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DEDICATION

Professor William Wesley Eckenfelder, Jr., D. Sc., PE., DEE
(November 15, 1926—-March 28, 2010)

The editors of the Handbook of Environment and Waste Management dedicate this
volume to the loving memory of Professor William Wesley Eckenfelder, Jr. D. Sc.,
PE., DEE, Distinguished Professor of Environment and Water Resources Engi-
neering, Vanderbilt University, Nashville, Tennessee, the USA. Prof. Eckenfelder
passed away on March 28, 2010, in Nashville, Tennessee, the USA. He was 83. He
was born in New York City on November 15, 1926, and graduated from high school at
age 16. He received bachelors’ degree in civil engineering from Manhattan College
in 1946. He earned a masters’ degree in sanitary engineering from Pennsylvania
State University in 1948, and a masters’ degree in civil engineering from New York
University in 1954. He also pursued post-graduate studies at North Carolina State
University and Pennsylvania State University. He was deemed the godfather of indus-
trial wastewater management by his colleagues, former students, and peers. He was
an Environmental Engineering Professor at Manhattan College, New York, the USA,
the University of Texas at Austin (1965-1969), Texas, the USA, and Vanderbilt
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University (1969-1989), Nashville, Tennessee, the USA. He was the best professor
and mentor to his students. His office door is always open for his students. He was
very caring and helpful to his students. He has touched and changed the lives of
his students. He will be missed by all of his students. He was the Ph.D. dissertation
supervisor of Prof. Yung-Tse Hung, the editor of Handbook of Environmental and
Management. Prof. Hung received excellent preparation for his university teaching
career from Prof. Eckenfelder. Prof. Hung was Prof. Eckenfelder’s last Ph.D. student
at the University of Texas at Austin in 1970 and has the same birthday of November 15
as of Prof. Eckenfelder.



PREFACE

The environmental system has existed from the earliest time that life in its
primitive forms appeared on this planet of earth. Before the civilization, many
animal and plant species emerged, evolved, or become extinct, as environmental
system changed. The earth generally purified itself by its unique self-purification
process and the availability of natural resources remained unchanged. Civilization
has created environmental pollution, especially after the industrial revolution.
Air, water, and land in some industrial and developing countries have been
heavily polluted to an unacceptable level that Mother Nature can no longer be
able to purify itself. As a result, the renewable resources, such as farm lands,
rain forests, surface water supplies, groundwater supplies, ocean/lake fisheries,
and watersheds, are contaminated by the human activities rapidly. The nonre-
newable resources, such as coal, oil, natural gases, metallic ores, and rare non-
metallic ores, are consumed or wasted at an ever-increasing rate and will be
exhausted in a few decades, if proper conservation actions are not taken in a
timely manner. Radioactive pollution is extremely serious because the normally
renewable resources, such as land and groundwater, could become nonrenewable
and be almost forever gone, if contaminated by high-level radioactive wastes. Oil
and hazardous substances spills on land or in ocean may endanger the ecosystem
for a very long time. Destruction of ozone layer by the chlorinated hydrocarbons
will increase the dangerous UV exposure. Burning fossil fuels at the current
rate will cause global warming and climate changes, in turn, causes the chain
reactions of ice melting, land flooding, desert formation, hurricanes, tornadoes,
species extinction, ocean current diversion, and perhaps even arrival of another
ice age.

Once upon a time, fresh air, palatable water, and beautiful clean land were taken
by people for granted worldwide. In many heavily polluted regions now, drinking
bottle water instead of tap water has become routine. It would be horrible if one day
the human beings would face the situations that (a) the air is contaminated by toxic
substances, so we must breath air from the pressurized cylinders; (b) the ozone layer
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in the sky is destroyed, so we must all wear the sun glasses and special clothing
for protection of eye sight and skin, respectively, from the excessive UV lights;
(c) the surface and ground water resources are contaminated by acid rain, toxic
organics, and heavy metals, so we lose potable water supplies, fisheries, irrigation
values, or recreation values; (d) the ocean is polluted by oil spills and ocean waste
disposal, so we lose ocean fisheries, aquatic species, beautiful coastal areas, etc.;
(e) the land and groundwater are polluted by hazardous substances and solid wastes,
so the contaminated sites are no longer inhabitable; and (f) the continuous release
of green house gases to the air to cause global warming and climate changes, so we
lose lands, many animal and plant species, and may even lose human species if the
ice age arrives.

The two volumes of the Handbook of Environment and Waste Management
series have been developed to deal with the aforementioned environmental pollution
problems and to provide proper treatment and waste management solutions. Specifi-
cally, the entire handbook series is a comprehensive compilation of topics that are at
the forefront of many of the technical advances and practice in controlling pollution
in air, surface water, groundwater, and land. The text covers biological, physical,
chemical, agricultural, meteorological, medical, radioactive, and legal aspects of
environmental engineering. Each volume covers basic and advanced principles and
applications and includes figures, tables, examples, and case histories.

Internationally recognized authorities in the field of environment and waste
management contribute chapters in their own areas of expertise. The authors who
were invited to contribute to this handbook series include the environmental experts
from the USA, China, Malaysia, Jordan, Iran, Nigeria, Turkey, Brazil, India, Spain,
Cuba, Singapore, Ukraine, France, Australia, Taiwan, Canada, Egypt, Russia, and
Poland. The editors believe that the unified interdisciplinary approach presented in
the handbook is a logical step in the evolution of environmental pollution control and
hope that the handbook series becomes a one-stop reference source for readers to get
all necessary technical information on air, water, and land resource managements.

This particular book, Volume 2, Land and Groundwater Pollution Control, deals
with mainly with control technologies and methods for management of land and
groundwater resources and is a sister book to Volume 1, Air and Water Pollution
Control. This book (Volume 2) covers the subjects of biosolids management, sludge
management, solid waste disposal, landfill liners, beneficial reuse of waste products,
recycling of foundry sand as construction materials, stabilization of brown coal
fly ash using geopolymers, municipal solid waste recovery, reuse of solid wastes
as construction materials, biological methods for toxicity evaluation of wastes
and waste-amended soils, groundwater contamination at landfill site, remediation
of contaminated groundwater, radioactive pollution and control, plastics waste
management, and water utility sludge management.
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The sister book, Volume 1, Air and Water Pollution Control, deals mainly
with control technologies and methods for management of air and surface
water resources. The sister book introduces the subjects of air pollution and its
control, air quality modeling and prediction, air biofiltration for odor treatment,
drinking-water-associated pathology, wastewater disinfection, chemical and pho-
tochemical advanced oxidation processes, membrane separation for water and
wastewater treatment, municipal wastewater treatment and reuse, agricultural irri-
gation, combine sewer overflow treatment, storm water management, biological
wastewater treatment, aerobic granulation process, sequencing batch reactors, envi-
ronmental impact assessment on aquatic pollution, decentralized sewage treatment
technologies, wetland waste treatment technologies, land waste treatment tech-
nologies, landfill leachate treatment and management, river and lake pollution
control, dye wastewater treatment, olive oil manufacturing waste treatment, medical
waste management, environmental enzyme technology, various microorganisms for
environmental biotechnology processes, and flotation technologies.

The editors are pleased to acknowledge the encouragement and support received
from their colleagues and the publisher during the conceptual stages of this endeavor.
We wish to thank the contributing authors for their time and effort and for having
patiently borne our reviews and numerous queries and comments. We are very
grateful to our respective families for their patience and understanding during some
rather trying times. The editors are especially indebted to Mrs. Kathleen Hung Li,
who is the daughter of Chief Editor Yung-Tse Hung, and was a manager of the
Texas Hospital Association, Austin, Texas, for her services as consulting editor of
this handbook series.

Yung-Tse Hung, Ohio, the USA
Lawrence K. Wang, New York, the USA
Nazih K. Shammas, California, the USA
Kathleen Hung Li, Texas, the USA
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Abstract

Managing biosolids and wastewater is not an easy task. Requirements for higher
degrees of wastewater treatment can increase the total volume of biosolids gen-
erated. The biosolids management options would be much complicated when the
combination of more biosolids quantities, mixtures of biosolids, and increasing
regulatory requirements have to be considered. In most of the treatment facil-
ities, a large portion of total operating and maintenance costs is allocated for
biosolids processing and disposal. This chapter will discuss in depth about biosolids
management starting from the generation of the biosolids until they are ready
to be reused or disposed of. The technological topics covered are biosolids pro-
duction, classification of biosolids (primary, chemical, biological, other wastewater
biosolids, etc.), biosolids treatment and processing (thickening, stabilization, con-
ditioning, and dewatering), land application, and finally the use and disposal of
biosolids.

Keywords: Biosolids, classification of biosolids, biosolids management, biosolids
treatment and processing, land application, use and disposal.

1. Introduction

1.1. Biosolids

Biosolids, which is also referred as sewage sludge, can be defined as the residual
solids generated from the processing of domestic wastewater that meet the regu-
latory requirements for recycling.! In most cases, this product can be used ben-
eficially. Generally, domestic wastewater consists of wastes in the form of liquid
produced from residences, businesses, and institutions. Any of the materials that
enter the municipal wastewater collection system finally end up into biosolids. It
is known that biosolids are rich in nutrients and are good source of natural fer-
tilizer to stimulate plant growth or soil amendment to enhance the land. Normally,
biosolids contain significant quantities of water, organic matter, nutrients, and trace
elements. According to U.S Environmental Protection Agency, biosolids contain
about 93-99% of water, solids, and dissolved matters present in the wastewater
or added during wastewater or biosolids treatment processes.> Meanwhile, animal
manures, untreated septage, municipal solid waste (MSW), untreated wastewater
sludges, hazardous wastes, industrial waste, grit, and screenings removed during the
initial wastewater treatment process are the substances that are not included under
biosolids. The presence of biosolids in the wastewater treatment facility is influenced
by the raw sewage that enters the unit that may be contaminated by the chemicals,
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microorganisms, and also the heavy metals. If the biosolids produced will be used
as a fertilizer, we should know and control the contaminants entering the wastewater
treatment plant (WWTP).

1.2. Biosolids Production

Biosolids are produced during the wastewater treatment. The wastewater treatment
can begin before the wastewater reaches the treatment plant. Generally, before
the wastewater is released to the WWTP, the wastewater must be pretreated first
in order to remove any hazardous contaminants including metals such as copper,
lead, cadmium, and chromium and other pollutants. Over the past 20 years, pre-
treatment and pollution prevention programs have reduced the level of metals and
other pollutants going into WWTP. This can help to improve the quality of biosolids
produced.?

Once the wastewater reaches the WWTP, it will undergo preliminary, primary,
secondary, and tertiary treatment. Table 1 lists the types of wastewater treatment

Table 1. Types of Wastewater Treatment and Types of Biosolids Produced.?

Wastewater Treatment Level Types of Biosolids Produced

Screening and grit removal (preliminary treatment)
Wastewater screening removes coarse solids that ~ Screenings and grit are handled as a solid waste
can interfere with mechanical equipment. Grit and nearly always landfilled.
removal separates heavy, inorganic, and
sand-like solids that would settle in channels
and interfere with treatment processes.

Primary wastewater treatment

Usually involves gravity sedimentation of Biosolids produced at this stage usually contain
screened and degritted wastewater to remove 3-7% solids. Normally, water content can be
SS before secondary treatment. easily reduced by thickening or dewatering.

Secondary wastewater treatment

Involves biological treatment process such as Biosolids produced usually have a low solids
suspended growth or fixed growth system. content (0.5-2%). The products are more
During the biological treatment, difficult to thicken and dewater compared to
microorganisms are used to reduce BOD and primary biosolids.
remove SS.

Tertiary wastewater treatment

Common types of tertiary treatment include Lime, polymers, iron, or aluminum salts used in
biological and chemical precipitations. The tertiary treatment produce biosolids with
processes are used to remove nitrogen and varying water-absorbing characteristics.

phosphorus.
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and the types of biosolids produced after each treatment. Basically, the quantity and
characteristics of the biosolids produced at the WWTPs depend on three important
factors that include the composition of wastewater, the type of wastewater treatment
used, and the type of treatment applied to the biosolids. Generally, the total volumes
of biosolids generated are influenced by the degrees of wastewater treatment. The
higher the level of treatment is, the higher will be the concentrations of contaminants
produced in the biosolids. This is because most of the components removed from the
wastewater finally end up in the biosolids. Besides that, the addition of chemicals
to precipitate solids for example ferric chloride, lime, or polymers can increase
the concentrations of these chemicals in the biosolids produced at the end of the
process. Indirect effects also can occur such as when alum (aluminum hydroxide)
adsorbs trace metals such as cadmium to precipitate out of the wastewater and into
the biosolids. Thus, the type of wastewater treatment or pretreatment used will affect
the characteristics of biosolids and also can affect the types of biosolids treatment
chosen.

1.3. Why Biosolids Need to be Treated?

The biosolids produced can harm and damage when they are released to the envi-
ronment without proper treatment. In order to treat them, we must have a system to
treat the volume of material removed. In addition, releasing the wastewater solids
without any treatment would prevent the purpose of environmental protection from
being achieved. There are a few treatment systems that can be used to treat the
wastewater solids. The purpose of treatment will be the same where to convert the
wastewater solids into a form that can be disposed of without giving any harm to
the environment or creating inconvenience conditions. In this case, it does not matter
what the system or combination of systems chosen for the treatment.

Of the constituents removed during wastewater treatment processes, biosolids
are the largest by volume, creating a complex problem for their treatment and dis-
posal. Typically, biosolids contains organic matter (protein, carbohydrates, fats, oils,
greases, chemicals, etc.), pathogens and microorganisms (bacteria, viruses, para-
sites, etc.), heavy and toxic metals, and toxins that include pesticides, household,
and industrial chemicals.® All of these will give a risk and hazards to humans and
the environment. In order to overcome these problems, it is important to treat the
biosolids in a proper manner. The followings are the objectives of biosolids treatment:

reduction or stabilization of organic matter,

reduction in volume and weight,

destruction of pathogenic microorganisms and bacteria,
removal of toxic elements (heavy metals),
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e removal of odor, and
e preparation of biosolids for further utilization or disposal.

1.4. The Importance of Biosolids Management

Generally, managing biosolids and wastewater is not an easy task. In addition,
biosolids management also involves a lot of money to be spent. The greater volumes
of biosolids will be produced as higher degrees of wastewater treatment have been
required. The biosolids management options would be much complicated when the
combination of more biosolids quantities, mixtures of biosolids, and increasing reg-
ulatory requirements have to be considered. In most of the treatment facilities, a large
portion of total operating and maintenance costs is spent for biosolids processing
and disposal.

Biosolids generation and management methods generally depend on the
following four factors?:

i. sources, quantities, and characteristics of the wastewater,

ii. treatment processes (thickening, stabilization, conditioning, and dewatering),
iii. regulatory public health and environmental considerations, and
iv. performance and costs.

In addition, general considerations and factors in overall biosolids management are
listed as below?:

e Production and properties of biosolids
The production and properties of biosolids are mainly contributed by operations
such as primary, secondary, and chemical treatments or as well as grit and scum
removal and screenings

e High-temperature processes
These include flash drying, rotary kilns, incineration, starved air combustion, and
cogeneration.

e Thickening
This process consists of gravity thickening, floatation thickening, centrifugal
thickening, gravity belt thickening, and rotary drum thickening. All processes
play a major role in sedimentation, clarification, flotation, and centrifugation the
biosolids.

e Drying

e Stabilization
This includes the processes such as alkaline stabilization, anaerobic digestion
(AD), aerobic digestion, composting, and heat drying.

e Composting
This process consists of windrow, aerated static piles, and mechanical/in-vessel
methods
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e Disinfection
This process includes thermal, chemical, and irradiation processes.
e Conditioning
This process involves inorganic, organic, elutriation, and thermal techniques.
e Dewatering
This process includes drying beds, lagoons, and centrifuges.
e Utilization
This includes cropland, land reclamation, fuel, and raw material recovery.
e Disposal
This process consists of landfilling, dedicated land disposal (DLD), and ocean
disposal.

2. Classification of Biosolids

2.1. Introduction

Basically, the generation of wastewater is not only comes from the domestic use,
but also comes from the commercial activities, residential areas, and from the
industrial sectors. Therefore, the characteristics of wastewater produced will vary
from one activity to other. The treatments of wastewater by using various methods
such as physical, chemical, and biological processes to eliminate organic and inor-
ganic substances result in the production of biosolids that will vary in quantity and
characteristics.

Generally, most biosolids undergo additional treatment on site before they are
used or disposed of to meet regulatory requirements that protect public health and
the environment, facilitate handling, and reduce costs. Biosolid characteristics can
determine a choice of use or disposal methods. To treat and dispose the biosolids
that are produced from the WWTP in the most effective manner, it is important to
know the characteristics of the biosolids that will be processed. The characteristics of
biosolids produced will vary and depends on the origin of the solids and biosolids, the
amount of aging that has taken place, and the type of processing that they have been
required.* Typically, the biosolids produced from the wastewater treatment process
can be classified as primary, biological, and chemical biosolids.>*¢ Biosolids usually
consist of settleable solids such as fecal materials, silt, fibers, biological flocs, food
wastes, organic and inorganic compounds, heavy metals, and trace minerals.

2.2. Primary Biosolids

Primary sedimentation has been used widely throughout the world in most WWTPs
to remove readily settleable solids from raw wastewater. It was found that the dry
weight of primary biosolids is about 50% of the total sludge solids that was produced
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from a treatment plant equipped with primary sedimentation and a conventional
activated sludge process for secondary treatment. Usually primary biosolids are
easier to manage compared to biological and chemical biosolids and the reasons are
as follows:

e Primary biosolids are readily thickened by gravity.

e Primary biosolids with low conditioning requirements can be mechanically dewa-
tered rapidly.

e The dewatering device will produce a drier cake and it will give better solids
capture than the biological and chemical biosolids.

2.2.1. Primary Biosolids Production

Typically, primary biosolids production is within the range of 100-300 mg/L. of
wastewater. There are two basic approaches to estimate primary biosolids production
that include: (1) computing the quantity of total suspended solids (TSS) entering the
primary sedimentation tank and (2) assuming an efficiency of removal. Usually,
estimates of 0.07-0.11 kg/capita/day of TSS are commonly used when site-specific
data are not available.> Meanwhile, the removal efficiency of TSS in the primary
sedimentation tank is usually in the range of 50-65%.* For estimating purposes,
the removal efficiency of 60% is commonly used. This is subjected to the following
conditions:

e The biosolids are mainly produced from a domestic wastewater treatment without
major industrial loads.

e The biosolids did not contain chemical from the coagulation and flocculation
process.

e No other biosolids have been added to the influent wastewater such as trickling
filter biosolids.

e The biosolids did not contain major sidestreams from biosolids processing;
for example, digester supernatant, elutriate, and filtrates or centrates and other
biosolids such as waste-activated sludge (WAS).

2.2.2. Factors Affecting the Removal of Solids

There are several factors that can affect the removal of solids in primary sedimen-
tation, which include:

2.2.2.1. Industrial waste effect

The efficiency of suspended solids (SS) removal in primary sedimentation is depends
on the nature of the solids. It is difficult to predict about the effect that industrial
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SS can have on removal efficiency. This effect can be seen in the example involved
the North Kansas City Wastewater Treatment Plant in Missouri. This plant serves
residential areas and numerous major industries such as food processing, paint man-
ufacturing, soft-drink bottling, paper manufacturing, and grain storage and milling.
It was found that the raw wastewater that enters the plant had a 15-day average SS
concentration of 1,140 mg/L that is produced by the industries. About 90% of these
solids have been removed from the primary sedimentation. The quantity of primary
sludge was about 1,000 mg/L of wastewater treated while on day 2, the removal
exceeded 1,700 mg/L.”

2.2.2.2. Ground garbage effect

The use of home garbage grinders can contribute to the increase of the SS load in
the WWTP. These solids are largely settleable. It was estimated that the use of home
garbage grinders can increase the primary biosolids production in the range of 25%
t0 50%.5

2.2.2.3. Other biosolids and sidestreams

Basically, the amount of biosolids discharged from the primary sedimentation tank is
increased when biosolids treatment process sidestreams such as digester supernatant,
elutriate and filtrates or centrates, and other biosolids such as WAS are recycled to the
primary sedimentation tank. The measurement of solids quantity that entering and
leaving the primary clarifier by all streams is an important tool for estimating primary
biosolids production when recycled biosolids and biosolids process sidestreams con-
tribute large quantities of solids.

2.2.2.4. Chemical precipitation and coagulation

During the coagulation process, chemicals such as aluminium sulfate or ferric
chloride are usually added into the raw wastewater to remove phosphorus or to
coagulate the SS. This will result in the formation of a large quantity of chemical
precipitates. The quantity of chemical precipitates produced during this treatment
depends on several factors such as the type and amount of chemical added, chemical
constituents in the wastewater, and performance of the coagulation and clarification
processes. However, it is difficult to predict accurately the quantity of chemical solids
that will be produced. In most of wastewater laboratory, jar test is found to be the
most suitable test to estimate the chemical biosolids quantities. Table 2 lists the quan-
tities of SS and chemical solids removed in a primary sedimentation tank. During
this treatment, the chemicals such as lime, aluminium sulfate, or ferric chloride are
added into the raw wastewater.
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Table 2. Quantities of Suspended and Chemical Solids Removed in a Primary Sedimentation Tank.

Chemical Addition?
Solids Type No Chemical Addition®  Lime® Alumd  Ferric Chloride®
Suspended solids, (Ib/MG) 1041 1562 1562 1562
Chemical solids, (Ib/MG) — 2082 362 462
Total sludge production, (Ib/MG) 1041 3644 1924 2024
(kg/m3) (0.13) 0.44)  (0.23) (0.24)

aAssume 10 mg/L influent phosphorus concentration (as P) with 80% removed by chemical precipi-
tation.

bAssume 50% removal of 250 mg/L influent TSS in primary sedimentation.

€125 mg/L Ca (OH); added to raise pH to 9.5.

4154 mg/L Al, (SO4)3 - 14H,0 added.

¢ 84 mg/L FeCl3 added.

Note: Assume no recycle streams (for example, recycle of WAS to primary sedimentation, digester,
supernatant, etc.). Secondary solids production would be cut from 833 Ib/MG without chemical
addition to 312 1b/MG with chemical addition in this plant.

2.2.2.5. Peak loads

Generally, peak rates of primary biosolids production can be several times the
average. In addition, peak solids production levels also vary from one plant to other.

2.2.3. Characteristics of Primary Biosolids

Basically, most primary biosolids can be concentrated readily within the primary
sedimentation tanks. It is found that a concentration of 5-6% solids is accom-
plished when biosolids are pumped from well-designed primary sedimentation
tanks.* However, the concentration values that are higher or lower than 5-6% range
are common. The conditions that can affect the concentration of primary biosolids
are as follows>:

e The grit may be removed by passing the raw primary biosolids through cyclonic
separators if the wastewater is not degritted before it enters the sedimentation
tanks. However, if the biosolids concentrations exceed 1%, these separators do
not function properly.

e If the biosolids contain large amounts of fine nonvolatile solids such as silt, a
concentration of well over 6% may sometimes be achieved.

e Primary biosolids concentration is strongly affected by industrial loads produced
from the industrial activities.

e Under anaerobic conditions, primary biosolids may float or rise to the surface
of wastewater when buoyed up by gas bubbles. There are few conditions that
will encourage gas formation, which include warm temperatures, solids deposits
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within sewers, strong septic wastes, long detention times for wastewater solids
in the sedimentation tanks, lack of adequate prechlorination, and recirculating
sludge liquors. In order to prevent the septic conditions, it is necessary to limit the
storage time of biosolids in the sedimentation tanks. To achieve this, the frequency
and rate of primary biosolids pumping should be increased.

e A lower primary biosolids concentration will be produced if biological biosolids
are mixed with the wastewater.

Table 3 shows the characteristics of primary biosolids. The characteristics of
primary biosolids usually consist of several parameters such as pH, volatile acids,
heating value, specific gravity (individual solid particles), bulk specific gravity,
BODs/VSS ratio, COD/VSS ratio, organic N/VSS ratio, volatile content, cellulose,
hemicellulose, lignin, grease and fat, protein, nitrogen, phosphorus, and potash.
Other than these parameters, it was found that primary biosolids may also contain
with some grit, even though the wastewater has been processed through degritting.
In addition, the fragmented screenings appear in the primary biosolids when the
screenings are comminuted and returned to the wastewater flow. In addition to grit
and screenings, smaller plastic and rubber materials that pass through screens also
appear in the primary biosolids. Typically, primary biosolids also contain with over
100 different types of anaerobic and facultative species of bacteria. Besides that,
sulfate-reducing and -oxidizing bacteria, worm, fly eggs, and pathogenic microor-
ganisms are also present.

2.3. Chemical Biosolids
2.3.1. Introduction

In wastewater treatment process especially in industrial wastewater treatment, chem-
icals such as ferric chloride, alum, lime, or polymer are used widely to precipitate
the solids and to improve SS removal. The addition of chemicals can result in the
formation of chemical biosolids at the treatment plants. Most plants apply chemicals
to secondary effluent and use tertiary clarifiers to remove the chemical precipitates.
In certain cases, some treatment plants add the chemicals to a biological process.
Thus, chemical precipitates are produced and mixed with the primary biosolids or
biological biosolids. Chemicals can greatly influence the increasing of biosolids gen-
eration and it depends on the chemicals used and the chemicals addition rates. The
followings are several types of precipitates that are produced and must be considered
in measuring the total biosolids generation®3:

e Phosphate precipitates
These type of precipitates include AIPO4 or Al(H,PO4)(OH), with aluminum
salts, FePO,4 with iron salts, and Ca3(POy4), with lime.
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Table 3. Primary Biosolids Characteristics.
Range Typical
Characteristics of Values Value Comments
pH 5-8 6 —
Volatile acids, mg/L as acetic 200-2000 500 —
acid
Heating vale, Btu/lb (kJ/kg) 6800-10000 — Depends upon volatile content and
sludge composition, reported values
are on a dry weight basis
10285 Sludge 74% volatile
7600 Sludge 65% volatile
Specific gravity of individual — 1.4 Increases with increased grit, silt, etc.
solid particles
Bulk specific gravity (wet) — 1.02 Increases with sludge thickness and
with specific gravity of solids
1.07 Strong sewage from a system of
combined storm and sanitary sewers
BOD5/VSS ratio 0.5-1.1 — —
COD/VSS ratio 1.2-1.6 — —
Organic N/VSS ratio 0.05-0.06 — —
Volatile content (% by weight 64-93 77 Value obtained with no sludge
of dry solids) recycle, good degritting; 42
samples, standard deviation 5
60-80 65
— 40 Low value caused by severe storm
inflow
— 40 Low value caused by industrial waste
Cellulose (% by weight of dry 8-15 10 —
solids)
— 3.8 —
Hemicellulose (% by weight of — 3.2 —
dry solids)
Lignin (% by weight of dry — 5.8 —
solids)
Grease and fat (% by weight of 6-30 — Ether soluble
dry solids)
7-35 — Ether extract
Protein (% by weight of dry 20-30 25 —
solids)
22-28 — —
Nitrogen (% by weight of dry 1.5-4 2.5 Expressed as N
solids)
Phosphorus (% by weight of 0.8-2.8 1.6 Expressed as P,O5. Divide values as
dry solids) P05 by 2.29 to obtain values as P
Potash (% by weight of dry 0-1 0.4  Expressed as K»O. Divide values as

solids)

K»>O by 1.20 to obtain values as K

Note: 1 Btu/lb =2.32kJ/kg.
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e Carbonate precipitates
The precipitates produced are significantly related to lime treatment. The addition
of lime can result in the formation of calcium carbonate, CaCOs;.

e Hydroxide precipitates
The addition of iron and aluminum salts may result the formation of Fe(OH); or
AI(OH);. While, magnesium hydroxide Mg(OH), is formed when lime is added
in the treatment.

e Inert solids from the chemicals
These inert solids are most significant with lime. A few chemicals supplied in dry
form may contain significant amounts of inert solids. For example, if a quicklime
is 92% CaO, the remaining 8% may be inert solids that that will end up in the
biosolids.

e Polymer solids
Polymers are widely used in coagulation process as a primary coagulant. Besides
that, they play a significant role in order to improve the performance of other coag-
ulants. The addition of polymers in the wastewater during the treatment process
may contribute little to total mass. However, they can greatly improve clarifier
efficiency with an increase in biosolids production.

e SS from the wastewater
Process efficiency is affected by the addition of chemicals to a wastewater
treatment process.

Generally, the quantities of the various precipitates in chemical biosolids are deter-
mined by conditions such as pH, mixing, reaction time, water composition, floccu-
lation, wastewater flow, and chemical dosage.’ Besides that, changes in wastewater
chemistry may also affect the production of chemical biosolids.

2.3.2. Characteristics of Chemical Biosolids

The characteristic of chemical biosolids are mainly affected by the precipitated com-
pounds and also by the other wastewater solids. For example, the dewatering process
of a lime primary biosolids are much better and easier than the dewatering process
of a lime sludge containing large amounts of WAS solids. Generally, the addition of
lime during chemical treatment will produce biosolids that thickens and dewaters
better compared to the same biosolids without adding any chemicals. The primary
biosolid does not thicken or dewater as well as nonchemical biosolid when iron
or aluminum salts are added to the raw wastewater. It was found that iron sludges
dewater slightly more easily compared to aluminum sludges.® Meanwhile in an acti-
vated sludge, the sludge may thicken much better than nonchemical activated sludge
when the aluminum salts are added. It was found that the thickening and dewatering
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properties of chemical biosolids can be improved by using anionic polymers during
wastewater treatment.

2.4. Biological Biosolids
2.4.1. General Characteristics

Generally, biological biosolids are produced from the treatment processes such as
activated sludge, trickling filters, and rotating biological contactors. The metabolic
and growth rates of microorganisms will affect the quantities and characteristics
of biological biosolids. The quantity and quality of biosolids produced by the bio-
logical process are intermediate between that produced in non-primary systems and
that produced in full-primary systems in cases when fine screens or primary sedi-
mentation tanks with high overflow rates are used. Biological biosolids containing
with grit, plastics, papers, and fibers are produced at treatment plants lacking with
primary treatment. Normally, pure biological biosolids are produced at the treatment
plants with primary sedimentation unit. The method of operation of the clarifiers will
affect the concentrations and the volumes of biological biosolids produced. Typi-
cally, biological biosolids are more difficult to thicken and dewater compared to
primary biosolids and chemical biosolids.

2.4.2. Activated Sludge

The variations of an activated sludge include extended aeration, oxidation ditch,
pure oxygen, mechanical aeration, diffused aeration, plug flow, contact stabilization,
complete mix, step feed, nitrifying activated sludge, etc.*

The quantity of WAS is affected by two parameters, which include the dry weight
and the concentration of the biosolids. The dry weight of activated sludge production
may be predicted. The followings are the important variables in predicting WAS
production that include:

(i) the amounts of organics removed in the process,

(i1) the mass of microorganisms in the system,
(iii) the biologically inert SS in the influent to the biological process, and
(iv) the loss of SS to the effluent.

These variables can be used into two simple and useful equations:
Py = () (sy) — (ka)(M) (1)
WASr = P+ Iyy — Er, 2

where P, = net growth of biological solids (expressed as VSS), Ib/day or kg/day;
Y = gross yield coefficient, 1b/lb or kg/kg; S, = substrate (for example, BODS)



14 H.A. Aziz et al.

removed, Ib/day or kg/day; k; = decay coefficient, day~'; M = system inventory of
microbial solids (VSS) microorganisms, 1b or kg; WA Sy = WAS production, Ib/day
or kg/day; Iyy = non-VSS fed to the process, Ib/day or kg/day; and Er = effluent
SS, Ib/day or kg/day.

2.4.2.1. Factors affecting the production of WAS

The production of WAS is mainly affected by few factors such as:

sludge age and F:M ratio,
nitrification,

feed composition,

dissolved oxygen (DO) concentration,
temperature, and

feed pattern.

2.4.2.1.1. Effect of sludge age and F:M ratio

Equation (1) can be rearranged to show the effect of the sludge age (6,,).

M (sr)

= T 3
1+ (ka)(Om) )

X

where 6,, = sludge age, days.

Similarly, Eq. (1) also can be rearranged to show the effect of the food-to-
microorganism ratio
(F:M):

(ka)(sr)
(C)(F/M)’
where C, = coefficient to match units of s, and “F” in F:M; if 5, is BOD5 removed,
then C, is BODs removal efficiency (about 0.9) and F:M = food-to-microorganism
ratio.

The production of biological solids, P,, decreases when 6,, increases and F:M
decreases. Since biosolids handling is expensive, a lot of money have to be spent
for this purpose. To overcome this problem, high values of 8,, or low values of F:M
can be used to reduce the costs. Nevertheless, there are few ways to offset the cost
factor that include increasing the volume of aeration tank, increasing the oxygen
requirements for the aerobic biological system, etc.

Po=(M)(s) — @)

2.4.2.1.2. Effect of nitrification

Nitrification is the biological oxidation of ammonia with oxygen into nitrite fol-
lowed by the oxidation of these nitrites into nitrates. If we compare the nitrification
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process with other processes that are designed for carbonaceous oxidation only
(BODs and COD), stable nitrification processes occur at long sludge ages (6,,) and
low food-to-microorganism ratios (F:M). Furthermore, nitrification processes are
always preceded by other processes that remove much of the BODs and SS during
the treatment process. As a result, less WAS is produced in nitrification mode com-
pared to conventional activated sludge processes.

2.4.2.1.3. Effect of feed composition

The type of wastewater that is fed to the activated sludge process cause a major
influence on the gross yield (Y) and decay (k) coefficients. Most of industrial wastes
contain large amounts of soluble BOD5 but small amounts of suspended or colloidal
solids. These wastes normally have lower Y coefficients than that are obtained with
domestic primary effluent.

2.4.2.1.4. Effect of DO concentration

Different kinds of DO levels have been maintained in an activated sludge processes.
Solids production will increase at low DO concentrations such as 0.5 mg/L even
when other factors are constant in conventional activated sludge systems. However,
the use of pure oxygen instead of air will reduce biosolids production. This is because
high DO levels accomplished through the use of pure oxygen.

2.4.2.1.5. Effect of temperature

The biological activity is affected by the coefficients Y (gross yield) and k; (decay).
They vary due to the temperature of the wastewater.

2.4.2.1.6. Effect of feed pattern

There are various feed patterns for the activated sludge process including step
feeding, conventional plug-flow, contact stabilization, and complete-mix. However,
for design purposes, feed pattern should be ignored when estimating solids
production.

2.4.2.2. Concentration of WAS

Basically, the volume of biosolids produced by the process is directly proportional
to the dry weight and inversely proportional to the thickness or solids concentration
in the waste sludge stream. It was found that the values for WAS concentration can
vary. In practice, the concentration of SS is ranging from 1,000 to 30,000 mg/L or
0.1-3%. The method of biosolids wasting is an important variable that can affect
WAS concentration. Figure 1 illustrates a number of different methods of biosolids



16

H. A. Azizetal.

Feed Process effluent
——p|  Aecration Clarifier
tank
Return Activated Clarifier
Sludge Underflow
v
Waste
sludge
(@)
Feed Process effluent
 — Contact Clarifier —_—
tank
Return activated Clarifier
sludge underflow
Reaeration <
tank
Waste
sludge
(b)
During withdrawal:
During feed :
Feed Tank not Process effluent
— > Aeration No effluent NO aerated,
No biosolids FEED operated as  [——p
removal batch clarifier
Waste
sludge
©
Feed Mixed liquor Process effluent
——»| Acration > Clarifier
tank e
Return activated Clarifier
sludge underflow
e m--—- H
Reaeration |
' tank (if used) |«
___________ v
Waste
sludge
(@

Figure 1. Biosolids Wasting Methods?: (a) Wasting from Clarifier Underflow, (b) Wasting from

Reaeration Tank, (c) Wasting by Batch Settling, and (d) Wasting from Mixed Liquor.
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wasting. From Fig. 1, it can be seen that sludge solids may be wasted from the clarifier
underflow. It has been argued that wasting solids from the mixed liquor should
improve the control of the process.* The concentration of waste sludge removed
from the activated sludge process is same as the mixed liquor SS. The percentage
removed is about 0.1-0.4%. This low concentration may cause a large volume of
mixed liquor must be removed to obtain a given wastage on a dry weight basis. The
most common arrangement for activated sludge process involves biosolids wasting
from the clarifier underflow. This is because the concentration of sludge in this
method is higher than in the mixed liquor.

2.4.2.3. Estimating WAS concentration

The settleability of the sludge and the solids loading rate to the sedimentation tank are
the two primary factors that affect the concentration of WAS. These two factors have
been considered in detail in the development of solids flux procedures for predicting
the clarifier underflow concentration of activated sludge.

There are several factors that influence sludge settleability and the clarifier
biosolids loading rate. These are discussed in the following sections.

2.4.2.3.1. Biological characteristics of the sludge

Maintenance of a particular mean sludge and F:M ratio may control the biological
characteristics of the sludge. The presence of filamentous organisms in high con-
centrations can occur in activated sludge. The production of concentrated clarifier
underflow will increase if the filamentous organisms are reduced through sludge age
or F:M control.

2.42.3.2. Temperature

Basically, temperature changes is directly proportional to a clarifier underflow
biosolids concentration (C,) and inversely proportional to water density. Besides
that, temperature can influence the settling properties of the biosolids.

2.4.2.3.3. Solids flux

The solids flux is the solids load from the mixed liquor divided by the clarifier
area. Higher rates of solids flux require that clarifiers be operated at lower solids
concentration.

2.4.2.3.4. Limits of sludge collection equipment

Some of the available biosolids collectors and pumps are not capable of smooth and
reliable operation when C, greater than 5,000 mg/L.
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2.4.2.3.5. Heavy SS in the sludge

Higher C, values usually obtained if raw wastewater is fed to the activated sludge
process. The addition of chemicals into the wastewater for phosphorus and SS
removal may similarly affect C,. The additional solids from the removal process
will also increase the solids load to the clarifiers.

2.4.2.4. Other properties of activated sludge

Table 4 summarizes the characteristics of an activated sludge. From Table 4, it
is found that activated sludge contains higher amounts of nitrogen, phosphorus,
and protein. However, the amount of grease, fats, cellulose, and specific gravity

Table 4. Activated Sludge Characteristics.’

Range Typical
Characteristics of Values Value Comments
pH 6.5-8 — Can be less in high purity oxygen
systems or if anaerobic
decomposition begin
5.5 Baltimore, Maryland
Heating value, Btu/lb — 6,540 (15,200) Increases with percentage volatile
(kJ/kg) content
Specific gravity of — 1.08
individual solid particles
Bulk specific gravity — 14+7x 1078 xC CisSS concentration in mg/L
Color — Brown Some grayish sludge has been
noted; activated sludge becomes
black upon anaerobic
decomposition
COD/VSS ratio — 2.17
C/N ratio — 12.9 Baltimore, Maryland
6.6 Jasper, Indiana
14.6 Richmond, Indiana
5.7 Southwest Plant, Chicago, Illinois
3.5 Milwaukee, Wisconsin
(heat-dried)
Organic carbon (% by 17-41 — Zurich, Switzerland
weight of dry solids)
2344 — Four plants
Nitrogen (% by weight of 4.7-6.7 — Zurich, Switzerland
dry solids, expressed
as N)
— 5.6 Chicago, Illinois
2.4-5.0 — Four plants
— 6.0 Milwaukee, Wisconsin

(Continued)
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Table 4. (Continued)

Range Typical
Characteristics of Values Value Comments
Phosphorus (% by weight of 3.0-3.7 — Zurich, Switzerland
dry solids, expressed as
P05, divide by 2.29 to
obtain phosphorus as P)
— 7.0 Chicago, [llinois
2.8-11 — Four plants
— 4.0 Milwaukee, Wisconsin
Potassium (% by weight of 0.5-0.7 — Zurich, Switzerland
dry solids, expressed as
K70, divide by 1.20 to
obtain phosphorus as K)
— 0.56 Chicago, Illinois
— 0.41 Milwaukee, Wisconsin
Volatile solids (% by weight 61-75 — Zurich, Switzerland
of dry solids,% ash is 100
minus% volatile )
— 63
62-75 —
59-70 — Four plants
— 76 Renton, Washington (Seattle
Metro)
88 San Ramon, California (Valley
Community Services District)
— 81 Central Plant, Sacramento County,
California
Grease and fat (% by weight 5-12 — Ether extract
of dry solids)
Cellulose (% by weight of 7 Includes lignin
dry solids)
Protein (% by weight of dry 32-41 — —
solids)

are lower. Furthermore, several types of microorganisms are also present in large
numbers in activated sludge such as floc-forming bacteria (Zoogloea, Pseudomonas,
Arthrobacter, and Alcaligenes), filamentous microorganisms (Sphaerotilus, Thio-
thrix, Bacillus, and Beggiatoa), and protozoa (ciliates and flagellates).

2.4.3. Trickling Filter Biosolids

Trickling filters have been widely used in WWTPs for many years. It is one of
the oldest forms of dependable biological treatment for wastewaters. A trickling



20 H. A. Aziz et al.

filter is an attached growth biological process that uses an inert medium such as
rocks, gravel, slag, or plastic media to attract microorganisms that form a film or
slime layer on the medium surface. A rotary or stationary distribution mechanism
distributes wastewater from the top of the filter percolating it through the interstices
of the film-covered medium. As the wastewater moves through the filter, the organic
matter is adsorbed onto the slime layer and degraded by a mixed population of aerobic
microorganisms attached on the media. The oxygen required for organic degradation
is supplied by air circulating through the filter induced by natural draft or ventilation.
As the slime layer thickens, it becomes more difficult for air to penetrate the layer
and an inner anaerobic layer is probably formed. This slime layer continues to build
until it eventually sloughs off, breaking off longer growth into the treated effluent
as a biological biosolid that requires subsequent removal and disposal. Typically, a
trickling filter is followed by a clarifier or sedimentation tank for the separation and
removal of the sloughing.

Typically, the trickling filter effluent is usually fed to an activated sludge process
when a clarifier is not used. 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 mass of solids produced per mass of substrate
removed.

The natural advantages of trickling filter have made it the main process available
for the treatment of both municipal and industrial wastes for many years. Despite the
well-known advantages, however, trickling filter has disadvantages. Table 5 summa-
rizes the advantages and disadvantages of trickling filter.

Table 5. The Advantages and Disadvantages of
Trickling Filter.”

Advantages
e Low energy requirements
e Low operation and maintenance requirements
o Can treat certain toxic wastes; for example, phenols
e Can withstand shock loading

Disadvantages
e Requires large area
e Expensive to construct
o Susceptible to ponding, odors, and filter flies
e Requires primary treatment
e Performance varies with weather
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Table 6. Concentration of Trickling Filter Biosolids Withdrawn from Final Clarifiers.

Percentage of

Type of Biosolids Dry Solids Comments
Trickling filter, alone 5-10 Depends on solids residence time in trickling filter
7
7 Low rate trickling
3 High rate trickling filter
34
4-7
Trickling filter, combined 3-6

with raw primary

2.4.3.1. Concentration of trickling filter biosolids

Typically, loadings of trickling filter biosolids on the secondary sedimentation tank
are low. The percentage of observed solids loads to activated sludge sedimentation
tanks is normally around 5-10%. Trickling filter biosolids also have better thickening
properties compared to activated sludge. Consequently, trickling filter biosolids can
be withdrawn at a much higher concentration than WAS. Table 6 lists the concen-
tration of trickling filter biosolids withdrawn from final clarifiers.

2.4.3.2. Properties of trickling filter biosolids

Table 7 shows the properties of trickling filter biosolids. The microbial population
that lives in a trickling filter is complex. It includes many species of algae, bacteria,
fungi, protozoa, worms, snails, and insects. Normally, filter flies and their larvae are
often present in large numbers around trickling filters.

2.4.4. Rotating Biological Contactor Biosolids

A rotating biological contactor or RBC is a biological treatment process used in the
treatment of wastewater following primary treatment. The basic biological process
is similar to that occurring in the trickling filter where the RBC process allows
the wastewater to come in contact with a biological medium in order to remove
pollutants in the wastewater before the discharge of the treated wastewater to the
environment. Basically, the RBC play an important role to remove biodegradable
organic matter (BODs), TSS and convert ammonia-N and organic-N to nitrate in
wastewater treatment.'”

An RBC comprises of a series of closely spaced, circular, and plastic discs that
are attached to a rotating horizontal shaft rotate slowly through the wastewater.



22 H.A. Aziz et al.

Table 7. Trickling Filter Biosolids Properties.5

Property Value Comments
Volatile content (% of total solids) 64-86
Nitrogen (% of total solids) 1.5-5 Depends on length
29 of storage of sludge in filter
2.0
Phosphorus as P,O5 (% of total solids) 2.8
1.2
Fats (% of total solids) 6 Ether soluble
Grease (% of total solids) 0.03 Test slime grown in primary effluent
Specific gravity of individual 1.52
solid particles 1.33
Bulk specific gravity (wet) 1.02
1.025
Color Grayish brown
Black

About 40% of the disc area is submerged in the wastewater.!! Bacterial growth
on the surface of the discs leads to the formation of a biofilm (slime layer) that
covers the wetted surface of the discs. As the RBC rotates, the attached biofilm
that grows on the surface of the discs moves into and out of the wastewater. While
the discs submerged in the wastewater, the microorganisms absorb organic material
in the wastewater. Meanwhile, when the discs are rotated out of the wastewater,
the microorganisms will absorb oxygen for aerobic decomposition. Excess biofilm
shears off at a steady rate as the disc rotates. These solids are carried through the
RBC system for subsequent removal in a clarifier. These removed solids are known as
RBC biosolids. RBC biosolids is roughly similar in quantity by dry weight, nutrient
content, and other characteristic to trickling filter biosolids.

2.4.5. Coupled Attached-Suspended Growth Biosolids

Generally, there are several installations of combination of coupled attached and sus-
pended growth processes in the United States. The purpose of these dual processes
is usually to treat the strong wastes or where nitrification is required. Basically,
the attached growth reactor is a trickling filter or a rotating biological contactor.
Its role is to reduce the load on the suspended growth process. Meanwhile, the
suspended growth process uses an aeration tank and a final clarifier. Flow recir-
culation is usually practiced around the attached growth reactor. The biosolids
produced from this process is similar to activated sludge, both in quantity and in
characteristics.
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2.4.6. Denitrification Biosolids

Denitrification is referred to biological process for the removal of nitrate from
wastewater. During the treatment, an electron donor, i.e. carbon in primary effluent
or methanol, is added to the nitrate-bearing wastewater. Denitrifying bacteria extract
energy for growth from the reaction of nitrate with the electron donor. This can be
illustrated in Eq. (5):

Nitrate + electron donor (reduced state)

— nitrogen gas + oxidized electron donor + energy. 5)

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. Biosolids production for ordinary nitrified domestic waste is about
30 mg/L of wastewater treated. '

2.5. Other Wastewater Solids/Residuals

Other than primary, chemical, and biological sludges that have been discussed in the
previous section, there are several other residual solids that must be removed from
the wastewater treatment process, which include screenings, grit, scum, septage,
and filter backwash.> Although their quantities are significantly less than those of
sludge in volume and weight, their removal and disposal are very important. There
are several reasons to show that these wastewater solids must be handled and treated
properly, which include: to obtain good quality of effluent to be discharged, to protect
the environment, and to achieve reasonable treatment plant operations.

2.5.1. Screenings

Screenings can be defined as materials that can be removed from wastewater by
screens or racks with openings of 0.01 in. (0.25 mm) or larger. They can be classified
into two types, which include coarse screenings and fine screenings. Generally,
coarse screenings consist of rags, string, lumber, rocks, tree roots, leaves, branches,
diapers, and plastics. Quantities of coarse screenings vary from 4 to 40 mL/m® of
wastewater. Fine screenings normally consist of SS that pass the 0.25 mm screen
opening. Basically, the properties of screenings are solids content, volatile content,
fuel value, and bulk wet weight. Table 8 shows all the properties that have been
mentioned above.

Screens are usually installed at the entrance of the WWTP to protect mechanical
equipment, avoid interference with plant operations, and prevent objectionable
floating materials such as rags or rubber from entering settling tanks. There are two
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Table 8. Properties of Screenings.5

Properties

Fuel Value,
Solid Content, % Volatile Btu/lb Dry Bulk Wet
Dry Solids Content, % Solids Weight, Lb/cu ft Comments

20 — 5400 60 Coarse screenings; fine
screenings may have
lower solids content

10-20 80-90 — 40-60 Common values

8-23 68-94 — 53-67 Various plants, fine
screens, 0.03-0.12-in.
openings

6.1 96 — — Thickened ground
screenings from 0.75-in.
racks; after grinding;
screening were
thickened on a static
screen with 0.06-in
openings

17 96 — — Dewatered ground
screenings from 0.75-in.
racks; after grinding,
screenings were
dewatered on a rotating
drum screen with
0.03-in. opening

— 86 7820 — Fine screenings

Notes: *Computed; 1Btu/lb dry solids=2.32kJ/dry solids; 11b/cu ft=16.03 kg/m3; and 1-in.
=2.54cm.

types of screens used to remove screenings, which are coarse screens and fine screens.
The opening for coarse screens is larger than 0.25 in. (6 mm) while fine screens have
opening ranging from 0.01 to 0.25in. (0.25-6 mm). The installation of screens is
usually to treat wastewater as it enters the treatment plant. Coarse screens play a
significant role to remove large solids, rags, and debris from interfering with other
plant equipment during wastewater treatment. Table 9 describes the various types of
coarse screens.

Meanwhile, fine screens are typically used to remove material that may create
operation and maintenance problems in downstream processes, particularly in
systems that lack primary treatment. Fine screens may act like primary sedimen-
tation tank although they cannot remove as much of the solids as do sedimentation
tanks. Normally, this unit is protected by coarse screens that have been built upstream.
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Table 9. Description of Coarse Screens.!3

Screen Type Description

Trash rack e Designed to prevent logs, timbers, stumps, and other large
debris from entering treatment processes
Opening size: 38—-150 mm (1.5-61in.)

Manually cleaned bar screen Designed to remove large solids, rags, and debris

Opening size: 30-50 mm (1-2in.)

Bars set at 30—45° from vertical to facilitate cleaning
Primarily used in older or smaller treatment facilities or in

bypass channels

Mechanically cleaned bar screen Designed to remove large solids, rags, and debris

Opening size: 638 mm (0.25-1.51in.)

Bars set at 0-30° from vertical

Almost always used in new installations because of large

number of advantages relative to other screens

The screens with 0.09-0.25 in. (2-6 mm) openings have potential to remove about
5-10% of SS from the wastewater. Meanwhile, about 25-35% of SS can be removed
if 0.03—-0.06 in (0.8—1.5 mm) screen openings are used.'* Basically, the quantity of
screenings produced depends on several factors such as screen opening size, shape of
openings, type of sewer system, operating practices, and length of sewer system. Gen-
erally, the screenings produced should be handled in a proper manner. Screenings
may be ground and handled with other sludges. Screenings are normally hauled
to a landfill or incinerated at the incineration plant with the ash disposed in the
landfill. Table 10 shows various methods that are used to handle screenings and also
shows the advantages and disadvantages of each method. Some treatment plants
return the screenings to the liquid stream after macerating or comminuting. This is
not recommended because many of the downstream equipment such as mixers, air
diffusers, and electronic probes are subject to fouling from reconstituted rags and
strings.

2.5.2. Grits

Grit includes sand, gravel, cinder, or other heavy solid materials with higher specific
gravity than the organic biodegradable solids in the wastewater. Besides that, grit
also contain with eggshells, bone chips, seeds, coffee grounds, nails, bottle caps, and
large organic particles such as food waste. These residuals must be removed from
wastewater before entering primary sedimentation tank or other major processes.
There are several reasons to show the importance of grit removal before any further
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Table 10. Methods of Handling Screenings and Their Advantages and Disadvantages.5

Method

Advantages

Disadvantages

1. Comminuting within main
wastewater stream; handle
comminuted screenings with
other wastewater solids, e.g.
primary sludge

2. Removal?® from main
stream, grinding, or
maceration and return to
main stream

3. Removal? from main
stream, draining or
dewatering, and landfill

4, Removal® from main
stream, dewatering,
incineration, and landfill of
ash

e Highly mechanized, low
operating labor
requirement.

e Minimizes the number of
unit operations.

e Usually free of nuisance
from flies and odors.

e Widely used, familiar to
plant operator.

Similar to Method 1, except
more complex
mechanically.

e Keeps screening out of
other sludges; avoids
disadvantages of Methods
1 and 2.

e Can be fairly well
mechanized.

e Keeps screenings out of
other sludges; avoids
disadvantages of Methods
1 and 2.

e Ash is very small in
volume and easy to

e Sludge contains screenings,
which may interfere with
public acceptance for reuse of
sludge as a soil amendment.

e Sludge probably needs further
maceration or screening if it is
to be pumped or thickened in
a disc nozzles centrifuge.

o If sludge is to be digested,
digesters must be cleaned
more often. Plastics and
synthetic fabrics do not
decompose in digesters.
Aggravates digester scum
problems. Ground screenings
tend to agglomerate in
digesters.

e Not appropriate if SS removal
is required (fine screens).

e Not appropriate for very large
screenings loads, especially if
high grit loads are also present
(large plants, combined
sewers).

Similar to Method 1, except
Method 2 can be designed for
every large flows and
screenings loads. Method 2 is
more expansive than Method 1
for small screening loads.

Transport of screenings may

be difficult.

e Unless carefully designed and
operated, causes fly and odor
nuisances and health hazards.

e Regulations for landfill

disposal may strongly affect

operations.

High cost if an incineration is
required for screenings alone.
e Unless incinerator is properly
designed and operated, air
pollution (odor and
particulates) will be serious.

(Continued)
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Table 10. (Continued)

Method Advantages Disadvantages
transport and dispose of. e Not well adapted to wide
e If incineration is used for fluctuation in screenings
other sludges and/or grit, quantities, unless screenings
then screenings can be are only a small part of the
added at modest cost. total incinerator load.

e Pathogen kill.

5. AD of fine screenings alone — Digestion was tested but found to
(not mixed with other be impractical.
solids).

6. AD of screenings together — Tested at Malabar Plant, Sydney
with scum but separate from but found to be inoperable.
other sludges. Material handling was the

chief difficulty.

4Mechanical removal is usually practiced at large plants. Manual removal is frequently used at small
plants. The advantages of manual removal are simplicity and low capital cost; the disadvantages are
high operating labor requirements and fly and odor problems. A common arrangement at small plants
is to install a single comminutor with a manually cleaned bar rack as a standby unit.

treatment, which include'?:

e to prevent unnecessary abrasion and wear of mechanical equipment,
e grit deposition in pipelines and channels, and
e accumulation of grit in anaerobic digesters and aeration basins.

Basically, the quantities of grit will vary greatly from one WWTP to other. The
quantity of grit produced depends on several factors such as”:

type of collection system,

degree of sewer system corrosion,

scouring velocities in the sewers,

presence of joints and cracks in the sewer system,

structural failure of sewers,

quantities of industrial wastes,

degree to which household garbage grinders are used,

efficiency of grit removal at the treatment plant,

amount of septage produced, and

occurrence of construction in the service area or at the treatment.

Normally, the properties of grit includes moisture content, volatile content, specific
gravity, bulk density, particle size, volatile solids, etc. Grit that is removed from
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Table 11. Properties of Grit.>15

Properties Values

Moisture content (%) 13-65

Volatiles content (%) 1-56

Specific gravity 1.3-2.7 (can be as low as 1.3 when large amount of organic

material is agglomerated with inert)

Volatile solids (%) 8-46

Bulk density (kg/m>) 1600

Particle size (mm) 0.2 and larger

the treatment unit is normally inert and relatively dry. Table 11 summarizes the
properties of grit, which have been mentioned above. The values recorded are based
on the analyses carried out by previous researchers.

The production of grit in a large amount has a potential to interfere the treatment
processes or can cause undue mechanical wear and abrasion. This situation can
increase the maintenance on wastewater treatment equipment. To overcome these
problems, grit should be handled in a proper manner. The first step in grit handling is
the separation of the grit from the main stream of wastewater. Typically, grit removal
facilities precede primary clarification and follow screening and comminution. The
processes or devices used for grit removal all based on the fact that grit is heavier than
the organic solids, which should be kept in suspension for treatment in following unit
processes. Nowadays, many types of grit removal system are exist. These include
aerated grit chambers, detritus tanks, vortex type grit removal systems, horizontal
flow grit chambers etc.'®'® When selecting a grit removal process, several factors
must be considered that include:

quantity and characteristics of grit,

potential adverse effects on downstream processes,
head loss requirements,

space requirements,

removal efficiency,

organic content, and

cost.

Moreover, the grit is separated from the primary sludge. Usually, this separation
process occurs in cyclonic separator.'® After the grit has been separated from water
and putrescible materials, it is hauled to the landfill. Landfilling is found to be
the most suitable method for the disposal of grit from small plants. However, grit
removed is usually washed to remove organic material prior to its disposal. Generally,
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unwashed grit may consist 50% or more organic material.'> If it is not washed and
cleaned, it creates nuisance problem by causing foul odors, which attract rodents.

2.5.3. Scum

Scum is a minor component of wastewater solids collection and consists of the
floatable materials skimmed from the surface of primary and secondary settling
tanks, grit chambers, and chlorine contacts tanks.* Normally, scum may consists
of varying quantities of skin, soap, grease, vegetable and mineral oils, animal fats,
waxes, food wastes, vegetable and fruit skins, bits of wood, paper and cottons,
cigarette tips, grit particles, and a variety of personal hygiene items such as adhesive
bandages, plastic tampons applicators, and condoms. Scum usually has a specific
gravity less than 1.0, which is around 0.95.*>
Typically, scum production is influenced by few factors as listed below:

e Wastewater temperature, dissolved solids, and pH;

Design and operation of grease traps at commercial kitchens, gas stations, and
industries;

Amount and character of septage that is mixed with the wastewater;

Habits and attitude of residential population and owner of small businesses;
Preaeration and prechlorination during wastewater treatment;

The efficiency of upstream processes in removing colloidal grease;

Scum that is returned from sludge handling;

Scum removal effectiveness;

Tendency of sludge solids to float in sedimentation tanks due to formation of gas
bubbles;

Process unit from which scum is removed; and

e Actinomycete growths in activated sludge.

Basically, the properties of scum comprised of solids content, volatile content, fuel
value, and grease content of scum. Table 12 summarizes the production and the
properties of scum. The values recorded in the Table 12 are based on the data gathered
from various treatment plants in the United State.

