27 20.00
Final means Tf;7i;2 J"h:2if 609~ 1R.80 (;jjIT 2i"":O'4

Acid-phase 8/8-8/17/84 16 39,590 27,241) 6R.RI 10,262 17.67 4&01 16.89 6250 22.94
effluent 8/8-8/17/84 16 39,590 27,24U 68.RI 6363 23.36

19,591) 27,24fJ 68.8T 117.262 1""7:67 -;;r;or "i6.89 ~ ""i'3':TI' 12.75 24.51 7.55

Methane-phase 8/8-8/17/84 16 31.790 20.020 62.98 6838 34.16 4228 21.12 2264 11.31
effluent 31.790 20,020 ""b2.9ii ~ l4:Tf;" I;'ffi" 2T.T2 2""i64 Ti:"3f 33.37 8.11 64.10

System 41.86 30.63 66.81

TP7H-T Feed 9/10-9/14/84 17 66,430 48,640 71.22 16,61R 34.21 12,202 25.09 11,994 24.66
9/10-9/14/84 I 17 66,430 48.640 73.22 ~ 22.85

Run means 66,410 48.640 71.22 3'4':2l 2""3":91 24.66
Feed means 32,05 22.68 21.86

N Final means 16,114 13. I 1 11,341 23.32 11,-314 23.26
00.....

Acid-phase 9/17/84 17 60.350 42,760 70.62 14,781 14.n 7918 18.52 9875 23.09
effluent 9/17/84 17 60,550 42.760 7U.h2 7091 16.~0

60.550 42,760 7U.62 14,781 1D'i" 7'4ii7 Ti:"IT 9m 23:'ii9 8.27 33.99 12.72

Hethane-phase 9/10-9/14/84 17 49.330 31,95U 64.77 10.662 n.n 688U 21.53 3568 11.17
effluent 9/10-9/14/84 17 49.330 31,9~O 64.17 6520 20.41

49,330 31,950 64.77 10,662 31.37 "67Oii IO:9f ~ TI:IT 27.87 10.51 63.87
System 33.83 40.93 68.46

a Data reported are the average. of duplicate or triplicate determinations.

b A Bingle SAmple date indicates that the analyses were conducted on a grab samplp collected tha.t day_ A ti.me period under thls cobJmn indicates
the s.tart and end dates of collection of a grab or ttme-compoRlte sample used for th(> Rna lyses_

c: Run tIIeans are the averages of the feed analyses conducted for a particular steady-stAte run on a stngle feed lot and hlltrh.

d Feed tleans are tbe average organic concentR (express sed as weight percent of VS) of all qteady-state samples collected for
a particular feed lot and batch.

e Pinal means are the average feed slurry organic concentrAtions and contento; used to determine the organic reduC'tions.
The organic cORtents are the average of the feed and run organtc contents. Organic ffl'ed conC'entratlom; were c~lclilated

38 the product of the fInal mean organic feed contents and the average feed volattle sollds cOllcpntt"atlon for the run.

f Steady-state run TP3H-H vas e:onducted with mixed Downers Grove prtmery and StiC'kney activa.ted 1iI1udges.



APPENDIX D

EFFLUENT ANALYSES FOR PARAMETRIC-EFFECT ACID-PHASE DIGESTERS

TABLE D-1. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2M7: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 7 AND A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

12/4/83 31.45 2.12 66.43

12/11/83 24.77 1.13 74.10

12/19/83 33.62 1.40 64.98

1/2/84 35.52 1.11 63.37

1/10/84 22.41 1.28 76.31
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TABLE D-2. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2M7:
CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 7 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

N 12/5/83 529 577 81 115 167 0 0 1,228 0CO
w

12/12/83 610 706 97 133 166 0 0 1,437 0

12/19/83 528 693 102 133 182 0 6 1,360 0

1/3/84 817 539 107 99 213 22 0 1,532 0

1110/84 826 716 114 108 247 42 4 1,730 0



r----------------------------------------------->

Total slurry

FS @ 32. I, wt 1 of TS

VS @ 67.6 wt %

TS

100 kg ------------------------>
2.25 kg ------------------------>
4.77 ------------------------>
6.95 kg

Run no. APZM7

C~'CSTR

acid phase

------------> ~ 16.2 wt t of TS

------------> @ 63.8 wt % of TS

~

O. 1/\5 SCH GIll,
0.0/\2 SCM co,
0.212 kK totRI Ras
O. II" kg carhon
1480 kcal

2.25 kR

3.96

n.21 kR

REnIlCTtllN/
(PROlllJCT (ON)

15.7 %

N
CO
~

Protein @27.3 wt % of VS

Carbohydrate @ 18.4 wt % of VS

Lipids @39.3 wt % of VS

ECPL*

VA @ 2.5 wt % of VS

Other organics (by diff)

1.28 kg ------>
0.86 ------->
~ ------->
3.99 kg

(84.9 wt % of VS)

O. 12 kg ------>
0.59 kg ------->

(12.6 wt % of VS)

Temp: 35'C

Loading:

23.4 kg VS/m3-d

HRT: 2. 1 days

pH: 7.ll

------------> @ 25.11 wt % of VS 1.02 kg

-----------> @ 19. II wt % of VS 0.711

------------> @ 36.4 wt % of VS 1.44

3.24 kR

(82.0 wt % of VS)

-----------> @ 4.1 wt % of VS 0.17 kg

-----------------------------------> 0.55 kR
(13.9 wt % of VS)

2(1.0 %

9.1

1.!.:.2..
18.4 %

(41.7%)

(6.R%)

FS .balance: effluent/feed· IOll%

VS bahnee: effluent/feed. 119%

Carbon recovery tn gas 4%

Energy recovery tn gss 5%

* ECPL !a the S\.81 of protein, carbohydrate, and lipids.

Figure D-1. Mass balances for mesophilic CFCSTR acid-phase Run AP2M7
conducted with Hanover Park sludge at pH 7 and about a 2-day HRT



TABLE D-3. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2M6: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 6 AND A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

5/13/84 46.03 0.24 53.73

5/21/84 47.05 0.24 52.72

5/27/84 46.95 0.23 52.82
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TABLE D-4. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2M6:
CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 6 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valeri.c, Caproic, as acetic, Ethanol,

N Date mg/L mg/L mg/L mg/I. mg/L mg/L mg/L mg/L mg/I.
00
O"l

5/13/84 1,755 1,205 161 467 262 84 8 3,369 0

5/21/84 698 1,178 113 253 272 108 11 2,133 0

5/27/84 981 957 109 285 271 135 14 2,274 0



------ ---------

TABLE D-5. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2M5.5: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5.5 AND A 2-DAY HRT

N
00
-....J

Date

6/3/84

Hydrogen,
mol %

Carbon dioxide,
mol %

48.70

Nitrogen,
mol %

0.35

Methane,
mol %

50.95

TABLE D-6. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2M5.5 CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5.5 AND A 2-DAY HRT

Date

6/3/84

Acetic. Propionic. Isobutyric,
mg/L mg/L mg/L

1,465 1,223 160

Butyric, Isovaleric,
mg/L mg/L

547 1.002

Total
Valeric, Caproic, as acetic, Ethanol.

mg/L mg/L mg/L mg/L

185 39 3,657 0



TABLE D-7. NOR}~LIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2H5: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5 AND A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

6/10/84 46.91 0.71 52.38

6/12/84 50.01 0.60 49.39

6/14/84 49.82 0.94 49.25

6/16/84 0.00 49.82 0.81 49.36

6/19/84 0.00 48.69 0.70 50.60

6/22/84 51.12 0.69 48.19
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TABLE D-8. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2M5:
CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 5 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L m,!/L mg/L mK/L mK/L mg/L mg/L mg/L mg/L

6/10/84 1,315 906 179 477 1,329 200 12 3,401 41
N
00 6/12/84 956 853 125 391 939 272 8 2,715 491.0

6/14/84 1,115 700 183 552 1,300 289 II 3,123 90

6/16/84 1,088 639 198 569 1,199 301 ° 3,010 114

6/19/84 1,082 661 188 530 380 289 0 2,500 77

6/21/84 964 679 183 627 446 341 0 2,529 101



R1WIlCTlON/
(PRODUCT ION)

0.149 SCM CI/4
0.147 SCM C02

r
----------------------------------------------> g:~~~ :: ::~:~nRa.

