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FOREWORD

The formation of the United States Environmental Protection
Agency marked a new era of environmental awareness in America.
This Agency's goals are national in scope and encompass broad
responsibility in the areas of air and water pollution, solid
wastes, pesticides, and radiation. A vital part of EPA's
national pollution control effort is the constant development
and dissemination of new technology.

It is now clear that only the most effective design and operation
of pollution control facilities using the latest available
techniques will be adequate to ensure continued protection of
the nation's waters. It is essential that this new technology be
incorporated into the contemporary design of pollution control
facilities to achieve maximum benefit of our expenditures.

The purpose of this manual 1is to provide the engineering
community and related industry with a new source of information
to be used in the planning, design, and operation of present
and future wastewater pollution control facilities. It 1is
recognized that there are a number of design manuals and manuals
of standard practice, such as those published by the Water
Pollution Control Federation, available in the field, and
that each of these adequately describes and interprets current
engineering practices as related to traditional plant design.
It is the intent of this manual to supplement this existing
body of knowledge by describing new treatment methods and by
discussing the application of new techniques for more effectively
removing a broad spectrum of contaminants from wastewater.

Much of the information presented is based on the evaluation and
operation of pilot, demonstration, and full-scale plants. The
design criteria thus generated represent typical values. These
values should be used as a guide and should be tempered with
sound engineering judgment based on a complete analysis of the
specific application.

This manual is one of several available from Technology Transfer
to describe technological advances and new information. Future
editions will be issued as warranted by advancing state-of-the-
art to include new data as they become available and to revise
design criteria as additional full-scale operational information
as generated.
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ABSTRACT

The purpose of this manual is to present a contémporary review
of sludge processing technology, with particular emphasis on

design methodology. This 1s a revision of a manual originally
published in October 1974,

The revised edition incorporates chapters on design approach,
disinfection, composting, transport, .storage, sidestream
treatment, and instrumentation. Other sections have been
considerably expanded. ‘

Design éxamples are used throughout the manual to illustrate
design principles.
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CHAPTER 1

PURPOSE AND SCOPE

1.1 Purpose

The purpose of this manual is to present an up-to-date review
of design information on all applicable technologies available
for treatment and disposal of municipal wastewater solids.
Wastewater solids include grit, scum, screenings, primary
sludges, biological sludges, chemical sludges, and septage.

The Federal Water Pollution Control Act Amendments of 1972
({Public Law 92-500) and the Clean Water Act Amendments of 1977
(Public Law 95-217) require levels of municipal wastewater
treatment sufficient to meet the congressional mandate of
cleaning up the nation's waterways. Through the USEPA
Construction Grants Program, financial incentives have been
provided to assist publicly owned treatment works (POTWs) in
meeting these requirements. Federal and state requirements
impact both effluent gquality and treatment alternatives,
utilization, and disposal of wastewater solids.

The tasks associated with managing municipal wastewater solids
are neither simple nor cheap. In providing higher 1levels
or additional treatment of wastewaters, greater volumes of
wastewater solids are produced. The combination of greater
volumes of sludges, mixtures of various sludges, and more
restrictive management requirements have complicated the solids
management options available to the design engineer. These facts
require both the design engineer and the operations personnel
to give serious consideration to the interdependence of both
the liquid and solids portions of the treatment facility. The
need for sound wastewater solids management is significant.
Typically, solids processing and disposal costs can account for
20 to 40 percent of the total operating and maintenance cost of a
treatment facility (1). Thus, there is strong incentive to
utilize the most appropriate and cost-effective alternatives
available.

This manual supersedes the USEPA Process Design Manual for Sludge
Treatment and Disposal, EPA 11-74-006, published in 1974. Since
1974, new wastewater solids processing techniques have developed,
existing techniques have matured, and operating experience and
data are available. Current legislation, solids management
requirements, and advances in sludge treatment and disposal
technologies warrant this revision.




1.2 Scope

This maqual has been prepared for use by professionals engaged in
the d§51gn and approval of municipal wastewater solids treatment
and disposal systems. Design information presented includes:

® Origins, gquantities, and characteristics of municipal
wastewater treatment plant solids;

® Process descriptions, including theory and appropriate
design criteria;

® FEnergy requirements;

® Public health and environmental considerations;
® Cost and performance data; and

® Design examples.

Some material is not included because it has been presented
elsewhere. A section on sanitary landfills has been omitted
because an EPA manual of this subject has been published recently
(2). The treatment of land utilization is abbreviated because an
EPA Design Seminar publication is available (3).

1.3 Process Classification

The manual is divided into 19 chapters, with 15 chapters
devoted to sludge processes. Additional chapters cover general
considerations, design approach, and sludge properties.
Figure 1-1 depicts the basic classification by process. It
should be noted that processes within classifications overlap
to some extent. As an example, stabilization, disinfection,
and disposal also take place during high temperature processing.
The processes, as they appear on Figure 1-1, should be read in
left-to-right sequence; they do not, however, necessarily appear
in a treatment system in the order shown. Figure 1-1 is arranged
to display sludge treatment and disposal options rather than to
suggest any particular order of operations.

1.4 References

1. USEPA. Construction Costs for Municipal Wastewater Treatment
Plants 1973-1977. Office of Water Program Operations.
Washington, D.C. January 1978.

2. USEPA. Process Design Manual: Municipal Sludge Landfills.
Environmental Research Information Center, Office of Solid
Waste, Cincinnati, Ohio 45268. EPA~-625/1-78-010, SwW-705.
October 1978.

3. USEPA. "Principals and Design Criteria for Sewage Sludge
Application on Land." Sludge Treatment and Disposal Part 2.
Technology Transfer, Cincinnati, Ohio 45268. EPA-625/4~78~
012. October 1978.
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CHAPTER 2

GENERAL CONSIDERATIONS

2.1 Introduction and Scope

Non-technical factors can heavily influence the planning, design,
construction, and operation of solids management systems, and
these non-technical considerations must be faced from the day a
project 1is conceived. Non-technical factors include legal and
regulatory considerations, as well as other issues, such as
public participation.

2.2 Legal and Regulatory Considerations

The thrust of this section is to describe the intent and effects
of federal legislation and to provide a reference list which
features the most current criteria. Where state and 1local
requirements may be involved, they are so noted.

2.2,1 Effect of Effluent Discharge Limitations
on Wastewater Solids Management

The Federal Water Pollution Control Act of 1972 (PL 92-500)
established levels of treatment, deadlines for meeting these
levels, and penalties for violators. For plants discharging to
surface waters, effluent requirements are expressed in permits
issued by the National Pollutant Discharge Elimination System
(NPDES). NPDES permits have generally mandated the upgrading of
existing treatment plants or the construction of new plants to
provide higher levels of treatment and reliability.

The law, while providing direction toward the goal of a cleaner
environment, has created problems for designers and operators of
wastewater treatment plants. Higher 1level treatment generally
means a greater mass and volume of solids to be managed. Solids
treatment systems not only must handle more material but must do
so more effectively. Solids not captured therein are returned to
the wastewater treatment process and can potentially degrade
effluent quality and defeat the very purpose of the law. Thus,
stricter discharge 1limits have had the effect of making solids
treatment and disposal more important, more difficult, and more
expensive.



2.2.2 Restrictions on Wastewater Solids Treatment

Wastewatep solids must be managed so that laws and regulations
are not violated. Air emissions' limits and nuisance prohibi-
tions are of particular importance.

2.2.2.1 Air Emissions Limits

The Clean Air Act Amendments of 1970 (PL 91-604) and 1977
(PL 95-95) contain provisions for regulating point source
emissions, for example, emissions from incinerators. USEPA
has promulgated several regulations in response to this
legislation. The most restrictive are the New Source Review
reqgulations (40 CFR 51-18) and Prevention of Significant
Deterioration (40 CFR 52-21) regulations. New Source Review
(NSR) regulations apply in areas where allowable levels for any
pollutant are exceeded. The regulations affect any new source
which, after installation of an air pollution control device,
could emit >50 tons per year (45 t/yr) of the offending pollutant
(controlled emission) or which could emit >100 tons per year
(91 t/yr) of the offending pollutant were there no pollution
control device or were the existing device to fail (uncontrolled
emission). These sources are prohibited unless their emissions
can be compensated for by the reduction of emissions from other
sources within the same area. This compensation clause is known
as the Emissions Offset Policy. Relaxation of the Emissions
Offset Policy is being considered for certain categories of
resource recovery projects. Presently, few urban areas exceeding
200,000 population meet all national air gquality standards.
Therefore, NSR regulations will apply to almost all urban plants,
particularly larger ones.:

Prevention of Significant Deterioration (PSD) regulations apply
primarily to areas which are presently meeting air quality
standards. They affect 28 major stationary source categories
with potential uncontrolled emissions exceeding 100 tons per year
(91 t/yr) and any other source with potential uncontrolled
emissions of over 250 tons per year (227 t/yr). Such sources are
allowed provided they use Best Available Control Technology
(BACT) to treat gaseous discharges and provided the emissions of
specified pollutants do not increase at rates greater than set
forth by regulatory schedules.

The Clean Air Act also requires "state implementation plans™®
(SIPs) to regulate all significant point sources, including new
sources. SIPs generally limit emissions, establish emissions
offset policies, require reporting, and establish penalties and
administrative procedures. State or regional boards usually
administer the permit system.

Historically, air emissions limits have affected incinerators

more than other wastewater solids treatment processes. However,
air emission limits can affect any solids treatment system.

2-2



Examples include sludge drying processes and the burning of

gases from anaerobic digesters either by flaring or in internal

combustion engines. USEPA has already issued New Source

Performance Standards for sludge incineration (40 CFR-60-150) and

"Amendments to National Emission Standards" (40 CFR 61-52).

These establish particulate air pollution emission standards and

limit mercury emissions from incinerators and dryers of wastewater
treatment plant solids. Chapter 11 contains further information

on air pollution regulations.

2.2.2.2 Nuisances

Courts have ordered municipalities to pay damages or cease
operation when wastewater solids treatment processes have been
proven to be the source of nuisances such as noise and odor.
In some cases, judgments have resulted in the permanent shutdown
of plants containing expensive equipment. Since most NPDES
permits specify that treatment plant operations be nuisance free,
this is a goal which designers and operators must strive to
achieve.

2,2.2.3 State and Local Requirements

When state and local regquirements are more stringent than
federal requlations, the state and local conditions govern. Air
Pollution Criteria are the most striking example of this.
The criteria are particularly restrictive in California, where
local nitrogen oxide (NOy) regulations may require that new
stationary reciprocating engines above a certain size be eguipped
with catalytic converters (l). As another instance of local
controls, deed restrictions and local ordinances effectively
prevent sludges produced at the Easterly Plant in Cleveland,
Ohio, from being processed on the plant site (2).

2.2.3 Laws and Regulations Governing Wastewater
Solids Utilization and Disposal

2.2.3.1 Federal Water Pollution Control Act

The Clean Water Act of 1977 (PL 95-217) contains two major
provisions for wastewater solids utilization and disposal.
Section 405 requires USEPA to issue guidelines and regulations
for the disposal and reuse of wastewater solids. Guidelines and
regulations to be issued in the next few years are expected to
limit the quantity and kinds of toxic materials reaching the
general public by setting limits on the gquantity and quality
of sludge distributed for public use or applied to lands where
crops are grown for human consumption. The methods by which
sludge is applied to land are expected to be controlled to meet
aesthetic requirements, and groundwater protection will probably
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be required at wastewater solids disposal sites. The degree
of spabilization or disinfection for sludge is expected to be
specified, along with monitoring and reporting requirements
and design criteria. The guidelines and regulations will
probably rely on the fact that wastewater solids may endanger
the public and the environment if not properly managed,

apd that requisites for use must be stricter than those for
disposal.

The other major provision is intended to encourage sludge
utilization. This provision, Section 307, requires pretreatment
of industrial wastes if such wastes inhibit wastewater treatment
or sludge utilization. This should increase the potential for
sludge reuse. )

2.2.3.2 Resource Conservation and Recovery Act

The Resource Conservation and Recovery Act (RCRA) of 1976
(PL 94-580) requires that solid wastes be utilized or disposed of
in a safe and environmentally acceptable manner. Wastewater
solids are included by definition in provisions relating to solid
waste management, USEPA 1is currently developing guidelines
and criteria to implement the provisions of this act. These
guidelines and criteria will fall into three general categories:
(a) treatment and disposal of potentially hazardous solid
wastes (wastewater solids are expected to be excluded from this
category in most if not all cases); (b) criteria and standards
for colid waste disposal facilities; and (c) criteria defining
the 1limits for solid waste application to agricultural 1lands.
USEPA will issue the guidelines and criteria that relate to
municipal sludge management under joint authority of RCRA and
Section 405 of the Clean Water Act.

2.2.3.3 Toxic Substances Control Act

The Toxic Substances Control Act of 1976 (PL 94-469) authorizes
USEPA to obtain production and test data from industry on
selected chemical substances and to regulate them where
they pose an unreasonable risk to the environment. This
act, 1in combination with other federal 1legislation cited
(PL 95-217 and PL 94-580), should help reduce the amount of
pollutants discharged to the municipal system from manufacturing
processes, Of particular significance to wastewater solids
utilization is the fact that the act prohibits the production of
polychlorinated biphenyls (PCBs) after January 1979 and the
commercial distribution of PCBs after July 1979, PCBs can be
concentrated in wastewater sludges ‘and are a chemical constituent
of concern in meeting proposed utilization criteria. Sludge PCB
levels should decrease once PCBs no longer enter the waste
treatment system.



2.2.3.4 Marine Protection, Research and
Sanctuaries Act

Several large cities, including New York and Philadelphia,
as well as some smaller cities in the New York - New Jersey area,
dispose of wastewater solids by barging them to the ocean.
The 1977 amendments to the Marine Protection, Research,
and Sanctuaries Act of 1972, as well as other laws and
regulations prohibit disposal of "sewage sludge" by barging
after December 31, 1981. In addition, no federal construction
funds are available for wastewater solids treatment and disposal
systems that include any type of ocean disposal, either by barge
or pipeline. Therefore, no further coverage of ocean disposal
will be made in this manual.

2.2.3.5 Environmental Policy Acts

The National Environmental Policy Act of 1969 requires that
the federal government consider environmental effects of many
actions. Municipal wastewater treatment systems, including
solids treatment, utilization, and disposal systems are covered
by this act because of their potential effect on the environment
and because they are funded by federal construction grants. Most
states have similar policy acts. The acts, which require reports
and hearings, assure that the environmental consequences of
proposed operations are considered, and also provide the designer
with a useful forum to develop public response (see Section
2.3.6). They do, however, usually lengthen the facility planning
and design process.

2.2.3.6 State and Local Reuse and Disposal
Requirements

While most states and municipalities follow federal guidelines,
many may formulate more restrictive measures. For example,
localities that apply sludge to land on which food crops are
grown may wish to analyze their sludges more frequently than
required by federal guidelines or limit sludge application rates
more severely. Many state and local regulatory agencies are
presently awaiting the issuance of federal guidelines before
finalizing their requirements.

2.2.4 The Comprehensive Nature of Section 405
of the Clean Water Act

As 1indicated, Section 405 of the Clean Water Act of 1977
(PL 95-217) requires USEPA to promulgate regulations governing
the issuance of permits for the disposal of sewage sludge
relative to Section 402 NPDES permits and to develop and publish
from time to time regulations providing guidelines for the
disposal and utilization of sludge. These regulations are to
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identify uses for sludge, specify factors to be taken into
account 1in determining the measures and practices applicable to
each such use or disposal (including publication of information
on costs) and identify concentrations of pollutants which
interfere with each such use or disposal.

This broad authority to issue regulations covering different
sludge management practices has been viewed as a mechanism to
allow USEPA to bring together all of the requlations that have
been or will be issued under various legislative authorities for
controlling municipal sludge management at a single location in
the Code of Federal Regulations, under the joint authority of
Section 405. Therefore, regulations on air emission controls
will be 1issued under the joint authority of Section 405 of the
Clean Water Act and various sections of the Clean Air Act;
regulations on land disposal and land application under joint
authority with the Resource Conservation and Recovery Act;
regulations on ocean disposal under joint authority with the
Marine Protection, Research and Sanctuaries Act, and so
forth. Regulations covering practices not influenced by other
authorities (for example, home use, give-away or sale of sludge
derived products) could be 1issued solely under the broad
authority of Section 405.

Thus, all regulations related to management of municipal
wastewater solids will be issued, administered, and enforced
under the umbrella of Section 405. Sludge management facilities
and practices will therefore be approved or disapproved along
with KPDES permits.

2.3 Other Non-Technical Factors Affecting
Wastewater Solids Management

2.3.1 Availability of Construction Funds

Construction of municipal wastewater solids treatment and
disposal facilities is usually financed with public money.
Currently, federal funds are used to pay for 75 percent of
grant-eligible construction costs. State contributions vary.
In addition, PL 95-217 gives projects using innovative and
alternative technologies, for example, sludge utilization and
energy recovery, a 15 percent advantage in cost-effectiveness

comparisons over projects using conventional technology. They
are also given a 10 percent bonus (to 85 percent) on federal
construction grants (3). Innovative technologies can also be

replaced with 100 percent funding if they fail within two
-years. Thus, federal and state grant fund requirements may
influence to a considerable degree the sludge management system
chosen and the way a system is designed. . Cost-effective design,
careful and conservative cost estimating, and clear explanations



to decision-makers of the rationale for selected treatment and
disposal systems will assist greatly in obtaining federal and
state construction funds.

Design engineers should refer to the USEPA Construction Grants
Manual for federal grant requirements (4). In many states
these requirements are supplemented by state regulations.

Occasionally, a governmental agency may declare certain features
of a design to be ineligible for grant funding. Sometimes
these declarations are in direct contradiction with the design
engineer's opinion regarding their necessity. The designer
should be aware of these potential conflicts of opinion and
submit full documentation and justification along with the
request for funding. The design year for full loading, special
loading allowances, system reliability requirements, and facility
flexibility allowances are important parts of this documentation.

2.3.2 Special Funding Requirements

The designer must be aware of special conditions associated
with federal and state grant funding, such as "buy American"
provisions, "or equal" clauses, affirmative action in employment,
and special auditing and cost control requirements.

Competitive bidding 1is required for public works construction
contracts. Equipment specifications for these contracts must be
carefully written to assure that the resulting installation
satisfies the treatment and disposal requirements at minimum life
cycle costs. Where the designer knows of no equal to a specific -
needed item, he should document the need for such equipment and
assure compliance with funding restrictions prior to putting
the specification out to public bid. USEPA has recognized the
designer's need to achieve better control over the eguipment
to be used for wastewater treatment systems and is proposing to
issue regulations which allow pregualification of critical
equipment items. TS

2,3.3 Time Span of Decisions

Frequently, several years elapse from the choice of a specific
process to the operation of that process. This time is usually
spent in the necessary work of completing environmental hearings,
detailed designs and regulatory reviews, and arranging for

funding, construction, and start-up. Furthermore, mos t
facilities must be operated for close to life expectancy to avoid
waste of construction funds. During this extended time span,

technology may improve, new laws may be passed, new regulations
may be 1issued, and economic factors may change. The engineer
must consider these possibilities for change in decision making.
He should favor .processes that are sufficiently flexible to
remain useful in the face of changing technology, regulations,
economics, and sludge characteristics.
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2.3.4 Uncertainties

The selection of a specific process normally hinges on its
cost in comparison with the cost of competing processes.
Uncertainties make cost comparisons difficult. For example,
consider two competing processes, one labor-intensive, the
other requiring expensive chemicals. There are uncertainties as
to how many man-hours will be needed per ton ¢f sludge, what
chemical additions will be required, and what future cost trends
will be. It is often difficult to predict whether labor or
chemicals will be more severely affected by inflation. Labor
productivity also must be predicted. Given these uncertainties,
it may be necessary to say that "Process A is probably more
cost-effective," rather than "Process A is more cost-effective."
Cost uncertainties are usually greater for processes that are not
widely used. There are also uncertainties in the quality of
solids that will be produced. For instance, if incineration is
selected on the basis of previous dewatering unit production
of a cake with 35 percent solids, but only 20 percent solids is

actually obtained, then the cost of incineration may become
excessive.