Scum should not be stored for more than a few days because the floating material
such as grease will begin to decompose and as a result, it will produce foul odor.
The floating grease coagulates at room temperature and this will normally clog
pipes, pumps, and digesters. In order to eliminate clogging and adhesion problem,
heated pipes are often installed during scum processing. Piping should be heated to
a minimum of 15°C. However, higher temperatures are preferred if pipe sizes less
than 100 mm are used.’



Table 12. Scum Production and Its Properties.5

(%]
e
Quantity (Volume), Quantity (Dry Weight)
Gallons/Million Ib/Million Volatile Fuel Value,
Gallons of Gallons of mg/L of Solids, % of ~ Btu/lb Dry
Treatment Plant Wastewater Wastewater Wastewater  Solids, %  Total Solids Solids Comments
Dublin-San Ramon, 250 — — — — — From primary sedimentation,
California domestic waste
Lower Allen 14 31 4 252274 462 422 6,9002 3,100  From low lime primary
Township, near sedimentation (pH
Harrisburg, Pa 9.4-9.8), after heated
thickener
Northwest Bergen 25 19 23 9 — — From gravity thickener
County
Wichita, Kansas 9 — — — — — From primary sedimentation. Sy
Grease is 30% of S
skimmings after decanting E§_
0.7 — — — — — Grease balls from preaeration E
tanks 2
Minneapolis-St Paul, — — — — 98 13,000 From primary sedimentation
Minnesota
East Bay, Oakland, 19 82 9.8 54 96 — Average, July 1969—June
California 1970°
— 110 13 64 99 — Maximum month
— 60 7.2 43 81 — Maximum month
29 — — 51 — 14,000 1965-1966 data
West Point, Seattle, 50 24 2.9 6 — — As pumped from primary
Washington sedimentation tanks
8 19 2.3 30 — — As above, after decanting,
6.4% grease
130 — — — — — From sedimentation tanks

under poor condition®

(Continued)



Table 12. (Continued)

uantity (Dry Weight
Quantity (Volume), Q y (Dry ght

Gallons/Million Ib/Million Volatile Fuel Value,
Gallons of Gallons of mg/L of Solids, % of ~ Btu/lb Dry
Treatment Plant Wastewater Wastewater Wastewater  Solids, %  Total Solids Solids Comments
San Mateo, — 95 11 — — — —
California
Salisbury, Maryland 200 — — — — — From primary clarifiers.
Heavy grease load from
industry
Three New York City 0.3-5 1.2-15 0.1-2 40-52 — — From primary clarifiers; about
plants 80% of solids are grease
Jamaica, New York 3 10 1.2 48 — — From secondary clarifiers (no
City primary)
County Sanitation — 87 10 — — — Primary sedimentation
Districts, Los
Angeles County,
CA
Albany, Georgia 3,000 140 17 0.57 — — Primary sedimentation.

Heavy industrial load

4Two samples. About 50% of nonvolatile solids was calcium carbonate.

%91% of total solids were oil and grease. Scum from primary sedimentation, measured after decanting in a heated unit.

Sludge was tending to float in the sedimentation tanks. Amount shown is estimate of pumpage. Skimming system was unable to keep up with scum production
under these poor conditions.

1 gallon/million gallons = m3/L x 10% m3, 1 Ib/million gallons =0.12 kg/L x 103 m3, and 1 Btu/lb dry solids =2.32 kJ/kg.

JuaWSLUD Y SP1OSOIG
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The removal of scum is an important function of primary treatment. The presence
of these materials can increase the organic load and it also might cause various oper-
ational problems to downstream treatment processes.!” The collection and removal
of scum is required for all settling tanks. The removal of scum from the tank will take
place immediately ahead of the outlet weirs. The equipment used may be automatic
or manually operated. There are several methods that can be used to remove scum,
which include: (1) manually up an inclined apron, (2) with a horizontal, slotted pipe
that can be rotated by a lever or a screw, (3) by a transverse rotating helical wiper,
(4) with chain and flight collectors, and (5) with cum rakes where bridge-type sed-
imentation tank equipment is used.!> The collected scum is usually discharged to
the digesters and disposed of with the sludge produced at the plant. However, many
plants have already used separate system for scum disposal nowadays. There are
several methods used in scum disposal including digestion, landfilling, and inciner-
ation. Table 13 summarizes the method of handling scum and their advantages and
disadvantages of various approaches to scum disposal.

Table 13. Methods of Handling Scum and their Advantages and Disadvantages of Various
Approaches to Scum Disposal.5

Method Advantages Disadvantages
1. Mix with other sludges, e Partial decomposition e May cause the formation of
digest aerobically occurs, so some of the scum grease balls, which must be
does not require further manually removed and
handling. disposed of, and which may
e Avoid complexity of increase odors.
separate handling. e May cause petroleum
e Widely used. contamination of sludge,

which will interfere with
reuse.

e Degrades appearance of
sludge if to be reused.

e May cause scum buildup due
to return of scum containing
liquors from sludge handling
to influent wastewater.

2. Mix with other sludges, Similar to Method 1. e If digester is not strongly
digest anaerobically mixed, greatly increases
cleaning requirement.
Digester cleaning is expansive
and odorous; also material
still requires disposal.

(Continued)
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Table 13. (Continued)
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Method

Advantages

Disadvantages

3. Landfill separately

4. Burn in open lagoon

5. Incinerate in separate
“Watergrate” furnace

6. Incinerate in separate single
purpose multiple-hearth
furnace

7. Incinerate in
multiple-hearth furnace
with other wastewater solids

8. Incinerate in fluidized bed
furnace with other
wastewater solids

Low capital cost.

Very low cost.

Very small amount of ash in
slurry.

Very small amount of ash.

e Low incremental cost.

o Fuel value of scum can be
used to offset fuel
requirement of other solids.

Similar to Method 7.

e Even if digester is well mixed,
a scum blanket will form to
some extent; therefore,
digester must be physically
larger.

e Degrades appearance of
sludge if to be reused; may
cause petroleum
contamination.

e May cause scum buildup.

e Requires good decanting to
avoid pumping excess water
to the digester.

e May have very high operating
cost.

e Possible odors during storage.

e Requires good decanting to
minimize volume and fluidity
of scum.

Severe air pollution.

e High capital cost, especially
for small plant.

e Despite low emissions, may
not be acceptable to air
pollution regulators.

e Problems with feed systems.

e High capital cost.

e High maintenance cost.

e Despite low emissions, may
not be acceptable to air
pollution regulators.

e Requires good decanting

e Requires good decanting

e Requires very careful feed to
the furnace; otherwise causes
high maintenance and severe
smoke problems. These
problems can be avoided.

o Unless well decanted, can tax
furnace capacity.

e If scum is mixed with sludge
before injection into furnace,
unstable operation is likely.

(Continued)
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Table 13. (Continued)
Method Advantages Disadvantages

9. Reuse for cattle food

10. Reuse for low-grade soap
manufacture

11. Return to influent
wastewater

e Provide reuse, not disposal.
e Low capital cost.

Same as Method 9.

e Almost zero direct cost.

e Highly suitable for scum
from chlorine contact tanks,
secondary clarifiers, etc.
when scum is removed from
primary sedimentation
tanks.

Toxic organic materials (e.g.
DDT) tend to concentrate in
grease.

Treatment for reuse must
begin within a few days;
otherwise grease begin to
decompose.

Requires good decanting
because of long distance
transportation.

Subject to interference from
actinomycete growths in
activated sludge, which
increases the amount of solids
that are not grease but are in
the scum.

Similar to Method 8, but less
serious.

Caustic soda could be added at
the treatment plant, preventing
decomposition and probably
making the material more
usable to grease reclaimers,
but raising operating costs.

Slight increase in hydraulic
load on the treatment plant.
Inapplicable to the main
source of scum (primary
sedimentation tanks if used,
secondary clarifiers if primary
tanks are not used).

2.5.4. Septage

Septage can be defined as a liquid and solid material pumped from a septic tank,
cesspool, or other treatment facility after it has accumulated over a period.'® Gen-
erally, septage consists of all the household wastes that are disposed of through a
home’s plumbing system that neither drain out into the soil nor are converted to gases
by the special bacteria that are in the tank. Normally, household wastes derive from
the toilet, bath or shower, sink, garbage disposal, dishwasher, and washing machine.

Septage may also contain the pumpings from the septic tanks of schools, motels,

restaurants, etc.’
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Septage is generally split into three parts in a septic tank, which are:

(1) Scum — which floats at the top and is generally where the bacteria live that
treat the waste.
(i1) Effluent — which is the semi-treated liquid that comprises the majority of the
material in the septic tank.
(iii) Sludge — the solids that settle at the bottom of the tank.

A septic tank will usually retain 60-70% of the solids, oil, and grease that enter
it. Meanwhile, 20-50% of the total septic tank volume represents the sludge that
settles at the bottom of the tank. Basically, the handling and disposal of septage
are based on the characteristics and volume of septic waste. The characteristics of
septage consists of total solids (TS), total volatile solids (TVS), total suspended
solids (TSS), volatile suspended solids (VSS), biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), ammonia nitrogen
(NH3), phosphorus, alkalinity, grease, pH, total coliform, and fecal coliform. Septage
characteristics for conventional parameters, metal, and organic content are presented
in Table 14.

There are a few factors that affect the physical characteristics of septage
including'®:

e climate,

e user habits,

e septic tank size, design, and pumping frequency,

e water supply characteristics and piping material,

o the presence of conservation fixtures and garbage disposals, and

e the use of household chemicals and water softener.

Septage requires special handling, treatment, and disposal. This is because septage
has an offensive odor and appearance besides containing significant levels of grease,
grit, hair, and debris. These residuals also have a tendency to foam upon agitation
and a resistance to settling and dewatering. Besides that, septage also has a potential
as a host for many disease-causing organisms such as viruses, bacteria, and parasites.
The major reason for providing adequate treatment and disposal systems is to protect
public health and also the environment.

Basically, the basic methods for treating and disposing of septage are by land
application, treatment at WWTPs, and treatment at independent septage treatment
plant.' Table 15 summarizes the methods used for septage treatment and man-
agement, various options for each methods and their advantages and disadvantages.
Basically, there are few factors that influence the process of selection, which include
land availability and site conditions, buffer zone requirements, hauling distance, fuel
costs, labor costs, costs of disposal, and other legal and regulatory requirements.
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Table 14. Septage Characteristics for Conventional Parameters, Metal and Organic Content. 18,19
Concentration (mg/L)
Parameter Average Minimum Maximum
Conventional parameters
Total solids 34,106 1,132 130,475
Total volatile solids 23,100 353 71,402
Total SS 12,862 310 93,378
VSS 9,027 95 51,500
BOD 6,480 440 78,600
COD 31,900 1,500 703,000
TKN 588 66 1,060
Ammonia nitrogen 97 3 116
Total phosphorus 210 20 760
Alkalinity 970 522 4,190
Grease 5,600 208 23,368
pH — 1.5 12.6
Total coliform 107/100 mL 109/100 mL
Fecal coliform 105/100 mL 108/100 mL
Metals
Iron 39.3 0.2 2,740
Zinc 9.97 <0.001 444
Manganese 6.09 0.55 17.1
Barium 5.76 0.002 202
Copper 4.84 0.01 261
Lead 1.21 <0.025 118
Nickel 0.526 0.01 37
Chromium (total) 0.49 0.01 34
Cyanide 0.469 0.001 1.53
Cobalt 0.406 <0.003 3.45
Arsenic 0.141 0 3.5
Silver 0.099 < 0.003 5
Cadmium 0.097 0.005 8.1
Tin 0.076 <0.015 1
Mercury 0.005 0.0001 0.742
Organics
Methyl alcohol 15.8 1 396
Isopropyl alcohol 14.1 1 391
Acetone 10.6 0 210
Methyl ethyl ketone 3.65 1 240
Toluene 0.17 0.005 1.95
Methylene chloride 0.101 0.005 2.2
Ethylbenzene 0.067 0.005 1.7
Benzene 0.062 0.005 3.1

Xylene 0.051 0.005 0.72
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Table 15. Septage Treatment and Disposal Methods, their Advantages, and Disadvantages.19

Method and Option

of Treatment Description Advantages Disadvantages

Treatment at A facility is constructed Provides regional e High capital and
independent septage solely for the treatment of solution to operation and
treatment plant septage. Treatment septage maintenance

) generates residuals that management. Ccosts.

Options: . . .

must be disposed of. e Requires high

e Stabilization lagoon skill levels for

e Chlorine oxidation operation.

e Aerobic digestion

e Anaerobic digestion

e Biological and
chemical treatment

e Conditioning and
stabilization

e Composting

Treatment at Septage is added to the plant e Most plants are e Potential for
wastewater headworks, upstream capable of plant upset if
treatment plants manhole or sludge handling handling some septage addition

Options: process for co-treatment septage. not properly

) with sewage or sludge. e Centralizes controlled.

e Addition to Septage volumes that can waste treatment e Increased
upstream sewer be accommodated depend operations. residuals
manhole on plant capacity and types handling and

o Addition to plant of unit processes employed. disposal
headworks requirements.

e Addition to sludge
handling process

e Addition to both
liquid stream and
sludge handling
processes

Land application Septage is applied to sites e Simple and e Need for holding

Options:

e Surface application

e Subsurface
incorporation

e Burial

infrequently visited by the
public. Stabilization to
reduce odors, pathogens,
and vector attraction may
be encouraged or required
by the state. Land
application may be by
hauler truck or other
vehicle to apply septage to
the land surface or by
specialized equipment to
inject septage beneath the
soil surface.

economical.

e Recycle organic
material and
nutrients to the
land.

e Low energy use.

facility during
periods of frozen
or saturated soil.
Need for
relatively large
and remote land
area.
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2.5.5. Filter Backwash

Filters are normally referred to single-medium filters (sand filters), dual and mixed
media filters, and microstrainers.> Single-medium filters only have one type of
medium. In these filters, usually sand or anthracite coal are used for filtration. Mean-
while, dual-medium filters have two types of mediums that are crushed anthracite
combined with sand. Mixed media filters are also known as multimedia filters, which
consist of three types of media that include crushed anthracite, sand, and garnet.?’ The
use of filters can produce very high-quality effluent, which is free from pathogens,
taste, and odor without the addition of any chemical aids. Filters become clogged
with floc after some time in use and they are then backwashed to remove the floc.
This backwash water is discharged into settling tanks, so that the floc can settle out.

Meanwhile, microstrainers are self-contained and self-standing units that are
normally installed in a concrete tank. The drum operates submerged in the flowing
wastewater to approximately 2/3 of its depth. These units comprised of a rotating
cylindrical drum that is made of stainless steel and supported on a steel framework.
The walls are made up of a series of fine mesh windows. The wastewater influent
enters the drum at one end and filters outwards through the mesh. The solid particles
are retained inside the drum, as the drum rotates. Then, the solids are washed off by
a jet of water. The backwash water is collected in a hopper and recycled back to the
treatment plant.

Generally, in the treatment plant, wastewater is filtered to remove SS that are
floating on the surface. Solids from wastewater are normally accumulated in the
filters during the removal process. Then, they are removed from the filters by back-
washing. During backwashing, the volume of water used is great, which is about
several percentage of total wastewater flow. However, the quantity of SS in backwash
is normally around 0.03-0.15%. The dry weight load is usually small compared
to those from primary, chemical, and biological biosolids. Normally, backwash is
returned to the influent wastewaters and their SS are removed in further wastewater
processes such as primary sedimentation and activated sludge.

3. Biosolids Treatment and Processing

Most biosolids undergo additional treatment at the treatment plant before they are
used or disposed of to meet regulatory requirements that protect public health and the
environment, facilitate handling, and reduce costs. Only biosolids that meet certain
regulatory requirements for pathogens, vector attraction reduction and metal content,
can be land applied or used as compost. Even those biosolids that are disposed of
rather than land applied must meet regulatory requirements. In addition, with regard
to handling and cost, the water content of biosolids can affect many aspects of
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biosolids management, such as transportation and the size of treatment and use or
disposal operations. Some biosolid treatment processes reduce the volume or mass
of the biosolids (such as biosolids digestion processes). Meanwhile, other biosolids
treatment and processing can increase biosolids mass (for example, lime addition to
control pathogens.)

There are four major biosolids treatments and processings that occur at the
WWTPs, which are discussed in this chapter; they are thickening, stabilization,
conditioning, and dewatering.'

3.1. Thickening

Thickening is the process where the biosolids are condensed to produce a concen-
trated solids product and relatively solid-free supernatant.?! It is commonly used as
the first step in a biosolid treatment system. This process plays a significant role in
order to reduce the volume of residuals, improves operation, and reduces costs for
subsequent storage, processing, transfer, end use or disposal. For example, thick-
ening from 1% to 2% solid concentration reduces the volume of biosolids by 50%,
whereas increasing the solid content from 1% to 5% reduces the volume up to 80%.!

Generally, the processes that are commonly used to thicken biosolids are gravity
thickening, floatation thickening, centrifugal thickening, gravity belt thickening,
and rotary drum thickening. In addition, thickening offers the advantages such as
biosolids blending, biosolids flow equalization, biosolids storage, grit removal, gas
stripping, and clarification.’

3.1.1. Gravity Thickening
3.1.1.1. General description

Gravity thickening is the most common process in use at WWTPs for the con-
centration of biosolids before any further treatment such as digestion and/or
dewatering.'>* The process is simple and is the least expensive of the available
thickening processes. Thickeners can contribute to the upgrading of biosolids han-
dling facilities such as increasing the hydraulic capacity of overloaded digesters or
subsequent biosolids handling units. Apart from that, it can improve primary clar-
ifier performance by providing continuous withdrawal of biosolids thereby ensuring
maximum removal of solids.

Generally, gravity thickening uses the natural tendency of higher-density solids
to settle out of liquid to concentrate the solids. Gravity thickeners consist of a circular
tank that usually has a conical bottom. The tank is fitted with collectors or scrapers
at the bottom. At first, the solids are fed into the tank through a center well, which
releases the solids at a low velocity near the surface of the tank. The solids will settle
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Figure 2. Schematic Diagram of Gravity Thickener.2!

to the bottom of the tank by gravity. At the same time, the scrapers play their role
to move the settled and thickened solids to a discharge pipe at the bottom of the
tank. The function of a V-notch weir, which is located at the top of the tank, is to
allow the supernatant to return to a clarifier.?! Figure 2 illustrates a typical circular
gravity thickener used in the gravity thickening process. In addition, many systems
also use a skimmer to collect and remove any floating materials and grease that have
accumulated at the surface of the tank.

Figure 3 depicts a typical solid concentration profile for wastewater biosolids in
a gravity thickener. The biosolids that are discharged into the thickener disperse in
the sedimentation zone. Due to a gravitational force, some parts of biosolids flow as
density current to the bottom of the sedimentation zone. The solid phase creates flocs
that settle on top of the thickening zone. Generally, the thickened biosolids produced
in the thickening zone are transferred to downstream processing operators such as
to the digesters or dewatering equipment.* Meanwhile, the clarified supernatant
(from zone of clear liquid) is returned to the WWTP or to the primary clarifier for
reprocessing.!

Basically, the concentration and thickening of biosolids that occur in the gravity
thickener are accomplished through three different settling processes. They are
gravity settling, hindered settling, and compaction settling. Gravity settling nor-
mally occurs when solid particles move downward due to their weight and attraction
to the gravitational force. Settlement continues as solids begin to concentrate near
the bottom of the tank. However, at this stage, the settlement rate decreases as the
solids concentrations increase. This condition is known as “hindered settling.” This
phenomenon is influenced by the particle size distribution, density, concentration,
agglomeration, as well as the hydraulic conditions in the settling zone. Furthermore,
compaction settling occurs when bottom solids are further concentrated due to the
pressure of solids from the upper part.?!
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Figure 3. Schematic Diagram of Typical Concentration Profile of Wastewater Biosolids in a Gravity
Thickener.3

3.1.1.2. Advantages and disadvantages

Gravity thickeners became the most commonly used biosolids concentrating device.
Their use is being challenged by other thickening processes. The advantages and
disadvantages of gravity thickener are listed in Table 16.

3.1.2. Centrifugal Thickening
3.1.2.1. General description

The centrifugation process has been successfully used for many years in industry for
separating liquids of different density, thickening slurries, and removing solids. Only
now, they have been installed for regular use in WWTPs although the potential value
of centrifuges for wastewater treatment has been recognized for quite some time.
There are several factors that affect the increased use of centrifuges in wastewater
treatment field. These include®*:

e The improvements in centrifuge design;

e The availability of reliable performance data; and

e The advantages of centrifuges in certain instances compared to other biosolids
processing facilities.
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Table 16. Advantages and Disadvantages of Gravity Thickeners.?!

Advantages
e Simple to operate and maintain.
e It has lower operating costs compared to other thickening methods such as DAF, gravity belt, or
centrifuge thickening.
e Provides greatest biosolids storage capabilities.
e Requires the least operational skills.

In addition, the facilities that land apply liquid biosolids can benefit from thickening in several
ways, as follows:

Truck traffic at the plant and the farm site can be reduced.

Trucking costs can be reduced.

Existing storage facilities can hold more days of biosolids production.

Smaller storage facilities can be used.

Less time will be required to transfer solids to the applicator vehicle and to incorporate or surface
apply the thickened solids.

Disadvantages
Contributes to the production of odors.
Grease may build up in the lines and cause a blockage.
Septic conditions will generate sulfur-based odors.
Requires largest area for gravity thickener equipment compared to DAF, gravity belt, or
centrifuge thickener.
e Solids concentrations in the thickened solids are usually lower than for a DAF, gravity belt or
centrifuge thickener.

In the late 1930s, the concept of using centrifuges for thickening municipal
wastewater biosolids was first introduced in the United States. Centrifuges are used
both to thicken and to dewater biosolids. Centrifugal thickening is a high-speed
process that uses the force from fast rotation of a cylindrical bowl to separate
wastewater solids from liquid.?>?* During this process, the biosolids (cake) and
liquid (centrate) are separated into two distinct layers. This separation occurs because
of the differences in density between the solids and liquid. These products are then
separately discharged from the thickener. Their application in thickening is limited,
normally to WAS.*

At present, there are three types of centrifugal thickeners available commercially,
which include solid bowl] decanter, imperforate basket, and disc nozzle centrifuge.
Solid bowl decanter and imperforate basket are differentiated by the method of
sludge feed, the magnitude of applied centrifugal force, the method of solids and
liquid discharge, cost, and performance.?> Meanwhile, disc nozzle centrifuge has
been used for thickening WAS, but does not produce a dewatered material. Table 17
lists some of the advantages and disadvantages of these three types of centrifugal
thickeners.
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Table 17. Advantages and Disadvantages of Centrifugal Thickeners.?2

Advantages
e Can treat biosolids to varying degrees of thickness.
Offer lower overall operation and maintenance costs and can outperform conventional belt filter
presses.
Require a small amount of floor space relative to their capacity.
Require minimal operator attention when operations are stable.
Operators have low exposure to pathogens, aerosols, hydrogen sulfide, or other odors.
Easy to clean.
Can handle higher than design loadings and the percentage solids recovery can usually be
maintained with the addition of a higher polymer dosage.
Major maintenance items can be easily removed and replaced.

Disadvantages
Have high power consumption and are fairly noisy.
Experience operating the equipment is required to optimize performance.
Performance is difficult to monitor because the operator’s view of centrate and feed is obstructed.
Special structural considerations must be taken into account. As with any piece of high-speed
rotary equipment, the base must be stationary and level due to dynamic loading.
Spare parts are expensive and internal parts are subject to abrasive wear.
e Start-up and shut-down may take an hour to gradually bring the centrifuge up to speed and slow it
down for clean out prior to shut down.

3.1.2.2. Solid bowl centrifuge

The solid bowl centrifuge also called decanter or scroll centrifuge is a continu-
ously operating unit. In the mid 1930s, the first solid bowl decanter centrifuges to
operate on wastewater biosolids was installed in the United States.> It consists of a
rotating horizontal cylindrical bowl containing a screw type conveyor or scroll. The
wastewater solids enter the cylindrical bowl through a feed pipe mounted at one end
of the centrifuge. Centrifugal forces concentrates the biosolids against the bowl wall
and the rotating conveyor transports the dewatered biosolids along the bowl wall
to the conical section where it is discharged continuously. Meanwhile, at the other
end of the centrifuge, the centrate is discharged continuously and recycled back to
the WWTP.! Basically, there are three critical system design variables should be
considered for the solid bowl decanter centrifuge, which are®*:

i. bowl speed,
ii. pool volume, and
iii. conveyor speed.

Figure 4 illustrates the schematic diagram of a solid bowl decanter centrifuge.
Table 18 lists the current advantages and disadvantages of solid bowl decanter
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Figure 4. Solid Bowl Centrifuge.5

Table 18. Advantages and Disadvantages of Solid Bowl Centri’fuge.23

Advantages
Clean appearance, little to no odor problems, and fast start-up and shut-down capabilities.
Yields high throughput in a small area.
Does not require continuous operator attention.
Easy to install and requires a relatively small area.
Can operate with a highly variable feed solids concentration on many biosolids types.
Can be operated either for thickening or dewatering.
High rates of feed per unit, thus reducing the number of units required.
Use of low polymer dosages when compared to other type of thickeners.
Can handle higher than design loadings with increased polymer dosage, although cake solids
content may be reduced.

o Quiet.
e Has low capital cost for installation.
e Has ability to constantly achieve 4—6% solids in the thickened biosolids.

Disadvantages
Scroll wear can be a high maintenance item. In reducing wear, hardsurfacing, and abrasion
protection materials are extremely important.
Prescreening or a grinder in the feed stream is recommended.
Requires skilled maintenance personnel in large plants where scroll maintenance is performed.
Vibration must be accounted in designing electronic controls and structural components.
A condition such as poor centrate quality can be easily overlooked since the process is fully
contained.
Requires extensive pretesting to select correct machine settings before placement in normal
service.
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Table 19. Common Design Shortcomings of Solid Bowl Decanter Centrifuge.23

Shortcomings Resultant Problems Solution
Improper materials used for Excessive wear Replace with harder, more
scroll tips abrasion-resistant tips
Inability to remove bowl Bowl is bulky and heavy. It Install overhead crane
assembly during cannot be removed without
maintenance using lifting equipment
Rigid piping used to connect Cracked or leaking pipes or Replace with flexible
feed pipe to centrifuge pipe connections connections
Grit present in biosolids Excessive centrifuge wear Install a degritting system on the

biosolids or on the wastewater
before biosolids removal

Electronic controls, structural  Electrical connections Isolate sensitive electronic
components, and fasteners become loose, structural controls from vibration,
not designed for vibration components and fasteners redesign and construct
fail structural components and
fasteners to resist vibration
Electrical control panels Corrosive atmosphere Redesign and relocate controls in
located in same room with deteriorates controls separate room away from
centrifuges, conveyor corrosive atmosphere
belts, etc.

centrifuges in WAS thickening. Meanwhile, the common design shortcomings asso-
ciated with solid bowl] are presented in Table 19.

3.1.2.3. Imperforate basket centrifuge

The imperforate basket centrifuge is a semi-continuous feeding and solid discharging
unit that rotates about a vertical axis.?® At the early stage of the centrifugation process,
biosolids is fed into the bottom of the basket through the feed pipe. The biosolids
form a cake on the bowl walls as the centrifuge rotates. The centrate is displaced
over a baffle or weir at the top of the thickener. Biosolids feed is either continued
for a preset time or until the SS in the centrate reach a preset concentration. The
basket speed begins to decelerate when the sludge solids have filled the basket and
the sludge feeding is stopped. At this stage, a special skimmer nozzle plays a role
to skim the soft sludge on the inner circumference of the sludge mass. Typically,
these skimmings are recycled back to the digesters. After skimming operation, the
centrifuge decelerates further and a plowing knife cuts the sludge away from the
walls. The sludge cake then drops and is discharged from the bottom of the basket.
After plowing stops, the centrifuge starts to accelerate and feed sludge is again
introduced. Basically, there are a few critical system design variables that should be
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Figure 5. Imperforate Basket Centrifuge.5

considered for the imperforate basket centrifuge, which include:

bowl speed,

cycle feed time,

skimmer nozzle rate, and
skimmer nozzle dwell time.

Figure 5 is a schematic diagram of basket centrifuge where it illustrates the
location of sludge feed inlet, polymer feed, centrate piping, and location of cake
discharge.

The basket centrifuge is most commonly used for thickening WAS. Advantages
and disadvantages of an imperforate basket centrifuge are presented in Table 20.
Meanwhile, common design shortcomings experienced in basket centrifuge instal-
lations are listed in Table 21.

Typically, the performance of a basket centrifuge is measured by several param-
eters such as.??

the cake solid content,

solid capture,

required polymer dosage, and

the average feed rate or solid throughput.
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Table 20. Advantages and Disadvantages of Imperforate Basket Centrifuge.s’23

Advantages
Same machine can be used for both thickening and dewatering process.
Very flexible in meeting process requirements.
Not affected by grit.
Requires little operator attention.
Clean looking and has little to no odor problems as compared to gravity and DAF thickener.
Excellent for dewatering hard to handle biosolids, although sludge cake solids are only 10-15%
for digested primary plus WAS.
e Flexibility in producing different cake solids concentrations because of skimming ability.
e Has the lowest operation and maintenance requirements compared to other types of centrifuges.

Disadvantages
Unit is not continuous feed and discharged.
Requires special structural support, much more than a solid bowl centrifuge.
Has a high ratio of capital cost to capacity.
Discharge of wet sludges can occur if there is a machine malfunction or if the sludge is
improperly conditioned.
Provision should be made for noise control.
Continuous automatic operation requires complex controls.

Table 21. Common Design Shortcomings of Basket Centrifuge Installations.?3
Shortcomings Resultant Problems Solution
Rigid piping connections to Cracked or leaking pipes Use flexible connectors
centrifuge
Inadequate structural support Cracks in supports Redesign and reconstruct
Inadequate solids capture due to High solids content in Add more machines or
insufficient machine capacity or centrate properly condition
no provision for polymer feed biosolids
Electrical control panels located in Corrosive atmosphere Redesign and relocate
same room with centrifuges, deteriorates controls controls in separate room
conveyor belts, etc. away from corrosive
atmosphere
No provision for centrate sampling Process control is impeded Install sample tap in the
centrate line
No flow meters on biosolids Process control is hindered Install flow meters
feed line

Cake solid concentration must be considered as an average solid content. This is
because solid content is maximum at the bowl wall and decreases toward the center
of the basket.

The application of a basket centrifuge is suitable for small plants with capacities
in the range of 1-2 millions gallons per day(MGD) (44-88 L/s) where thickening
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is required before and after stabilization or where dewatering to 10-12% solids is
adequate.>?* The ability to be used for either thickening or dewatering is an advantage
of the basket centrifuge.

3.1.2.4. Disc nozzle centrifuge

In 1937, disc nozzle centrifuge was first used in the United States.’ Basically, the
disc nozzle centrifuge consists of several conical-shaped discs stacked one upon
another, enclosed within a rotor bowl that rotates about vertical axis. There are
numerous cylindrical discharge nozzles that are placed around the periphery of the
rotor bowl.?> A typical disc nozzle centrifuge is depicted in Fig. 6.

During the thickening process, the sludge is fed to the bottom of the spinning
rotor continuously. The sludge normally enters through the top; however, bottom
feed is also possible. The centrifugal forces will move the heaviest solid particles
directly toward the circumference of the rotor. Meanwhile, the lighter solid par-
ticles will flow through the spaces between the discs. Normally, the disc spacing
that is around 1.3 mm acts to minimize settling distance. These lighter particles will
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Figure 6. Disc Nozzle Centrifuge.5
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settle on the underside of the discs and accumulate until their mass is great enough
to force them to the periphery of the disc. After that, these particles will move to
the edge of the rotor bowl. The centrate (clarified liquid) flows through the disc
stack into the overflow chamber and is then discharged through the effluent dis-
charge. Solid particles collected are discharged through small cylindrical nozzles.
The function of these nozzles is to reduce the solids discharge rate where this
will increase the retention time and agglomeration of particles in the concentrating
chamber.

A portion of this concentrated sludge is discharged as the thickened product while
another portion will be returned back to the base of the rotor and pumped back into
the concentrating chamber. This recirculation offers a few advantages such as:

e increases the overall underflow concentration,
e minimizes particle agglomeration inside the rotor by flushing action, and
e helps to achieve a stable separation equilibrium.

Table 22 lists the advantages and disadvantages of disc nozzle centrifuge.

Generally, the application of disc nozzle centrifuges are only suitable to sludge
consisting of smaller particles that are less than 400 xm and void of fibrous material.
For wastewater treatment, disc nozzle centrifuge can only be equipped at the plants
that have the primary treatment and have already separated the primary sludge from
the waste activating sludge. Generally, only activated sludge can be thickened by
using this method.

Basically, there are a few critical system design variables that should be con-
sidered for the disc nozzle centrifuge, which include®:

e bowl diameter,
e bowl speed,
e operation of recycle,

Table 22. Advantages and Disadvantages of Disc Nozzle Centrifuge.5

Advantages
e Produces highly clarified centrate without the use of chemicals.
e Has large liquid- and solid-handling capacity in a very small space.
Produces little or no odor problem.

Disadvantages
Can only be used on sludge with particle sizes of 400 um or less.
Requires extensive prescreening and grit removal.
Requires relatively high maintenance if pretreatment system is improperly designed.
Requires skilled maintenance personnel.




50 H. A. Azizetal.

e disc spacing, and
e nozzle configuration.

However, it was found that the most important consideration for the performance
of disc nozzle centrifuge is the nature of sludge. Same with other centrifuge appli-
cations, an increasing sludge volume index (SVI) influences the performance of
thickeners. The concentration of the thickened sludge tends to increase with the
increasing solids concentration in the inlet. Thickened sludge will be 5-10 times
more concentrated than the feed. The capability to concentrate will decrease as the
inlet solids become more concentrated.’

3.1.3. Floatation Thickening

Generally, floatation is known as a process used for separating solid particles from
a liquid phase or water when air is introduced into the water.""> The introduction
of air into the water will produce fine bubbles either adhere to or are absorbed
by the solids that are then lifted to the surface. Normally, the floatation process
separates the particles with a higher density than the liquids. In wastewater treatment,
floatation thickening is used most efficiently for waste sludge from suspended growth
biological treatment processes (activated sludge process) or the suspended growth
nitrification process where solids contents of 4% or higher are obtained.*? In a
meantime, this method also applicable for thickening other types of sludge such
as primary sludge, trickling filter humus, aerobically digested sludge, and sludge
containing metal salts from chemical treatment.

Typically, there are three basic variations of the floatation thickening oper-
ation, which are dissolved air floatation (DAF), dispersed air floatation, and vacuum
floatation.*> Briefly, in DAF, small gas bubbles sized 50—100 pm are produced from
the precipitation of a gas from a solution supersaturated with that gas. This condition
(supersaturation) occurs when air is dispersed through the sludge in a closed and
high-pressure tank. When the sludge is removed from the tank and exposed to atmo-
spheric pressure, the previously dissolved air leaves solution in the form of fine
bubbles. While in dispersed air floatation method, relatively large gas bubbles sized
500-1000 pm are produced when gas is introduced. In vacuum floatation, supersat-
uration occurs when the biosolid is subjected initially at atmospheric pressure, to a
vacuum of approximately 230 mm Hg in a closed tank.

Although all these methods have been used in wastewater sludge treatment
systems, only DAF is widely used for sludge thickening in the United States. At
most wastewater treatment facilities, it was found that DAF is the most prevalent
floatation thickening technology employed for treating sludge. Therefore, DAF will
be the only floatation thickening technology discussed in this chapter.
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3.1.3.1. Dissolved air floatation

Historically, the first municipal DAF thickener has been installed in the Bay Park
Sewerage Treatment Plant, Nassau County, New York in 1957. More than 700
units of DAF thickeners have been installed in the United States. Although the main
function of DAF thickener is to thicken WAS, however, about 20% of the installations
handle other types of sludge.

DATF thickening concentrates solids because of the attachment of microscopic
air bubbles to SS. This process also helps to reduce their specific gravity to less than
that of water. The attached particles then float to the surface of the thickener tank for
removal by a skimming mechanism. In DAF thickening process, air is introduced
to the sludge at a pressure in excess at atmospheric pressure. When the pressure
is reduced to atmospheric pressure and turbulence is created, air in excess of that
required for saturation leaves the solution as fine bubbles 50—100 ym in diameter.
These bubbles attach to the suspended particles or trapped in the solids matrix. Since
the average density of the solids—air aggregate is less than that of water, they float
on the surface of solution. Normally, good solid floatation occurs with a solids—air
aggregate specific gravity of 0.6-0.7. The clarified effluent (subnatant) produced
is removed from the DAF thickener and returned back to the plant. In order to
minimize the possibility of solid being lost in the clarified effluent, the thickened
sludge (floating solids on the water surface) is removed by a skimming mechanism
similar to a scum skimming system.' The schematic illustration of a typical DAF
thickener is presented in Fig. 7.
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Figure 7. DAF Thickener.2*
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Polymer is frequently used to enhance DAF thickener performance. However,
DAF thickener can be designed to operate with or without polymer addition. The
addition of polymer during the DAF thickening process will increase the solids
loading rates and solid capture. However, it is less effectively increases float solids
concentrations.?’ The use of polymers as floatation aids is effective in increasing the
solid recovery in the floated sludge from 85% to 98 or 99%. The dosages used for
thickening WAS are 2-5 kg of dry polymer per milligram of dry solids.* To obtain
the best result, polymer should be introduced at the point where the recycle flow
and the solids feed are mixed. Table 23 presents the advantages and disadvantages
of DAF thickeners compared to other major thickening equipment.

There are three different modes in which the pressurization system can be
operated, which are full, partial, and recycle pressurization modes.> In full pres-
surization mode, the entire sludge flow is pumped through the pressurization tank
and the air saturated sludge is then passed through a pressure reduction valve before
entering the floatation tank. In this tank, the air is able to partition from the solution
in the form of small bubbles. The advantage of pressurizing the full flow is it can
minimize the size of floatation tank. Indirectly, it helps to reduce the capital cost.

Meanwhile, in partial pressurization mode, only a part of the sludge flow is
pumped through the pressurization tank. After pressurization, the pressurized and
unpressurized streams are combined and mixed before entering the floatation tank. In
this arrangement, the pressurizing pump and pressure vessel are smaller. However,
the size of the floatation tank would be the same as that for a full pressurization
system.

The final method is known as recycle pressurization. In this method, a portion
of the clarified effluent (subnatant) is saturated with air in the pressurization tank.
After that, it is combined and mixed with the sludge feed before it is released into

Table 23. Advantages and Disadvantages of DAF Thickener.)

Advantages
Provides better solid—liquid separation than a gravity thickener.
Produces higher solids concentration than gravity thickener for many types of sludges.
Requires small or less space than gravity thickener.
Offers excellent sludge equalization control.
Less odor problems compared to gravity thickener.
Able to remove grit from sludge processing system.
Able to remove fat and grease.

Disadvantages
High operating cost compared to gravity thickener.
The concentration of thickened sludge produced is less than in a centrifuge.
Requires large space than a centrifuge.
Has very little sludge storage capacity.




Biosolids Management 53

the floatation tank. The advantage of recycle pressurization mode when compared
to other modes is that it can minimize high shear conditions. Apart from that, the
recycle pressurization mode has a potential to eliminate clogging problems with
pressurization pump, retention tank, and pressure release valve. Based on those
advantages, the recycle pressurization mode has been chosen as the most commonly
used unit in the United States.

Normally, DAF thickeners can be applied to thicken wastewater solids before
dewatering or stabilization. Besides that, it can be used to thicken aerobically digested
sludge or other solids before disposal or dewatering.

3.1.4. Gravity Belt Thickening

Recently, gravity belt thickening process has become as one of a popular methods
for thickening WAS.?” The design and operation of this process are originated from
the application of belt presses in sludge dewatering. The advantages of gravity belt
thickeners are: they require low energy, they are easy to operate, and they need
limited attention following start up.

This equipment includes a gravity belt that moves over roller driven by a variable
speed drive unit.* In gravity belt thickening, solids are concentrated when free water
drains by gravity through a porous horizontal belt. Usually, during the operation,
polymer is used for sludge conditioning before it is fed or transferred into the dis-
tribution box (feed). During this process, the sludge is distributed equally across the
width of the moving belt by the distribution box. At the same time, water drains
through the moving belt. It has been reported that approximately 50% of the water
is lost during this process.! As a result, the solid content produced will be increased.
When the moisture is lost, the sludge is conveyed toward the discharge end of the
gravity belt thickener. Then, the sludge is arranged in the form of a long and narrow
trench by a series of plow blades that is placed along the travel of the belt. This
process allowing the water released from the sludge to pass through the belt. Finally,
the belt travels through a wash cycle after the thickened sludge is removed. Partic-
ularly, gravity belt thickeners are suitable for the thickening of WAS before further
processing. In addition, this method also applicable for thickening digested sludges
for volume reduction before transportation.?’

The performance of gravity belt thickeners for a particular solid include polymer
dose, sludge feed rate, sludge characteristics, polymer and solids mixings, belt speed,

belt tension, belt type, ramp use, and angle and plow configurations.'-?’

3.1.5. Rotary Drum Thickening

Rotary drum thickening is also one of the systems used to thicken sludges. The
function of a rotary drum thickener is similar to a gravity belt thickener where it
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allows the water to drain through a porous medium while solids are retained on
the media. This system is often used as a prethickening step with belt filter press
dewatering.?’ In the pulp and paper industries, they are suitable to be used for the
thickening of high fiber sludges. Meanwhile, in wastewater treatment, this system is
applicable to thicken either raw or digested sludges that contain a significant primary
solids fraction.

Rotary drum thickening system consists of two important parts, which are
WAS conditioning system and rotating cylindrical screens.* Normally, the drum is
equipped with a center shaft mounted on a steel frame or is mounted on four wheels
that supporting its outer perimeter. During the thickening process, polymer is added
to the sludge and mixed in the conditioning drum. The use of polymer in the rotary
drum thickening process for WAS, for example, can produce a thickened sludge with
the range of 3—4% solids content.!*# Then, the conditioned sludge is passed to rotating
screen drums that separate the flocculated solids from water. The thickened sludge
moves out at the end of the drums while the separated water decants through the
screen opening. The application of rotary drum thickener in the thickening process
offers several advantages such as low energy use, less space requirements, and low
capital cost. In general, the performance of a drum thickener is similar to gravity
belt thickeners.

3.2. Stabilization

In biosolids treatment, stabilization process is one of the treatments used to stabilize
the liquid sludge after the thickening process and before it can be transferred to
conditioning and dewatering operations.! The main purposes of biosolids/sludge
stabilization are listed below? 2329

1. to reduce or destroy pathogen (disease-causing organisms),
1i. to reduce volume,
iii. to minimize the potential for odor generation, and
iv. to stabilize organic matter.

Biosolids are widely used in home gardening, commercial agriculture, landscaping,
recreational area, etc. They are rich in nutrients such as phosphorus and nitrogen
and also contain valuable micronutrient that helps to stimulate plant growth or soil
amendment to enhance certain physical properties of soil. Biosolids must be stabi-
lized to some extent before they can be used or disposed of. The Environmental Pro-
tection Agency’s (EPA) 40 Code of Federal Regulations (CFR) Part 503, Standards
for the Use and Disposal of Sewage Sludge has stated that wastewater solids must be
processed or treated before they can be used on land or as a natural fertilizer.?” There
are five major methods of stabilization that will be discussed in this section, which
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include alkaline stabilization, anaerobic digestion, aerobic digestion, composting,
and heat drying.*°

3.2.1. Alkaline (Lime) Stabilization
3.2.1.1. General description

Typically, alkaline stabilization process has been used for several years to reduce
odors and to eliminate pathogen in biosolids.*! Itis a very simple process and it offers
several advantages such as require low cost and simplicity of operation compared
to other stabilization processes. In this treatment, lime is most commonly used for
sludge stabilization.>?> However, other alkaline materials such as cement kiln dust,
lime kiln dust, Portland cement, and fly ash have also been used as substitute for
sludge stabilization process.’

Lime stabilization of sludge is one of the processes listed in the 40 CFR Part 503
Rule and it plays an important role in reducing pathogens to a level considered as
Class B biosolids.*® During this process, sufficient lime is added to the biosolids to
raise the pH to 12 after 2 h of contact. Generally, there are two types of biosolids
regarding to pathogen reduction that have been stated in the Part 503 Rule i.e. Class
A and Class B. These classifications are based on the level of pathogens present in
biosolids that are used or disposed of. The biosolids meet the Class A if pathogens
such as Salmonella sp. and bacteria are below the detectable levels. Meanwhile,
biosolids are classified as Class B if pathogens are detectable but have been reduced
to levels that do not give any harm to public health and environment. However, it is
found that both classes of biosolids are safe but additional requirements are necessary
with Class B biosolids. The application of alkaline stabilization on biosolids can
achieve the minimum requirements for both Class A and Class B biosolids with
respect to pathogens.

Theoretically, the addition of lime to biosolids can help to reduce the levels
of odors and pathogen by producing a high pH environment that inhibits the bio-
logical activity. During the anaerobic decomposition of organic matter, gases con-
taining nitrogen and sulfur are evolved. These gases are the main source of odors in
biosolids.** During the lime stabilization process, lime is added to the biosolids to
increase its pH to 12.0 or higher. This pH should be remained for at least 2 h.*2%:30 As
a result, the elevated pH helps to destroy and inactivate the pathogens and microor-
ganisms in the biosolids with highly alkaline environment. In addition, high pH can
also retard the microbial activities, which can lead to odor production and vector
attraction.

Figure 8 depicts the conceptual design for the lime stabilization system. Most of
all sludge is passed through the grinder before entering the stabilization system. This
step will help to improve the sludge mixing and flow characteristics. In addition,
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Figure 8. Conceptual Design for a Lime Stabilization Systern.5

it also protects downstream processing equipment such as pump and dewatering
equipment. There are two mixing tanks provided in the system. Each tank has the
capacity to treat the total sludge produced in 8 h shift. The sludge in the second tank
is dosed with lime and mixed for 30 min to get pH 12.5 while the sludge is filled in
the first tank at the same time. After the liming process has finished, the stabilized
sludge then conveyed to the dewatering equipment. Besides that, this system also
equipped with the coarse air bubble diffuser to mix the sludge with the lime slurry.
In order to remove odors during the process, odor-control unit has been attached to
the system.

3.2.1.2. Types of lime

Many years ago, there are two types of lime that are commercially used in biosolids
stabilization, i.e. quicklime (CaO) and hydrated lime [Ca (OH),].33° These alkaline
materials are added to either liquid biosolids before dewatering process or dewatered
biosolids in a mixer. Lime is a caustic material that can burn or damage organic tissue
by chemical action. For safety handling, special equipment must be designed and it
should include eyewash fountains, safety showers, protective clothing, and complete
standard operating procedures. Typically, quicklime is the product resulting from the
calcination of limestone by a high temperature. It consists of the oxides of calcium
and magnesium. Quicklime can be classified into three major classes that are®>3¢:
i. high calcium quicklime — containing less than 5% MgO and 85-90% CaO,

ii. magnesium quicklime — containing 5-35% MgO and 60-90% CaO, and

iii. dolomite quicklime — containing 35-40% MgO and 55-60% CaO.
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In wastewater treatment, high calcium quicklime, which containing 85-90% of CaO,
is the most commonly used in lime stabilization process. Meanwhile, hydrated lime
[Ca (OH),] is obtained by treating quicklime with water under exothermic reaction.
This process is known as slaking. The reaction is described in Eq. (6):

CaO +H,O0 — Ca(OH), + Heat 6)

(Quicklime) (Hydrated lime)

During the slaking process, coarse particles (CaO) are crushed and splitting them
into smaller particles of Ca(OH),. These smaller particles are highly reactive and
they have a large total surface area. Table 24 lists the characteristics of quicklime
(Ca0) and hydrated lime [Ca (OH);].

3.2.1.3. Factors affecting lime stabilization process

In lime stabilization system, there are three fundamental design parameters that must
be considered, which are pH, contact time, and lime dosage. Regarding to pH and
contact time, the design objective is to maintain pH greater than 12.0 and should be
remained for 2 h. This action should be considered to ensure pathogen destruction
and to provide high alkalinity environment. So that, the pH does not drop below
11.0 for few days. In order to accomplish these objectives, the recommended three
design criteria are:

i. sludge should be treated while it is still in the liquid state,
ii. adjust the sludge pH to 12.5 by adding lime, and
iii. pH above 12.5 should be maintained for 30 min.

Basically, the required amount of lime dosage for stabilization can be determined
by the following aspects such as type of sludge to be treated, chemical composition,
and solids concentrations. Typically, primary sludges needs less lime dosages while
the highest dosages were required to increase the pH level of WAS. In addition, iron
and alum sludges also required high lime dosages. Table 25 shows the results of
plant-scale tests at Lebanon, Ohio. During this test, it was found that the addition of
lime ranging from 6% to 51% of the total dry solids in the sludges was required to
elevate the pH level. These lime dosages were considered sufficient to maintain the
sludge pH above 12.0 for 30 min.

Generally, if the lime stabilization is properly managed, significant pathogen
destructions can be achieved in sludges that have been treated with lime at pH
12.0.3436 It was reported that in the full-scale project at Lebanon, Ohio, the indi-
cator organisms that were used during lime stabilization process were Salmonella,
Pseudomonas aeruginosa, total coliforms, fecal coliforms, and fecal streptococci.
The pathogen concentrations for the raw sludges (before lime stabilization) and
lime-stabilized sludges (after lime stabilization) at Lebanon, Ohio are shown in



Table 24. Characteristics of Quicklime and Hydrated Lime.”

8¢S

Containers and
Requirements

Appearance and
Properties

Weight, Ib/cu ft
(Bulk Density)

Commercial
Strength

Solubility in Water

Common
Name/Formula Available Form
Quicklime/CaO  Pebble
Crushed
Lump
Ground
Pulverized
Hydrated lime/  Powder (passes
Ca (OH)» 200 mesh)

80-100 Ib moisture
proof bags, wooden

barrels and carloads.

Store dry/maximum
60 days in tight
container or three
months in moisture
proof bag

50 Ib bags, 100 1b

barrels and carloads.

Store dry; maximum
1 year

White (light gray, tan)
lumps to powder.

Unstable, caustic
irritant.

Slakes to hydroxide
slurry evolving heat
(490 Btu/lb).

Air slakes to CaCOs3.
Saturated solution
approximately
pH 12.5

White, 200-400 mesh,
powder free of
lumps; caustic dusty
irritant; absorbs HyO
and CO; from air to
form Ca (HCO3),.

Saturated solution
approximately
pH 12.4

55-75, to calculate
hopper capacity-
use 55; specific
gravity 3.2-3.4

25-40, to calculate
hopper
capacity — use
30; specific
gravity 2.3-2.4

70-96% CaO
(Below 88% can
be poor quality)

Ca (OH), —
82-98%

Ca0 —62-74%
(Standard 70%)

Reacts to form
Ca(OH);.

Each 1b of
quicklime will
form 1.16 to
1.321b of
Ca(OH),,

With 2-12% grit,
depending on
purity

w22y vV H

10 1b/1,000 gallons
at 70°F

5.6 1b/1,000 gallons
at 175°F

Notes: 1 1b = 0.454 kg; 100 Btu/Ib = 55 kg-cal/kg; 1 Ib/cu ft = 16 kg/m>; and 1 b/1000 gal = 0.120 /L.
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Table 25. Lime Requirement to Attain pH 12 for 30 min at Lebanon, Ohio.3*

Solids Concentration, %  Lime Dosage, Ib Ca (OH);  pH, Average

Sludge Type Range Average Range Average Initial  Final

Primary sludge? 3-6 4.3 0.06-0.17 0.12 6.7 12.7

WAS 1-1.5 1.3 0.21-0.43 0.30 7.1 12.6

Anaerobically digested 6-7 5.5 0.14-0.25 0.19 7.2 12.4
mixed sludge

Septage 145 2.7 0.09-0.51 0.20 7.3 12.7

3Include some portion of WAS.

Tables 26 and 27, respectively. From this study, it shows that the concentration of
Salmonella and Pseudomonas aeruginosa was reduced below the level of detection
(near to zero) in all types of sludges. After the stabilization process, the concentra-
tions of fecal and total coliforms were reduced more than 99.99% in the primary and
septic sludges. While in WAS, the concentrations of total and fecal coliforms were
decreased t0 99.97% and 99.94%, respectively. In addition, it was found that the per-
centage of fecal streptococci kills in primary sludge, WAS, septic sludge, and anaer-
obically digested sludge are 99.93%, 99.41%, 99.90%, and 96.81% respectively.?

3.2.1.4. Advantages and disadvantages of lime stabilization

The lime-stabilized sludge produced from the stabilization process has been used
widely in many activities such as for landscaping, agriculture, mine reclamation,
or as a daily landfill cover.?’ Lime stabilization offers several advantages in sludge
treatment. Despite the well-known advantages, there are some disadvantages com-
pared to other process and these have been tabulated in Table 28.

3.2.2. Anaerobic Digestion
3.2.2.1. General description

AD is among the oldest and most important process for the stabilization of sludge
before final disposal.>?® It has been employed worldwide a few decades ago in most
of the WWTPs. AD can be defined as a biological process that occurs naturally
when various groups of bacteria and microorganisms break down organic material
in the environments with the absence of oxygen. Almost any organic material can be
processed with AD. These include sewage sludge from the WWTP, grass clippings,
food waste, industrial effluents, animal waste, and also waste paper and cardboard.
In the municipal and industrial wastewater treatments, it was found that AD plays a
major role for the stabilization of concentrated sludge produced during the treatment
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Table26. Pathogen Concentration for Raw Sludges at Lebanon, Ohio (Before Lime Stabilization).3>
Raw Primary Anaerobically

Parameter Sludge WAS Digested Sludge Septage Sludge

Salmonella avg., 62 6 6 6
number/100 mL

Salmonella range., 11-240 3-9 3-30 3-9
number/100 mL

Pseudomonas aeruginosa, 195 55x% 103 42 754
avg. number/100 mL

Pseudomonas aeruginosa, 75-440 91 — 1.1 x 10* 3-240 14 —2.1 x 103
range number/100 mL

Fecal coliform avg., MF N/A 2.65 x 107 2.6 x 107 1.5 x 107
number/100 mL

Fecal coliform range, MF N/A 2.0 x 107 — 3.4 x 10% — 1.0 x 107 —
number/100 mL 3.3 % 107 6.5 x 10° 1.8 x 107

Fecal coliform avg., MPN 8.3 x 10% N/A 1.45 x 10° N/A
number/100 mL

Fecal coliform range, 1.3 x 108 — N/A 1.9 x 105 — N/A
MPN number/100 mL 3.3 x 10° 4.9 x 10°

Total coliform avg., MF N/A 8.33 x 10% 2.42 x 107 2.89 x 108
number/100 mL

Total coliform range, MF N/A 1.66 x 108 — 1.3 x 105 — 1.8 x 107 —
number/100 mL 1.5 x 10° 1.8 x 108 7% 108

Total coliform avg., MPN 2.9 x 109 N/A 2.78 x 107 N/A
number/100 mL

Total coliform range, 1.3 x 107 — N/A N/A
MPN number/100 mL 3.5 x 107

Fecal streptococci avg., 3.9 x 107 1.03 x 107 2.7 x 10 6.7 x 10°
number/100 mL

Fecal streptococci range, 26x107—  5.0x10° — 3.3 % 10° —
number/100 mL 5.2 x 107 2.0 x 107 1.2 x 106

process.* Furthermore, this process has become as one of the most widely used for
sludge stabilizations because of its methane recovery potential.3

3.2.2.2. AD process/stages

AD is a multi-stage process. Basically, AD occurs in four stages, i.e. hydrolysis, aci-
dogenesis, acetogenesis, and methanogenesis.?’ These stages are depicted in Fig. 9.
The first stage of AD is hydrolysis. This stage also known as liquefaction. During this
stage, the fermentative microorganism secretes enzymes and converts the insoluble
organic materials from raw sludge such as carbohydrates, fats, and proteins into
soluble organic substances such as sugars, fatty acids, and amino acids. During the
hydrolysis stage, the complex organic matter is hydrolyzed by hydrolytic enzymes
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Table 27. Pathogen Concentration for Raw Sludges at Lebanon, Ohio (After Lime Stabilization).3>
Raw Primary Anaerobically

Parameter Sludge WAS Digested Sludge Septage Sludge

Salmonella avg., <3* <3* <3* <3*
number/100 mL

Salmonella range., <3* <3* <3* <3*
number/100 mL

Pseudomonas <3* 13 <3* <3*
aeruginosa, avg.
number/100 mL

Pseudomonas <3* <3*—-26 <3* <3*
aeruginosa, range
number/100 mL

Fecal coliform avg., MF N/A 1.62 x 10* 3.3 x 103 2.65 x 102
number/100 mL

Fecal coliform range, N/A 3.3 x 102 — 3.3 x 10° 2.0 x 102 —
MF number/100 mL 3.2 x 10* 3.3 x 107

Fecal coliform avg., 5.93 x 103 N/A 18 N/A
MPN number/100 mL

Fecal coliform range, 560 — 1.7 x 10* N/A 18 N/A
MPN number/100 mL

Total coliform avg., MF N/A 2.12 x 10° N/A 2.1 x 103
number/100 mL

Total coliform range, N/A 33 %103 — N/A 200 — 4 x 10
MF number/100 mL 42 x 10°

Total coliform avg., 1.15 x 10° N/A 18 N/A
MPN number/100 mL

Total coliform range, 640 — 5.4 x 10° N/A 18 N/A
MPN number/100 mL

Fecal streptococci avg., 1.62 x 10% 6.75 x 103 8.6 x 10 665
number/100 mL

Fecal streptococci range, 4.0 x 103 — 1.5 x 103 — 3.3 x 102 — 3.3 x 10% —
number/100 mL 5.5 x 10* 1.35 x 104 1.4 x 104 1.0 x 103

such as lipase, protease, cellulase, and amylase that are secreted by microorganisms.
For example, the complex organic matters such as proteins are hydrolyzed to amino
acids or peptides by protease enzyme. Subsequently, in the second stage, the products
(sugars, fatty acids, and amino acids) formed during the hydrolysis stage are further
digested during acetogenesis stage. During this phase, the fermentative bacteria or
also known as acedogenic bacteria play significant role to breakdown all the soluble
organic substances to produce volatile fatty acids along with other products such
as hydrogen (H,), carbon dioxide (CO,), and ammonia (NH3). Acetogenesis is the
third stage of AD. During this stage, acetogenic bacteria convert the higher organic
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Table 28. The Advantages and Disadvantages of Lime Stabilization Process2?.

Advantages
Requires small or less space.
Flexible operation, easily started and stopped.
Simple technology.
Produce a suitable product for a variety of uses and able to be sold.