1340 kcal

Total slurry

FS @ 23.8 vt % of 15

VS @ 76.2 vt %

TS

100 kg ------------------------>
1.61 kg ------------------------>
~ ------------------>
6.75 kg

Ruo no. AP2H5

CPCSTR

acid-pha.e

----------> @24.8 vt % of TS

-----------> @ 75.2 wt %of TS

1.47 kg

~

5.93 kg

11.2 %

24.7 %

9.3

12.:1.
21.6 %

(40.7%)

(42.9%)

Ii 30.1 wt %

@ 23.4 wt %

(i 24.6 wt %

of VS 1.34 kg

of VS 1.04

of VS -h!Q.
3.48 kg

(78.0 wt % of VS)

----------> (it 8.5 wt % of VS 0.38 kg

---------------------------------> 0.60 kg
(13.4 wt % of VS)

----------->
---------->
----------->

HRT: 2.1 daya

pH: 5.0

Loading:

24.6 kg VS!\113_d

Temp: 35'C

0.27 kg ----->
0.42 kg ------->

(8.2 vt % of VS)

1.78 kg ------>
1.16 ----->
.h.ll. ----->
4.45 kg

(86.7 vt % of VS)

VA @ 5.3 wt % of VS

Othe~ o~lanic. (by dift)

Protein @ 34.7 vt % of VS

Cubo"hydrate @ 22.6 vt I of VS

Upida @ :a.4 vt z: of VS

tCPL*

N
\.0
o

FS balance: effluent/feed. 91%

VS balance: effluent/feed. 94%

Ca~bon ~ecoYe~y in gaa 5%

Energy ~ecoYe~y in gaa 4%

* tCPL is the aum of protein, carbohydrate, and lipids.

Figure D-2. Mass balances for mesophilic CFCSTR acid-phase
Run AP2M5 conducted with Hanover Park sludge

at pH 5 and about a 2-day HRT



N
\.0.....
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TABLE D-9. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. APl.3M?: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 7 AND A 1.3-DAY HRT

Hydrogen, Carbon diox.ide, Nitrogen t Methane,
Date mol % mol % mol % mol %

3/25/84 34.37 0.88 64.76

4/4/84 32.66 0.63 66.71

4/8/84 28.58 0.59 70.83

TABLE D-IO. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. APl.3M?:
CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 7 AND A 1.3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

3/30/84 2,549 1,556 237 477 379 91 0 4,573 0

3/31/84 2,454 1,604 261 572 380 97 0 4,603 0

4/4/84 2,491 1,764 277 559 386 85 0 4,767 0



O. 2~2 SCM CHI,
0.130 SCM CO2

~--------------------------------------------> ~;!~~k;;I~~~:~nKa8

Total 8lurry

1'5 @ 24.3 wt % of TS

Vs@75.7wt%

TS

100 kg ------------------------>
1.44 kg ------------------------>
~ ------------------------>
5.94 kg

Run no. API.3M7

CFCSTII.

acid-phase

-----------) @30.6 wt % of TS

-----------> @69.4 wt % of TS

1.56 kit

.:h11.
5. II kit

REDUCTION/
(PRODUCTION)

21.1 %

-----------> @ 15.2 wt % of VS O. 54 kg

---------------------------------> 0.18 kg
(5.1 wt % of VS)

N
~
N

Protein @ 35.3 wt % of VS

Carbohyd rate @ 27.3 wt % of VS

Lipid8 @26.0 wt % of VB

tCPL"

VA @ 7.7 wt % of VB

Other org8nics (by diff)

1.59 kg ------>
1.23 ------->
.h!l.. ------>
3.99 kg

(88.6 wt %of VB)

0.35 kg ------->
0.16 kg ------->

(3.6 wt % of VB)

Temp: 35'C

Loading :

34.1 kg VS/m1-d

URT: 1.3 d8ya

pH: 7.0

-----------> @ 33.8 wt % of VS

-----------) @20.1 wt % of VS

-----------> @ 26.0 wt % of VS

(79.9

1.20 kg

0.71

~
2.R') kg

wt % of VS)

24.6 %

42.1

21.4

29.0 %

(54.3%)

(12.5% )

1'S balance: effluent/feed. 108%

VS balance: effluent/feed· 8R%

Carbon recovery in gaa 7%

Energy recovery in gaa 8%

" tCPL i8 the aum of protein. carbohydrate, and lipids.

Figure D-3. Mass balances for mesophilic CFCSTR acid-phase
Run API.3M? conducted with Hanover Park sludge

at pH 7 and about a 1.3-day HRT



TABLE D-11. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP1.3M5: CFCSTR MESOPHILIC (35°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5 AND A 1.3-DAY HRT

N
\.0
W

Hydrogen,
Date mol %

6/24/84

7/1/84 0.00

7/2/84 0.00

7/3/84 0.11

Carbon dioxide, Nitrogen, Methane,
mol % mol % mol %

51.77 0.70 47.53

49.71 0.56 49.73

47.47 1.10 51.43

46.45 0.84 52.60

TABLE 0-12. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP1.3M5:
CFCSTR THERMOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 5 AND A 1.3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

6/24/84 1,286 809 207 748 597 360 0 3,155 88

7/1/84 1,139 1,131 180 581 542 403 56 3,158 0

7/2/84 1,078 985 102 457 431 294 0 2,684 0

7/3/84 1,056 927 103 472 369 211 33 2,557 0



O. 14R SCM C"4
0.145 SCM co,

r------------------------------------------------> ~;1~~k~I~:~~~nRa8

RF.OUCTIOtll
( PRODUCTION)

Total 8lurry

FS @ 29.9 wt % of TS

VS @ 70.1 wt %

TS

100 kg ------------------------)

2.05 kg ------------------------>
~ ------------------------)
6.84 kg

Run no. AP I. 3M5

CFCSTR

acld-pha8e

------------) @ 29.1 wt % of TS

------------) @ 70.9 wt % of TS

1.77 kg

4.12

6.09 kg

9.R %

N
~.o
.j:::>

Protein @30.4 wt % of VS

Carbohydrate @28.4 wt % of VS

Lipida @ 20.5 wt % of VS

[CPL·

VA @ 4.6 wt % of VS

Other organica (by diff)

1.46 kg -------)

1.36 ----->
0.9!!.. -----)

3.80 kg

(79.3 wt % of VS)

0.22 kg -------)

0.77 kg -----)

(16.1 wt % of VS)

Temp: 3S·C

loading:

32.8 kg VS/1II1-d

HRT: 1.5 days

pH: 5.0

-----------) @ 10.2 wt 1. of VS 1.10 kg

------------> @ 25. I wt % of VS 1.0R

------------> @ 21.2 wt % of VS o.n
3.10 kR

(76.4 wt % of VS)

------------> @ R.3 wt % of VS 0.36 kg

-----------------------------------) 0.66 kg

(15.3 wt % of VS)

10.8 %

20.4

~

13.2 %

OR.'I%)

16.7 %

FS halance: effluent/feed. R6%

VS ha1ance: effluent/feed· 9R%

Carbon recovery in ga8 5%

Energy recovery in ga8 4%

• ECPL ia the allll of protein. carbohydrate. and lipida.