Experience at Kenosha, Wisconsin, where one of the first
filter presses for sludge in the United States was 1installed,
illustrates the difficulties of making accurate cost estimates.
Pilot testing indicated that an optimal lime dose would be equal
to 12 percent of the sewage solids fed. In addition a ferric
chloride dose equal to 3 percent of the sewage solids fed was
required. Full-scale operating experience, however, indicates
a 17 percent lime dose 1is required; therefore, lime costs are
40 percent greater than anticipated. Also, in this plant, only
part-time operator attention was anticipated, because- the
units were fully automated. 1In practice, full time operation is
reguired. Maintenance costs, assumed to be nominal, have

instead been significant, averaging about $3 per ton of dry
'solids (5).

Whenever possible, the engineer should investigate full-scale
working systems to determine actual operating conditions and
operating and maintenance costs, If there is insufficient
full-scale operating experience to estimate these conditions
and costs with confidence, the design engineer must make liberal
allowances for uncertainties.

2.3.5 The Design Team

Many factors are important in selecting and designing sludge
treatment and disposal processes, for example, capital costs,
operating strategies, and environmental effects. Different
individuals have different perspectives on wastewater solids
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management. These individuals should be heard. Therefore,

a "design team" concept is helpful. The design team should
include:

® Those involved in the day-to-day design effort; that is,
the design staff.

®¢ An advisory committee composed of those who are not
involved in the day-to-day design effort but who must
operate and administer the wastewater solids management
system or whose services are required to implement the
design; for example, treatment plant operators, public
works directors, grant administrators, regulatory
officials, engineering reviewers including value
engineers, and special consultants. The advisory
committee serves in a policy-making and review role.

The advisory committee should be made aware, through clear
and accurate reporting, of all aspects of sludge management

alternatives, including the design staff's evaluations and.
recommendations.

The design staff should expect criticism and gquidance from the
advisory committee. If a proposal or criticism appears to have
merit, it should be evaluated with respect to its effect on the
solids treatment and disposal scheme. If it does not, the
consequences of incorporating it into the design should be
clearly explained.

A better project will be achieved by an early exchange of views.
While responding to criticism may cause delays early in the
project, delays are small in terms of both time and cost compared
with those that would be experienced were dissatisfaction to
surface late in the proiject.

2.3.6 Public Involvement

Public involvement in environmental decision making 1is not
only wise, it is mandatory. The National Environmental Policy
Act of 1969, the Clean Water Act of 1977 (PL 95-217), and the
Resource Conservation and Recovery Act of 1976 (PL 94-580) all
require public involvement mechanisms and activities. Acceptance
of the project by residents of the community and a working
relationship between the public and the design team is essential.
Experience has shown that programs are more easily accepted
if the public understands what they are.

The relationship between the design staff and the public is
similar in many ways to that between the design staff.and the
advisory committee. The public also serves in a policy-making
and review role; it should be made aware of all aspects of
sludge management alternatives and should provide criticism and
guidance to the design staff. A means of educating the public
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and creating a dialog between the public and the design staff
must be established. Mechanisms for accomplishing this are the
mass media, bulletins, public hearings, and presentations to
interested groups.

Special efforts should be made to involve groups and individuals
who, from past experience, have demonstrated an interest in
environmental affairs or those who are likely to be directly
affected by the proposed project. Developing a list of
interested persons and organizations for formal and informal
notifications and contacts is a good way to ensure public
participation. The group might consist of:

® TIocal elected officials.

® State and local government agencies, including planning
commissions, councils of government, and individual
agencies.

® State and local pdblic works personnel.

5

® (Conservation/environmental groups.

@ Business and industrial groups, including Chambers of
Commerce and selected trade and industrial associations.

® Property owners and users of proposed sites and
neighboring areas.

® Service clubs and civic organizations, including the
League of Women Voters.

® Media, including newspapers, radio, and television,

Public participation programs are discussed in detail in two
recent publications (6,7).

2.3.7 Social and Political Factors Affecting
Waste Export

For metropolitan areas, potential sludge disposal studies
generally include land disposal in some form by export to 1low
population open space. Even if these spaces are located in the
same political Jjurisdiction, local opposition towards accepting
the wastes of "others" is often intense. If the proposed export
is to another political jurisdiction, the opposing forces are
generally so great as to effectively preclude this option.

It is often hoped that such opposition can be overcome by public
participation and education. However, the social and political
factors at work have been demonstrated to be remarkably immune to
such efforts.



These comments are not intended to preclude export options but as
a caution to designers not to be so swayed by the economic and
technical advantages of such plans that inadequate attention is
given to alternatives which have a greater possibility of being

implemented.
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CHAPTER 3

DESIGN APPROACH

3.1 Introduction and Scope

This chapter presents a methodology for the design of wastewater
solids management systems. Topics discussed include systems
approach, process selection logic, mass balance calculations,
concept of sizing equipment, contingency planning, and other
general design considerations such as energy conservation and
cost-effective analysis.

3.2 Systems Approach

Overall wastewater treatment plant performance is the sum of the
combined performances of the plant's linked components. The
actions of one component affect the performance of all the
others. For example:

® Materials not captured in solids treatment processes
will be returned in the sidestreams to the wastewater
treatment system as a recirculating load. This load may
cause a degradation in effluent quality, an increase 1in
wastewater treatment costs, and process upsets.

® Failure to remove and to treat solids at the same rate
as they are produced within the wastewater treatment
system will eventually cause effluent degradation and
may lncrease wastewater treatment operating costs.

® Hydraulic overloads resulting from inadequate solids
thickening can cause downstream solids treatment
processes (such as, anaerobic digestion) to operate less
effectively.

® The addition of chemicals to the wastewater treatment
process for purposes of nutrient and suspended solids
removal will increase the quantity and alter the
characteristics of solids which must be treated and
disposed.

It is important to understand the relationship between process
parameters and the performance of processes, for example, how
thickener feed rate affects thickener performance. It is equally
important to understand how individual processes affect one
another when combined into a system, for instance, how the

3-1



performance of the thickener affects digestion and dewatering.
Interactions between the processes in a system are described in
this chapter. :

3.3 The Logic of Process Selection

Wastewater treatment and wastewater solids and disposal systems
must be put together so as to assure the most efficient
utilization of resources such as, money, materials, energy, and
work force in meeting treatment requirements. Logic dictates
what the process elements must be and the order in which they go
together.

A methodical process of selection must be followed in choosing a
"resource-efficient and environmentally sound system from the
myriad of treatment and disposal options available. The basic
selection mechanism used in this manual is the "principle of
successive elimination," an iterative procedure in which less
effective options are progressively culled from the list of
candidate systems until, only the most suitable system or systems
for the particular site remain.

The concept of a "treatment train" has been propounded as a
result of a systems approach to problem solving. However,
this concept is useful only if all components of the train are
considered. This includes not only sludge treatment and disposal
components, but wastewater treatment options and other critical
linkages such as sludge transportation, storage, and side stream
treatment. The successful devlopment of a treatment train from
a collection of individual components depends on a rigorous
system selection procedure, or logic. For large plants, system
selection is complex and a methodical approach is required.
Progressive and concurrent documentation of the procedure 1is
mandatory in that 1t prevents a cursory dismissal of options.
For smaller plants (that is, <1 MGD) the system choices are often
necessarily more obvious and the selection procedure is usually
shorter and less complex.

The general sequence of events in system selection is:
1. Selecting relevant criteria. >
2. Identifying options.
3. Narrowing the list of candidate systems.
4

. Selecting a system.

3.3.1 Identification of Relevant Criteria
Criteria for system selection must be pinpointed prior to system

synthesis. A listing of potential criteria for consideration is
shown on Figure 3-1. The list is not necessarily complete and
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COMPONENTS FOR SYSTEM SYNTHESIS

3.3.2 1Identification of System Options

Candidate systems are synthesized from an array of components,
such as these shown on Figure 3-2, Wastewater and solids
management components are listed as a reminder that all
components of the train must be considered. Figure 3-3
illustrates how Figure 3-2 can be used to develop a specific flow
sheet. Process streams can be drawn on copies of the master
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drawing.

desired.

Relevant information such as solids concentrations and
mass flow rates can be entered directly on the flow sheet,

if

The advantages of using arrays such as Figure 3-2 are

that nearly all potential options are identified and process
streams are clearly displayed.
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3.3.3 System Selection Procedure

The process selection procedure consists of (1) developing
treatment/disposal systems which are compatible with one another
and appear to satisfy local relevant criteria, and (2) choosing
the best system or systems by progressive elimination of weaker
candidates, Related to these are the concepts of base and
secondary alternatives.

3.3.3.1 Base and Secondary Alternatives
A base alternative 1is defined as a wastewater solids management
system which, during evaluation, appears able to provide reliable
treatment and disposal at all times under all circumstances for
sludges., It therefore meets the prime criterion of reliability.
It must also satisfy the following seven conditions:

1. It must be legally acceptable. .

2. Sites for processing and disposal operations must be
readily available.

3. Environmental and health risks must be sufficiently low
to satisfy the public and all agencies having
jurisdiction.

4, It must be competitive with cost to other alternatives on
a first-round analysis.

5. The necessary equipment and material must be readily
avallable.
6. The contractor must be able to begin construction

immediately following design and have the system
operational almost immediately after construction.

7. Financing of the system must be straightforward and
assured.

A secondary alternative 1s defined as a wastewater solids
management system which does not meet the prime criterion of
reliability, that is, the system cannot accept all of the sludge
under all circumstances all of the time. This does not mean
secondary alternatives _are without value; they may in fact be
used to great advantage in tandem with base alternatives and
may 1in fact accept a greater quantity of sludge than the base
alternative. As an example, a city's horticultural market may be
insufficiently developed to accept all of the city's sludge all
of the time; therefore, horticulture cannot be considered a base

disposal alternative. However, 1t may cost less to release the
sludge to horticulture than to dispose of it by means of city's
base disposal alternative, for example, landfilling. The
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city should therefore make every effort to dispose of as many
solids as possible via horticulture, the secondary alternative.
However, should the secondary alternative fail or be interrupted
for any reason, the sludge going to the secondary system must be
readily and quickly diverted back to the base alternative, which
must remain fully operational and thus immediately capable of
receiving the entire sludge flow.

3.3.3.2 Choosing a Base Alternative: First Cut

The purpose of the first cut is to rapidly and with minimum
effort produce a list of candidate base alternatives which
are technically feasible and reasonably cost-effective. The
alternatives must be environmentally acceptable and implementable
in the time frame of the project. Analyses are qualitative at
this stage. The first cut involves determination of:

l. Practical base disposal options.

2. Practical base solids treatment systems.

3. Practical treatment/disposal combinations.

Determination of Practical Base Disposal Options

The method of solids disposal usually controls the selecticn of
solids treatment systems and not vice versa. Thus, the system
selection procedure normally begins when the solids disposal
option is specified.

In the first cut, feasible base disposal alternatives and
relevant criteria are set up in matrix form. An example is shown
in Table 3-1. Feasible alternatives are those which appear to be
suitable for the situation at hand. Obviously inapplicable

alternatives would not be included in this matrix. Only those
criteria which the planner see's as critical for the site at hand
should be considered in this first cut. Other, less critical

criteria can be considered in subsequent iterations, where more
in-depth investigation is needed for each of the candidate
processes.

For the hypothetical situation described in Table 3-1, nine
utilization/disposal options are considered feasible and are
set up for evaluation. The criteria most important to the site
are judged to be reliability, environmental impacts, site
availability and cost. Base disposal alternatives are judged to
be practical only if they satisfy all the relevant criteria.
In Table 3-1, utilization of sludge on private agricultural land
is an unacceptable base disposal alternative. Reasons for this
might be insufficient acreage or a lack of assurance that the
farmers would accept all of the sludge. Alternatives which would
seem to satisfy relevant criteria for base disposal alternatives
are utilization on public agricultural land, landfill, and
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dedicated land disposal. Before considering these, however, one
must determine what combinations of solids treatment processes
make sense for the site in question.

TABLE 3-1

EXAMPLE OF INITIAL SCREENING MATRIX FOR
BASE SLUDGE DISPOSAL OPTIONS

Relevant criteria

Acceptable

Utilization/disposal Environmental Site for base
options Reliability impacts =~ availability Cost alternative

Bag-market as . a b

fertilizer a X X X 0O
Agricultural land

(private) ] X X X e}
Agricultural land

(public) X X X X X
Forested land (pri-

vate) 0] X 0 0] O
Forested land (public) X X 0 0 e}
Give to citizens

(horticulture) 0 X X X (¢]
Combine with commer-

cial topsoil o] X X X 0O
Dedicated land dis-

posal X X X X X

Landfill X X X X X

O
]

unacceptable.

acceptable.

-
"

Determine Practical Base Tfeatment Systems

Table 3~2 illustrates process compatibility matrix for treatment
alternatives. Incompatible processes and processes which are not
applicable in given locations are eliminated. The combination of
drying beds and mechanical dewatering, for example, 1is considered
incompatible because both dewatering and drying take place on the
drying bed; mechanical dewatering is not needed. On the other
hand, the combination of incineration and mechanical dewatering
of unstabilized sludge is generally compatible, but for the
hypothetical case investigated 1is ruled out because of air
pollution considerations. After first-cut analysis, seven base
treatment options are considered feasible and are further
evaluated.

Determine Practical Base Treatment/Disposal Combinations

Practical base treatment and disposai'combinations are
then combined in a matrix, which 1is subjected to further
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culling. Table 3-3 shows the matrix of base treatment/disposal
combinations made by bringing forward the base disposal and
treatment options from Tables 3-1 and 3-2. = Incompatible
combinations and systems ruled out by local constraints are then
eliminated. For example, undewatered wastewater solids are
not generally disposed of in landfills. An example of local
constraints is the ruling out of applying lime stabilized sludge
on agricultural lands because of already high soil pH.

TABLE 3-2

EXAMPLE OF PROCESS COMPATIBILITY MATRIX

Digestion options Undigested sludge options
Anaerobically or Lime Thermally Wet air
aerobically digested Not stabilized stabilized conditioned oxidation
Final processing Mechanically Not Mechanically Not Mechanically Mechanically Mechanically
step dewatered dewatered dewatered dewatered dewatered dewatered dewatered
No further processing X2 X ob o] X ;ac @
Drying beds o] X ] ] ] o] o]
Heat dry X o] o] o] ¢] o] ]
Pyrolysis o] (o] (] o] o] (] o]
Incineration 0 o] 7] o o 2 0
Compost X o} X o} o} [¢] l¢]
3 = generally compatible.
bO = generally not compatible.
cﬂ = generally compatible, but ruled out by local constraints.
Treatmgnt optigns
Digested sludge options Undigested sludge options
Not Lime
Mechanically Mechanically Not mechanically Mechanically stabilized,
Viable local Mechanically dewatered, dewatered, mechanically dewatered, dewatered, mechanically
disposal options dewatered heat dry compost dewatered drying beds composted dewatered
Agricultural land 5
(public) X X X X X X ¢b
Landfill X x o¢ o X X X

Dedicated land disposal X X [o} X X X Id

aX - generally compatible.
b .
$ - generally compatible, but ruled out by local considerations.

c0 - generally not compatible.

The number of candidate base treatment/disposal systems 1is thus
reduced. For the hypothetical case of Table 3-3, sixteen systems
remain for further evaluation.



3.3.3.3 Choosing a Base Alternative: Second Cut

The purpose of second-cut analyses is to further reduce the list
of candidate systems. Analyses are more quantitative than in the
first cut, but the level of effort used to investigate each
option is not yet intensive. Information used in the second cut
is general and readily available, for instance, equipment cost
curves which are not site-specific, areawide evaluation of soils,
geology, hydrology, topography and land use, and general energy
costs.

One approach 1is to set up a numerical rating system for the
remaining candidate systems, such as that shown in Table 3-4.
The list of criteria to be considered may be expanded beyond
those critical criteria used in first cut analyses to encompass
the full range of criteria listed on Figure 3-1, or any fraction
of it., This follows the principle that as the list of candidate
process narrows, each will be analyzed in greater detail.

TABLE 3-4

EXAMPLE OF NUMERICAL RATING SYSTEM FOR
ALTERNATIVES ANALYSIS

Ratings of alternatives

Alternative 1 Alternative 2 Alternative 3 Alternative 4 . . . Alternative n
Relative Tmmmm————
Categories and criteria weighta ARb WRS AR WR AR WR AR WR WR
Effectiveness
- Flexibility 3 4 12 6 18 9 27 S 15 6 18
~ Reliability 5 3 15 5 25 5 25 2 10 2 10
- Sidestream effects 3 10 30 9 27 5 15 6 18 7 21
- Track record 2 S 10 7 14 4 8 9 18 6 12
Compatibility
- With existing land use
plans 2 8 16 8 16 8 16 ? 14 . - . 4 8
- With areawide wastewater,
solid waste and air
pollution programs 3 3. 9 3 18- 3 3 S 15 .. . 7 21
- With existing treatment '
facilities 4 5 20 ] 20 6 24 8 32 . . . 3 12
Economic impacts
~ Net direct costs 4 7 28 8 32 ] 32 9 36 . . . 7 28
-~ Net indirect
costs 1 8 8 9 9 6 6 3 33 . . . 8 8
Environmental impacts
- Public health S 7 35 6 30 4 20 6 30 . - . 7 35
Administrative burdens
- Llevel of effort 1 4 4 6 6 5 5 7 7 . - - 4 4
- Marketing respons-
ibilities 2 5 10 5 10 4 8 7 14 . - . 9 18
~ Resolution of juris-
dictional disputes 1 3 3 4 4 4 4 4 4 . - . 2 2
- Public relations 2 4 8 2 4 5 10 5 10 . . . 3 6
Total weighted alternative -
ratingd - - ' 1,576 - 1,430 - 963 - 840 . . . - 1,317

Relative importance of criteria as perceived by reviewer; scale, O to 5; no importance rated zero, most important rated 5.

bAlternative rating. Rates the alternatives according to their anticipated performance with respect to the various criteria;
scale 0 to 10; least favorable rated zero, most favorable rated 10.

CHeighted rating. Relative weight for each criteria multiplied by alternative rating.

4 : N
Sum of weighted ratings for each alternative.

w
1
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In the second cut, subjective judgments are combined with
technical measurements. Numerical values are assigned to all
criteria for all alternative systems. The planner's perception
of the relative importance of each criterion is indicated on a
rating scale, say of 0 to 5, with highest ratings given to
criteria the planner considers to be of greatest importance,
and the lowest to those of least important. For example,
if reliability 1is highly valued for the site in guestion,
reliability may be assigned a relative weight of 5.

Next, each alternative system is rated according to 1its
anticipated performance with respect to the various criteria,
again by using a rating scale, say 0 to 10. An alternative which
rates favorably 1is given high scores; one which rates less
favorably is given lesser scores. For example, an alternative
which 1s not dependable may be rated at 2 with respect to
reliability.

The relative weight is then multiplied by the alternative rating
to produce a weighted rating for each criteria/alternative
combination. For the examples described in the previous two
paragraphs, the weighted rating for the alternative in question
with respect to reliability is 5 x 2 = 10.

Finally, the weighted ratings are summed for each alternative to

produce a total or overall rating. Systems with lowest overall
ratings are eliminated, with higher rated systems carried forward
for further evaluations. 1In the example shown in Table 3-4,

Alternatives 3 and 4 are eliminated and Alternatives 1, 2, and n
are carried forward.

3.3.3.4 Third Cut

The third cut uses the same methodology as the second, but
the number of alternatives remaining is more limited; typically
to a maximum of 3 to 5--and the analysis 1is more detailled.
Information may include:

® Analyses of potential sludge disposal sites (soils,
geology, and groundwater).

® Local surveys to determine marketability of sludge and
sludge by-products.

® Possible effects of industrial source control/
pretreatment programs on process viability and quality of
sludge for disposal.

® Data oriented literature search.

® Detailed analysis of effect of candidate systems on the
environment (air, water, land).
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e Information developed from site-~specific pilot work.
® Mass balances.
® Energy analyses.

e Detailed cost analyses.

3.3.3.5 Subsequent Cuts

Subsequent cuts are even more detailed. Analyses are repeated
until the optimum base treatment/disposal alternative 1s defined.