Disadvantages
Product obtained is not suitable to be used on all type of soil.
Require higher transportation cost.
Potential of odor generation during the processing.
Potential for dust production.
Lower nitrogen content in the final product.
Potential for pathogen regrowth if the pH drops below 9.5 during storage.

acids and alcohols into simple organic acids such as acetic acids (CH;COOH), pro-
pionic acid (CH3;CH,COOH), and butyric acid (CH3;CH, CH,COOH). These acetic
acids are produced along with hydrogen (H;,) and carbon dioxide (CO,). Finally,
methane (CH4) and carbon dioxide (CO,) are produced in the methanogenesis stage.
At this stage, the bacteria called methane formers or also known as methanogens
digest the intermediate products from the previous stages (hydrolysis, acidogenesis,
and acetogenesis) and transform them into methane (CHy), carbon dioxide (CO,),
and water. The methane gas produced can be burnt to generate heat or electricity
for plant operation or even used as vehicle fuel. In addition to methane (biogas),
AD also produces a solid and liquid by-product called digestate. This nutrient-
rich by-product can be used as soil conditioner or as a natural fertilizer after some
treatment.

3.2.2.3. Factors affecting AD process

In the anaerobic environment, there are various important parameters that affect the
rates of digestion process. These include®*:

1. temperature,
ii. pH,
iii. solid retention time (SRT),
iv. hydraulic retention time (HRT),
v. presence of toxic materials, and
vi. bioavailability of nutrients and trace metals.

However, it was found that the first four parameters are the most significant factors
and will be discussed in this chapter.
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3.2.2.3.1. Temperature

Temperature is considered as the most important factor in the successful of AD
process.™¥ Generally, the increasing of temperature can affect the metabolism
and growth rate of microorganisms. There are mainly two temperature ranges that
provide optimum digestion conditions for the production of methane which include
mesophilic and thermophilic ranges. The mesophilic range is between 20°C and 40°C
while the thermophilic range is between 50°C and 65°C. Several studies have been
reported that the optimum temperatures for the AD process are 35°C (mesophilic) and
55°C (thermophilic), respectively.**~*! The digestion process that occurs at high tem-
perature (thermophilic conditions) offers several benefits compared to mesophilic

conditions, which include’”-40-42;

e increase the rates of destruction of pathogens and weed seeds,

e accelerate biological and chemical reaction rates with increasing temperature,
e increase the solubility of the organic compounds, and

e enhance higher biogas production.

However, there are some disadvantages of thermophilic conditions, when compared
to mesophilic conditions, which include?>-37-40-43.44

require higher energy for heating,

the process is unstable due to higher temperature,

produce poor or low quality effluent,

sensitive to environmental changes, and

increase the fraction of free ammonia that inhibits the role of microorganisms to
breakdown the organic materials.

3223.2. pH

The parameter pH is the second leading parameter that affects AD process. In addition
to temperature, pH is also one of the significant factors that affect the bacterial growth.
It was found that each group of microorganisms or bacteria has a different optimum
pH range. Anaerobic bacteria especially methanogenic bacteria (methanogen) are
sensitive to the acid concentration in the anaerobic digester. The presence of acidic
environment can inhibit the bacterial growth. Methanogenic bacteria require a neutral
environment to slightly alkaline environment in order to produce methane. Several
studies have reported that various optimum pH range for the production of methane
are between 6.8-7.2,% 6.5-7.2,and 7.0-7.2.* Meanwhile, acid-forming bacteria
or fermentative bacteria are less sensitive to acidic environment. Thus, they can
function very well in the pH range between 4.0 and 8.5 during the process.?’



Biosolids Management 65

3.2.2.3.3. Retention time — solids retention time and hydraulic
retention time

Another parameter that affects the AD process is retention time, which includes SRT
and HRT. Most AD systems are designed to retain the sludge for a couple of days in
the digester. SRT can be defined as the average time the solids held in the digester.*’
It is well known that this parameter is the most important factor in controlling the
conversion of sludge to gases such as methane and carbon dioxide. It also plays a
significant role in order to maintain the stability of the anaerobic digester. Basically,
the increase or decrease of SRT will lead to an increase and decrease of the rate of the
reactions.*3’” Meanwhile the average time that the liquid sludge is being retained in
the digester is known as HRT. The HRT is important since it establishes the quantity
of time available for bacterial growth and subsequent conversion of organic material
in the sludge into gas. For the system to be economical, the AD process should
occur at short HRT.*® Generally, the required retention time for the completion of
AD reaction would vary depends on the technology used, temperature range, and
the composition of wastewater.

3.2.2.4. Types of AD system

Basically, there are four types of AD systems that are available to stabilize wastewater
sludges. They are’:

1. low-rate AD,

ii. high-rate AD (single-stage and two-stage),
iii. anaerobic contact, and
iv. phase separation.

3.2.2.4.1. Low-rate AD

In the AD process, low-rate (standard) digestion is found to be the simplest and
oldest type of sludge stabilization method. The retention time required for low-
rate digestion is between 30 and 60 days.*’” Meanwhile, organic loading rates vary
between 0.4 and 1.6kg total VSS per m? of digester per day. Figure 10 depicts the
schematic diagram of low-rate (standard) digestion. Normally, large storage tank
is used as a low-rate digester. During the process, sludge is fed into the digester
intermittently. In the digester, the sludge is not heated or mixed. After the sludge is
fed in the digester, bubbles of gas are generated and they rise to the surface. The rising
gas to the surface provides the only source of mixing in the digester.*® The rising
gases also carry the lighter sludge particles to the surface to form scum. Basically,
the stratification occurs in four zones, which include scum layer, supernatant (liquid
layer), the layer of actively digesting sludge, and the layer of digested or stabilized
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Figure 10. Schematic diagram of low-rate AD system.5

sludge. The stabilized or digested sludge formed at the bottom of the digester is
periodically removed from the center of the floor. Meanwhile, the supernatant is
withdrawn from the side of the digester and recycled back to the WWTP. At the same
time, the biogas produced from the digestion process is drawn off through the digester
cover. The low-rate digestion process offers a major disadvantage where the large
tank volume is needed because of long retention times, low loading rates and the
formation of thick scum layer.*’

3.2.2.4.2. High-rate AD (single-stage and two-stage)

High-rate AD is the most commonly used system in the United State.*® This digester
has experienced a major improvement from the low-rate (standard) digestion system
since 1950s. The high-rate digestion system has two types of digesters, which are
single-stage and two-stage high-rate digesters. There are four elements of high-
rate digestion that should be considered in order to create a steady and uniform
environment and the best conditions for the biological process. These include the
value of heating, auxiliary mixing, thickening the raw sludge, and uniform feeding.
In the single-stage digester, the sludge is mixed thoroughly to create homogenous
environment throughout the digester and completely heated to increase the rate
of digestion process. As a result, the distribution of temperature is more uniform
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throughout the digester because the sludge is thoroughly mixed. In this process,
heating is important in order to increase the rate of microbial growth and, therefore,
increase the rate of digestion with increasing temperature. Normally, high-rate
digester can operate at two temperature ranges, i.e. mesophilic range and ther-
mophilic range (this range has been discussed above). Most commonly, the sludge
in the digester is heated by external heat exchangers. The reason for using external
heat exchangers is because of their flexibility and ease of maintenance.?” However,
other heating methods such as internal heat exchanger, steam injection, and direct
flame heating also can be used to heat sludge in the digester during the process.!
Uniform sludge feeding is very important in the high-rate AD. The sludge is fed
continuously to help maintain steady-state conditions in the digester. Thickening the
sludge before the digestion process increased the SRT and thereby enhanced solids
reduction. The retention time required for this stage is between 10 and 15 days,
while organic loading rate vary between 1.6 and 8.0 kg VSS/m?/day.*’ Single-stage
high-rate digestion system is illustrated in Fig. 11.

Two-stage AD has been considered more effective than the conventional single-
stage system in the conversion of the sludge to biogas. As shown in Fig. 12, high-
rate digester is coupled in series with a second tank. The first tank is known as
primary digester while the second tank is secondary digester. The first stage (primary
digester) is the active stage. The important characteristics of this stage are: the
digesting sludge is thoroughly mixed and the retention time only takes a few days.
Traditionally, the second digester is similar in design to the primary digester except
that it is neither heated nor mixed. After the digestion process, effluent produced from
primary digester is discharged into the secondary digester. The main function of the

Digester gas

Gas
Heat exchanger

Raw o~~~

sludge b Active zone
Heated to constant temperature
Mixed

o Continuous feeding and withdrawal
Mixing Retention time: 10-15 days
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VSS/m3/day

Digested sludge

Figure 11. Schematic Diagram of Single-Stage High-Rate Digestion System.5
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Figure 12. Schematic Diagram of Two-Stage High-Rate Digestion System.5

secondary digester is to allow gravity thickening of digested sludge and decanting
the supernatant liquor. The second digester also can serve as a settling chamber in
which the digester contents separate into two layers, namely digested sludge and
supernatant. Both tanks may be equipped with fixed or floating covers. Usually,
second-stage digester covers used floating type, where it can also be employed to
store the digester gas produced from the digestion process. Unfortunately, many
secondary digesters have performed poorly as thickeners. As a result, they produce a
dilute sludge together with a supernatant contains with high concentration of SS. The
basic cause of this problem (poor performance) is that anaerobically digested sludge
does not settle readily. These poor settling phenomena are commonly associated
with the following two reasons”:

i. Floatation of solids due to the attachment of gas bubbles and sludge particles.
ii. High proportion of fine sized particles.

However, the secondary digester can function very well as following despite their
poor performance in thickening anaerobically digested sludge, which include:

e Thickening digested primary sludge,

e Providing standby digester capacity (if the digester is equipped with heating,
mixing, and intake piping),

e Storing digested sludge (if fitted with floating cover), and

e Ensuring against short circuiting of raw sludges through digestion (important for
odor control if digested sludge is transferred to open basins or lagoons).
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3.2.2.4.3. Anaerobic contact process

The anaerobic contact process is a suspended growth process. This process is similar
in design to the activated sludge process. The essential feature of this system is that
positive liquid—solids separation through the use of a bacterial biomass is utilized.
A portion of this biomass that leaving the digester is recycled back and then mixed
with the incoming raw sludge as shown in Fig. 13. This recycling of sludge allows
for adequate cell retention to meet kinetic requirements.> To obtain any of the ben-
efits from recycling, the return stream must be more concentrated than the contents
of the digester. The process usually has a vacuum degasifier placed following the
anaerobic digester to eliminate gas bubbles and thereby improving cell settling.*’
The anaerobic contact process has been applied in treating high-strength industrial
wastes. Meanwhile, this process has also been operated successfully at a laboratory
scale to stabilize primary sludge.’® However, this system is rarely considered in
municipal anaerobic sludge digestion.

3.2.2.4.4. Phase separation

Basically, phase separation is also referred to multi-stage AD system. This system
involves two general phases, which include acid formation and methane production.
The acid-forming phases, which involve hydrolysis and volatile acid fermentation,
are separated from the gas-forming phase (methane formation) by being conducted
in the separate digester.’! In the previous three AD processes (low rate, high rate, and
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contact process), both phases occur in one digester. As early as 1958, the potential

benefits of separating the two phases into separate tanks were discussed. Generally, it

was found that two-phase digestion is feasible for the treatment of sewage sludge.>”

The first phase is known as acid-phase digester. It consists of hydrolysis and first

acid production steps. During these steps, the complex organic matter is hydrolyzed

and converted into soluble organic substances and volatile fatty acids. Meanwhile

in the second phase, the organic material is converted further to acetic acid through

acetogenesis as well as methane-formation step in which methanogenic bacteria

break down the organic matter into biogas.’! The schematic diagram of two-phase

AD process is illustrated in Fig. 14. The phase separation process offers several

potential advantages when compared to other processes. These are®:

e Capability of maintaining the optimum environment for each group of microor-
ganisms involved in the digestion process.

e Substantial reduction in total digester volume and the consequent savings in capital
and operating costs.

e Higher rates of solid stabilization and increased the production rate of biogas at
the end of the process.

e Low heat requirement.

e Suitable for incorporation into existing treatment plants with minimum capital
investment.

3.2.2.5. Advantages and disadvantages of AD

Overall, AD has been and continues to be as one of the most widely used processes
for the stabilization of sludge produced from the WWTP. The widespread use of
this process over other stabilization processes is mainly related to the potential
advantages as listed in Table 29. Despite the well-known advantages of AD process,
there are several disadvantages when compared to other stabilization process. The
disadvantages of this process are also listed in Table 29.
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Table 29. The Advantages and Disadvantages of AD Process.*0

Advantages
e Produces methane, which is a usable source of energy.
e Reduces total sludge mass through the conversion of organic materials in methane, carbon
dioxide, and water.
End product can be used as a soil conditioner.
Inactivates pathogens.
Less energy required.
Less biological sludge produced.
Process more effectively provides sanitization/removal of diseases.

Disadvantages
Has a high capital cost.
Produces a poor quality sidestream.
Slow growth rate of anaerobic organisms.
Not suitable for treating low concentrated wastewaters.
A relatively high operating temperature has been required for efficient performance.
Increase potential for production of odor and corrosive gases.
Much more sensitive to the adverse effect of lower temperature on reaction rates.
The digestate (semi-solid) produced at the end of the process may require further treatment with
an aerobic treatment process to meet discharge requirements.

3.2.3. Aerobic Digestion
3.2.3.1. General description

Aerobic digestion of wastewater sludges is defined as a stabilization process, in
which aerobic bacteria consume the biological degradable organic component of
the sludge and convert them into carbon dioxide, water, and ammonia.>*3* The
ammonia is further converted to nitrates, as the digestion process proceeds. The
basic objectives of this treatment are to produce a biologically stable end product
while reducing both sludges mass and volume.

Historically, the studies on aerobic digestion on wastewater sludges have been
conducted since the early 1950s in the United States. It has been indicated that
aerobic digestion performed as well as AD in reducing volatile solids. By 1963, at
least one major equipment supplier had approximately 130 installations in plants
with flow from 37.8 to 378 m?/day. By the late 1960s and the early 1970s, aerobic
digestion facilities have been suggested to be built in a new constructed treatment
plants. As a result, by the early 1979, numerous plants use aerobic digestion as one
of the treatment units to stabilize the sludge produced.’ Typically, aerobic digestion
is used in smaller WWTPs.3%53 The following types of sludges have been success-
fully treated by aerobic digestion, which include WAS only, mixtures of WAS or
trickling filter sludge and primary sludge, and waste sludge from extended aeration.*
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However, the most widespread use of aerobic digestion has been in the treatment
of WAS.

The aerobic digestion of sludge is a continuation of the activated sludge process
under endogenous condition. Basically, the aerobic digestion consists of two steps
involving the direct oxidation of biodegradable materials and endogenous respiration
where cellular material is oxidized.>:3*>> These steps can be illustrated as in Egs. (7)
and (8).

Organic matter + NHI + O, — cellular material + CO, + H,O @)
Cellular material + O, — digested sludge + CO, + H,O + NO5 (8)

Equation (7) shows the oxidation of organic matter to cellular material. During this
process, microorganisms will oxidize the organic matter in the presence of oxygen
and converting them into cellular materials, carbon dioxide, and water. Meanwhile,
Eq. (8) describes that the cellular material is subsequently oxidized the cellular
material to digested sludge. Together with digested sludge, carbon dioxide, water, and
nitrate are also produced in the second step of the oxidation. The process described in
Eq. (8) is referred to as “endogenous respiration”, which is the predominant reaction
in aerobic digestion.>> There are some parameters affecting the aerobic digestion
process, which are>6-%7:

temperature,

the rate of sludge oxidation,
system oxygen requirements,
sludge loading rate,

sludge age, and

sludge solids characteristics.

3.2.3.2. Process variations of aerobic digestion

There are several process variations of aerobic digestion. These variations include
conventional (mesophilic) aerobic digestion, high-purity oxygen digestion, dual
digestion, and autothermal thermophilic aerobic digestion (ATAD).

3.2.3.2.1. Conventional aerobic digestion

Conventional aerobic digestion is also known as mesophilic aerobic digestion.>®

This variation is quite simple and plays an important role to stabilize excess acti-
vated sludge in unheated open digesters through diffused air or surface mechanical
aeration. Typically, the digestion process occurs at a mesophilic temperature range.
The facilities and equipment are similar to those used for activated sludge system.
In a conventional aerobic digester, solids concentration must be less than 3%.%
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Basically, sludge can be introduced to the aerobic digester on a batch, semi-batch,
or continuous bases. In the batch basis, the raw sludge is filled into the digester and
aerated for 2-3 weeks, then stopped. The supernatant is decanted and the settled
solids are removed. For semi-batch basis, raw sludge is added every couple of
days. The supernatant is decanted periodically and the settled solids are held in
the digester for a long time before being removed. Usually, sludge is thickened by
floatation to reduce the required digestion volume. To design an aerobic digester, a
few aspects should be considered such as hydraulic detention time, organic loading,
oxygen demand, power requirements, and temperature.’®> Meanwhile, the design
parameters involved are hydraulic detention time, oxygen demand, mixing, and
temperature.

3.2.3.2.2. High-purity oxygen digestion

High-purity oxygen digestion is the aerobic digestion process, in which high-purity
oxygen is used instead of air as the oxygen source.* The sludge produced from the
process is similar to sludge from conventional aerobic digestion. This process can
be conducted in either open or closed tanks. In the closed tanks, high-purity oxygen
atmosphere is maintained in the space above the liquid surface and oxygen is trans-
ferred into the sludge through mechanical aerators. Meanwhile, when performing the
process in open tanks, oxygen is normally introduced to the sludge in small bubbles
with special diffusers. The bubbles dissolve before they reach the liquid surface.
The principal advantage of the system is that it is relatively insensitive to changes in
ambient temperatures when closed tanks are used. This is because of the increased
rate of biological activity and the exothermic nature of the process.® Meanwhile,
the major disadvantage of this process is the increased cost associated with oxygen
generation.* High temperatures resulting from the exothermic process increase the
rate of volatile solids destruction and favoring its use in cold climate regions.

3.2.3.2.3. Dual digestion

Dual digestion is a two-step sludge digestion process that combines the aerobic
thermophilic pretreatment prior to AD.> Basically, the first step of dual digestion
system comprised of a high-rate autothermal aerobic digester.®® The aerobic reactor
can be maintained at thermophilic temperatures where it is greater than 45°C through
the conservation of heat generated by biological oxidation of degradable organic
matter in the sludge and does not require the use of an external heat source. During the
process, high-purity oxygen is introduced into the aerobic digester. Using high-purity
oxygen to aerate concentrated sludges greatly reduces heat loss from the system
due to evaporation of water into air. The advantages of using aerobic thermophilic
digestion in the first step of dual digestion system are shown in Table 30.
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Table 30. The Advantages of Using Aerobic Thermophilic Digestion in the First Step of Dual
Digestion System.4

Advantages
e It can increase levels of pathogen destruction.
e It can improve volatile solids reduction.
e It can increase the generation of methane gas in the second step (anaerobic digester).
e Less organic material in and fewer odors produced by the stabilized sludge.
e Equivalent volatile solid reductions can be achieved in one-third less tankage than a single-stage
anaerobic digester.

Meanwhile, the second step of the dual digestion system consists of a high-rate
anaerobic digester that receives the heated and partially digested sludge from the
autothermal aerobic pretreatment step. In the second step of the dual digestion
system, AD is normally occurs in mesophilic temperature ranges. The anaerobic
digester completes the stabilization process by further breaking down volatile matter
into carbon dioxide and methane gas.

3.2.3.2.4. Autothermal thermophilic aerobic digestion

ATAD is an advanced sewage sludge treatment that provides hygienization. This
system has been studied since the 1960s and it has been significantly developed since
the mid-1970s.%! It has been widely implemented in Germany, Great Britain, France,
and Italy. Basically, ATAD represents a variation of both conventional and high-
purity oxygen aerobic digestions. Generally, ATAD can degrade complex organic
substances into end products including carbon dioxide and water. Some of the energy
released by microbial degradation is used to form new cellular material but much
of it is released as heat. In ATAD, the heat released by the digestion process is
the major heat source used to achieve the desired operating temperature. Figure
15 depicts the various inputs, outputs, and heat production items to be included
in a heat balance for describing aerobic thermophilic systems operation. ATAD
systems are normally two-stage aerobic processes that operate under thermophilic
conditions ranges from 40°C to 80°C without supplemental heat. The process has
a self-heating ability and removes pathogens when operating at a temperature of at
least 55°C. Typical ATAD systems operate at 55°C and can reach 60-65°C in the
second stage. These systems are termed as autothermal because supplemental heat
is not provided and their self-heating ability during the process. Autothermal condi-
tions result from an adequately thickened sludge feed, a suitably insulated reactor,
good mixing, and an efficient aeration device that keeps the latent heat loss to an
acceptable level.%! During the process, the feed sludge is usually thickened to provide
a digester feed solids concentration of greater than 4%. The reactors are insulated to
conserve the heat produced from the oxidation of volatile solids. Since the process
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Figure 15. Heat Balance Schematic for the Autothermal Aerobic Digestion.61

occurs at high temperature, ATAD systems may be able to meet Class A biosolids.5?
Table 31 lists all the advantages and disadvantages claimed for this mode of
operation.

3.2.3.3. Design considerations

Basically, there are several factors that should be considered when designing
the aerobic digester, which include temperature, volatile solids reduction, oxygen
requirements, pH reduction, mixing, and dewatering.’

The liquid temperatures in open tank digesters depend on weather conditions
and can fluctuate extensively. As with all biological systems, lower temperatures
retard the process whereas higher temperatures speed it up. In designing a digester,
consideration should be given to minimize heat loss by using concrete instead of steel
tanks, to place the tanks below rather than above grade, and to replace surface aeration
to sub-surface aeration. Meanwhile in extremely cold climates, consideration should
be given to cover the tanks, to heat the sludge, or both. Besides that, the design should
allow for the necessary degree of sludge stabilization at the lowest expected liquid
operating temperature and it should meet maximum oxygen requirements at the
maximum expected liquid operating temperature.

Stabilizing the sludge, reducing pathogens, and reducing the mass of solids for
disposal are the major objectives of aerobic digestion. The reduction in mass of
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Table 31. The Advantages and Disadvantages of ATAD.4-3:61

Advantages
High disinfection capability.
Low space and need smaller reactors.
High sludge treatment rate.
Relatively simple technology and easy to operate.
More economical.
Suitable for small facilities.
Shorter the retention times to approximately 5-6 days in order to achieve higher volatile solid
reduction of 30-50%.
Production of pasteurized sludge.
e Require less oxygen compared to mesophilic process (30—40%).
e Can produce Class A biosolids if the digesters are well mixed and maintained at 55°C where the
pathogenic viruses, bacteria, and other parasites killed and reduced to below detectable levels.

Disadvantages
It must incorporate a thickening operation.
Poor dewatering characteristics of ATAD biosolids.
Lack of nitrification.
Produce objectionable odors.
Nonoxygen aerated systems require extremely efficient aeration and insulated tanks.
Perceived high energy requirements.

solids is possible only with the destruction of the biodegradable organic content of the
sludge. Volatile solids reductions of 35-50% are attainable by aerobic digestion. The
reduction in biodegradable volatile solids that occurs during the aerobic digestion
can be represented by a first-order biochemical reaction as shown in Eq. (9):

dM K 9
o = K )
where dM/dt =the rate of change of biodegradable volatile solids per unit time,
K4 = reaction rate (time '), and M = concentration of biodegradable volatile solids
remaining at time t in the aerobic digester (mass/volume).

In aerobic digesters, decreases in pH and alkalinity have been observed at
increasing detention times. The drops in pH are caused by acid formation that occurs
during nitrification (i.e. conversion of ammonia nitrogen to nitrate). Meanwhile, the
drop in alkalinity is caused by lowering of the buffering capacity of the sludge due
to air stripping. It has been observed that the system will acclimate and perform well
at lower pH value. If the feed sludge has very low alkalinity and pH, the addition of
chemical may have to be made to increase the alkalinity.

Adequate mixing is required in aerobic digesters to maintain solids in suspension.
Solids settlement will reduce the effective volume of the digester and result in
anaerobic conditions in settled solids. There are several types of aeration devices that
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have been used to mix the sludge in the digesters including diffused air, mechanical
surface aeration, mechanical submerged turbines, draft tube aeration, jet aeration,
and combined system.

Activated sludge biomass is most often represented by the empirical equation
CsH7NO,. Under the prolonged periods of aeration typical of the aerobic digestion
process, Eq. (8) can be written as follows:

CsH;NO, + 70, —> 5CO; + 3H,0 + H + NOjJ (10)

Hypothetically, this equation indicates that 0.898 kg of oxygen is required to oxidize
0.45 kg of cell mass. From pilot- and full-scale studies, however, the mass of oxygen
required to degrade a 0.45 kg of volatile solids were found to be 0.789-0.939 kg.
For mesophilic systems, a design value of 2.0 is recommended. For auto-thermal
systems, which have temperatures above 45°C, nitrification does not occur and a
value of 1.45 is recommended. Field studies have also indicated that a minimum
value of 1.0 mg/L oxygen should be maintained in the digester at all times.’

3.2.3.4. Advantages and disadvantages of aerobic digestion

Aerobic digestion is one of the most widely used sludge stabilization processes in
WWTPs. Various advantages have been claimed for aerobic digestion over other
stabilization processes, particularly AD. The potential advantages of this process are
listed in Table 32. Despite the well-known advantages of aerobic digestion process,
there are several disadvantages when compared to other stabilization processes as
listed in Table 32.

3.2.4. Composting
3.2.4.1. General description

Composting is a feasible and beneficial option in biosolids management. Composting
is becoming a more acceptable alternative for the treatment of sewage sludge in
many municipalities due to its potential use of the composting product for land
application. It is one of the most promising options to transform the organic waste
such as sewage sludge into a value-added product, which is known as compost, and
a proven method for pathogen reduction. Composting can be defined as a biological
decomposition and stabilization of organic matters, under thermophilic temperature
conditions (>55°C) to produce a final product that is stable and free of pathogens
and plant seeds and can be beneficially applied to land®*. Generally, the composting
process has been practiced several decades ago in wastewater sludge treatment to
stabilize the organic matter prior to their use as a soil amendment or mulch in land-
scaping, horticulture, and agriculture, to reduce volume, and to eliminate pathogenic
organisms.”®
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Table 32. The Advantages and Disadvantages of Aerobic Digestion Process.>03

Advantages
e Have low capital costs for plant under 5 MGD (220 L/s) compared with AD and other processes.
e The process is relatively easy to operate compared to AD. As a result, less skilled labor can be
used to operate the digester.
e The production of nuisance odors is minimal.
e Has lower levels of BOD, phosphorus, SS, and ammonia nitrogen in the supernatant.
e Fewer effects from upsets such as the presence of toxic interferences or changes in loading
and pH.
Greater reduction in grease and hexane solubles.
Shorter retention periods.
Greater sludge fertilizer value.
An effective alternative for small WWTPs.
Produce a humus-like, odorless, and biologically stable end product.
Autothermal thermophilic digestion results in 100% pathogen destruction.
Pathogen reductions are high under normal design.

Disadvantages
Produce an aerobically digested sludge with very poor mechanical dewatering characteristics.
Higher operating costs, especially energy costs.
Performance is influenced by temperature, location, and type of tank material.
The sludges do not dewater easily by vacuum filtration.
Highly sensitive to ambient temperature (operation at temperatures below 15°C).
May require excessive retention times to achieve stabilization; if heating is required, aerobic
digestion may not be cost-effective).
Less reduction in volatile solids.
e Unfavorable economics for larger WWTPs.

3.24.2. Types of composting methods

Basically, there are several methods used in composting; for example, windrow,
aerated static pile, and in-vessel system. Each method involves mixing dewatered
wastewater solids with a bulking agent to provide carbon and increase porosity.
The materials that are suitable to be used as bulking agents are agricultural by-
products, yard trimmings, food by-product, and industrial by-products from wood
processing.%® After mixing process, the resultant mixture is piled or placed in a
vessel where microbial activity causes the temperature of the mixture to rise during
an active composting period. After active composting, the material is cured and
distributed.

Windrow composting is a simple method where sewage sludge and bulking agent
mixture are built into large and long piles with a triangular cross-section. The cross-
sectional dimensions vary with feedstock and turning equipment used. Normally, the
height of the windrows is about 1.5-3.0 m and the width is about 3—6 m. Windrows
can be formed with a front-end loader, dump truck, or conveyor. Periodic turning
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or mixing of the piles helps to aerate the pile, break up the particles to increase
surface area, improve the porosity, and allow trapped heat, water vapor and gases to
escape. Besides that, periodic turning is essential to move outer surfaces of material
inward in order to ensure that all parts of pile are subjected to temperature of about
55°C for pathogens destruction and to ensure that adequate moisture is present
throughout the compost pile.>%% Windrow composting process will take from several
months to more than a year to reach completion. The use of windrow composting in
sludge stabilization offer several advantages and disadvantages. Table 33 lists all the
advantages and disadvantages of windrow composting. Meanwhile, the schematic
diagram of windrow composting system is depicted in Fig. 16.

Aerated static pile composting is a more sophisticated method using an aer-
ation system that is physically a part of the compost pile. This method is often
employed when composting odorous, fine, or high moisture material such as sewage
sludge. In this method, dewatered sludge is mechanically mixed with a bulking

Table 33. The Advantages and Disadvantages of Windrow Composting Method.95-60

Advantages
Low capital cost.
Proven technology on small scale.
Adaptable to changes in sludge and bulking agent characteristics.
Low energy requirements.
Minimally dependent on mechanical equipment.

Disadvantages
Large land area required.
Need additional cost of labor for the operation of the turning equipment.
Require large maneuvering area for the turning equipment such as front end loader.
Highly affected by weather; but can be lessened by covering the pile.
High potential for odor generation during turning.
Longer composting period.

Oxygen supplied by
turning

Mixture of sludge and Windrow — Compost produced
bulking agent

XPSPERTRPIEROTIRLIS

Periodic turning along
the windrow

Figure 16. Schematic Diagram of Windrow Composting System.
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agent attached to a blower (force ventilation) in which air is transferred to the com-
posting material.®® During active composting stage, the composting material is not
disturbed until the composting process is nearly completed when the temperature
of composting material drops to ambient temperature. After active composting, as
the pile is starting to cool down, the material is moved into the curing pile for the
maturation stage. Basically, the use of static pile aerated by force ventilation allows a
sustained supply of oxygen and removes heat, decomposition gases, and water vapor
produced during the active composting.®’ Various advantages have been claimed for
aerated static pile over windrow method. The potential advantages of this method are
listed in Table 34. However, aerated static pile method also has some disadvantages
and these are also listed in Table 34. The schematic diagram of aerated static pile
composting method is shown in Fig. 17.

In-vessel composting, also called closed composting, takes place in a completely
enclosed container where the levels of temperature and oxygen can be closely mon-
itored and controlled. A mixture of dewatered wastewater solids and bulking agent
is fed into a vessel. Aeration is provided by forced air or mechanically by moving

Table 34. The Advantages and Disadvantages of Aerated Static Pile Method.93-00.68

Advantages
e Suitable for both small- and large-scale composting processes.
e Offer greater opportunity for odor control (a biofilter is usually constructed of a mixture of wood
chips and finished compost that function to minimize odor).
e Require less land area compared with windrow composting.
e Moderate labor requirements if compared to windrow composting.
Lower reaction time.

Disadvantages
e Highly affected by weather (can be lessened by covering with roof).
e High capital costs if compared to windrow composting.
e Large volumes of air to be treated for odor control.
e Requires a higher level of technical management than windrow composting.
Mixture of sludge and
bulking agent Compost produced
Air flow
Blower O~ rwrwrww
(oxygen supplied by ~ BXX XETXREPRRIP ”\immmmm
forced aeration) Network of perforated
pipe

Figure 17. The Schematic Diagram of Aerated Static Pile Composting Method.



Biosolids Management 81

Odor
Reactor treatment
exhaust ---- and -9 Atmosphere
system dispersion
7Y
1
|
1
Sludge X
Mixin
— and g Reactor N Q » Market
> Conveying system
Bulking ? Exterior N
agent ! curing/storage N R
I T
A 4 .
' Odor
: treatment
and
""" > Gas flow Air supply dispersion
—— Solid material flow system

Figure 18. Flow Diagram of In-vessel Composting.7O

agitator such as augers, conveyors, rams, or other devices.®® The finished product is
usually stored in a pile for additional curing prior to distribution after an active com-
posting stage. Because of constant mixing, in-vessel composting has a great potential
to produce a very uniform and high-quality compost. Basically, these mechanical
systems are designed to minimize odor and shorten the composting period by con-
trolling air flow, temperature, and oxygen concentration. Figure 18 describes the
flow diagram of in-vessel composting.”’

In-vessel composting systems can be divided into two major categories including
plug flow (vertical and horizontal plug flows) and dynamic (agitated bin) reactors.”®
The primary differences between these reactors are the configurations of the aeration
system and the discharge mechanisms. In a vertical plug flow reactor, the mixture
of sludge and bulking agent is placed into the top of the reactor and moved to the
bottom. Then, the compost is discharged by a rotating screw at the end of the reactor.
The composting mixture is aerated but not agitated or mixed. Air is introduced either
from the bottom or through a metal pipe supplying a jet of oxygen, which hanging
from the top of the reactor.

Horizontal plug flow reactors are similar to vertical reactors in which the con-
tents are not mixed within the reactor. In these reactors, the mixture (sludge and
bulking agent) is loaded at one end of the reactor. The mixture is pushed through
the reactor by a steel ram. Air is introduced through slots in the floor of the reactor.
Final product (compost) is discharged from the end of the reactor, which is situated
opposite the ram.
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Table 35. The Advantages and Disadvantages of In-vessel Composting
Method.06-69.71

Advantages
The process is slightly affected by weather.
Less space required.
The quality of compost produced is more consistent.
Not labor intensive.
Good odor control because of self-containment.
Good process control.
Less workforce is required.

Disadvantages
High capital cost.
Highly dependent on mechanical equipment.
Require careful management.
Sensitive to changes in characteristics of biosolids and bulking agent.

In agitated bin reactors, the composting mixture (sludge and bulking material) is
introduced from top. Basically, the difference between the plug flows reactor and the
agitated bin reactors is that the compost does not move as an unmixed mass through
the reactor. In this system, the composting mixture is mixed or periodically agitated
by using mechanical device during the processing. Meanwhile, the air is supplied
through the floor of the reactors. Physically, the reactors are open-topped bins.

Compared to other types of composting method, the in-vessel composting method
offers the various advantages that are listed in Table 35. However, in-vessel com-
posting method also has some disadvantages, which are also listed in Table 35.

3.2.4.3. Factors affecting composting process

Composting is simply the enhancement of the natural biological degradation of
organic matter. Most composting process involving sludge or other biodegradable
organic matters is done under aerobic conditions by microorganisms that require
oxygen to survive. Microorganisms play a significant role to convert the organic
matter into a humus-like material that is known as compost. Generally, in addition
to compost, the primary by — products of aerobic composting are carbon dioxide,
water, ammonia, heat, new cells, and resistant organic matter. The Eq. (11) illustrates
the conversion of organic matter in the presence of oxygen:

Organic matter + O, + nutrients — CO, + H,O + NH; + SO?[ + heat
+ new cells + resistant organic matter
(1D

Basically, before conducting any mixing, receiving, or material handling processes,
it is important to consider various factors or elements that affect the composting
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process. Composting is influenced by five critical factors, which are:

(i) temperature,

(i1) moisture content,

(iii) nutrient (C:N ratio),

(iv) aeration or oxygen concentration, and
(v) pH.

Temperature plays a significant role in the composting process and greatly influ-
ences the microbial activity.”> Basically, the desirable optimum temperature for
composting is in the range of 50-70°C.”>7* Higher temperatures are required to
kill pathogens and weed seeds within the composting materials. However, excessive
temperatures will slow or retard the composting process by causing many of the
composting microorganisms to die off.

Based on the temperature changes that is caused by the microbial activity
within the composting pile, the composting process generally divided into four dif-
ferent stages. They are mesophilic (first), thermophilic, mesophilic (second), and
maturation/curing stages. Initial stage of decomposition process is carried out by
mesophilic bacteria; this stage is known as mesophilic stage. The mesophilic bac-
teria exist in the temperature range of 25-45°C. A very large quantity of substrate
(food) exists in the composting pile during this stage ensures that the microorganisms
are very active, breaking down the soluble and easily degraded compounds, which
lead to the generation of large quantities of metabolic heat energy. As the microor-
ganisms give off heat, the temperature increases rapidly. In the second stage, the
mesophilic microorganisms are then replaced by thermophilic microorganisms that
thrive when the temperature rises above 45°C. High temperatures in the second stage
will promote the decomposition of proteins, carbohydrates, and other organic com-
pounds that provide important nutrients for the microorganisms. The temperature
should rise rapidly to a peak between 55°C and 66°C within 1—4 days, and it should
remain high for 1-3 weeks or more before decreasing.”” In order to adequately
inactivate pathogens and weed seeds, the temperatures throughout the compost pile
must remain above 55°C for several days. However, when the temperature exceeds
65°C, most of the thermophilic microorganisms involved in the composting process
begin to die off. At this condition, with the exhaustion of the food sources, microbial
activity decreases and the temperature falls, rapid decomposition will stop, and the
pile returns to the second mesophilic stage. When the temperature drops to 45-50°C,
active composting is over. Mesophilic microorganisms again take over and com-
plete the composting process in the maturation or curing stage. When monitoring
the composting process, turning and aeration can be used to regulate temperature.
Therefore, in the composting process, temperature management is important.
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The second important factor that influences the composting process is moisture
content. Moisture content of the composting material is an important environmental
variable, as it provides a medium for the transport of dissolved nutrients required for
the metabolic and physiological activities of microorganisms.’® Composting works
best if the moisture content of the composting material such as sludge is between
50% and 60%"%7%77; however, it would depend on the type of material. Too low
moisture content (<10%) would cause dehydration during composting and this will
slow the decomposition process. To overcome this problem, it is necessary to add
water or material with a high moisture content. Besides that, high moisture content
(>70%) in the compost pile will prevent oxygen diffusion to the microorganisms
and this will produce anaerobic conditions. This also will lead to odor production
and excess draining leachate. The possible way to overcome this problem is adding
bulking material such as wood chips, straw, or leaves to lower the moisture content;
indirectly, it will increase the pore space to allow oxygen to penetrate the compost
pile better. Another way to overcome high moisture content in the compost pile
is turning the pile frequently in order to increase the pore space and redistributes
moisture from the inner part to outer space of composting pile. Generally, too low or
too high moisture content in the composting pile will prevent and retard the ongoing
composting process.

Microorganisms require carbon (C), nitrogen (N), phosphorus (P), and
potassium (K) as primary nutrients. Of the primary nutrients, carbon and nitrogen
play the most important role in the composting process. C:N ratio is referred to the
amounts of carbon and nitrogen that are relative to one another. Basically, the C:N
ratio is considered as one of the important parameters in composting because it pro-
vides a useful indication of the probable rate of decomposition of organic matters.>’
Carbon provides the fundamental backbone of organic molecules that supply energy
for microbial activity while nitrogen is essential for the growth and development of
microbial cell tissue. The most desirable optimum C:N ratio for composting varies
between 20 and 25 parts of carbon to 1 part of nitrogen.”*”> Few researchers also
have mentioned another suitable optimum C:N ratios such as 25-30.7% and 20-40.7°
However, both values are accepted because composting process is also influenced
by other factors such as temperature, moisture content, and pH. The optimum C:N
ratio can be obtained by combining or mixing various materials or organic waste.
For example, digested sewage sludge with the C:N ratio of 16:1 can be blended
with other carbon-rich waste (wood chips or straw) to increase the C:N ratio of the
mixture to optimum levels.

Generally, the composting material with low C:N ratio (<20:1), which is used at
the beginning of the composting process, can lead to the loss of nitrogen in the form
of ammonia besides creating odor problem.”8° To overcome this problem, carbon-
rich material such as wood chips and straw should be added. Meanwhile, where the
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C:N ratio is higher (>35:1), the growth of microorganisms is limited, resulting in
a longer composting time. Sometimes, higher C:N ratio may retard the composting
process.?” The addition of nitrogen-rich waste such as sludge and manure can help
to obtain the optimum C:N ratio. It has been stated that when the C:N ratio is less
than 20:1, the compost is considered mature and can be used without any restrictions
on plant or crop.8! A final compost with a C:N ratio of higher than 20:1 should be
because it could have a negative impact on plant growth and seed germination.

Aerobic composting requires large amounts of oxygen, especially at the initial
stage. Aeration is the source of oxygen and thus it is absolutely necessary for aerobic
composting. Limiting the oxygen supply to the organic materials slows down the
composting process, creating anaerobic conditions and potential odors. The func-
tions of aeration in the composting process include meeting stoichiometric oxygen
demands for organic decomposition, removal of excess moisture in wet substrates,
and temperature control by transferring generated heat out of the compost pile.*
Basically, in the composting process, low oxygen levels could lead odors when the
compost pile is broken down. Meanwhile, excessive oxygen levels tend to keep
temperatures low and they slow the rate of composting. At certain circumstances,
inadequate airflow may cause excessive temperatures in the compost pile. Heat
removal is important in warm climates as the risk of overheating and fire is higher.
Therefore, good aeration is necessary for efficient composting. Aeration can be
achieved through natural or forced convection or through mixing of the material
such as turning or agitation. Normally, the lowest oxygen concentrations are found
at the center and at the base of the compost pile.”> There are several factors that
should be considered to achieve good aeration in the composting pile such as par-
ticle size, moisture content, type of material, pile size, ventilation, and frequency of
turning.

Composting can occur over a wide pH range due to a variety of microorganisms
involved. However, the optimum pH range preferred is normally between 6.5 and
8.5.82 During the composting process, pH initially drops due to the formation of
organic acids and as the composting proceeds, the pH becomes neutral again. This is
because these acids are converted to methane and CO,. However, high pH (above 8)
in compost mixtures should be avoided because this condition will result in ammonia
volatilization and odor problems.”® As the compost matures, the pH of final compost
is usually slightly alkaline with the range of 7.5-8.5.

3.2.4.4. Advantages and disadvantages of composting process

In general, various advantages have been claimed for composting process. The
potential advantages of this stabilization method are listed in Table 36. However,
this process also has some disadvantages and these are also listed in Table 36.
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Table 36. The Advantages and Disadvantages of Composting Process.00-72

Advantages

e The process can be started with very little capital and operating costs.

e Ease of storage, handling, and use of composted product.

e Addition of compost produced from the process can help to increase phosphorus, potassium,
nitrogen, and organic carbon contents of the soil.

e Emphasis on beneficial reuse at federal, state, and local levels.

e Compost produced can also be used in various land applications such as for wetland and mine
land restoration, bioremediation of hazardous sites, and pollution prevention.

e Compost produced has a potential to alter or degrade many types of contaminants such as wood
preservatives, solvents, heavy metals, pesticides, petroleum products, and explosives.

Disadvantages
e Poor feed stock, which yields poor quality finished compost; for example, heavy metal
contamination.
e Nuisance potential such formation of odor (if anaerobic conditions develop) at the composting
site and the presence of rats.
Survival and presence of primary pathogens in the products.
Lack of consistency in product quality with reference to metals, stability, and maturity.
Composting facilities require more space. It often related to storage and market demand.
A product must be marketed.

3.2.5. Heat Drying
3.2.5.1. General description

Generally, heat drying is one of the methods used for sludge stabilization where it
plays an important role to remove the moisture from wastewater solids; as a result,
it can be incinerated efficiently or processed into fertilizer. This method is used to
destroy pathogens and eliminate most of the water content and at the same time it
reduces the volume of sludge. In sludge management, heat drying has been employed
as one of the options to reduce sludge volume and at the same time producing a final
product that can be used beneficially. Heat drying also has a great potential to produce
Class A biosolids.®? Class A biosolids contain minute levels of pathogens. Heat-dried
product produced after the heat-drying process that have met the pathogen reduction
requirements can be land applied without any pathogen-related restrictions at the
site. Besides that, it can be sold or given away for residential use. Several reasons
have been listed for employing heat drying including.'

e to market the final products in bags,
e to increase the fuel value of sludge, and
e to reduce sludge transportation costs.

Historically, heat-drying method has been employed since 1920s in the United States
to dry WAS and sludge produced from the Imhoff tank in order to produce a soil
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Table 37. Examples of Wastewater Solids Dryers in the United States.33

Location Type of Dryer Type of Biosolids Dried
Milwaukee, WI Direct rotary dryer  Blend of raw secondary with digested primary
Baltimore, MD (Patapsco) Direct rotary dryer  Blend of raw secondary with digested secondary
North Andover, MA Direct rotary dryer  Anaerobically digested

Newport, TN Direct rotary dryer ~ Anaerobically digested

Sacramento, CA Direct rotary dryer  Anaerobically digested

Ocean County, NJ Direct rotary dryer  Anaerobically digested

Waco, TX Direct rotary dryer ~ Anaerobically digested

New York City, NY Direct rotary dryer  Anaerobically digested

Amsterdam, NY Direct rotary dryer ~ Anaerobically digested

conditioner.” In the mid-1980s, this technology has developed, and has been used
by many wastewater solids generators. Table 37 shows the example of wastewater
solids dryers used in the United State.

3.2.5.2. Heat-drying stages

Sludge is heat dried at temperatures too low to destroy organic matter. Water vapor
is carried away by air. In designing heat-drying process, the process engineer has
to establish the actual conditions of drying such as temperature, humidity, detention
time, velocity, and direction of the gas flow. Basically, there are three well-defined
stages involved in heat drying, which are initial drying, steady-state drying, and final
drying (Table 38).

3.2.5.3. Types of dryers

Dryers can be classified as direct, indirect, or other.3® Direct and indirect dryers typ-
ically have been most successful for drying wastewater solids. Basically, in direct
dryers, the wastewater solids come into contact with hot influent gases. As a result,
the moisture evaporated from the surface of sludge. There are several types of direct
dryers used nowadays including rotary dryers, flash dryers, spray dryers, and toroidal
dryers. The end product (pellets) produced from the direct dryers are usually uniform
in size, texture, and durability. Because of these characteristics, they seldom require
additional processing to make them marketable. Generally, the plant must mix pro-
cessed solids into the feed solid to raise solids content of the feed mixture and avoid
a condition referred to as the “sticky” or “plastic” phase.

In indirect dryer system, the solids are separated from the heating medium by a
retaining wall (normally metal wall). At these conditions, the solids never come into
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Table 38. Stages of Heat Drying of Sludges.5

Stages Information
Initial drying During this stage, the sludge temperature and the drying rates are increased to
(Stage 1) the steady-state conditions of the second stage. Stage 1 is usually short; little
drying occurs during this time.
Steady state The time that the sludge is in this stage is generally the longest of all the stages.
drying The surfaces of the sludge particles are completely saturated with water.
(Stage 2) Surface water is replaced with water from the interior of the solid as fast as it

is evaporated. Drying proceeds as if the water was evaporated from a pool of
liquid. The solid itself does not significantly influence in the drying rate.
During this stage, the temperature at the sludge/gas interface is ordinarily kept
at the wet bulb temperature of the gas.

Final drying The final stage occurs when sufficient water has evaporated that the solid
(Stage 3) surface is only partially saturated. Surface water is evaporated more rapidly
than it can be replaced by water from the interior of the solid. As a
consequence, overall drying rates are markedly lower in Stage 3 than in
Stage 2. During this period, the temperature of the solid/gas interface
increases because latent heat cannot be transferred from the sludge to the gas
phase as rapidly as sensible heat is received from the heating medium.

Table 39. The Advantages and Disadvantages of Indirect Dryers.83

Advantages
e Have higher thermal efficiency and are more suitable when pellets are to be used in energy
production or combusted.
e Produce less dust during the drying process.
e Have lower risk of explosion than direct dryers.

Disadvantages
e Heat-dried product of indirect dryers tends to be dustier than a dried product from a direct dryer.
e Often produce oversized pellets.
e Might require additional processing such as granulation or compaction to increase uniformity,
consistency, and durability of the heat-dried end product.

direct contact with the heating medium. Moisture evaporates when the wastewater
solids contact the metal surface heated by the hot medium. Normally, the heat transfer
surface consists of a series of hollow metal discs or paddles mounted on a rotating
shaft, through which the heating medium flows. The functions of rotating shaft are to
agitate solids, improve heat transfer, and facilitate the movement of solids through the
dryer. In some indirect drying systems, mixing of previously dried material with feed
solids is required. Examples of indirect dryers include steam dryers, hollow flight
dryers, and tray dryers. Indirect dryers have several advantages and disadvantages
in sludge heat drying system compared to direct dryers, which are listed in Table 39.
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Table 40. The Advantages and Disadvantages of Heat Drying Process.$3

89

Advantages
Requires small space compared to other stabilization process such as composting, alkaline
stabilization, and air drying.
This method can be designed to accept a variety of feed material characteristics.
Reduces the volume of material that needs to be transported.
Reduces traffic into and out of a facility.
Generates a readily marketable product.

Disadvantages
Requires large capital cost.
Requires large amount of energy.
Generates dust that can affect workers and neighbors in the local community.
Creates an explosive hazard from dust generated in the drying process.
Requires skilled workers for handling operation and maintenance.
Produce nuisance odors.

before dewatering process:

3.2.5.4. Advantages and disadvantages of heat drying

3.3. Conditioning

3.3.1. General Description

35

flocculation of particularly fine SS,

washing out the alkalinity of anaerobically digested sludge,
promotion of rapid formation of a stable drainable cake,
promotion of cake release from filtration support media,
enhancement of cake fuel value, and

prevention of scale formation and corrosion inhibition.

Heat drying offers several advantages in sludge stabilization. Despite the well-known
advantages, there are some disadvantages compared to other stabilization processes
and these have been tabulated in Table 40.

Sludge particles contain enormous amount of bound water (the state of water in many
porous substances that retain moisture). To release these bound water and to allow
agglomeration of solids, a preliminary conditioning stage is required prior to the
dewatering process. The following lists describe the functions of sludge conditioning

Conditioning can be defined as a process whereby wastewater solids are treated with
chemicals/physical particles or various other means to enhance water removal and
to improve solid capture.! In addition, some conditioning processes help to disinfect
sludge, control odors, alter the nature of solids, provide limited solids destruction,
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and improve solids recovery.> Several methods of conditioning sludge are available
nowadays such as chemical conditioning (involving the use of organic chemicals
and inorganic chemicals) and heat treatment. Besides these two methods, there are
several other methods that can be employed for sludge conditioning, which include
freezing, irradiation, and solvent extraction. However, only chemical and thermal
conditionings will be discussed in depth in this section.

3.3.2. Chemical Conditioning

Basically, chemical conditioning is associated with mechanical sludge dewatering
systems including vacuum filter, filter press, belt filter, and centrifugation. Chemical
conditioning is achieved by the addition of organic or inorganic chemicals to the
wastewater sludge.3* The use of chemical for this purpose is economical because
it can increase yields and obtain greater flexibility. Chemical conditioning has a
great potential in reducing 90-99% of sludge moisture content to a lower level
of 65-85%.* However, the percentage of reduction is depended on the nature of
wastewater solids to be treated. The addition of the chemical to the sludge lowers or
raises its pH value to a point where small particles coagulate into larger ones. There
is no one pH value best for all sludges. Different sludges have different optimum
pH values, and it must be determined for each sludge prior to further treatment.
Generally, chemicals are most easily used in liquid form. If the chemicals are in dry
powder form, dissolving tank is needed for preparing the solution. The dissolving
tank must be lined with rubber or corrosion-resistant material. The tank is usually
made of polyvinyl chloride, polyethylene, and rubber.

3.3.2.1. Inorganic chemical conditioning

Inorganic chemical conditioning is associated principally with mechanical sludge
dewatering especially vacuum filtration. The chemicals that are commonly used in
the conditioning of sludge are ferric chloride and lime.> However, ferrous sulfate also
can be used to replace ferric chloride and lime. In the conditioning process, ferric
chloride and lime are normally used in combination. However, it is not unusual for
them to be applied individually. For instance, lime alone is a quite popular conditioner
for primary sludge whereas ferric chloride alone has been used for conditioning
activated sludge.

At the beginning of the conditioning process, ferric chloride is normally added
first. It hydrolyzes water and forming positively charged soluble iron complexes. The
iron complexes then neutralize the negatively charge sludge solids, which causing
them to combine together. Ferric chloride also reacts with bicarbonate alkalinity in
the sludge to form hydroxides that act as flocculants. Equation (12) illustrates the
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Table 41. Typical Conditioning Dosages of Ferric Chloride and Lime for Municipal Wastewater
Sludges.85

Vacuum Filter Recessed-plate Pressure Filters

Sludge Type Ferric Chloride Lime Ferric Chloride Lime
Raw primary 40-80 160-200 80-120 220-280
Raw WAS (WAS)-air 120-200 0-320 140-200 400-500
Raw (primary + trickling filter) 40-80 180-240
Raw (primary + WAS) 50-120 180-320
Raw (primary + WAS + septic) 50-80 240-300
Raw (primary + WAS + lime) 30-50 None
Elutriated anaerobically digested

Primary 50-80 0-100

Primary + WAS (air) 60-120 0-150
Thermal conditioned sludges None None None None
Anaerobically digested sludges

Primary 60-100 200-260
Primary + trickling filter 80-120 250-350
Primary + WAS (air) 60-120 300420 80-200 220-600

aAll values shown are for pounds of either ferric chloride or lime per ton of dry solids pumped to
the dewatering unit.
1 Ib/ton = 0.5 kg/ton

reaction of ferric chloride with bicarbonate alkalinity.
2FeCl; + 3Ca(HCOs3);, — 2Fe(OH); + 3CaCl, + 6CO, 12)

Hydrated lime is usually combined with ferric iron salts. Lime has a great potential
to provide pH control, odor reduction, and disinfection. CaCO3, the product formed
in the reaction of lime and bicarbonate, provides a granular structure that increases
sludge porosity and reduces sludge compressibility. Iron salts are usually added at a
dosage rate of 20-63 kg/ton of dry solids in the sludge feed, whether or not lime is
used. Lime dosage usually varies from 75 to 277 kg/ton of dry solids fed. Table 41
shows typical ferric chloride and lime dosages for various types of sludges used in
two different dewatering units.

Beside ferric chloride and lime, other inorganic chemical conditioners that can
be employed in the chemical conditioning include pulverized coal, cement kiln dust,
fly ash, power plant ash, and sludge incinerator ash.36

3.3.2.2. Organic chemical conditioning

Historically, organic chemical conditioners were first used in the 1960s.%® Unlike
inorganic chemical conditioners, which are only a few in numbers to consider,
the organic chemical conditioners consist of various products that differ greatly

in chemical composition, functional effectiveness, and cost effectiveness’.
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Organic polymers or polyelectrolyte are widely used in wastewater treatment
and sludge conditioning. They are long-chain, water-soluble, and specialty chem-
icals. In sludge conditioning, the most commonly used polymers are the cationic
polymers. They can be synthesized from individual monomers or can be made by
the chemical addition of functional monomers, or groups to naturally occurring
polymers. A monomer is the subunit from which polymers are made through various
types of polymerization reactions. The backbone unit or monomer most widely used
in synthetic organic polyelectrolyte, which is known as acrylamide. By the year
1979, synthesized polymers are widely used. Polyacrylamide is created when the
monomers combine to form long and thread-like molecule with molecular weight
in the millions. The charge type of the polyelectrolyte refers to the positive or
negative electrical charge sites along the polymer chain. Anionic type polyacry-
lamide flocculants carry a negative electrical charge in aqueous solutions. They
are made by either hydrolyzing the amide group (NH;) or combining the acry-
lamide polymer with an anionic monomer. Meanwhile, cationic polyacrylamides
carry a positive electrical charge in aqueous solutions. These polyelectrolytes can
be prepared by chemical modification of nonionic polyacrylamide or by combining
the cationic monomer with acrylamide. In sludge conditioning, cationic polyelec-
trolytes are most widely used polymers since most sludge solids carry a negative
charge. Polyamines, polyethylimines, polyimidamines, polybutadienes, polyami-
damines, polyquaternaries, and substituted polyacrylamides are the examples of
cationic polymers that are widely used in sludge conditioning.

Generally, polymers used for sludge conditioning are manufactured in five dif-
ferent forms, which are dry, emulsions, liquid, mannich, and gel forms.%* Cationic
polyelectrolytes are available in dry powders or liquids form. Usually, liquids come
as water solutions or emulsions. The shelf life of the dry powders is usually several
years while most of the liquids have shelf lives of two to six months. Organic poly-
electrolytes that are dissolved in water tend to form solutions with varying viscosity.
The resulting viscosity is normally depends on their molecular weight and degree
of ionic charge.

There are several reasons that influence the selection of organic polymers over
inorganic chemical conditioners as the conditioning agent. These include®*:

Less dosage should be added for conditioning process.

Produce little additional sludge mass and volume.

Do not lower the fuel value of the sludge cake if incineration to be used.

Allow for cleaner material handling operations.

Reduce operation and maintenance problems.

More effective in terms of achieving a high solids recovery and producing a cake
with a high solids content.
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3.3.3. Thermal Conditioning
3.3.3.1. General information

Thermal conditioning subjects the sludge particles to heat at elevated pressures in
a confined reactor to enhance the dewatering without the addition of chemicals. In
thermal conditioning, the application of heat breaks up cell walls of microorganisms
contained in biological sludges and releasing bound water from sludge particles. The
heat treatment results in coagulation of solids, decomposition of large quantities of
cell mass, and reduction of water affinity of sludge solids. By definition, thermal
conditioning or also known as heat treatment involves heating of wastewater sludge,
with or without the addition of air or oxygen to a temperature of about 350°F to 400°F
(177°C to 240°C) in a reactor under pressures of 250—400 psig (1723-2758 kN/m?)
for about 15-40 min.> This process causes the release of water and organic material
from sludge in the form of a dark brown fluid.*> Figures 19 and 20 depict a flow
diagram for a typical thermal sludge conditioning system for plants without and with

Raw sludge
Reactor
Pf)sitive Sludge-water-
displacement sludge heat Steam
pump exchanger
Control
valve
Decant liquor Off gas
l—ii [ Boiler . g;?litre ¢
Solids e waer
separation Ott*gas
Y e o
Pump DewateringT

Cake

Figure 19. Flow Diagram for a Typical Thermal Sludge Conditioning System for Plants Without the
Addition of Air
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Raw sludge

Compressed air
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Positive Sludge-
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pump exchanger
Control
valve
Decant liquor Off gas
Boiler | 0000 ngﬁgd
Solid water
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:F Liquor
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ake

Figure 20. Flow Diagram for a Typical Thermal Sludge Conditioning System for Plants with the
Addition of Air?

the addition of air. Typically, the major components in the system are heat exchanger
and reactor.