Figure D-4. Mass balances for mesophilic CFCSTR acid-phase
Run APl.3M5 conducted with Hanover Park sludge

at pH 5 and about a 1.3-day HRT



TABLE D-13. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2T7: CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 7 AND A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

9/20/83 38.45 4.16 57.39

9/25/83 33.91 4.93 61.16

10/2/83 38.77 2.57 58.65

10/6/83 41.49 1.79 56.72

10/9/83 40.15 2.76 57.09

10/16/83 40.08 3.22 56.70

10/22/83 35.60 2.68 61.72

11/13/83 34.11 1.30 64.59

11/20/83 37.84 2.88 59.27
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TABLE 0-14. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2T7:
CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

ONDUCTED AT pH 7 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

9/18/83 1,531 1,011 342 565 804 109 ° 3,505

N 9/26/83 1,443 857 272 403 578 33 ° 2,957
\.0

'" 10/3/83 1,458 875 307 391 643 33 ° 3,041

10/17/83 1,372 989 306 378 625 35 0 3,028

10/21/83 1,379 924 324 438 676 30 0 3,062

10/29/83 1,480 1,109 427 535 645 29 0 3,430

11/7/83 1,462 1,094 371 475 739 42 ° 3,384

11/15/83 1,434 1,031 337 499 780 86 ° 3,349



r------------------------------------------------)

oUTPlrr

0.041 SCM CH4
0.0211 SCM co?
O.n1l1 kg tot:;; I glla
0.03& kg carbon

370 kcal

RF.nllrnON!
(PROOtlCr lflN)

Tutal slurry

FS @ 30. 3 we % of TS

V5 @ &9.7 wt %

T5

100 kg ------------------------)

2.23 kg ------------------------)

5.14 ------------------------)
7.31 kg

Run no. AP2T7

CFCSTR

acid-phase

------------) ~ 31.1 wt % uf r5
------------) ~ 611.9 wt % of TS

2.25 kg

4.97

1.22 kg

1.3 %

Protein @2&.5 wt % of VS

Ca rbohyd rate @ 26.4 wt % of VS

Lipids @27.5 wt % of VS

tCPL*

VA @ 2.3 wt % of VS

Other orgsnics (by diff)

1.36 kg -------)

1.3& ------)

~ -------)
4.13 kg

(80.4 wt % of VS)

0.12 kg -------)

0.89 kg -------)

(17.3 wt % of VS)

Tpmp: 55°C

Load In!\:

25.5 kl'l VS/m'-d

HRT: 2.1 days

pH: 7.1

------------> @ 15. II wt % of VS 0.79 kg

------------) ~ 13.9 wt % of VS n. &9

------------) ~ 19.6 wt % of VS ~
2.45 kg

(49.1 wt % of VS)

------------) @ 8.1 wt % of VS 0.40 kg

-----------------------------------) 2.12 kg
(42.7 wt % of VS)

42.2 %

41'1. 'I

~

40.6 %

(23'.31.)

(( 3R. 2%)

FS balance: effluent/feed· 101%

VS balance: effluent! teed· 911%

Carbon recovery In gas 1%

F.nergy recovery In gRa 1%

* tCPt is the SID of protein. carbohydrate. and U plds.

Figure D-5.
Run

Mass balances for thermophilic CFCSTR acid-phase
AP2T7 conducted with Hanover Park sludge

at pH 7 and about a 2-day HRT



TABLE D-15. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2T6: CFCSTR THERHOPHILIC (55°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 6 AND A 2-DAY HRT

Date

5/27/84

Hydrogen,
mol %

Carbon dioxide,
mol %

51.69

Nitrogen,
mol %

1.05

Methane,
mol %

47.26

TABLE D-16. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2T6: CFCSTR THERHOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK

SEWAGE SLUDGE CONDUCTED AT pH 6 AND A 2-DAY HRT

Acetic, Propionic, Isobutyric,
Date mg/L mg/L mg/L

5/27/84 2,450 1,167 407

Butyric, Isovaleric,
mg/L mg/L

588 81B

Total
Valerie, Caproic, as acetic, Ethanol,

mg/L mg/L mg/L mg/L

73 24 4,610 0



TABLE 0-17. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2T5.5: CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5.5 AND A 2-DAY HRT

Date

5/6/84

5/13/'04

Hydrogen,
mol %

Carbon dioxide,
mol %

65.85

54.00

Nitrogen,
mol %

6.80

1.25

Hethane,
mol %

27.35

44.76

TABLE D-18. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2T5.5:
CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 5.5 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobu tyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mfl;/L mg/L mg/L mg/L

5/7/84 1,639 1,019 173 542 365 105 17 3,238 0

5/13/84 2,249 1,438 266 1,124 459 182 21 4,750 47



TABLE D-19. NOR}~LIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. AP2T5: CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5 AND A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

6/10/84 48.67 1.19 50.15

6/12/84 49.59 1.50 48.92

6/14/84 49.64 1.88 48.48

6/16/84 0.16 48.41 1.73 49.70

6/19/84 0.22 49.88 1.41 48.50
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TABLE D-20. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP2T5:
CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 5 AND A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

w
0 6/10/84 1,789 727 154 341 920 4 3 3,260 55......

6/12/84 1,952 873 182 393 1,041 66 0 3,702 73

6/16/84 2,107 884 182 375 748 54 0 3,674 128

6/19/84 2,054 895 190 393 227 49 0 3,340 88



0.075 SC"H C"4
0.016 SCM CO2

r------------------------------------------------> g:~!~ ~a~:~:~n~as

Total 8luny

FS @ 23.7 lit % of TS

VS @ 7&.3 lit I

TS

100 kg ------------------------>
1.55 kg ------------------------>
~ ------------------------>
6.53 kg

Run no. AP2T5

CFCSTR

add-phs8e

------------> @ 2 5. 0 lit % of 1'5

------------> @ 75.0 wt % of TS

1.44 Ittl

~
5.77 kg

RF011CTlON!
(PROllllr.T rON)

13.1 %

3.44 kg

(79.5 wt % of VS)

------------> @ 0.97 wt % of VS 0.42 kg

-----------------------------------> 0.47 kg
(9.1 lit % of VS)

w
o
N

Protein @ 35.8 lit % of VS

Carbohydrate @23.1 lit % of VS

Lipids @29.4 lit % of VS

I:CPL*

VA @4.8 wt I of VS

Other organics (by diff)

1.18 kg --->
1.15 ------>
~ ------>
4.39 kg

(88.3 lit % of VS)

0.24 kg ------->
0.35 kg ------->

(7.0 wt % of VS)

Temp: 55·C

Loading:

24.0 kg VS/m3-d

HRT: 2. I days

pH: 5.1

------------> @ 31.8 lit % of VS

------------> @ 23.0 wt % of VS

------------> @24.4 lit % of VS

1.38 k~

1.00

1.06

22.9%

13.8

~

22.2 %

05.0%)

(25.5%)

PS balance: effluent/feed - 93%

VS balance: effluent/feed - 91%

Carbon recovery in g88 3%

Energy recovery In gas 2%

* I:CPL is the sum of protein, carbohydrate, snd lipids.

Figure n-6.
Run

Mass balances for thermophilic CFCSTR acid-phase
AP2T5 conducted with Hanover Park sludge

at pH 5 and about a 2-day HRT



TABLE D-21. NOR}~LIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. APl.3T7: CFCSTR THER}IDPHILIC (55°C) ACID-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 7 AND A 1.3-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

2/21/84 37.51 1.79 60.70

3/5/84 40.20 0.92 58.88

3/12/84 43.05 0.73 56.22

3/25/84 39.98 0.51 59.52
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TABLE 0-22. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. AP1.3T7 :
CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 7 AND A 1.3-DAY HRT

Total
Acetic, P~opionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol.