3.3.4 Parallel Elements

By means of the procedure discussed above, a base alternative is
selected. However, the optimum system may include more than just
this base alternative. A number of parallel elements may be
involved which provide flexibility, reliability, and operating
advantages. For example, the base alternative for the system
depicted on Figure 3-4 1is thickening, anaerobic digestion,
storage in facultative sludge lagoons, and spreading of 1liquid
sludge on agricultural 1land. Parallel elements cosnsist of
the application of liquid sludge on forest land and drying
beds followed by distribution for horticultural purposes. If
horticultural and forest land outlets were each large enough to
accept all of the sludge under all circumstances and at all
times, three base alternatives are then available. If not, the
forest land and drying beds/horticulture applications would be
considered secondary alternatives.

BASE ALTERNATIVE

4 —" A

SPREAD ON
. ANAEROBIC | FACULTATIVE | o
——  THICKEN el JGESTERS [ " AGOON VAGRICl:_LAlNTDURAL
— :
o DRYING [ | HORTI-
»| BEDS CULTURE
PARALLEL
SYSTEMS
APPLICATION
- ON
> FOREST
- LAND
FIGURE 3-4

PARALLEL ELEMENTS
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The concept of providing for more .than one base alternative may
at first seem contradictory but a given base alternative might
not always be reliable because unpredictable events might occur.
For example, new owners of farmland may decide they do not wish
to accept sludge, or a disaster or strike could interrupt one
method of transporting sludge to its ultimate destination. To
minimize risks, therefore municipalities may wish to provide more
than one base alternative. The selection procedure presented in
Section 3.3.3 has the advantage of clearly depicting which is the
second or even third most desirable base alternative.

Parallel base alternatives are more common in large systems,
which are generally located in urban areas where land 1s scarce
than in small plants, which are usually located in rural areas
where land is more plentiful and temporary storage and disposal
options therefore more numerous. Large plants may maintain two
or three base alternatives to ensure solids disposal. Since this
may increase the cost of operation, it leads to the observation
that very large systems do not necessarily benefit from economies
of scale when it comes to wastewater solids disposal.

3.3.5 Process Selection at Eugene, Oregon

Eugene, a city of 100,000 people, is located at the southern end
of the agricultural Willamette Valley in Western Oregon. The
Metropolitan Wastewater Management Commission (MWMC) was formed
in 1977 to implement the findings of a facility planning effort
which called for the construction of a regional sewage treatment
plant. The plant, to be constructed on the site of the existing
Eugene plant, will serve the whole metropolitan area. This area
is composed of the cities of Eugene, Springfield, and urbanized
portions of Lane County. '

Regionalization and upgrading of the plant to meet a 10/10 summer
effluent standard for BODg and suspended solids prior to
discharge to the Willamette River, means that sludge quantities
are dramatically increased. The plant is to serve a population
of 277,000 by the year 2000. Design average dry weather flow is
49 MGD (2.15 m3/s), wet weather flow is 70 MGD (3.07 m3/s), and
peak wet weather flow is 175 MGD (7.67 m3/s).

The plant will use an activated sludge process, with flexibility
for operation in plug, step, contact stabilization, or complete
mix modes. Provision is also made for the addition of mechanical
flocculators in the secondary clarifiers and tertiary filtration
if either or both prove desirable at a later date.

It was decided early that sludge thickening would be economical,
regardless of the sludge management system which would eventually
be used. Consequently, two existing thickeners, one gravity and
one flotation, will be retained for thickening primary sludge,
waste-activated sludge, or a combination of the two.



A key provision in the selection of a suitable sludge management
system was that the system be fully operational by the time the
wastewater treatment system 1s started up. This seemingly
straightforward condition was complicated by the fact that
planning for the sludge system did not start until design of the
wastewater treatment plant was already under way. This meant
that the sludge management system would be forced to fit 1into
an already developed plan for the wastewater treatment facility
(which is by no means unusual).

As a first cut, sludge disposal options were immediately
developed and screened for acceptability as part of a base
alternative, using a matrix similar to that developed 1in
Table 3-1. Practical treatment systems were identified from a
process compatibility matrix similar to Table 3-2. Practical
disposal/processing combinations were then developed in a matrix
form (as in Table 3-3). Physically incompatible or otherwise
unsuitable combinations were eliminated in this matrix. A
flowsheet was then prepared for the remaining options, with
necessary intermediate storage and transport requirements added
in. The flowsheet of alternatives for Eugene second cut analysis
is shown on Figure 3-5,
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It is worth noting that utilization on agricultural land could
not be considered as a base alternative despite the large
agricultural acreage north of Eugene and the fact that the new
regional plant is on the north side of the city. It would have
been a requisite that MWMC own sufficient farmland (2,000 to
3,000 acres) to  accept all of the sludge generated. The cost
of purchasing such acreage was deemed unacceptably high;
furthermore, there was opposition to converting private land to
public land. Thus agricultural utilization was not considered
further in the search for a base alternative.

The second cut analysis was more gquantitative. Information used
was general and readily available. For example, costs were taken
from current cost curves, and certain environmental impacts
were assessed from projects with similar disposal systems and
soil/groundwater conditions. With numerical data established
for each criterion, a rating table was produced similar to that
of Table 3-4. The data were developed by the project engineers,
but the ratings were analyzed extensively by the Citizens
Participation Committee (CPC) on sludge management which had been
recruited from the population at large at the very beginning of
the project. The committee was composed of various vested
interest groups, representatives of government agencies and
private unaffiliated citizens who were interested in the project.

Systems with the lowest total ratings were then eliminated.
Incineration was found to be unacceptable primarily because
it would impact the already limited dilution capacity available
during the summer in the trapped valley airshed of Eugene;
pyrolysis was eliminated primarily because of its perceived
inability to meet the construction deadline for plant start-up;
and lime stabilization with disposal to landfill was eliminated
primarily on a cost-effective basis. At the end of the second
cut analysis, all alternatives which could accommodate raw
sludges were eliminated, since, as indicated, most raw sludge
options (incineration, pyrolysis, lime stabilization) were not
viable and there was a strong desire to make use of existing
digesters. A decision was made to combine primary and secondary
sludge in order to avoid the cost and problems of constructing
and operating separate systems for each.

The same methodology used in the second cut was used in the
third; however, data used 1in the analysis were more site
specific, so that economic and environmental comparisons could be
better refined. As examples:

® Actual routes were selected to off-site facilities;
river crossings were defined, and decisions were made on
routing pipes under bridges or jacking under freeways.

® For disposal at the local sanitary landfill, estimates
were made of (1) the contribution of the sludge to
landfill leachate production and subsequent marginal
leachate treatment costs to be passed back from the
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Lane County Solid Waste Division to MWMC, and (2) the
actual net volume of landfill required for sludge
disposal, allowing for sludge consolidation.

® For dedicated land disposal, seasonal water tables and
detailed groundwater migration patterns, as well as
private well locations and depths were determined.

¢ Estimates were made of comparative nitrate loadings which
would eventually reach the Willamette River from treated
landfill 1leachate discharge; from groundwater migration
from dedicated 1land disposal; and from filtrates from
mechanical sludge dewatering (which 1is subsequently
discharged with the effluent),

® Transportation modes were analyzed in detail and costed
for various sludge solids concentrations and transport
routes and distances.

These detailed analyses still left a number of viable base
alternatives. At this point, other 1less tangible factors
were considered. These were (1) that the chosen base
alternative(s) be compatible with desired secondary alternatives,
and (2) that flexibility and reliability be provided through the
use of parallel systems. After intensive screening, it was
decided that two base alternatives would be used: spreading of
liguid sludge on dedicated land and open-air drying followed
by landfill disposal. Both alternatives included force main
transport of digested sludge from the regional treatment plant to
a remote sludge management site, where the sludge was to be
stored in facultative sludge lagoons. Liquid sludge would be
spread on dedicated land at the sludge management site. Dried
sludge would be trucked to landfill. Operations associated with
disposal (spreading, drying, and landfilling) would be carried
out during dry weather. These systems provide the desired
flexibility and reliability and are compatible with preferred
secondary alternatives,

Several variations of sludge utilization on land were adopted
as secondary alternatives, since there was a strong feeling
that sludge should be used beneficially. The alternatives of
particular interest to the Eugene-Springfield area included
agricultural use on private farm land, use for ornamental
horticulture, in nurseries and public parks, and use in a mixture
with commercial topsoils in landscaping. Sludge would be
provided to these outlets as the market demands. Variable demand
is particularly important in Oregon's Willamette Valley, where
prolonged winter rainfall and summer harvesting schedules control
the timing of agricultural sludge use.

The flowsheet for the Eugene system is shown on Figure 3-6.
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FLOWSHEET FOR THE EUGENE-SPRINGFIELD
SLUDGE MANAGEMENT SYSTEM

The ability to use base facilities and equipment for desired
secondary alternatives was a major consideration in selecting the
base system. In Eugene, the force main, sludge lagoons, and
application equipment to be used for dedicated land disposal
of the liquid sludge are also required for agricultural use.
Trucks to transport ligquid sludge from the sludge management site

to agricultural sites will, however, be an additional expense for
the secondary alternatives.

It is hoped that eventually all sludge can be utilized on
land. As indicated, however, in Table 3-5, full agricultural
utilization of sludge is estimated to be more costly than either
of the pure disposal options. This is because more equipment is
needed to transport sludge to and spread it on the agricultral
sites than is needed for the pure disposal options. Thus, as of
1979, any system which even partially incorporates agricultural
utilization will be more costly than pure disposal options. This

could change if the farmers can be persuaded to pay for the
sludge.

TABLE 3-5

ESTIMATED COSTS OF ALTERNATIVES FOR EUGENE-SPRINGFIELD

Total annual cost,

Sludge form Alternative million dollars
Liquid Dedicated land disposal only 1.03
Agricultural utilization only ) 1.53
Dried Landfill only 1.14
Agricultural utilization only 1.32
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At the time this manual was written (1979), MWMC was involved in
public hearings aimed at selecting a suitable sludge management
site.

3.4 The Quantitative Floﬁ Diagram

Overall system performance 1is the sum of the combined
performances of the system's linked processes. This is nowhere
more clearly expressed than on a Quantitative Flow Diagram (QFD).
The QFD is used to estimate loadings to the various wastewater
treatment, solids treatment, and solids disposal processes. The
QFD is the starting point for understanding process interactions
and is nothing more than a materials balance. Although balances
can be struck for components like nitrogen, phosphorus and
chemical oxygen demand, the most useful balances are those
for suspended solids. The QFDs to be presented here are for
suspended solids. Each flowsheet has its own unigue set of
balance equations. In the following pages, mass balances for a
specific, rather simple flowsheet are derived, thus illustrating
the technique. The mass balance equations are then summarized
in tabular form. Mass balance equations for a more complex and
more common flowsheet are later presented, without derivation.
Two worked QFDs are presented as examples. The intent is to
demonstrate the usefulness of the method.

3.4.1 Example: QFD for a Chemically Assisted
Primary Treatment Plant

The flowsheet for a chemically assisted primary wastewater
treatment plant with anaerobic digestion and mechanical
dewatering of the sludge is shown on Figure 3-7, In this
example chemicals are added to enhance: the sedimentation process.
Sidestreams from the digester and dewatering units are recycled
to the primary sedimentation basin. The calculation is carried
out in a step-by-step procedure:

1. Draw the flowsheet (as on Figure 3-7).

2. Identify all streams. For example, stream A contains raw
sewage solids plus chemical solids generated by dosing
the sewage with chemicals. Let the mass flow rate of

solids in Stream A be equal to A 1lb per day.

3. For each processing unit, identify the relationship of
entering and leaving streams- to one another in terms of
mass. For example, for the primary sedimentation tank,
let the ratio of solids in the tank underflow (E) to
entering solids (A + M) be equal to Xg. Xg is actually
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an indicator of solids separation efficiency. The
general form in which such relationships are
expressed is:

mass of solids in stream ©
mass of solids entering the unit

Xg =

For example, Xp = K~$—§, Xy =

@G

. The processing unit's

performance is specified when a value is assigned to Xg.

DEGRITTED SEWAGE

SOLIDS
SOLIDS
GENERATED
BY CHEMICAL
A ADDITION
M PRIMARY . B
| SEDIMENTATION P> EFFLUENT
E
SOLIDS
- GESTIO J - DESTROYED
T: anT| PIGESTION (CONVERTED
SUPERNATANT CONVERTED
WATER)
K
P 5 CONDITIONING
s DEWATERING | CONDITION
L
TO ULTIMATE
DISPOSAL
FIGURE 3-7

BLANK QFD FOR CHEMICALLY-ASSISTED
PRIMARY PLANT
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Combine the mass balance relationships so as to reduce
them to one eguation describing a specific stream in
terms of given or known quantities. In the calculation
to be presented, expressions will be manipulated until E,
the primary solids underflow rate, can be expressed in
terms of A, Xg, Xy, XN, Xp, and Xg, quantities which the
designer would know or assume from plant influent surveys,
knowledge of water chemistry and an understanding of the
general solids separation/destruction efficiencies of the

processing involved. The calculation is carried out as
follows:
a. Define M by solids balances on streams around the

primary sedimentation tank:

E
A+ M (3-1)

Xp =

Therefore,

- E_ _ -
M = X A (3-2)

b. Define M by balances on recycle streams:

M =N+ P | (3-3)
N = XNE | (3-4)
P = Xp(S + K) (3-5)
S = XgK (3-6)

Therefore,
P = Xp(l + Xg)K (3-7)
K+ J +N=E | (3-8)
Therefore,

K=E-J-N=E - XgE - Xy\E = E(1l - X3 - Xy) (3-9)

and

P = XpE(l - X3 - Xy)(1 + XS) (3-10)
Therefore,

M = E[Xy + Xp(l - X3 - Xn) (1 + Xg)1 (3-11)



c. Equate equations (3-2) and (3-11) to eliminate M:

E

A (3-12)

E = . S " . -
1
Xg N - Xp(l- X3 - XN) (1 + Xs)

E is now expressed in terms of assumed or known
influent solids loadings and solids separation/
destruction efficiencies.

Once the egquation for E 1s derived, equations for other streams
follow rapidly; in fact, most have already been derived. These
are summarized in Table 3-6.

TABLE 3-6

MASS BALANCE EQUATIONS FOR FLOWSHEET OF FIGURE 3-7

A

E — l P - o
%, " Xy - Xp (1-X-X) (1 + X)

M=% -a
E

B = (1-Xy) (A + M)

J = X E

N = XE

K = E(1-X -X)

5 = XK

P =X, (1+ XK

L =K (1+ Xg)(1-Xp)
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Figure 3-8 1is a worked example in which all solids flow rates
are calculated. For this example the following information was
provided:

a. Based on estimates from facility planning studies,
average influent suspended solids loading 1is
299,000 pounds per day (136 t/day). Alum is added to
the degritted raw sewage to increase capture. The
chemical solids generated as the result of alum
addition is estimated at 110,000 pounds per day
(50 t/day). The latter figure is derived from pilot
work at Seattle, Washington, where the ratio of new
solids generated/solids in untreated raw sewage was
0.37/1 when alum (Alp(S04)3°14H20) additions of
110 to 125 mg/l were added to raw wastewater (1).
Therefore, A = 299,000 (1 + 0.37) = 409,000 pounds
per day (185 t/day).

b. Primary sedimentation solids capture is 90 percent of
the sum of sewage solids, chemical solids and recycle
solids which enter the basin. Note that solids
capture as usually computed (sewage solids basis
only) is only 84.4 percent, i.e.,

effluent suspended solids

(1= influent sewage solids ) 100
_ 46,503 _
(1 2557566) 100 = 84.4 percent

c. Twenty-five percent of the suspended solids fed to
the digestion system are destroyed, i.e., converted
to gas or water (Xz = 0.25). The number assumed is
somewhat less than the usual value used (0.30-0.40),
since the biodegradable fraction of digester feed in
this instance is low because of the large proportion
of chemical solids present.

d. Digesters are not supernated (Xy = 0.0).

e. Solids capture in the dewatering units is 85 percent
(Xp = 0.15). k

f. Conditioning chemicals are 19 percent by weight
of digested sludge fed to the dewatering units
(Xg = 0.19).

When all loadings are expressed quantitatively and superimposed on
the flowsheet, the designer can begin to develop a feel for the

process. The effects of recycle loading and individual process
efficiencies on overall process performance can be assessed by
manipulation of the variables. Calculations can be done very
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rapidly when the mass balance equations (presented in Table 3-6)

are set up for solution on a computer or a programmable
calculator.

The investigator must exercise judgment in estimating the various
process efficiencies (Xg). For example, one should assume
reduced efficiencies for primary sedimentation if recyle streams
contribute large quantities of solids to the sedimentation tank,
since recycled solids tend to be less easily removed than fresh
solids from the sewer system. Their mere presence in the recycle
stream is an indication of the difficulties in separating them.

3.4.2 Example: QFD for Secondary Plant with Filtration

The example just worked was relatively simple. Figure 3-9 shows
a more complex system--secondary aerobic biological treatment
followed by filtration. Mass balance equations for this system
are summarized in Table 3-7. For this flowsheet the following
information must be specified.

a. Influent solids (A).

b. Effluent solids (Q), that is, overall suspended solids
removal must be specified.

c. Xg, Xgr Xg, XN+ Xrs and Xg are straightforward
assumptions about the degree of solids removal,
addition or destruction.

d. Xp, which describes the net solids destruction
reduction or the net solids synthesis 1in the
biological system, must be estimated from yield

data (see Section 4.3.2.4). A positive Xp signifies
net solids destruction. A negative Xp signifies net
solids growth. In this example 8 percent of the

solids entering the biological process are assumed
destroyed, i.e., converted to gas or liquified.

Note that alternative processing schemes can be evaluated simply
by manipulating appropriate variables. For example:

a. Filtration can be eliminated by setting Xgr to zero.
b. Thickening can be eliminated by setting Xg to zero.
c. Digestion can be eliminated by setting Xj to zero.

d. Dewatering can be eliminated by setting Xp to zero.

€. A system without primary sedimentation can be
simulated by setting Xp equal to approximately
Zzero, e.g., 1 x 1078, Xg cannot be set equal
to exactly zero, since division by Xg produces
indeterminate solutions when computing E.
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QFD FOR SECONDARY PLANT WITH FILTRATION

A set of different mass balance equations must be derived
if flow paths between processing units are altered. For example
the equations of Table 3-7 do not describe operations 1in
which the dilute stream from thickener (stream G) 1is returned
to the biological system instead of the primary sedimentation
tank.



TABLE 3-7

MASS BALANCE EQUATIONS FOR FLOWSHEET OF FIGURE 3-9

. Q _
A - (== )y - Xp)
E =
% -a - B8 (y)
E
Where o = X (1 - X; - X (L + Xg) + XN
(L = X) (1 - X))
B = < -
E
y=XG+0L(l-XG)
BAz(l—XE)E
Xg
0
c = 0
l‘—XR
D = X.B
Q
F=BE - ~
I =X,
G = X.F
H= (1-X)F
J = X; (E + H) |
K= (1-X; - X)(E + H
L =K (1 + XJ) (1 - Xp)
M=§ -Gc-a
E
N = Xy (E + H)
P=XP (l’+»XS)K
X
R
R =,— Q
1-Xg
S = XgK

w
|
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3.5 Sizing of Equipment

The QFD described in the previous section can be an important aid
to a designer in predicting long-term (i.e., average) solids
loadings on sludge treatment components. This allows the
designer to establish such factors as operating costs and
quantities of sludge for ultimate disposal. However, it does not
establish the solids loading which each equipment item must be

capable of processing. A particular component should be sized to
handle the most rigorous loading conditions it 1is expected to
encounter, This loading is usually not determined by applying

steady-state models (e.g., QFD calculations) to peak plant loads.
Because of storage and plant scheduling considerations, the rate
of solids reaching any particular piece of equipment does not
usually rise and fall in direct proportion to the rate of solids
arriving at the plant headworks. Consider a system similar in
configuration to that shown on Figure 3-9. If maximum solids
loads at the headworks (Stream A) are twice the average value,
it does not necessarily follow -that at that instant maximum
dewatering loads (Stream K) are twice the average dewatering
load.

To pursue this further, consider the design of a centrifuge
intended to dewater anaerobically digested primary and secondary
sludge at a small treatment plant. The flow scheme is similatr to
that shown on Figure 3-9., The plant is staffed on only one shift

per day, seven days per week. The digesters are complete-mix
units equipped with floating covers. Because of the floating
covers, digester volume can vary. Secondary sludge 1s wasted

from the activated sludge systems to a dissolved air flotation
thickener prior to digestion whenever operators are available to
operate the thickener.