3.3.3.2. Historical background

Thermal conditioning as a process for pretreating sludge has a long history. In
the mid-1930s, thermal conditioning was first studied by William K. Porteous in
England. Meanwhile, thermal conditioning in the United States was first studied
in the mid-1960s. In 1969, the first facility that was installed for plant without the
addition of air is located at Colorado Springs, Colorado whereas the first plant with
air addition was installed at Levittown, Pennsylvania in 1967. Since then, almost
over 100 thermal sludge-conditioning installations have been built in the United
States.’

3.3.3.3. Advantages and disadvantages of thermal conditioning

Thermal conditioning has several advantages and disadvantages. Both advantages
and disadvantages of this system are listed in Table 42.
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Table 42. The Advantages and Disadvantages of Thermal Conditioning.5

Advantages
e The process will produce a more readily dewaterable sludge compared with chemical
conditioning. The solids content of dewatered sludge can range from 30 to 50%.
The process is relatively insensitive to changes in sludge composition.
The process does not require length or elaborate start up procedures.
The end product normally does not require chemical conditioning.
The process sterilizes the sludge, providing it free of pathogenic organisms.
The processed sludge have a heating value of 12,000-13,000 Btu/pound (28-30kJ/g) of volatile
solids.
e The process is appropriate for large number of sludges that cannot be stabilized biologically
because of the presence of toxics materials.

Disadvantages

e The process has high capital and maintenance costs.

e The process requires close supervision, skilled operators, and a strong preventive maintenance
program.

e The process produces odorous gas stream that must be collected and treated before release to the
environment.

e The process produces liquid sidestreams with high concentration of BOD, ammonia nitrogen, and
color as a result of solubilization of some of the organic solids in the sludge being treated.

e Formation of scale and acid-induced corrosion in heat exchangers, pipes, and reactors.

3.3.4. Factors Affecting Conditioning Process

Conditioning always has a significant effect on the efficiency of the thickening or
dewatering process. In general, all characteristics relate to the difficulty of forcing
sludge solids closer together, or to the difficulty of water movement through the
voids between the sludge solids. Sludge conditioning is purposely done to counteract
adverse characteristics, which decrease the rate or degree of water removal. The
several factors that influence conditioning process are®*:
particle surface charge and dehydration,

particle size,

compressibility,

sludge temperature,

ratio of volatile solids to fixed solids,

sludge pH, and

septicity.

3.3.4.1. Particle surface charge and dehydration

Generally, sludge exclude from the text particles have a negative surface charge
and, therefore, they repel each other. As a result, the repulsive force increases when
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they are forced closer. Additionally, sludge particles retain water molecules to their
surface either by adsorption or by capillary action. To overcome the effects of surface
charge and surface hydration, chemical conditioners such as lime, ferric chloride,
or organic polymers are added into the tank. These chemicals act by reducing or
eliminating repulsive force, thus allowing the particles to flocculate. This action will
facilitate water removal in the subsequent dewatering process.

3.3.4.2. Particle size

Particle size is generally considered as the most significant factor affecting dewat-
erability. When the average size of particle decreases, the surface area for a given
sludge mass increases. The increasing of surface area gives the following effects:

e Greater electrical repulsion between sludge particles due to a larger area of neg-
atively charged surface.

e Increased frictional resistance to the movement of water.

e Increased attraction of water to the particle surface due to more adsorption sites.

Sludge particle size is influenced by sludge source and prior treatment. Primary
sludge generally has a larger average particle size than secondary sludge. This is
because fine and colloidal solids tend to pass through the primary clarifier. The
fine particles generally are removed in the secondary clarifier together with the less
dense and flocculated cellular material that is produced during biological treatment.
Particle size is also decreased when the primary or secondary sludge is stabilized
under aerobic or anaerobic treatment. This is the main reason that digested sludge is
more difficult to dewater than raw sludge. Besides that, sludge particle size can also
be decreased through mixing, storage, and sludge transport.

3.3.4.3. Compressibility

Sludge compressibility results in particle deformation and a reduction in the void
area between particles. The reduction in void volume prevents the movement of water
through the compressed portion of the sludge, thus reduces the rate of dewaterability.
Proper conditioning helps to improve dewaterability by producing a flocculant matrix
of solids in relatively clear water before the initiation of filtration. Therefore, the net
result of conditioning is a more rapid removal of water.

3.3.4.4. Sludge temperature

The temperature of sludge is indirectly related to the viscosity of the water present
in the sludge mass. When the temperature of sludge increases, the viscosity of water
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Table43. Viscosity of Water as a Function
of Temperature.23

Temperature (°C)  Viscosity (Centipoise)

10 1.308
15 1.140
20 1.005
25 0.894
30 0.800
35 0.723

Note: 1 centiPoise = 0.001 Pascal seconds.

in the sludge mass decreases. Viscosity is particularly important in the centrifugation.
Table 43 illustrates the relationship between water temperature and viscosity of water.

3.3.4.5. Ratio of volatile solids to fixed solids

Sludge is easier to dewater, as the percentage of fixed solids increases relative to
volatile solids provided that all other factors are equal.

3.3.4.6. Sludge pH

pH affects the surface charge on sludge particles as well as influences the type of
polymer to be used for conditioning. Generally, anionic polymers are most useful
when the sludge is lime conditioned and has a high pH, while cationic polymers are
most suitable at pH slightly above or below neutral values.

3.3.4.7. Septicity

Septic sludge is more difficult to dewater than fresh sludge. As a result, it requires
more chemical conditioners (in higher dosages) to condition and dewater the sludge.

3.4. Dewatering
3.4.1. General Description

Most of all wastewater treatment facilities require a means of handling and dis-
posing of sludges generated by the treatment processes. The sludge handling process
involves the dewatering of the liquid sludge to reduce the sludge volume and produce
arelatively dry sludge cake for additional treatment or less costly treatment and dis-
posal. Dewatering can be defined as the removal process of water from sludge solids
to achieve a volume reduction greater than that achieved by thickening and indirectly
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increasing the solids concentration. Dewatering sludge from 5% to 20% solids con-
centration reduces volume by 3/4 and produces a nonfluid material.’ Before dewa-
tering process being carried out, sludge is usually conditioned and thickened. In
conditioning, chemicals such as ferric chloride, lime, or polymers are added to facil-
itate the separation of solids by aggregating small particles into larger flocs; while
in thickening, a part of the water bound to sludge particles is removed to concentrate
the solids material.

Dewatering process is used to reduce moisture content of sludge for several
reasons, which include®*:

e Dewatering helps to reduce transportation costs and makes handling to the ultimate
disposal sites easier because sludge is already converted from liquid form to a
damp cake.

e Dewatered sludge is easier to handle than liquid sludge. This is because they
may be shoveled, move about with tractors fitted with buckets and blades, and
transported by conveyor belts.

e Dewatering is required for sludge destined for incineration to prevent damage to
boilers and decrease the energy required for combustion.

e Dewatering is often a necessary process before treatment or use of the processes
such as composting, drying, or land application.

e Dewatering is necessary to remove excess moisture in order to prevent odor pro-
duction.

e Dewatering is required before landfilling in order to prevent leachate production.
Disposal of liquid in landfill is prohibited.

3.4.2. Classification of Dewatering Methods

Typical dewatering methods are classified into two types, which are air drying (drying
beds) and mechanical dewatering systems.’ Briefly, air drying involves placing the
sludge on a sand bed and allowing them to dry through evaporation and drainage.
This process can produce a solid content in primary biosolids of as high as 45-90%.
This process is relatively simple in terms of operation; however, it requires large land
areas and relatively long periods of time. Normally, this system tends to be used by
small- and medium-sized treatment plants that generate small amount of sludge.
Meanwhile, mechanical dewatering systems such as vacuum filters, plate and frame
filter presses, belt filter presses, and centrifuges are widely utilized especially in
large treatment plants.

This section will discuss further on drying beds (sand, paved, wedge wire, and
vacuum-assisted drying bed) and mechanical sludge dewatering systems (vacuum
filters, belt filter presses, and recessed-plate filter presses). However, centrifuges will
not be discussed in this section since it has been discussed in depth in Sec. 3.1.2.
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3.4.3. Air Drying System (Drying Beds)

These systems are the most widely used method of municipal sludge dewatering
in the United States.’ Sludge drying beds are typically used to dewater digested
sludge. Although the use of drying beds might be expected in smaller WWTPs and
a warmer sunny region, they are also used in several large facilities in northern cli-
mates. Drying beds generally consist of a 1-3-ft-high (0.3—1.0-m) retaining wall
enclosing a porous drainage media. This drainage media may be made up of various
sandwiched layers of sand and gravel, combinations of sand and gravel with cement
strips, slotted metal media, or permanent porous media. There are several appurtenant
equipment including: sludge feed pipelines and flow meters, possible chemical appli-
cation tanks, pipelines and metering pumps, filtrate drainage and recirculation lines,
possible mechanical sludge removal equipment and a possible cover or enclosure.
Table 44 depicts the advantages and disadvantages of drying bed method.

Basically, common operational procedures to all types of drying beds involve the
following’:

e Stabilized liquid sludge (8-12in.~20-30cm) is pumped onto the drying bed
surface.

e Chemical conditioners are added continuously. Conditioners should be injected
into the sludge as it is pumped onto the bed.

e When the bed is filled to the desired level, the sludge is leaving to dry to the
desired final solids concentration. The concentration can vary from 18% to 60%
and depending on the type of sludge, processing rate needed, degree of dryness
required for lifting, etc.

e The dewatered sludge is removed either mechanically or manually.

e Repeat the cycle.

Table 44. The Advantages and Disadvantages of Using Drying Beds.”

Advantages
The method requires the lowest capital cost.
Requires little operator attention and low skilled labor.
Low energy consumption.
Less sensitive to sludge variability.
Require less chemical consumption.
Higher dry cake solids contents than mechanical methods.

Disadvantages
Requires more land than mechanical method.
Requires a stabilized sludge.
Must consider the weather or climate effect when designing the system.
Removal usually labor intensive.
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3.4.3.1. Conventional sand drying beds

Generally drying beds can be classified as conventional, paved, wedge wire, and
vacuum-assisted drying bed. Conventional sand drying beds are known as the oldest
and most commonly used type of drying bed. Normally, sand drying beds are con-
structed in rectangular shape with dimensions of 15-60ft (4.5-18 m) wide and
50-1500ft (15-47 m) long with vertical side walls. Sand is placed over graded
gravel or stone. The thickness of the sand layer and gravel layer is usually in the
range of 4-91in. (10-23 cm) and 8-18 in. (20-46 cm), respectively. The diameter of
sand used is usually in the range of 0.012—-0.05 in. (0.3—1.2 mm) and has a uniformity
coefficient less than 5.0. Meanwhile, the diameter of gravel is normally from 0.125
to 1.01in. (0.3-2.5 cm). Underneath piping is made of vitrified clay; however, plastic
pipe is also acceptable to be used. The pipes should be more than 4in. (10cm),
8201t (2.4-6.0 m) spaced apart and placed at a minimum slope of 1%.

In this method, sludge is applied onto a layer of sand and gravel across the entire
bed and allowed to drain and dry until the sludge is caked (dried) and cracked. The
time taken for the sludge to be dried varies in a nonlinear manner with the thickness
of the sludge applied. Generally, caking and cracking occur when the solids content
reaches 35-40%.%* Most sludge is removed when it reaches this content. The dried
sludge can be removed either manually or mechanically (front-end loader). The
removal process depends on the bed thickness. The use of mechanical equipment
can cause problems because of its weight. A portion of sand might be lost when
the sludge is removed. Periodic sand replenishment is necessary for the next drying
process. Figure 21 depicts the typical sand drying bed construction.

Tables 45 and 46 list the advantages and disadvantages of sand drying beds and
their common design shortcomings.

3.4.3.2. Paved drying beds

Paved drying beds have had limited use since 1954.° This method has been employed
to overcome the problem that is related to the use of mechanical sludge removal
equipment damaging the underneath pipes. Normally, paved beds are rectangular in
shape with vertical side walls. The dimension of the bed is 20-50 ft (6—15 m) wide
and 70-150 ft (21-46 m) long. Until recently, paved beds used an asphalt or concrete
pavement on top of a porous gravel subbase.” The lining is normally placed on
8-12in. (20-30 cm) sand or gravel base layer. The lining should have approximately
1.5-2.0% slope to the drainage area. A 4in. (10cm) pipe is located in the center
beneath a sand drainage strip would convey drainage away. An unpaved area, which
is 2-3 ft (0.6—1.0 m) wide is placed around the perimeter bed is functioned to collect
and convey drainage water. The typical paved drying bed construction is illustrated
in Fig. 22. The main advantage of this type of bed is the capability to use heavy
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Figure 21. Typical Sand Drying Bed Construction.

Table45. The Advantages and Disadvantages of Using Sand Drying Beds.?3

Advantages
Requires low capital costs.
Requires low operational/skill labor.
Requires low maintenance material cost.
Requires little or no chemical addition.
Possible to produce high cake solids content.

Disadvantages
Can be influenced by weather condition such as rainfall or cold weather.
Requires large space.
Requires many workers for sludge removal.
Tend to produce odor if poorly stabilized sludge is used.
May be aesthetically unpleasing and depends on location.

mechanical equipment for sludge removal without damaging the underneath pipes
or loss of sand and reduced bed maintenance.>23-%7 Besides that, this method also
has disadvantages; for example, it requires high-capital cost and needs larger space
than sand drying beds. Paved beds are applicable and can be used in any location.
However, the concept is most advantageous in warm, arid, and semi-arid climates
since the major pathway for water loss to the atmosphere is through evaporation.®’
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Table 46. Common Design Shortcomings of Sand Drying Bed Installations.?3

Shortcomings

Resultant Problems

Solution

Inadequate bed area

Inadequate access
for removal of

dried sludge

Inadequate
drainage system

Poor sludge
distribution on
the beds

Improper sand

Sludge need to be removed
before it is dry enough. As a
results, chemical conditioners
may be required.

Dried sludge must be removed
considerable distance to reach
hauling truck.

Longer than necessary drying
time.

Inadequate use of bed area.

Slow drainage.

Construct additional beds or add
chemical conditioners.

Several options can be implemented
such as:

e construct roadway between beds,

e cast concrete treadways in beds
for vehicle access, and

e use planks on bed to support
vehicles.

Additional drainage pipes should be
added.

Several options can be implemented
such as:

e construct smaller beds instead of
large beds and
e level sand in beds.

Remove and replace sand.
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3.4.3.3. Wedge wire drying beds

Wedge wire drying beds is designed to introduce sludge slurry onto a horizontal
relatively open drainage media in a way that would yield a clean filtrate and provides
a reasonable drainage rate. This system was developed in England and has been
successfully employed for over 20 years to dewater sludge produced from municipal
and industrial wastewater treatment. Since 1970s, this system has been used widely in
the United States. Normally, the material used for drying bed comprises of stainless
steel wedge wire or high-density polyurethane.?*%® Basically, the bed comprises of
a shallow rectangular watertight basin fitted with a false floor of wedge water panels.
These panels (wedge wire septum) have slotted openings of 0.01 in. (0.25 mm). The
false floor is made watertight with caulking where the panels abut the walls. An
outlet valve that is responsible to control the rate of drainage is located underneath
the false floor. Figure 23 illustrates the cross section of a wedge wire drying bed.

The operating sequences for dewatering sludge by using wedge wire drying bed
are as following™3:

e The water or treatment plant effluent is introduced into the wedge water unit to
reach a depth of 1in. (2.5 cm). This water serves as a cushion that allows the added
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Figure 23. The Cross Section of a Wedge Wire Drying Bed.b
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Table 47. The Advantages and Disadvantages of Using Wedge Wire Drying Beds.?

Advantages
No clogging of the media.
Constant and rapid drainage.
Higher throughput rate than sand drying beds.
Ease of operation and maintenance.
Treatability of aerobically digested sludge.
Dewatered sludge produced from method is easier to remove compared to sludge produced from
sand drying bed.

Disadvantages
High capital cost compared to other types of drying bed.

sludge to float without causing upward or downward pressure across the wedge
wire surface.

e After the proper amount of sludge has been introduced, the initial separate water
layer and drainage water are allowed to percolate away at a controlled rate through
the outlet valve.

e After the controlled drainage phase, the sludge is allowed to further dewater by
natural drainage and then it can be removed.

Wedge wire drying bed has several advantages and disadvantages. These are pre-
sented in Table 47.

3.4.3.4. Vacuum-assisted drying beds

Vacuum-assisted drying beds combines several features of both sand drying beds and
mechanical dewatering systems.® Historically, vacuum-assisted drying beds have
been built in 1976 at Sunrise City, Florida. The dimension of particular operating
unit is 20 ft x 40 ft (6 m x 12 m).’ This system comprises of a reinforced concrete, a
layer of aggregate (several inches) and a rigid multi-media on top where the sludge
will be placed on. Vacuum chamber is placed between the reinforced concrete slab
and the multi-media layer. A vacuum pump is then connected to draw vacuum from
the sump. Basically, the operating sequences for vacuum-assisted drying bed are as

follows>-23:

e When the conditioned sludge is introduced to the bed surface, dewatering process
begins by gravity flow.

e When the maximum sludge level in the bed reaches 12—-18in. (30-46 cm), the
flow of conditioned sludge is stopped. The operation of vacuum pump begins at
1-101in. (2.5-25 cm) of mercury or at pressures between 3 and 34 kN/m?.
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Table 48. The Advantages and Disadvantages of Using Vacuum-
assisted Drying Bed 8889

Advantages
e Requires small land area than sand drying beds.
e Greater operational control than sand drying beds.
e Requires lower costs than mechanical dewatering systems.
e Ease at operation compared with mechanical dewatering systems.
e Has short cycle time.

Disadvantages
e Labor intensive.
e Expensive to operate than sand drying beds.

e The vacuum pump is shut off when the sludge cake formed on the bed cracks.
Dewatered sludge is ready to be removed by using a front-end loader.

After the process has finished, the remaining sludge residue is removed by washing
the multi-media layer with a high-pressure hose. This can be done before they are
used again for another application. Table 48 presents several advantages and disad-
vantages of using vacuum-assisted drying bed.

3.4.4. Mechanical Sludge Dewatering Systems

Mechanical sludge dewatering systems include belt filter presses, recessed-plate
filter presses, vacuum filters, and centrifuges.' Generally, belt filter presses, recessed-
plate filter presses, vacuum filters, and centrifuges have a great potential to achieve
20-32%, 35-45%, 12-22%, and 25-35% of solids content, respectively.2

3.4.4.1. Vacuum filters

Vacuum filters are the oldest mechanical sludge dewatering systems that have been
used widely in most of the WWTPs. In 1872, vacuum filters were patented in England
by William and James Hart. The application of this system in the United States
begun in the mid-1920s where the vacuum filters are used to dewater municipal
wastewater sludge.’ Until the 1960s, the drum or scraper-type rotary vacuum filter
was predominant. After that, in the 1970s, the belt-type filter with natural or synthetic
fiber cloth, woven stainless steel mesh, or coil spring media has become dominant
and widely used in full-scale operation. A vacuum filter comprises of a horizontal
cylindrical drum that rotates partially submerged in a vat of sludge. The drum surface
is divided into a number of compartments that are connected to a rotary valve. Bridge
blocks in the valve divide the drum compartments into three zones, which are cake
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Figure 24. Operating Zones of a Rotary Vacuum Filter.

formation zone, cake drying zone, and cake discharge zone. Figure 24 illustrates the
operating zones of a rotary vacuum filter.

About 25% (normally around 10-40%) of the drum surface is submerged in a
vat of conditioned sludge. The portion where the drum submerged in the sludge
is referred to as the cake formation zone. Vacuum applied to the submerged drum
section causes filtrate to pass through the media and sludge cake to be retained on
the media. As the drum rotates, each section is carried through the cake formation
zone to the cake drying zone. Normally, the cake drying zone represents from 40%
to 60% of the drum surface and ends at the point where the internal vacuum is shut
off. At this position, the sludge cake and drum section enter the cake discharge zone,
where the sludge cake is removed from the media.?

It has been mentioned before that until the 1960s, the drum or scraper-type
rotary vacuum filter was predominant. Since then, the belt-type filter has become
dominant and widely used in full-scale operation. There are two coverings that are
most commonly used with belt type units, which are coil springs and fiber cloths.
This unit differs from the drum or scraper units because the drum covering leaves
the drum. This vacuum filter type uses two layers of stainless steel coils arranged
around the drum. The two layers of springs leave the drum and are separated from
each other after the dewatering process. Through the separation of these layers, the
cake is lifted off the lower layer of springs and can be discharged from the upper
layer. Cake release is usually not a problem if the sludge is properly conditioned.
After the cake is discharged, the coil springs are washed and returned to the drum.>>3

Another type of coverings used with belt type filter is fiber cloths. Usually fiber
cloths are required when filtering unthickened sludge. The filter media in this system
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leaves the drum surface at the end of the drying zone and passes over a small diameter
discharge roll and before it returns to the drum for another cycle. Normally, fiber
cloth filter has a small diameter curved bar between the point where the belt leaves the
drum and the discharge roll. Cleaner filtrate will be produced from cloth media made
of staple fiber compared to cloth media made from monofilament fiber. Basically,
the performance of vacuum filters is influenced by several criteria such as yield, the
efficiency of solids removal, and the cake characteristics.

Table 49 illustrates some of the advantages and disadvantages of vacuum filtration
compared to other dewatering processes. Meanwhile, Table 50 lists the common
design shortcomings of vacuum filters.

Table 49. The Advantages and Disadvantages of Vacuum Filtration.2

Advantages
Ease of operation (formation and discharge of sludge cake are easily visible).
Continuous operation.
The system will continue to operate even if the dosage of chemical conditioner is not optimized.
Low maintenance requirements.
Coil spring media can sustain for a long time compared to cloth filter media.

Disadvantages
Use large amount of energy.
Create noise pollution due to the application of vacuum pump.
Production of ammonia odors due to the application of lime for conditioning.
Cause maintenance and cleaning problems due to the application of lime and ferric chloride for
conditioning.
e Potentially to emit strong odors if the sludge is poorly stabilized.

Table 50. Common Design Shortcomings of Vacuum Filter Installations.??
Shortcomings Resultant Problems Solution
Improper filter media o Filter blinds. Replace media after testing for

e Provide in adequate solids optimum media.
capture.
e Produce poor sludge cake.
Improper chemical e Poor solid capture. Replace with correct chemical
conditioner used e Low solid loading rate. conditioners.
e Low cake solid concentration.
Inadequate water Improper cleaned media. Proper booster pumping to maintain
pressure for spray 345 kPa minimum pressure.

nozzles
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3.4.42. Belt filter presses

Belt filter presses have been used in the United States in the 1960s. This system
was developed by Klein and by Smith and Loveless. This method is a common
type of mechanical dewatering equipment and can be applied to dewater most of
the sludge generated at municipal WWTPs.” Belt filter presses use single or double
moving belts to continuously dewater sludge through or more stages of dewatering.
Basically, the general mechanical components of a belt filter press are dewatering
belts, rollers and bearings, belt tracking and tensioning systems, control and drives,
and a belt washing system.”® Most of the belt filtration processes include three basic
operational stages, which are chemical conditioning, gravity drainage, and shear and
compression dewatering stages.>>*°! Figure 25 illustrates a simple belt filter press
and shows the location of the three stages.

Proper chemical conditioning is very important for successful and consistent
performance of the belt filter press. An organic polymer (flocculant) is added to the
sludge before its being fed to the belt press. Free water drains from the conditioned
sludge in the gravity drainage stage of the press. Typically, it takes about 1 or 2 min
for drainage. The sludge then enters a two-belt contact zone, where a second upper
belt is gently set on the forming sludge cake. The belts with the capture cake between
them pass through rollers, which have small diameter. This stage subjects the sludge
to continuously increasing pressures and shear forces. At this stage, more water is
expelled throughout the roller section to the end where the sludge cake is discharged.
In order to remove the sludge cake from the belts, a scraper blade is often applied for
each belt at the discharge section. Meanwhile, the wash spray is generally provided
for belts cleaning purposes.

Chemical Gravity Shear and compression
conditioning = drainage - dewatering -

stage stage stage
Polyelectrolyte Conditioned
solution sludge

Sludge ——— ! Mixer

Conditioned _\
sludge

0

‘Wash spra;
A pray

Filtrate Sludge cake

Wash waer

Figure 25. The Three Basic Stages of a Belt Filter Press.>23.91
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Table 51. The Advantages and Disadvantages of Belt Filter Press.>23:90

Advantages
High pressure machines are capable of producing drier cake than any machine.
Low staffing requirements.
Low power requirements.
Less noise and vibration associated with belt press compared to centrifuges.
Relatively simple in maintenance.
The system can be started and shut down quickly compared to other types of dewatering unit such
as centrifuges.
e Easy for the inexperienced worker to understand the operation.
e Continuous operation.

Disadvantages
Very sensitive to incoming feed characteristics and chemical conditioning.
Has a potential to emit noticeable odors if the sludge is poorly stabilized.
Require greater operator attention than centrifuge.
Require prescreening or grinding to minimize the risk of sharp objects damaging the belt.
Require higher polymer dosage than a centrifuge.
Higher concentration of oil and grease in the sludge can result in blinding the belt filter lower
solids content cake.
e Short media life as compared to other devices using cloth media.

Usually, the performance of belt filter press is measured by the percentage solids
of the sludge cake, the percentage solids capture, the solids and hydraulic loading
rates, and the required polymer (chemical conditioner) dosages.?* Table 51 illustrates
some of the advantages and disadvantages of the belt filter press compared to other
dewatering processes. Meanwhile common design shortcomings associated with belt
filter press installations are listed in Table 52.

3.4.4.3. Recessed-plate filter presses

Recessed-plate filter presses are among the oldest types of mechanical dewatering
devices. These devices have great potential to produce the highest cake solids con-
centration of any mechanical dewatering equipment. They are commonly applied in
industrial applications than in municipal wastewater facilities.”? Historically, in the
early 1920s, the first U.S. municipal sludge dewatering installations were located in
Worcester, Massachusetts and Providence, Rhode Island.

The two types of filter presses that are commonly available to dewater municipal
wastewater sludges are fixed volume recessed-plate filter press and the variable
volume recessed-plate filter press (diaphragm filter press).>>*°? The fixed volume
recessed-plate filter press comprises of a series of parallel plates, each is fitted with
a filter cloth and held together in a rigid framework. In this device, conditioned
sludge is pumped into a volume between two filter cloths that held in place by a
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Table 52. Common Design Shortcomings of Vacuum Filter Installations.?
Shortcomings Resultant Problems Solution
Improper belt type Frequent tearing or wrinkling or Experiment with different belt types

Improper tracking
of filter belt

Inadequate control
of conditioning

Wash spray unit
poorly sealed

Inadequate mixing

inadequate solids capture.

Belt creeps off rollers and
dewatering operation must be
stopped for repair.

Frequent underconditioning or
overconditioning of sludge.

Fine mist escapes from spray
wash unit increasing
moisture/corrosion problems.

Underconditioning of sludge.

and install proper belt for actual
conditions.

Repair or adjust automatic tracking
device, if one exist. If not, add
such a device.

Install a feedback control system that
monitors sludge solid content and
sets required polymer addition.

Replace or modify wash spray unit to
provide better seal around belt.

Move polymer injection point

upstream toward feed pumps to
increase mixing time or install
polymer/sludge mixing before belt
presses.

Increase spray water pressure or
install new spray heads.

time for polymer
and feed sludge
before belt press

Inadequate wash
water supply

Sludge formed on belts and/or
rollers.

rigid framework. As a result of high pressure, a large portion of water in the feed
sludge passes through the filter cloth and drains from the filter press. Sludge solids
and the remaining water finally fill the void volume between the filter cloths and
continued pumping of solids to the filter press is no longer productive. At this point,
pumping is stopped and the filter press is opened to release the dewatered sludge
onto a conveyor belt for removal before starting new cycle. Usually, cake breakers
are required to break up the rigid cake into conveyable form. In this method, filter
media is used on both sides of the filtering volume. Figure 26 illustrates cross section
of a fixed volume recessed-plate filter press assembly.

The construction of a variable volume recessed-plate pressure filter press is
similar to the fixed volume recessed-plate filter press except that a rubber diaphragm
is placed behind the media. A dewatering process begins in this device when the
conditioned sludge is introduced into each chamber from a slurry inlet pipe, which
is located at the top or bottom of each plate. Usually, it takes about 10-20 min to
fill the filter press and reach an end point.* The sludge feed pump is automatically
turned off when the end point is reached. Water or air that is under high pressure
is then pumped into the space between the rubber diaphragm and plate squeezing
the already formed and partially dewatered cake. Typically, 15-30 min of constant
pressure are required to dewater the cake to the desired solids content.* At the end
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Figure 26. Cross Section of a Fixed Volume Recessed-Plate Filter Assembly.5’23’93

of the process, water is returned to a reservoir, plates are automatically opened, and
sludge cake is removed. Figure 27 shows the cross section of a variable volume
recessed-plate filter assembly.

Table 53 lists the advantages and disadvantages of recessed-plate filter presses
compared to other dewatering processes. Meanwhile common design shortcomings
associated with recessed-plate filter presses installations are listed in Table 54.

4. Land Applications of Biosolids

4.1. Introduction

Land application is the application of biosolids to the land either to condition the soil
or to fertilize crops or other vegetation grown in the soil. Nearly half of the biosolids
production in the United States is currently being used beneficially to improve soils.
It is well suited for managing solids from any size wastewater treatment facility. As
the method of choice for small facilities, it offers cost advantages, benefits to the
environment, and value to the agricultural community.
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Table 53. The Advantages and Disadvantages of Recessed-Plate Filter Presses.>*23:92

Advantages
Highest cake solids concentration.
Very high solid capture.
Little or no operator attention during dewatering phase.
The application of lime as a conditioner helps to stabilize and disinfect the final product.
Produces a drier cake for diaphragm filter press.
Easier to dose polymer for diaphragm filter press.

Disadvantages
The process is mechanically complex.
High capital costs.
Requires large land area.
Requires special support structure.
High labor costs.
Batch operation produces more heterogenous influent.
Requires grinder or prescreening equipment on the feed.
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Table 54. Common Design Shortcomings of Recessed-Plate Filter Presses Installations.?3
Shortcomings Resultant Problems Solution
Insufficient filter cloth Blinding of filter cloths, poor Increase the frequency of washing.
washing cake release, longer cycle time
required, and wetter cake.

Improper conditioning  Blinding of filter cloths or poor Switch conditioning chemicals or
chemicals utilized cake release. dosages.

Improper filter cloth Poor cake discharge and difficult ~ Change media.
media specified to clean.

Feed sludge is too Long cycle time and reduced Thicken sludge before feeding to
dilute for efficient capacity. filter press.
filter press operation

Sludge feed at only Unequal sludge distribution Use equalization tank or centrifugal
one end of large within the press. pump to feed at opposite end of
filter press press.

Over the past several years, the quality of municipal sludges has improved dra-
matically due in part to enforcement of federal, state, and local regulations and in
part to the pretreatment standards that indirect dischargers, such as industries, must
comply with before they send their wastewater to public facilities for final treatment.
The notion of nourishing the land with human animal wastes is not new. For thou-
sands of years, farmers have recognized the value of human manure as a fertilizer. In
fact, sewage sludge has been applied to the land in the United States and Europe for
over 40 years. Today, over half of the sewage sludge generated in the United States
is land applied.

Recycling biosolids through land application serves several purposes. It improves
soil properties, such as texture and water holding capacity, which make conditions
more favorable for root growth and increases the drought tolerance of vegetation.
Biosolids application also supplies nutrients essential for plant growth, including
nitrogen and phosphorous, as well as some essential micronutrients such as nickel,
zinc, and copper.

Biosolids can also serve as an alternative or substitute for expensive chemical
fertilizers. The nutrients in the biosolids offer several advantages over those in inor-
ganic fertilizers because they are organic and are released slowly to the growing
plants. These organic forms of nutrients are less water soluble and, therefore, less
likely to leach into groundwater or run off into surface waters.*

Land application is most easily implemented where agricultural land is available
near the site of biosolids production, but advances in transportation have made
land application viable even where hauling distances are greater than 1,000 miles.
Biosolids are generally land applied using one of several techniques. The biosolids
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may be sprayed or spread on the soil surfaces and left on the surface. They may
be tilled (incorporated) into the soil after being surface applied or injected directly
below the surface for producing row crops or other vegetation and for establishing
lawns. Biosolids in a liquid state can be applied using tractors, tank wagons, irri-
gation systems, or special application vehicles. Dewatered biosolids are typically
applied to land using similar equipment to that used for applying limestone, animal
manure, or commercial fertilizer. Both liquid and dewatered biosolids are applied to
land with or without subsequent incorporation into the soil.”

4.2. The Risk of Applying Biosolids to the Land, Health,
and Environment

Biosolids are a complex mixture that can contain pollutants from household, com-
mercial, and industrial wastewaters such as metals, pathogens (which are disease-
causing organisms), chemical pollutants such as medicines, and synthetic organic
compounds such as polychlorinated biphenyls (PCB). At uncontrolled levels, these
pollutants could accumulate in soils or crops, which could potentially affect our
health and the health of animals, as well as the longstanding health of our lands and
waters. Poor management of biosolids could become harmful to public health and
to the environment.

Infection by microorganisms is a major risk from human contact with partly
treated products derived from wastewater depending on the treatment process and
source, biosolids may contain bacteria, viruses, helminthes (such as hookworm),
protozoans (such as Giardia), and fungi. There are a number of recognized exposure
pathways including inhalation, ingestion (especially through hand to mouth contact),
and contact with broken skin. Therefore, all persons handling biosolids need to
observe personal hygiene precautions. However, pollutant levels can be controlled
and one must recognize that fertilizers and pesticides also pose similar types of
risks.%

Due to the diverse sources of wastewater, biosolids may also contain significant
concentrations of chemical contaminants, including heavy metals and pesticides.
Chemicals present in biosolids may become dissolved and move through soils. If
biosolids are used for agricultural purposes, this may allow chemicals to pass into
the food chain, which could have both health and economic implications. As some
chemical compounds may remain in the environment for long periods, the frequency
of applications to one site needs to be managed to prevent contaminant levels being
built up to harmful levels.

There are also environmental constraints that can limit the acceptability of
biosolids application. Despite many positive impacts to the environment, land appli-
cation can have negative impacts on water, soil, and air if not practiced correctly.
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Issues for consideration include the potential to pollute surface water and ground-
water with nutrients or trace contaminants, the importation of exotic plant seeds and
spores to sensitive areas and alteration of the pH of some soils, which may increase
the mobility of some metals.

Excess nutrients in the biosolids, which is primarily nitrogen compounds, can
leach from the soil and reach groundwater. Runoff from rainfall may also carry excess
nutrients to surface water. This can results a negative impact to water if the rates
exceed the nutrient requirements of the vegetation. However, because biosolids are a
slow-release fertilizer, the potential for nitrogen compounds to leach from biosolids-
amended soil is less than that posed by the use of chemical fertilizers. In areas
fertilized by either biosolids or chemicals, these potential impacts are mitigated by
proper management practices, including the application of biosolids at agronomic
rates (the rate nutrients are used by the vegetation). Maintenance of buffer zones
between application areas and surface water bodies and soil conservation practices
will minimize impacts to surface water.

Primary negative impact to the air is the odors from biosolids application. It is a
greater nuisance rather than threat to human health or environment. Odor controls
focus on reducing the odor potential of the biosolids or incorporating them into
the soil. Stabilization processes such as digestion can decrease the potential for
odor generation. Biosolids that have been disinfected through the addition of lime
may emit ammonia odors but they are generally localized and dissipate rapidly. The
stabilization of biosolids reduces odors and usually results in an operation that is
less offensive than manure application.

Mismanagement of a biosolids land application can result in negative impacts
to soil. Federal regulations contain standards related to all metals of concern.
Application of biosolids should comply with these standard to ensure that the
accumulation of metal not reach harmful levels. Stringent record keeping and
reporting requirements on both the federal and state levels are imposed to prevent
mismanagement.

These guidelines provide information on acceptable uses of biosolids. They have
been developed to facilitate responsible and beneficial reuse and minimize the risk
of any adverse effects of biosolids application to human health, animal health, and
the environment.

Generally, we can manage these risks by:

e Promoting proper pollutant source control and disposal of household and business
hazardous wastes.

e Assessing biosolids quality.

e Assuring appropriate land types and use for application while verifying compati-
bility with surrounding areas.
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e Determining appropriate soil, landscape, and crop or vegetative conditions for
biosolids use or restriction.

e Monitoring and overseeing transport, storage, application, and land use during
and after application.

e Limiting harvest or grazing until appropriate periods has elapsed. These compo-
nents are all included in current federal and state regulations. Additional protective
measures, such as local government and public notification, will be refined through
amendments to the state regulations.

4.3. Advantages and Disadvantages

There are some advantages as well as several disadvantages offered by land appli-
cation of biosolids that must be considered before selecting this option for managing
this material.

4.3.1. Advantages

Land application is an excellent way to recycle wastewater solids as long as the
material is quality controlled. It returns valuable nutrients to the soil and enhances
conditions for vegetative growth. The nitrogen in this organic fertilizer is primarily
organic N, which is released slowly over time; therefore, it is available when the
crop needs it and minimizes potential for nitrate leaching. Biosolids also have many
other essential elements needed for plant growth. Farmers from various parts of the
world use it for its phosphorus and zinc because these two elements are deficient
in the soils of various regions. It is especially beneficial when applied to soils that
have been subject to soil erosion, excavated, or have phosphorous deficiencies. The
biosolids improve soil water infiltration, which helps minimize soil erosion.

Land application is a relatively inexpensive option and capital investments are
generally lower than other biosolids management technologies. Contractors can
provide the necessary hauling and land application equipment. In addition, on-
site spatial needs can be relatively minor depending on the method of stabilization
selected.

4.3.2. Disadvantages

The process of land application can be labor intensive although it requires relatively
less capital. Even if contractors are used for application, management oversight
is essential for program success. Land application also is a potential public oppo-
sition, which is encountered most often when the beneficial use site is close to
residential areas. Odor problem is the primary reason of public concern. In worst
case, municipalities or counties may pass ordinances, which ban or restrict the use of
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biosolids. However, many successful programs have gained public support through
effective communications, an absolutely essential component in the beneficial use of
biosolids.

Another disadvantage of land application is limited to certain times of the year,
especially in colder times. This is because biosolids cannot be applied to frozen or
snow-covered grounds, while farm fields are sometimes not accessible during the
growing season. Hence, it is often necessary to provide a storage capacity in con-
junction with land application programs. Although the timing is right, weather can
interfere with the application. Spring rains can make it impossible to get application
equipment into farm fields, making it necessary to store biosolids until weather
conditions improve.

4.4. Regulation and Standards

In 1993, the USEPA putinto affect Title 40 of the CFR, Part 503, The Standards for the
Use or Disposal of Sewage Sludge. This regulation was developed as a requirement
by the Clean Water Act Amendments of 1987, to protect public health and the
environment from any reasonably anticipated adverse effects of certain pollutants
that might be present in sewage sludge.”” The USEPA’s 40 CFR Part 503, Standards
for the Use and Disposal of Sewage Sludge (5), requires that wastewater solids
be processed before they are land applied. The Part 503 rule established a set of
requirements for the three most common final uses or disposal methods of biosolids
generates at a WWTP. These three uses or disposal methods include land application
as a soil conditioner or fertilizer, surface disposal at a specific final disposal site, and
incineration. 40 CFR Part 503 represents a minimum standard which, according
to current scientific information, will allow safe use of the nutrients and beneficial
organic properties of biosolids. Table 55 lists the regulations and exclusions in the
new rule.

Land application of biosolids to condition or fertilize soil for crops or other veg-
etation is the most common beneficial use of biosolids in the United States. Some
examples of land that benefits from biosolids application and are not frequently
visited by the public include agricultural land, forest land, and reclamation sites.

Table 55. Sludge Types and Practices Regulated by 40 CFR Part 503.98

Regulated Excluded
Land application systems Processing prior to use or disposal
Surface disposal system Industrial or hazardous sludges

Monofills (sludge-only landfills)  Sludge with > 50 ppm PCB’s
Sludge incineration systems Co-disposal or co-firing with municipal solid waste
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Some examples of land where the public is likely to come into contact with biosolids
include public parks, plants nurseries, roadsides, golf course, lawns, and home
gardens. Depending upon the land application use, three EPA regulations must be
addressed, which are pollutant concentration (PC) limit for heavy metals, Class A
or Class B pathogen reduction, and vector attraction reduction. Record keeping and
reporting requirements are also required by the EPA in conjunction with monitoring
and are detailed in Part 503.%8

4.4.1. Options for Meeting Land Applications Requirements

The EPA has established four options for meeting land application requirements
pertaining to pollutant limits, pathogen class, and vector attraction reduction. Each
of these four different options has various land application alternatives.>> The
options are:

i. The exceptional quality (EQ) option,

ii. The PC option,
iii. The cumulative pollutant loading rate (CPLR) option, and
iv. The annual pollutant loading rate (APLR) option.

4.4.1.1. The EQ option

Biosolids meet a low pollutant and Class A pathogen reduction, and can be used in
bulk or given or sold in containers for unrestricted use where the general public may
come into contact with the biosolids.

4.4.1.2. The PC option

The PC are used along with the pathogen level and requirements to stabilize organic
matter as quality standards for EQ biosolids. Biosolids with metal concentrations
above the PC require a permit for each site and the rate applied is based on the nitrogen
need of the crop on the site. The cumulative amount of metals must be tracked.
PC biosolids may only be applied to land in bulk and are subject to management
practices.

4.4.1.3. The CPLR option

This is the maximum amount of a pollutant that can be applied to a site over its lifetime
by all biosolid applications meeting ceiling concentration limits. Biosolid applica-
tions must be discontinued when any one of the pollutants reaches its maximum
CPLR.
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4.4.1.4. The APLR option

APLR biosolids are biosolids that are sold or given away in a bag or other containers
for land application and exceed the pollutant limits for EQ biosolids but meet the
ceiling concentrations limits.

4.4.2. Pollutant Limits of Heavy Metals

The presence of trace elements sometimes referred to as heavy metals, in sewage
sludges stems from the contaminants discharged into the sewage system as well as
the effectiveness of sewage treatment. All sewage sludges contain trace elements, but
concentrations tend to be lower than they once were since government regulations
have reduced the amount of metals discharged by industry into the sewage system.
EPA regulations limit the concentrations of 10 heavy metals in land-applied sewage
sludges. These metals include arsenic, cadmium, chromium, copper, lead, mercury,
molybdenum, nickel, selenium, and zinc. Table 56 shows the concentrations limits
for the pollutants.

Table 56. Maximum Metal Concentrations.33:78
Ceiling
Concentration
Limits for All CPLR Limits PC Limits for APLR Limits for
Biosolids for CPLR EQ and PC APLR Biosolids
Applied to Land Biosolids Biosolids (kg/hectare per
Metal (mg/kg) (kg/hectare) (mg/kg) 365-day Period)
Arsenic 75 41 41 2.0
Cadmium 85 39 39 1.9
Copper 4,300 1,500 1,500 150
Lead 840 300 300 75
Mercury 57 17 17 15
Molybdenum 75 NL NL 0.85
Nickel 420 420 420 —
Selenium 100 100 100 21
Zinc 7,500 2,800 2,800 5.0
Applies to: All biosolids Bulk biosolids Bulk biosolids Bagged biosolids®
that are land and bagged
applies biosolids®

4Dry-weight basis.

bAs aresult of February 25, 1994, Amendment to the rule, the limits for molybdenum were deleted
from the Part 503 pending EPA reconsideration.

“Bagged biosolids are sold or given away in a bag or other container.

NL = No limit.
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4.4.3. Pathogen Class for Land Application

Pathogens are discharged into sewers by infected individuals. Most are destroyed
during wastewater treatment, but sufficient numbers remain in sewage sludge to
infect people who work with or eat product from sludge-amended fields. The EPA
has set requirements for land application of biosolids that depend on the level of
pathogen reduction achieved at the WWTP. Based on the degree or amount of
pathogen reduction, biosolids are categorized as Class A or Class B. Generally,
if pathogens have been reduced below detectable levels, the biosolids meets Class
A designation. If pathogens have been reduced to levels that do not pose a threat
to public health or environment and actions are taken to prevent exposure to the
biosolids after disposal, it meets Class B designation.*

4.4.3.1. Class A biosolids

Class A biosolids are essentially pathogen-free with no pathogen-related restrictions
for land application. They usually are sold or distributed in urban areas for gardening,
landscaping, or turf fertilization. The goal of requirements of Class A biosolids is to
reduce the pathogens to below detectable levels. Class A biosolids can be land applied
to areas where public contact is likely such as parks, lawns, gardens, and golf course
and can be used as a soil conditioner or fertilizer where food crops are grown. The
EPA has established six treatment alternatives for achieving Class A-level biosolids
with respect to pathogen. Table 57 shows the treatment that approved by EPA.

The treatment alternatives listed in Table 57, involve technologies such as com-
posting, heat drying, thermophilic aerobic digestion, beta-ray irradiation, gamma-ray
irradiation, and pasteurization. The EPA has specific time and temperature criteria
for each treatment alternative that must be met for a Class A level to be achieved. For
clarification, because of the extensive treatment process and quality of the biosolids,
EPA does not consider Class A biosolids to be generated waste, wastewater, or
wastewater sludge that would require an approval in accordance with Section 23 of
the Activities Designation Regulations. Upon the time Class A biosolids are used,
sold, or disposed of, the EPA requires that one of the following criteria must be met
by any of the approved treatment processes:

e The density of fecal coliform in the biosolids must be less than 1000 most probable
numbers (MPN) per gram total solids (dry-weight basis).

e The density of Salmonella sp. in the biosolids must be less than 3 MPN per grams
of total solids (dry-weight basis).

4.4.3.2. Class B biosolids

Class B biosolids are not treated and stabilized to the same extent as the Class
A biosolid. These municipal biosolids meet a lower quality standard for metal,
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Table 57. EPA-Approved Treatment Alternatives for Meeting Class A Pathogen Requirements.98

No. Treatment Alternatives Treatment Description
1 Thermally treated biosolids Biosolids must be subjected to one of four time-temperature
regimes.

2 Biosolids treated in a high Biosolids must meet specific pH, temperature, and
pH-high temperature air-drying requirements.
process

3 Biosolids treated in other Demonstrate that the process can reduce enteric viruses and
process viable helminth ova. Maintain operation conditions used

in the demonstration after pathogen reduction
demonstration is completed.
4 Biosolids treated in unknown  Biosolids must be tested for pathogens — Salmonella sp. or
process fecal coliform bacteria, enteric viruses, and viable
helminth ova — at the time the biosolids are used or
disposed, or, in certain situations, prepared for used or
disposal.
5 Biosolids treated in a process ~ Biosolids must be treated in one of the PFRPs.
to further reduce pathogens

(PFRP)
6 Biosolids treated in a process ~ Biosolids must be treated in a process equivalent to one of
equivalent to a PFRP the PRFPs, as determined by the permitting authority.

pathogen, and contaminant concentrations. Due to the composition of Class B
biosolids, EPA considers a Class B municipal biosolid as a generated waste that
requires an approval in accordance with Section 23 of the Activities Designation
Regulations. Class B biosolids have less stringent standards for treatment than Class
A biosolids. Site restrictions for land application specific to crop harvesting, animal
grazing, and potential public contact are required through regulations. The reg-
ulations for Class B biosolids are shown in Table 58. Similar to EPA-approved
Class A treatment technologies; EPA has established three treatment alternatives
for achieving Class B-level biosolids with respect to pathogens. Table 59 shows the
treatment alternatives for meeting Class B pathogen requirements.

These treatment technologies include aerobic digestion, air drying, AD, com-
posting, and lime stabilization. The EPA has specific time and temperature criteria
for each treatment alternative must be met for a Class B level to be achieved. If the
time and temperature are met for the specific treatment alternative, it is assumed that
a Class B level was achieved. The values are listed in Table 60.

4.4.4. Vector Attraction Reduction for Land Application

Vectors are organisms, such as flies, that can carry pathogens from one location,
such as a sludge-amended field, to another where infection can take place, such as
Sunday picnic spot. The most cost-effective way to diminish this threat is to reduce
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Table 58. EPA Site Restriction for Class B Biosolids Applied to Land.%?

Potential Site

Site Restrictions

Food crops with harvested parts
that touch the biosolids/soil
mixture

Food crops with harvested parts
below the land surface

Food crops with harvested parts
that do not touch the
biosolids/soil mixture, feed
crops, and fiber crops

Animal grazing

Turf growing

Public access

Food crops with harvested parts that touch the biosolids/soil
mixture and are totally above the land surface shall not be
harvested for 1-4 months after application of biosolids.

Food crops with harvested parts below the surface of the land
shall not be harvested for 20 months after the application of
biosolids when the biosolids remain on the land surface for 4
months or longer prior to incorporation into the soil.

Food crops with harvested parts below the surface of the land
shall not be harvested for 38 months after the application of
biosolids when the biosolids remain on the land surface less
than 4 months prior to incorporation into the soil.

Food crops with harvested parts that do not touch the
biosolids/soil mixture, feed crops, and fiber crops shall not
be harvested for 30 days after application of biosolids.

Animal should not be grazed on the land for 30 days after
application of biosolids.

Turf growing on land where biosolids are applied shall not be
harvested for 1 year after application of the biosolids when
the harvested turf is placed on either land with a high
potential for public exposure or a lawn, unless otherwise
specified by the permitting authority.

Public access to land with high potential for public exposure
shall be restricted for 1 year after application of biosolids.
Public access to land with a low potential for public exposure

shall be restricted for 30 days after application of biosolids.

Table 59. EPA-Approved Treatment Alternatives for Meeting Class B Pathogen Requirements.

98

No. Treatment Alternatives

Treatment Description

1 The monitoring of indicator
organisms

2 Biosolids treated in processes

to significantly reduce
pathogen (PSRP)

3 Biosolids treated in a process

equivalent to a PSRP

Test for fecal coliform density as a factor for all pathogens.
The geometric mean of seven samples shall be less than 2
million MPN per gram per total solids or less than 2
million CFU per gram of total solids at the time of use or
disposal.

Biosolids must be treated in one of the PSRPs.

Biosolids must be treated in a process equivalent to one of
the PSRPs, as determined by the permitting authority.
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Table 60. PSRPs for Meeting Class B Pathogen Requirements.98

Process Process Requirements

Aerobic digestion Biosolids are agitated with air or oxygen to maintain aerobic conditions for a
specific mean cell residence time at a specific temperature. Values for the
mean cell residence time and temperature shall be between 40 days at
20°C and 60 days at 15°C.

Air drying Biosolids are dried on sand beds or on paved or unpaved basins. The
biosolids dry for a minimum of 3 months. During second or third month,
the ambient average daily temperature is above 0°C.

Anaerobic digestion  Biosolids are treated in the absence of air for a specific mean cell residence
time at specific temperature. Values for the mean cell residence time
and temperature shall be between 15 days at 35-55°C and 60 days
at 20°C.

Composting Using the within-vessel, static aerated pile, or windrow composting
methods, the temperature of the biosolids is raised to 40°C or higher and
maintained for 5 days. For 4 h during the 5-day period, the temperature in
the compost pile exceeds 55°C.

Lime stabilization Sufficient lime is added to the biosolids to raise the pH of the biosolids to 12
after 2 h of contact.

the attractiveness of the applied sludge as a food source or breeding place. The EPA
requires “vector attraction reduction” for all biosolids, whether they are Class A
or Class B. The EPA describes 10 approaches for satisfying its vector attraction
reduction requirement. 12 options to meet vector attraction reduction requirements
when land applying biosolids are described in Part 503 and state Part 24 Rules.”
These options can be grouped into two general approaches:

i. Preventing vectors from coming into contact with the biosolids by the use of
physical techniques such as biosolids incorporation and biosolids injection below
the soil surface within specified periods.

ii. Reducing the attractiveness of the biosolids to vectors by using specified
organic matter stabilization processes such as composting, digestion, or adding
alkaline/lime material.

Options to accomplish vector attraction reduction do not apply when biosolids or
biosolids derivatives meet the criteria for EQ. EQ biosolids products are as safe as
other agricultural and horticultural products and may be used without site restric-
tions. Depending upon the land application use or disposal method, one of the 12
treatment options is required. Table 61 shows the treatment options for reducing
vector attraction.
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Table 61. EPA-Approved Options for Meeting Vector Attraction Reduction.?8

Option Description of Option

1 Meet 38% reduction in volatile solids content.

Demonstrate vector attraction reduction with additional AD in a bench-scale unit.

Demonstrate vector attraction reduction with additional aerobic digestion in a
bench-scale unit.

Meet a specific oxygen uptake rate for aerobically digested biosolids.

Use aerobic processes at greater than 40°C for 14 days longer.

Alkali addition under specified conditions.

Dry biosolids with stabilized solids to at least 75% solids.

Dry biosolids with unstabilized solids to at least 90% solids.

Inject biosolids beneath the soil surface.

Incorporate biosolids into the soil within 6 h of application to or placement on the land.

Cover biosolids places on a surface disposal site with soil or other material at the end of
each operating day.

Alkaline treatment of domestic septage to pH 12 or above 30 min without adding more
alkaline material.

—_
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4.5. Design Criteria

Design criteria for land application programs address issues related to application
rates and suitable sites. Design criteria for physical facilities that are part of land
application programs are discussed in separate fact sheets. Biosolids, site, and veg-
etative characteristics are the most important design factors to consider. Biosolids
must meet regulatory requirements for stabilization and metals content. In addition,
nutrient content and physical characteristics, such as percentage solids, are used
to determine the appropriate application rate for the crop that will be grown and
the soil in which the crops will be grown. Site suitability is determined based on
factors such as soil characteristics, slope, depth to groundwater, and proximity to
surface water.'” In addition, many states have established site requirements further
to protect water quality. Some examples include:

o Sufficient land to provide areas of nonapplication (buffers) around surface water
bodies, wells, and wetlands.

e Depth from the soil surface to groundwater equal to at least one meter.

e Soil pH in the range of 5.5-7.5 to minimize metal leaching and maximize crop-
growing conditions.

Site suitability is also influenced by the character of the surrounding area. While
odors and truck traffic may not be objectionable in an agricultural area, both will
adversely impact residential developments and community centers close to fields
where biosolids are applied. The type of vegetation to be grown is also a design
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Table 62. Typical Biosolids Application Scenarios.”?
Type of Site/
Vegetation Schedule Application Frequency Application Rate
Agricultural Land
Corn April, May, after harvest ~ Annually 5-10 dry tons per acre
Small grains March-June, August, fall ~ Up to 3 times per year 25 dry tons per acre
Soybeans April-June, fall Annually 5-20 dry tons per acre
Hay After each cutting Up to 3 times per year  2-5 dry tons per acre
Forest land Year round Once every 2-5 years ~ 5-100 dry tons per acre
Range land Year round Once every 1-2 years ~ 2—60 dry tons per acre
Reclamation Year round Once Sites 60—100 dry tons

per acre

consideration. Vegetation, such as soil characteristics, will generally not exclude
biosolids application since most vegetation will benefit from the practice. However,
the type of vegetation will impact the choice of application equipment, the amount
of biosolids to be applied, and the timing of applications. The effect of vegetation
on the choice of application equipment is discussed above in the description of this
technology. The amount of biosolids that may be applied to a site is a function of
the amount of nutrients required by the vegetation and the amount of metals found
in the biosolids. Table 62 summarizes the application frequency, timing, and rates
for various types of sites.

Another factor to be considered in designing a land application program is the
timing of applications. Long periods of saturated or frozen ground limit the oppor-
tunities for application. This is an important consideration in programs using agri-
cultural lands; applications must be performed at times convenient to the farmer
and must not interfere with the planting of crops. Most application of biosolids to
agricultural land occurs in the early spring or late fall. As a result, storage or an
alternate biosolids management option must be available to handle biosolids when
application is not possible.

Forest lands and reclamation sites allow more leeway in the timing of appli-
cations. In some areas of the United States, application can proceed year round.
Application is most beneficial on agricultural land in late fall or early spring before
the crop is planted. Timing is less critical in forest applications when nutrients can
be incorporated into the soil throughout the growing period. Winter application is
less desirable in many locales. Rangelands and pasturelands also are more adaptable
to applications during various seasons. Applications can be made as long as ground
is not saturated or snow covered and whenever livestock can be grazed on alternate
lands for at least 30 days after the application. The timing of single application in
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land reclamation programs is less critical and may be dictated by factors such as
regulatory compliance schedules.”

4.6. Site Selection and Management

Once the biosolids grade and feasible end uses have been determined, the suitability
of potential end use sites needs to be evaluated and appropriate management practices
adopted.'”!

4.6.1. Site Selection

The initial phase of site selection and assessment should begin with a screening
process. This activity should identify characteristics that will typically make a site
unsuitable for biosolids application, unless the characteristics can be addressed
through detailed management controls. For example, biosolids application would
not typically be permitted on land that:

e Classified in a sensitive land category;

e Regularly subject to water logging or flooding; would be covered with snow at
the time of application;

e Has surface rock outcrops over greater than 10% of the area (except for forestry
and rehabilitation uses); or

e Has limited buffer distances.

Following these initial site considerations, characteristics such as soil structure, pH,
and land slope and water table depth need to be evaluated as part of a land capability
assessment.

Sites with only slight limitations should be able to receive regular biosolids appli-
cations without adverse effects linked to those characteristics. Site characteristics
with more severe rankings should receive greater attention in the risk assessment
and the scheme may need to be limited in terms of biosolids quality, application rate,
and frequency. The interaction of parameters should be considered. As an example,
moderate risks for soil acidity, soil permeability, and depth to groundwater could
indicate a severe risk to groundwater from mobile metals.'?!

4.6.2. Site Management Practices

Following selection of potentially suitable end use sites, proponents will need to
adopt effective site management controls to protect the environment, public health,
and agriculture.!®! Appropriate management measures are required at all stages of
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biosolids use, including:

e site preparation,

e biosolids transport and storage,

e determining management controls; for example, application methods, signage,
and fences around application sites,

e determining application rates, and

e monitoring post-application.

4.7. Operation and Maintenance

Land application systems generally use uncomplicated and reliable equipment.
Operations include pathogen reduction processing, dewatering, loading of transport
vehicles, transfer to application equipment, and the actual application. The other
operations require labor skills of heavy equipment operators, equipment mainte-
nance personnel, and field technicians for sampling, all normally associated with
wastewater treatment facilities. In addition, the biosolids generator is responsible
for complying with state and local requirements as well as federal regulations.