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

W
0

2/20/84 1,773 997 373 652 753 52+:=0 0 3,753 0

2/27/84 1,722 1,109 400 653 1,064 0 0 3,964 0

3/5/84 1,813 1,127 400 659 1,051 0 0 4,066 0

3/12/84 1,851 1,738 446 819 1,117 175 0 4,881 0

4/29/84 1,620 1,559 459 662 933 104 0 4.257 0



RF.IlIJCTTON/
( PROIlUCTION)

r------------------------------------------------>

Total al urry

FS @ 23.4 wt % of TS

VS @ 76.6 wt %

T5

1~0 kg ------------------------>
1.31 kg ------------------------>
4.29 ------------------------>
5.60 kg

Run no. API.3T7

CFCSTR

add-phaae

------------) @24.5 wt % of TS

------------) @ 75.5 wt % of TS

O. 112 SCM Cll4
0.0112 SCM Cll7
0.212 ~ total gaB
0.099 kill carbon
1010 kcal

1.31 kg

4.03

5.34 kg

6.1 %

------------> @ 12.9 wt % of VS 0.52 kg

-----------------------------------) 0.68 kg
(t 6." wt % of VS)

34.4 %

22.8

.!.1:1..
25.2 %

(73.3%)

(257.9%)

0.Q9 kg

0.90

0.94

2.113 kg

(70.3 wt % of VS)

@ 24.5 wt % of VS

@ 22.4 wt % of vs
@ 23.4 wt % of VS

------------>
------------)
------------)

Loadinl!:

36.0 kp: VS/ m3-d

HRT: 1.3 dayB

pH: 7.0

T..mp: 55°C

0.30 kg ------->
0.19 kg -------)

(4.4 wt % of VS)

1. 51 kg -------)

1.17 -------)

.h!!. ------)
3.80 kg

(88.4 wt % of VS)

VA @ 6.9 wt % of VS

Other OrganicB (by diff)

Protein @ 35.1 wt % of VS

Carbohydrate @ 27.3 wt % of VS

Liplda @ 26.0 wt % of VS

[CPL*

w
o
U1

FS balance: efflu..nt/feed - 100%

VS balance: effluent/feed - 99%

Carbon recovery in gaa 4%

Energy recovery In gaB 4%

* tCPL ia the aum of protein, carbohydrate, and llpida.

Figure D-7. Mass balances for thermophilic CFCSTR acid-phase
Run APl.3T7 conducted with Hanover Park sludge

at pH 7 and about a 1.3-day HRT



TABLE D-23. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY~STATE

RUN NO. APl.3T5: CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF
HANOVER PARK SEWAGE SLUDGE CONDUCTED AT pH 5 AND A 1.3-DAY HRT

Hydrogen,
Date mol %

6/24/84

7/1/84 0.30

7/2/84 0.37

7/3/84 0.60

Carbon dioxide, Nitrogen, Methane,
mol % mol % mol %

47.54 2.75 49.71

45.99 2.45 51.26

45.29 2.46 51.88

45.63 2.16 51.61
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TABLE D-24. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. APl.3T5:
CFCSTR THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT pH 5 AND A 1.3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valertc, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

W
0 6/21/84 1,966 797 168 420 249 98 0 3,217 lIS-.....J

6/24/84 2,072 792 190 434 333 96 0 3,392 97

7/1/84 2,023 824 171 400 330 101 73 3,372 85

7/2/84 1,722 731 120 366 338 109 0 2,909 74



0.046 SCM CH4
0.039 SCM CO2
0.105 kg total ~ss

0.042 kg earbon
410 keal

~--------------------------------------------)

OUTPlff
REDUCTION!

( PRODUCTION)

Toul slurry

rs @ 24.-8 vt % of TS

vs @ 75.2 vt %

TS

100 kg ------------------------)

1.67 kg ------------------------)

~ ------------------------)
6.75 kg

Run no. AP I. 3T5

CFCSTR

add-phase

------------) @ 25.8 wt % of TS

------------) @ 74.2 vt % of TS

1.57 kg

4.52

6.09 kg

11.0 %

------------) @ 8.2 wt % of VS 0.37 kg

-----------------------------------) 0.44 k~

(9.7 wt % of VS)

@ 33.2 wt % of VS

@ 23.5 wt % of VS

@ 25.4 wt % of VS

w
o
00

Protein @ 35.6 vt % of VS

Carbohydrate @22.8 vt % of VS

Lipids @ 29.4 vt % of VS

tePL·

VA @4.4 vt % of VS

Other organies (by diff)

1.81 kg ------)

1.16 -------)

1.49 -------)

4.46 kg

(87.8 vt % of VS)

0.22 kg -------)

0.40 kg -----)

(7. 9 vt % of VS)

Temp: 55'C

Loading:

38.7 kg VS/ m3-d

HRT: 1.3 days

ph: 5.0

------------)
------------)
------------)

1.50 kg

1.06

.!.ill...
3.71 kg

(R2.1 wt % of VS)

17.0 %

8.4

23.0

16.8 %

(68.2%)

(10.0%)

rs hslanee: effluent/feed· 94%

VS halanee: effluent/feed· 91%

Carbon recovery in gaB 1%

Energy reeovery in gaa 1%

• tePL ia the aum of protein. earbohydrate, and lipida.

Figure D-8. Mass balances for thermophilic CFCSTR acid-phase
Run APl.3TS conducted with Hanover Park sludge

at pH 5 and about a 1.3-day HRT



TABLE D-25. VOLATILE SOLIDS AND ORGANIC COMPONENT CONCENTRATIONS AND REDUCTIONS OBSERVED DURING
STEADY-STATE MESOPHILIC OSOC) AND THERMOPHILIC (5S0C) CFCSTR ACID-PHASE

DIGESTION OF HANOVER PARK SEWAGE SLUDGE WITH pH CONTROLa

SRmplp date(s)1JRun Sample l.ot Hatch TS VS Crude rrot(>in Ca.rhohydrateo; J.{pld. Organic reductions, %

wt % wt , 'IoIt 'Z wt ,
m~/L mR/L of TS mll/L of VS mil/!. of V~ mp.;/L of VS Protein Car:bohydrate Lipid.

"P2H7 Feed 12/9-12/U/83 6 69,460 46,930 67.56 .LW.?2. 27.22 19,068 40.63
Run meansc 69,4Ml 46,910 ~ Ti:'IT 4U.63

Feed meansd 27 .30 18.44 37.98
Final meanse "i"2;79'3 27.20 ~ Tif:4'4 18.443 39.3U

Effluent 12/9-12/14/83 6 2 62, \2(\ 39,6~O 61.8' I Cl,21R n.8Z 7992 211.16 \4,444 '6.43
12/9-12/14/83 6 2 62,120 39,050 63.83 7708 19.44

62,120 39,1150 bJ.iIT IO.ll" 2GT liiST ~ 14,444 '3'b."41 19.97 9.28 21.68

AP2H5 Feed 6/19-6/23/84 13 67.530 51,460 76.20 17, 62 ~ 34. 2~ lU,994 21.16 I ~,ln4 29.n
6/19-6/23/84 13 67,350 51,460 76.21' .!.!....!l.!1. 22.96

Run lIlP;mQ 67,5'0 5\,4bU 7b.Tti JI,.l ~ 21.lh 29.15
Feed means 35.09 21.11 29.35