As 1indicated, the average loadings to the centrifuge can be
defined by the QFD, but computation of the necessary centrifuge
capacity requires analysis of both the load dampening effect of
the storage in the digesters and the plant operating schedule.
During periods of peak plant solids loadings, loads to the
dewatering units may be attenuated by storing portions of the
peak loadings within the digester. This can be done by either
mechanism 1 or mechanism 2 below, acting either singly or in
concert.

1. Digester volume 1is 1increased by allowing the digester
floating cover to rise.

2. Solids are allowed to concentrate and thus accumulate
within the digester (See Chapter 15, Section 15.2.2.2 for
example of storage by mechanism 2).

The effect of both mechanisms 1 and 2 is storage within the
digester of part of the load which would otherwise go to the
centrifuge. Thus peak dewatering loads will not be 2.5 times
the average when peak solids mass withdrawn from primary and
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secondary sedimentation tanks are 2.5 times the average, but
something less, for example, only 1.4 times the average value.
The degree of load dampening is a direct function of the size and
operating configuration of the digester.

Since the centrifuge will only operate when attended, the
"design" loading must account for this factor. The centrifuge
must be either capable of processing, during one shift, all the
sludge which must be extracted from the digester during the peak
day (for example, 1.4 times average quantity) or the operators
must dewater sludge for longer than one shift per day. A
judgment would be needed at this point whether to pay for
increased equipment capacity or operator overtime to handle the
peak loads. With no operator overtime, the "design" centrifuge
capacity would have to be 1.4 x 24/8 = 4.2 times the average
daily digested sludge production to account for both the effect
of sludge peaking, storage volume and only one operations shift
per day.

Note that the dissolved air flotation thickener would need to be
designed for 24/8 x 2.5 = 7.5 times the average daily rate of
waste activated sludge production if it 1is assumed no upstream
storage is available for dampening thickener loadings, the
thickener itself has no storage capacity, and the thickener 1is
only operated one shift per day.

The foregoing example shows the influence of solids peaking,
storage volume and operating strategy on the selection of
design loadings for a particular sludge handling process.
Several other factors are important in selecting the capacity a
unit must have, including:

e Uncertainties. When systems are designed without the
benefits of pilot or full-scale testing, actual sludge
guantities and characteristics as well as efficiencies of
the sludge handling system components may not be known

with certainty.  The degree and potential significance
of the uncertainties must be considered when developing
design criteria. This usually has the effect of

introducing a safety factor into the design so that
reliable performance can be obtained no matter what
conditions are encountered in the full-scale application.
The magnitude of the safety factor must be determined by
the designer, based on his judgement and experience.

e Eqgquipment reliability.‘ Greater capacity or parallel
units must be specified if there 1is reason to believe
that downtime for any particular units will be high.

e Sensitivity of downstream components. If losses 1in
efficiency of a particular sludge handling component
at peak loading conditions would cause problems for
downstream processes, this upstream process should
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be designed conservatively. Conversely, 1f reduced
efficiency could be tolerated, design need not be so
conservative,

3.6 Contingency Planning

As 1indicated previously, flexibility to cope with unforeseen
problems 1is highly desirable in any wastewater solids management
system. Such problems and possible solutions include:

® Equipment breakdowns. Downtime may be minimized by
having maintenance people on call, by advance purchase of
key spare parts, by providing parallel processing units
and by making use of storage.

® Solids disposal problems. These may include closures of
landfills, unwillingness of current users to further
utilize sludge, failure of a process to provide a sludge
suitable for utilization, strikes by sludge transporters,
and 1inability to dispose o0f sludge due to inclement
weather, Disposal problems can be reduced by providing
long~-term storage and/or more than one disposal
alternative.

® Sludge production greater than expected. 1In some
instances this may be dealt with by operating for more
hours per week than normal or by using chemicals to
modify sludge characteristics, thus increasing solids
processing capacity.

Because of these factors, it 1is desirable to have more than one
process for sludge treatment and disposal. Often it 1is possible
to add considerable flexibility with modest 1investment. Backup
or alternative wastewater solids treatment processes often have
higher operating costs per ton of sludge processed than the
primary processes. This is acceptable if the alternative process
is not frequently needed and can be provided at minimum capital
cost.

3.6.1 Example of Contingency Planning for Breakdowns

Assume the plant is a 10 MGD activated sludge facility with
sludge thickening, anaerobic digestion, and digested sludge
dewatering as shown on Figure 3-10. Pertinent design detalils
include:

l. The waste activated sludge (WAS) thickener can be
operated with or without polymers. If polymers are used,
a more concentrated sludge can be produced. WAS can be

diverted to the headworks 1f the WAS thickener is removed
from service.
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. Two complete-mix digesters with floating covers are

provided. Each digester has a net volume of
610,000 gallons (2,310 m3) at minimum cover height.
Net volume at maximum cover height 1is 740,000 gallons
(2,803 m3), thus total digester storage volume is
2 (740,000-610,000) = 260,000 gallons (984 m3). The
digesters are not supernated;

Two dewatering unlts are provided. Each unit, when fed
at 90 gpm (40.8 m 3/hr) can produce a 22 percent solids
cake,. When the dewatering units are fed at 110 gpm
(49.9 m /hr) a 17 percent solids cake is produced. The
units are fed at 90 gpm (40.8 m3/hr) unless conditions
dictate otherwise. The bulk density of each cake 1is
65.5 pounds per cubic foot (l,050 kg/m

The cake 1is trucked to ultlmate disposal. Each truck
holds 16 cubic yards (12 m3) of cake.

A dewatered sludge storage area of capacity 750 cubic
yards (574 m3 ) 1s available.

Weekends are 2.7 days long (from 5 p.m. Friday toc 8 a.m.

~Monday).

All units available:

2 (610,000 gal)

Digester detention time ~ (24,000 + 27,000) gpd

= 24 days.

Dewatering operation:

a. Weekly sludge feed = 7 (24,000 + 27,000 gpd)
= 357,000 gallons (1,350 m3).

b. Hourly throughput = 2 x (90 gpm) (60 min/hr)
= 10,800 gal per hr (40.8 m3/hr).

357,000 gal
10,800 gal/hr

c. Operation is carried out over
= 33 hours per week.

d. 26.2 cubic yards (20.0 m3) of 22 percent solids
sludge cake 1is produced each day.

If dewatering is not operated over the weekend then
51,000 gpd (2.7 days) = 138,000 gal (522 m3) of digested
sludge must be stored in the digesters during this

period. Available storage which can be obtained
by letting the floating cover rise 1is 260,000 gallons
(983 m3). Therefore digester storage capacity 1is

adequate for weekend storage, including 1long (3.7 day)
weekends.



4. Truckloads required to haul dewatered cake = 20:2 yd3/day
' 16 yd3/truck

= 1.6 truckloads per day (ll per week).

In summary, the dewatering operation can be carried out 1in
a normal 5-day, 8-hour-per-day week. Time is available for
start-up and shutdown and for providing good supervision.
Digester detention time is more than adequate for good digestion.

Casg B. Thickener is out of service. All other units are
avallable, Waste activated sludge is diverted to the plant

headworks and is subsequently removed in the primary
sedimentation tank. : .

1. Digester detention time = 2 (610,000 gal) 14 days;

86,000 d
short, but tolerable. ! 9P

2. Dewatering operation:

a. Weekly sludge feed = 7 (86,000 gpd) = 602,000 gal
(2280 m3).

b. Hourly throughput. At 90 gallons per minute,
throughput is 10,800 gallons: per hr (40.8 m3/hr). At
110 gallons per minute, throughput is 13,200 gallons
per hr (49.9 m3/hr).

c. Operating hours required. At 90 gallons per minute
602,000 gal

(40.8 m3/hr), required operating hours =

10,800 gph
= 56 hours per week. This requires substantial
overtime or a second shift. At 110 gallons per

minute (49.9 m3/hr), required operating hours =
602,000 gal ’
13,200 gph

amount of overtime required.

46 hours per week. This reduces the

d. If the dewatering units operate at 90 gallons per
minute 40.8 m3/hr), 26.2 cubic yards per day
(20.0 m3/day) of 22 percent cake is produced.
Operation at 110 gallons per minute (49.9 m3/hr)
produces 33.9 cubic yards per day (25.9 m3/day) of
a 17 percent solids sludge cake.

3. If dewatering units are not run on weekends, 86,000 gal/
day x 2.7 days = 232,000 gallons (878 m3) must be stored
in the digesters. Digester storage capacity is adequate
for normal weekends, but not long weekends.

4, For 22 percent cake, 11 truckloads per week are regquired.
For 17 percent cake, 15 truckloads per week are required.
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In summary, loss of the ‘thickener reduces digester detention
time, increases required dewatering unit operating time and the
amount of trucking required for disposal of cake. The operation
can be managed, but with more difficulty. This example also
illustrates the value of the thickener.

Case C. One digester‘is out of service. All other units are
operating:

610,000 gal _
. 24,000 + 27,000 gpd ~ 12 days.
This is only marginally adequate. By using polymers in
the thickener, assume waste activated sludge thickness

is increased from 3.5 to 4.5 percent. Detention time is

610,000 gal _ .
24,000 + 21,000 gpa ~ 14 days, still short,

but an improvement.

1. Digester detention time =

increased to

2. Dewatering operation. This 1is not greatly affected by
loss of the digester. "It can still be operated with a
single shift and a 22 percent cake can can be produced.

3. Weekend storage. Without polymer addition to
the thickener, required storage volume is 2.7 days
x 51,000 gpd = 138,000 gallons (522 m3), One digester
(130,000 gallons or 492 m3) has inadequate storage
and a dewatering machine must be run part of the
weekend. If polymer is used, re%uired storage = 2.7
X 45,000 = 122,000 gallons (462 One digester is
marginally adequate for storage.

4. Eleven (11) truckloads per week are requlred to transport
the sludge cake,

In summary loss of a digester can be compensated for by using
polymer in the thickener.

Case D. One dewatering machine is out of service. All other
units are available.

1. Digestion is not affected.
2, Dewaterihg operation. Try the following alternatives:

a. Feed rate 90 gallons per minute (40.8 m3/hr)

. . . _ 51,000 gpd _
Required voperatlng, time = g3 gpm (60 min/hr) 9.4
hours per day, every day, excluding start-up and
shutdown time. ‘

b. Feed rate is 110 gallons per minute. Required

. . _ 51,000 gpd _
operating time = TI0 gpm (60 min/RT) 7.8 hours/day,

every day, excluding start-up and shutdown time.
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¢. Try adding polymers to thickener and maintaining a
110 gallons per minute feed rate to the dewatering
units. Required operating time = 45,000 gpd
i °P E 110 gpm (60 min/ht)
= 6.8 hours per day, every day, excluding start-up

and shutdown times.

3. Wegkend digester storage is not an issue as dewatering
units must be run seven days a week.

4. Eleven (ll) truckloads are required to transport

22 percent cake, 15 truckloads are required for
17 percent cake.

In summary, loss of one dewatering unit will require operation of
the remaining unit for seven days a week. overtime costs will be
high.

Case E. Truck strike lasting a month. Assuming 22 percent cake,
sludge, accumulates at about 25 cubic yards (19 m3) a day. The
sludge storage area stockpile must, therefore, be able to store
about 25 (30) = 750 cubic yards (570 m3) of sludge to avoid major
problems due to the strike. Odors from the stockpile could be
a problem.

Conclusion: The system as designed should be able to handle
contingencies.

3.7 Other General Design Considerations

3.7.1 Site Variations

Characteristics such as size and location of the plant and
solids disposal sites strongly influence the nature and cost of
treatment and disposal systems. '

e Disposal may often be accomplished on land, thus
eliminating expensive dewatering, provided adequately
sized sites are within reascnable distances from the
treatment plant. However, dewatering is usually reguired
if the amount of land available for sludge disposal is
limited or if the sludge must be trucked long distances
for disposal. Sufficient land also permits long-term
storage in faculative lagoons, which can also provide
some inexpensive disinfection.

e Zoning regulations are different for different sites.

e Locations near waterways and railroads provide
opportunities for barge and rail transportation of
sludges and supplies. :
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® OStructures are less costly if foundation conditions are
good. Quite often, however, wastewater treatment plants
are located in valley bottoms, tidelands, or reclaimed
landfills where expensive foundations are required.

® Costs'for labor, electricity, freight on chemicals, and
trucking can vary markedly from one region to another.

Because of these variations, the best alternative for one site is
often not the best at another site. Also, reported capital and

opgrating costs from one site must be carefully adjusted before
being used at another site.

3.7.2 Energy Conservation

As fossil fuel supplies become more scarce and more expensive,
energy conservation becomes increasingly important. The designer
should employ energy-efficient processes and recover energy from
sludges and sludge by-products, where practical.

The following points should be considered in the design of
energy—-utilization processes:

e Energy from high temperature sources 1is generally more
useful than energy derived from low temperature sources,
since it can be put to a wider variety of uses.

® The evaporation of water in dryers and furnaces, consumes
large amounts of energy. Such processes should therefore
be provided with a well-dewatered sludge. Inert
materials such as, chemicals or ash used to condition
sludge for dewatering are, however, also energy consumers.

e Energy required for digestion and thermal conditioning is
minimized where thickening 1is used to reduce the water
content of process feed sludges.

e Trucking energy can be reduced if haul distances are
short and the sludge is well-dewatered.

e Energy is required for the manufacture and transportation
of chemicals. Therefore, chemicals should be added in
minimum amounts that are consistent with good operation.
Whenever possible chemicals should be employed which
require the least energy to produce and transport.

e Costs saved by reducing peak energy demands can be
subtantial. In some instances, a treatment plant's
electrical bills are largely determined by peak energy
loadings, as opposed to total energy consumed. The
designer should actively seek solutions to reduce
peak energy demand. Energy recovered from sludge and
sludge-derived fuel can be used for this purpose.
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L] Motpps should be accurately sized. Motors are most
efficient when operated near capacity. However, motors

in wastewater treatment plants are frequently operated
far below capacity.

® Where anaerob;c digester gas 1is utilized, gas storage
should be provided to minimize wastage.

° Rgcy;lg loads from solids treatment processes should be
mln;mlzed. .Recycled loads increase the power and
chemical requirements of wastewater treatment processes.

The desygner should always keep in mind, however, that true
economy 1s not found by minimizing specific uses of energy, but
by minimizing overall costs.

Energy recovery is discussed in Chapter 18. Energy costs for
many of the sludge treatment and disposal options are contained
in chapters describing those options. A 1978 publication (2)

contains more detailed guidance on making energy-effective
analyses.as well as a great deal of information on primary energy
consumption, the electricity and fuel consumed directly at the
treatment plant and secondary energy consumption, the energy
required to manufacture chemicals used in sludge treatment.

3.7.3 Cost-Effective Analees

One of the decisive factors in process selection is cost. Cost
analyses must be carried out so that all alternatives are
evaluated on an equivalent basis. EPA has issued guidelines for

cost-effective analyses (3). Monetary costs may be calculated in
terms of present worth values or equivalent annual values over a
defined planning period. Capital and operating and maintenance
costs must be considered in the evaluation. Indirect costs
should be included such as loss of property taxes when private
land is acquired and incremental costs which the wastewater
treatment facility must bear when sidestreams are returned to
them, Credits for such items as crops and recovered energy
should be taken where appropriate. The discount rate to be used
in the analysis 1s established annually by the Water Resources
Council. All construction cost data is referenced to a specific
location and year using cost indices such as the Engineering
News-Record Construction Cost Index, the EPA Sewage Treatment
Plant Index, or the EPA Sewer Construction Cost Index. Inflation
in costs and wages are not considered in the analyses, since it
is assumed all prices will tend to change over time by the same
percentage.

Cost-effective analysis for sludge treatment and disposal
systems has been discussed in somewhat greater detail in a
1979 publication (4). Present worth and equivalent annual
value calculations are discussed in References 5 and 6, among
others.

w
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TABLE 3-8

SOLID PROPERTIES CHECKLIST

l. Origin and type
2. Quantity
3. Concentrations
4, Chemical compqs?tion and biologicai properties including
biodegradability
5. Specific gravity
6. Rheological properties (e.g., viscosity)
7. Settling properties
8. Dewatering properties
9. Fuel value
10. Suitability for utilization or disposal without further

processing

TABLE 3-9

PROCESS DESIGN CHECKLIST

1. Description of process
Details of works, schematic drawing, logical location in overall
sludge treatment flowsheet.

2. Process Theory

3. Current status
Number of suppliers; usage in USA; good and bad experience and potential
for avoiding problems; advantages and disadvantages with respect to
competing processes.

4, Design criteria
Process loadings (solids and hydraulic); pilot scale investigations
(when to make them, methods, costs, limitations); special considerations
(solids origin}.

5. Instrumentation specific to the process.
6. Operational considerations: Flexibility.
7. Energy impacts
Primary and secondary requirements.
Potential for energy recovery.
8. Actual performance data and case histories.
9. Public health and environmental impacts.
10. Solids production and properties,
11. Sidestream production and properties.
12. Cost information
Construction/operation (tie to ENR and EPA Construction Cost Indexes):
constraints (site-specific). Break down costs by category (labor,

electricity, etc.) so that adjustments can be made for different
conditions.




3.7.4 Checklists

The following checklists provide information a designer must

have to design wastewater solids treatment and disposal systems.
Three checklists are provided.

l .

A Solids Properties Checklist appears in Table 3-8, This
checklist summarizes required information concerning raw
solids entering the solids treatment system and solids
produced in the various processes and operations.

A Process Design Checklist appears on Table 3-9. This
checklist describes information necessary to select and
design sludge treatment and disposal processes.

A Public Health and Environmental Impact Checklist
appears in Table 3-10. This checklist summarizes key
interactions that must be resolved between proposed
process and the surrounding environment.

TABLE 3-10

PUBLIC HEALTH AND ENVIRONMENTAL
IMPACT CHECKLIST

1. Control of vectors (bacteria, parasites, virus, flies, rats)

2. Odor

3. Air pollution

4. Groundwater contamination

5. Surface water contamination (by run-off)

6. Soils contamination

7. Land use

8. Social—economic

9. Utilization (sludge or byproducts used beneficially)

10. Occupational safety

11. Risk

of accidents involving the public

12. Control of potentially hazardous substances

13. Effects on biota including transfer and accumulation of pollutants
in the food chain

14. Use of material resources




Designers should refer frequently to these checklists to assure
that all relevant topics are given proper consideration during
planning stages and system design. An extensive series of
checklists dealing with wastewater solids management has also
been prepared for EPA (4). The checklists are intended to serve
as aids for the review of facility plans, for preparation of
designs and specifications and the writing of operations and
maintenance manuals.
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CHAPTER 4

WASTEWATER SOLIDS PRODUCTION
AND CHARACTERIZATION

4,1 Introduction

This chapter principally discusses the quantities and properties
of sludges produced by primary biological and chemical wastewater
treatment processes, Screenings, grit, scum, septage, and
other miscellaneous wastewater solids, including the sludge
produced in the treatment of combined sewer overflows, are
discussed briefly.

4.2 Primary Sludge

Most wastewater treatment plants use primary sedimentation to
remove readily settleable solids from raw wastewater. In a
typical plant with primary sedimentation and a conventional
activated sludge process for secondary treatment, the dry weight
of primary sludge solids is roughly 50 percent of that for the
total sludge solids. For several reasons, primary sludge is
usually easier to manage than biological and chemical sludges.
First, primary sludge 1is readily thickened by gravity, either
within a primary sedimentation tank or within a separate gravity

thickener. In comparison with biological and many chemical
sludges, primary sludge with low conditioning requirements can be
mechanically dewatered rapidly. Further, the dewatering device

will produce a drier cake and give better solids capture than it
would for most biological and chemical sludges.

4.,2.1 Primary Sludge Production

4.2.1.1 Basic Procedures for Estimating
Primary Sludge Production

Primary sludge production is typically within the range of 800 to
2,500 pounds per million gallons (100 to 300 mg/l) of wastewater.
A basic approach to estimating primary sludge production for a
particular plant is by computing the quantity of total suspended
solids (TSS) entering the primary sedimentation tank and assuming
an efficiency of removal. When site-specific data are not
available for influent TSS, estimates of 0.15 to 0.24 pound per
capita per day (0.07 to 0.11 kg/capita/day) are commonly used
(1). Removal efficiency of TSS in the primary sedimentation tank
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is usually in the 50 to 65 percent range (2). An efficiency of
60 percent is frequently used for estimating purposes, subject to
the following conditions:

e¢ That the sludge 1is produced in treatment of a domestic
wastewater without major industrial loads.

e That the sludge contains no chemical coagulants or
flocculents.