The biosolids manager must be able to calculate agronomic rates and comply
with record keeping and recording requirements. In fact, the generator and land
applier must sign certification statements verifying accuracy and compliance. The
generator should also allocate time to communicate with farmers, landowners, and
neighbors about the benefits of biosolids recycling. Control of odors, along with a

viable monitoring program, is most important for public acceptance.'??

4.8. Cost

It is difficult to estimate the cost of land application of biosolids without specific
program details. For example, there is some economy of scale due to large equipment
purchases. The same size machine might be needed for a program that manages 10
dry tons of biosolids per day as one managing 50 dry tons per day; the cost of that
machine can be spread over the 10 or 50 dry tons, greatly affecting average costs
per dry ton. One source identified costs for land application varying from $60 to
$290 per dry ton. This range reflects the wide variety in land application methods
as well as varying methods to prepare biosolids for land application. For example,
costs for programs using dewatered biosolids include an additional step whereas
costs for programs using liquid biosolids do not reflect the cost of dewatering. They
do, however, include generally higher transportation costs.'%?

Despite the wide range of costs for land application programs, several elements
must be considered in estimating the cost of any biosolids land application program:
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purchase of application equipment or contracting for application services,
transportation,

equipment maintenance and fuel,

loading facilities,

labor,

capital, operation, and maintenance of stabilization facilities,

ability to manage and control odors,

dewatering (optional),

storage or alternate management option for periods when application is not

possible due to weather or climate,

e regulatory compliance, such as permit applications, site monitoring, and biosolids
analyses, and

e public education and outreach efforts.

Land must also be secured. Some municipalities have purchased farms for land
application; others apply biosolids to privately held land. Some operating costs can
be offset through the sale of the biosolids material. Since the biosolids reduce the
need for fertilizers and pH adjustment, farmers sometimes pay to have biosolids
applied to their lands.

4.9. Best Management Practices

With increasing in production agriculture, many landowners are considering
biosolids as a safe, inexpensive source of crop nutrients. Many landowners have
found success using biosolids and eagerly recommend biosolids to their neighbors.
The use of best management practices (BMPs) by WWTPs, haul truck operators,
and landowners during the application of biosolids results in landowner satisfaction
and good public perception. Unfortunately, not every WWTP is finding success with
biosolids marketing and, all too often, practices have resulted in complaint gener-
ation. Just a little negative publicity can derail an application program. Consider the
following factors as integral parts of a best management plan for land application of
biosolids.

4.9.1. Spills

Any biosolids spilled onto highways must be cleaned up immediately. Some lime-
stabilized biosolids are very slippery when wet, causing potentially hazardous condi-
tions. Trucks hauling biosolids must be designed to prevent spillage onto roadways.
Biosolids should not be loaded into dump trucks unless the truck bed is leakproof
for the type of biosolids to be transported. Obviously, trucks must not be over-
loaded and transfer hoses must be completely emptied before entering roadways.
It is mandatory that a proactive maintenance program on all biosolids application
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and hauling equipment are enacted and repairs are made before hazardous condi-
tions result. A successful land application program will always pursue the goal of
zero-complaint generation. Review protocol for spill cleanup and reporting with
regulatory agencies before the accident happens.

4.9.2. Odor

All biosolids management plans must address odors as a potential problem. Nuisance
complaints from odors are common and create an unfavorable public reaction.
Potential for odors can be reduced by utilizing the following BMP:

e Incorporate or inject liquid biosolids soon after application to the site. Soil absorbs
moisture from biosolids, which reduces odors as the biosolids dry. Faster drying
or incorporation of biosolids at the application site will result in reduced odor
generation.

e Avoid application to wet or waterlogged soil. Obviously, wet soils will absorb
little water from applied biosolids, resulting in potential odors for longer periods.
Similarly, biosolids stockpiled at the application site can produce odors until all
are land applied. Minimizing the time biosolids are stockpiled can reduce odors
and complaints.

e Use proper application rates. Over-applying biosolids can result in runoff and
pools of liquid biosolids in low areas that can generate odors. Applying biosolids
at an agronomic rate helps preventing these situations.

e Isolate application sites from residential, public access, and commercial areas.
Keeping application sites away from these areas will limit potential for complaints.

4.9.3. Safety Concerns

Carefully evaluate all application sites, looking critically for any potential problems.
For example, applying lime-stabilized biosolids near a school should not be a
problem. However, if the biosolids dry and become dusty and if the wind direction
changes and recess occurs while downwind of the application site, some children
will probably experience burning eyes from the lime dust. Always evaluate the site
and increase the border area around application sites near home sites, schools, or
other public areas.

4.9.4. Equipment Operation and Considerations

All vehicles should be clean and routinely washed. Remember that the next load
of material a dump truck will carry may not be biosolids. For example, a load of
sand hauled behind a load of biosolids may smell like biosolids if the truck bed is
not washed after the last load of biosolids. If biosolids are spilled onto the vehicle
during loading, hose off the vehicle before hauling to the application site. Muddy
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conditions are often encountered at application sites. However, mud tracked onto
roadways should be promptly removed to eliminate any hazardous conditions on
roadways. Because people often smell what they see, odors can be reduced by using
clean equipment. Again, keeping equipment clean, cleaning mud from roadways,
preventing spills, etc., all enhance community acceptance and improve the public
image of biosolids recycling. Consider the following BMP:

e Keep haul vehicles quiet and leave no mud on the road.

e Encourage equipment operators to keep all equipment clean. Daily cleaning of
equipment, routine maintenance, and having conscientious equipment operators
will go a long way toward improving public perception of recycling biosolids
nutrients.

e Clean haul vehicle beds well before hauling other materials.

4.9.5. Soils and Sites

Carefully evaluate each site for potential groundwater and surface water contami-
nation. Areas with karst topography require additional evaluation. Karst topography
is underlain by limestone bedrock that has dissolved, resulting in landscapes with
enclosed drainage systems. Over-application of biosolids in these areas may result
in groundwater contamination.

Atbiosolids application sites, consider filter strips and borders around application
sites as BMPs. Consider borders or filter strips in the following situations:

e Provide a minimum border of 100 ft around all application sites. No biosolids
should be applied in these zones between application areas and roadways, streams,
fencerows, etc.

e Provide a minimum border of 300 ft around all home sites, water wells, and sink-
holes.

e For side-discharge spreaders, always throw biosolids toward the center of the field,
never toward the outside.

Evaluating soils at the application site can help preventing ground and surface water
contaminations. Soils that have either a high permeability (sandy soils) or a low
permeability (clayey soils) may present special application planning. Evaluating
soil texture in concert with slope and topography can help ensure that ground and
surface waters are protected. Sites with slopes in excess of 8—12% should be avoided
because of runoff. Likewise, soils shallow to bedrock provide little protection from
groundwater contamination and should be avoided. The depth to groundwater at the
site needs to be evaluated, when evaluating soils at application sites. Sites shallow
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to groundwater provide less buffer and greater potential for groundwater contami-
nation. Following simple BMP for all biosolids applications is an effective way to
recycle nutrients and build a more sustainable future.

4.9.6. Haul Routes

Haul routes and timing should be evaluated when considering application sites.
Loud trucks roaring past school crossings or bus stops may cause some concerns
from parents. Use of exhaust brakes, exceeding speed limits, and early morning
and late evening hauling are all potential complaints. The BMP would be to avoid
residential areas for all haul routes, especially before or after school. Trucks used
for biosolids application are heavy and can cause considerable damage to roads if
the same traffic patterns are used often. To avoid future problems, some dialogs with
the local traffic department are needed before establishing the haul routes.

5. Use and Disposal of Biosolids

5.1. Introduction

Disposal of biosolids is a major environmental problem in the world. For many years,
landfill and agricultural use were common disposal practices. However, regulatory
considerations are becoming stronger in many parts of the world. Several strategies
have been investigated with the goal of providing new options for biosolids treatment,
use, and disposal. However, since these biosolids are rich in nutrients and organic
matter, their utilization as soil conditioners appears to be one of the main sustainable
options, especially for developing countries.

The US EPA in 1998 estimated that approximately 6,232,880 metric tons or
6,856,168 dry tons are generated annually in the United States.'?® Table 63 presents a
breakdown of this estimate to show the quantities of biosolids estimated to have been
generated by primary-only treatment publicly owned treatment works (POTWs) or
secondary-or-above treatment POTWs and by privately or federally owned treatment
works. Figure 28 shows the distributions for the most common methods of disposal

Table 63. Estimates of Biosolid Generation for Use or Disposal, 19982

Treatment Group 1998 Biosolid Generation (million U.S. dry tons)
Primary-only treatment POTW 0.5
Secondary-or-above treatment POTW 6.3
Privately and federally owned treatment works 0.1

Total 6.9
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Figure 28. Use and Disposal of Sewage Sludge and Biosolids in the United States.”8

or utilization in terms of percentage. Distribution and marketing, which include com-
posting and heat drying, were estimated at approximately 3%. Ocean disposal has
been discontinued since 1992. Because disposal to landfills has been severely cur-
tailed in many states, land application has increased. Incineration is also decreasing
because many incinerators cannot meet the Clean Air Act regulations or the US EPA
503 regulations.

In the United States, there are vast differences in the way biosolids is utilized or
disposed. Table 64 shows the different disposal ways of biosolids. It shows that in
New England and the Northeast, less than 30% is land applied. A significant amount
of biosolids from the Northeast is shipped out of state for either land application or
landfills. Nearly 90% of the biosolids produced in the Northwest are land applied.”

5.2. Generation of Biosolids

A variety of factors have influenced biosolids generation and use over the years.
Advancements in wastewater and biosolids treatment technologies, including
wastewater pretreatment, pollution prevention programs, and population growth,
have resulted in increased volumes of higher-quality biosolids. Federal and state reg-
ulations and guidance, in particular the Part 503 Biosolids Rule, have encouraged
recycling and use of biosolids rather than disposal. The U.S. population and the
population served by municipal sewers have increased dramatically over the past 20
years. These increases have contributed to an increase in the volume of biosolids
produced since 1972.

The total amount of biosolids produced annually has increased at a somewhat
greater rate than the increased U.S. population being served by sewers. These
increases in quantity have been accompanied by improved environmental quality
of biosolids due to the greater prevalence of pretreatment and pollution prevention
programs undertaken by industrial wastewater generators. The physical quality of
biosolids also has improved because of advanced mechanical dewatering equipment,
automated process control systems, aeration systems, and odor control systems. New
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Table 64. Biosolids/Sewage Sludge Utilized or Disposed by US EPA Regions in the United States.”8

Biosolids/ Percentage Used/Disposed by
Population Sludge
Served by Production Land Surface
Region POTWs? (dmt/yr) Applicationb Disposal® Incineration Other
1. New England 8,037,311 367,430 24 46 30 —
II. Northeast 21,726,101 605,046 30 14 23 33d
III. Mid Atlantic 18,152,556 1,040,206 f 74 16 10 <1
IV. Southeast 24,510,111 1,050,325¢ 57 30 12 1
V. North Central 35,587,804 1,705,316 51 2 30 178
VI. South Central 21,150,172 425,203¢ 53 45 2 —
VII. Midwest 9,036,498 511,712° 65.5 4 255 5
VIII. Rocky 6,262,873 111,880° 68 29 0 38
Mountains
IX. Southwest 30,432,899 819,050 51 36 4 98
X. Northwest 5,634,539 220,000 89 2 9 —
U.S. Totals 180,530,874 6,856,1688 54 18 19 9

4Based on 1992 Needs Survey Data (US EPA, 1993).

PIncludes all forms of land application practices, such as application of liquid, dewatered cake, dried,
composted, alkaline stabilized, or otherwise processed product to cropland, forests, reclamation sites,
lawns, parkland, etc.; use as organic fertilizer or soil amendment; use in potting mixes and the pro-
duction of topsoil, etc. (including use as a daily or final landfill cover as land application).

“Includes co-landfilling with solid waste; monofilling; permanent disposal in piles or lagoons, etc.
dShipped out of state for use/disposal (mainly by land application and landfill).

®Includes estimates based upon population served by POTWs and regional conditions.

fSome estimates (based upon the number of households served by POTWs) of total production for
Pennsylvania would increase this number by 1,578,639 dmt/yr.

2Long-term storage.

(Source: US EPA.)

technologies such as these have allowed for lower water content, less odor, and easier
handling of biosolids.?

The trends in wastewater flow increases during 1986—1996 shows an average of
a 4% annual decrease in wastewater flow at POTW using only primary treatment,
while wastewater flow at POTW using secondary or higher levels of treatment has
increased about 2% per year. Assuming that these trends will continue into the
future, and using the same methodology used to estimate 1998 biosolids generation,
the expected biosolids generation amounts in 2000, 2005, and 2010 are shown in
Table 65. Future biosolids production is expected to increase from 6.9 million dry
tons in 1998 to 7.1 million dry tons in 2000, 7.6 million dry tons in 2005, and
8.2 million dry tons in 2010. This represents a 19% increase from 1998 to 2010.>
These increases are largely due to anticipated increases in population served and, to
a lesser extent, the increase in POTW using secondary treatment and the subsequent
slight increases in quantities of biosolids produced.
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Table 65. Projections of Biosolids Generation
for Use or Disposal in 2000, 2005, and 201 0.2

Year Total (million Year U.S. dry tons)
1998 6.9
2000 7.1
2005 7.6
2010 8.2

5.3. Use and Disposal

Just as the generation of biosolids has increased over the past 20 years, so has the
use of biosolids. There are three major reasons for this increase. First, regulatory
influences on both the federal and state levels have encouraged the beneficial use of
biosolids, either directly through guidance and federal policies on beneficial use or
indirectly because of stringent and higher-cost requirements for disposal practices.
Second, better biosolids research and technology also have helped alleviate public
concern regarding the human health and environmental impacts of biosolids. Third,
outreach, education, and marketing efforts have been improving public perceptions
in some areas of the United States about the beneficial use of biosolids, although
public acceptance problems persist in other areas.'® The potential for a growing
positive acceptance of beneficial use of biosolids could lead to increasing biosolids
recovery in the future.

Disposal of biosolids is expected to decrease because of regulatory influences,
voluntary improvements in biosolids quality, and the resulting increase in biosolids
use. Regulatory influences include the increased restrictions on incineration, surface
disposal, and landfilling in the Part 503 Biosolids Rule, the Part 258 Landfill Rule,
and various state requirements, which also have driven up the costs of these disposal
methods. In some municipalities, however, decreases in landfill costs are causing
shifts toward increased landfilling and reductions in biosolids recycling. This trend
is evident primarily among municipalities using landfills with excess capacity. The
long-term effects of this factor on biosolids beneficial use are not yet known at this
early stage.

As incineration becomes more costly, the disposal of biosolids through this
method is expected to decrease. Incineration is a costly means of disposal and is pri-
marily used in large urban areas. Public concern about the environmental and health
impacts of incineration has made this disposal option even more costly and difficult
to undertake. Public resistance to incineration is so great that no new incinerators
have been built in recent years, and expansions or upgrades to existing incinerators
are difficult to get approved.
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Any increased costs of biosolids disposal also are expected to promote beneficial
use. MSW landfills built to meet the Part 258 Landfill Rule requirements incorporate
liners, gas control, leachate control, and plans and funding for monitoring and long-
term care after closure, which makes them more expensive than landfills built prior
to issuance of the Part 258 Landfill Rule.

5.4. Regulations of Biosolids Disposal

Federal regulations have been developed by US EPA for biosolids and solid waste
disposal, which describes comprehensive criteria for the management of biosolids. In
February 1993, the United States federal standards for the use or disposal of biosolids
(Title 40 of the Code of Federal Regulations [CFR], Part 503) were enacted.”® US
EPA developed a new regulation to protect public health and the environment from
any reasonably anticipated adverse effects of certain pollutants that might be present
in biosolids as required by the Clean Water Act Amendments of 1987. This Part 503
rule established the requirements for the final use or disposal of sewage sludge
(biosolids) when biosolids are applied to land to condition the soil or fertilize crops
or other vegetation grown in the soil, placed on a surface disposal site for final
disposal (landfill), or fired in a biosolids incinerator.”” This regulation is usually
referred to as Part 503 or the Part 503 rule (4).

The Part 503 rule establishes requirements for the final use or disposal of biosolids
when biosolids are:

e Applied to land to condition the soil or fertilize crops or other vegetation grown
in the soil.

e Placed on a surface disposal site for final disposal.

e Fired in a biosolids incinerator.

The rule also indicates that if biosolids are placed in an MSW landfill, the biosolids
must meet the provisions of 40 CFR Part 258.
The Part 503 rule includes five subparts as listed below (8):

General provisions,

Requirements for land application,

Requirements for surface disposal,

Requirements for pathogen and vector attraction reduction, and
Requirements for incineration.

NS

As shown in Fig. 29, for each of the regulated use or disposal practices, a Part
503 standard includes general requirements, pollutant limits, management practices,
operational standards, and requirements for the frequency of monitoring, record
keeping, and reporting. For the most part, the requirements of the Part 503 rule are



136 H.A. Azizetal.

General Requirements

Reporting Jt Pollutant Limits
h\// ﬁ.\/
{ \ )
Recordkeeping <—  Biosolids :_,, Operational Standards

NN !

Freq_u ency of 4 Total Pathogen
Monitoring Hydrocarbons and Vector
Management or Carbon Aftraction
Practices Monoxide Reduction
(Incineration (Land Application
Cnly) and Surface
Disposal)

Figure 29. Part 503 Standards for Regulated Use and Disposal Practices.”®

self-implementing and must be followed even without the issuance of a permit.*
Subpart A of the rule covers general provisions, such as the purpose and appli-
cability of the rule, the compliance period, and exclusions from the rule. These
general provisions apply to each of the three biosolids use or disposal practices.
Subpart B of the rule specifies requirements for biosolids applied to land. Subpart
C of the rule covers requirements for biosolids including domestic septage placed
on a surface disposal site. Subpart D of the Part 503 rule covers requirements for
the control of disease-causing organisms, called pathogens, in biosolids and the
reduction of the attractiveness of biosolids to vectors, such as flies, mosquitoes,
and other potential disease-carrying organisms. Subpart E of the rule covers the
requirements for biosolids fired in a biosolids incinerator.*?

5.4.1. Requirement for Biosolids Placed on a Surface Disposal Site

Placement refers to the act of putting biosolids on a parcel of land at high rates
for final disposal rather than using the organic content in the biosolids to condition
the soil or using the nutrients in the biosolids to fertilize crops. Placing biosolids
in a monofill, in a surface impoundment, on a waste pile, or on a dedicated site is
considered surface disposal. Certain materials derived from biosolids, the quality
of which has been changed by treating the biosolids or by mixing them with other
materials (e.g., wood chips), are subject to the surface disposal requirements in Part
503 with one exception. If biosolids are mixed with nonhazardous solid wastes, the
mixture and the land onto which the mixture is placed are subject to the solid waste
regulations (40 CFR Part 258) instead of Part 503.
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Table 66. EPA Pollutant Limits for Surface Disposal of Biosolids.%8

Distance from the Boundary of Pollutant Concentration™®
Active Biosolids Unit to Surface
Disposal Site Property Line (m) Arsenic (mg/kg) Chromium (mg/kg)  Nickel (mg/kg)

0 to less than 25 30 200 210
25 to less than 50 34 220 240
50 to less than 75 39 260 270
75 to less than 100 46 300 320
100 to less than 125 53 360 390
125 to less than 150 62 450 420
Equal to or greater than 150 73 600 420

*Dry-weight basis (basically, 100% solid content).

5.4.2. Pollutant Limits of Heavy Metals for Surface Disposal

The EPA requires that one of two options for meeting pollutant limits be met for
surface disposal. The first option requires that all surface disposed biosolids must not
exceed maximum concentration limits of arsenic, chromium, and nickel. Table 66
shows the detail of pollutant limits.

5.4.3. Pathogen Class and Vector Attraction Reduction for Surface
Disposal

Surface disposal of biosolids require a Class A or Class B pathogen level as defined in
Section 4. The EPA requires that one of the three alternatives must be met to address
pathogen reduction for surface disposal of biosolids and are listed in Table 67.

5.4.4. Surface Disposal Alternatives

The process of scoping potential surface disposal sites is a function of not just
the quality of the biosolids to be disposed of, but also the characteristics of the
proposed site. Detailed site restrictions are listed in 40 CFR Part 503, and include
protection of groundwater, protection from base flood flows, regards to seismically
actives site and unstable geology, protection of wetlands, collection of surface and
subsurface runoff, and restriction to crop production and grazing. It should be noted
that additional monitoring and reporting regulations are required, and should be
referred to in 40 CFR Part 503. State regulations also apply to biosolids reuse and
disposal, and can deviate from Part 503 rules from one state to another.”’
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Table 67. Pathogen and Vector Attraction Requirements for Surface Disposa1.98
Type of Requirement One of the Following Options Must be Met for Each Requirement
Pathogen reduction Place a daily cover on the active biosolids unit.
requirements Meet one of six Class A pathogen reduction requirements.

Meet one of three Class B pathogen reduction requirements,
except site restriction.

Vector attraction reduction Place a daily cover on the active biosolids unit.
requirements Reduce volatile solid content by a minimum of 38% or less under

specific laboratory test conditions with anaerobically and
aerobically digested biosolids.

Meet a specific oxygen uptake rate (SOUR).

Treat the biosolids in an aerobic process for a specified number of
days at a specified temperature.

Raise the pH of the biosolids with an alkaline material to a
specified level for a specified time.

Meet a minimum percentage solid content.

Inject or incorporate the biosolids into soil.

5.4.5. Reporting Requirements and Enforcement of Part 503

Regulatory authorities have the right to inspect operations involved in the use or dis-
posal of biosolids, review and evaluate required reports and records, sample biosolids
at regulated facilities, and respond to complaints from persons affected by an alleged
improper use or disposal of biosolids to ensure compliance with Part 503. The US
EPA can initiate enforcement actions, if records are not kept or other Part 503 require-
ments are not met. Violations of the Part 503 requirements are subjected to the same
sanctions as wastewater effluent discharge violations. The US EPA can sue in civil
court and seek remediation and penalties, and it can prosecute willful or negligent
violations as criminal acts. If a problem occurred, the government could seek to
have the offending party correct the situation. If the US EPA is unable to take an
enforcement action, Section 505 of the CWA authorizes any citizen to bring a civil
action against the violator for corrective action and the same penalties that the US
EPA could have sought.”” The Part 503 rule includes reporting requirements for the
following types of facilities:

e POTWs with a design flow rate equal to or greater than 1 MGD.

e POTWs that serve a population of 10,000 or greater.

e Class 1 biosolids management facilities that are POTWs required to have an
approved pretreatment program (5 MGD or greater as per 40 CFR Part 403.3a) and
POTWs located in states that have elected to assume local program responsibilities
for pretreatment (140 CFR 403.10e), and treatment works processing domestic
sewage (TWTDS) that the US EPA or the state have classified as Class 1 because
of the potential to negatively affect public health and the environment.



Biosolids Management 139

5.5. Biosolids Disposal Method

Once biosolids have been processed in a waste treatment plant, a viable disposal
option must be found.> As environmental quality standards and biosolids production
increase simultaneously, municipal treatment plants are having a more difficult time
finding the proper sites for disposal. With the virtual elimination of ocean dumping,
there are several options available today for the disposal or utilization of biosolids:

direct land application,
composting and land application,
heat drying and land application,
incineration,

landfilling, and

dedicated land disposal (DLD).

5.5.1. Direct Land Application

Direct land application can be beneficially used in agriculture, forestry, and land
reclamation. The biosolids can be applied either in a liquid form with low solids or
as a semisolid following dewatering. Because of the nature of the material, it contains
alarge amount of water and it is often applied within relatively short distances. Direct
land application for beneficial use involves some form of partial stabilization such as
digestion or alkaline stabilization. Digestion results in US EPA 503 Class B biosolid
whereas alkaline stabilization can result in a Class A or B product. The US EPA 503
regulations allow for either a Class A or Class B to be applied to land.”’

5.5.2. Composting and Land Application

Composting is the biological decomposition of sludge under conditions that allow
the development of thermophilic temperatures resulting from biologically produced
heat. Composting appears to be a viable alternative for sludge treatment since it
reduces the load of pathogenic microorganisms, yielding a final product rich in
organic matter and nutrients that can be used as a soil supplement for different
horticulture, agricultural, or land application purposes. Besides, it contributes to
the suppression of certain plant diseases caused by several pathogens. However,
this method displays several restrictions related to heavy metal concentration and
moisture present in the sludge.

5.5.3. Heat Drying and Land Application

Heat drying is a form of land application. This technology produces a US EPA
503 Class A product that provides for a wider range of uses. Today, most of these
products meet the EQ criteria for trace elements. The drier nature of these two
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materials provides for bagging and shipping to greater distances. Heat-dried biosolids
are considered as a fertilizer and applied at fertilizer rates. They may be used as a
supplement to other inorganic fertilizer material to increase the plant nutrient content.

5.5.4. Incineration

Biosolids incineration requires extremely high temperatures (450°C and higher),
which are provided by specialized furnaces. The two most common types are
multiple-hearth furnaces and fluidized-bed furnaces. However, the latter is preferred
because in general it produces fewer emissions. In order to prevent dangerous gases,
particles, and other pollutants from escaping into the environment, these furnaces are
equipped with air pollution devices. The most common emission controllers include
wet scrubbers, fabric filters, afterburners, and precipitators. After incineration, only
about 20% of the biosolid volume remains, and many of the volatile organic chem-
icals and pathogens are eradicated. Advantages and disadvantages of incineration
are listed in Table 68.

5.5.5. Landfilling

About 17% of the total application of biosolids today is from landfill and surface
disposal. The use of landfills reduces treatment costs for many municipal wastewater
treatment facilities because landfilled biosolids require less advanced treatments.
Federal and state regulations do not require many of the stabilization and dewatering
methods for landfilled biosolids.

Landfilled biosolids also require no additional monitoring for leachates and metal
content that land disposal option for increasing amounts of biosolids. However, bans
on disposal of biosolids in landfills, landfill capacity concerns, and landfill closures
have greatly hindered the use of landfills as a profitable disposal option. Limited
space means higher tipping fees and a greater cost to the wastewater facility trying

Table 68. Advantages and Disadvantages of Incineration.2

Advantages

Disadvantage

Reduces volume of biosolids allowing easier
disposal.

Energy can be collected from the incineration
process.

Destroys virtually all of the pathogens and
VOC present.

Requires little land area for operation relative
to landfilling and dewatering.

Dewatering is required before beginning the
incineration process because water content
increases the energy necessary.

Pollution devices must be installed to capture
emissions.

The ash produced has large heavy metal
concentrations.

High energy requirements and costs.
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Table 69. Advantages and Disadvantages of Landfills.2

Advantages Disadvantage

Once disposed of in a landfill, there are no ~ Does not utilize the nitrogen and nutrient rich

additional costs for monitoring and no qualities of the biosolids.
concern over human contact.
Leachates are contained safely inside the Landfill space has become extremely limited in
landfill’s liner. recent years and biosolids take up space when they
could be used beneficially in the environment.
Public concern and outcry is avoided. Involves a large initial contracting cost for

transportation and tipping fees.

to dispose of its biosolids inventory. Table 69 summarizes the pros and contras of
disposing of biosolids in landfills.

Surface disposal is another option to be considered by a municipal wastewater
facility. The Biosolids Rule (40 CFR 503) defines surface disposal as the placement
of biosolids for final disposal on land on which only biosolids are present. Under
this rule, the biosolids must remain untouched on the land for at least two years to be
considered disposed; otherwise, it is classified as storage or treatment. Site selection
for biosolid surface disposal is based on factors such as land slope, soil conditions,
and required minimum proximity to ground or surface water. Human and animal
contacts also weigh in heavily when trying to select an appropriate site. The main
difference between surface and land disposal is application rate. Surface disposal
simply means that the biosolids have been applied at levels greater than agronomic
rates and require a form of leachate monitoring such as underground wells.

The most common form of surface disposal is depositing biosolids in monofills.
Monofills come in various forms including excavated trenches, large excavated
areas, mounds, and layers on the ground covered with topsoil. Upon completion,
all monofills are covered with several centimeters of soil to prevent odor and reduce
human and animal contact.

5.5.6. Biosolids Disposal at Dedicated Facilities

A number of agencies have elected to disposal of biosolids at “dedicated” facilities.
These include:

e mono fills,
e land disposal sites, and
e disposal lagoons.

Biosolids-only landfills are defined as disposal sites that are used exclusively for the
disposal of biosolids. The application of the biosolids can be in either the dewatered



142 H.A. Aziz et al.

or liquid state. However, the biosolids are usually applied in the dewatered state.
DLD sites are those sites where the biosolids are applied to the surface of the land
on a routine basis where the objective is disposal rather than use. At DLD sites no
crops are grown. Sites normally employ annual application rates of 50-100 dry tons
per acre annually. The biosolids are usually applied as a liquid.

Containment of biosolids landfills is of extreme importance. The most cost-
effective landfills are those where the natural soils at the site support such a devel-
opment. Lagoon disposal is a method available that stabilizes biosolids through
anaerobic endogenous respiration while controlling odors using an aerobic water
seal. Biosolids are typically introduced to the bottom of a 15-20-foot-deep lagoon.
The biosolids and anaerobic liquid are capped by an aerobic zone near the water
surface. The aerobic zone is maintained by natural convection and surface aeration,
a facility operating a disposal lagoon in central California reports a 45% reduction
of volatile solids after one year of storage.
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Abstract

Sludge accumulates as a residue in all wastewater treatments. Sludge contains the
solids and colloids separated from wastewater, as well as substances from biological
and chemical operation units. Sludge contains all of the impurities gathered from
water or wastewater treatment processes, and thus has a variable nature and must
be treated accordingly. This chapter summarizes all aspects of sludge management
in practice.
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1. The Origin of Sludge

Sludge accumulates as a residue in all wastewater treatments. Sludge contains the
solids and colloids separated from wastewater, as well as substances from bio-
logical and chemical operation units. The precise definition of “sludge” is vague. For
example, Vesilind defined sludge as “the residual from treatments of wastewater that
is semisolid, odiferous, unmanageable, and dangerous.”1 Moreover, in 1991, Metcalf
and Eddy defined sludge as the residual “resulting from wastewater treatment pro-
cesses, generally taking the form of liquid or semisolid liquid that typically contains
0.25-12% solid.”? In 2000, a report from International Water Association defined
sludge as “a mixture of water and solids separated from various types of water
through natural or artificial processes.” In fact, sludge contains all of the impurities
gathered from water or wastewater treatment processes, and thus has a variable
nature and must be treated accordingly.

Some sludge is produced during wastewater treatment, including the primary
sludge that comprises settleable solids removed from the primary clarifier and the
waste biological sludge that comprises biological solids generated in secondary
wastewater treatment plants (Fig. 1). In 2002, annual sewage sludge production
rate was approximately 8,000,000 dried tons both in the United States and in the
European Union, 2,100,000 dried tons in Japan, and 1,000,000 dried tones in Canada.
Moreover, the rapidly developing sewage treatment industry in China is expected to
see annual sewage sludge production.

In the drinking water industries, the coagulated solids-coagulant matrix is sepa-
rated from the water stream, collected and termed the “water treatment residue,” or
the “water sludge.” Additionally, numerous kinds of industrial sludges are generated
from treating different industrial wastewaters. The industrial sludges are frequently
classified as “hazardous waste” requiring special and intensive treatment.

Table 1 summarizes the characteristics of the typical sludge samples. The imple-
mentation of treatment processes to determine the specific purpose of sludge disposal
or reuse options is termed “sludge management.” This chapter introduces the pro-
cesses and method of synthesis of sludge management. Useful information could be
found in Refs. [3—11].

2. Sludge Disposal

Conventional sludge disposal methods are all problematic, as follows:

e Land/sea disposal (outlawed during the past decade).
e Sanitary landfill (new sites are difficult to establish and the practice is
controversial).
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Alum sludge

e Collected at PingTsan Water Works, Taiwan,
using PACI as coagulant

Dried solid content 20,000 mg/L

pH: 6.0-6.5

Floc size: 20-30 um

Zeta potential: —10 to —5mV

SCOD: <10mg/L

ECPs: <0.5mg/g DS

SVI: 20-40

Pulp and paper sludge

e Collected at Young-Feng-Yu Pulp and Paper
Plant

Dried solid content: 6,800-7,200 mg/L

pH: 6.3-6.7

Floc size: 20-30 um

Zeta potential: —18 to —15mV

SCOD: 50-80 mg/L

ECPs: <1 mg/L

SVI: 40-60

Copper sludge

Collected at the Electroplating Plant
Dried solid content: 10,000—11,000 mg/L
pH: 5.1-5.6

Floc size: 100-120 um

SCOD: <1 mg/L

ECPs: ND

SVI: 50-80

Figure 1. The Appearances of Typical Sludge Samples.
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Scum sludge

Collected at flotation unit of a fiber plant
Dried solid content 17,000-18,000 mg/L
pH: 5.8-6.1

Floc size: 25-35 um

Zeta potential: —17 to —14mV

SCOD: 950-1,000 mg/L

ECPs: ND

SVI: 80-120

Activated sludge

Collected at food-manufacturing plant
Dried solid content: 7,500-8,500 mg/L
pH: 6.7-6.9

Floc size: 80-100 um

Zeta potential: —18 to —13mV
SCOD: 20-50 mg/L

ECPs: 10-12mg/g DS

SVI: 80-100

Activated sludge

Collected at a petrochemical plant of Taiwan
Dried solid content: 10,000-14,000 mg/L
pH: 7.1-7.3

Floc size: 40-50 um

Zeta potential: —20 to —16 mV

SCOD: 70-100 mg/L

ECPs: 15-20mg/g DS

SVI: 90-120

Figure 1.

(Continued)
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Table 1. Characteristics of Typical Sludges.

Sludge Solid Fraction (%) Characteristics

Primary (raw) 4-8 Gray-brown, odorous, vile, and
mechanically dewaterable

Activated sludge 1-2 Little odor, yellow-brown, and high
biological activity

Anaerobically digested 6-8 Drain well on drying bed, musty, black,
and little odor

Aerobically digested 2-4 Yellow-brown

Alum sludge? 1-2 Gray-yellow, odorless, and difficult to
dewater

Copper sludge 3-5 Black, alkali suspension, and hard to
dewater

4Becomes very objectionable for eutroficated water source.

e Composting and land application (high failure rate for full-scale application, odor
problems, and lack of a compost market).
e Incineration (high energy costs and need for ash treatment and flue gas treatment).

Increasingly stringent regulations and strong public objections increase the dif-
ficulty of conventional disposal routes. Management costs associated with such
routes increase significantly with time. Traditionally, sludge was disposed of from
wastewater treatment plant without special care. Nowadays, sludge disposal is done
more carefully and sludge treatment/disposal accounts for 50-60% of the capital
and operational costs of full-scale wastewater treatment plant.

Dumping of sewage sludge in the ocean is now almost forbidden. The primary
methods of sludge disposal include landfill, land application, and incineration. US
Regulations regarding the land application of sewage sludge are summarized in 40
CFR Part 503. Meanwhile, EU regulations on sludge disposal include the Sewage
Sludge Directive 86/278/EEC, the Organic Farming Regulation (EEC) n. 2092/91,
the Landfill Directive 1999/31/EC, and the Commission Decision 2001/688/EC con-
cerning the eco-labeling of soil improvers and growth media. EU regulations on
sludge disposal are currently being revised and tightened.

A recent review demonstrated that most developed countries used the following
three disposal routes: sludge landfill, sludge incineration (followed by ash treatment
and disposal), and land use. Table 2 compares the popularity of these three sludge
disposal routes in the 12 original member countries of the European Union. Landfill
apparently has become less popular while sludge incineration has increased signi-
ficantly. However, five EU member countries have never considered incineration as
a sludge disposal route. Table 3 lists the disposal routes used in certain countries.
Belgium incinerated more sludge in 1998 than in 1990, by reducing the use of land
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Table 2. Final Disposal Routes of Sewage Sludge by the 12
Old Member Countries of European Union.

1984 1992 1999 2005 (est.)

Reuse (%) 37 39 40 45
Incineration? (%) 9 11 24 38
Landfill (%) 54 50 36 17

4Five member countries, Greece, Finland, Ireland, Luxemburg,
and Sweden completely excluded incineration as one of the final
disposal options.

Table 3. Sludge Disposal Options for Some Countries.

Country Landfill (%) Incineration (%) Agriculture (%) Reclamation (%) Others (%)
Belgium? 43 — 57 — _
Belgium® 58 23 13 — —
Denmark? 29 28 43 — —
Denmark? 12 21 67 — —
Japan® 21 61 12 — 7
The Netherlands?® 63 6 30 — —
South Africa® 67 — 28 — —
Singapore? — — — 100 —

ayear 1990; Pyear 1998; Cyear 1995.

application. In Denmark, on the other hand, land application of sludge was more
popular. Consequently, the disposal route for sludge from different countries/regimes
has not “converged” on a single and universal solution. Instead, the routes adopted
by nearby countries/regions depend heavily on local circumstances and change over
time. Restated, no universal solution to the sludge disposal problem exists, and
instead “localized” optimal solutions should be sought.

A typical sludge treatment/disposal system comprises the following four stages:
(1) pretreatment stage, during which sludge characteristics are altered to enhance
subsequent process performance; (2) dewatering stage, during which moisture is
separated from the sludge body to reduce sludge volume, (3) post-treatment stage,
for sludge stabilization or detoxification, and (4) disposal stage, for achieving safe
and economical sludge disposal. Sludge management system optimization aims to
deal with sludge to maximize the recycle/recovery benefits, be appropriate to local
circumstances, link wastewater services to other waste management services via
integrated planning, and assure long-term service. Until now, global process opti-
mization for sludge management has been based on heuristics and experience.



Sludge Management 155

3. Making Management Systems

3.1. System Selection

Sludge production increased when new wastewater treatment facilities were installed
or existing facilities upgraded. Meanwhile, the newly enforced acts frequently made
existing treatment/disposal options impractical. Therefore, engineers often must
decide what should be done for their sludge to meet the updated regulations cost-
effectively.

The selection of an appropriate sludge management system depends on several
factors, mostly determined by technical and economical circumstances. Poor selec-
tions are frequent, mostly because of the lack of a systematic approach to a rational
process. Figure 2 displays the workable decision-making route for a rational man-
agement process. To establish a sludge management plan, information firstis required
on the quantity and quality of sludge produced during the expected service period.
The final disposal route then is selected based on the quality and quantity of the sludge
produced. Finally, the appropriate treatment chain is selected to bring the raw sludge
to the final disposal site in the safest, most economical, and most publicly acceptable
way.

Figure 3 illustrates a typical sludge treatment process. Taipei City has been
dealing with its sludge: thickening — dewatering — landfill. However, this is def-
initely not a sustainable management option since Taiwan lacks landfill sites. In
comparison, Singapore uses thickening — digestion — dewatering — land recla-
mation. Meanwhile, Tokyo treats sludge using thickening — digestion — dewa-
tering — drying — incineration — reuse of ash to produce construction materials.
Options from one country are not necessarily suitable for other countries/regimes.
For instance, current regulations in Taiwan prohibit sludge incineration.

The following sections discuss in detail the three stages of the process for man-
aging sludge synthesis, displayed in Fig. 2.

3.2. Sludge Characteristics

Sludge treatment/disposal involves separating water from the sludge body, treating
the separated water as normal wastewater, drying the solid residual as much as

Characterlzatlon

Fmal dlsposal

Figure 2. The Decision-Making Route.
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Figure 3. A Sludge Management Network and the Required Physical Characteristics.

Table 4. Required Property for Sludge Treatment Process.

Property Process Property Process Property Process
Solids fraction A-K Rheology D Heat value J
Volatile fraction A-K Filterabilityb C Fertilizer value H
Floc size A, C Shear index 1 Heavy metal H, K
Floc strength C Zeta potential A, C Pathogen H
Settleability? A pH, alkalinity B Stability H, I

4Characterized by zone settling velocity (ZSV) or sludge volume index (SVI).
bCharacterized by capillary suction time (CST), time to filter (TTF), or specific resistance to filtration.

possible, and finally treating it as municipal solid waste (MSW). Therefore, the
sludge manager should characterize the water-side, solid-side, and their interfaces.
On the water-side, commonly measured quantities include the pH, temperature, SS,
BOD, COD, TOC, and so on. On the solid side, the solid content, heat value, heavy
metal content, chemical compositions, pathogen levels, and so on should be mea-
sured. Finally, on the interface, the interfacial area, surface charge, hydrophobicity,
and so on should be characterized.

Table 4 lists the commonly accepted “important quantities” that control the
specific sludge management process. The capital letters in Fig. 3 denote the
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Sludge characterization

Functions Properties
» Conditionability » Solids content
» Settleability » Chemical compositions
> Dewaterability » Surface charge
> Digestibility : > Size
» Compostability » Compactibility
» Stability » Heavy metal affinity
» Incinerability » Pathogens
» land applicability » Moisture content
» Resourceability, etc. » Rheology, etc.

Figure 4. Sludge Properties Do Not Necessarily Correspond to Its Functions.

corresponding processes listed in Table 4. For example, the solids fraction is required
for forecasting the performances of all of the mentioned processes. Meanwhile,
pathogen level is significant for agricultural uses, but is insignificant for sludge-
drying efficiency.

A major difficulty in sludge characterization is that the measured properties do
not directly correlate with the process performances, or the process “functions.” For
instance, even if the sludge properties are known (Fig. 4), including solid content,
chemical compositions, zeta potential of flocs, and so on, forecasting sludge dewa-
tering speed in a centrifuge remains impossible. Furthermore, normally measured
properties are insufficient for estimating whether a specific wastewater sludge can
be converted to compost using a static pile. Until now, engineers have relied on
heuristics to bridge this gap, mostly based on previous experience accumulated by
design firms. Designing a process without conducting sufficient tests on the real
sludge is very risky. For example, eight years ago when planning to increase sewage
system coverage, Taipei City recognized the need to treat increased sewage sludge
production. The city thus designed and built egg-shaped anaerobic digesters to treat
the sewage sludge, designing these facilities based on the properties of “nonexisting”
sludge. However, the digesters have remained inactive since their completion in 1998,
because of the feed sludge characteristics differing from those used for the original
design. This kind of failure causes major investment loss, owing to insufficient sludge
characterization. Engineers thus frequently must conduct at least pilot scale tests to
confirm the process functions.

Table 5 lists certain process functions that require characterization before imple-
mentation in the field. The commonly measured properties and the frequently
adopted indices are also listed in the table.
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Table 5. Typical Functions of Sludge.
Function Factors to be Considered Index/Implication
Flowability Dried solids content, zeta potential, floc size 1. Choice of coagulant
distribution, surface hydrophobicity, 2. Pumping characteristics
viscosity, and dissolved organics 3. Link to sludge dewaterability
Settleability Dried solids content, used coagulant, zeta 1. Supernatant turbidity
potential, floc size, viscosity, floc shape, 2. Sediment compactibity
content of filamentous bacteria, and 3. Sediment concentration
sediment height
Dewaterability  Dried solids content, dewatering device, 1. Filtration resistance
applied pressure difference, compressibility, 2. Residual moisture content
viscosity, ease of filter clogging, and 3. Necessity of subsequent
adequate preconditioning stage drying stage
Digestability Dried solids content, floc size, heavy metal 1. Biogas production rate
content, organic matter content, sludge age, 2. Pathogen content
and aeration amount (aerobic) 3. Liquor COD
4. Dewaterability
Landfillability = Dried solids content, slope stability, organic 1. Biogas production rate
content, land price, and regulations 2. Leachate quality
3. Groundwater quality
4. Vector attraction
Land Dried solid content, fertilizer value, pathogen 1. Market of sludge fertilizer
applicability level, heavy metal content, odor potential, 2. Soil quality
methane production potential, and 3. Plant growth
groundwater table
Incinerability Water content, volatile solids content, heat 1. Flue gas emission control

value, chlorine content, and fuel price

. Disposal route of ash

AR RE KM LR

4. Sludge Disposal Routes

Sludge consists of a mixture of useful materials and pollutants. A current trend
exists to seek ways to recycle useful materials from waste, before disposal through
landfill, incineration, or other methods. Table 6 lists the typical chemical elements
of sludge. Biological sludge has higher levels of N and P than primary sludge,
owing to the bioaccumulation effect during wastewater treatment. Digestion stabi-
lizes sludge by removing part of biomass from the sludge body, thus reducing sludge
organic fractions. However, the organic matters removed during digestion normally
are highly volatile and cause odor problems for undigested sludge. Furthermore, the
trace contaminants in sludge are the key determinants of sludge suitability for land
application.



Sludge Management 159

Table 6. Elements in Sludges.

Type of Sludge Carbon (%) Nitrogen (%) Phosphate (%)

Primary sludge 30-40 4-6 0.5-3
Biological sludge 35-45 8-12 2-6
Digested sludge 20-30 4-5 2-3.5

As mentioned above, the primary sludge disposal routes identified by a survey
of 24 countries worldwide include landfill, land application, and incineration.
Meanwhile, another option is to reuse the sludge as a raw material in other indus-
tries, such as the construction industry, or the cement industry, although the market
for such recycled sludge remains limited to date. Among the three main disposal
routes, the use of sludge on land is the most tightly regulated, owing to its potential
for long-term environmental damage. Generally, sludge must be stabilized before
land application. Recent EU regulations have required the pre-stabilization of sludge
disposed of through land filling.

The following sections briefly summarize the characteristics of the major final
disposal routes for sludge.

4.1. Landfill

Sanitary landfill is the oldest and most popular disposal route. The common practice
is to co-landfill the sludge together with the MSW at the landfill site. This option
recently has lost favor because of the negative image of sludge as a pollutant: leaching
to pollute surface and groundwater and emitting biogases to contribute to the green-
house effect. Consequently, the practice of sanitary landfill is under pressure to
change, both quantitatively and practically.

In the United States 1,200,000 dried tons of sewage sludge were sent to landfill
in 1998, with another 200,000 tons of sludge being used to the landfill cover. Since
regulations require close monitoring of groundwater for pollution prevention, landfill
has become more expensive in the United States than land application when the
sludge involved is clean. Sludge landfill is regulated by 40 CFR Part 503 of USEPA
“Standards for the use or disposal of sewage sludge.”

In Europe, six countries contribute over 50% of total sludge landfill disposal in the
European Union. The practice is regulated by Council Directive 1999/31/EC on the
Landfill of Waste. However, many individual member countries implement stricter
management strategies. Notably, both Greece and France banned sludge landfill in
2002. Moreover, Denmark and Germany established limits on disposal of organic
materials in landfill sites. Additionally, Italy allows co-landfill of dewatered and
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Table 7. Advantages and Disadvantages of Sludge Landfill.

Advantages Disadvantages

e Co-disposal with MSW:
good practice
e Make reclaimed land

Landfill is being phased out, or increasingly more expensive
Leachate has to be properly treated

Public concern and objection: political problem
Groundwater monitoring needed

Greenhouse gases and global warming effects

Odor and vector control

stabilized sludge with MSW only after dewatering and stabilized. Furthermore, the
Netherlands limited the maximum water content in the landfilled sludge as of 10%.

In Asia and Australia currently landfills 76% of its sewage sludge, although
Sydney landfills only 19%. Meanwhile, Yokohama and Sapporo makes no use of
landfilling. However, in Taiwan, all sludge presently is landfilled.

Co-disposal of sludge with MSW or soil has high volume efficiency because the
former can occupy the void space in the landfill. However, owing to the easy biodegra-
dation of sewage sludge, co-disposal is characterized by a strong odor and leachate
potential. The typical application rate for sludge landfill ranges 1,000-8,000 m?/ha,
with a minimum solid content of 20%. The key parameters include sludge rheo-
logical properties and solid content. The volatile solid contents determined the odor
and methane production potentials.

Table 7 lists the advantages and disadvantages of sludge landfill processes.

4.2. Incineration

The first sludge incinerator was installed in Michigan in 1934, and incineration
remained a widespread sludge disposal method until the 1970s. However, rising
energy costs caused incineration to become the least preferred option by the 1980s.
Nowadays, modern incinerators have reduced the energy consumption associated
with incineration, landfill costs are increasing, and regulations governing land dis-
posal of sludge are tightening, meaning incineration once again is becoming a major
route of sludge disposal, particularly for densely populated and urban areas.
Incineration requires that sludge temperature be increased to 100°C to evaporate
water from the sludge, after which the water vapor temperature, air temperature,
and solid phase must be raised to ignition point. This process is energy-intensive,
and consequently sludge heat value is the key consideration in sludge incineration.
Sludge organic fraction has a heat value of 25 MJ/kg-volatile matters. Given 40%
inert fraction in solid phase and 80% residual moisture in the dewatered cake, the
heat value of wet cake is reduced to 3 MJ/kg-dewatered cake, well below that for the
fossil fuel (40 MJ/kg). The moisture in the dewatered cake should be below 60% by
weight to enable self-sustainable incineration. However, this value is significantly
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Table 8. Advantages and Disadvantages of Sludge Incineration.

Advantages Disadvantages
e Great volume reduction e Causes air pollution problem and requires control of
e Phosphate recycling heavy metals, dioxins, etc.
e High contaminant destruction ratio e Energy-intensive process
e Minimization of waste transport and e High capital cost
disposal e Testing, operating, and controlling the process are
e Most suitable to densely populated labor-intensive and expensive
countries e Ash must be disposed of

e Depleting natural resources
e Greenhouse gases and global warming effects

below that achievable by most mechanical dewatering devices. Auxiliary fuel thus
is frequently required for sludge incineration.

Currently, the most popular sludge incinerator type is the fluidized bed furnace
(FBF), which achieves good thermal efficiency by violently mixing sand particles
and the burned sludge. Additionally, the high heat capacity of the sand bed can
achieve quick start-up.

Table 8 lists the advantages and disadvantages of sludge incineration processes.

4.3. Land Applications

Land application is the only (possibly) sustainable method of sludge disposal. The
sludge could be applied to agricultural land, forestland, reclamation sites, and public
contact sites. All these applications are subjected to stringent regulations, such as
40 CFR Part 503 by US EPA.

Table 6 lists the chemical elements of sludges. The sludge contains plant macronu-
trients, N and P, and various micronutrients. The nutrients in sludge can be used as
fertilizers. The use of sludge as soil conditioner can make the latter porous for
root growth. Sludge application resembles conventional faring operations. Notably,
excessive sludge application pollutes the ground or surface water with NO5 -N. The
main concern in sludge land application is the emergence of new and highly toxic
chemicals. The toxicity can cause loss of crop yield (phytotoxicity) or affect the
health of animals consuming crops planted on the land (zootoxicity). The heavy
metals in sludge tend to accumulate in the amended soil. The soluble part of pollu-
tants can easily enter the groundwater. The pathogens in sludge represent a public
health hazard if they are transferred into the food chain by land application of sludge,
to surface water by runoff of land sites, or elsewhere by vectors.

Pretreatment influences the agronomic value of sludge. For example, dewatering
reduces soluble nitrogen compounds and drying evaporates out ammonium vapor
from sludge.
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Applying sludge on poor forestland or disturbed land can provide sufficient
nutrients for plant growth. Additionally, industrial plants could be grown using sludge
without public health concerns, meaning that application rates can be very high.

Land application of sludge pollutes soil, including pathogens that present
medium-term public health risks and heavy metals that present long-term risks.
Limits on heavy metal contents for land application differ between countries
(Table 9), meaning that a sludge that is considered safe for land application in
one country may be classified as hazardous waste in another country. In some EU
countries, such as the Netherlands and Sweden, regulations are now so stringent that
land application has become impractical. Table 10 lists the criteria for land use by
US EPA, by classifying the sludge into Class A or Class B sludges. Class A sludge

Table 9. Typical Heavy Metal Limits for Land Application of Sludge.

Country Cd Cu Cr Ni Pb Zn Hg
Brazil 20 1000 1000 300 750 2500 16
China (pH < 6.5) 5 250 600 100 300 500 5
(pH > 6.5) 20 500 1000 200 1000 1000 15
Chili (agriculture) 8 1000 NA 80 300 2000 4
(eroded soil) 40 1000 420 400 2800 20
Denmark 0.5 40 30 15 40 100 0.5
France 2 100 150 50 100 300 1
Finland 0.5 100 200 60 60 150 0.2
Italy 3 100 150 50 100 300 NA
The Netherlands 0.8 36 100 35 85 140 0.3
South Africa 15.7 50.5 1750 200 50.5 353.5 10
United Kingdom 3 135 400 75 300 200 1

The United States 85 4300 NA 420 840 7500 57

Table 10. Criteria for Sludge Land Use by US EPA.

Sludge Class B Class A

Criteria e Fecal coliform

Fecal coliform <103 MPN/g-TS
<2 x 10° MPN/g-TS

Salmonella spp. <0.75 MPN/g-TS
Helminth Ova <0.25 egg/g-TS
Virus <1 PFU/g-TS

Processes @ Composting >40°C for 5 days Composting at 55°C for 3 days in vessel of

and >55°C for 4 hours in static pile, or for 15 days in windrows

e Air drying for 3 months Heat drying to moisture <10%

e Aerobic digestion >40 days at Heat treatment >180°C for 30 min
20°C or >60 days at 15°C Aerobic digestion at 55-60°C for 10 days

e Anaerobic digestion >15 days at Irradiation >1 Mrad
35-55°C or 60 days at 20°C Pasteurization >70°C for 30 min

e Lime stabilization at pH > 12
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Table 11. Advantages and Disadvantages of Sludge Land Application.

Advantages Disadvantages

e Old solution and good practice e Lacking available land
experience e Public concern and objection: political problem

e Lower cost compared with e Containmented sludge has to be cleaned up by removing
landfill or incineration pathogen and heavy metals (very costly)

e Could be applied on agricultural e Sludge transportation cost become very significant if the
field or in forest transportation distance >100 km

e Liquid sludge application reduces
the use of chemical fertilizer

can be applied to land in the United States without restriction. Although the main

trend in the European Union is to spread more “cleaned” sludge on land, Switzerland

plans to end the agricultural use of sludge by 2005 regardless of its cleanliness.
Table 11 lists the merits and demerits of sludge disposal through land application.

4.4. Sludge Reuse

Mainstream opinion regarding sludge reuse holds that it can save resources and
energy, and hence is beneficial to the environment. Dewatered sludge could be melted
to produce slag or tile, pyrolyzed or dried for fuel, or applied as an alternative cover
for landfill sites. Meanwhile, the ash from incineration plant could be used to create
lightweight aggregates, molded into bricks, added to cement, vitrificated into marble,
and so on. Figure 5 illustrates some coarse aggregates made by sintering sludge/clay
mixtures. Table 12 lists some sludge reuse routes.

Although the general belief is that the recovery of materials from waste serves
useful resources and benefits the environment, the truth is often that converting
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Figure 5. The Coarse Aggregates Made by Sintering Sludge/Clay Mixtures at 1,000°C.
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Table 12. Resource Recovery from Sludge.

Sludge State Treatment Product Usage
Concentrated suspension  Digestion Biogas Fuel
Dewatered cake Drying Dried cake Fuel, fertilizer
Fermentation Compost Fertilizer, soil amendment
Sintering/melting  Slag, aggregates, Construction materials
tiles, etc.
Ash Sintering/melting  Slag, aggregates, Cement filler, construction
tiles, etc. materials, landfill cover,

soil substitutes

sludge into useful resources generally consumes more energy/materials than that can
be recovered from the waste sludge. Therefore, such application is not sustainable,
and this situation will persist unless some major technological breakthrough is made.

5. Sludge Management Chain

Once the sludge has been properly characterized and the final disposal route has been
selected based on local circumstances, the sludge treatment train can be synthesized
according to the route-map in Fig. 2. Table 13 lists the typical current sludge treatment
processes. The characteristics of these processes, including the capability to reduce
sludge volume, degree of stabilization, potential to land use, associated costs, and
public acceptance, are also briefly summarized. Apparently, these processes are
“borrowed” from wastewater treatment processes or solid waste treatment processes.
The treated sludges have very different characteristics that are suitable for various
end uses.

The treatment processes include conditioning, dewatering, stabilization, thermal
treatment, and others, which are briefly summarized in the following.

Colloidal particles in sludge can remain stable owing to steric hindrance or
charge repulsion. Coagulation or flocculation using chemicals is frequently used
to enlarge the floc size or to compress the floc interior to facilitate solid—liquid sep-
aration efficiency. The widespread used coagulants include inorganic metal salts
or organic polyelectrolytes. Ferric salts are the most popular inorganic coagulant
in North America. Meanwhile, in the rest of the world, aluminum salts such as
alum (Al(SQOy4)3 - 14 — 18H,0) and aluminum chloride (AICl3) are the most com-
monly used. This adsorption and charge neutralization mechanisms facilitate par-
ticle aggregation. Precipitation occurs when the coagulant dose exceeds total metal
hydroxide solubility. The precipitated floc can sweep over the suspension and trap
and remove the fine particles during settling. This mechanism is termed sweeping
enmeshment. Organic polyelectrolytes include the anionic polyelectrolytes, cationic
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Table 13. Typical Sludge Treatment Processes.?

Volume Land Capital O&M  Energy Public
Process Reduction Stabilization ~ Use Cost  Cost Recovery Acceptance
Dewatering H NA NA M M NA H
Drying bed H NA Class B M L NA L
Thermal drying H H ClassA HH HH M L
Thermal treatment NA H ClassA  HH HH M L
Lime stabilization Negative H Class B L M L H
Aerobic digestion NA H Class A M HH NA L
Anaerobic digestion NA H Class B H L H H
Compost Negative H Class A M H NA M
Incineration HH HH NA HH HH H L
Wet air oxidation NA H ClassA HH H M H
Thermal pyrolysis H H NA HH H M H
Melting H H NA HH HH M H
Freeze/thaw H H Class B L L NA M

4HH: very high; H: high; M: medium; L: low; NA: not applicable; Negative: negative effect.

polyelectrolytes, and nonionic polymers. Two mechanisms, charge neutralization
and bridging, mainly correspond to the observed flocculation behavior between
the polyelectrolyte and the suspended particles. Owing to the high cost of floc-
culant, dual conditioning, namely, one flocculant combined with other conditioner
(inorganic flocculant or other flocculant with different molecular weight or charge
density) could help improve the dewaterability. Addition sequence may influence
floc formation.

Sludge dewatering reduces the sludge volume to facilitate the subsequent
treatment/disposal processes. Sludge thickening/dewatering processes could be
classified into “mechanical” and “nonmechanical” processes. More than 75-80%
of moisture removal occurs during the thickening stage. Sludge thickeners include
the gravity thickener, centrifugal thickener, and flotation thickener. The drying bed
dewaters sludge through gravity draining and air evaporation. The sludge can be
dewatered to 60—70% solids in 6—12 months. The belt filter press contains an endless
filter belt and a press belt, which have numerous “bends” for saving the footprint
of the device. The sludge could be dewatered to 20% solids for activated sludge
and 25-30% for raw primary sludge. The plate and frame press consists of vertical
plates covered with a filtering medium held side by side in a frame. The sludge
can be dewatered to 15-20% solids for activated sludge. The centrifuge uses cen-
trifugal force to increase the sedimentation rate and enhance dewatering of sludge.
High-solid centrifuge can reach a high solid content in dewatered cake.