Final means 17,841 34.07 TT:b5O 2l.h4 T5':l7i4 "29.3S

Effluent 6/19-6/23/84 13 59,290 44.590 76.35 ~ 111.14 ~ 23. J7 Ifl,QRR 24.64
59,29" 44,590 ~ 11,4JH 1f'i":""i4 10, C;bl 23.17 1IJ,9RH 24.64 24.68 9.35 27.25

W
o U1.3Ml Feed 3/28-4/6/84 8 59,180 44,960 75.72 16,019 n.61 12,724 28.30 ~ 2~.1ll
~ Run means 59. 'lHO 44, YbO 75.12 }<).f,1 2H:W 2b:TO

Feed means \").00 2~.1l 25.%
Final ",pans I ~,8HO ~ 12, 27~ '!. 7. 1I 1T,7ii1f 2'h.ii4

Effluent 3/28-4/6/84 8 5 51.fl61) 35,410 b~. 35 11,97> 11.82 0911 1q. 51 92fl2 2~.9q

3/38-4/6/84 8 ~ 51 ,ObI) 3~,410 69.H 7]11 20.6~

';1,OhO 35,410 ~ ~ "fi:"iIT lTi4 20.lJ l ) "9i1iT IT:<i9 24.59 42.06 21.40

"PI.3MS Feed 7/2-1/6/84 14 68,44U 47,970 70.09 14,594 10.42 ~ 28.41 98/4 2n.~R

Run means 68,440 41,970 7!1.0Q !n.42 1K.4T 2if:"4A
Feed means 10.42 28.4.1 2U.48

Final means ~ lll.ltl ~ 2H.41 ---m4 ~

Effluent 1/2-1/6/84 14 6tl,R90 43,21)1) 70.9'1', 11,fln IU.l~ 1\l,84~ 1~.11 9116 21.24
60,H90 41,100 '7'l'i:'IT 11.0l~ 1'ii":IT 11I,H49 KIT -m6 '2'f:24 10.75 20.44 6.60

AP2Tl Feed 10/3/83 5 3 77 ,91U ~),il4n fo8.51 14,1l11 lh.lfl 11., ton :!'{,.1K 14,bOO 21.12
10/14/83 5 3 71,b1lO ';0,280 7/1.22 t 1, 'Oil 26.4')
10/14/83 5 3 71,f,oO 5U,2Hfl 711.2< llz..!.!l. 2f\.fHt ~ 28.04

Run mE"sns 13,7lU 51,111 ~ 211.l7 2h.112 77.f;il
Feed means lo.91 2ft.4H Z7.36

Final means I J,h2ft ~ 11, ~7H ~ 14,127 IDT

10/3/83 3 73,nO 5U,050 67.HS /994 1~.97 910O 19.38
10/14/83 3 70,760 49,440 6~.H7 7613 1~.66 6912 13.94 q9~6 19.76

n,245 4~.745 bii:'iih 1ii1iT ~ -m;; I).Q4 ~ 19.57 42.23 48.93 31.09

«('cmtinu(>d)

Reproduced from
best available copy.



TABLE D-25 (continued)

Run Se..ple Semple dete(s)D Lot Batch TS VS Crude protein Carbohydrate.; Lipids Organic reductions, %

wt ~ wt t wt % wt %
mg/L mg/L of TS ..gIL of VS mg/L of VS mg/L of VS Protein Carbohydrate Lipid.

AP2T5 Feed 6/12-6/16/84 13 6S,310 49,840 76.31 18,238 36.Su
Run tlIeans 65,310 49,840 76.31 ~

Feed means 3S.09 23.13 29.35
F1nal me.ans 17,863 1').84 ll,528 23.13 74 , 628 I9:E"

Effluent 6/12-6/16/84 13 57,710 43,260 75.98 13,775 31.84 10,116 23.38 10,539 24.36
6/12-6/16/84 13 57,710 43,260 75.98 11,230 25.96
6/12-6/16/84 13 57,710 43,260 75.98 8479 19.60

57,710 43,260 '7S:9ii 1 J,77S 31.84 ---qg;;'j 'IT:"9if 10,539 "i'4.J1,"" 22.89 13.75 27.95

API.3T7 Peed 3/18-3/27/84 8 55,960 42,890 76.64 .!.1...!1i n.26 .!b.ill. 28.25
Ron means 55,960 42,890 T6:64 35.26 28.25

Feed means 35.00 26.32 25.98
final means 15,067 KIT 11,700 27.28 11,143 25.9il

Effluent 3/18-3/27/84 8 53,410 40,340 75.53 9885 24,50 8478 21.02 9451 23.43
W 3{18-3{27 {84 8 53,410 40,340 75.53 9595 23.79..... Sl,410 40,341l Ts:"IT ~ 24,50 9ii16 22.40 -roT 21.43 34.39 22.72 15,18
0

API.3T5 Feed 6/28-7/2184 13 67,510 50,751l 75.15 18,331 16.12 10,786 21.25
6/28-1 {2/84 13 67,530 50,750 75.15 ~ 21.6"

Run means 67,530 50,750 75."IT l6.IT 24.2b
Peed means 35.fl9 23.13 29.n

Final means 18,1167 'J'S:{;O 1I,5H TI:1iO 14,895 I9:E"

Effluent 6{28-7/2184 11 60,860 45,170 74.22 14,988 33.18 10,595 23,46 ~ 25.38
60,860 45.170 T4:2i 14,988 TI:TIf 10,595 2 ),46 11,466 25.38 )7,04 8.43 23.02

a Data repQ'E'ted are tbe averages of dupli~llte OT trtplicate deteTmtnationa.

b A single B.mple date indicates that the analyses w@re conducted on ,. grab <liampl-t» colle-cted that day. A time period under this column indlrates
the stert and end dates of collection of a grab or time-composite sample used for the analyses.

c Run 1Ie8n8 are the averages of the feed analyses eond~cted for a particular ,;tpsdy-state run on a. fllngle feed lot and batch.

d Feed lIean. are the average organtc contents (expre88sed as weight percent of VS) of all steady-state samples collected for
• particular feed lot and batch.

II! Final means are the average feed slurry organic concentrations and contents used to determine the or~ilnLc. tedtlC'tioT1s.
Tbe organic contente are the average of the feed and run organic contents. Orglloic feed c.oncentrAtions werE' ["Alclliated
.e the product of the final mean organic feed contents and the average feed volatile Kolida eoncentrRtiori for the run.



APPENDIX E

EFFLUENT ANALYSES FOR ADVANCED TWO-PHASE DIGESTION SYSTEMS

TABLE E-1. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. UTP1M-M: UPFLOW MESO-MESO TWO-PHASE DIGESTION OF

HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 7-DAY HRT

Date
Hydrogen,

mol %
Carbon dioxide,

mol %
Nitrogen,

mol %
Methane,

mol %

Acid-phase (Digester No. 338)

5/30/84

6/4/84

6/14/84

6/16/84

6/18/84

6/23/84

6/26/84

6/29/84

7/2/84 0.36

41.27

41.23

42.57

41.44

38.30

47.86

39.76

40.31

42.39

0.90

1.35

1.30

0.54

0.62

0.88

0.45

0.13

0.21

57.83

57.41

56.13

58.02

61.08

51.26

59.78

59.56

57.03

Methane-phase (Digester No. 339)

5/30/84

6/4/84

6/14/84

6/16/84

6/18/84

6/23/84

6/26/84

6/29/84

7/2/84 0.00

32.14

31.77

31.83

32.87

32.15

32.13

31.65

32.65

32.11

1.41

0.91

0.89

0.05

0.45

0.22

0.23

0.00

0.11

66.45

67.32

67.28

67.08

67.40

67.65

68.12

67.35

67.78



TABLE 1':-2. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE RUN NO. UTP]M-M:
UPFLOW MESO-MESO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A ]-DAY HRT

Total
Sample Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date location mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester No. 338)