® That no other sludges--for example, trickling filter
sludge--have been added to the influent wastewater.

e That the sludge contains no major sidestreams from sludge
processing.

As an example, 1f a designer estimates the TSS entering
the primary clarifier as 0.20 pound per capita per day
(0.09 kg/capita/day, and the removal efficiency of the clarifier
as 60 percent, the estimated primary sludge production 1is
0.12 pound per capita per day (0.054 kg/capita/day).

If relevant data are available on influent wastewater suspended
solids concentrations, such data should, of course, be used for

design purposes. Estimates of TSS removal efficiency in primary
sedimentation tanks may be refined by use of operating records
from in-service tanks or by laboratory testing. The "Standard

Methods" dry weight test for settleable matter estimates under
ideal conditions the amount of sludge produced in an ideal
sedimentation tank (3). Sludge production will be slightly lower
in actual sedimentation tanks.

4,2.1.2 Industrial Waste Effect

Suspended solids removal efficiency 1n primary sedimentation
depends to a large extent on the nature of the solids. It
is difficult to generalize about the effect that industrial
suspended solids can have on removal efficiency, but an example
illustrates that the effect can sometimes be dramatic. At
North Kansas City, Missouri, a municipal plant serves residential
customers and numerous major industries, including food
processing, paint manufacturing, soft-drink bottling, paper
manufacturing, and grain storage and milling. Raw wastewater
entering the plant had a. 15-day average suspended solids
concentration of 1,140 mg/l that was attributable to the
industries. Primary sedimentation removed 90 percent of these
solids. The quantity of primary sludge was, therefore, about
8,000 pounds per million gallons (1,000 mg/l) of wastewater
treated. This value 1is several times the normal one for
domestic wastewater. On two of the 15 days, removal exceeded
14,000 pounds per million gallons (1,700 mg/l) (4).
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4.2.1.3 Ground Garbage Effect

Home garbage grinders can significantly increase the suspended
solids load on a wastewater treatment plant. These solids are
largely settleable. Estimates of the increased primary sludge
resulting from the use of garbage grinders range from 25 percent
to over 50 percent (1,5,6).

4.2.1.4 Other Sludges and Sidestreams

Operating experience shows clearly that the amount of sludge
withdrawn from the primary sedimentation tank is greatly
increased when sludge treatment process sidestreams such as
digester supernatant, elutriate, and filtrates or centrates
and other sludges like waste-activated are recycled to the
primary sedimentation tank. Quantifying the solids entering and
leaving the primary clarifier by all streams is an important tool
for estimating primary sludge production when recycled sludges
and sludge process sidestreams contribute large quantities of
solids.

4,2,1.5 Chemical Precipitation and Coagulation

When chemicals are added to the raw wastewater for removal
of phosphorus or coagulation of nonsettleable solids, large
quantities of chemical precipitates are formed. The quantity of
chemical solids produced in chemical treatment of wastewater
depends upon the type and amount of chemical(s) added,
chemical constituents in the wastewater, and performance of the
coagulation and clarification processes. It is difficult to
predict accurately the quantity of chemical solids that will
be produced. Classical jar tests are favored as a means for
estimating chemical sludge quantities. The Qgquantities of
suspended solids and chemical solids removed in a hypothetical
primary sedimentation tank that is processing wastewater which
has been treated by 1lime, aluminum sulfate or ferric chloride
addition are estimated in Table 4-1.

4.2.1.6 Peak Loads

Peak rates of primary sludge production can be several times the
average. Peak solids production levels also vary from one plant
to another. Four studies of primary sludge production rates are
summarized and presented here.

At Ames, Iowa, (9) the wastewater 1is basically of domestic
origin. A university contributes about 30 percent of the
volumetric and mass loads. Storm runoff is collected and Kkept
separate from the domestic wastewater. For 21 years of record,
the suspended solids loads 1n the peak month of each year were
divided by the yearly average, The average of these ratios
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was 1.37. The average for comparison of peak days and peak
months over ten years of record was 1.59. Thus, in a typical
year, the maximum daily flow would be about 1.37 x 1.59, or
2.2 times the average. The maximum day's sludge production
was, therefore, expected to follow a similar pattern and was
estimated to be 2.2 times the average value.:

TABLE 4-1

PREDICTED QUANTITIES OF SUSPENDED SOLIDS AND CHEMICAL
SOLIDS REMOVED IN A HYPOTHETICAL PRIMARY SEDIMENTATION TANK (7,8)

Chemical addition®

No chemlcgl

Sludge type addition Lime® Alumd Iron®

Suspended solids, lb/mg 1,041 1,562 1,562 ‘ 1,562
Chemical solids, lb/mg - 2,082 362 462
Total sludge production, lb/mg 1,041 3,644 1,924 2,024
(kg/cu m) (0.13) (0.44) (0.23) (0.24)

®Assumes 10 mg/1 influent phosphorus concentration (as P) with
80 percent removed by chemical precipitation.

bAssumes 50 percent removal of 250 mg/1 influent TSS in primary
sedimentation.

€125 mg/l Ca(OH), added to raise pH to 9.5.
9154 mg/1 A1,(504)3 - 14 H0 added.
©84 mg/1 FeCl; added.

Note: Assumes no recycle streams (for example, recycle of waste-activated
sludge to primary sedimentation, digester supernatant, etc.).

Secondary solids production would be cut from 833 lb/mg without
chemical addition to 312 1lb/mg with chemical addition in this
hypothetical plant.

A study conducted in 1936 used data from Chicago, Cleveland,
Columbus, Syracuse, Rochester, and several other large American
cities (10) to show a typical relationship between peak raw
sewage solids loads entering a plant and duration of time that
these peaks persist. This relationship is shown graphically
on Figure 4-1. The curve is appropriate for large cities with a
number of combined sewers on flat. grades. The peaks occur at
least partly because solids deposited in the sewers at low flows
are flushed out by storm flows.

Data were collected over a five-year period from the West Point
plant at Seattle, Washington and used in a 1977 study (l11l). Peak
primary sludge loads of four- to ten-day durations were compared
with average loads. The duration of four days was selected
because 1t appeared to be highly significant .to digester
operations at this plant, and because loads tended to drop after
about four days of heavy loading. The highest four-day primary
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“sludge production was more than four times the normal production
from the plant's service area. Main contributors to the peak
load were: ‘ ‘

¢ Solids deposits 1in the sewers. These deposits were
resuspended during high flows and carried to the
treatment plant, The computer-operated storage system,
which minimizes combined sewer overflows, apparently
contributed to solids deposition/reentrainment.

¢ Storm inflow. ' Measurements of TSS -in storm drainage
fluctuate widely but often show over 200 mg/l suspended
solids. A large portion of the West Point service area
contains combined sewers.

e Sludge conditioning and dewatering. Problems in these
processes have caused the sidestreams to contain more
solids than usual.
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FIGURE 4-1

TYPICAL RELATIONSHIP ‘BETWEEN PEAK SOLIDS LOADING
AND DURATION OF PEAK FOR SOME LARGE AMERICAN CITIES (10)

The fourth study, done in 1974, discussed two plants in
St. Louis, Missouri (12). ‘The graphs shown on Figure 4-2
illustrate the variation in daily waste primary sludge production
as a fraction of the average waste primary sludge production with
duration of that production rate for the eight months that data
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were taken. Both of these plants have significant industrial
loads, and both serve large areas of combined storm and sanitary
sewers.
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PEAK SLUDGE LOADS, ST. LOUIS STUDY (12)

4,2.2 Concentration Properties

Most primary sludges can be concentrated readily within the
primary sedimentation tanks. Several authors claim that a five
to six percent scolids concentration is attainable when sludge 1is
pumped from well-designed primary sedimentation tanks (2,10,13,
14). However, values both higher and lower than the five to



siX percent range are common. Conditions that influence primary
sludge concentration include:

e If wastewater is not degritted before it enters the
sedimentation tanks, the grit may be removed by passing
the raw primary sludge through cyclonic separators.
However, these separators do not function properly with
sludge concentrations above one percent (15).

e If the sludge contains large amounts of fine nonvolatile
solids, such as silt, from storm inflow, a concentration

of well over six percent may sometimes be attained
(11,16). ‘

e Industrial loads may strongly affect primary sludge
concentration, For example, at a plant receiving soil
discharged from a tomato canning operation, a primary
sludge with a 17 percent solids concentration, of which
40 percent 1is volatile, was recorded. Normal primary
sludge at this plant had a solids concentration of
from five to six percent solids (60 to 70 percent
volatile) (17).

® Primary sludge may float when buoyed up by gas bubbles
generated under anaerobic conditions. Conditions
favoring gas formation include: warm temperatures;
solids. deposits within sewers; strong septic wastes;
long detention times for wastewater solids in the
sedimentation tanks; lack of adequate prechlorination;
and recirculating sludge liquors (18). To prevent the
septic conditions that favor gas formation, it may be
necessary to strictly limit the storage time of sludge in
the sedimentation tanks. This is done by increasing the
frequency and rate of primary sludge pumping (19).

e If biological sludges are mixed with the wastewater, a
lower primary sludge concentration will generally result.

4.2.3 Composition and Characteristics

Table 4-2 lists a number of primary sludge characteristics.
In many cases, ranges and/or "typical" values are given. 1In the
absence of recirculating sludge process sidestreams, the percent
of volatile solids in the primary sludge should approximate the
percent volatile suspended solids 1in the influent wastewater.
A volatile solids content below about 70 percent usually
indicates the presence of storm water inflow, sludge processing
sidestreams, a large amount of grit, sludge from a water
filtration plant that was discharged to the sanitary sewer, low
volatile solids from industrial waste, or wastewater solids that
have a long detention time in the sewers.
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Characteristic

pH

Volatile acids,
tic acid

mg/l as ace-

Heating value, Btu/lb (kJ/kg)

Specific gravity of individ-
ual solid particles

Bulk specific gravity (wet)

BOD5/VSS ratio
COD/VSS ratio
Organic N/VSS ratio

Volatile content, percent by
weight of dry solids

Cellulose, percent by weight
of dry solids

Hemicellulose, percent by
weight of dry solids

Lignin, percent by weight of
dry solids

Grease and fat, percent by
weight of dry solids

Protein, percent by weight
of dry solids

Nitrogen, percent by weight
of dry solids

Phosphorus, percent by weight
of dry solids

Potash, percent by weight of

TABLE 4-2

PRIMARY SLUDGE CHARACTERISTICS

Range of values

64

60

Typical

value

- 8 6
- 2,000 500
- 10,000 -
10,285

7,600

- 1.4
- .02
.07

- 1.1 -
- 1.6 -
- 0.06 -
- 93 77
- 80 65
- 40
- 40
- 15 10
- 3.8
- 3.2
- 5.8
- 30 -
- 35 -
- 30 25
- 28 -
-4 2.5
- 2.8 1.6
-1 0.4

Comments

Reference

Depends upon volatile content,
and sludge composition, re-
ported values are on a dry
weight basis,

Sludge 74 percent volatile.
Sludge 65 percent volatile.

Increases with increased grit,
silt, etc.

Increases with sludge thickness
and with specific gravity of
solids.

Strong sewage from a system of
combined storm and sanitary
sewers.

Value obtained with no sludge re-

cycle, good degritting; 42
samples, standard deviation 5.

Low value caused by severe storm
inflow.

Low value caused
waste.

by industrial

Ether soluble
Ether extract

Expressed as N

Expressed as Pp05. Divide
values as P205 by 2.29 to
obtain values as P.

Expressed as K20. Divide
values as K30 by 1.20 to
obtain values as K.

21

22
22
22

22

11

17

23

23

1 Btu/lb = 2.32 kJ/kg

Primary sludge alwayé contains some grit, even when the
processed through degritting.
screenings are comminuted and returned to the wastewater flow,

wastewater has

been
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the fragmented screenings appear in the primary sludge. Smaller
plaSth and rubber items that pass through screens also appear in
the primary sludge. - -

Primary sludge typically contains over 100 different anaerobic
and facultative species of bacteria (24). Sulfate-reducing
and oxidizing bacteria, worm and fly eggs, and pathogenic
microorganisms are typically present.

4.3 Biliological Sludges

4.3.1 General Characteristics

Biological sludges are produced by treatment processes such as
activated sludge, trickling filters, and rotating biological
contactors. Quantities and characteristics of biological sludges
vary with the metabolic and growth rates of the various micro-
organisms present in the sludge. The quantity and quality of
sludge produced by the biological process is intermediate between
that produced in no-primary systems and that produced 1in
full-primary systems 1in cases when fine screens or primary
"sedimentation tanks with high overflow rates are used.
Biological sludge containing debris such as grit, plastics,
paper, and fibers will be produced at plants lacking primary
treatment. Plants with primary sedimentation normally produce
a fairly pure biological sludge. The concentrations and,
therefore, the volumes of waste biological sludge are greatly
affected by the method of operation of the clarifiers.
Biological sludges are generally more difficult to thicken and
dewater than primary sludge and most chemical sludges.

4.3.2 Activated Sludge

4,3,2.1 Processes Included

Activated sludge has numerous variations: extended aeration;
oxidation ditch; pure oxygen, mechanical aeration, diffused
aeration; plug flow; contact stabilization, complete mix, step
feed, nitrifying activated sludge; etc (2). This manual does not
discuss lagoons in which algal growth 1is important or lagoons
that tend to accumulate wastewater solids or biological solids.
These methods, however, can be used for predicting activated
sludge production in highly loaded aerated lagoons where the
bacteria are maintained in solution. '

4,3.2.2 Computing Activated Sludge Production -
Dry Weight Basis

The quantity of waste-activated sludge (WAS) is affected by two
parameters: the dry weight of the sludge and the concentration
of the sludge. This section describes how the dry weight of
activated sludge production may be predicted.
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Basic Predictive Equations

The most important variables in predicting waste-activated sludge
production are the amounts of organics removed 1n the process,
the mass of microorganisms in the system, the biologically inert
suspended solids in the influent to the biological process, and
the loss of suspended solids to the effluent.

These variables can be assembled into two simple and useful
equations: ,

Py = (Y)(Sr) - (kd)(M) (4-1)

WAST = Py + INV - Eq (4-2)
where:

Py = net growth of biological solids (expressed as volatile

suspended solids {[VSS}), lb/day or kg/day;

Y = gross yield coefficient, 1lb/lb or kg/kg;

Sy = substrate (for example, BODg) removed, lb/day or
kg/day;

kg = decay coefficient, day‘l;

M = system inventory of microbial solids (VSS) micro-

organisms, lb or kg;

WASp = waste-activated sludge production, lb/day or kg/day;

INV = non-volatile suspended solids fed to the process,
lb/day or kg/day;

Ep = effluent suspended solids, lb/day or kg/day.

These eguations, as stated or with slight variations, have been
widely used. Equation 4-1 dates back to 1951 (25). However,
different terms and symbols have been used by various authors in
expressing Equations 4-1 and 4-2. Table 4-3 summarizes some of
the terminology that has evolved. The technical literature
reflects some inconsistency 1in terminology with the term "M."
Test results reported by various authors and presented 1in
Table 4-3 were derived on the basis of "M" defined as mixed
liguor VSS only.

To use Equation 4-1, it 1is necessary to obtain values of Y and
kg. While Table 4-4 summarizes several reported values for these
parameters, 1t 1is best to determine Y and kg on an individual
waste stream whenever possible, : ‘



As used in this chapter

TABLE 4-3

ALTERNATE NAMES AND SYMBOLS FOR EQUATION (4-1)

Other symbols for OCther common names for
Symbol Name Dimensions similar quantities similar quantities
Py Biological solids Mass AX.,, dX/dt, A, S, Accumulation, net growth,
production Time gM/dt, Rg excess microorganisms
production
Y Gross yield Mass a, Kg, C Yield coefficient, synthesis
coefficientd@ Mass coefficient, growth-yield
coefficient
Sy Substrate removal Mass dr/dt, S, B, Fi, R Food, utilization, load
Time
ka Decay constant 1 b, Kg, Kg Endogenous respiration,
Time maintenance energy,
auto-oxidation
M Microbial solids Mass S, X, Xy Microbial mass, solids under
inventory aeration, snlids inventory,

mixed liquor solids

8The letter Y has also been used for the net yield coefficient P,/sy. The net yield
coefficient is quite different from the gross yield coefficient.

To use

Equation 4-2, it 1s necessary to estimate Iyy,

non-volatile influent solids, and Eq, effluent suspended solids.
The following are generally included within the term Iyy: '

Non-volatile solids in influent sewage, including recycle
sludge liquors.

Chemical precipitates--for example, aluminum phosphates--
when alum is added to the activated sludge process.

Stormwater solids that are not removed 1in previous
processes (36).

Normal non-volatile content of the activated sludge.
In the absence of sludge liquors, chemical precipitates,
and stormwater, activated sludge will be about 80 percent
volatile (less in extended aeration) at most municipal
treatment plants.

To compute Ep, a small value such as 10 mg/l TSS should be

used.

The following sections discuss several factors that can influence
the production of waste-activated sludge. Section 4.3.2.3 1is a
detailed example of how sludge quantities should be computed.
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TABLE 4-4

VALUES OF YIELD AND DECAY COEFFICIENTS FOR
COMPUTING WASTE-ACTIVATED SLUDGE

Gross yield Decay Type of Scale of Temperature, Sludge age, BOD_. removal
Reference coefficient® coefficient wastewater plant Aeration o days calculation
25 0.5 0.055 Primary effluent Bench Air 19 - 22 2.8 - 22 Influent
26 0.70 0.04 Primary effluent Pilot- Oxygen Not stated 1- 4 Influent minus
effluent
26, 27 0.867 0.06 Primary effluent Full Air 18 - 27 1.2~ 8 Influent minus
effluent
28, 29 0.73 0.075 Primary effluent Pilot Air 10 - 16 1 - 12 Influent minus
effluent
30 0.94 0.14 Primary effluent {wastewater Pilot RAir 15 - 20 0.5 - 8 Influent minus
includes dewatering scluble ef-~
liquors) fluent
31 0.73 0.06 Primary effluent Pilot Oxygen 18 - 22 2.5 - 17 Influent minus
a effluent
32 0.5 Not calculated Primary effluent (military Pilot Air 0o- 7 Long Influent
(negligible) base)
12 0.74 0.04 Primary effluent (much in- Pilot Oxygen 17 - 25 2.1 - 5 Influent minus
dustry) soluble ef-
fluent
30 1.57 0.07 Raw degritted including de- Pilot Air 15 - 20 0.6 - 3 Influent minus
watering liquors soluble ef-
fluent
33 1.825 0.20 Raw degritted Bench Air 4 - 20 1 -3 Soluble in-
fluent minus
soluble ef-
fluent
d
34 0.65 0.043 Raw degritted Bench Air 20 - 21 11 and up Influent minus
effluent
34 0.70 0.048 Raw degritted Bench Air 20 - 21 Longd Influent minus
effluent
34 0.54 0.014 Raw degritted Full Air Not stated Longd Influent minus
effluent
35 1.1 0.09 Raw Full Air Not stated 1.1 -2.4

Influent minus
effluent

3Gross yield coefficient Y, 1b (kg} VSs/lb (kg) BOD.

Decay coefficient k

a’

-1
days

c . . . :
Mean cell residence time or sludge age Gm, measured as mass of mixed liquor

VSS divided by biological solids production Px
somewhat different if total system inventory of VSS (mixed liquor VSS plus

in clarifiers) is used rather than just mixed liquor VSS.

dExtended aeration.

Note that coefficients may be
vSss

Note: BAll values in this table are for an equation of the type Py = Ys,y - kgM (equation 4-1)

Effect of Sludge Age and F/M Ratio

Equation

sludge age (8p).

Py =

(Y) (sg)

1 + (kg)(8p)

where 8 =

'ﬂz
*

= sludge age,

days.