The commonly adopted sludge stabilization processes include lime post-
stabilization, aerobic and anaerobic digestion, and composting process. The sludge
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produced from treating domestic and industrial wastewater generally requires stabi-
lization before final disposal or use. Sludge lime stabilization is achieved by adding
sufficient lime to sludge to raise the pH to 12 or more to disinfect microorganisms.
The stabilized sludge can serve as the Class B sludge based on US standards. Aerobic
digestion simply aerates the sludge in an open basin until the biodegradable sub-
stance is oxidized sufficiently to become nuisance-free. The configuration resembles
the activated-sludge process, but the operation is in the endogenous respiration
phase. Anaerobic digestion solubilizes and ferments complex organic substances
using microorganisms in the absence of oxygen. The products of anaerobic digestion
include methane, carbon dioxide, other trace gases, and the stabilized sludge. The
digestion process can effectively inactivate the pathogens in the sludge. Sludge
composting is a digestion process in which solid organic material undergoes bio-
logical degradation to produce a stable end product, with volatile solids converted to
CO,+H,O0. This process requires high oxygen concentration all over the composting
pile to prevent creation of an anaerobic environment.

Thermal processes include drying, wet air oxidation, and others. Drying can
considerably reduce sludge volume. The end product can be used as a fertilizer, soil
amendment, and fuel or raw material for other thermal processes, presenting the
maximum flexibility to the final disposal options. Dozens of new drying plants are
being installed globally. Wet air oxidation oxidizes organic matters in an aqueous
environment at temperature between 120 and 400°C, much lower than those for
conventional combustion (800-1,500°C). The system pressure ranges 70—100 atms.
This process produces no ash, SOx, or NOx. Moreover, no preliminary dewatering
or drying is required; however, the feed concentration and heat value significantly
influence operating costs. Recent progress is to use supercritical water oxidation in
a deep shaft.

6. Moisture Content of Sludge

Sludge collected from a wastewater treatment plant is a suspension of 1-2% (ds).
Separating water from sludge requires the input of a very large amount of energy
at high cost. One useful heuristic is, therefore, “always concentrate the sludge in
the treatment train.” Each sludge treatment unit operates within some range of solid
fractions. For instance, as shown in Fig. 6, anaerobic digestion normally operates on
3-6% solids, while landfilling requires a cake with a solid fraction of over 25% for
good handlability. Each solid—liquid separation process yields a concentrated sludge
or a dewatered cake with a range of solids fractions. For example, gravity thickening
or dissolved air flotation (DAF) typically produces concentrated sludge at 3—6% ds.
Centrifuging produces a much dryer cake, from 23% to 30% ds. Accordingly, based
on the solid fraction, the thickener should precede the anaerobic digester, and the
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Figure 6. Solids Content Plot for the Commonly Adopted Sludge Processes and the Achievable Solid
Content for Dewatering Means.

digested sludge can be further dewatered using a centrifuge before landfilling. Then,
a preliminary train could be synthesized, starting from the raw sludge to the final
disposal, according to the solid fraction.

To characterize the moisture content in a sludge is of main concern to process
synthesis. Owing to the presence of solid phase in the sludge, certain part of water
behaves very differently from the bulk water. This portion of water is commonly
termed as “bound water,” which resists freezing at a sub-zero temperature and is
hard to be removed from the sludge body using mechanical dewatering means.
Various methods have been proposed for differentiating the moisture in the sludge
into bound and nonbound (free) water. The moisture could be characterized using
a continuous classification scheme to provide the global information regarding the
distribution status of moisture in a sludge, to give unified explanation about the
bound water data obtained from different measurement techniques; and to estimate
the efficiencies of various dewatering processes.

The basic idea is to estimate simultaneously the drying rate (m, kg/s) and the
heat input rate (Q, kl/s) to a sludge body. Hence, the specific enthalpy used in
moisture evaporation is evaluated by division (AH = Q/ m, kJ/kg). The free water
of a sludge is the portion of moisture having AH = AHg. If AH > AHjp,, the
difference, AH — A H,, should be attributed to the existence of the solid phase of
the sludge, defined as the bond strength of the moisture (Hp, kJ/kg). The moisture
exhibiting greater bond strength would require more enthalpy for evaporation, hence
being more difficult to be mechanically dewatered.

Figure 7 demonstrates a continuous distribution of moisture in waste-activated
sludge. Interestingly, when this sludge is dewatered from a diluted suspension to a
cake of around 20% solids fraction, the bond strength is close to zero. Mechanical
dewatering means can easily dewater this sludge to a solid fraction of 20%. However,
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Figure 7. Continuous Distribution of Moisture in a Waste-Activated Sludge.

further dewatering requires much higher energy input, and is not achievable by using
low-shear mechanical dewatering means. A high-shear centrifuge or belt filter can
dewater the sludge to around 25% solid fraction. Thermal drying is normally required
to dewater the sludge at a solid fraction higher than 40%.

The residual moisture content of sludge can be estimated using the continuous
moisture distribution scheme with Hp as input parameter for specific dewatering
means. Normally, the pressure filter provides an Hp of around 20 kJ/kg, while the
expression press giving an Hp = 60—100kJ/kg. Figure 8 presents the estimated
moisture content of dewatered cake and the test results using an industrial press. The
correlation is satisfactory, indicating that we can consider the dewatering process in
a unified way by considering it as an energy supply-dissipation balancing process.

7. Synthesis of Management Systems

Any sludge management system comprises of several sub-units, each of which must
be evaluated and synthesized as a part of the whole system, subject to constraints,
including pollutant limits, budget, available land, local technical level, and the need
for a good relationship with the public.

Figure 9 presents the synthesis route for sludge management systems. The design
includes several stages. The conceptual design of a sludge treatment train begins with
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Conceptual design
®  Sludge characterization
®  Setup of final disposal
®  Preliminary process synthesis
® Heat and mass balance
Basic design
®  Treatment train synthesis
®  Process integration

® Labtest
®  Detailed database
Plant design Controllability
®  Equipment sizing ®  Control structure synthesis
®  Cost estimation ®  Controllability assessment
®  Profitability analysis ®  Start-up assessment
®  Optimization ®  Dynamic simulation

Final design
® P&l Diagram
® Reliability and safety analyses
® Risk assessment

Figure 9. The Route to Synthesize Sludge Management Processes.

a little analysis. In this stage, the sludge is characterized and final disposal options
are initially screened. Then, many alternative management plans are considered,
based mostly on experience and heuristics. Heat and mass balances are calculated
and the preliminary process scheme is defined in this stage. Thereafter, the favorable
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alternatives go forward to the following basic design stage. The basic design stage
synthesizes the treatment train according to energy and material integration analysis.
Laboratory tests are performed to collect necessary design data on the treatment
units chosen, from which a detailed database is built. If, at this stage, the alternative
remains feasible, satisfying all the constraints, including the space requirement,
energy consumption rate, public acceptance, and others, then the design is further
accessed in the detailed design stage. The detailed design stage sizes and optimizes
all equipment used and ensures the controllability of the entire plant. Dynamic
simulation is often needed in this stage of the design. Costs are also estimated
in detail in this stage. If the process still looks promising, the final design stage
constructs the P&I diagram and performs safety and risk analysis.

The sewage sludge produced in Taipei City in 2020 is considered as an example
for demonstration. According to the updated municipal development plan in 2020,
the amount of sewage sludge produced annually would be 75,000 tons of ds for a
population of 3,000,000. The waste sewage sludge (the mixture of primary and sec-
ondary sludges) was assumed to include 72% volatile solids (vs) and a solid fraction
of 2.5%. This sludge is the feedstock for the sludge management train. Figure 10
demonstrates the mass balance of sewage and sewage sludge for Taipei City in 2020.

150,000 tons CO,
_iio M m3/yr sewage T 360 M m3/yr effluent

2,700,000 tons
Bio-sludge (1%)

300,000 tons/yr

Digested sludge (25%) 1,200,000 tons
m Primary sludge (3%)

2,000,000 tons/yr

MSW (50%)

Figure 10. Mass Balance of Sewage Treatment Plant of Taipei in 2020.
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The following four alternative means of disposing of Taipei’s sludge have been
proposed. (1) The sludge is dewatered mechanically and sent to a landfill site 50 km
away from the city. (2) The sludge is incinerated using a fluidized sludge incinerator
25 km away from the wastewater treatment plant and the ash is fixed and stored.
(3) The sludge is stabilized to Class A sludge to be used as fertilizer in city parks.
(4) A combined solution is implemented, comprising all three of the foregoing alter-
natives. The management trains for all four options must be synthesized. Alternatives
1-3 depend on distinct sludge characteristics. For example, if the sludge were incin-
erated, the heat value of the sludge is of primary concern. The levels of heavy metals
and pathogens must be sufficiently reduced before the sludge can be used on horticul-
tural land. When landfills are used, the rheological properties and moisture content
determine the handlability of the sludge; moreover, the biodegradable organic matter
in the sludge is broken down before landfilling, to prevent methane production. The
desired treatment process train is to convert the raw sludge efficiently, as required
by the various alternatives.

Sludge collected from a wastewater treatment plant is a suspension of 1-2% ds.
Separating water from sludge requires the input of a very large amount of energy
at high cost. One useful heuristic is, therefore, “always concentrate the sludge in
the treatment train.” Each sludge treatment unit operates within some range of solid
fractions. For instance, as shown in Fig. 6, anaerobic digestion normally operates on
3-6% solids, while landfilling requires a cake with a solid fraction of over 25% for
good handlability. Each solid—liquid separation process yields a concentrated sludge
or a dewatered cake with a range of solids fractions. For example, gravity thickening
or DAF typically produces concentrated sludge at 3—6% ds. Centrifuging produces
a much dryer cake, from 23% to 30% ds. Accordingly, based on the solid fraction,
the thickener should precede the anaerobic digester, and the digested sludge can be
further dewatered using a centrifuge before landfilling. Then, a preliminary train
could be synthesized, starting from the raw sludge to the final disposal, according
to the solid fraction.

Table 14 lists the preliminary treatment trains for Alternatives 1-3 for treating the
sewage sludge of Taipei City. Polymer is used for centrifugal dewatering, to produce
dry cake for incineration.

Table 14. Preliminary Trains Synthesized. Alt 1: Landfilling Sludge 50 km Away from the City; Alt2:
Incinerating Sludge at 25 km Away from the City; and Alt 3: Apply to Land after Composting.

Cond? Cond? GT BF Centr. Stab® Comp. FBF LandF LandU Hauling

Alt 1 X X X X X X
Alt2 X X X X X
Alt3 X X X X X X

b

4. conditioning using lime; °: conditioning using polymer; ¢: anaerobic digestion or lime stabilization.
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Whether or not the proposed, preliminary process is feasible depends on the
capital and O&M costs. Figures 11(a) and 11(b) summarize current costs of dealing
with sewage sludge in Taipei City. Accordingly, the capital costs associated with
landfilling sludge, with anaerobic digestion or lime stabilization as pretreatment, are
US$27M and 37M, respectively. Meanwhile, the capital costs of Alternatives 2 and
3 are estimated at US$57M and US$39M, respectively. The O&M costs of the four
options mentioned above are US$370, US$350, US$360, and US$180/ton-ds. These
costs do not include the costs allocated to utilities, contingency costs, and costs of
land, royalty, and start-up. This analysis shows that the cost of landfilling is similar
to that of incineration, although the capital cost associated with the latter is higher.

8. Sustainable Management

Peter Matthews defined “sustainable” sludge management as disposal in such a way
that environmental quality and safety were restored within 50 years of disposal. “Sus-
tainable” sludge management practices should be acceptable to the public and should
be economical. An unknown sludge manager said,“If in life the only certainties
are death and taxes, then surely in sludge management the only certainty is regu-
latory change.” Normally, the regulations are revised every 3—4 years, and generally
are made more stringent. This regulatory change frequently causes another major
investment losses except for that on poor sludge characterization. Sustainable sludge
management must consider future changes in sludge quantity and quality; moreover,
it must maximize flexibility in adopted treatment processes and final disposal routes.

Figure 12(a) schematically illustrates conventionally used sludge disposal
methods. Very clean or much polluted sludges are both rare. Sludge with contam-
inant concentrations exceeding the limits for agricultural use should not be disposed
of on farmland. Moreover, sludge with contaminant levels exceeding the limits for
hazardous waste should not be disposed of in ordinary landfill sites. The figure shows
that all sludges with high contaminant levels are incinerated for final disposal.

Figure 12(b) schematically displays future sludge disposal routes. Sludge pro-
duction increases owing to the new installation or upgrading of wastewater treatment
facilities. Good source control on pollutants could reduce the hazardous potential
of sludge. Sludge landfill should decline in line with global trends. Meanwhile,
the disposal of sludge through land application should increase owing to this dis-
posal method being more sustainable. However, regulations are likely to become
increasingly strict, which will simultaneously limit sludge disposal through land
application. The remaining sludge should be incinerated. Consequently, both land
application and incineration amount should be increased with time.

The quantity of sludge requiring disposal will increase in the future. Any decisions
made today on the sludge management system must fit the future regulatory and
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Figure 11. (a) Capital Cost for Various Treatment Units and (b) the O&M Costs for Various Treatment
Units.
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Figure 12. (a) The Schematics of the Sludge Disposal Routes (current practice) and (b) The
Schematics of Sludge Disposal Routes (tomorrow’s practice).

economic situation, which is a challenge. General roles include adopting a disposal
network incorporating multiple options rather than a single option for processing
and marketing, considering process site capability to accommodate increased waste
streams and accept other waste, and minimizing the dependence of processing cost
on fuel or chemical products.
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Abstract

Municipal solid waste (MSW) management constitutes major environmental, eco-
nomical, and social problems in the worldwide. Landfill is the most accepted method
of solid waste disposal in the world. This chapter includes brief description about
waste generation and waste stream to the society/community as well as minimum
criteria for solid waste disposal facility siting, operations and design, groundwater
monitoring and action, and closure and post-closure maintenances, etc. for landfill.

Keywords: Safety factors, operating criteria, design criteria, leachate collection
system, gas emission, monitoring wells, final cover, composite liner, geomembrane
and geosynthetics, glossary.

1. Introduction

1.1. General Overview

Waste is the most visible environmental problem among many in urban areas in the
world. Human activities generate waste and the amounts tend to increase, as the
demand for quality of life increases. Increasing population, changing consumption
pattern, economic development, changing income structure, urbanization and indus-
trialization as well modernization of life style resulted in the increased generation
of solid waste that are diversified in types.! In last decade, continuous industrial and
commercial growth in many countries had been accompanied by rapid increases in
both the municipal and the industrial solid waste generations. Municipal solid waste
(MSW) generation continues to grow in both per capita and overall terms.?

Figure 1 shows the total MSW and per capita waste generation in the USA from
1960 to 2006.>* The per capita generation remained same since 1990; however,
the total amount of MSW generation increased due to the population growth. In
countries such as Malaysia, the per capita waste generation increased from 0.85 to
1.5 kg/person/day during 1995 to 2004 and approximately 98% disposal was taken
place to landfill.’ During the latter part of 1990, annual waste production ranged
from 300 to 800 kg per person in the most developed countries; however, it was less
than 200 kg per person in other countries.> Recent years, huge amount of e-waste
generated in the developed countries and the projected prediction indicate that the
amount will three times higher than last decade. Figure 2 illustrates the growth
scenario of the e-waste generation.

The growing rate of e-waste is three times higher than other waste streams in
the USA.%7 Some studies reported that nearly 2 million tons of used electronics,
including computers and televisions, are discarded each year, which is a mounting
issue for local governments; it is anticipated that a four-fold growth in e-waste in the
coming years. This is true in sense that average lifespan of a computer is estimated
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Figure 2. Projected Electronic Waste (e-waste) Scenario in the USA (1980-2010) [Some Prediction
Indicated That e-waste Could Reach Three Times Higher Between 2006 and 20151.67

two years and between 1997 and 2007 more than 500 million computers became
obsolete in the USA; from which more than 2% e-waste were landfilled those carried
toxic heavy metals such as lead, mercury, cadmium, copper, and zinc.®°

Nowadays, MSW management constitutes a major environmental, economical,
and social problem worldwide, mainly due to the fact that waste volume is growing
faster than the world population growth. Moreover, as stricter environmental require-
ments and regulations in many countries are continuously being imposed regarding
ground and surface waters, therefore, observation and monitoring of landfill become
major environmental concern as in most countries where landfilling is the most
common way to eliminate MSW.
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1.2. Solid Waste Generation, Types and Management in a Society/
Community

Waste includes all items that people or companies no longer have any use for which
they either intended to get rid or have already discarded. Waste may take the form of
solids, sludges, liquids, gases, or any combination thereof. Depending on the source
of generation, some waste may degrade into harmless products, whereas other pro-
duces nondegradable and hazardous contaminants. Many items can be considered
as waste, for instance household rubbish, sewage sludge, waste from manufacturing
activities, packaging items, discarded cars, discarded electronic devices, garden
waste, old paint containers, etc. However, the material flow in our community and/or
society is illustrated in Fig. 3!° and the waste generation and recovered components
are presented in Tables 1 and 2.!!

Finally, the consumed raw material returns to the environment as land disposal
in the form of landfills, surface impoundment, land application, deep well injection,
etc. The current state-of-art of solid waste disposal is based on the concept of the
integrated management. The European Union regulation proposes a hierarchical
based on four subsequent levels (Fig. 3): (i) reduction of the solid waste production,
(i1) recovery of material, (iii) recovery of energy; and (iv) landfill disposal. There is
not sufficient knowledge of this hierarchy to develop adequate disposal of waste due
to the variables relating to the environmental, social, and economic aspects along
with the technical aspects. Solid waste cannot responsibly be dumped without due
concern and preparation, because not only it is unsightly, unhygienic, and potentially

d Recovery Energy
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[ ( Reuse
\- —
= i
\ -t _ Domestic 1
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Raw Production |Management‘
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Composting Final Disposal

Figure 3. Schematic View of Material Flow and Waste Management in our Society.10
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Table 1. Sources of Solid Wastes in Our Society or Community.11

Source

Typical Facilities, Activities,
or Locations Where Waste
are Generated

Type of
Solid Wastes

1. Households

2. Commercial
(a) General

(b) Industrial

(c) Infrastructure
and demolition

3. Institutional

4. Agricultural

5. Municipal services
(a) General
cleaning

(b) Treatment
plant incinerators

(c) Solid waste

Single and combined house, low-,
medium-, and high-rise apartment’s
household activities.

Stores, restaurants, markets, office
buildings, hotels, motels, print shops,
service stations, auto repair shop, etc.

Construction, fabrication, light and
heavy manufacturing, refineries,
chemical plants, process plants,
power plants, demolition, organic
and inorganic products, etc.

New construction sites, road-railway
repair/renovation sites, razing of
buildings, and broken pavement.

Schools, hospitals, prisons,
governmental centers, etc.

Field and row crops, orchards,
vineyards, dairies, feedlots, farms,
fertilization, chemical
applications, etc.

Street cleaning, landscaping, catch
basin cleaning, parts and beaches,
other recreational areas.

Water, wastewater and industrial
treatment processes, etc.

Households and commercial and
institutional activities and processes.

Food wastes, paper, cardboard,
plastics, textiles, leather, yard
waste, wood, glass tin cans,
aluminum, others metals,
ashes, street leaves, special
wastes (including bulky items,
e-waste, consumer electronics,
white goods, yard wastes
collected separately, batteries,
oil, and tires), and household
hazardous wastes.

Paper cardboard, plastics, wood,
food waste, glass, metals,
hazardous wastes, etc.

Industrial process wastes, scrap
materials, etc. Nonindustrial
wastes including food wastes,
rubbish, ashes, demolition and
construction wastes, and special
wastes, and hazardous wastes

Debris, rods, wood, steel,
concrete, dirt, etc.

Paper, cardboard, food waste,
glass, metals, special waste (lab
waste chemicals), etc.

Spoiled food wastes, agricultural
crop residue and wastes,
rubbish wastes, organic wastes,
and inorganic hazardous wastes
(excess fertilizer, pesticide,
herbicide, etc.).

Special wastes, rubbish, street
sweepings, landscape and tree
trimmings, catch basin debris,
general wastes from parks,
beaches, and recreational areas.

Treatment plant wastes,
principally composed of
residual sludges.

Paper, metals, plastics, rubber,
debris, rubbish, and food.
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Table 2. Materials that Have Been Recovered for Recycling From MSW. 11

Recyclable
Material Type of Materials or Uses

Paper Old newspaper — Newsstand and home-delivered newspapers
Corrugated cardboard — Bulk packaging, the largest single source of waste paper for
recycling
High-grade paper — Computer paper, white ledger paper, and trim cuttings
Mixed paper — Various mixtures of clean paper, including newsprint, magazines,
and white and colored long-fiber paper
Plastics Polyethylene terephthalate — Soft drink bottles, salad dressing, vegetable oil bottles,
and photographic film
HDPE — Milk jugs, water containers, detergent, and cooking oil bottles
PVC — Home landscaping irrigation piping, some food packaging, and bottles
LDPE — Thin film packaging and warps, dry cleaning bags, other film material
Poly propylene — Closures and labels for bottles and containers, battery casings,
bread and cheese wraps, cereal box liners
Polystyrene — Packaging for electronic and electronic components, foam cups,
fast-food containers, table ware, and microwave plates
Multilayer and other — Multilayered packaging and ketchup and mustard bottles
Mixed plastics — Various combinations of the above-mentioned products

Glass Clean, green, and brown glass bottles and containers

Metals Aluminum soft drink and beer cans, ferrous tin cans, white goods, and other metals,
such as copper and lead

Organic and  Used to prepare compost for soil applications, compost for use as intermediate landfill
yard wastes cover, methane, ethanol and other organic compounds, refuse-derived fuel, etc.

Infrastructure  Soil, asphalt, concrete, wood, drywall, shingles, metals, packing materials pallets,
and scraps, and used wood from construction projects
demolition

Grease and oil Automobile, locomotive and truck oil, reprocessed for reuse or fuel

Tires Automobile and truck tires, road building material, and fuel

Batteries Automobile and truck batteries, shredded to recover individual components such as
acid, plastic, and lead, and potential recovery of zinc, mercury, and silver from
household batteries

E-waste Copper circuits, lead recover, plastics reuse, etc.

disastrous to our environment, but also it requires the allocation of space and incurs
costs related to the consequences of the waste disposal.!>!3

1.3. Landyfilling for Solid Waste Disposal

Landfilling has been the most economical and environmentally accepted method
of solid waste disposal in the United States and in the world. Implementation of
waste reduction, recycling, and transformation technologies has decreased landfill
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burdens but landfills remain an important component of an integrated solid waste
management strategy.!!

An MSW landfill (MSWLF) unit is defined as a discrete area of land or excavation
that receives household waste, and that is not considered a land application unit,
surface impoundment, and injection well, or waste pile, etc. In addition to household
waste, an MSWLF unit may receive commercial waste, nonhazardous solid waste
from industrial facilities including nonhazardous sludges, and sewage sludge from
wastewater treatment plants.'# The components of commercial solid waste, industrial
waste, and household waste are already presented in Table 1. Typical views of landfill
with essential components are illustrated in Fig. 4.3

Modern landfills are well-engineered facilities that are located, designed,
operated, and monitored to ensure compliance with safe water and environmental
regulations. Solid waste landfills must be designed to protect the environment from
contaminants that may be present in the solid waste stream. The landfill siting plan
that prevents the siting of landfills in environmentally sensitive areas as well as on-
site environmental monitoring systems that monitor for any sign of groundwater
contamination and for landfill gas provided additional safeguards. In addition, many
new landfills collect potentially harmful landfill gas emissions and convert the gas
into energy.

MFWLFs generally receive household waste; however, it can also receive non-
hazardous sludge, industrial solid waste, and construction and demolition debris. In
the USA, all MSWLFs must comply with the federal regulations of United State
Environmental Protection Agency (US EPA) [Title 40, Part 258 of the Code of
Federal Regulations, Solid Waste Disposal Facility Criteria (SWDFC), commonly
referred to as Subtitle D of the Resource Conservation and Recovery Act—-RCRA,
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Figure 4. Schematic View of the Landfills With Essential Components.14
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became effective on October 9, 1993], or equivalent state regulations that establish
minimum criteria for solid waste disposal facility siting, design, operations, ground-
water monitoring and corrective action, and closure and post-closure maintenance,
etc. Federal MSWLF standards include the following considerations:

e Location restrictions ensure that landfills are built in suitable geological areas
away from faults, wetlands, flood plains, or other restricted areas.

e Composite liners requirements include a flexible membrane (geomembrane) over-
laying two feet of compacted clay soil lining the bottom and sides of the landfill
and protect groundwater and the underlying soil from leachate releases.

e Leachate collection and removal systems sit on top of the composite liner and
remove leachate from the landfill for treatment and disposal.

e Operating practices include compacting and covering waste frequently with
several inches of soil help reduce odor; control litter, insects, and rodents; and
protect public health.

e Groundwater monitoring requirements require testing groundwater wells to
determine whether or not waste materials have escaped from the landfill.

e Closure and post-closure care requirements include covering landfills and pro-
viding long-term care of closed landfills.

e Corrective action provisions control and clean up landfill releases and achieve
groundwater protection standards (GWPSs).

e Financial assurance provides funding for environmental protection during and
after landfill closure (i.e., closure and post-closure cares).

Except the financial assurance, these standard considerations are described in the
subsequent sections as (1) location criteria, (2) operating criteria, (3) design cri-
teria, (4) groundwater monitoring and corrective action, and (5) closure and post-
closure care.

2. Location Criteria

2.1. General Overview

For newly constructed MSWLF or lateral expansion or existing MSWLF followed
some location restriction that addresses both the potential effects that an MSWLF unit
may have on the surrounding environment and the effects that natural and human-
made conditions may have on the performance of the landfill unit. The location
criteria covered the following:

e airport safety,
e floodplains,
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wetlands,

fault areas,

seismic impact zones, and
unstable areas.

Floodplain, fault area, seismic impact zone, and unstable area restrictions address
conditions that may have adverse effects on landfill performance that could lead to
releases to the environment or disruptions of natural functions (i.e. floodplain flow
restrictions). Airport safety, floodplain, and wetland criteria are intended to restrict
MSWLF units in areas where sensitive natural environments and/or the public may
be adversely affected. In Table 3,'!:16:17:19
presented briefly and Table 4'° provides a quick reference to the location standards
required by the criteria.!!-16:17:19

the conditions of location restrictions are

Table 3. Location Limitations for MSWLF Constructions/Operations in the Regulation of US
EPA.11’16’17’19

Locations Location Limitations

Airport 10,000 ft from an airport where used by turbojet aircraft; 5,000 ft from an
airport where used by piston type aircraft. Any landfills closer will have to
demonstrate that they do not pose a bird hazard to aircraft.

Flood plains 100-year flood plain. Landfill located within the 100 year floodplain will
have to be designed so as not to restrict flood flow, reduce the temporary
water storage capacity of the flood plain, or result in washout of the solid
waste, which would pose a hazard to human and the environment.

Wetlands New landfills will not be able to locate in wetlands unless the following
conditions have been demonstrated: (1) no practical alternative with less
environmental risk exists; (2) violations of other state and local laws will
not occur; (3) the unit would not cause or contribute to significant
degradation of the wetland; (4) appropriate and practicable steps have
been taken to minimize potential adverse impacts; and (5) sufficient
information to make determination is available.

Fault areas New landfill units cannot be sited within 200 ft of a fault line that has had a
displacement in Holocene time (past 10,000 years).

Seismic impact zone  New landfill unit located within seismic impact zone will have to
demonstrate that all contaminant structures (liners, LCSs, and surface
water control structures) are designed to resist the maximum horizontal
acceleration in lithified materials (liquid or loose materials consolidated
into solid rock) for the site.

Unstable areas Landfill units located in unstable areas must demonstrate that the design
ensures stability of structure components. The unstable areas include the
areas that are landslide prone, that are in karst geology susceptible to
sinkhole formation, and that are undermined by subsurface mines.
Existing facilities that cannot demonstrate the stability of the structural
components will be required to close within five years of the regulation’s
effective date.
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Table 4. Location Criteria Standard (US EPA 40 CFR — Title 40: Protection of
Environment).19

Make
Demonstration
to “Direction
of An
Approved Existing Units
Applies to State” or Must
Appliesto  New Units and  Demonstration Demonstration
Existing Lateral in Operating cannot be
Restricted Location Units Expansions Record Made
Airport Yes Yes Operating record Yes
Floodplains Yes Yes Operating record Yes
Wetlands No Yes Director N/A
Fault areas No Yes Director N/A
Seismic impact zones No Yes Director N/A
Unstable areas Yes Yes Operating record Yes

2.2. Airport Safety

Three major elements are considered for airport safety aspects are:

(i) MSWLF units located within 10,000 ft of any airport runway end used by
turbojet aircraft or within 5,000 ft of any airport runway end used only by
piston-type aircraft.

(ii) Airports runways are open to the public without prior permission for use, and
where the use of available facilities is not restricted, and

(iii) Potential probability about bird/aircraft collisions that may causes damage to
the aircraft and injury to its occupants.

If the above conditions are present, the MSWLF owner or operator must demonstrate
that the MSWLF unit does not pose a bird hazard to aircraft and notify the concern
authorities that the demonstration has been placed in the operating record. Otherwise,
the existing units must be closed.

The first element can be addressed by using existing maps and the measurement
can be made by drawing a circle of appropriate radius (i.e. 10,000 ft or 5,000 ft)
depending on airport type. The measurement should be considered between the
end of the runway and the nearest MSWLF unit perimeter, not between any other
boundaries. The second elements can be addressed to determine whether or not the
runway is part of a public use airport and to determine whether or not all applicable
public airports have been identified, the MSWLF unit owner/operator should contact
the airport authority; however, this rule does not apply to any private airfields.
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The MSWLF unit design features and operational practices can have a significant
effect on the likelihood of increased bird/aircraft collisions. Birds may be attracted
to MSWLF units to satisfy a need for water, food, nesting, or roosting. Scavenger
birds such as starlings, crows, blackbirds, and gulls are most commonly associated
with active landfill units. Where bird/aircraft collisions occur, these types of birds are
often involved due to their flocking, feeding, roosting, and flight behaviors. Waste
management techniques to reduce the supply of food to these birds include:

e Frequent covering of wastes that provide a source of food;

e Shredding, milling, or baling the waste-containing food sources; and

o Eliminating the acceptance of wastes at the landfill unit that represent a food source
for birds (by alternative waste management techniques such as source separation
and composting or waste minimization).

Frequent covering of wastes that represent a food source for the birds effectively
reduces the availability of the food supply. By maintaining a small working face,
spreading and compaction equipment are concentrated in a small area that further
disrupts scavenging by the birds. The use of varying bird control techniques may
prevent the birds from adjusting to a single method. Methods such as visual deterrents
or sound have been used with mixed success in an attempt to discourage birds from
food scavenging. Visual deterrents include realistic models (still or animated) of the
bird’s natural predators (i.e. humans, owls, hawks, and falcons). Use of physical
barriers such as fine wires strung across or near the working face have also been
successfully used (Fig. 5)."
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Figure 5. [Illustration of a Bird Control Device.
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Birds also may be attracted to a landfill unit as a nesting area. Use of the landfill
site as a roosting or nesting area is usually limited to ground-roosting birds (i.e.
gulls). Operational landfill units that do not operate continuously often provide a
unique roosting habitat due to elevated ground temperatures (as a result of waste
decomposition within the landfill) and freedom from disturbance. Nesting can
be minimized, however, by examining the nesting patterns and requirements of
undesirable birds and designing controls accordingly. In addition to design fea-
tures and operational procedures to control bird populations, the demonstration
should address the likelihood that the MSWLF unit may increase bird/aircraft col-
lisions. One approach to addressing this part of the airport safety criterion is to
evaluate the attraction of birds to the MSWLF unit and determine whether or not
this increased population would be expected to result in a discernible increase in
bird/aircraft collisions. The evaluation of bird attraction can be based on field obser-
vations at existing facilities where similar geographic location, design features, and
operational procedures are present. All observations, measurements, data, calcu-
lations and analyses, and evaluations should be documented and included in the
demonstration.

2.3. Floodplains

An MSWLF unit could be affected by the flow and temporary storage capacity of a
floodplain. Higher flood levels and greater flood damage both upstream and down-
stream can be created and could cause a potential hazard to human health and safety.
Therefore, new MSWLF units, existing MSWLF units, and lateral expansions of
existing units that are located within a 100-year river floodplain and cannot demon-
strate that the units will neither restrict the flow of a 100-year flood nor reduce the
water storage capacity, and will not result in a washout of solid waste, must closed.
The rule does not prohibit locating an MSWLF unit in a 100-year floodplain; where
the owner or operator is allowed to demonstrate that the unit will comply with the
flow restriction, temporary storage, and washout provisions of the floodplain cri-
terion and regulation. If a demonstration can be made that the landfill unit will not
pose threats, the demonstration must be placed in the operating record, and the con-
cerned authorities must be notified that the demonstration was made and placed in
the record, unless the MSWLF unit must be closed within five years and the owner or
operator must conduct post-closure activities. The closure deadline may be extended
for up to two years due to no available alternative disposal capacity exists and there
is no immediate threat to human health and the environment. In Fig. 6*° showed is an
illustration of the potential risk of flooding zones for an MSWLF based on 200-year
flooding data base by using geographical information system (GIS) modeling.
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T =200 yrs Zone

T =30 yrs Zone

Figure 6. Schematic Illustration of the Potential Risk of Flooding Zones for an MSWLF Based
on 200-year Flooding Database by Using GIS Modeling (T is Indicating the Highest Frequency of
Flooding Zone Within 200, 100, and 30 years, respectively).zo

2.3.1. Floodplain Identification

River floodplains are readily identifiable as the flat areas adjacent to the river’s normal
channel. One hundred-year floodplains represent that the sedimentary deposits were
formed by floods that have a 1% chance of occurrence in any given year and that were
identified in the flood insurance rate maps (FIRMs) and flood boundary and floodway
maps that normally published by the National/Federal Disaster Management Agency
(N/FDMA) or national meteorological department in any country or regional aspects.
In Fig. 6, the areas classified as “T = 200 yrs” zones are subjected to the floodplain
location restriction. Similarly, the areas classified as “T = 100 yrs” are also subjected
to the floodplain location restriction where MSWLF are presented within 150-m
radius. Whereas “T = 30 yrs” zones are not subjected to the restriction, although
care should be taken to design facilities capable of withstanding some potential
flooding.

Many of the river channels were covered by FIRMs maps may have undergone
modification for hydropower or flood control projects and, therefore, the floodplain
boundaries represented may not be accurate or representative. It may be necessary
to compare the floodplain map series to recent air photographs and satellite images
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to identify current river channel modifications and land use watersheds that could
affect floodplain designations. If floodplain maps are not available and the facility
is located within a floodplain, then a field study to delineate the 100-year floodplain
may be required as well as can query by using GIS data sets. A floodplain delin-
eation program can be based primarily on meteorological records and physiographic
information such as existing and planned watershed land use, topography, soil and
geologic mappings, and air photo interpretation of geomorphologic (i.e. land for-
mation) features. In the USA, Water Resource Council (WRC) provides information
for determining the potential for floods in a given location by stream gauge records
and GIS modeling. Estimation of the peak discharge also allows an estimation of
the probability of exceeding the 100-year flood.

2.3.2. Engineering Considerations

If the MSWLEF unit is within the 100-year floodplain, then the MSWLF unit does not
significantly restrict the base flood flow or significantly reduce temporary storage
capacity of the floodplain. Therefore, the MSWLF unit must be designed to prevent
the washout of solid waste during the expected flood event. The rule requires that
floodplain storage capacity and flow restrictions, which occur because the MSWLF
unit, do not pose a hazard to human health and the environment. The demonstration
that these considerations are met relies on the estimates of the flow velocity and
volume of floodplain storage in the vicinity of the MSWLF unit during the base
flood. The assessment should consider the floodplain storage capacity and floodwater
velocities that would likely exist in the absence of the MSWLF unit. The volume
occupied by an MSWLF unit in a floodplain may theoretically reduce the storage
capacity and restrict flow. Raising the base flood level by more than one foot can be
an indication that the MSWLF unit may reduce and restrict the storage capacity flow.
The location of the MSWLF unit relative to the velocity distribution of floodwaters
will greatly influence the susceptibility to washout. This type of assessment will
require a conservative estimate of the shear stress on the landfill components caused
by the depth, velocity, and duration of impinging river waters. Depending on the
amount of inundation, the landfill unit may act as a channel side slope or bank or
it may be isolated as an island within the overbank river channel. In both cases, an
estimate of the river velocity would be part of a proper assessment. The assessment
of flood water velocity requires that the channel cross section be known above and
below the landfill unit. Friction factors on the overbank are determined from the
surface conditions and vegetation present. River hydrologic models may be used to
simulate flow levels and estimate velocities through these river cross sections.
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In recent years, many countries have developed numerical models, GIS and
satellite-image-based models, to aid in the prediction of flood hydrographs, flow
parameters, the effect of obstructions on flow levels, the simulation of flood control
structures, and sediment transport, etc., which are effectively used for floodplain
modeling in the world wide.

2.4. Wetlands

Wetlands are areas that are inundated or saturated by surface water or groundwater
at a frequency and duration sufficient to support and that under normal circum-
stances do support a prevalence of vegetation typically adapted for life in satu-
rated soil conditions.?’ It includes swamps, marshes, bogs, and any areas that are
inundated or saturated by groundwater or surface water as defined under current
guidelines; however, wetlands are identified based on the presence of hydric soils,
hydrophytic vegetation, and the wetland hydrology. These characteristics also affect
the functional value of a wetland in terms of its role in supporting fish and wildlife
habitats; providing esthetic, scenic, and recreational values; accommodating flood
storage; sustaining aquatic diversity; and its relationships to surrounding natural
areas through nutrient retention and productivity exportation (i.e. releasing nutrients
to downstream areas, providing transportable food sources). Often, a wetland
assessment will need to be conducted by an experienced multi-disciplinary team.
The assessment should identify: (1) the limits of the wetland boundary based on
hydrology, soil types, and plant types; (2) the type and relative abundance of vege-
tation, including trees; and (3) rare, endangered, or otherwise protected species and
their habitats (if any).

New landfills and lateral expansion will not be able to locate in wetlands unless
the following conditions have been demonstrated: (1) no practical alternative with
less environmental risk exists, (2) violations law will not occur, (3) the unit would
not cause or contribute to significant degradation of the wetland, (4) appropriate
and practicable steps have been taken to minimize potential adverse impacts, and
(5) sufficient information to make determination is available. Moreover, there will be
an objective of no net loss of wetlands in terms of acreage and function; it recognizes
that the regions of any country where proportionally large areas are dominated by
wetlands. In these regions, sufficient acreage and a suitable type of upland may not
be present to allow construction of a new MSWLF unit or lateral expansion without
wetland impacts. Wetlands evaluations may become an integral part of the siting,
design, permitting, and environmental monitoring aspects of a landfill unit/facility
(Fig. 7).1°
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Figure 7. Schematic Illustration of Wetland Decision Tree for Landfill Owner/operators.l

The owner or operator must show that the operation or construction of the landfill
unit will not:

e violate any applicable water quality standards;
e cause or contribute to the violation of any applicable toxic effluent standard or
prohibition;
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e cause or contribute to violation of any requirement for the protection of a marine
sanctuary; and

e jeopardize the continued existence of endangered or threatened species or critical
habitats.

The MSWLF unit cannot cause or contribute to significant degradation of wetlands.
Therefore, the owner/operator must:

e cnsure the integrity of the MSWLF unit, including consideration of the erosion,
stability, and migration of native wetland soils and dredged/fill materials;

e minimize impacts on fish, wildlife, and other aquatic resources and their habitat
from the release of solid waste;

e cvaluate the effects of catastrophic release of wastes on the wetlands; and

e assure that ecological resources in the wetlands are sufficiently protected,
including consideration of the volume and chemical nature of waste managed
in the MSWLF unit.

After consideration of these factors, if no practicable alternative to locate the landfill
in wetlands is available, compensatory steps must be taken to achieve no net loss of
wetlands as defined by acreage and function. The owner/operator must try to avoid
and/or minimize impacts to the wetlands to the greatest extent possible. Where
avoidance and minimization still result in wetland impacts, mitigation to offset
impacts is required. Mitigation plans must be approved by the appropriate regulatory
agencies and must achieve an agreed-upon measure of success. Examples of miti-
gation include restoration of degraded wetlands or creation of wetland acreage from
existing uplands. Moreover, practicable alternatives are available to locate landfill
units in wetlands because landfilling is not a water-dependent activity. The term
“practicable” pertains to the economic and social feasibilities of alternatives (i.e., col-
lection of waste at transfer stations and trucking to an existing landfill facility or other
possible landfill sites). The feasibility evaluation may entail financial, economic,
administrative, and public acceptability analyses as well as engineering considera-
tions. Furthermore, the evaluations generally will require generation and assessment
of land use, geologic, hydrologic, geographic, demographic, zoning, and traffic maps
and other related information. To rebut the presumption that an alternative practi-
cable site exists generally will require that a site search for an alternative location be
conducted. There are no standard methods for conducting site searches due to the
variability of the number and hierarchy of screening criteria that may be applied in
a specific case. Typical criteria may include:

e Distance from waste generation sources;
e Minimum landfill facility size requirements;
e Soil conditions;
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e Proximity to groundwater users;
e Proximity of significant aquifers;

e Exclusions from protected natural areas;

e Degree of difficulty to remediate features; and
e Setbacks from roadways and residences.

2.5. Fault Areas

Locating a landfill in the vicinity of an area that has experienced faulting in recent
time has inherent dangers. Faulting occurs in areas where the geologic stresses
exceed a geologic material’s ability to withstand those stresses. Such areas also tend
to be subject to earthquakes and ground failures (i.e. landslides and soil liquefaction)
associated with seismic activity. Proximity to a fault can cause damage through:

e Movement along the fault that can cause displacement of facility structures,

e Seismic activity associated with faulting that can cause damage to facility struc-
tures through vibratory action, and

e Earth shaking that can cause ground failures such as slope failures.

Consequently, appropriate setbacks from fault areas are required to minimize the
potential for damage. Geological survey mapping can be used to determine a pro-
posed landfill unit is located in any Holocene fault area or not. For locations where a
fault zone has been subjected, a geologic reconnaissance of the site and surrounding
areas may be required to map fault traces and to determine the faults along which
movement has occurred in Holocene time. This reconnaissance also may be nec-
essary to support a demonstration for a setback of less than 200 ft. Additional require-
ments may need to be met before a new unit or lateral expansion may be approved.
A site fault characterization is necessary to determine that a site is within 200 ft of a
fault or not. An investigation would include obtaining information on any lineaments
(linear features) that suggest the presence of faults within a 3,000 ft radius of the
site. The information could be based on:

e A review of available maps, logs, reports, scientific literature, or insurance claim
reports;

e An aerial reconnaissance of the area within a 5-mile radius of the site, including
aerial photo analysis; or

e A field reconnaissance that includes walking portions of the area within 3,000 ft
of the unit.

If the site fault characterization indicates that a fault or a set of faults is situated within
3,000 ft of the proposed unit, investigations should be conducted to determine the
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presence or absence of any faults within 200 ft of the site that have experienced
movement during the Holocene period. Such investigations can include:

e Subsurface exploration, including drilling and trenching, to locate fault zones and
evidence of faulting.

e Trenching perpendicular to any faults or lineaments within 200 ft of the unit.

e Determination of the age of any displacements; for example, by examining dis-
placement of surficial deposits such as glacial or older deposits (if Holocene
deposits are absent).

e Examination of seismic epicenter information to look for indications of recent
movement or activity along structures in a given area.

e Review of high altitude, high resolution aerial photographs, and satellite images
with stereo-vision coverage.

Based on this information as well as supporting maps and analyses, an expert should
prepare a report that delineates the location of the Holocene fault(s) and the asso-
ciated 200-ft setback. If requesting an alternate setback, a demonstration must be
made to show that no damage to the landfill’s structural integrity will result. Examples
of engineering considerations and modifications that may be included in such demon-
strations are as follows:

e For zones with high probabilities of high accelerations (horizontal) within the
moderate range of 0.1-0.75 g, seismic designs should be developed.

e Seismic stability analysis of landfill slopes should be performed to guide selection
of materials and gradients for slopes.

e Where in-situ and laboratory tests indicate that a potential landfill site is suscep-
tible to liquefaction, ground improvement measures such as grouting, dewatering,
heavy tamping, and excavation should be implemented.

e Engineering options include:

— flexible pipes,

— ground improvement measures (grouting, dewatering, heavy tamping, and
excavation), and/or

— redundant precautionary measures (secondary containment system).

In addition, the use of such measures needs to be demonstrated to be protective
of human health and the environment. The types of engineering controls described
above are similar to those that would be employed in areas that are likely to experience
earthquakes.
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2.6. Seismic Impact Zones

A seismic impact zone is an area that has a 10% or greater probability that the
maximum expected horizontal acceleration in lithified earth material, expressed as
a percentage of the earth’s gravitational pull (g), will exceed 0.10 g in 250 years.

New MSWLF units and lateral expansions in seismic impact zones are prohibited,
unless the owner or operator can demonstrate that the structural components of
the unit (e.g., liners, leachate collection systems (LCSs), final cover, and surface
water control systems) are designed to resist the maximum horizontal acceleration
in lithified earth material at the site. Existing units are not required to be retrofitted.
Owners or operators of new units or lateral expansions must notify the concern
authorities and place the demonstration of compliance with the conditions of the
restriction in the operating record. A brief introduction to the geologic underpinnings
of seismic activity is presented below.

The earth’s crust is not a static system. It consists of an assemblage of earthen
masses that are in slow motion. As new crust is generated from within the earth, old
edges of crust collide with one another, thereby causing stress. The weaker edge is
forced to move beneath the stronger edge back into the earth. The dynamic conditions
of the earth’s crust can be manifested as shaking ground (i.e. seismic activity), frac-
turing (i.e. faulting), and volcanic eruptions. Seismic activity also can result in types
of ground failure. Landslides and mass movements (i.e. slope failures) are common
on slopes; soil compaction or ground subsidence tends to occur in unconsolidated
valley sediments; and liquefaction of soils tends to happen in areas where sandy or
silty soils that are saturated and loosely compacted become in effect, liquefied (i.e.
like quicksand) due to the motion. To determine the maximum horizontal acceler-
ation of the lithified earth material for the site, owners or operators of MSWLF units
should review the seismic 250-year interval maps. A schematic diagram of a landfill
showing potential deformation of the leachate collection and removal system by
using seismic stresses is presented in Fig. 8.1

Numerous studies indicated that during earthquakes, superficial (shallow) slides
and differential displacement tend to be produced, rather than massive slope failures.
Stresses created by superficial failures can affect the liner and final cover systems as
well as the leachate and gas collection and removal systems of MSWLE. Tensional
stresses within the liner system can result in fracturing of the soil liner and/or tearing
of the flexible membrane liner (FML). Thus, when selecting suitable sites from many
potential sites during the siting process, the owner/operator should try to avoid a site
with:

e Holocene fault zones,
e sites with potential ground motion, and
e sites with liquefaction potential.
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Drainage Layer

Deformed Leachate Collection Pipe

Collection Pipe Clay Layer

Figure 8. A Schematic Diagram of a Landfill Showing Potential Deformation of the Leachate Col-
lection and Removal System by Using Seismic Stresses. !

If one of the above types of sites is selected, the owner/operator must consider
the costs associated with the development of the site. If, due to a lack of suitable
alternatives, a site is chosen that is located in a seismic impact zone, a demonstration
must be made that the design of the unit’s structural components (i.e. liners, leachate
collection, final covers, and run-on and run-off systems) will resist the maximum
horizontal acceleration in lithified materials at the site. As part of the demonstration,
owner/operators must:

e determine the expected peak ground acceleration from a maximum strength earth-
quake that could occur in the area,

e determine the site-specific seismic hazards such as soil settlement, and

e design the facility to withstand the expected peak ground acceleration.

For those MSWLF units located in an area with an estimated maximum horizontal
acceleration >0.1 g, an evaluation of seismic effects should consider both foundation
soil stability and waste stability under seismic loading. Conditions that may be con-
sidered for the evaluation include the construction phase (maximum open excavation
depth of new cell adjacent to an existing unit), closure activities (prior to final consol-
idation of both waste and subsoil), and post-closure care (after final consolidation of
both waste and foundation soil). If the maximum horizontal acceleration is <0.1 g,
then the design of the unit will not have to incorporate an evaluation of seismic
effects unless the facility will be situated in an area with low strength foundation
soils or soils with potential for liquefaction. The facility should be assessed for the
effects of seismic activity even if the horizontal acceleration is expected to be <0.1 g.
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In determining the potential effects of seismic activity on a structure, an engineering
evaluation should examine soil behavior with respect to earthquake intensity. When
evaluating soil characteristics, it is necessary to know the soil strength as well as
the magnitude or intensity of the earthquake in terms of peak acceleration. Other
soil characteristics, including degree of compaction, sorting (i.e. organization of the
soil particles), and saturation, may need to be considered because of their potential
influence on site conditions.

Well-compacted cohesionless embankments or reasonably flat slopes in insen-
sitive clay are less likely to fail under moderate seismic shocks (up to 0.15-0.20 g
acceleration). Embankments made of insensitive cohesive soils founded on cohesive
soils or rock may withstand even greater seismic shocks. For earthen embankments
in seismic regions, designs with internal drainage and core material that is most
resistant to fracturing should be considered. Slope materials vulnerable to earth-
quake shocks are described below:

e Very steep slopes of weak, fractured, and brittle rocks or unsaturated loess are
vulnerable to transient shocks caused by tensional faulting;

e Loess and saturated sand may be liquefied by seismic shocks causing the sudden
collapse of structures and flow slides;

e Similar effects are possible in sensitive cohesive soils when natural moisture
exceeds the soil’s liquid limit; and

e Dry cohesionless material on a slope at an angle of repose will respond to seismic
shock by shallow sloughing and slight flattening of the slope.

In general, loess, deltaic soils, floodplain soils, and loose fills are highly susceptible
to liquefaction under saturated conditions. Geotechnical stability investigations fre-
quently incorporate the use of computer models to reduce the computational time
of well-established analytical and computer simulation methods. A conservative
approach would incorporate both vertical and horizontal forces caused by bedrock
acceleration if it can be shown that the types of material of interest are susceptible
to the vertical force component. Typically, the horizontal force caused by bedrock
acceleration is the major force to be considered in the seismic stability analysis.

Design modifications to accommodate an earthquake may include shallower
waste side-slopes, more conservative design of dikes and run-off controls, and addi-
tional contingencies for leachate collection should primary systems be disrupted.
Strengths of the landfill components should be able to withstand these additional
forces with an acceptable factor of safety (FS). The use of professionals experienced
in seismic analysis is strongly recommended for design of facilities located in the
areas of high seismic risk.
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2.7. Unstable Areas

Unstable area means a location that is susceptible to natural or human-induced events
or forces capable of impairing the integrity of some or all of the MSWLEF structural
components responsible for preventing releases from a landfill. Unstable areas can
include poor foundation conditions, areas susceptible to mass movements, and karst
terrains. In this particular case, structural components for an MSWLF consist of
liners, LCSs, final cover systems, run-on and run-off control systems, and any other
component necessary for protection of human health and the environment.

Owners or operators of new MSWLF units, existing MSWLF units, and lateral
expansions located in an unstable area must demonstrate that engineering measures
have been incorporated into the MSWLF unit’s design to ensure that the integrity
of the structural components of the MSWLF unit will not be disrupted. The owner
or operator must consider the following factors, at a minimum, when determining
whether an area is unstable:

e On-site or local soil conditions that may result in significant differential settling;
e On-site or local geologic or geomorphologic features; and
e On-site or local human-made features or events (both surface and subsurface).

In the USA, existing MSWLF unit that does not meet the demonstration must be
closed within five years and must undertake post-closure activities; however, it can
extent another two years to the closure requirements under two conditions:

(1) no disposal alternative is available and
(2) no immediate threat is posed to human health and the environment.

Natural unstable area, including those areas that have poor soils for foundations,
are susceptible to mass movement or have karst features. In brief, discussions about
unstable conditions are presented as follow:

e Poor foundation — Areas with soils that make poor foundations have soils that
are expansive or settle suddenly. Such areas may lose their ability to support a
foundation when subjected to natural (i.e. heavy rain) or human-made events (i.e.
explosions).

— Expansive soils usually are clay-rich soils that, because of their molecular
structure, tend to swell and shrink by taking up and releasing water and thus are
sensitive to a variable hydrologic regime. Such soils included smectite which is
rich in clay (i.e. montmorillonite clay group, vermiculite clays, and bentonite).
In addition, soils rich in “white alkali” (i.e. sodium sulfate), anhydrite (i.e.
calcium sulfate), or pyrite (i.e. iron sulfide) also may exhibit swelling as water
content increases. Such soils tend to be found in the arid areas.
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— Soils that are subject to rapid settlement (i.e. subsidence) include loess, uncon-
solidated clays, and wetland soils. Loess is wind-deposited silt that is moisture-
deficient and tends to compact upon wetting easily. Unconsolidated clays that
can undergo considerable compaction when fluids such as water or oil are
removed. Similarly, wetland soils, which by their nature are water bearing,
also tend to be subjected to subsidence when water is withdrawn.

e Mass movement — another type of unstable area which is subjected to mass
movement. Such areas can be situated on steep or gradual slopes. They tend
to have rock or soil conditions that are conducive to down-slope movement of
soil, rock, and/or debris (either alone or mixed with water) under the influence
of gravity. Examples of mass movements include avalanches, landslides, debris
slides and flows, and rock slides.

e Karst terrains — which tend to be subjected to extreme incidents of differential
settlement, namely complete ground collapse. Karst is a term used to describe areas
that are underlain by soluble bedrock, such as limestone, where solution of the
rock by water creates subterranean drainage systems that may include areas of rock
collapse. These areas tend to be characterized by large subterranean and surficial
voids (i.e. caverns and sinkholes) and unpredictable surface and groundwater flow
(i.e. sinking streams and large springs). Other rocks such as dolomite or gypsum
also may be subject to solution effects.

Some human-induced unstable areas are described below:

e The presence of cut and/or fill slopes during construction of the MSWLF unit may
cause slippage of existing soil or rock.

e Excessive drawdown of groundwater increases the effective overburden on the
foundation soils underneath the MSWLF unit, which may cause excessive set-
tlement or bearing capacity failure on the foundation soils.

e A closed landfill as the foundation for a new landfill (“piggy-backing”) may be
unstable unless the closed landfill has undergone complete settlement of the under-
lying wastes.

2.7.1. Site Stability Assessment

For a landfill site in an unstable area, owners/operators must assess the ability of the
soils and/or rock to serve as a foundation as well as the ability of the site embankments
and slopes to maintain a stable condition. Once these factors have been evaluated, an
MSWLF design should be developed that will address these types of concerns and
prevent possible associated damage to MSWLF structural components. In designing
a new unit or lateral expansion or re-evaluating an existing MSWLF unit, a stability
assessment should be conducted in order to avoid or prevent a destabilizing event
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from impairing the structural integrity of the landfill component systems. A stability
assessment involves essentially three components: (i) evaluation of subsurface con-
ditions, (ii) analysis of slope stability, and (iii) examination of related design needs.
Evaluation of subsurface conditions requires:

e Assessing the stability of foundation soils, adjacent embankments, and slopes;

e Investigating the geotechnical and geological characteristics of the site to establish
soil strengths and other engineering properties by performing standard penetration
tests, field vane shear tests, and laboratory tests; and

e Testing the soil properties such as water content, shear strength, plasticity, and
grain size distribution.

Stability assessment should consider:

The adequacy of the subsurface exploration program;

The liquefaction potential of the embankment, slopes, and foundation soils;

The expected behavior of the embankment, slopes, and foundation soils when
they are subjected to seismic activity;

e The potential for seepage-induced failure; and

e The potential for differential settlement.

In addition, must assess at a minimum natural conditions (i.e. soil, geology, and
geomorphology) as well as human-made features or events (both subsurface and
surface) that could cause differential settlement of ground. Natural conditions can
be highly unpredictable and destructive, especially if amplified by human-induced
changes to the environment. Specific examples of natural or human-induced phe-
nomena include: debris flows resulting from heavy rainfall in a small watershed; the
rapid formation of a sinkhole because of excessive local or regional groundwater
withdrawal in a limestone region; earth displacement by faulting activity; and rock-
falls along a cliff face caused by vibrations resulting from the detonation of explosives
or sonic booms. However, information on natural features can be obtained from the
geographical map; regional or local soil maps; aerial photographs (especially in karst
areas); GIS and satellite images; site-specific investigations; etc. To examine an area
for possible sources of human-induced ground instability, the site and surrounding
area should be examined for activities related to extensive withdrawal of oil, gas,
or water from subsurface units as well as construction or other operations that may
result in ground motion (i.e. blasting).

2.7.2. Site Failures Nature

Failures occur when the driving forces imposed on the soils or engineered structures
exceed the resisting forces of the material. The ratio of the resisting force to the
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driving force is considered the FS. At an FS value of <1.0, failure will occur by
definition. There is a high probability that, due to natural variability and the degree
of accuracy in measurements, interpreted soil conditions will not be precisely rep-
resentative of the actual soil conditions. Therefore, failure may not occur exactly at
the calculated value, so factors of safety >1.0 are required for the design. For plastic
soils such as clay, movement or deformation (i.e. creep) may occur at a higher FS
prior to catastrophic failure. Principal modes of failure in soil or rock include:

Rotation (change of orientation) of an earthen mass on a curved slip surface
approximated by a circular arc;

Translation (change of position) of an earthen mass on a planar surface whose
length is large compared to depth below ground;

Displacement of a wedge-shaped mass along one or more planes of weakness;
Earth and mud flows in loose clayey and silty soils; and

Debris flows in coarse-grained soils.

Normally, three types of failures can occur at an MSWLF unit; they are settlement,
loss of bearing strength, and sinkhole collapse:

Settlement — If not properly engineered, a landfill in an unstable area may undergo
extreme settlement, which can result in structural failure. Differential settlement is
a particular mode of failure that generally occurs beneath a landfill in response to
consolidation and dewatering of the foundation soils during and following waste
loading. Settlement beneath a landfill unit, both total and differential, should
be assessed and compared to the elongation strength and flexure properties of
the liner and leachate collection pipe system. Even small amounts of settlement
can seriously damage leachate collection piping and sumps. The analysis will
provide an estimate of maximum settlement, which can be used to aid in estimating
differential settlement. Allowable settlement is typically expressed as a function
of total settlement because differential settlement is more difficult to predict.
However, differential settlement is a more serious threat to the integrity of the
structure than total settlement.