6/28/84 Left Chamber* 2589 1206 390 1061 457 248 43 4993 79
6/30/84 Left chamber 2564 lJ58 239 919 278 187 35 4746 99

6/14/84 Underflow 2523 1406 420 1204 649 440 49 5435 0
6/17/84 Underflow 2325 1536 440 947 772 370 51 5214 35
6/24/84 Underflow 2713 1565 498 lJ73 908 375 0 6011 0
6/28/84 Underflow 1832 1667 303 602 422 235 34 4204 0
6/30/84 Underflow 3175 1607 563 1496 855 424 42 6655 70
7/3/84 Underflow 2714 1278 452 1085 789 490 40 5570 24

5/3/84 Overflow 1163 925 242 335 1032 119 64 3016 0
6/4/84 Overflow 945 710 144 187 686 72 0 2192 0

6/14/84 Overflow 1559 il99 330 604 465 258 34 3610 0
6/17/84 Overflow 1659 1232 314 580 513 233 39 3726 28
6/24/84 Overflow 1085 1682 307 350 580 207 0 3359 0

W 6/28/84-7/1/84 Overflow 1224 1249 208 222 310 191 82 2908 0
I-' 7/3/84 Overflow 1302 1033 254 360 478 265 42 3016 0N

Methane-phase (Digester No. 339)

6/28/84 Bottom port 0 0 0 0 0 0 0 0 0
6/30/84 Bottom port 6 0 0 () 0 0 0 6 0

6/28/84 11.5-L port 168 436 0 0 0 6 8 529 0
6/30/84 11.5-L port 178 144 0 0 0 0 0 295 0

6/28/84 15.5-L port 198 448 0 0 0 6 0 564 0
6/30/84 15.5-L port 224 174 0 0 0 0 8 370 0

5/31/84 Effluent 104 85 0 0 0 0 0 172 0
6/4/84 Effluent 20S 115 () 0 0 0 0 298 0

6/14/84 Effluent 78 373 0 () 0 10 12 393 0
6/17/84 Effluent 102 226 0 0 0 10 25 304 0
6/24/84 Effluent 55 0 0 0 0 0 0 55 0
6/28/84 Effluent 160 351 0 0 0 5 0 447 0
6/30/84 Effluent 152 108 0 0 0 0 3 241 0
7/3/84 Effluent 346 241 0 0 0 0 0 542 0
7/6/84 Effluent 106 il7 0 0 0 0 0 201 0

* This sample was taken from the bottom of the left-hand chamber (feed side) of the acid-phase digester.
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Figure E-l. Mass balances for mesophilic upflow acid-phase
digester for meso-meso upflow two-phase Run UTP7M-M

conducted with Hanover Park sludge at a 7-day system HRT



RF.lltlCTION/
( PRODHCTION)

r------------------------------------------------>

1.40 SCM CH4
0.67 SCM CO2
2.21 kK total RaB
1.06 kR carbon
12,670 kcal

Total slurry

FS @ 28.2 wt % of TS

VS @ 71.8 wt %

TS

100 kg ------------------------)

1.73 kg ------------------------)

~ ------------------------)
6.13 kg

Run no. UTP7M-H

Up flow

me thane-phs se

------------> @33.3 wt % of TS

------------> ~ 66.7 wt % of TS

1.98 kR

1:.2!
5.96 kR

9.5 %

7.0 %

3f>.4

4'1.1

28.3 %

'l0.5 %

(95.4%)

1.18 kR

0.57

0.49

2.24 kg

(56.1 wt % of VB)

------------> @ 1.0 wt % of VS 0.04 kg

-----------------------------------) 1.70 kR
(42.7 wt % of VB)

------------> @29.7 wt % of VS

------------> @14.2 wt % of VS

------------> @ 12.2 wt % of VS

Loading:

9.4 kg VS/m3-d

HRT: 5.5 days

Temp: 35·C

0.42 kg ------->
0.87 kg ------->

(19.8 wt % of VS)

1.27 kg -----)

1.89 -------)

0.96 ------>
3.11 kg

(70.7 wt % of VS)

Protein @28.9 wt % of VS

carbohydrate @ 20.2 wt % of VS

Lipids @ 21.6 wt % of \Is

tCPL*

w......
.f::> VA @ 9.5 wt % of VS

Other organics (by diff)

VS balance: effluent/feed

VS balance: effluent/feed

Carbon recovery in gas

F~erRY recovery in gas

~ 114%

~ 141%

• 41%

~ 45%

* [CPt is the aum of protein, carbohydrate, and lipids.

Figure E-2. Mass balances for mesophilic upflow methane-phase
digester for meso-meso upflow two-phase Run UTP7M-M

conducted with Hanover Park sludge at a 7-day system HRT



r----------------------------------------------->

Total slurry

F8 @ 25. 2 wt % of T8

VS @ 74.8 wt %

T8

100 kg ------------------------->
1.76 kg ------------------------>
5.22 ---------------------->
6.98 kg

Run no. UTP7H-H

Upfl ow

two-phsse system

---------> ~ 33.3 wt % of T5

---------> @ 66.7 wt % of T5

OUTPUT

1.83 SCH <:114
0.98 SOl CIIL
3.09 kg total !1'~

1.44 kR csrbon
16.580 kcal

1.98 kR

3.98

5.96 kR

REDUCTION!
( PRODUCTION)

23.8 %

Protein @ 34.3 wt % of V8

Ca rb ohyd rate @ 24.0 wt % of V8

Lipids @ 29.4 wt % of VS

[CPL·

w.....
(J'1 VA @ 4.7 wt % of VS

Other organica (by diff)

1.79 kR ------->
1.25 ------->
1. 53 ------->
4.57 kg

(87.6 wt %of VS)

0.25 kg ------->
0.40 kg ------->

(7. 7 wt % of VS)

Temp: 35-35·C

Losdlng:

6.9 kg V8/m3-d

HRT: 7.5 dsys

----------> ~ 29.7 wt % of VS 1.18 kg

----------> ~ 14.2 wt % of VS 0.~7

----------> @ 12.2 wt % of VS 0.49

2.24 kg

(56.1 wt %of VS)

----------> @ 1.0 wt % of VS 0.04 kR

---------------------------------> 1.70 kg
(42.7 wt % of VS)

3/,.0 %

54.8

68.4

51.2 %

84.0 %

(325.0%)

FS balance: effluent/feed· 112%

VS balance: effluent/feed· 135%

• rCPL Is the sum of protein, carbohydrate, and lipids.

Carbon recovery In gas

Energy recovery In gas

• 47%

• 49%

Figure E-3. Mass balances for meso-meso upflow two-phase
Run UTP7H-M conducted with Hanover Park sludge

at a 7-day system HRT



TABLE E-3. NORMALIZED GAS COMPOSITIONS OBSERVED DURING
RUN NO. UAP2M: UPFLOW MESOPHILIC (35°C) ACID-PHASE DIGESTION

OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

7/13/84 44.17 0.63 55.20

7/20/84 43.36 0.73 56.90

7/27/84 39.02 0.31 60.67

8/3/84 39.98 0.83 59.18

9/11/84 42.25 0.35 57.40

8/16/84 41.79 0.37 57.84

8/17/84 42.73 0.59 56.68
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TABLE E-4. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING RUN NO. UAP2M: UPFLOW
UPFLOW MESOPHILIC (35°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE

CONDUCTED AT A 2-DAY HRT

Total
Acetic. Propionic. Isobutyric. Butyric, Isovaleric. Valerie. Caproic. as acetic, Ethanol,