(4-1) can be rearranged to show the effect

of the

(4-3)



Similarly, Equation 4-1 can be rearranged to show the effect of
the food-to-microorganism ratio (F/M):

(kd)(sr)
Px = (Y)(Sr) - —(~C‘2—)(—E-;7M‘)- (4"'4)
where:
Cyp = coefficient to match units of s, and "F" in F/M; if sy,
is BOD5 removed (influent minus effluent), then C3 is
BODs removal efficiency, about 0.9;
F/M = food-to-microorganism ratio;

BODs applied daily
VSS (mass) in system

As 8, increases and F/M decreases, the biological solids
production Py decreases. Sludge handling is expensive, and costs
can be reduced by using high values of 8, or low values of F/M.
However, there are offsetting cost factors, such as increases in
the aeration tank volume needed, oxygen requirements for the
aerobic biological system, etc, Also, as seasons change, so
may the optimum 6; and F/M for maximum wastewater treatment
efficiency. Therefore, it 1is desirable to be able to operate
across a range of conditions. Obviously, trial-and-error
calculations are required to determine the least costly system.

Effect of Nitrification

Nitrification is the bio-oxidation of ammonia nitrogen and
organic nitrogen to the nitrite and nitrate forms. Compared with
processes that are designed for carbonaceous (BODg, COD) oxida-
tion only, stable nitrification processes operate at long sludge
ages (8p) and low food-to-microorganism ratios (F/M). Also,
nitrification processes are often preceded by other processes
that remove much of the BODg and SS. As a result, activated
sludge 1in a nitrification mode generally produces less waste-
activated sludge than conventional activated sludge processes.
However, there 1s an additional component to nitrification
sludge, the net yield of nitrifying bacteria, ¥Yy. This may be
estimated at 0.15 pounds SS per pound of total Kjeldahl nitrogen
(organic plus ammonia) removed (37). Yy varies with temperature,
pH, dissolved oxygen, and cell residence time. However, detailed
measurements of YN are not ordinarily regquired for sludge
facility design because the yield of nitrifying bacteria is
small, For example, if ¥y is 0.15 and if the nitrifying process
removes an ammonia nitrogen concentration of 20 mg/l and an
organic nitrogen concentration of 10 mg/l then nitrification
would add 0.15 x (20+10) = 4.5 milligrams of nitrifying bacteria
per liter of wastewater (38 pounds per million gallons). These

4-13



guantities are small compared to other sludges. In single-stage
nitrification processes, the sludge production figures must also
include the solids produced from the carbonaceous oxidation,
computed at the 8, and F/M of the nitrifying system.

Effect of Feed Composition

The type of wastewater that 1s fed to the activated sludge
process has a major influence on the gross yield (Y) and

decay (kg) coefficients. Many industrial wastes contain
large amounts of soluble BODg but small amounts of suspended
or colloidal solids. These wastes normally have lower Y

coefficients than are obtained with domestic primary effluent.
On the other hand, wastes with large amounts of solids, relative
to BODg, either have higher Y coefficients or require adjustments
to reflect the influent inert solids. Even among soluble wastes,
different compositions will cause different yields. '

Effect of Dissolved Oxygen Concentration

Various dissolved oxygen (DO) levels have been maintained in
investigations of activated sludge processes. Very low DO
concentrations--for example, 0.5 mg/l--in conventional activated
sludge systems do appear to cause increased solids production,
even when other factors are held constant (38). However,
there 1is vigorous disagreement concerning solids production at

higher DO levels., Some investigators state that use of pure
oxygen instead of air reduces sludge production. This 1is
attributed to the high DO levels attained through the use of pure
oxygen (39,40). Other investigators in recent well-controlled

investigations have concluded that 1if at least 2.0 mg/l1 DO 1is
maintained in air-activated sludge systems, then air and oxygen
systems produce the same yield at equivalent conditions (such as
food-to-microorganism ratio) (41, 42).

Effect of Temperature

The coefficients Y (gross yield) and kg (decay) are related to
biological activity and, therefore, may vary due to temperature
of the wastewater. This variation has not been well documented
in pilot studies and process investigations. One study obtained
no significant difference due to temperature over the range
39° to 68°F (4°to 20°C)(33). However, others have observed
significant differences within the same temperature range.
Sometimes a simple exponential ("Arrhenius") equation is used for
temperature corrections to Y and kg. For instance, it has been
stated that chemical and biochemical rates double with an 18°F
(10°C) rise in temperature. Exponential equations have been
found to be accurate for pure cultures of bacteria, but are quite
inaccurate when applied to Y and kg for the mixed cultures
found in real activated sludges (43, 44).
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For the design engineer, the following guidelines are recommended
until such time as process investigations and research efforts in
this area provide more consistent and reliable information:

e Wastewater temperatures in the range of from 59° to 72°F
(15° to 22°C) may be considered to be a base case. Most
of the available data are from this range. Within this
range, there is no need to make temperature corrections.
Any variations in process coefficients across this
temperature range are likely to be small in comparison to
uncertainties caused by other factors.

¢ 1If wastewater temperatures are in the range of from 50°
to 59°F (10° to 15°C), the same kg value as for 59° to
75°F (15° to 22°C) should be used, but the Y value should
be increased by 26 percent. This is based on experiments
that compared systems at 52°F (11°C) and 70°F (21°C). 1In
these tests, kg was the same, but Y was 26 percent
higher. (On a COD basis, Y was found to be 0.48 at 38°F
[11°C] and 0.38 at 56°F [21°C]) (45).

e If wastewater temperatures are below 50°F (10°C),
increased sludge production should be expected (46), but
the amount of 1increase cannot be accurately predicted
from available data. Under such conditions, there is a
need for pilot-scale process investigations.

e If wastewater temperatures are above 72°F (22°C), values
of the process coefficients from the range 59° to 72°F
(15° to 22°C) may be used for design. The resulting
design may be somewhat conservative. ‘

Effect of Feed Pattern

Various feed patterns for the activated sludge process include
contact stabilization, step feeding, conventional plug-flow, and
complete-mix. For design purposes, 1t appears to be best to
ignore the feed pattern when estimating solids production.

Computing Peak Rate of Waste-Activated
Sludge Production

Peak solids production occurs because of unfavorable combinations
of the elements in Equations 4-1, 4-3, and 4-4, presented
previously:

Py

(Y)(sy) - (kg) (M) (4-1)

(Y) (sy)
1 + (kg)(8n)

PX = (4_3)



(kg) (sg)

Py = (Y)(sg) - (C) (F/My | | (4-4)

All of these equations predict that solids production (Py)
increases with increases in s, and F/M and decreases with
increases 1in the mass of organisms and 8. Also Pyx increases
if the gross yield coefficient (Y¥Y) increases or if the decay
coefficient (kg) decreases. Each of these factors that tend to
increase Py willl occur, within limits, in practice. To compute

peak solids production, the following conditions should be
assumed:

e Peak substrate removal (sy). If high efficiency of
biological wastewater treatment 1is maintained at peak
pollutant loading, then s, represents organics removal
at maximum load. If sy 1is computed on a BODg removal
basis, then the maximum BODg removal should be used.
The duration of peak solids production will match the
duration of the peak load. Data have been published
for several plants showing variations in BODg loads
(12,47,48,49). ‘

e Minimum value of 85 or maximum F/M. This allows the
operator to select 8, or F/M to obtain the best possible
effluent. The design average condition may be F/M = 0.3,
but an operator may obtain better results at F/M = 0.5
for some specific conditions at a particular treatment
plant.

e Maximum likely value of Y.
¢ Minimum likely value of kg.

Also, a temperature allowance should be made if wastewater
temperatures below 59°F (15°C) may occur during peak loads.

Solids inventory reductions are an additional type of non-steady
state condition that the designer should anticipate. It is
occasionally necessary for treatment plant operators to reduce
the mass of microorganisms (M) in the liquid treatment process by
wasting activated sludge. Wasting activated sludges helps the
operator to maintain a constant F/M in the face of reduced BOD
loadings. The wastewater-BOD5 load can drop rapidly if a
treatment plant serves vacation areas or 1industries., Wasting
activated sludge also allows the operator to take aeration tanks,
clarifiers, etc., out of service to limit solids on clarifiers,
and to prevent major loss of solids to the effluent and to
inhibit the growth of undesirable microorganisms such as
scum-causing actinomycetes (50). Further, by reducing M, the
operator can more readily optimize bioflocculation, thereby

minimizing effluent solids, and can control air or oxygen
requirements.



To accomplish the desired inventory reduction, solids handling

facilities must have the capacity to accept the wasted solids.

For wastewater treatment plants without major known BODg and SS

loading variations, allowance should be made in designing solids

processing facilities for the wasting of an additional two percent
of M per day and lasting up to two weeks. Such plants include

those serving stable domestic populations. Industrial loads

would be either small or unusually stable.

For plants with major seasonal variations in loads, allowance
should be made for wasting an additional five percent of M per
day and lasting for up to two weeks. Such plants serve resort
areas, college towns, etc. A similar allowance should be made
for plants that practice nitrification during only part of
the year. Lastly, for plants with major weekday-to-~weekend
variations of over 2 to 1 in BODg load, and medium or high
food~-to-microorganism ratios of over 0.3 during the high loads,
allowance should be made for a one-day sludge wasting of up to
25 percent of M. The plant should also be able to handle wasting
of five percent of M per day and lasting for two weeks. Plants
in this category serve major industrial systems, large office
complexes, schools, and ski areas.

Since 1inventory ‘reductions are not generally practiced during
peak loading periods, these above-discussed capacity allowances
should be added to average solids production.. The maximum rate
of waste-activated sludge production is determined by whichever
is greater: production during peak loading or the sum of average
production plus inventory reduction allowances.

Occasionally, sludge is wasted in a pattern so that M increases
at some times and decreases at others. An example of such a
pattern is -the withdrawal of WAS only during the daytime. The
Tapia, California, Water Reclamation Plant uses this pattern to
obtain good process control (51). Use of such patterns will, of
course, increase the maximum rate at which WAS must be removed.

Measurements of Sludge Yield Coefficients

Pilot studies and full-scale operating records can provide
better data for establishing sludge production design criteria
than any general compilation of data from other locations.
Measurements of the sludge yield coefficients are of two basic
types. First, both the gross yield Y and the decay kg may be
determined. Second, observed net yields alone may be used.

Equations 4-1, 4-3, and 4-4 are used when the food-to-
microorganism ratio F/M and the sludge age, 8, may be expected
to vary in the prototype plant, To use these equations, it 1is
necessary to determine the two sludge yield coefficients, Y



and kg. To establish these two coefficients, solids production
must be measured under at least two different conditions of F/M
and 6p. Equation 4-1 can be rearranged slightly to Equation 4-5:

Py Sy

o= Y ) - kg (4-5)
where:

Py/M = net growth rate = 1/8p days~1,

1b(kg) BODs removed per day
1b (kg) VSS

]

Sy/M

This equation provides a basic straight-line relationship between
Py/M and sy/M. For each condition of operation, Py/M and sy/M
are calculated and plotted, and a straight line is drawn through
the points. The slope of the line is the yield coefficient (Y),
and the intercept represents the decay coefficient (kd). (See
Figure 4-3.)

1.00 —
BOD BASIS —
.80
Px - Sy — 0.06
" 0.67 { ™ ) :
Y = 0.67, kq = 0.06
60 - L4
2
3|8 R
%Q E‘ “——COD BASIS
> o 40 Px 0.34 (Sf) 0.06
ol ™M M
' Y = 034, kg = 0.06
&=
.20
0
20 ! | L | !
0 .50 1.00 1.50 2.00 2.50

st _ LB SUBSTRATE REMOVED/day
M LB MLVSS

FIGURE 4-3

NET GROWTH RATE CURVES (27)
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If the design conditions of sy/M or 8, are known and if solids
production can be measured under these conditions, then it is not
necessary to determine both Y and kg. Instead, a simple observed
net yield may be calculated. Equations 4-1 and 4-3 are easily
rearranged to show:

Py Y
where:
Yopg = net yield coefficient,

1b(kg) VSS produced
1b(kg) substrate (for example, BODg) removed

Net yield coefficients are often reported in the literature.
They are directly applicable only under the conditions of s,./M
and 85 that occurred during the experiments; they are meaningless
unless sy/M or 85 are measured also. For gathering data from
pilot plants or existing plants for use in establishing sludge
yield coefficients, several precautions should be exercised.
Either automatic dissolved oxygen (DO) control should be used in
the test or ample air or oxygen should be provided to ensure that
the mixed liquor DO concentration is over 2 mg/l at all times.
Data from widely differing temperatures should not be plotted on
the same graph to determine Y and kg. Instead, data from each
temperature range should be used to determine Y and kg for that
range. Each condition of sy/M or 85 should be maintained long
enough to obtain stable operation. To assure system stability,
a period of time equal to three times the sludge age should
elapse between tests. The designer should use the term Iyy in
Equation 4-2 to correct the effect of sidestreams. The percent
volatile content of the solids produced should be recorded. This
will be useful in computing the total solids in the sludge.

4.3.2.3 Example: Determination bf Biological
Sludge Production

This example illustrates the use of yield factors and decay
factors. Figure 4-4 shows a flow diagram for a hypothetical
plant. The problem is to prepare an initial estimate of the
loading to the waste-activated sludge thickener, Table 4-5
contains information required for this calculation, 1including
average and maximum day loadings and activated sludge operating
characteristics. It is assumed that the thickener in this
example will have to handle the maximum-day waste-activated
sludge production. Peak loadings of shorter duration than the
maximum day production will be handled by storing the added
suspended solids in the aeration basins. For the purposes of
this example, the sludge treatment processes such as digestion,
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dewatering, disinfection, thermal conditioning, and chemical
conditioning have not been identified. Depending upon the
selection and design of the sludge treatment processes, the
recycle loads from such processes could have a significant effect
upon the guantities of waste-activated sludge and primary
sludge that must be processed. When they are known, the
degradable organics (BOD) and non-volatile fractions of the
recycle streams should be added to' the substrate removal (Sr)
and non-volatile suspended solids (Iyy) factors. Subsequent
calculations 1in Equations 4-1 and 4-2 are for the purposes of
obtaining a sludge mass balance, which includes the effect of
recycle streams, ‘
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FIGURE 4-4

SCHEMATIC FOR SLUDGE QUANTITY EXAMPLE

Step 1. Determine BODg load to the activated sludge process.

Average day BODg load:

8.34 1b/MG

5.0 MGD x 1 mg/1

X 190 mg/l x (1 - 0,35) = 5,150 lb/day



Maximum day BODg load (similar calculation):

9.5 Mgp x 834 1B/MG o 160 g/l x (1 - 0.25) = 9,510 lb/day
1 mg/1
TABLE 4-5
DESIGN DATA FOR SLUDGE PRODUCTION EXAMPLE
Description Value Description Value
Influent flow, mgd (m3/day) Sludge thickener capture
Average day . 5.0 (18,900) efficiency
Maximum day 9.5 (36,000) Average, percent 95
: Maximum day, percent 85
Influent BODg, mg/l
Average day 190 Food-to-microorganism
Maximum day 160 ratio?
Average 0.3
Influent suspended solids, Maximum 0.5
mg/1
Average day 240 Temperature of wastewater
Maximum day 190 Average, degrees F
(degrees C) 65 (18)
BODg5 removal in primary Minimum, degrees F
sedimentation, percent (degrees C) 50 (10)
Average day 35
Maximum day 25 Dissolved oxygen in aera-
tion tanks
Suspended solids removal in Average, mg/l 2.5
primary sedimentation Minimum, mg/1l 2.0
Average day 65 Control: automatic -
Maximum day 50 C
Effluent limitations, 30-
day average
BOD5, mg/1 30
Suspended solids, mg/l 30
Usable test data for b

solids production None

®1b (kg) BODs5 applied daily
Ib (kg) mixed Iiquor VSS

bData from other plants must be used.

1 mgd = 3,785 m3/day

Note: Maximum day influent BODg and suspended solids concentrations
v

reflect a dilution from erage day data due to the higher
flow. :

Step 2. Determine M, the mass of microorganisms.

BODs applied/day 0.3
Average: F/M = VSS in system R

M= =>-—-= 17,170 pounds VSS



Maximum day: F/M = 0.5

M = = 19,020 pounds VSS

Step 3. Determine Y, the gross yield coefficient, and kg,
the decay coefficient. No test data are available for this
waste, so estimates must be made from tests on other wastes.
For average conditions, use Los Angeles data from Table 4-4 (27):
Y = 0.67 pound (kg) VSS formed per pound (kg) BODg removed;
kq = 0.06 day ~1. ,

For maximum conditions, use minimum temperature of 36°F (10°C),

which produces the maximum Y value. ©Use the correction from
Section 4.3.2.2, which increases Y by 26 percent.

Ymax = 0.67 x 1.26 = 0.84; do not adjust kg

Step 4. Determine s, (substrate removal) in units to match Y.

Average daily substrate removal:

BOD; applied 5,150 1lb/day
Effluent BODg (assume 10 mg/l* - 420 lb/day
BODg; in effluent) 4,730 1b BODg removed/day

Maximum daily substrate removal:

BODs applied ' 9,510 1lb/day
Effluent BODg; (assume 10 mg/l* - 790 1lb/day
BODs in effluent) 8,720 lb/BODs removed/day
Step 5. Determine Py, the biological solids production, Use

Equation 4-1 from 4.3.2.2:

Py = (¥)(sr) - (kg)(M)

Average:
1b BODg removed
0.67 lb VSS produced 4,730 5

1lb BODg removed day

- (0.06 day-l) (17,170 1b vsSsS) = 2,140 lb VSS produced/day

*Allow 10 mg/l for effluent BODg, even though the plant is
permitted to discharge 30 mg/l. Activated sludge plants can
often attain 10 mg/l effluent BODg. Sludge capacity should be
provided for the sludge produced under such conditions.



Maximum day, similar calculation:

(0.84)(8,720) - (0.06)(19,020) = 6,184 1lb VSS produced/day

Step 6. Compute Iyy (non-volatile suspended solids fed to the
activated sludge process).
Average daily input of non-volatile suspended solids:

8.34 1b/MG
1 mg/1

5.0 MGD x X 240 mg/1l x (1 - 0.65)(0.25%)

= 880 lb/day

Maximum daily input of non-volatile suspended solids:

8.34 1b/MG

9.5 MGD X T mg/1

X 190 mg/1l x (1 - 0.50)(0.25%)

= 1,800 lb/day

Step 7. Compute Ep (effluent suspended solids).

Average:
8.34 1b/MG _
5.0 MGD x T mg/1 10 mg/1 = 420 lb/day
Maximum day:
9.5 MGD x 8.34 lb/MG x 10 mg/l = 790 lb/day

1 mg/1

Step 8. Compute waste-activated sludge (WASp) production:

From Equation (4-2);

WAS

Py + INv — Ep

2,140 + 880 - 420 = 2,600 lb TSS/day
(1,180 kg/day)

WAST
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Maximum day:

WASp 6,184 + 1,880 - 790 = 7,274 1lb TSS/day
(3,302 kg/day)

Step 9. Compute inventory reduction allowance.

Inventory reduction allowance = (0.02)(17,170) = 343 1lb/day
(156 kg/day)

In the present case, the inventory reduction allowance can be
small. Allow two percent of M per day. The 343 lb/day computed
here is much smaller than the difference between the average and
maximum waste~activated sludge production (Step 8); therefore, if
capacity 1is provided for maximum solids production, then there
will be ample capacity for inventory reduction. It is not
necessary to reduce inventory during peak loads.

4.3.2.4 Interaction of Yield Calculations and
the Quantitative Flow Diagram (QFD)

The example just presented demonstrates a technique for
calculating solids production on a once-through basis; that is,
any solids associated with recycle streams were not considered in
the calculation, The QFD considers the effects of recycle
streams. Before the QFD can be constructed for biological
treatment processes, an estimate of net solids destruction or
synthesis must first be made. The relationship between solids
entering and leaving the biological unit is established via the
parameter Xp, which is defined as net solids destruction per
unit of solids entering the biological unit. The data and
calculations from the previous design example allow an initial
estimate of Xp to be made. '

For the average flow:

1. Solids leaving the biological unit = Py + Iyy = 2,140
+ 880 = 3,020 pounds per day

2. Solids entering the biological unit are equal to solids
in the primary effluent, which can be calculated from the
data on Table 4-4. Primary effluent solids = (1 - 0.65)

(240)(8.34)(5.0) = 3,503 pounds per day.