Loss of bearing strength — It is a failure mode that tends to occur in areas that
have soils that tend to expand, rapidly settle, or liquefy, thereby causing failure
or reducing performance of overlying MSWLF components. Another example
of loss of bearing strength involves failures that have occurred at operating sites
where excavations for landfill expansions adjacent to the filled areas reduced the
mass of the soil at the toe of the slope, thereby reducing the overall strength
(resisting force) of the foundation soil.

Catastrophic collapse in the form of sinkholes — It is a type of failure that occurs
in karst regions. As water, especially acidic water percolates through limestone
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(calcium carbonate), the soluble carbonate material dissolves, forming cavities
and caverns. Land overlying caverns can collapse suddenly, resulting in sinkhole
features that can be 100 feet or more in depth and 300 feet or more in width.

Tables 5 and 6'° provide some examples of analytical considerations for mode of
failure assessments in both natural and human-made slopes.

2.7.3. Subsurface Exploration Programs

Foundation soil stability assessments for noncatastrophic failure require field inves-
tigations to determine soil strengths and other soil properties. /n situ field vane shear
tests commonly are conducted in addition to collection of piston samples for labo-
ratory testing of undrained shear strengths (biaxial and triaxial). Field vanes taken
at depth provide a profile of soil strength. The required field vane depth intervals
vary, based on soil strength and type, and the number of borings required depends
on the variability of the soils, the site size, and landfill unit dimensions. Borings and
field vane testing should consider the anticipated design to identify segments of the
facility where critical cross sections are likely to occur. Critical sections are where
factors of safety are anticipated to be the lowest. Other tests that are conducted to
characterize a soil include determination of water content, Atterberg limits, grain-size
distribution, consolidation, effective porosity, and saturated hydraulic conductivity.
The site hydrogeologic conditions should be assessed to determine if soils are satu-
rated or unsaturated. Catastrophic failures, such as sinkhole collapse in karst terrains
or fault displacement during an earthquake, are more difficult to predict. Subsurface
karst structures may have surface topographic expressions such as circular depres-
sions over subsiding solution caverns. Subsurface borings or geophysical techniques
may provide reliable means of identifying the occurrence, depth, and size of solution
cavities that have the potential for catastrophic collapse.

2.7.4. Slope Stability Analysis

Slope stability analyses are performed for both excavated side slopes and above
ground embankments. The analyses are performed as appropriate to verify the struc-
tural integrity of a cut slope or dike. The design configuration is evaluated for its sta-
bility under all potential hydraulic and loading conditions, including conditions that
may exist during construction of an expansion (i.e. excavation). Analyses typically
performed are slope stability, settlement, and liquefaction. FS rationale and selection
for different conditions are described by Huang?! and Terzaghi and Peck? as well
as numerous publications in the field of soil mechanics and geotechnical research
areas. Lists in Table 7'° recommended minimum FS values for slopes. However,
FS may vary with regional geological or geomorphological formation; therefore,
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Table 5. Analysis of Stability of Some Natural Slopes.19

1. Slope in coarse-grained soil with some cohesion
Low Grundwater Failure  High Groundwater
of thin wedge,
position influenced by
tension cracks

Failure at relatively
shallow toe circles

2. Slope in coarse-grained, soil cohesion
Low Grundwater
Stable slope
angle = effective
friction angle

High Groundwater Stable
slope angle = % effective
friction angle

3. Slope in normally consolidated or slightly
pre-consolidated clay
Location of failure depends on variation of
shear strength with depth.

,,,,, cecess

Strength constant h 4
th depth ol
HEEHESR Strength constant
with depth

Stiff or hard stratum

With low groundwater, failure
occurs on shallow, straight, or
slightly curved surface. The
presence of a tension crack at the
top of the slope influences failure
location. With high groundwater,
failure occurs on the relatively
shallow toe circle whose position is
determined primarily by ground
elevation.

Analyze with effective stress using
strengths C” and @' from CD tests.
Pore pressure is governed by
seepage condition. Internal pore
pressures and external water
pressures must be included

Stability depends primarily on
groundwater conditions. With low
groundwater, failures occur as
surface sloughing until slope angle
flattens to friction angle. With high
groundwater, stable slope is
approximately % friction angle.
Analyze with effective stress using
strengths C" and @’ from CD tests.
Slight cohesion appearing in test
envelope is ignored. Special
consideration must be given to
possible flow slides in loose and
saturated fine sands.

Failure occurs on circular arcs
whose position is governed by
theory. The position of groundwater
table does not influence stability
unless its fluctuation changes the
strength of the clay or acts in
tension cracks.

Analyze with total stresses, zoning
cross section for different values of
shear strengths. Determine shear
strength from unconfined
compression test, unconsolidated
undrained triaxial test, or

vane shear.

(Continued)
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Table 5. (Continued)

4. Slope in stratified soil profile e The location of failure plane is
Location of failure depends on relative strength controlled by relative strength and
and orientation of layers. orientation of strata. Failure surface is

the combination of active and passive
wedges with central sliding block
chosen to conform to stratification.

e Analyze with effective stress using
strengths C’ and @' for fine-grained
strata and @' for cohesionless material.

Strata of low
strength

5. Depth creep movements in old slide mass o Strength of old slide mass decreases
Bowl-shaped area of low slope (9-11%) bounded with the magnitude of movement that
at top by old scarp. has occurred previously. Most dangerous

situation is in stiff and over-consolidated
clay that is softened, fractured, or
slickensided in the failure zone.

Failure surface of low
curvature that is a portion
of an old shear surface

it will need to modify with local adjustment and provide their own minimum FS
requirements.

A computer program that is widely used for slope stability analysis is PC STABL,
which is a two-dimensional (2D) model that computes the minimum critical factors
of safety between layer interfaces. This model uses the method of vertical slices to
analyze the slope and calculate the FS. The PC STABL can account for heterogeneous
soil systems, anisotropic soil strength properties, excess pore water pressure due
to shear, static groundwater and surface water, pseudostatic earthquake loading,
surcharge boundary loading, and tieback loading.

2.1.5. Design Considerations for Slope Stabilization

Some methods for slope stabilization are presented in Table 8'° and are summarized
below.

e The first illustration in Table 8 shows that stability can be increased by changing
the slope geometry through reduction of the slope height, flattening the slope
angle, or excavating a bench in the upper part of the slope.

e The second illustration in Table 8 shows how compacted earth or rock fill can
be placed in the form of a berm at and beyond the slope’s toe to buttress the
slope. To prevent the development of undesirable water pressure behind the
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Table 6. Analysis of Stability for Cut and Fill Slopes (Condition Varying with Time).!?

1. Failure of fill on soft cohesive foundation ° Usually, minimum Stability occurs during
with sand drains placing of fill. If the rate of construction is
controlled, allow for gain in strength with
consolidation from drainage.
e Analyze with effective stress using
- strengths C’ and @' from CU tests with pore
pressure measurement. Apply estimated
pore pressures or piezometric pressures.
- Analyze with total stress for rapid
Location of failure depends on geometry and construction without the observation of
strength of cross section. pore pressures, use shear strength from
unconfined compression or unconsolidated
undrained triaxial.

2. Failure of stiff compacted fill on soft e Usually, minimum stability obtained at the
cohesive foundation end of construction. Failure may be in the

form of rotation or translation, and both
P, —»> : should be considered.
e For rapid construction, ignore consolidation

from drainage and utilize shear strengths

determined from U or UU tests or vane
AR N RN RN LR RN Y shear in total stress analysis. If failure strain
of fill and foundation materials differ
greatly, safety factor should exceed one,
ignoring shear strength of fill. Analyze
long-term stability using C and @ from CU
tests with effective stress analysis, applying
the pore pressures of groundwater only.

Failure surface may be rotation on circular arc or
translation with active and passive wedges.

3. Failure following cut in stiff fissured clay o The release of horizontal stresses by
excavation causes the expansion of clay and
opening of fissures, resulting in loss of
cohesive strength.

Original

Ground Line = o Analyze for short-term stability using C’
and @' with total stress analysis. Analyze

Sy o for long-term stability with C} and @,

\”t at toe based on residual strength measured in

Failure surface depends on pattern of fissures or consolidated drained tests.

depth of softening.

berm, a drainage system may be placed behind the berm at the base of the
slope.

e The third illustration in Table 8 presents several types of retaining structures. These
structures generally involve drilling and/or excavation followed by constructing
cast-in-place concrete piles and/or slabs.
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Table7. Recommended Minimum Limit of Factor of Safety for Slope Stability Analyses. 19

Uncertainty of Strength Measurements

Consequences of Slope Failure Small? Largeb

No imminent danger to human life or 1.25 1.50
major environmental impact if slope fails (1.20)¢ (1.30)

Imminent danger to human life or 1.50 2.00 or greater
major environmental impact if slope fails (1.30) (1.70 or greater)

4The uncertainty of the strength measurements is smallest when the soil conditions are
uniform and high-quality strength test data provide a consistent, complete, and logical picture
of the strength characteristics.

bThe uncertainty of the strength measurements is greatest when the soil conditions are
complex and when available strength test data do not provide a consistent, complete, and
logical picture of the strength characteristics.

“Number without parentheses apply for static conditions and those within parentheses apply
to seismic conditions.

— The T-shaped cantilever wall design enables some of the retained soil to con-
tribute to the stability of the structure and is advisable for use on slopes that
have vertical cuts.

— Closely spaced vertical piles placed along the top of the slope area provide
reinforcement against slope failure through a soil arching effect that is created
between the piles. This type of retaining system is advisable for use on steeply
cut slopes.

— Vertical piles also may be designed with a tie back component at an angle to
the vertical to develop a high resistance to lateral forces. This type of wall is
recommended for use in areas with steeply cut slopes where soil arching can
be developed between the piles.

— The last retaining wall shown uses a cantilever setup along with soil that has
been reinforced with geosynthetic material to provide a system that is highly
resistant to vertical and lateral motion. This type of system is best suited for use
in situations where vertically cut slopes must have lateral movement strictly
controlled.

Other potential procedures for stabilizing natural and human-made slopes include
the use of geotextiles and geogrids to provide additional strength; the installation
of wick and toe drains to relieve excess pore pressures, grouting, and vacuum and
well-point pumping to lower groundwater levels. In addition, surface drainage may
be controlled to decrease infiltration, thereby reducing the potential for mud and
debris slides in some areas. Lowering the groundwater table also may have sta-
bilizing effects. Walls or large-diameter piling can be used to stabilize slides of
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Table 8. Some Methods of Stabilizing Excavation Slopes.19
Scheme Applicable Methods Comments
1. Changing 1. Reduce slope height by e Area has to be accessible to
geometry excavation at top of slope construction equipment. Disposal
Excavation #========""=" 2. Flatten the slope angle. site needed for excavated soil.

_/_3'

Ca—
_~

2. Earth berm fill 1.

—a

3. Retaining 1.
structures

Retaining
Structure

Retaining Structure

Retaining Structure

Retaining Structure

Excavate a bench in upper part
of slope.

Drainage sometimes incorporated in
this method.

Sufficient width and thickness of berm
required so failure will not occur
below or through the berm.

Compacted earth or rock berm
placed at end beyond the toe.
Drainage may be provided
behind the berm.

Retaining wall: crib or e Usually expensive. Cantilever walls

cantilever type.

. Drilled and cast-in-place vertical e

piles and/or slabs founded well
below bottom slide plane.
Generally, 18-36in. in diameter
and 4-8 ft spacing. Larger
diameter piles at closer spacing
may be required in some cases
with mitigate failures of cuts in
highly fissured clays.

. Drilled and cast-in-place vertical e

piles tied back with battered
piles or a deadman. Piles
founded well below slide plane.
Generally, 12-30in. in diameter
and at least 4- to 8-foot spacing.

. Earth and rock anchors and rock e

bolts.

. Reinforced earth. .

might have to be tied back.

Spacing should be such that soil can
arch between piles. Grade beam can
be used to tie piles together. Very
large diameter (6 ft =) piles have
been used for deep slide.

Space close enough so soil will arch
between piles. Piles can be tied
together with grade beam.

Can be used for high slopes, and in
very restricted areas. Conservative
design should be used, especially for
permanent support. Use may be
essential for slopes in rocks where
joints dip toward excavation, and
such joints daylight in the slope.

Usually expensive.
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relatively small dimension or to retain steep toe slopes, so that failure will not extend
back into a larger mass.

During construction activities, it may be appropriate to monitor slope stability
because of the additional stresses placed on natural and engineered soil systems
(e.g., slopes, foundations, and dikes) as a result of excavation and filling activities.
Post-closure slope monitoring usually is not necessary. Important monitoring param-
eters may include settlement, lateral movement, and pore water pressure. Monitoring
for pore water pressure is usually accomplished with piezometers screened in the
sensitive strata. Lateral movements of structures may be detected on the surface
by surveying horizontal and vertical movements. Subsurface movements may be
detected by the use of slope inclinometers. Settlement may be monitored by sur-
veying ground surface elevations (on several occasions over a period of time) and
comparing them with areas that are not likely to experience changes in elevations.

3. Operating Crieria

3.1. General Overview

The SWDFC contain a series of operating requirements pertaining to routine oper-
ation, management, and environmental monitoring at MSWLF units. The oper-
ating requirements pertain to new MSWLF units, existing MSWLF units, and
lateral expansions of existing MSWLF units. The operating requirements have been
developed to ensure the safe daily operation and management at MSWLF units. The
operating requirements include:

Exclusion of hazardous waste;
Cover material;

Disease vector control;
Explosive gases control;

Air monitoring;

Facility access;

Run-on/run-off control systems;
Surface water requirements;
Liquid restrictions; and
Recordkeeping requirements.

3.2. Exclusion of Hazardous Waste

The MSWLF hazardous waste exclusion program should be capable of detecting and
preventing disposal of regulated hazardous wastes and polychlorinated biphenyls
(PCB) wastes that may be liquids or nonliquids (sludges or solids). PCB wastes
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do not include small capacitors found in fluorescent light ballast, white goods (i.e.
washers, dryers, refrigerators), or other consumer electrical products (e.g., radio and
television units).

The owner or operator must develop a program to detect and prevent disposal of
regulated hazardous wastes or PCB wastes at the MSWLF facility. Hazardous wastes
may be gases, liquids, solids, or sludges as well characteristics of hazardous wastes
that include ignitability, corrosivity, reactivity, and toxicity. Household hazardous
wastes are excluded and the wastes generated by conditionally exempt small quantity
generators (CESQGs) are not considered as regulated hazardous wastes; therefore,
these wastes may be accepted for disposal at an MSWLF unit. The hazardous waste
exclusion program is not intended to identify whether regulated hazardous waste or
PCB waste was received at the MSWLF unit. Commercial or industrial sources of
PCB wastes that should be addressed by the program include:

e Mineral oil and dielectric fluids containing PCBs;

Contaminated soil, dredged material, sewage sludge, rags, and other debris from
a release of PCBs;

Transformers and other electrical equipment containing dielectric fluids; and
Hydraulic machines.

The owner or operator is required to implement a program to detect and exclude
regulated hazardous wastes and PCBs from disposal in the MSWLF unit(s). This
program must include elements for:

Random inspections of incoming loads or other prevention methods;
Maintenance of inspection records;

Facility personnel training; and

Notification to appropriate authorities if hazardous wastes or PCB wastes are
detected.

e Each of these program elements is discussed separately on the following pages.

Ideally, all loads should be screened; however, it is generally not practical to inspect
in detail all incoming loads. An inspection is typically a visual observation of the
incoming waste loads by an individual who is trained to identify regulated hazardous
or PCB wastes that would not be acceptable for disposal at the MSWLF unit. An
inspection flowchart to identify, accept, or refuse solid waste is provided as Fig. 9.%

The waste should be carefully spread for observation using a front-end loader or
other piece of equipment. Personnel should be trained to identify suspicious wastes.
Some indications of suspicious wastes are:

e Hazardous placards or marking;
e Liquids;
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Waste Inspected by
Personnel trained to
Recognize Hazardous
Wastes Prior to Delivery at
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! !

Return to Working Manifest and Transport
Face and Dispose Wastes to a Facility
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(i.e. A Facility with a RCRA
Permit or
Interim Status in USA)

\

Record
Inspection

Record Inspection and
Notify State Authority

Figure 9. Hazardous Waste Inspection Decision Tree (Inspection Prior to Working Face).?

Powders or dusts;

Sludges;

Bright or unusual colors;

Drums or commercial size containers; or

Chemical odors.

The owner or operator should develop specific procedures to be followed when
suspicious wastes are discovered. The procedure should include the following points:

e Segregate the wastes;
e Question the driver;
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Review the manifest (if applicable);

Contact possible source;

Call the appropriate state or federal agencies;
Use appropriate protective equipment;
Contact laboratory support if required; and
Notify a response agency if necessary.

Hazardous waste may be stored at the MSWLF facility for 90 days to fulfill the
following requirements, which are:

The waste is placed in tanks or containers;

The date of receipt of the waste is clearly marked and visible on each container;
The container or tank is marked clearly with the words “Hazardous Waste”;

An employee is designated as the emergency coordinator who is responsible for
coordinating all emergency response measures; and

The name and telephone number of the emergency coordinator and the number
of the fire department is posted next to the facility phone.

PCB wastes detected at an MSWLF facility must be stored and disposed. Therefore,
the owner or operator is required to:

Obtain an EPA PCB identification number;

Properly store the PCB waste;

Mark containers or items with the words “Caution: Contains PCBs”; and
Manifest the PCB waste for shipment to a permitted incinerator, chemical waste
landfill, or high-efficiency boiler (depending on the nature of the PCB waste) for
disposal.

3.3. Cover Material Requirement

There are three types of covers those are used in an MSWLF:

1.

2.

Daily cover — This is a layer of soil that is placed on top of the landfill at the
end of each day.

Intermediate cover — This cover is used on the top areas of a landfill that will
not be used for a long period (about two years or more). Covering the parts of a
landfill that are not used will reduce the amount of liquid that will accumulate in
the landfill, since any water that accumulates on the surface of an intermediate
cover is allowed to run off the site and onto the surrounding land. Intermediate
covers are usually made from any type of soil that is available at the landfill site.
The thickness of the intermediate cover is approximately 12", twice as much as
is used for the daily cover. Vegetation is usually allowed to grow on top of the
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cover as protection against erosion. When the area is to be used again for dumping
waste, the vegetation is scraped off.

3. Final cover — The final cover on a landfill is meant to seal the landfill and to
reduce the amount of water that will enter the landfill after it is closed. It usually
consists of five layers of material.

Owners and operators of new MSWLF units, existing MSWLF units, and lateral
expansions are required to cover solid waste at the end of each operating day with
six inches of earthen material. This cover material requirement is not related to the
final cover required. The placement of six inches of cover controls disease vectors
(i.e. birds, insects, or rodents that represent the principal transmission pathway of
a human disease) by preventing egress from the waste and by preventing access
to breeding environments or food sources. Covering also reduces exposure of com-
bustible materials to ignition sources and may reduce the spread of fire if the disposed
waste burns. Odors and blowing litter are reduced by eliminating the direct contact of
wind and disposed waste. Similarly, scavenging is reduced by removing the waste
from observation. Should these unwanted effects of inadequate cover persist, the
owner or operator may increase the amount of soil used or apply it more frequently.
Any soil type can meet the requirements of the regulation when placed in a six-inch
layer.

Some alternative materials are also allowed for daily cover. There are no
numerical requirements for the alternative cover; rather, the alternative cover must
control disease vectors, fires, odors, blowing litter, and scavenging without pre-
senting a threat to human health and the environment. Some suggested methods for
demonstrating alternative covers are: (i) side-by-side (six inches of earthen mate-
rials and alternative cover) test pads; (ii) full-scale demonstration; and (iii) short-term
full-scale tests. Alternative daily cover materials may include indigenous materials
or commercially available materials. Indigenous materials are those materials that
would be disposed as waste; therefore, using these materials is an efficient use of
landfill space. Examples of indigenous materials include:

e Ash from municipal waste combustors and utility companies;

e Compost-based material;

e Foundry sand from the manufacturing process of discarding used dies;

e Yard waste such as lawn clippings, leaves, and tree branches;

o Sludge-based materials (i.e., sludge treated with lime and mixed with ash or soil);
e Construction and demolition debris (which has been processed to form a slurry);
e Shredded automobile tires;
e Discarded carpets; and
e Grit from municipal wastewater treatment plants.
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Some of the types of commercially available daily cover materials include:

e Foam that usually is sprayed on the working face at the end of the day;

e Geosynthetic products such as a tarp or fabric panel that is applied at the end of
the working day and removed at the beginning of the following working day; and

e Slurry products (e.g., fibers from recycled newspaper and wood chip slurry, clay
slurry).

Other criteria to consider when selecting an alternative daily cover material include
availability and suitability of the material, equipment requirements, and cost. The
temporary climatic waiver of the cover requirement is available only to owners or
operators in some specific climatic conditions. Activities that may be affected by
extreme seasonal climatic conditions include:

e Obtaining cover soil from a borrow pit;
e Transporting cover soil to the working face; or
e Spreading and compacting the soil to achieve the required functions.

Extremely cold conditions may prevent the efficient excavation of soil from a borrow
pit or the spreading and compaction of the soil on the waste. Extremely wet conditions
(e.g., prolonged rainfall, flooding) may prevent transporting cover soil to the working
face and may make it impractical to excavate or spread and compact. The duration
of waivers may be as short as one day for unusual rain storms, or as long as several
months for extreme seasonal climatic conditions.

3.4. Disease Vector Control

Disease vectors such as rodents, birds, flies, and mosquitoes typically are attracted
by putrescent waste and standing water, which act as food source and breeding
ground. Putrescent waste is solid waste that contains organic matter (such as food
waste) capable of being decomposed by microorganisms. An MSWLF facility typ-
ically accepts putrescent wastes. Application of cover at the end of each operating
day generally is sufficient to control disease vectors; however, other vector control
alternatives may be required. These alternatives could include: reducing the size of
the working face; other operational modifications (i.e., increasing cover thickness,
changing cover type, density, placement frequency, and grading); repellents, insecti-
cides, or rodenticides; composting or processing of organic wastes prior to disposal;
and predatory or reproductive control of insect, bird, and animal populations.
Mosquitoes, for example, are attracted by standing water found at MSWLFs,
which can provide a potential breeding ground after only three days. Water generally
collects in surface depressions, open containers, exposed tires, ponds resulting from
soil excavation, leachate storage ponds, and siltation basins. Landfill operations
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that minimize standing water and that use an insecticide spraying program ordi-
narily are effective in controlling mosquitoes. Vectors may reach the landfill facility
not only from areas adjacent to the landfill, but through other modes conducive to
harborage and breeding of disease vectors. Such modes may include residential and
commercial route collection vehicles and transfer stations. These transport modes
and areas also should be included in the disease vector control program if disease
vectors at the landfill facility become a problem. Keeping the collection vehicles and
transfer stations covered; emptying and cleaning the collection vehicles and transfer
stations; using repellents, insecticides, or rodenticides; and reproductive control are
all measures available to reduce disease vectors in these areas.

3.5. Explosive Gases Control

Landfill gases are the result of microbial decomposition of solid waste. Gases pro-
duced include methane (CHy), carbon dioxide (CO,), and lesser amounts of other
gases [i.e. hydrogen (H), volatile organic compounds (VOCs), and hydrogen sulfide
(H,S)].2* Methane gas, the principal component of natural gas, is generally the
primary concern in evaluating landfill gas generation, as it is odorless and highly
combustible. Typically, H gas is present at much lower concentrations. H gas forms
as decomposition progresses from the acid production phase (i.e. aerobic condition)
to the methanogenic phase (i.e. anaerobic condition). While H is explosive and is
occasionally detected in landfill gas, it readily reacts to form CHy4 or H,S. The H,S
is toxic and is readily identified by its “rotten egg” smell at a threshold concentration
near 5 ppb (parts per billion). Figure 10> illustrates MSWLFs gas generation and
emission illustrate in different phase conditions.

The accumulation of CH4 in MSWLF structures can potentially result in fire
and explosions that can endanger employees, users of the disposal site, and occu-
pants of nearby structures, or cause damage to landfill containment structures.
These hazards are preventable through monitoring and through corrective action
should CHy gas levels exceed specified limits in the facility structures (i.e. excluding
gas control or recovery system components), or at the facility property boundary.
Therefore, MSWLF facility owners and operators must comply with the following
requirements:

e Monitor at least quarterly;

e Take immediate steps to protect human health in the event of CHy gas levels
exceeding 25% of the lower explosive limit (LEL) in facility structures, such as
evacuating the building;

e Notify the concern authorities if CHy levels exceed 25% of the LEL in facility
structures or exceed the LEL at the facility property boundary;
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Figure 10. Gas Generation and Emissions in Different Landfill Phase Conditions.?

e Within seven days of detection, place in the operating record documentation that
CH, gas concentrations exceeded the criteria, along with a description of imme-
diate actions taken to protect human health; and

e Within 60 days of detection, implement a remediation plan for the CH, gas
releases, notify the concern authorities, and place a copy of the remediation plan
in the operating record.

Landfill gas production rates vary spatially within a landfill unit because of pockets
of elevated microbial activity but, due to partial pressure gradients, differences in gas
composition are reduced as the gases commingle within and outside the landfill unit.
Although CHy4 gas is lighter than air and CO; is heavier, these gases are concurrently
produced at the microbial level and will not separate by their individual density. These
gases will remain mixed and migrate according to the density gradients between the
landfill gas and the surrounding gases (i.e., a mixture of CH4 and CO; in a landfill unit
or in surrounding soil will not separate by rising and sinking respectively, but will
migrate as a mass in accordance with the density of the mixture and other gradients
such as temperature and partial pressure). When undergoing vigorous microbial
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production, gas pressures on the order of 1-3 inches of water [a barometric pressure
change of 2” of mercury is equivalent to 27.2” of water] relative to atmospheric
pressure are common at landfill facilities, with much higher pressures occasionally
reported. Negative gas pressures are commonly observed and are believed to occur
because of the delayed response within a landfill unit to the passage of a high-
pressure system outside the landfill unit. Barometric highs will tend to introduce
atmospheric oxygen into surface soils in shallow portions of the landfill unit, which
may alter microbial activity, particularly methane production and gas composition.
Migration of landfill gas is caused by concentration gradients, pressure gradients,
and density gradients. The direction in which landfill gas will migrate is controlled
by the driving gradients and gas permeability of the porous material through which
it is migrating. Figure 11?3 illustrates the potential effects of surrounding geology
on gas migration.

Generally, landfill gas will migrate through the path of least resistance. Coarse
and porous soils such as sand and gravel will allow greater lateral migration or
transport of gases than finer-grained soils. Moreover, resistance to landfill gas flow
increases, as moisture content increases and, therefore, an effective barrier to gas
flow can be created under saturated conditions. Thus, readily drained soil conditions,
such as sands and gravels above the water table, may provide a preferred flow-path,
but unless finer-grained soils are fully saturated, landfill gases also can migrate in
a “semi-saturated” zone. While geomembranes (i.e. synthetic) may not eliminate

Clay or Synthetic Cap Clay Soil, Frozen or
(Low Permeability) Saturate Soil or Pavement

(Low Permeability) PN

Sand and Gravel Soil
(Low Permeability)

EXTENSIVE LATERAL MIGRATION

Clay or Synthetic Liner B
(Low Permeability) Daily Cover

(High Permeability) /\

A A '

Clay Soil
(Low Permeability)

EXTENSIVE VERTICAL MIGRATION

Figure 11. Potential Effects of Surrounding Geology on Gas Migration23: (a) Extensive Lateral
Migration and (b) Extensive Vertical Migration.
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landfill gas migration, landfill gas in a closed MSWLF unit will tend to migrate
laterally if the final cover contains a geomembrane (i.e. synthetic) and if the side
slopes of the landfill do not contain an effective gas barrier. Lateral gas migration is
more common in older facilities that lack appropriate gas control systems. The degree
of lateral migration in older facilities also may depend on the type of natural soils
surrounding the facility. Stressed vegetation may indicate gas migration. Landfill
gas present in the soil atmosphere tends to make the soil anaerobic by displacing
the oxygen, thereby asphyxiating the roots of plants. The higher the concentration
of combustible gas and/or CO, and the lower the amount of oxygen are, the greater
will be the extent of damage to vegetation.

3.5.1. Gas Monitoring

The owner or operator of an MSWLF unit/facility must implement routine CH4 gas
monitoring program to comply with the LEL requirements for CH4. The CHy is
explosive when present in the range of 5-15% by volume in air. When present in air
at concentrations greater than 15%, the mixture will not explode. This 15% threshold
value is the upper explosive limit (UEL). The UEL is the maximum concentration
of a gas or vapor above which the substance will not explode when exposed to a
source of ignition. The explosive hazard range is between the LEL and the UEL.
However, CH4 concentrations above the UEL remain a significant concern; fire and
asphyxiation can still occur at these levels. In addition, even a minor dilution of the
methane by increased ventilation can bring the mixture back into the explosive range.
To demonstrate compliance, the owner/operator would sample air within facility
structures where gas may accumulate and in soil at the property boundary. Other
monitoring methods may include: (1) sampling gases from probes within the landfill
unit or within the LCS or (2) sampling gases from monitoring probes installed in soil
between the landfill unit and either the property boundary or structures where gas
migration may pose a danger. A typical gas-monitoring probe installation is depicted
in Fig. 12.3

Although collection of data, such as water presence and level, gas probe pressure,
ambient temperature, barometric pressure, and the occurrence of precipitation during
sampling, provides useful information in assessing monitoring results. For example,
falling barometric pressure may cause increased subsurface (gas) pressures and cor-
responding increased methane content as gas more readily migrates from the landfill.
Gas probe pressure can be measured using a portable gauge capable of measuring
both vacuum and pressure in the range of 0-5 inches of water pressure (or other
suitable ranges for pressure conditions); this pressure should be measured prior
to methane measurement or sample collection in the gas probe. A representative
sample of formation (subsurface) gases can be collected directly from the probe.
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Figure 12. Typical Gas Monitoring Probe.23

Purging typically is not necessary due to the small volume of the probe. A water
trap is recommended to protect instrumentation that is connected directly to the gas
probe. After measurements are obtained, the gas probe should be capped to reduce
the effects of venting or barometric pressure variations on gas composition in the
vicinity of the probe.

The frequency of monitoring should be sufficient to detect landfill gas migration
based on subsurface conditions and changing landfill conditions such as partial or
complete capping, landfill expansion, gas migration control system operation or
failure, construction of new or replacement structures, and changes in landscaping
or land use practices. The rate of landfill gas migration because of these anticipated
changes and the site-specific condition provides the basis for establishing moni-
toring frequency. Monitoring is to be conducted at least quarterly. The number and
location of gas probes is also site-specific and highly dependent on subsurface con-
ditions, land use, and location and design of facility structures. Monitoring for gas
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migration should be within the more permeable strata. Multiple or nested probes are
useful in defining the vertical configuration of the migration pathway. Structures with
basements or crawl spaces are more susceptible to landfill gas infiltration. Elevated
structures are typically not at risk.

Measurements are usually made in the field with a portable methane meter,
explosimeter, or organic vapor analyzer. Gas samples also may be collected in glass or
metal containers for laboratory analysis. Instruments with scales of measure in “per-
centage of LEL” can be calibrated and used to detect the presence of methane. Instru-
ments of the hot-wire Wheatstone bridge type (i.e., catalytic combustion) directly
measure combustibility of the gas mixture withdrawn from the probe. The thermal
conductivity type meter is susceptible to interference as the relative gas composition
and, therefore, the thermal conductivity, changes. Field instruments should be cali-
brated prior to measurements and should be rechecked after each day’s monitoring
activity.

Laboratory measurements with organic vapor analyzers or gas chromatographs
may be used to confirm the identity and concentrations of gas. In addition to mea-
suring gas composition, other indications of gas migration may be observed. These
include odor (generally described as either a “sweet” or a rotten egg (H,S) odor),
vegetation damage, septic soil, and audible or visual venting of gases, especially
in standing water. Exposure to some gases can cause headaches and nausea. If
methane concentrations are in excess of 25% of the LEL in facility structures or
exceed the LEL at the property boundary, the danger of explosion is imminent.
Immediate action must be taken to protect human health from potentially explosive
conditions. All personnel should be evacuated from the area immediately. Venting
the building upon exit (e.g., leaving the door open) is desirable but should not replace
evacuation procedures.

As per regulations of US EPA, owners and operators in unapproved states have
60 days after exceeding the CH, level to prepare and implement a remediation plan.
The remediation plan should describe the nature and extent of the CH4 problem as
well as a proposed remedy. To comply with this 60-day schedule, an investigation
of subsurface conditions may be needed in the vicinity of the monitoring probe
where the criterion was exceeded. The objectives of this investigation should be to
describe the frequency and lateral and vertical extents of excessive CH4 migration
(which exceeds the criterion). Such an investigation also may yield additional char-
acterization of unsaturated soil within the area of concern. The investigation should
consider possible causes of the increase in gas concentrations such as landfill opera-
tional procedures, gas control system failure or upset, climatic conditions, or closure
activity. Based on the extent and nature of the excessive CH4 migration, a remedial
action should be described, if the exceedance is persistent, that can be implemented
within the prescribed schedule. The 60-day schedule does not address the protection
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of human health and the environment. The owner or operator still must take all steps
necessary to ensure protection of human health, including interim measures.

3.5.2. Landfill Gas Control System

Landfill gas may vent naturally or be purposely vented to the atmosphere by vertical
and/or lateral migration controls. Systems used to control or prevent gas migration
are categorized as either passive or active systems.

3.5.2.1. Passive systems

Passive gas control systems rely on natural pressure and convection mecha-
nisms to vent landfill gas to the atmosphere. Passive systems typically use
“high-permeability” or “low-permeability” techniques, either singularly or in com-
bination for a site. High-permeability systems use conduits such as ditches, trenches,
vent wells, or perforated vent pipes surrounded by coarse soil to vent landfill gas to
the surface and the atmosphere. Low-permeability systems block lateral migration
through barriers such as synthetic membranes and high moisture-containing fine-
grained soils. Passive systems may be incorporated into a landfill design or may be
used for remedial or corrective purposes at both closed and active landfills. They
may be installed within a landfill unit along the perimeter, or between the landfill
and the disposal facility property boundary. A passive system may be incorporated
into the final cover system of a landfill closure design and may consist of perforated
gas collection pipes, high-permeability soils, or high-transmissivity geosynthetics
located just below the low-permeability gas and hydraulic barrier or infiltration layer
in the cover system. These systems may be connected to vent pipes that vent gas
through the cover system or that are connected to header pipes located along the
perimeter of the landfill unit. Figure 13%* illustrates a passive system. The landfill
gas collection system also may be connected with the LCS to vent gases in the
headspace of leachate collection pipes.

Some problems have been associated with passive systems. For example, snow
and dirt may accumulate in vent pipes, which will be preventing gas from venting.
Vent pipes at the surface are susceptible to clogging by vandalism. Biological
clogging of the system is also more common in passive systems.

3.5.2.2. Active systems

Active gas control systems use mechanical means to remove landfill gas and consist of
either positive pressure (air injection) or negative pressure (extraction) systems. Pos-
itive pressure systems induce a pressure greater than the pressure of the migrating gas
and drive the gas out of the soil and/or back to the landfill unit in a controlled manner.
Negative pressure systems extract gas from a landfill by using a blower to pull gas out
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Figure 14. Schematic Diagram of a Ground-based Landfill Gas Flare.23

of the landfill. Negative pressure systems are more commonly used because they are
more effective and offer more flexibility in controlling gas migration. The gas may
be recovered for energy conversion, treated, or combusted in a flare system. Typical
components of a flare system showed in Fig. 14.23 Negative pressure systems may
be used as either perimeter gas control systems or interior gas collection/recovery
systems.

An active gas extraction well is depicted in Fig. 15%* and Table 9% presents
some guidelines for construction of vertical gas collection systems. Gas extraction
wells may be installed within the landfill waste. A perimeter extraction trenches
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system is illustrated in Fig. 16.?*> One possible configuration of an interior gas col-
lection/recovery system is illustrated in Fig. 17.%3

The performance of active systems is not as sensitive to freezing or saturation of
cover soils as that of passive systems. Although active gas systems are more effective
in withdrawing gas from the landfill, capital, operation, and maintenance costs of
such systems will be higher and these costs can be expected to continue throughout



224 H.A. Aziz et al.

Table 9. Guidelines for Construction of Vertical Gas Collection Systems.26
Parameter Recommendation
Well depth 75% of depth or to water table, whichever come first
Perforations Bottom 1/3 to 2/3
Casing 3-8in. PVC or HDPE, telescoping well joint
Spacing (on center) Interior collection system 200-500 ft, perimeter collection
system 100-250 ft
Well density One well per % to 2 acres
Minimum gas collection 3%
piping slope
Well bore diameter 12-361n. is standard (24, 30, and 36 inches most common)

Existing Cover

Existing Cover

Geotextile Washed Gravel

o o

\— Bottom of Trench Excavation

Figure 16. Schematic Diagram of a Perimeter Excavation Trench System.23

the post-closure period. At some future time, owners and operators may wish to
convert active gas controls into passive systems when gas production diminishes.
The conversion option and its environmental effect (i.e., gas release causing odors
and health and safety concerns) should be addressed in the original design.

Suitability of the systems is based on the design and age of the landfill unit and
on the soil, hydrogeologic, and hydraulic conditions of the facility and surrounding
environment. Because of these variables, both systems have had varying degrees
of success. Passive systems may be used in conjunction with active systems. An
example of this may be the use of a low-permeability passive system for the closed
portion of a landfill unit (for remedial purposes) and the installation of an active
system in the active portion of the landfill unit (for future use).
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Selection of construction materials for either type of gas control system should
consider the elevated temperature conditions within a landfill unit as compared to
the ambient air or soil conditions in which gas control system components are con-
structed. Because ambient conditions are typically cooler, water-containing corrosive
and possibly toxic waste constituents may be expected to condense. This condensate
should be considered in selecting construction materials. Provisions for managing
this condensate should be incorporated to prevent accumulation and possible failure
of the collection system. The condensate can be returned to the landfill unit if the
landfill is designed with a composite liner and LCS. The owners/ operators of certain
landfill facilitated to install gas collection and control systems to reduce the emis-
sions of nonmethane organic compounds (NMOCs). For new MSWLF units, as well
as for those units that have a design capacity greater than 111,000 tons, a gas col-
lection and control system must be installed if emissions evaluations indicate that
the NMOC emissions rate is 150 MG/year (167 tons per year) or greater. Allowable
control systems include open and enclosed flares, and on-site or off-site facilities
that process the gas for subsequent sale or use.

3.6. Air Monitoring

Air pollution control requirements are essential prerequisite for construction of
MSWLF units. The owner or operator of an MSWLF unit should consult the
concern stakeholders/agencies those are responsible for air pollution control criteria.
As per regulation of US EPA in United State, State Implementation Plan (SIP) of
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the Clean Air Act is the concern regulation for clean air criteria. The SIP may
include variances, permits, or exemptions for burning agricultural wastes, silvicul-
tural wastes, land-clearing debris, diseased trees, or debris from emergency clean-up
operations. Routine burning of wastes is banned in all cases, and the SIP may limit
burning of waste such as agricultural wastes to certain hours of the day; days of the
year; designated burn areas; specific types of incinerators; atmospheric conditions;
and distance from working face, public thoroughfares, buildings, and residences.
Requirements under the SIP also may include notifying applicable state or local
agencies whose permits may:

e restrict times when limited burning of waste may occur;
e specify periods when sufficient fire protection is deemed to be available; or
e limit burning to certain areas.

Open burning is defined as the combustion of solid waste:

e without control of combustion air to maintain adequate temperature for efficient
combustion;

e without containment of the combustion reaction in an enclosed device to provide
sufficient residence time and mixing for complete combustion; and

e without the control of the emission of the combustion products.

Trench or pit burners and air curtain destructors are considered open burning units,
because the particulate emissions are similar to particulate emissions from open
burning, and these devices do not control the emission of combustion products.

3.7. Facility Access

Owners and operators are required to control public access to prevent illegal
dumping, public exposures to hazards at MSWLF units, and unauthorized vehicular
traffic. Frequently, unauthorized persons are unfamiliar with the hazards associated
with landfill facilities and consequences of uncontrolled access may include injury
and even death. Potential hazards are related to inability of equipment operators
to see unauthorized individuals during operation of equipment and haul vehicles;
direct exposure to waste (i.e. sharp objects and pathogens); inadvertent or delib-
erate fires; and earth-moving activities. Acceptable measures used to limit access of
unauthorized persons to the disposal facility include gates and fences, trees, hedges,
berms, ditches, and embankments. Chain link, barbed wire added to chain link, and
open farm-type fencing are examples of fencing that may be used. Access to facilities
should be controlled through gates that can be locked when the site is unsupervised.
Gates may be the only additional measure needed at remote facilities.
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3.8. Run-on/Run-off Control Systems

Existing MSWLF units, lateral expansions, and new MSWLF unit owner or operator
is required to prevent run-on onto the active portion of the landfill units and to collect
and control run-off from the active portion for a 24-h operation, 25-year storm.
Management of run-off must comply with the point and nonpoint source discharge
requirements of the Clean Water Act (CWA) regulations in the United States.

If stormwater enters the landfill unit and contacts waste (including water within
daily cover), the stormwater becomes leachate and must be managed as leachate.
The purpose of a run-on control system is to collect and redirect surface waters
to minimize the amount of surface water entering the landfill unit. Run-on control
can be accomplished by constructing berms and swales above the filling area that
will collect and redirect the water to stormwater control structures. Run-off control
systems are designed to collect and control this run-off from the active portion of the
landfill, including run-off from areas that have received daily cover, which may have
contacted waste materials. Run-off control can be accomplished through stormwater
conveyance structures that divert this run-off/leachate to the leachate storage
device.

After a landfill unit has been closed with a final cover, stormwater run-off from
this unit can be managed as stormwater and not as leachate. Therefore, waters running
off the final cover system of closed areas may not require treatment and generally
can be combined with run-on waters. For landfills with steep side slopes, a bench
system may provide the best solution for run-off control. A bench creates a break
in the slope where the velocity of the stormwater run-off is expected to become
erosive. The bench converts sheet flow run-off into channel flow. Benches typically
are spaced 30-50ft apart up the slope. An alternative to benches is a system of
down-chutes whereby stormwater is collected off the top of the landfill and con-
veyed down the slope through a pipe or channel. Caution should be taken not to
construct downchutes with heavy material because of possible subsidence. Corru-
gated metal pipes or plastic-lined channels are examples of lightweight materials that
can be used for downchute construction. Run-on and run-off control systems must
be designed based on a 24-h operation, 25-year storm. Alternatively, local meteoro-
logical data can be analyzed to estimate the criterion storm. To estimate run-on, the
local watershed should be identified and evaluated to document the basis for run-on
design flows. The soil conservation service (SCS) method and/or the rational method
are generally adequate for estimating storm flows for designing run-on and/or run-
off control systems. The SCS method estimates run-off volume from accumulated
rainfall and then applies the run-off volume to a simplified triangular unit hydrograph
for peak discharge estimation and total run-off hydrograph. The rational method
approximates the majority of surface water discharge supplied by the watershed
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upstream from the facility. The rational method generally is used for areas of less than
200 acres.

In the USA, run-on and run-off managed in accordance with the requirements of
the CWA including, but not limited to, the National Pollutant Discharge Elimination
System (NPDES). Run-on/run-off control structures, both temporary and permanent,
may be incorporated into the system design. Other structures (not mentioned above)
most frequently used for run-on/run-off control are waterways, seepage ditches,
seepage basins, and sedimentation basins.

3.9. Surface Water Requirements

MSWLF units shall not cause a discharge of pollutants into waters including wet-
lands, which violates any requirements of the CWA including but not limited to the
NPDES requirements in the USA. An MSWLF unit(s) that has a point source [i.e.
any discernible, confined, and discrete conveyance, including but not limited to any
pipe, ditch, channel, tunnel, conduit, well, discrete fissure, container, rolling stock,
concentrated animal feeding operation, landfill LCS, vessel or other floating craft
from which pollutants are or may be discharged. This term does not include return
flows from irrigated agriculture or agricultural storm water run-off 1*"-*® discharge
must have an NPDES permit. Point source discharges for landfills include, but are
not limited to:

(1) the release of leachate from a leachate collection or on-site treatment system
into the waters of the United States;

(2) disposal of solid waste into waters of the United States; or

(3) release of surface water (stormwater) run-off that is directed by a run-off control
system into the waters.

Leachate that is piped or trucked off-site to a treatment facility is not regarded as a
point source discharge. Owners/operators also should be aware that there are reg-
ulations promulgated pursuant to the CWA regarding stormwater discharges from
landfill facilities. These regulations require stormwater discharge permit applications
to be submitted by certain landfills, i.e. both uncontrolled and controlled sanitary
landfills. “Uncontrolled sanitary landfills” are defined as landfills or open dumps
that do not meet the requirements for run-on or run-off controls that are found in
the MSWLEF criteria. “Controlled sanitary landfills” are those that do meet the run-
on and run-off requirements. Uncontrolled sanitary landfills owned or operated by
municipalities of less than 100,000 (population) must submit for permit application
for their stormwater discharge or obtain coverage under a general permit. For con-
trolled sanitary landfills owned or operated by a municipality with a population
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less than 100,000, there is no requirement to submit a stormwater discharge permit
application. However, a permit is required for municipalities with a population less
than 250,000 that own or operate a municipal landfill.

3.10. Liquids Restrictions

The owner or operator is prohibited from placing bulk or noncontainerized liquid
waste or containerized liquid waste into the MSWLF unit. Liquids from households
are exempted whereas tank trucks of wastes are not. The restriction of bulk or con-
tainerized liquids is intended to control a source of liquids that may become a source
of leachate. Liquid waste refers to any waste material that is determined to contain
free liquids as defined by method of paint filter liquids test. The paint filter test is
performed by placing a 100-ml sample of waste in a conical, 400-um paint filter.
The waste is considered a liquid waste if any liquid from the waste passes through
the filter within 5-min. The apparatus used for performing the paint filter test is
illustrated in Fig. 18.%3

If the waste is considered a liquid waste, absorbent materials may be added
to render a “solid” material (i.e., waste/absorbent mixture that no longer fails the
paint filter liquids test). One common waste stream that may contain a significant
quantity of liquid is sludge. Sludge is a mixture of water and solids that has been
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Figure 18. Schematic Arrangement of Paint Filter Test Apparatus.
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concentrated from, and produced during, water and wastewater treatments. Sludges
may be produced because of providing municipal services (i.e., potable water supply,
sewage treatment, storm drain maintenance) or commercial or industrial operations.
Sewage sludge is a mixture of organic and inorganic solids and waters, removed from
wastewater containing domestic sewage. Sludge disposal is acceptable provided the
sludge passes the paint filter test.

Owners and operators of MSWLF units may return leachate and gas condensate
generated from a gas recovery process to the MSWLE, provided the MSWLF unit
has been designed and constructed with a composite liner and LCS. With some con-
ditions, leachate and landfill gas condensate may allow recirculation in MSWLF
units with alternative designs. Recirculating leachate or landfill gas concentrate may
require demonstrating that the added volume of liquid will not increase the depth of
leachate on the liner to more than 30 cm. Returning gas condensate to the landfill
unit may represent a reasonable long-term solution for relatively small volumes
of condensate. Gas condensate recirculation can be accomplished by pumping the
condensate through pump stations at the gas recovery system and into dedicated
drain fields (buried pipe) atop the landfill, or into other discharge points (i.e., wells).
Because gas condensate may be odorous, spray systems for recirculation are not
used unless combined with leachate recirculation systems.?>?® Leachate recircu-
lation to an MSWLF unit has been used as a measure for managing leachate or
as a means of controlling and managing liquid and solid waste decompositions.
Leachate recirculation can be accomplished in the same manner as recirculation of
landfill gas condensate. Because of the larger volume, however, discharge points
may not be as effective as drain-fields. In some cases, discharge points have been a
source of odor. In addition, a discharge point may not allow for dissipation of the
leachate.?

3.11. Recordkeeping Requirements

The owner or operator of an MSWLF unit must record and retain near the facility in
an operating record or in an alternative location. The owner or operator is required
to maintain records of demonstrations, inspections, monitoring results, design
documents, plans, operational procedures, notices, cost estimates, and financial
assurance documentation. The recordkeeping requirements are intended to be self-
implementing of the MSWLF as per the regulations of the authorities. Recordkeeping
at the landfill facility should include the following:

(a) Location restriction demonstrations are required for any location restrictions.
The location restrictions apply to airports, floodplains, wetlands, fault areas,
seismic impact zones, and unstable areas.
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Inspection records, training procedures, and notification procedures include:
date and time wastes were received during the inspection; names of the trans-
porter and the driver; source of the wastes; vehicle identification numbers; and all
observations made by the inspector. Training records should include procedures
used to train personnel on hazardous waste and on PCB waste recognition.
Gas monitoring results and any remediation plans: if gas levels exceed 25% of
the LEL for methane in any facility structures or exceed the LEL for methane at
the facility boundary, the owner or operator must place in the operating record,
within seven days, the methane gas levels detected, and a description of the
steps taken to protect human health. Within 60 days of detection, the owner or
operator must place a copy of the remediation plan used for gas releases in the
operating record.

MSWLF unit design documentation for placement of leachate or gas condensate
in an MSWLF unit: if leachate and/or gas condensate are recirculated into the
MSWLF unit, documentation of a composite liner and an LCS capable of main-
taining a maximum of 30 cm of leachate head in the MSWLF unit must be placed
in the operating record.

Demonstration, certification, monitoring, testing, or analytical finding required
by the groundwater criteria: documents to be placed in the operating record
include: (i) documentation of design, installation, development, and decom-
mission of any monitoring wells, piezometers, and other measurement, sam-
pling, and analytical devices; (ii) certification by a qualified groundwater
scientist of the number, spacing, and depths of the monitoring systems; (iii) doc-
umentation of sampling and analysis programs and statistical procedures;
(iv) notice of finding a statistically significant increase over background for
one or more of the constituents at any monitoring well at the waste management
unit boundary or the relevant point of compliance; (v) certification by experts
that an error in sampling, analysis, statistical evaluation, or natural variation in
groundwater caused an increase (false positive) the level of the contamination;
(vi) anotice identifying any constituents that have been detected in groundwater
and their concentrations; (vii) a notice identifying the constituents that have
exceeded the GWPS; (viii) a certification by experts that a source other than
the MSWLF unit caused the contamination or an error in sampling, analysis,
statistical evaluation, or natural groundwater variation caused a statistically sig-
nificant increase (false positive); (ix) the remedies selected to remediate ground-
water contamination; and (x) certification of remediation completion.

Closure and post-closure plans and any monitoring, testing, or analytical data
associated with these plans: the landfill facility owner or operator is required
to place a copy of the closure plan, post-closure plan, and a notice of intent
to close the facility in the operating record. Monitoring, testing, or analytical
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data associated with closure and post-closure information generated from
groundwater and landfill gas monitoring must be placed in the operating record.
A copy of the notation on the deed to the MSWLF facility property, as required
following closure, along with certification and verification that closure and post-
closure activities have been completed in accordance with their respective plans,
also must be placed in the operating record.

(g) Estimates and financial assurance documentation required. The following doc-
uments must be placed in the operating record: (i) an estimate of the cost of
hiring a third party to close the largest area of all MSWLF units that will require
final cover; (ii) justification for the reduction of the closure cost estimate and
the amount of financial assurance (if appropriate); (iii) a cost estimate of hiring
a third party to conduct post-closure care; (iv) the justification for the reduction
of the post-closure cost estimate and financial assurance (if appropriate); (v) an
estimate and financial assurance for the cost of a third party to conduct corrective
action, if necessary; and (vi) a copy of the financial assurance mechanisms.

4. Design Criteria

4.1. General Overview

New MSWLF facilities and lateral expansions of existing units must comply with
either a design standard or a performance standard for landfill design. The design
standard requires a composite liner composed of two feet of soil with a hydraulic
conductivity of no more than 1 x 10~7 cm/s, overlain by an FML and an LCS.
A performance-based design must demonstrate the capability of maintaining con-
taminant concentrations below maximum contaminant levels at the unit’s relevant
point of compliance. The performance standard has been established to allow design
innovation and consideration of site-specific conditions; however, different location
may have adopted alternative design standards according to their local conditions.
Owners/operators are advised to work closely with permitting agencies to determine
the applicable design standard.

The design considerations discussed in this chapter are intended to identify the
key design features and system components for the composite liner and LCS stan-
dards, and for the performance standard. The technical considerations included (1)
design concepts, (2) design calculations, (3) physical properties, and (4) construction
methods for the following considerations:

Designs based on the performance standard included:

e [eachate characterization and leakage assessment;
e [eachate migration and migration models; and
e Relevant point of compliance assessment.
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Composite liners and LCSs included:

e Soil liner component (soil properties laboratory testing, design, construction, and
quality assurance (QA)/quality control (QC) testing);

e FMLs (properties, design installation, and QA/QC testing);

e LCSs (strength and compatibility, grading and drainage, clogging potential, and
filtration);

e [ eachate removal systems (pumps, sumps, and standpipes); and

e Inspections (field observations and field and laboratory testing).

The following sub-sections address the minimum regulatory requirements that
should be considered during the design, construction, and operation of MSWLF
units to ensure that they perform in a manner protective of human health and the
environment. Additional features or procedures may be used to demonstrate con-
formance with the regulations or to control leachate release and subsequent effects.
For example, during construction of a new MSWLF unit, or a lateral expansion
of an existing MSWLF unit, QC and QA procedures and documentation may be
used to ensure that material properties and construction methods meet the design
specifications that are intended to achieve the expected level of performance.?

4.2. Design Based on the Performance Standard

There are any design not conforming to the uniform design standard of a com-
posite liner system and an LCS for MSWLFs, therefore; the owner or operator of
the proposed MSWLF unit must demonstrate to the concern authorities that the
design will not allow the maximum concentration limit of contaminant chemicals in
groundwater at the relevant point of compliance. The demonstration should consider
an assessment of leachate quality and quantity, leachate leakage to the subsurface,
and subsurface transport to the relevant point of compliance. These factors are gov-
erned by site hydrogeology, waste characteristics, and climatic conditions. Table 10
presents the maximum contamination limit (MCL) of chemicals in the groundwater
at relevant point of compliance of an MSWLF.

The nature of the demonstration is essentially an assessment of the potential for
leachate production and leakage from the landfill to groundwater, and the antic-
ipated fate and transport of constituents listed in Table 10 to the proposed rel-
evant point of compliance at the facility. Inherent in this approach is the need to
evaluate whether contaminants in groundwater at the relevant point of compliance
will exceed the concentration values listed in Table 10. If so, then the owner or
operator needs to obtain sufficient site-specific data to adequately characterize the
existing groundwater quality and the existing groundwater flow regime (e.g., flow
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Table 10. MCL of Chemicals in the Groundwater at Relevant Point of Compliance of an MSWLF.2?

Chemical Name MCL (mg/L) Chemical Name MCL (mg/L)
Arsenic 0.05 Lead 0.05
Barium 1.0 Mercury 0.002
Benzene 0.005 Mythoxychlor 0.1
Cadmium 0.01 Nitrate 10.0
Carbon tetrachloride 0.005 Selenium 0.01
Chromium (hexavalent) 0.05 Silver 0.05
2,4-Dichlorophenoxy acetic acid 0.1 Toxaphene 0.005
1,4-Dichlorobenzene 0.075 1,1,1-Trichloroethane 0.2
1,2-Dichloroethane 0.005 Trichloroethylene 0.005
1,1-Dichloroethylene 0.007 2,4,5-Trichlorophenoxy

Endrin 0.0002 acetic acid 0.01
Fluoride 4.0 Vinyl chloride 0.002
Lindane 0.004

direction, horizontal and vertical gradients, hydraulic conductivity, stratigraphy, and
aquifer thickness).

An assessment should be made of the effect MSWLF facility construction will
have on site hydrogeology. The assessment should focus on the reduced infiltration
over the landfill area and altered surface water run-off patterns. Reduction of ground-
water recharge and changes in surface water patterns resulting from landfill con-
struction may affect groundwater gradients in some cases and may result in changes
in lateral flow directions. One example of a hypothetical performance-based demon-
stration follows. It is possible that an MSWLF unit located in an arid climatic zone
would not produce leachate from sources of water (i.e. precipitation) other than
that existing within the waste at the time of disposal. In such an environment, an
owner or operator may demonstrate that significant quantities of leachate would not
be produced. The demonstration should be supported by evaluating historic pre-
cipitation and evaporation data and the likelihood that the unit could be flooded
because of heavy rains, surface run-off, or high water tables. It may be possible,
through operational controls, to avoid exposing waste to precipitation or infiltration
of water through overlying materials. If significant leachate production would not be
expected, the regulatory authority, when reviewing the demonstration, should con-
sider the hydrogeologic characteristics of the facility and the surrounding area, in
addition to the expected volume of leachate and climatic factors. Assuming leachate
is produced, the demonstration should evaluate whether or not constituents listed in
Table 10 can be expected to be present at concentrations greater than the MCLs. If
such a demonstration is possible, it must address the hydrogeologic characteristics of
the facility and the surrounding land. The types of wastewater generated in individual
landfill in the United States are presented in Table 11.2
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Table 11. Wastewater Flows Generated by Individual Landfills in the USA.28

Minimum Maximum Industry
Type of Wastewater Number of Average Average Median
Generated Landfills  Flow (gal/day) Flow (gal/day) (gal/day)
Floor washing 70 10 5,450 743
Landfill leachate 1,989 1 533,000 5,620
Contaminated groundwater 163 6 987,000 12,800
Stormwater run-off 1,135 10 2,067,000 26,800
Landfill gas condensate 158 3 11,700 343
Recovering pumping wells 50 0.3 80,200 136
Truck/equipment washwater 416 5 15,000 118
Drained free liquids 33 1 82,000 253
Other 2 0 0 0

Total 4,016

4.2.1. Leachate Characterization and Leakage Assessment
4.2.1.1. Leachate characterization

Leachate characterization should include an assessment and demonstration of the
quantity and composition of leachate anticipated at the proposed facility. Estimates
of volumetric production rates of leachate are important in evaluating the fate and
transport of the constituents listed in Table 10. Leachate production rates depend
on rainfall, run-on, run-off, evapotranspiration, water table elevation relative to the
bottom of the landfill unit, in-place moisture content of waste, and the prevention of
liquid disposal at the site. Run-on, run-off, and water table factors can be managed
traditionally through design and operational controls. The MSWLF criteria prohibit
bulk or containerized liquid disposal. Incident precipitation and evapotranspiration
can be evaluated using models (i.e., HELP — hydraulic evaluation of landfill perfor-
mance) or other methods of estimating site-specific leachate production (i.e., local
historical meteorological data). If leachate composition data that are representative
of the proposed facility are not available, then leachate data with a similar expected
composition should be presented. Landfill leachate composition is influenced by:

e The annual infiltration of precipitation and rate of leaching;

e The type and relative amounts of materials in the waste stream; and

e The age and the biological maturity of the landfill unit, which may affect the types
of organic and inorganic acids generated, oxidation/reduction potential (Eh), and
pH conditions.