Date mg!L I mg!L mg!L mg!L mg!L mg/L mg!L mg/L mg/L

W 7/12/84 1380 1569 289 522 362 420 48 3689 0
......
-....J 7/13/84 1147 1577 317 489 390 375 44 3448 0

7/20/84 1072 1405 155 372 294 284 24 2923 0

7/27/84 873 1652 271 282 207 180 44 2840 0

8/3/84 865 798 179 75 279 111 215 2025 0

8/10/84 1685 978 305 535 473 234 102 3519 0

8/17/84 1258 815 209 231 355 175 79 2571 0



w......
co

TABLE E-5. NORMALIZED GAS COMPOSITIONS OBSERVED DURING
RUN NO. UAP2T: UPFLOW THERMOPHILIC (55°C) ACID-PHASE DIGESTION

OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 2-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

9/12/84 54.21 1.97 43.82

9/14/84 53.85 4.17 41.98

9/24/84 52.58 2.33 45.10

9/26/84 49.93 1.78 48.29

TABLE E-6. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING RUN NO. UAP2T: UPFLOW
THERMOPHILIC (55°C) ACID-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE CONDUCTED AT A 2-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

9/12/84 2766 1591 642 827 1101 0 88 5750 0

9/14/84 3038 1829 658 918 1370 0 2 6401 0

9/19/84 1852 1117 285 571 493 0 0 3633 0

9/21/84 2411 1586 470 852 926 217 189 5367 42



TABLE E-7. NORHALIZED GAS CONPOSITIONS OBSERVED DURING
RON NO. UPT17H-T: ~lliSO-THER}10 TWO-PHASE DIGESTION OF

HANOVER PARK SLUDGE CONDUCTED AT A 17-DAY HRT

Hydrogen t Carbon dioxide t Nitrogen t Methane,
Date mol % mol % mol % mol %

Acid-phase (Run no. UAP4.5H)

8/24/84 42.74 0.60 56.66

8/31/84 36.68 0.52 62.80

Methane-phase (Run no. m1P12T)

8/24/84 46.30 0.00 53.70

8/31/84 44.06 2.04 53.89
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TABLE E-8. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING RUN NO. TP17~1-T: UPFLOW
MESO-THERMO TWO-PHASE DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 17-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethltnol,

Date mg/L mg/L mg/L mg/L mg/L mg!L mg/L mg/L mg/L

w Add-phase (Run no. UAP4.5M)
N
0

8/24/84 1511 1158 215 325 351 229 93 3207 0

8/31/84 580 794 18 0 98 0 115 1353 0

Methane-phase (Run no. UMPI2T)

8/24/84 1398 1291 226 135 546 0 87 3057 0

8/31/84 1924 1639 511 279 809 0 136 4337 0



TABLE E-9. NORMALIZED GAS COMPOSITIONS OBSERVED DURING
RUN NO. UTPlT-T: UPFLOW THERNO-THERNO TWO-PHASE DIGESTION

OF HANOVER PARK SLUDGE CONDUCTED AT A 7-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Acid-phase (Run UAP2.1T)

10/2/84 51.33 2.34 46.34

10/4/84 50.21 4.02 45.77

Methane-phase (Run UMP5.4T)

9/29/84 45.17 1.52 53.31

10/5/84 46.12 3.28 50.60
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TABLE E-IO. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING RUN NO. UTP7T-T:
UPFLOW MESO-THERMO TWO-PHASE DIGESTION OF lUlliOVER PARK SLUDGE CONDUCTED AT A 7-0AY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Run UAP2.1T)

9/29/84 1527 912 246 438 488 168 74 3156 39

w 10/2/84 1587 813 275 441 553 123 58 3163 13
N
N

10/4/1',4 1167 575 204 406 399 99 73 2379 12

10/5/84 1159 471 180 359 368 91 92 2226 0

Methane-phase (Run UMP5,4T)

9/28/84 1495 1354 373 264 510 155 0 3370 55

10/2/84 1766 1251 339 463 632 148 7 3789 0

10/5/84 1965 1188 374 584 742 172 0 4118 0



TAHLE E-1l. NORMALIZED GAS COHPOSITIONS OBSERVED DURING RUN
NO. UTP20T-T-T: UPFLOW/CFCSTR THERMO-THERl10-THERHO THREE-PHASE

DIGESTION OF HANOVER PARK SLUDGE CONDUCTED AT A 20-DAY HRT

Hydrogen, Carbon dioxide, Nitrogen, Methane,
Date mol % mol % mol % mol %

Upflow acid-phase (Run UAPl. 9T)

10/8/84 0.00 49.61 3.97 46.42

Upflow methane-phase (Run UNP5.2T)

10/13/84 38.33 0.60 61.07

CFCSTR methane-phase (Run CHP13T)

10/13/84 20.80 0.89 78.32

323



TABLE E-12. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING RUN NO. UTP20T-T-T:
UPFLOW/CFCSTR THERMO-THERMO-THERMO THREE-PHASE DIGESTION OF

HANOVER PARK SLUDGE CONDUCTED AT A 20-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

W Upflow acid-phase (Run UAP2.1T)
N
-+::0

10/13/84 803 414 153 188 268 8 46 1557 0

Upflow methane-phase (Run UMP5.2T)

10/13/84 1345 685 235 227 410 43 73 2519 0

CFCSTR methane-phase (Run CMPI3T)

10/13/84 229 782 178 0 303 13 78 1211 0



TABLE E-13. NORMALIZED GAS COMPOSITIONS OBSERVED DURING STEADY-STATE
RUN NO. TP3M-M(E): CFCSTR MESO-MESO TWO-PHASE DIGESTION OF

ENZYMATICALLY PRETREATED) MIXED DOWNERS GROVE PRIMARY AND
STICKNEY ACTIVATED SLUDGES CONDUCTED AT A 3-DAY HRT

Date
Hydrogen)

mol %
Carbon dioxide)

mol %
Nitrogen,

mol %
Methane,

mol %

Acid-phase (Digester no~ 334)

12/27/84

12/29/84

1/5/85

1/7/84

1/8/85

1/9/85

O.ll

0.00

42.14

44.77

43.90

41.79

41.30

38.77

0.48

0.26

0.51

0.32

0.24

0.36

57.28

54.97

55.59

57.89

58.45

60.87

Methane-phase (Digester no. 333)

12/27/84

12/29/84

1/5/85

1/7 /85

1/8/85

1/9/85

34.70

34.30

34.72

34.43

33.49

32.72
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0.00

0.00

0.00

0.00

0.00

0.00

65.30

65.70

65.28

65.57

66.51

67.28



TABLE E-14. VOLATILE ACIDS AND ETHANOL CONCENTRATIONS OBSERVED DURING STEADY-STATE
RUN NO. TP3M-M(E): CFCSTR MESO-MESO TWO-PHASE DIGESTION OF ENZYMATICALLY

PRETREATED, MIXED DOWNERS GROVE PRIMARY AND STICKNEY
ACTIVATED SLUDGES CONDUCTED AT A 3-DAY HRT

Total
Acetic, Propionic, Isobutyric, Butyric, Isovaleric, Valerie, Caproic, as acetic, Ethanol,

Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Acid-phase (Digester no. 334)

2/27/84 1,269 1,100 191 504 293 226 47 2,964 0

2/29/84 88 1,099 0 233 256 376 24 1,522 0

1/5/85 1,234 1,214 239 658 417 685 38 3,497 19

1/7/85 1,462 1,527 279 694 462 755 46 4,102 24

1/8/85 1,249 1,431 268 571 458 691 19 3,666 0
w
N 1/9/85 1,452 1,368 296 721 528 823 28 4,063 340')

1/11/85 1,687 1,430 334 711 569 826 30 4,394 0

Methane-phase (Digester no. 333)