3. Net solids destruction = solids in - solids out = 3,503
- 3,020 = 483 pounds per day (219 kg/day).

_ 483
4. Xp = 37z53 = 0.138



For maximum day flows:

1. Solids leaving the biological unit = 6,184 + 1,880
= 8,064 pounds per day (3,661 kg/day).

2. Solids entering the biological unit = (1 - 0.50)(190)
(8.34)(9.5) = 7,527 pounds per day (3,147 kg/day).

3. Net solids destruction = 8,064 - 7,527 = 537 pounds per
day (244 kg/day).

4. = = 0.07

XDmax 7,527

Once Xp 1is known, the QFD calculation can be undertaken. Af ter
the QFD calculation is completed, the designer may wish to make
new estimates of Py and Iyy, based on information derived from
the QFD calculation. For example, if the QFD calculation shows
that recycle loads are substantial, then the designer may wish to
modify estimates of s, and Iyy and calculate new values of Py
and Iyy, as indicated in Section 3.4.

4,3,2.5 Concentration of Waste-Activated Sludge

The volume of sludge produced by the process 1is directly
proportional to the dry weight and inversely proportional to the
thickness or solids concentration in the waste sludge stream,
Values for waste-activated sludge concentration can vary, in
practice, across a range from 1,000 to 30,000 mg/l SS (0.1 to
3 percent SS).

An important variable that can affect waste-activated sludge
concentration is the method of sludge wasting. A number of
different methods are illustrated in Figure 4-5, Sludge solids
may be wasted from the clarifier underflow. It has been arqued
that wasting solids from the mixed liquor should improve control
of the process (2,35). In this case, waste sludge 1is removed
from the activated sludge process at the same concentration as
the mixed liquor suspended solids, about 0.1 to 0.4 percent.
This low concentration can be a disadvantage because a large
volume of mixed liquor must be removed to obtain a given wastage
on a dry weight basis, The most common arrangement involves
sludge wasting from the clarifier underflow, because the
concentration of sludge there is higher than in the mixed liquor.
Subsequent discussions in this section are based on sludge
wasting from the clarifier underflow.

Estimating Waste-Activated Sludge Concentration
The two primary factors that affect waste-activated sludge

concentration are the settleability of the sludge and the solids
loading rate to the sedimentation tank. These two factors have
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been considered in detail in the development of solids flux
procedures for predicting the clarifier underflow concentration
of actlvated sludge (52). :

Factors Affecting Underflow Concentration

Various factors that affect sludge settleability and the
clarifier sludge loading rate include:

¢ Biological characteristics of the sludge. These
characteristics may be partially controlled by mainte-
nance of a particular mean sludge age or F/M. High
concentrations of filamentous organisms can sometimes
occur 1n activated sludge. Reduction of these organisms
through sludge age or F/M control helps to produce more
concentrated clarifier underflow.

) Temperature, As wastewater temperatures are reduced, the
maximum attainable clarifier underflow sludge concentra-
tion (cy) 1s alsc reduced as a result of increased
water density. Also, temperature can affect the setting
properties of the sludge.

e Solids flux. The solids flux is the solids lcocad from the
mixed liquor divided by the clarifier area (for example,
pounds per day per square foot). Higher rates of solids
flux require that clarifiers be operated at lower solids
concentration.

e Limits of sludge collection equipment. Because of the
pseudo-plastic and viscous nature of waste-activated
sludge, some of the available sludge collectors and pumps
are not capable of smooth, reliable operation when ¢,
exceeds about 5,000 mg/l. ‘

® Heavy suspended solids in the sludge. If raw wastewater,
instead of primary sedimentation tank effluent, is fed to
the activated sludge process, higher c¢_; values usually
result. Chemicals added to the wastewater for phosphorus
and suspended solids removal may similarly affect c.
However, such additional solids will also increase the
solids load to the clarifiers.

4.3.2.6 Other Properties of Activated Sludge

Table 4-6 contains several reported measurements of the
composition and properties of activated sludge solids. Comparing
Table 4-6 with that of Table 4-2 for primary sludge, activated
sludge contains higher amounts ©f nitrogen, phosphorus, and
protein; the grease, fats, and cellulose amounts, and specific
gravity are lower,.



" TABLE 4-6
ACTIVATED SLUDGE CHARACTERISTICS

Range of
Characteristic values Typical value Comments
pH 6.5 - 8 - Can be less in high puritv oxygen 53, 54
systems or 1f anaerobic decom-
position begins. :
5.5 Baltimore, Maryland 55
Heating value, Btu/lb (kJ/kg) - 6,540 Increases with percent volatile 56
{15,200) content

Specific gravity of individ- - 1.08
ual solid particles

Bulk specific gravity - 1.0+ 7 x 1078 x ¢ C is suspended solids concentra- 57

tion, in mg/1l.

Color - Brown Some grayish sludge has been -

noted. Activated sludge becomes
black upon anaerobic decomposi-
tion.
COD/VSS ratio - 2.17 58
Carbon/nitrogen ratio - 12.9 Baltimore, Maryland 55
= 6.6 Jasper, Indiana 55
- 14.6 Richmond, Indiana 55
- 5.7 Southwest plant, Chicago, Illinois 55
- 3.5 Milwaukee, Wisconsin (heat dried) 55

Organic carbon, percent by 17 - 41 - : Zurich, Switzerland : 28
weight of dry solids 23 - 44 - Four plants 55

Nitrogen, percent by weight 4.7 - 6.7 - Zurich, Switzerland 28
of dry solids (expressed - 5.6 Chicago, Illinois 59
as N) 2.4 - 5.0 - Four plants ’ 55

- 6.0 Milwaukee, Wisconsin 59

Phosphorus, percent by weight 3.0 - 3.7 - Zurich, Switzerland 28
of dry solids as P,0 - 7.0 Chicago, Illinois 59
(divide by 2.29 to ogtain 2.8 - 11 - Four plants 55
phosphorus as P) - 4.0 Milwaukee, Wisconsin 59

Potassium, percent by weight 0.5 ~ 0.7 - Zurich, Switzerland 28
of dry solids as X,0 - . 0.56 Chicago, Illinois 59
(divide by 1.20 to obtain - 0.41 Milwaukee, Wisconsin 59
potassium as K)

Volatile solids, percent by 61 - 75 - Zurich, Switzerland 28
weight of dry solids {per-~ - 63 58
cent ash is 100 minus 62 - 75 . - . 60
percent volatile) 59 - 70 - Four plants 55

- 76 Renton, Washington (Seattle Metro}, -
1976 average
g8 San Ramon, California (Valley Com- -
munity Services District), 1975
average
Volatile solids (continued) - 81 Central plant, Sacramento County, -
California, July 1977 - June
1978 average

Grease and fat, percent by 5 - 12 - Ether extract 61
weight of dry solids

Cellulose, percent by weight ? Includes lignin 60
of dry solids

Protein, percent by weight 32 - 41 - - 61

of dry solids

Several types of microorganisms are present in large numbers
in activated sludge. Floc-forming (zoogleal) bacteria include
species of Zoogloea, Pseudomonas, Arthrobacter, and Alcaligenes.
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Activated sludge also contains filamentous microorganisms such as
Sphaerotilus, Thiothrix, Bacillus, and Beggiatoa (62). Various
protozoa are present, including ciliates and flagellates.

4.3.3 Trickling Filters

Trickling filters are widely used in municipal wastewater
treatment. This section covers trickling filters that are used
with clarifiers. When a clarifier is not used, the trickling
filter effluent 1is usually fed to an activated sludge process.
Refer to Section 4.3.5 for such combinations.

4,3.3.1 Computing Trickling Filter Sludge
Production - Dry Weight Basis

Trickling filter microorganisms are biochemically similar to
microorganisms that predominate in activated sludge systems.
Consequently, solids production from trickling filters and from
activated sludge systems is roughly similar when compared on
the basis of pounds of solids produced per pound of substrate
removed. There are differences between the two systems, however,
with respect to solids production prediction methodology and the
pattern of sludge wasting. Attempts have been made to develop
solids production models consistent with biological theory
(47,63,64). However, presently (1979), empirical methods are
usually used for design purposes. Table 4-7 presents sludge
yields observed at several treatment plants and from one
long-term pilot study. These data are primarily based on heavily
loaded filters.

Equations that relate the production of suspended material in a
trickling filter can be developed in a form similar to that used
in predicting activated sludge production. The main difference
lies in the term used to define the quantity of microorganisms
in the system. In long-term studies of trickling filter
performance, Merrill (64) assumed that the total mass of micro-
organisms present in the system was proportional to the media
surface area. The resulting equation for volatile solids
production was:

Py = Y'(s,)-K3(Ap) (4-7)

P, = net growth of biological solids (VSS), pounds per day or
kg per day;

Y' = gross yield coefficient, pound per pound or kg/kg;

ké = decay coefficient, day‘l;
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S, = substrate (for example, BODg) removed, pounds per day

or kg/day = BODg in minus soluble effluent BODg ;

Ap = total media surface area in reactor, square feet or

sq m.
‘ TRICKLING FILTER SOLIDS PRODUCTION
Unit solids duction®
Total IT-ES IT-ES
BODg, BODg CcOoD sS e vSss £ Solids percent BOD5 .
Plant basis basis basis basis basis volatile load9d Media Reference
. . h : 2 3
Stockton, California Plastic, 27 ft"/ft 65
Average of 13 months 0.74 0.67 0.43 1.00 0.94 77 27
Highest month 1.01 0.92 0.60 1.17 1.08 86 73
(5/76) (5/76, {7/76) (6/76, (10/76) {8/76, 11/76) (8/76)
7/76) 1/77) .
Lowest month 0.49 0.48 0.30 0.61 0.60 64 15
(1/77) (1/77) (1/77) (3/76) 3/77) (3/76, 6/76) 16/76)
Sacramento, Californiah : Plastic 66
9 noncanning months
Average - - - 1.01 1.00 78 -
Highest month - - - 1.09 1.09 83 -
3 canning months .
Average - - - 1.20 1.24 76 -
Dallas, Texas 0.42 - : - - - - - Rock 67
Dallas, Texas 0'65_1'_ - - - - - - Rock 67
Livermore, California 1.10 - - 1.39 1.51 84 57 Rock 2 to 4 in. N 68
San Pablo, California - - - 1.39 - - 199 Plastic, 29 ft2/ft 37
Seattle, WashingtonJ - 0.8-0.9 - 1.0 - - 30-250 Plastic, various 64
2s01ids production includes both waste sludge (clarifier underflow) and clarifier effluent solids.
chunds volatile suspended solids (VSS) per pound BODg removed (same as kg/kg). EODS removal based
on total (suspended plus dissolved) measurements.
®pounds vss per pound BOD5 removed. BODS5 removal based on influent total minus effluent soluble {(IT-ES}
measurements.
dPm‘mds VSS per pound chemical oxygen demand (COD) removed. COD removal based on ‘influent total
minus effluent soluble measurements.
®Pounds total suspended solids (5S) produced per pounds SS applied.
fPounds VSS produced per pound VSS applied.
gPounds total BODg applied g‘»sr day per 1,000 cubic feet of media.
hStockton and Sacramento plants have heavy industrial loads about August to October from fruit and
vegetable canneries.
lRoughing filter. For BODg basis, BOD5 removal was computed by BODs, i, minus (0;5 times unsettled
lBODslout). 1971 average data.
Jpilot studies. S5 basis was found to describe data well over a wide range of loadings. Wastewater
included some irdustrial load and recycle liquors from dewatering digested sludge,
The production of trickling filter sludge requiring subsequent

sludge handling may be expressed:

WTFS = Py + Iny - Eq
where:
WTFS = waste trickling filter sludge production,

day or kg/day;

(4-8)

pounds per



Iyvy = non-volatile suspended solids fed to the process,
pounds per day or kg/day;
Ep = effluent suspended solids, pounds per day or kg/day.

The coefficients Y' and ké for Equation 4-7 are obtained for
a particular system by computing the slope and intercept of a

line of best fit through plotted data points for %X Vs %1. VSS
m m

production data for three different trickling filter media designs
are given on Figure 4-6.

Nitrification 1in trickling filters causes a synthesis of

nitrifying bacteria. As in activated sludge, however, the
guantity is small. A value of 25 pounds per million gallons
(3 mg/l) has been suggested for design purposes (67). This

quantity must be added to the other solids produced by the
trickling filter,

It is known that temperature and loading rate affect sludge
production: "The quantity of excess sludge produced 1in a
low-rate trickling filter is much lower than that reported for
high-rate filters or for the activated sludge process. The lower
rate of solids accumulation may be attributable to the grazing
activities of protozoa. The activity of the protozoa is reduced
considerably at low temperatures (47)." However, there are few
data to guantify these variations.

Peak sludge loads are produced by trickling filters. These may
be due to variations in influent load, rapid climatic changes,
and/or biochemical factors that cause unusually large amounts of
biomass to peel off from the media. The term "sloughing" is used
by some authorities to include steady state as well as peak
solids discharges. Others restrict the term "sloughing" to
unusually large discharges. 1In any case, peak solids loads must
be considered. Table 4-8 shows some variations due to both
unusual biomass discharges and to variations in influent load.
Table 4-9, on the other hand, shows the biomass discharge alone.
Each of the three events in Table 4-9 "occurred during periods of
light organic loadings (30 to 50 pounds BODg per 1,000 cubic
feet per day [0.49 to 0.81 kg/m3/day]) which had been preceded
by periods 1in which exceptionally heavy organic loadings
(215 to 235 pounds BODg per 1,000 cubic feet per day [3.48 to
3.81 kg/m3/day]) had been applied on a sustained basis (4-14
days)" (64). Table 4-9 shows that effluent solids were much
greater than influent solids. This is quite different from
average conditions, under which effluent solids were about equal
to the influent solids.

In low-rate filters especially, there are seasonal variations in
solids production, "Slime tends to accumulate in the trickling
filter during winter operation and the filter tends to unload
the slime in the spring when the activity of the microorganisms
is once again increased" (47).

NS
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SLUDGE PRODUCTION, POUNDS VSS PRODUCED / 1000 sq ft/day

(1.00 Ib VSS / 1000 sq ft/day = 4.88 kg VSS / 1000 m?/day)

Y’ = 0.83
k'yg = 0.20

MED!A TYPE — PLASTIC SHEET
MEDIA SURFACE DENSITY — 27 sq ft/cu ft
MEDIA DEPTH - 22 ft

Y’ = 0.80
k'y = 0.03

MEDIA TYPE — PLASTIC SHEET
MEDIA SURFACE DENSITY — 27 sqg ft/cu ft
L MEDIA DEPTH — 11 ft

Y'=0.89
MEDIA TYPE — PLASTIC SURFACE
MEDIA SURFACE DENSITY —

4 ft — 25 sq ft/cu ft

4 ft — 31 sq ft/cu fr

4 ft — 37 sq ft/cu ft

4 ft — 40 sq ft/cu ft

5 ft — 43 sq ft/cu ft

MEDIA DEPTH — 21 ft

| ! I J

0 1 2 3 4 5 6 7 8

ORGANIC REMOVAL , POUNDS BOD, REMOVED / 1000 sq ft/day
(1.00 b BOD, / 1000 sq ft/day = 4.88 kg BOD, / 1000 m? /day)

(1.00 ft = 0.30m )
(1.00sq ft / cu ft = 3.28 m?2/ m?3)

FIGURE 4-6

VSS PRODUCTION DATA FOR THREE TRICKLING
MEDIA DESIGNS (64)
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TABLE 4-8

DAILY VARIATIONS IN TRICKLING FILTER EFFLUENT,
STOCKTON, CALIFORNIA (65)

Five
Number of Average TSS, Coefficient percent
. ~ Period ~_samples?@ mg/1 of variation ratio®
March-July 1976 4 57 144 0.28 1.5
August-September 1976 26 187 0.33 1.6
November 1976 - March
1977 51 149 0.31 1.7
aSamples are trickling filter effluent (before sedimentation},
total suspended solids, 24-hour refrigerated composites. Flow
variations within each sample population were small; that is,
ratios in this table represent mass variations as well as con-
centration variations.
bStandard deviation divided by average.
“Ratio of individual sample concentration to average concentration
that is exceeded by 5 percent of the samples.
dHeavy industrial load in August and September from fruit and
vegetable canneries.
TABLE 4-9
DESCRIPTION OF SLOUGHING EVENTS (65)
Suspended solids, Applied
mg/1 Flow, gpm/sq fr loading, © Media
Duration, a * b 1b BODg/1,000 specific surface,
Period days Influent Effluent Influent Recycle cu ft/day sq ft/cu ft
October 22-26, 1976 5 114 256 0.44 2.06 33 273
August 5-6, 1977 2 132 289 0.63 1.56 50 27
July 31-August 5,

1977 6 147 222 0.63 1.56 50 Graded®

%Influent wastewater flow divided by plan area of filter.

bRecycle flow (from trickling filter effluent) divided by plan
area of filter.

“Based on influent flow.
dPlastic sheet media, 22 ft deep.

®plastic sheet media, 22 ft deep; specific surface ranged from
25 sq ft/cu ft at the top of the filter to 43 sq ft/cu ft at
the bottom.

1 gpm/sq ft = 2.46 m3/hr/m2 3
1 1b BODg/1,000 cu ft/day = 0.0162 kg/m” /day

The amount of solids requiring sludge treatment depends on
sedimentation performance, which 1is usually 50 to 90 percent
removal of suspended solids. Sedimentation performance 1is
improved by careful design, light loads, tube settlers, and
coagulation and flocculation (19,64).

4.3.3.2 Concentration of Trickling Filter Sludge

Trickling filter sludge loadings on the secondary sedimentation
tank are typically low--5 to 10 percent of observed solids loads
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to activated sludge sedimentation tanks. Trickling filter sludge
also has better thickening properties than activated sludge.
Consequently, trickling filter sludge can be withdrawn at a much
higher concentration than waste-activated sludge. Concentration
data are summarized in Table 4-10.

TABLE 4-10

CONCENTRATION OF TRICKLING FILTER SLUDGE
WITHDRAWN FROM FINAL CLARIFIERS

Percent dry

Type of sludge solids Comments Reference
Trickling filter, 5 - 10 Depends on solids residence time 69
alone 7 in trickling filter 13
7 Low-rate trickling filter 70
3 High-rate trickling filter 70
3 - 4 71
4 - 7 2
Trickling filter, com- 3 -6 2,69

bined with raw primary

The solids flux method for predicting sludge concentration may be
used with trickling filter sludge (52). This method regquires
measurement of 1nitial solids settling velocity versus solids
concentration. Such relationships have been reported for at
least one trickling filter process (64).

4.,3.3.3 Properties - Trickling Filter Sludge

Table 4-11 contains a few analyses of trickling filter sludge
properties. The microbial population that inhabits a trickling
filter is complex and includes many species of algae, bacteria,
fungi, protozoa, worms, snails, and insects. Filter flies and
their larvae are often present in large numbers around trickling
filters. '

4.3.4 Sludge from Rotating Biological Reactors

Rotating biological reactors (RBRs) are used for the same basic
purposes as activated sludge and trickling filters: to remove
BOD; and suspended solids and, where necessary, to nitrify.
The RBR process uses a tank in which wastewater, typically
primary effluent, contacts plastic media in the shape of large
discs. Bacteria grow on the discs. The discs rotate slowly on
horizontal shafts; the bacteria are alternately submerged in the
wastewater and exposed to air. Excess bacteria slough from the
discs 1into the wastewater. After contacting the bacteria, the
wastewater flows to a sedimentation tank, where the excess
bacteria and other wastewater solids are removed. These removed
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solids are RBR sludge. RBR sludge is roughly similar in gquantity
by dry weight, nutrient content, and other characteristics, to
trickling filter sludge.

TABLE 4-11

TRICKLING FILTER SLUDGE COMPOSITION

Property Value . Comments Reference
Volatile content, percent of 64 - 86 See Table 4-7 -
total solids :
Nitrogen, percent of total 1.5 - 5 Depends on length of storage 69
solids of sludge in filter.
2.9 71
2.0 13
Phosphorus as P05, percent 2.8 71
of total solids 1.2 13
Fats, percent of total solids ' 6 Ether soluble. 13
Grease, percent of total 0.03 Test slime grown in primary 72
solids effluent.
Specific gravity of individ- 1.52 73
ual solid particles 1.33 2
Bulk specific gravity (wet) 1.02 13
. : 1.025 2
Color ; Grayish brown 13

Black 64

A small body of published data 1is available on RBR sludge
production rate from full-scale municipal installations. At
Peewaukee, Wisconsin, total suspended solids production has been
reported to be 0.62 to 0.82 pounds of total suspended solids
per pound BODg (0.62 to 0.82 kg TSS/kg) removed. The final
sedimentation tank removed 70 to 83 percent of these solids as
sludge. The biological sludge alone had a concentration of 1.5
to 5.0 percent solids. Other investigations of municipal and
industrial waste applications have concluded that sludge produc-
tion for the RBR process amounts to 0.4 to 0.5 pound of total
suspended solids per pound of BODg (0.4 to 0.5 kg TSS/kg BODsg)
removed (74,75,76).

4.3.5 Coupled Attached~Suspended Growth Sludges

There are several installations of coupled attached and suspended
growth processes in the United States. These dual processes
are usually installed where nitrification 1s required or where
strong wastes must be treated. The attached growth reactor is
a trickling filter or a rotating biological reactor. Its role
is to reduce the load on the suspended growth process. The
suspended growth process uses an aeration tank and a final
clarifier. Flow recirculation 1is wusually practiced around
the attached growth reactor. Several reports describe these
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processes and note that the sludge is similar to activated
sludge, both in quantity and in characteristics (5,67,68,77,78).
The sludge characterized in Table 4-12 contains some particles
of dense solids from the attached growth reactor. These
particles may improve the thickening characteristics of the
sludge (78).

TABLE 4-12
SLUDGE FROM COMBINED ATTACHED-SUSPENDED GROWTH PROCESSES

Primary sludge mixed

with bioclogical sludge
Solids production s
1b TSS produced/ Percent Percent Percent

Process Location 1lb BODg removed volatile solids volatile
Roughing filter plus Livermore, California (68) 0.98 Not stated 3.3 84
nitrifying activated -
sludge
Roughing filter plus San Pablo, California (37) 1.47 78.2 Not stated Not stated

nitrifying activated
sludge

4,3.6 Denitrification Sludge

Denitrification is a biological process for the removal of
nitrate from wastewater. An electron donor, carbon in primary
effluent or methanol, is added to the nitrate-bearing wastewater,
Denitrifying bacteria extract enerqgy for growth from the reaction
of nitrate with the electron donor:

Nitrate + Electron donor (reduced state) —P=

Nitrogen gas + Oxidized electron donor + Energy

Denitrification has been extensively studied, and a few
denitrification processes have been built into municipal plants.
Denitrifying bacteria can grow either in a suspended growth
system similar to activated sludge or in an attached growth
system similar to a trickling filter. Sludge production for
ordinary nitrified domestic waste is roughly 300 pounds per
million gallons (30 mg/l) of wastewater treated (37).

4.4 Chemical Sludges

4.4.1 Introduction

Chemicals are widely used in wastewater treatment to precipitate
and remove phosphorus, and in some cases, to improve suspended
solids removal. At all such facilities, chemical sludges are
formed. A few plants apply chemicals to secondary effluent and
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use tertiary clarifiers to remove the chemical precipitates. Aan
example of this arrangement is the plant at South Lake Tahoe,
California. However, it is more common to add the chemicals to
the raw wastewater or to a biological process. Thus, chemical
precipitates are usually mixed w1th either primary sludge solids
or biological sludge solids.

The discussion below 1is brief because the subject of chemical
sludges and their characteristics 1is discussed in detail
elsewhere (79-82). A 1979 publication provides considerable
background information on theoretical rates of chemical sludge
production, as well as actual operating data from wastewater
treatment plants employing chemicals for removal of phosphorus
(7). Also, production of chemical sludges in primary sedimenta-
tion is discussed in Section 4.2.2.5.

4,4.2 Computing Chemical Sludge Production -
Dry Weight Basis

Chemicals can greatly increase sludge production. The amount of
increase depends on the chemicals used and the addition rates.
There is no simple relationship between the mass of the chemical
added and the mass of sludge produced. It is beyond the scope of
this manual to describe in detail the chemistry associated with
the chemicals used in treating wastewater, and the various
solids-producing reactions that can occur. However, several
types of precipitates that are produced and must be considered
in measuring the total sludge production are listed below:

e Phosphate precipitates. Examples are AlPO4 or
Al (H7PO4)(OH)p with aluminum salts, FePO4 with iron
salts, and Ca3(POg)y with lime (79,82,83).

® Carbonate precipitates. This 1is significant with 1lime,
which forms calcium carbonate, CaCOg3. If two-stage
recarbonation is used, a recarbonation sludge of nearly
pure CaCO3 is formed (84).

e Hydroxide precipitates. With iron and aluminum salts,
excess salt forms a hydroxide, Fe(OH)3 or Al(OH)3.
With lime, magnesium hydroxide, Mg(OH),, may form; the
magnesium comes from the influent wastewater, from the
lime, or from magnesium salts.

® Inert solids from the chemicals. This item 1is most
significant with lime. If a quicklime is 92 percent CaO,
the remaining eight percent may be mostly inert solids
that appear in the sludge. Many chemicals supplied in
dry form may contain significant amounts of inert solids.

e Polymer solids.' Polymers may be used as primary
coagulants and to improve the performance of other
coagulants. The polymers themselves contribute 1little
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to total mass, but they can greatly improve clarifier
efficiency with a concomitant increase in sludge
production.

e Suspended solids from the wastewater. Addition of any
chemical to a wastewater treatment process affects
process efficiency. The change in sludge production must
be considered.

Quantities of the various precipitates in chemical sludges are
determined by such conditions as pH, mixing, reaction time, water
composition, and opportunity for flocculation.

Chemical sludge production, like the production of other sludges,
varies from day to day. The variation depends strongly on
chemical dosage and on wastewater flows. If the chemical dosage
is about constant in terms of milligrams per liter of wastewater,
chemical solids production will still vary, since flows fluctuate

from day to day. Changes 1in wastewater chemistry may also
affect the production of chemical sludge. For example,
stormwater inflow typically has a lower alkalinity than ordinary
wastewater. During storms, the production of chemical sludge

will be different from production in dry weather.

4.4.3 Properties of Chemical Sludges

Chemical sludge properties are affected mainly by the precipi-
tated compounds and by the other wastewater solids. For example,
a lime primary sludge will probably dewater better than a lime
sludge containing substantial amounts of waste-activated sludge
solids (80). Generally speaking, lime addition results in a
sludge that thickens and dewaters better than the same sludge
without chemicals. When iron or aluminum salts are added to raw
wastewater, the primary sludge does not thicken or dewater as
well as non-chemical sludge. Iron sludges dewater slightly more
easily than aluminum sludges (79). When aluminum salts are added
to activated sludge, the sludge may thicken much better than
non-chemical activated sludge (85,86). Anionic polymers can often
improve the thickening and dewatering properties of chemical
sludges.

For efficient chemical usage, feed rates must be adjusted to
match changes in wastewater flow and composition.

4.4.,4 Handling Chemical Sludges

Most of the common sludge treatment processes can be used with
chemical sludges: thickening, stabilization by digestion,
incineration, etc. This section summarizes information on
stabilization and alsoc on recovery of chemicals and by-products.
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4,4.,4.1 Stabilization

Lime sludges may be stabilized by a small additional dose of
lime. Lime stabilization may also be used for aluminum and iron
sludges. The lime improves dewatering of these sludges by acting
as a conditioning agent. Chapter 6 discusses lime stabilization
of chemical sludges. Dewatered lime-stabilized sludges can
usually be buried in sanitary landfills.

Digestion of mixed biological-chemical sludges is generally
feasible. Pure chemical sludge will not digest. Studies done
in 1974 and 1978, however, note significant reductions in
digestibility as chemicals were added to sludge; the studies
investigated the addition of aluminum, iron, and polymer (87,88).

4.4.4.2 Chemical and By-product Recovery

Where lime use results 1in calcium carbonate formation, it may
be feasible to recover lime by recalcination. Tertiary lime
treatment, as practiced at the South Lake Tahoe, California,
plant is well suited to lime recovery; a recalcination process

has been operated there for several years. Where lime is added
to raw wastewater, lime recovery is more difficult but still
possible. Lime recovery does not reclaim all of the calcium,

as some 1is always lost with the phosphate, silica, and other
materials that must be removed from the system. Lime recovery
reduces but does not eliminate the amount of residue for
disposal. Feasibility of lime recovery depends on plant size,
amount of calcium carbonate formed, cost of new lime, and cost of
sludge disposal (81,82).

4.5 Elemental Analysis of Various Sludges

As a rule, almost anything can be found in sludge. This section
describes trace elements in all types of sludge. Data on
concentrations of the 74 elements found in wastewater sludge are
included in References 89-95.

4.5.1 Controlling Trace Elements

It is a basic principle of chemistry that elements are not
created or destroyed but chemically recombined. Therefore, the
mass of each element entering a treatment plant fixes the mass
that either accumulates within the plant or leaves it. The
mass leaving the plant does so in gaseous emissions, effluent,
a special concentrated stream, or sludge. Extracting toxic
elements from sludge appears to be impractical; source control is
the most practical way to reduce toxicants.
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Irace olements are present in industrial process waste,
industrial waste spills, domestic water supply, feces and urine,
and detergents. Additional trace elements are derived from:

®¢ Chemicals in photographic solutions, paints, hobby

plating supplies, dyes, and pesticides used in households
and commercial enterprises.

e Storm inflow (this 1is particularly true for lead from
gasoline anti-knock compounds).

® Corrosion of water piping, which contributes =zinc,
cadmium, copper, and lead (96).

¢ Chemicals used 1in wastewater treatment, sludge
conditioning, etc. Table 4-13 shows an analysis of
ferric chloride, which 1is an industrial by- product
(pickle liquor) of wastewater solids treatment.

R
&

TABLE 4-13

METALS IN FERRIC CHLORIDE SOLUTIONS (97)

_ Constituent Concentrat}onlwmg/l?___
Cadmium 2 - 3.5
Chromium 10 - 70 ,
Copper 44 - 14,200
Iron 146,000 - 188,000
Nickel , 92 - 6,200
Lead : 6 - 90
Silver 2

Zinc 400 - 2,150

qThree different liguid sources were
analyzed (43 percent FeCl3y).

The quantity of toxic pollutants may be significantly reduced

by source control. At Los Angeles County, metal finishing
industries were a major source of cadmium, chromium, copper,
lead, nickel, and zinc. A source control program was developed

in cooperation with the local Metal Finisher's Association. This
program was quite successful, as shown in Table 4-14, by the
general downward trend in wastewater concentrations over time,



TABLE 4-14
PROGRESS IN SOURCE CONTROL OF TOXIC POLLUTANTS (98)

Concentration in mg/l in influent wastewater

Wastewater January-June July-December January-June July-September October-December January
pollutant 1975 1975 1976 1976 1976 ) 1977

Cadmium 0.037 0.031 0.029 0.033 0.027 0.019
Chromium .70 0.73 .78 0.61 .47 .43
Copper .45 0.45 .45 0.33 .34 .30
Lead .40 0.31 .34 0.28 .32 .34
)
1

OO OO

Nickel .31 0.33 .35 .34 .27 .21

Zinc .37 .41

HFOOOO
~Ooooo
~ OO 0O

.55 1.48

.29 .17

Note: Data for Joint Water Pollution Control Plant, Los Angeles County,
California; weekly composite samples. (13).

Occasionally, elements can be converted from a highly toxic form
to a less toxic form in wastewater treatment. Chromium is a good
example of this, 1In its hexavalent form, it is highly toxic, but
may be converted to the less toxic trivalent form in secondary
treatment.

4,5.2 Site-Specific Analysis

The elemental compositions of various sludges differ from one
another. If sludges are to be reused, they should be analyzed
for a number of elements. The importance of site-specific
analysis of sludges varies with the size of the project,
regulatory requirements, industrial activity, and the type of
reuse desired. A sampling program should recognize that:

¢ One plant's sludge may have 100 times or more of a
certain element than another plant's.

®¢ There may be major variations between samples at the same
plant. A single grab sample may produce misleading
results. Careful attention to sampling and statistical
procedures will tend to reduce the uncertainty. A
detailed report on such procedures is available (99).

®¢ Estimates of trace element sludge contamination based
on wastewater analysis are usually less useful than
estimates based on sludge testing. However, 1f an
element can be measured in the influent wastewater and if
flow rates are known, then a mass load (lb or kg per day)
may be computed. For purposes of estimating sludge
contamination, it is reasonable to assume that large
trace amounts of cadmium, copper, and zinc appear in the
sludge. Analyses of sludge and supernatant samples from
a facultative sludge lagoon have shown that there is a
tendency for nickel and lead to be gradually released
from the sludge to the liquid phase (97).

¢ Sludge samples should be analyzed for percent solids
and percent volatile as well as for trace elements.
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4.5.3 Cadmium

Because it.is often found in amounts that limit sludge reuse as a
soil conditioner, cadmium is a critical element. 1If sludge
containing cadmium is applied to agricultural cropland, some
cadmium may enter the food chain. It has been argued, with
much controversy, that the normal human dietary intake of cadmium
1s already high in comparison to human tolerance limits and
that sources of additional cadmium should be strictly limited
(100,101). Table 4-15 summarizes reports on cadmium in sludge.

Chapter 18 includes a discussion of the control of sludge

application rates for the purpose of limiting cadmium levels in
soll and crops.

_ . Additional information on this subject is
provided 1n reference 90.
TABLE 4-15
CADMIUM IN SLUDGE
Concentration, mg/dry kg
Standard Number of
Type of sludge Location Mean deviation Median Range samples Reference
Digested 12 U.S. cities 89 72 65 6.8 - 200 12 89
Heat dried 4 U.S. cities 150 200 67 15 - 440 4 89
Anaerobic Various U.S. 106 - 16 3 - 3,410 98 90
"Other" Various U.S. 70 - 14 4 - 520 57 90
Not stated 42 cities in England, - - <200 <200 - 1,500 42 91
Wales (7 >200)
Incinerator ash palo Alto, California 84 - - 68 - 99 2 92
Digested Chicago (Calumet) - - - 10 - 35 - 93
Digested waste~acti- Chicago (West-Southwest) 340 - - 43 102
vated
Dewatered digested Seattle (West Point) 48 - - - 100 94
primary _ b approximate
Digested Cincinnati (Millcreek) 130 51 - - 25 95
Raw Several U.S. cities 30 15 20 - 20 95
Digested About 25 U.S. cities 75 104 31 9 - 550 80 95
Raw primary Los Angeles (Hyperion} 39 - - - - 103
Mesophilic digested Los Angeles (Hyperion) 140 - - - - 103
Thermophilic digested Los Angeles (Hyperion)C 120 - - - - 103
Waste-activated Los Angeles (Hyperion)c 110 - - - - 103
Anaerobically digested Chatham, Ontario€ 2.6 1.4 1.8 0 - 1o 225 99
chemical and waste-
activated (3.9 per-
cent average solids) c
Anaerobically digested Simcoe, Ontario 78 5 72 66 - 110 198 99
chemical and waste-
activated (3.2 per-
cent) c
Anaerobically digested Tillsonburg, Ontario .9 1 9 7 - 12 40 99
chemical and waste-
activated (4.2 per-
cent)
Paw primary sacramento, California 2.8 1.1 2.6 1.4 - 4.2 Sd 97
(Northeast)
Raw primary Sacramento (Rancho 3.0 1.4 2.6 1.2 - 4.5 5d 97
Cordova)
Raw primary Sacramento (Natomas) 3.5 1.1 3.6 2.2 - 5.1 5d 97
Raw primary and bio- Sacramento (Highland 4.1 1.3 3.8 2.8 - 5.9 5d 97
filter Estates)
Raw primary and bio- Sacramento (County Sani- 3.6 3.3 2.5 1.0 - 9.1 5d 97
filter tation District 6)
Raw primary and bio- Sacramento (Meadowview) 3.1 1.0 2.6 2.3 - 4.4 5d 97

filter

a R
Geometric mean.

Spread factor for use with geometric mean.

o] . N .
Concentrations reported on wet weight basis and converted

to dry weight basis.
d

Weekly composites of daily samples.



TABLE 4-15

CADMIUM IN SLUDGE (CONTINUED)

Concentration, mg/dry kg

] Standard Number of
Type of sludge . o Location Mean deviation Median Range samples Reference

Raw primary and bio- Sacramento (City Main) 10.5 2.0 11 7.6 - 13 sd . 97
filter B

Waste activated Sacramento (Arden) 5.4 2.6 6.7 2.3 - 7.7 sd 97

Raw primary and waste- Sacramento (Rio Linda) 9.7 2.9 9.1 6.2 - 14 Sd 97
activated

Raw primary Sacramento {(County 29 28 12 8.3 - 72 . Sd 97

Central) 3

Anaerobically digested North Toronto, Ontario 29 9 - - 760 104
ferric chloride R )

Anacrobically digested Point Edward, Ontaric 8.5 1.9 - - 61 104
chemical {(mostly alum) .

Anaercobically digested Newmarket, Ontario 7.5 4.2 - - 59 104
lime

Anaerobically digested Sarnia, Ontario 76 21 - - 40 104

ferric chloride

8Geometric mean.
bSpread factor for use with geometric mean.

Cconcentrations reported on wet weight basis and converted
to dry weight basis. :

dWeekly composites of daily samples.

4.5.4 Increased Concentration During Processing

Toxic elements often are non-volatile solids that remain in
sludge after volatile solids have been removed. Removal of
volatile solids such as organic matter increases the concentra-
tion of non-volatile components, expressed on a dry weight basis.
Table 4-16 shows this effect for four metals at one plant. This
increased concentration may be important if sludge reuse is
desired and 1if regulations limit reuse for sludge that contains
contaminants that exceed certain concentrations.

TABLE 4-16
INCREASED METALS CONCENTRATION DURING PROCESSING

Concentration, mg/kg dry weight

Anaerobically digested

Raw primary sludge sludge Lagooned sludge
Element ’ (79 percent volatile) (68 percent volatile) (56 percent volatile)

Chrcmium 110 160 220

Copper 200 340 450

Nickel 46 63 65

Zinc 620 930 1,400

Number of samples (5) (2) (30)
Note: 1977 data, Sacramento County Central treatment plaﬂt, Ccalifornia. anaerobic
digesters also receive thickened waste-activated sludge (metals content not

measured) .
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4.6 Trace Organic Compounds in Sludge

Several of the trace organic compounds found in sludge, for
example, polychlorinated biphenyls (PCBs), are toxic, slow to
decompose and widely distributed in the environment. Table 4-17
guantifies the amount of Aroclor 1254, a common PCB, found in
sludge. Three other PCBs, Aroclors 1242, 1248, and 1260, have
also been found in sludge (105,107,108). 1In 1970, the production
of PCBs for several end uses was halted in the United States
and was completely phased out in 1977. As of 1979, imports of
PCBs are prohibited except for a few special purposes. It is
anticipated that these measures will help to reduce PCB levels in
sludge. However, products containing PCBs are still in use, and
these chemicals are widely distributed, so that several years may
elapse before PCBs become undetectable in sludge.

TABLE 4-17
AROCLOR (PCB) 1254 MEASUREMENTS IN SLUDGE

Average
concentration of
samples with
compound detected

Wet Dry
basis, basis, Number of Samples with Year of sample
Sludge type Location ug/1 mg/kg samples compound detected collection Reference
Undigested Hamilton, Ontario 81 - - - 1976 105
Undigested {(with Al) Kitchener, Ontario 110 - - - 1976 -
, Undigested (with Ca) Newmarket, Ontario 74 - - - 1976 -
Undigested (with Fe) North Toronto, Ontario 120 - - - 1976 -
Raw primary Sacramento, CA (North- 50 1.6 5% 1 1977 97
east)
Sacramento, (Natomas) 60 1.5 52 1 1977 -
Sacramento (County 80 1.8 5% 5 1977 -
Central)
Ras primary and biofilter Sacramento, {(City Main) 80 3.8 Sa 4 1977 -
Sacramento (County Sani- 50 2.0 52 . 1 1977 -
tation District 6)
Sacramento (Meadowview) 50 2.4 52 2 1977 -
Raw primary and waste Sacramento (Rio Linda) 90 3.5 5® 3 1977 -
activated
Lagooned digested primary Sacramento (County 270 4.8 30 3C 1977 106
and waste activated Central)
Digested 10 U.5. cities - 3.9 10 9 1971-1972 89

Heat dried 4 U.5. cities - 9.3 4 4 1971-1972 -

aWeekly composite of daily samples.

Because of their fat-soluble nature, PCBs tend to concentrate
in skimmings and scum at wastewater treatment plants. The
conventional procedure of introducing skimmings 1into the
digester can cause higher concentrations of PCBs in the final
sludge. Alternative disposal procedures for skimmings, such as
inc