12/27/84 188 751 0 0 0 0 7 800 0

12/29/84 77 895 0 0 27 0 34 836 0

1/5/85 202 1,029 33 0 74 31 22 1,131 0

1/1/85 238 1,270 21 0 97 22 22 1,364 0

1/8/85 274 1,058 62 0 79 22 0 1,233 0

1/9/85 257 1,004 52 30 75 27 0 1,187 32

1/11/85 168 838 19 0 68 18 0 911 0



TABLE E-15. VOLATILE SOLIDS AND ORGANIC COMPONENT CONCENTRATIONS AND REDUCTIONS OBSERVED DURING
STEADY-STATE ADVANCED M~SO-MESO TWO-PHASE DIGESTION OF HANOVER PARK SEWAGE SLUDGE*

Run Sample Sample date(s)~ Lot Batch TS \'5 Crudt" rr(JtEo'in C".rb(lhydratf:'~ Lipids Organic reductions, %

wt % loIt % \It ': loIt %
mglL mglL of TR mglL of VS mglL of VS mglL of VS Protein Carbohydrate Lipida

UTP7M-M Feed 6/28-7/1184 13 69,8711 52,2111 74.75 17,456 11,42 11,956 22.89
6128-711186 13 69,870 52,210 76.75 13,931, 26.hK

Run meansc 69 t H70 52,2311 ~ 13.42 2"4:7if
Feed meansd 35.M 21.13 29.35

Final meanse ~ 14:2(;" IT;TI4 '2T:% 15,130 'i9.3S

AcId-phase 6/28-7/1/84 13 61,310 44,r1lO 71.78 8344 18.96
effluent 6/28-7/1184 13 iW.!.Q. 44,1110 71.78 12,706 28.87 9421 21.47 9534 21.66

61,JIO 44,{I1f) 71. 78 12,7116 "2R,iIT RiiiiT zo:TA ---"9s14 2I.ii6 28.99 29,03 37,81

Methane-phase 6/28-7/1/84 13 59,&40 3'1,790 66.72 11,819 29.70 5830 14.65 6849 12.19
effluent 6/28-7/1184 13 ;9,64U 39,790 66.72 S656 14.21

6/28-7/1/84 13 59,640 39,790 66.72 6301 15.84
W 6/28-711/84 13 59,640 39,790 66.72 4818 12.11
N 59,640 39,790 66.72 TI,ili9 29.70 ~ 14.20 "1;849 TI:l9 6,98 36.38 49.14
'.J System 33.95 54,85 68.37

TP3M-Mf reed 118-1/12185 23 69,470 46,'no 68.26 15,734 21.80 -.J1ZQ. 20.14
Run means 69,470 lab,51(1 ~ 21.80 -m:T4

Feeod means 21.80 20.14
Final means 15,7)4 21.39 ---gj)Q 19.76

Acid-phaae 118-1112185 23 60,410 39,170 64.84 7882 20.12 8990 22.95
effluent 611.410 39,170 64.ii4 ----mr 2ii:T2 Il99U ~ 49.90 4.06

Hethane-phase 118-1/12/85 23 54,900 33,820 61.60 5729 16.94 5729 16,94
effluent 54,900 33,820 fiT:6(i ----sm- "ib:9"4 -m9 "jDi; 27.32 3&.27

System 63.59 38.86

a Data reported are the averages of duplicatp or trlpltrate detprmlnatlons.

b A single sample date indicates that the analyses were conducted on a grah sample ('ollected that day. A time per10d \lode-r this column 1odic-ate's the start and end dntes of c.ollection. of a. grab or
time-composite sample used tor the analyses_

C Run means are the averages of the feed analyses conducted for a particular steady-st~te run on a qtngle fppd lot and batch.

d Feed lIH!ans are the average organic contents (expresBsed as we1~ht percent of VS) of all steady-state gamples ("ollp("tpd for a pAttie-uIRe feE"d lot Rnd batch.

e FInal means are the average feed slurry organic: concentrations and ('ontf"ntR u<;ed to determtne thp ot'nantf' t"E'durtiom.. Thp orJotant(' contE'nts are thl"' average of thf:" feed and run organic contents.
OrganIc feed concentrations wete calculated as the product of the nnal nil'sn or~an{(' f(Oed contpntR and thf' avpragE' fred volnt{le solids C'om'('ntratlon for the run.

Steady-state run TP3H-M(E) WR9 conducted with mixed Downers (;rove primary and Stlcknt"y aC"tfvatpd sludJ,tE"s. Thf' feE"d was treAted for 24 hI'S at 35°C with cellulase (Novo Cplluclast l.SL) and
celloblaae (Novozym 188) enzymes at d08sgc6 of 2.75 g/kg feed T5 and 0.28 g/kl( feed TS, respectively. Lipase (Novllzym 22') was added to the RC'id dtJ.tester At a dosage of 2.75 g/kg feed TS.



APPENDIX F

FEED SLUDGE LOTS AND BATCHES USED DURING STEADY-STATE DIGESTION RUNS

TABLE F-1. FEED SLUDGE LOTS AND BATCHES USED DURING
STEADY-STAGE DIGESTION RUNS

Run number Feed sludge lot/batch number
Je

SS15M 1/8-9
8S7M 6/1-3
883M 8/5

S815T 12/1
587T 16/1
S83T 16/1

TPI5M-M 5/3-4
TP7M-M 17/1
TP3M-H 28/1

TP3M-M(E) 32/1

TP15M-T 16/1
TP7M-T 17/1

TP7T-T 18/5-7
TP3T-T 19/3-6

UTP7M-M 13/1

AP2M7 6/2-3
AP2M6 12/1

AP2M5.5 12/1
AP2M5 13/1

AP1.3M7 8/5
API.3MS 13/1

AP2T7 5/3-4
AP2T6 12/1

AP2TS.5 12/1
AP2T5 13/1

AP1.3T7 8/5
AP1.3TS 13.1

* Analyses of these feed sludges are shown in Appendix A, Tables 1-6.
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APPENDIX G

COMPARISON OF CALCULATION OF VOLATILE SOLIDS BY MOP-16
FORMULA WITH MATERIAL BALANCE METHOD

TABLE G-l. COMPARISON OF CALCULATION OF VOLTAILE SOLID~ REDUCTION
BY MOP-16 FORMULA WITH MATERIAL BALANCE METHOD

Volatile solids reduction Percent loss
in ash VS reduction

Materia2 MOP-163
relative to (Wt. -of -g~s

Run number balance Difference total solids4 method)

S815M 33.0 38.2 -5.2 -2.17 28.8
887M 27.3 18.3 5.0 2.07 32.7
883M 15.6 13.7 1.9 0.51 19.3

8815T 41.3 36.8 4.5 1.71 45.9
8S7T 31.0 32.9 -1.9 -0.74 39.6
S83T 12.1 19.0 -6.9 -2.27 20.2

TP15M-M 34.0 37.2 -3.2 -0.55 63.4
TP7M-M 32.8 33.6 -0.8 -0.20 51.5
TP3M-M 24.8 26.5 -1.7 -0.38 35.5

TP15M-T 38.2 28.0 10.2 1.92 48.5
TP7M-T 34.3 32.8 1.5 0.41 54.7

1 Data used are from Tables B-13 and C-15.

2 Material balance: Assumes volume in = volume out.

V8 = mg VS/L in feed - mg VS/L in effluent X 100
R mg VS/L in feed

3 MOP-16: Assumes ash in = ash out,

VS
i

- VS
VSR = VS. _ (VS. xOVS ) X 100

~ 1 0

where VSi,o = VS as fraction of T8 at influent and effluent

4 Ash Loss: % Loss = mg ash/L in feed - mg ash/L in effluent X 100
mg T8/L in feed

5 VS reductions were taken from Tables 49, 52, 57, and 60.
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