An existing landfill unit in the same region, with similar waste stream characteristics,
may provide information that will allow the owner or operator to anticipate leachate
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Table 12. Leachate Characteristics at MSWLF with Varying Age in the USA.28

MSWLF Age Group (Year in Which Landfill Facility
Began Accepting Waste), Parameters Presented
as Median Concentration

Pollutant Parameter (unit) Pre — 1980 1980 — 1990 1990 — Present (2000)

Ammonia (mg/L) 140 95 48
BOD (mg/L) 210 125 344
COD (mg/L) 596 930 3,038
TOC (mg/L) 445 377 150
TSS (mg/L) 202 49 100
Alpha terpineol (ug/L) 746 123 —

Benzoic acid (ug/L) 75 9,308 —

P-Cresol (ug/L) 25 117 —

Phenol (ng/L) 17 242 820
Chromium (pg/L) 27 31 10
Zinc (ug/L) 145 93 139

composition of the proposed landfill unit. Table 122® presents leachate characteristics
at MSWLF with varying age in the USA.

A wide range of leachate concentrations are reported in the literature with higher
concentrations of specific constituents typically reported for the initial leachate from
laboratory or field experimental test fills or test cells. These “batch” one-day landfill
tests do not account for the long-term climatic and meteorological influences on a
full-scale landfill operation. Such high initial concentrations are not typical of full-
scale operations (which are subject to the dilution effects of incidental rainfall on
unused portions of the unit).

4.2.1.2. Assessment of leakage through liners

An assessment of leakage (the volumetric release of leachate from the proposed
performance-based design) should be based on analytical approaches supported by
empirical data from other existing operational facilities of similar design, particu-
larly those that have leak detection monitoring systems. In lieu of the existence or
availability of such information, conservative analytical assumptions may be used
to estimate anticipated leakage rates.

The transport of fluids and waste constituents through geomembranes differs
in principle from transport through soil liner materials. The dominant mode of
leachate transport through liner components is flow through holes and penetra-
tions of the geomembrane, and Darcian flow through soil components. Transport
through geomembranes where tears, punctures, imperfections, or seam failures are
not involved is dominated by molecular diffusion. Diffusion occurs in response to a
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concentration gradient and is governed by Fick’s first law. Diffusion rates through
geomembranes are very low in comparison to hydraulic flow rates in soil liners,
including compacted clays. For synthetic liners, the most significant factor influ-
encing liner performance is penetration of the liner, including imperfect seams or
pinholes caused by construction defects in the geomembrane.

A relatively new product now being used in liner systems is the geosynthetic clay
liner (GCL). GCLs consist of a layer of pure bentonite clay backed by one or two
geotextiles. GCLs exhibit properties of both soil liners and geomembranes and have
successfully substituted for the soil component in composite liner designs. GCLs
are believed to transport fluids primarily through diffusion according to their low
hydraulic conductivities (i.e. 1 x 10~ cm/s reported by manufacturers). Applications
for GCLs are discussed further in the sections that follow. Table 13 presents the flow
through different liners.?%3!

Several researchers have studied the flow of fluids through imperfections in single
geomembrane and composite liner systems. Leakage assessments also may be con-
ducted with the use of the HELP model; however, the current version of the model
is under revision and will include an updated method to assess leakage that is based
on recent research and data.

4.2.2. Leachate Migration and Migration Models
4.2.2.1. Leachate migration in the subsurface

Leachate that escapes from a landfill unit may migrate through the unsaturated zone
and eventually reach the uppermost aquifer. In some instances, however, the water
table may be located above the base of the landfill unit, so that only saturated flow
and transport from the landfill unit need to be considered. Once leachate reaches the
water table, contaminants may be transported through the saturated zone to a point
of discharge (i.e. a pumping well, a stream, a lake, etc.). The migration of leachate in
the subsurface depends on factors such as the volume of the liquid component of the
waste, the chemical and physical properties of the leachate constituents, the loading

Table 13. Flow Through Different Liners.30-31

Liner Quality and Type = Holes Per Acre  Rate of Flow (gal/ac/day)  Rate of Flow (L/ha/day)

Good FML 1@ 0.1cm? 330 3,100
Excellent clay 1 x 1078 cm/s? 12 110
Poor composite 30 @ 0.1 cm? 19 180
Poor composite 1 @ 1cm? 0.8 7
Excellent FML none 0.01 0.1

4Hydraulic conductivity.
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rate, climate, and the chemical and physical properties of the subsurface (saturated
and unsaturated zones). A number of physical, chemical, and biological processes
also may influence migration. Complex interactions between these processes may
result in specific contaminants being transported through the subsurface at different
rates. Certain processes result in the attenuation and degradation of contaminants.
The degree of attenuation is dependent on the time that the contaminant is in contact
with the subsurface material, the physical and chemical characteristics of the sub-
surface material, the distance that the contaminant has traveled, and the volume
and characteristics of the leachate. Some of the key processes affecting leachate
migration are discussed briefly in the following.

4.2.2.1.1. Physical processes controlling contaminant transport
in the subsurface

Physical processes that control the transport of contaminants in the subsurface
include advection, mixing and dilution because of dispersion and diffusion,
mechanical filtration, physical sorption, multi-phase fluid flow, and fracture flow.
These processes, in turn, are affected by hydrogeologic characteristics, such as
hydraulic conductivity and porosity, and by chemical processes.

e Advection — It is the process by which solute contaminants are transported by the
overall motion of flowing groundwater. A nonreactive solute will be transported at
the same rate and in the same direction as groundwater flow. Advective transport is
chiefly a function of the subsurface hydraulic conductivity distribution, porosity,
and hydraulic gradients.

e Hydrodynamic dispersion — It is a nonsteady and irreversible mixing process by
which a contaminant plume spreads as it is transported through the subsurface.
Dispersion results from the effects of two components operating at the micro-
scopic level: mechanical dispersion and molecular diffusion. Mechanical dis-
persion results from variations in pore velocities within the soil or aquifer and
may be more significant than molecular diffusion in environments where the flow
rates are moderate to high. Molecular diffusion occurs because of contaminant
concentration gradients; chemicals move from high concentrations to low concen-
trations. At very slow groundwater velocities, as occur in clays and silts, diffusion
can be an important transport mechanism.

e Mechanical filtration — It removes from groundwater contaminants that are larger
than the pore spaces of the soil. Thus, the effects of mechanical filtration increase
with decreasing pore size within a medium. Filtration occurs over a wide range
of particle sizes. The retention of larger particles may effectively reduce the per-
meability of the soil or aquifer.
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e Physical sorption — It is a function of van der Waals forces, and the hydrody-
namic and electrokinetic properties of soil particles. Sorption is the process by
which contaminants are removed from solution in groundwater and adhere or
cling to a solid surface. The distribution of a contaminant between the solution
and the solid phase is called partitioning.

o Multiphase fluid flow — It occurs because many solvents and oils are highly
insoluble in water and may migrate in the subsurface as a separate liquid phase.
If the viscosity and density of a fluid differ from that of water, the fluid may flow
at a different rate and direction than the groundwater. If the fluid is denser than
water, it may reach the bottom of the aquifer (top of an aquitard) and may alter
its flow direction to conform to the shape and slope of the aquitard surface.

e Hydraulic conductivity — It is a measure of the ability of geologic media to
transmit fluids. It is a function of the size and arrangement of water-transmitting
openings (pores and fractures) in the media and of the characteristics of the fluids
(density, viscosity, etc.). Spatial variations in hydraulic conductivity are referred
to as heterogeneities. A variation in hydraulic conductivity with the direction of
measurement is referred to as anisotropy.

o Variable hydraulic conductivity of the geologic formation — It may cause ground-
water flow velocities to vary spatially. Variations in the rate of advection may result
in nonuniform plume spreading. The changes in aquifer properties that lead to this
variability in hydraulic conductivity may be 3D. If the geologic medium is rela-
tively homogeneous, it may be appropriate, in some instances, to assume that the
aquifer properties also are homogeneous.

e Secondary porosity in rock — It may be caused by the dissolution of rock or by
regional fracturing; in soils, secondary porosity may be caused by desiccation
cracks or fissures. Fractures or macropores respond quickly to rainfall events and
other fluid inputs and can transmit water rapidly along unexpected pathways.
Secondary porosity can result in localized high concentrations of contaminants
at significant distances from the facility. The relative importance of secondary
porosity to hydraulic conductivity of the subsurface depends on the ratio of fracture
hydraulic conductivity to inter-granular hydraulic conductivity. For scenarios in
which fracture flow is dominant, the relationships used to describe porous flow
(Darcy’s Law) do not apply.

4.2.2.1.2. Chemical processes controlling contaminant transport
in the subsurface

Chemical processes that are important in controlling subsurface transport include
precipitation/dissolution, chemical sorption, redox reactions, hydrolysis, ion
exchange, and complexation. In general, these processes, except for hydrolysis, are
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reversible. The reversible processes tend to retard transport, but do not permanently
remove a contaminant from the system. Sorption and precipitation are generally the
dominant mechanisms retarding contaminant transport in the saturated zone.

e Precipitation/dissolution — This reaction can control contaminant concentration
levels. The solubility of a solid controls the equilibrium state of a chemical. When
the soluble concentration of a contaminant in leachate is higher than that of the
equilibrium state, precipitation occurs. When the soluble concentration is lower
than the equilibrium value, the contaminant exists in solution. The precipitation
of a dissolved substance may be initiated by changes in pressure, temperature,
pH, concentration, or redox potential. Precipitations of contaminants in the pore
space of an aquifer can decrease aquifer porosity. Precipitation and dissolution
reactions are especially important processes for trace metal migration in soils.

e Chemical adsorption/desorption — It is the most common mechanism affecting
contaminant migration in soils. Solutes become attached to the solid phase by
means of adsorption. Like precipitation/dissolution, adsorption/desorption is a
reversible process. However, adsorption/desorption generally occurs at a rela-
tively rapid rate compared to precipitation reactions. The dominant mechanism
of organic sorption is the hydrophobic attraction between a chemical and natural
organic matters that exist in some aquifers. The organic carbon content of the
porous medium and the solubility of the contaminant are important factors for
this type of sorption. There is a direct relationship between the quantity of a sub-
stance sorbed on a particle surface and the quantity of the substance suspended
in solution. Predictions about the sorption of contaminants often make use of
sorption isotherms, which relate the amount of contaminant in solution to the
amount adsorbed to the solids. For organic contaminants, these isotherms are
usually assumed to be linear and the reaction is assumed to be instantaneous and
reversible. The linear equilibrium approach to sorption may not be adequate for
all situations.

e Oxidation and reduction (redox) — These reactions involve the transfer of elec-
trons and occur when the redox potential in leachate is different from that of the
soil or aquifer environment. Redox reactions are important processes for inorganic
compounds and metallic elements. Together with pH, redox reactions affect the
solubility, complexing capacity, and sorptive behavior of constituents, and thus
control the presence and mobility of many substances in water. Microorganisms
are responsible for a large proportion of redox reactions that occur in ground-
water. The redox state of an aquifer and the identity and quantity of redox-active
reactants are difficult to determine.

e Hydrolysis — It is the chemical breakdown of carbon bonds in organic substances
by water and its ionic species H" and OH ™. Hydrolysis is dependent on pH and
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activity of electrons (Eh) and is most significant at high temperatures, low pH,
and low redox potential. For many biodegradable contaminants, hydrolysis is slow
compared to biodegradation.

e Jon exchange — It originates primarily from exchange sites on layered silicate
clays and organic matter that have a permanent negative charge. Cation exchange
balances negative charges in order to maintain neutrality. The capacity of soils to
exchange cations is called the cation exchange capacity (CEC). CEC is affected
by the type and quantity of clay mineral present, the amount of organic matter
present, and the pH of the soil. Major cations (i.e. Ca, Mg, K, Na, etc.) in leachate
usually dominate the CEC sites, resulting in little attenuation in soils of trace
metals in the leachate. A smaller ion exchange effect for anions is associated with
hydrous oxides. Soils typically have more negatively charged clay particles than
positively charged hydrous oxides. Therefore, the transport of cations is attenuated
more than the transport of anions.

e Complexation — It involves reactions of metal ions with inorganic anions or
organic ligands. The metal and the ligand bind together to form a new soluble
species called a complex. Complexation can either increase the concentration of
a constituent in solution by forming soluble complex ions or decrease the concen-
tration by forming a soluble ion complex with a solid. It is often difficult to distin-
guish among sorption, solid-liquid complexation, and ion exchange. Therefore,
these processes are usually grouped together as one mechanism.

4.2.2.1.3. Biological processes controlling contaminant transport
in the subsurface

Biodegradation of contaminants may result from the enzyme-catalyzed transfor-
mation of organic compounds by microbes. Contaminants can be degraded to
harmless byproducts or to more mobile and/or toxic products through one or more
of several biological processes. Biodegradation of a compound depends on environ-
mental factors such as redox potential, dissolved oxygen concentration, pH, temper-
ature, presence of other compounds and nutrients, salinity, depth below land surface,
competition among different types of organisms, and concentrations of compounds
and organisms. The transformations that occur in a subsurface system are difficult to
predict because of the complexity of the chemical and biological reactions that may
occur. Quantitative predictions of the fate of biologically reactive substances are
subject to a high degree of uncertainty, in part, because little information is available
on biodegradation rates in soil systems or groundwater. First-order decay constants
are often used instead.

The operation of Subtitle D facilities as per US EPA can introduce bacteria and
viruses into the subsurface. The fate and transport of bacteria and viruses in the
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Table 14. Types of Wastewater Treatment Employed by the Landfills Industry in the USA.28

Number of Landfills in the USA

Direct Indirect Zero
Type of Treatment Discharge Discharge Discharge
No treatment 81 691 468
Biological treatment 119 37 19
Chemical precipitation 63 45 8
Chemical precipitation and biological treatment 32 10 0
Filtration and biological treatment 45 4 5
Equalization and biological treatment 65 28 7
Equalization, biological treatment, and filtration 37 4 5
Equalization, chemical precipitation, and biological treatment 26 8 0
Equalization, chemical precipitation, biological treatment, 26 2 0

and filtration

subsurface is an important consideration in the evaluation of the effects of MSWLF
units on human health and the environment. A large number of biological, chemical,
and physical processes are known to influence viral and bacterial survivals and
transport in the subsurface. Unfortunately, the knowledge of the processes and the
available data are insufficient to develop models that can simulate a wide variety
of site-specific conditions. Table 14 shows different types of wastewater treatment
employed by the landfills industry in the USA.?

4.2.2.2. Leachate migration models

After reviewing the hydrogeologic characteristics of the site, the nature of liner
leakage, and the leachate characteristics, it may be appropriate to use a mathematical
model to simulate the expected fate and transport of the constituents listed in Table 10
to the relevant point of compliance. Solute transport and groundwater modeling
efforts should be conducted by an expert groundwater hydrologist. It is necessary to
consider several factors when selecting and applying a model to a site.

4.2.2.2.1. Overview of the modeling process

A number of factors can influence leachate migration from MSWLF units. These
include, but are not limited to, climatic effects, the hydrogeologic setting, and the
nature of the disposed waste. Each facility is different and no one generic model
will be appropriate in all situations. To develop a model for a site, the modeling
needs and the objectives of the study should be determined first. Next, it will be
necessary to collect data to characterize the hydrological, geological, chemical, and
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biological conditions of the system. These data are used to assist in the development
of a conceptual model of the system, including spatial and temporal characteristics
and boundary conditions. The conceptual model and data are then used to select
a mathematical model that accurately represents the conceptual model. The model
selected should have been tested and evaluated by qualified investigators, should
adequately simulate the significant processes present in the actual system, and should
be consistent with the complexity of the study area, amount of available data, and
objectives of the study.

First, an evaluation of the need for modeling should be made (Fig. 19
When selecting a model to evaluate the potential for soil and groundwater con-
tamination, three basic determinations must be made (Fig. 20).2%3? This decision

)‘29,32
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should be made at the beginning of the study, since modeling may require a sub-
stantial amount of resources and effort. Next, the level of model complexity required
for a specific study should be determined (Fig. 21).2%*2 Models classify as Level I
(simple/analytical) and Level II (complex/numerical) models. A flowchart for deter-
mining the level of model complexity required is shown in Fig. 21. Finally, the
model capabilities necessary to represent a particular system should be considered
(Fig. 22).2%:%

Several models may be equally suitable for a particular study. In some cases, it
may be necessary to link or couple two or more computer models to accurately rep-
resent the processes at the site. In the section that follows, specific issues that should
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be considered when developing a scenario and selecting a model are described.
Models are a simplified representation of the real system, and as such, cannot fully
reproduce or predict all site characteristics. Errors are introduced as a result of:

(1) simplifying assumptions;

(2) alack of data;

(3) uncertainty in existing data;

(4) apoor understanding of the processes influencing the fate and transport of con-
taminants; and

(5) limitations of the model itself.

Therefore, model results should be interpreted as estimates of groundwater flow
and contaminant transport. However, models could be used for comparing various
scenarios, since all scenarios would be subject to the same limitations and simplifi-
cations. The quality of model results can depend to a large extent on the experience
and judgment of the modeler and on the quality of the data used to develop model
input. The process of applying the model may highlight data deficiencies that may
require additional data collection. The model results should be calibrated to obtain
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the best fit to the observed data. The accuracy of the results obtained from modeling
efforts should then be validated. Model validation, which is the comparison of model
results with experimental data or environmental data, is a critical aspect of model
application and is particularly important for site-specific evaluations.

Several recent reports present detailed discussions of the issues associated with
model selection, application, and validation. In the United States, EPA’s Exposure
Assessment Group (US EPA-EAG) has developed suggested recommendations and
guidance on model validation. A recent report by the National Research Council
(NRC) discusses the issues related to model application and validation, and provides
recommendations for the proper use of groundwater models.

4.2.2.3. Model selection considerations

To develop a true “worst-case” model, information on the probable heterogeneity
and anisotropy of the site should be groundwater flow and solute transport models
range from simple and analytical calculations to sophisticated computer programs
that use numerical solutions to solve mathematical equations describing flow and
transport. A sophisticated model may not yield an exact estimate of water quality at
the relevant point of compliance for a given set of site conditions, but it may allow
an estimate of the effects of complex physical and chemical processes. Depending
on the complexity of site conditions and the appropriateness of the simplifying
assumptions, a fairly sophisticated numerical model may provide useful estimates
of water quality at the relevant point of compliance. The following considerations
should be addressed when selecting a model.

4.2.2.3.1. Analytical versus numerical models

Mathematical models use either analytical, semi-analytical, or numerical solu-
tions for groundwater flow and transport equations. Each technique has advan-
tages and disadvantages. Analytical solutions are computationally more efficient
than numerical simulations and are more conducive to uncertainty analysis (i.e.,
Monte Carlo techniques). Typically, input data for analytical models are simple and
do not require detailed familiarity with the computer model or extensive modeling
experience. Analytical solutions are typically used when data necessary for char-
acterization of the site are sparse and simplifying assumptions are appropriate.®
The limited data available in most field situations may not justify the use of a
detailed numerical model; in some cases, results from simple analytical models
may be appropriate. Analytical models require simplifying assumptions about the
system. Therefore, complex interactions involving several fate and transport pro-
cesses cannot be addressed in detail. Analytical models generally require a limited
number of parameters that are often assumed to be constant in space and time.
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Semi-analytical models approximate complex analytical solutions using
numerical techniques. Semi-analytical methods allow for more complex site
conditions than those that can be simulated with a purely analytical solution.
Semi-analytical solution methods can consider multiple sources or recharging and
discharging wells. However, they still require simplifying assumptions about the
dimensionality and homogeneity of the system. Numerical models are able to
evaluate more complex site conditions than either analytical or semi-analytical
models. Numerical models provide the user with a large amount of flexibility;
irregular boundaries and spatial and temporal variations in the system can be con-
sidered. Numerical models require significantly more data than analytical models
and they are typically more computationally intensive. Use of a numerical model
requires an experienced modeler and it can involve a larger amount of computer time
than simulations using an analytical or semi-analytical method.

To select an appropriate model, the complexity of the site hydrology and the
availability of data should be considered. If data are insufficient, a highly sophisti-
cated and complex model should not be used. In some situations, it is beneficial to
use an analytical or semi-analytical model as a “screening-level” model to define the
range of possible values and to use a numerical model when there are sufficient data.
A highly complex hydrogeologic system cannot be accurately represented with a
simple analytical model. Heterogeneous or anisotropic aquifer properties, multiple
aquifers, and complicated boundary conditions can be simulated using numerical
models. In addition, sophisticated numerical models are available that can simulate
processes such as fracture flow. Because each site is unique, the modeler should
determine which conditions and processes are important at a specific site, and then
select a suitable model.

4.2.2.3.2. Spatial characteristics of the system

Although actual landfill units and hydrogeologic systems are 3D, it is often desirable
to reduce the number of dimensions simulated in a mathematical model to one or
two. 2D and 3D models are generally more complex and computationally expensive
than 1D models and, therefore, require more data. In some instances, a 1D model
may adequately represent the system; the available data may not warrant the use of a
multi-dimensional model. However, modeling a truly 3D system using a 2D model
may produce results without adequate spatial detail. The choice of the number of
dimensions in the model should be made for a specific site, based on the complexity
of the site and the availability of data.

4.2.2.3.3. Steady-state versus transient models

Models can simulate either steady-state or transient flow conditions. It may
be appropriate to assume that some groundwater flow systems have reached
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approximate “steady-state” conditions, which implies that the system has reached
equilibrium and no significant changes are occurring over time. The assumption
of steady-state conditions generally simplifies the mathematical equations used to
describe flow processes and reduces the amount of input data required.

However, assuming steady-state conditions in a system that exhibits transient
behavior may produce inaccurate results. For example, climatic variables, such as
precipitation, vary over time and may have strong seasonal components. In such
settings, the assumption of constant recharge of the groundwater system would
be incorrect. Steady-state models also may not be appropriate for evaluating the
transport of chemicals that sorb or transform significantly. The choice of simu-
lating steady-state or transient conditions should be based on the degree of temporal
variability in the system.

4.2.2.3.4. Boundary and initial conditions

The solution of differential equations describing flow and transport processes
requires that initial and boundary conditions be specified. The initial conditions
describe the conditions present in the system at the beginning of the simulation.
In many groundwater flow and transport models, these conditions are related to
the initial hydraulic conditions in the aquifer and the initial concentration of con-
taminants. Boundary conditions define the conditions present on the borders of the
system, which may be steady-state or temporally variable. The initial and boundary
conditions chosen to represent a site can significantly affect the results of the simu-
lation. One of the most significant boundary conditions in solute transport models is
the introduction of a contaminant to the system. A source of groundwater contam-
ination should be described in terms of its spatial, chemical, and physical charac-
teristics, and its temporal behavior. Spatially, a source may be classified as a point
source, line source, a distributed source of limited areal or 3D extent, or as a nonpoint
source of unlimited. Typically, temporal descriptions of the source term boundary
conditions for models with analytical solutions are constant, constant pulse, and/or
exponential decay. Numerical models typically handle a much wider range of source
boundary conditions, allowing for a wide range of contaminant loading scenarios.

4.2.2.3.5. Homogeneous versus heterogeneous aquifer/soil properties

The extent of the spatial variability of the properties of each aquifer will significantly
affect the selection of a mathematical model. Many models assume uniform aquifer
properties, which simplifies the governing equations and improves computational
efficiency. For example, a constant value of hydraulic conductivity may be assumed
at every point in the aquifer. However, this assumption may ignore the heterogeneity
in the hydrogeologic system. When site-specific data are limited, it is common to
assume homogeneous and isotropic aquifer properties and to develop a “reasonable
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worst-case” scenario for contaminant migration in the subsurface. However, the
assumption of homogeneous and isotropic aquifers often will not provide a “worst-
case” scenario. For example, a continuous zone of higher hydraulic conductivity
in the direction of groundwater flow can result in much higher rates of contam-
inant movement than would be predicted in a completely homogeneous aquifer. The
number of aquifers in the hydrogeologic system also will affect the selection of a
mathematical model. Some systems include only a single unconfined or confined
aquifer, which is hydraulically isolated from the surrounding layers. Some mathe-
matical models, and in particular those with analytical solutions, can simulate only
single layers. In other cases, the upper aquifer may be hydraulically connected to
underlying aquifers. The MSWLF Ceriteria specify that MCLs not be exceeded at the
relevant point of compliance within the uppermost aquifer. The uppermost aquifer
includes not only the aquifer that is nearest the ground surface, but also all lower
aquifers that are hydraulically connected to the uppermost aquifer within the vicinity
of the facility.

4.2.2.3.6. Availability of data

Although computer models can be used to make predictions about leachate gen-
eration and migration, these predictions are highly dependent on the quantity and
quality of the available data. One of the most common limitations to modeling is
insufficient data. Uncertainty in model predictions results from the inability to char-
acterize a site in terms of the boundary conditions or the key parameters describing
the significant flow and transport processes. The application of a mathematical model
to a site typically requires a large amount of data. Inexperienced modelers may
attempt to apply a model with insufficient data and, as a result, produce model
results that are inconclusive.>*

To obtain accurate model results, it is essential to use data that are appropriate
for the particular site being modeled. Models that include generic parameters, based
on average values for similar sites, can be used to provide initial guidance and
general information about the behavior of a system, but it is inappropriate to apply
generic parameters to a specific hydrogeologic system. Mercer et al.> studied an
excellent summary of the data required to model saturated and unsaturated flow,
surface water flow, and solute transport. This report provides definitions and possible
ranges of values for source terms, dependent variables, boundary conditions, and
initial conditions.

4.3. Composite Liners and LCS

New MSWLF units and expansions of existing MSWLF units in states without
approved programs must be constructed with a composite liner and an LCS that is
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designed to maintain a depth of leachate less than 30 cm (12 in.) above the liner. A
composite liner consists of an FML installed on top of, and in direct and uniform
contact with, two feet of compacted soil. The FML must be at least 30-mil thick unless
the FML is made of high-density polyethylene (HDPE), which must be 60-mil thick.
The compacted soil liner must be at least two-feet thick and must have a hydraulic
conductivity of no more than 1 x 10~7 cm/sec. The FML component must be installed
in direct and uniform contact with the compacted soil component. This sub-section
provides information on the components of composite liner systems including soils,
geomembranes, and LCSs.

4.3.1. Standard Composite Liner Systems

The composite liner system is an effective hydraulic barrier because it combines the
complementary properties of two different materials into one system:

e Compacted soil with a low-hydraulic conductivity (> 1 x 1077 cm/sec) and
o An FML (FMLs are also referred to as geomembranes).

Geomembranes may contain defects including tears, improperly bonded seams, and
pinholes. In the absence of an underlying low-permeability soil liner, flow through
a defect in a geomembrane is essentially unrestrained. The presence of a low-
permeability soil liner beneath a defect in the geomembrane reduces leakage by
limiting the flow rate through the defect.

Flow through the soil component of the liner is controlled by the size of the
defect in the geomembrane, the available air space between the two liners into
which leachate can flow, the hydraulic conductivity of the soil component, and the
hydraulic head. Fluid flow through soil liners is calculated by Darcy’s Law, where
discharge (Q) is proportional to the head loss through the soil (dh/dl) for a given
cross-sectional flow area (A) and hydraulic conductivity (K) where:

Q = KA(dh/dl) (1)

Leakage through a geomembrane without defects is controlled by Fick’s first law,
which describes the process of liquid diffusion through the membrane liner. The dif-
fusion process is similar to flow governed by Darcy’s law for soil liners except
that diffusion is driven by concentration gradients and not by hydraulic head.
Although diffusion rates in geomembranes are several orders of magnitude lower
than comparable hydraulic flow rates in low-permeability soil liners, construction of
a completely impermeable geomembrane is difficult. The factor that most strongly
influences geomembrane performance is the presence of imperfections such as
improperly bonded seams, punctures, and pinholes. A detailed discussion of leakage
through geomembranes and composite liners can be found in the documents of US
EPA 303! A geomembrane installed with excellent control over defects may yield the
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equivalent of a one-centimeter-diameter hole per acre of liner installed (Table 13).
If the geomembrane were to be placed over sand, this size imperfection under one
foot of constant hydraulic head could be expected to account for as much as 3,300
gal/acre/day (31,000 liters/hectare/day) of leakage. Based upon measurements of
actual leakage through liners that have been built under rigorous control at facil-
ities have estimated an actual leakage rate, under one foot of constant head, of 200
liters/hectare/day or about 21 gallons/acre/day for landfill units.

The uniformity of the contact between the geomembrane and the soil liner is
extremely important in controlling the effective flow area of leachate through the soil
liner. Porous material, such as drainage sand, filter fabric, or other geofabric, should
not be placed between the geomembrane and the low permeability soil liner. Porous
materials will create a layer of higher hydraulic conductivity, which will increase
the amount of leakage below an imperfection in the geomembrane. Construction
practices during the installation of the soil and the geomembrane affect the uniformity
of the geomembrane/soil interface, and strongly influence the performance of the
composite liner system.

4.3.1.1. Soil liner

The following subsections discuss soil liner construction practices including
thickness requirements, lift placement, bonding of lifts, test methods, prerequisite
soil properties, QC, and QA activities.

4.3.1.1.1. Thickness

Two feet of soil is generally considered the minimum thickness needed to obtain
adequate compaction to meet the hydraulic conductivity requirement. This thickness
is considered necessary to minimize the number of cracks or imperfections through
the entire liner thickness that could allow leachate migration. Both lateral and vertical
imperfections may exist in a compacted soil. The two-foot minimum thickness is
believed to be sufficient to inhibit hydraulic short-circuiting of the entire layer.

4.3.1.1.2. Lift thickness

Soil liners should be constructed in a series of compacted lifts. Determination
of appropriate lift thickness is dependent on the soil characteristics, compaction
equipment, firmness of the foundation materials, and the anticipated compactive
effort needed to achieve the required soil hydraulic conductivity. Soil liner lifts
should be thin enough to allow adequate compactive effort to reach the lower por-
tions of the lift. Thinner lifts also provide greater assurance that sufficient compaction
can be achieved to provide good and homogeneous bonding between subsequent
lifts. Adequate compaction of lift thickness between five and ten inches is possible
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if appropriate equipment is used. Nine-inch loose lift thicknesses that will yield a
six-inch soil layer also have been recommended prior to compaction. Soil liners
usually are designed to be of uniform thickness with smooth slopes over the entire
facility. Thicker areas may be considered wherever recessed areas for leachate col-
lection pipes or collection sumps are located. Extra thickness and compactive efforts
near edges of the side slopes may enhance bonding between the side slopes and the
bottom liner. In smaller facilities, a soil liner may be designed for installation over the
entire area, but in larger or multi-cell facilities, liners may be designed in segments.
If this is the case, the design should address how the old and new liner segments will
be bonded together.

4.3.1.1.3. Bonding between lifts

It is not possible to construct soil liners without some microscopic and/or macro-
scopic zones of higher and lower hydraulic conductivity. Within individual lifts, these
preferential pathways for fluid migration are truncated by the bonded zone between
the lifts. If good bonding between the lifts is not achieved during construction, the
vertical pathways may become connected by horizontal pathways at the lift interface,
thereby diminishing the performance of the hydraulic barrier. Two methods may be
used to ensure proper bonding between lifts. Kneading or blending a thinner, new
lift with the previously compacted lift may be achieved by using a footed roller with
long feet that can fully penetrate a loose lift of soil. If the protruding rods or feet of
a sheep’s-foot roller are sufficient in length to penetrate the top lift and knead the
previous lift, good bonding may be achieved. Another method includes scarifying
(i.e. roughening), and possibly wetting, the top inch or so of the last lift placed with
a disc harrow or other similar equipment before placing the next lift.

4.3.1.1.4. Placement of soil liners on slopes

The method used to place the soil liner on side slopes depends on the angle and length
of the slope. Gradual inclines from the toe of the slope enable continuous placement
of the lifts up the slopes and provide better continuity between the bottom and side-
walls of the soil liner. When steep slopes are encountered, however, lifts may need
to be placed and compacted horizontally due to the difficulties of operating heavy
compaction equipment on steeper slopes. When sidewalls are compacted horizon-
tally, it is important to tie in the edges with the bottom of the soil liner to reduce the
probability of seepage planes. A significant amount of additional soil liner material
will be required to construct the horizontal lifts since the width of the lifts has to
be wide enough to accommodate the compaction equipment. After the soil liner
is constructed on the side slopes using this method, it can be trimmed back to the
required thickness. The trimmed surface of the soil liner should be sealed by a
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smooth-drum roller. The trimmed excess materials can be reused provided that they
meet the specified moisture-density requirements.

4.3.1.1.5. Hydraulic conductivity

Achieving the hydraulic conductivity standard depends on the degree of compaction,
compaction method, type of clay, soil moisture content, and density of the soil during
liner construction. Hydraulic conductivity is the key design parameter when eval-
uating the acceptability of the constructed soil liner. The hydraulic conductivity of
a soil depends, in part, on the viscosity and density of the fluid flowing through
it. While water and leachate can cause different test results, water is an acceptable
fluid for testing the compacted soil liner and source materials. The effective porosity
of the soil is a function of size, shape, and area of the conduits through which the
liquid flows. The hydraulic conductivity of a partially saturated soil is less than
the hydraulic conductivity of the same soil when saturated. Because invading water
only flows through water-filled voids (and not air-filled voids), the dryness of a
soil tends to lower permeability. Hydraulic conductivity testing should be con-
ducted on samples that are fully saturated to attempt to measure the highest pos-
sible hydraulic conductivity. There were several methods to measure the hydraulic
conductivity of soil samples [i.e. US EPA method 9100, Test Methods for Eval-
uating Solid Waste (SW 846); U.S. Army Corps of Engineers Engineering Manual
1110-2-1906 (COE, 1970) and Measurement of Hydraulic Conductivity of Saturated
Porous Materials Using a Flexible Wall Permeameter (ASTM D-5084)]. To verify full
saturation of the sample, the American Society for Testing and Materials (ASTM)
method may be performed with back pressure saturation and electronic pore pressure
measurement.

4.3.1.1.6. Soil properties

Soils typically possess a range of physical characteristics, including particle size,
gradation, and plasticity, that affect their ability to achieve a hydraulic conductivity
of >1 x 1077 cm/sec. Testing methods used to characterize proposed liner soils
should include grain size distribution (ASTM D-422), Atterberg limits (ASTM D-
4318), and compaction curves depicting moisture and density relationships using
the standard or modified Proctor (ASTM D-698 or ASTM D-1557), whichever is
appropriate for the compaction equipment used and the degree of firmness of the
foundation materials.

Liner soils usually have at least 30% fines (fine silt- and clay-sized particles).
Some soils with less than 30% fines may be worked to obtain hydraulic conductivities
below 1 x 10~7 cm/sec, but the use of these soils requires greater control of con-
struction practices and conditions. The soil plasticity index (PI), which is determined
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from the Atterberg limits (defined by the liquid limit minus the plastic limit), should
generally be >10%. However, soils with very high PI (greater than 30%) are cohesive
and sticky and become difficult to work within the field. When high PI soils are too
dry during placement, they tend to form hard clumps (clods) that are difficult to
break down during compaction. Preferential flow paths may be created around the
clods allowing leachate to migrate at a relatively high rate. Soil particles or rock
fragments also can create preferential flow paths. For this reason, soil particles or
rock fragments should be less than three inches in diameter so as not to affect the
overall hydraulic performance of the soil liner. The maximum density of a soil will be
achieved at the optimum water content, but this point generally does not correspond to
the point at which minimum hydraulic conductivity is achieved. Wet soils, however,
have low shear strength and high potential for desiccation cracking. Care should be
taken not to compromise other engineering properties such as shear strengths of the
soil liner by excessively wetting the soil liner. Depending on the specific soil char-
acteristics, compaction equipment and compactive effort, the hydraulic conductivity
criterion may be achieved at moisture values of 1-7% above the optimum moisture
content.

Although the soil may possess the required properties for successful liner con-
struction, the soil liner may not meet the hydraulic conductivity criterion if the
construction practices used to install the liner are not appropriate and carefully con-
trolled. Construction QC and QA will be discussed in a later section.

4.3.1.1.7. Amended soils

If locally available soils do not possess properties to achieve the specified hydraulic
conductivity, soil additives can be used. Soil additives, such as bentonite or other
clay materials, can decrease the hydraulic conductivity of the native soil. Bentonite
may be obtained in a dry and powdered form that is relatively easy to blend with on-
site soils. Bentonite is a clay mineral (sodium-montmorillonite) that expands when it
comes into contact with water (hydration), by absorbing the water within the mineral
matrix. This property allows relatively small amounts of bentonite (5—10%) to be
added to a noncohesive soil (sand) to make it more cohesive. Thorough mixing of
additives to cohesive soils (clay) is difficult and may lead to inconsistent results with
respect to complying with the hydraulic conductivity criterion. The most common
additive used to amend soils is sodium bentonite. The disadvantage of using sodium
bentonite includes its vulnerability to degradation as a result of contact with chem-
icals and waste leachates. Calcium bentonite, although more permeable than sodium
bentonite, also is used as a soil amendment. Approximately twice as much calcium
bentonite typically is needed to achieve a hydraulic conductivity comparable to that
of sodium bentonite. Soil/bentonite mixtures generally require central plant mixing
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by means of a pugmill, cement mixer, or other mixing equipment where water can be
added during the process. Water, bentonite content, and particle size distribution must
be controlled during mixing and placement. Spreading of the soil/bentonite mixture
may be accomplished in the same manner as the spreading of natural soil liners, by
using scrapers, graders, bulldozers, or a continuous asphalt paving machine. Mate-
rials other than bentonite, including lime, cement, and other clay minerals such as
atapulgite, may be used as soil additives.

4.3.1.1.8. Testing

Prior to construction of a soil liner, the relationship among water content, density, and
hydraulic conductivity for a particular soil should be established in the laboratory.
Figure 23% showed the influence of molding water content (i.e. moisture content of
the soil at the time of compaction) on hydraulic conductivity of the soil. The lower
half of the diagram is a compaction curve and shows the relationship between dry
unit weight, or dry density of the soil, and water content of the soil. The optimum
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Note: The optimum moisture content occurs at the point at which
maximum density is achieved. The lowest hydraulic conductivity
generally occurs at water contents higher than optimum.

Figure 23. Schematic Illustration Represent the Hydraulic Conductivity and Dry Unit Weight as a
Function of Molding Water Content.??

Note: The optimum moisture content occurs at the point at which maximum density is achieved. The
lowest hydraulic conductivity generally occurs at water contents higher than optimum.
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moisture content of the soil is related to a peak value of dry density known as
maximum dry density. Maximum dry density is achieved at the optimum moisture
content.

The lowest hydraulic conductivity of compacted clay soil is achieved when the
soil is compacted at a moisture content that is slightly higher than the optimum
moisture content, generally in the range of 1-7%. When compacting clay, water
content and compactive effort are the two factors those should be controlled to
meet the maximum hydraulic conductivity criterion. It is impractical to specify
and construct a clay liner to a specific moisture content and a specific compaction
(i.e. 5% wet of optimum and 95% modified Proctor density). Moisture content can
be difficult to control in the field during construction; therefore, it may be more
appropriate to specify a range of moisture contents and corresponding soil densities
(percentage compaction) that are considered appropriate to achieve the required
hydraulic conductivity. Figure 24% presented compaction data as a function of dry
unit weight and molding water content for the construction of clay liners. The amount
of soil testing required to determine these construction parameters is dependent on
the degree of natural variability of the source material.

QA and QC of soil liner materials involve both laboratory and field testings.
QC tests are performed to ascertain compaction requirements and the moisture
content of material delivered to the site. Field tests for QA provide an opportunity to
check representative areas of the liner for conformance to compaction specifications,
including density and moisture content. QA laboratory testing is usually conducted
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Note: Solid symbols represent specimens with a hydraulic conductivity
< 1x107 cm/s and open symbols represent specimens with a hydraulic
conductivity > 1x107 cm/s.

Figure 24. Schematic Represent of Compaction for Silty Clay Soil.??
Note: Solid symbols represent specimens with a hydraulic conductivity <1 x 10~7 cm/s and open
symbols represent specimens with a hydraulic conductivity >1 x 10~ 7 cmys.
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on field samples for determination of hydraulic conductivity of the in-place liner.
Laboratory testing allows full saturation of the soil samples and simulates the
effects of large overburden stress on the soil, which cannot be done conveniently
in the field. Differences between laboratory and field conditions (i.e. uniformity of
material, control of water content, compactive effort, and compaction equipment)
may make it unlikely that minimum hydraulic conductivity values measured in the
laboratory on remolded, pre-construction borrow source samples are the same as
the values achieved during actual liner construction. Laboratory testing on remolded
soil specimens does not account for operational problems that may result in desic-
cation, cracking, poor bonding of lifts, and inconsistent degree of compaction on
sidewalls.

In situ, or field, hydraulic conductivity testing operates on the assumption that by
testing larger masses of soil in the field, one can obtain more realistic results. Four
types of in situ hydraulic conductivity tests generally are used: (i) borehole tests, (ii)
porous probes, (iii) infiltrometer tests, and (iv) under-drain tests. A borehole test is
conducted by drilling a hole, then filling the hole with water, and measuring the rate
at which water percolates into the borehole. In the borehole test, water also can per-
colate through the sidewalls of the borehole. As a result, the measured hydraulic con-
ductivity is usually higher than that measured by other 1D field testing. The second
type of test involves driving or pushing a porous probe into the soil and pouring
water through the probe into the soil. With this method, however, the advantage of
testing directly in the field is somewhat offset by the limitations of testing such a
small volume of soil. A third method of testing involves a device called an infil-
trometer. This device is embedded into the surface of the soil liner such that the rate
of flow of a liquid into the liner can be measured. The two types of infiltrometers
most widely used are open and sealed. Open rings are less desirable because, with
a hydraulic conductivity of 10~7 cm/sec, it is difficult to detect a 0.002 inch per
day drop in water level of the pond from evaporation and other losses. With sealed
rings, very low rates of flow can be measured. However, single-ring infiltrometers
allow lateral flow beneath the ring, which can complicate the interpretation of test
results. Single rings are also susceptible to the effects of temperature variation; as
the water temperature increases, the entire system expands. As it cools down, the
system contracts. This situation could lead to erroneous measurements when the
rate of flow is small. The sealed double-ring infiltrometer has proven to be the most
successful method and is the one currently used. The outer ring forces infiltration
from the inner ring to be more or less 1D. Covering the inner ring with water insu-
lates it substantially from temperature variation. Underdrains, the fourth type of
in situ test, are the most accurate in situ permeability testing device because they
measure exactly what migrates from the bottom of the liner. However, underdrains
are slow to generate data for low permeability liners, because of the length of time
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required to accumulate measurable flow. In addition, underdrains must be installed
during construction, so fewer underdrains are used than other kinds of testing
devices.

Other than the four types of field hydraulic conductivity tests, by ASTM: D 2937
["Standard Test Method for Density of Soil in Place by the Drive-Cylinder Method"]
may be used to obtain in-place hydraulic conductivity of the soil liner. This test
method uses a surface soil sampler to drive a thin-walled cylinder (typically 3” x 3”
inch?) into a completed lift of the soil liner to obtain relatively undisturbed samples
for laboratory density and hydraulic conductivity testing. This test can provide useful
correlation to other field and QA testing results (i.e. Atterberg limits, gradation,
in-place moisture, and density of the soil liner) to evaluate the in-place hydraulic
conductivity of the soil liner.

Field hydraulic conductivity tests are not usually performed on the completed
liner because the tests may take several weeks to complete (during which time the
liner may be damaged by desiccation or freezing temperatures) and because large
penetrations must be made into the liner. If field conductivity tests are performed,
they are usually conducted on a test pad. The test pad should be constructed using
the materials and methods to be used for the actual soil liner. The width of a test pad
is usually the width of three to four construction vehicles and the length is one to
two times the width. Thickness is usually 2-3 ft. Test pads can be used as a means
for verifying that the proposed materials and construction procedures will meet
performance objectives. If a test pad is constructed, if tests verify that performance
objectives have been met, and if the actual soil liner is constructed to standards that
equal or exceed those used in building the test pad (as verified through QA), then
the actual soil liner should meet or exceed performance objectives.

4.3.1.1.9. Soil liner construction

Standard compaction procedures are usually employed when constructing soil liners.
The following factors influence the degree and quality of compaction:

lift thickness;

full-scale or segmented lift placement;
number of equipment passes;

scarification between lifts;

soil water content; and

the type of equipment and compactive effort.

The method used to compact the soil liner is an important factor in achieving
the required minimum hydraulic conductivity. Higher degrees of compactive effort
increase soil density and lower the soil hydraulic conductivity for a given water
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content. The results of laboratory compaction tests do not necessarily correlate
directly with the amount of compaction that can be achieved during construction.
Heavy compaction equipment (>25,000 Ibs or 11,300 kg) is typically used when
building the soil liner to maximize compactive effort. The preferred field compaction
equipment is a sheep’s-foot roller with long feet that fully penetrates loose lifts of
soil and provides higher compaction while kneading the clay particles together. The
shape and depth of the feet are important; narrow and rod-like feet with a minimum
length of about 7 in. provide the best results. A progressive change from the rod-like
feet to a broader foot may be necessary in some soils after initial compaction, to
allow the roller to walk out of the compacted soil. The sheep’s-foot feet also aid in
breaking up dry clods discussed earlier in subsection as soil properties. Mechanical
road reclaimers, which are typically used to strip and repave asphalt, can be extremely
effective in reducing soil clod size prior to compaction and in scarifying soil sur-
faces between lifts. Other equipment that has been used to compact soil includes discs
and rototillers. To achieve adequate compaction, the lift thickness (usually 5-9 in.)
may be decreased or the number of passes over the lift may be increased. Gen-
erally, compaction equipment should pass over the soil liner 5-20 times to attain
the compaction needed to comply with the minimum hydraulic conductivity cri-
terion. Efforts made to reduce clod size during excavation and placement of the
soil for the liner should improve the chances for achieving low-hydraulic conduc-
tivity in several ways. Keeping clods in the soil liner material small will facilitate
more uniform water content. Macropores between clod remnants can result in unac-
ceptably high-field-hydraulic conductivity. Opinions differ on acceptable clod sizes
in the uncompacted soil. Some suggest a maximum of 1-3 in. in diameter, or no larger
than one-half the lift thickness. The main objective is to remold all clods in the com-
paction process to keep hydraulic conductivity values consistent throughout the soil
liner.

4.3.1.2. Geomembranes and or synthetic liner

Geomembranes are called as FML. Geomembranes are relatively thin sheets of
flexible thermoplastic or thermoset polymeric materials that are manufactured and
prefabricated at a factory and transported to the site. Because of their inherent imper-
meability, the use of geomembranes in landfill unit construction has increased. Some
other types of synthetic liners are as follows:

Geotextiles — In landfill liners, geotextiles are used to prevent the movement of
small soil and refuse particles into the leachate collection layers and to protect
geomembranes from punctures. These materials allow the movement of water but
trap particles to reduce clogging in the LCS.
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Geosynthetic Clay Liner — GCLs are becoming more common in landfill liner
designs. These liners consist of a thin clay layer (4—-6 mm) between two layers of
a geotextile. These liners can be installed more quickly than traditional compacted
clay liners, and the efficiency of these liners is impacted less by freeze-thaw cycles.

Geonet — A geonet is a plastic net-like drainage blanket that may be used in landfill
liners in place of sand or gravel for the leachate collection layer. Sand and gravel are
usually used due to cost considerations, and because geonets are more susceptible
to clogging by small particles. This clogging would impair the performance of the
LCS. Geonets do, however, convey liquid more rapidly than sand and gravel.
Figure 253136 showed the schematic arrangement of a composite liner system
and a simple configuration of GCLs. The thickness of geomembranes liner is of
0.060 in. for use in MSWLF. The design of the side slope, specifically the friction
between natural soils and geosynthetics, is critical and requires careful review.

Waste Waste
Protective Geotextil Protective
Layer cotextie Layer
Leachate
Sand/Gravel Geonet—y| S2nd/Gravel | ~Collection
system
Recompacted |X\ Recompacted | Composite
Clay Geomembrane Clay _ Liner

(a) Composite Liner System

Bentonite Sandwiched Between Two
Geomembrane

Geotextile—»

Bentonite—|;

Geotextile—}

Bentonite— [=:

Geomembrane—»

(b) Configuration of Geosynthetic Clay Liners

Figure 25. Schematic Illustration About (a) Composite Liner System and (b) Configurations of
GCLs.31-36
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4.3.1.2.1. Material types and thicknesses

Geomembranes and or synthetic liners are made of one or more polymers along with
a variety of other ingredients such as carbon black, pigments, fillers, plasticizers,
processing aids, crosslinking chemicals, anti-degradants, and biocides. The polymers
used to manufacture geomembranes include a wide range of plastics and rubbers
differing in properties such as chemical resistance and basic composition. The poly-
meric materials may be categorized as follows:

e Thermoplastics such as polyvinyl chloride (PVC);

e Crystalline thermoplastics such as HDPE, very low-density polyethylene
(VLDPE), and linear low-density polyethylene (LLDPE); and

e Thermoplastic elastomers such as chlorinated polyethylene (CPE) and chlorosul-
fonated polyethylene (CSPE).

The polymeric materials used most frequently as geomembranes are HDPE, PVC,
CSPE, and CPE. The thicknesses of geomembranes range from 20 to 120 mil
(1 mil=0.001in.). The recommended minimum thickness for all geomembranes
is 30 mil, with the exception of HDPE, which must be at least 60 mil to allow for
proper seam welding. Some geomembranes can be manufactured by a calendering
process with fabric reinforcement, called scrim, to provide additional tensile strength
and dimensional stability.

4.3.1.2.2. Chemical and physical stress resistances

The design of the landfill unit should consider stresses imposed on the liner by the
design configuration. These stresses include the following:

e differential settlement in foundation soils;
e strain requirements at the anchor trench; and
e strain requirements over long and steep side slopes.

The chemical resistance of a geomembrane to leachate has traditionally been con-
sidered a critical issue for hazardous waste where highly concentrated solvents may
be encountered. Chemical resistance testing of geomembranes may not be required
for MSWLEF units containing only MSW; due it that leachate from MSWLF units
is not aggressive to these types of materials. Testing for chemical resistance may
be warranted considering the waste type, volumes, characteristics, and amounts of
small quantity generator waste or other industrial waste present in the waste stream.
The following guidance is provided in the event such testing is of interest to the
owner or operator.

US EPA’s method 9090 in SW-846 is the established test procedure used to
evaluate degradation of geomembranes when exposed to hazardous waste leachate.
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In the procedure, the geomembrane is immersed in the site-specific chemical
environment for at least 120 days at two different temperatures. Physical and
mechanical properties of the tested material are then compared to those of the original
material every 30 days. A software system, entitled flexible liner evaluation expert
(FLEX), designed to assist in the hazardous waste permitting process. It is imperative
that a geomembrane liner maintain its integrity during exposure to short- and long-
term mechanical stresses. Short-term mechanical stresses include equipment traffic
during the installation of a liner system, as well as thermal expansion and shrinkage
of the geomembrane during the construction and operation of the MSWLF unit.
Long-term mechanical stresses result from the placement of waste on top of the
liner system and from subsequent differential settlement of the sub-grade. Long-
term success of the liner requires adequate friction between the components of a
liner system, particularly the soil subgrade and the geomembrane, and between
geosynthetic components, so that slippage or sloughing does not occur on the slopes
of the unit. Specifically, the foundation slopes and the subgrade materials must be
considered in design equations to evaluate:

e The ability of a geomembrane to support its own weight on the side slopes;

e The ability of a geomembrane to withstand down-dragging during and after waste
placement;

e The best anchorage configuration for the geomembrane;

e The stability of a soil cover on top of a geomembrane; and

e The stability of other geosynthetic components such as geotextile or geonet on
top of a geomembrane.

These requirements may affect the choice of geomembrane material, including
polymer type, fabric reinforcement, thickness, and texture (i.e. smooth or textured
for HDPE). PVC also can be obtained in a roughened or file finish to increase
the friction angle. Design specifications should indicate the type of raw polymer
and manufactured sheet to be used as well as the requirements for the delivery,
storage, installation, and sampling of the geomembrane. Material properties can be
obtained from the manufacturer-supplied average physical property values, which
are published in the Geotechnical Fabrics Report’s Specifier’s Guide and updated
annually. The minimum tensile properties of the geomembrane must be sufficient
to satisfy the stresses anticipated during the service life of the geomembrane.
Specific raw polymer and manufactured sheet specifications and test procedures
include:

Raw Polymer Specifications

e Density (ASTM D-1505);
e Melt index (ASTM D-1238);
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e Carbon black (ASTM D-1603); and
e Thermogravimetric analysis (TGA) or differential scanning calorimetry (DSC).

Manufactured Sheet Specifications

e Thickness (ASTM D-1593);

e Tensile properties (ASTM D-638);

e Tear resistance (ASTM D-1004);

e Carbon black content (ASTM D- 1603);

e Carbon black dispersion (ASTM D-3015);
e Dimensional stability (ASTM D-1204); and
e Stress crack resistance (ASTM D- 1693).

Geomembranes may have different physical characteristics, depending on the type
of polymer and the manufacturing process used, that can affect the design of a liner
system. When reviewing manufacturers’ literature, it is important to remember that
each manufacturer may use more than one polymer or resin type for each grade of
geomembrane and that the material specifications may be generalized to represent
several grades of material.

4.3.1.2.3. Installation

Installation specifications should address installation procedures specific to the prop-
erties of the liner installed. The coefficient of thermal expansion of the geomembrane
sheet can affect its installation and its service performance. The geomembrane should
lie flat on the underlying soil. However, shrinkage and expansion of the sheeting,
due to changes in temperature during installation, may result in excessive wrin-
kling or tension in the geomembrane. Wrinkles on the geomembrane surface will
affect the uniformity of the soil-geomembrane interface and may result in leakage
through imperfections. Excessive tautness of the geomembrane may affect its ability
to resist rupture from localized stresses on the seams or at the toe of slopes where
bridging over the sub-grade may occur during installation. In addition to thermal
expansion and contraction of the geomembrane, residual stresses from manufac-
turing remain in some geomembranes and can cause nonuniform expansion and
contraction during construction. Some flexibility is needed in the specifications for
geomembrane selection to allow for anticipated dimensional changes resulting from
thermal expansion and contraction.

Technical specifications for geomembrane also should include: information for
protection of the material during shipping, storage, and handling; QC certifications
provided by the manufacturer or fabricator (if panels are constructed); and QC
testing by the contractor, installer, or a construction QA (CQA) agent. Installation
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procedures addressed by the technical specifications include a geomembrane layout
plan, deployment of the geomembrane at the construction site, seam preparation,
seaming methods, seaming temperature constraints, detailed procedures for repairing
and documenting construction defects, and sealing of the geomembrane to appur-
tenances, both adjoining and penetrating the liner. The performance of inspection
activities, including both nondestructive and destructive QC field testings of the
sheets and seams during installation of the geomembrane, should be addressed in
the technical specifications. The geomembrane sheeting is shipped in rolls or panels
from the supplier, manufacturer, or fabricator to the construction site. Each roll or
panel may be labeled according to its position on the geomembrane layout plan to
facilitate installation. Upon delivery, the geomembrane sheeting should be inspected
to check for damage that may have occurred during shipping. Proper storage of the
rolls or panels prior to installation is essential to the final performance of the geomem-
brane. Some geomembrane materials are sensitive to ultraviolet exposure and should
not be stored in direct sunlight prior to installation. Others, such as CSPE and CPE,
are sensitive to moisture and heat and can partially crosslink or block (stick together)
under improper storage conditions. Adhesives or welding materials, which are used
to join geomembrane panels, also should be stored appropriately.

Visual inspection and acceptance of the soil liner sub-grade should be con-
ducted prior to installing the geomembrane. The surface of the sub-grade should
meet design specifications with regard to lack of protruding objects, grades, and
thickness. Once these inspections are conducted and complete, the geomembrane
may be installed on top of the soil liner. If necessary, other means should be employed
to protect the sub-grade from precipitation and erosion, and to prevent desiccation,
moisture loss, and erosion from the soil liner prior to geomembrane placement. Such
methods may include placing a plastic tarp on top of completed portions of the soil
liner. In addition, scheduling soil liner construction slightly ahead of the geomem-
brane and drainage layer placement can reduce the exposure of the soil liner to the
elements.

Deployment or placement of the geomembrane panels or rolls should be descri-
bed in the geomembrane layout plan. Rolls of sheeting, such as HDPE, generally
can be deployed by placing a shaft through the core of the roll, which is supported
and deployed using a front-end loader or a winch. Panels composed of extremely
flexible liner material such as PVC are usually folded on pallets, requiring workers
to manually unfold and place the geomembrane. Placement of the geomembrane
goes hand-in-hand with the seaming process; no more than the amount of sheeting
that can be seamed during a shift or work day should be deployed at any one time.
Panels should be weighted with sand bags if wind uplift of the membrane or excessive
movement from thermal expansion is a potential problem. Proper stormwater control
measurements should be employed during construction to prevent erosion of the
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soil liner underneath the geomembrane and the washing away of the geomembrane.
Once deployment of a section of the geomembrane is complete and each section
has been visually inspected for imperfections and tested to ensure that it is the
specified thickness, seaming of the gecomembrane may begin. QC/QA monitoring
of the seaming process should be implemented to detect inferior seams. Seaming
can be conducted either in the factory or in the field. Factory seams are made in a
controlled environment and are generally of high quality, but the entire seam length
(100%) still should be tested nondestructively.

Consistent quality in fabricating field seams is critical to liner performance,
and conditions that may affect seaming should be monitored and controlled during
installation. An inspection should be conducted in accordance with a CQA plan to
document the integrity of field seams. Factors affecting the seaming process include:

Ambient temperature at which the seams are made;

Relative humidity;

Control of panel lift-up by wind;

The effect of clouds on the geomembrane temperature;
Water content of the subsurface beneath the geomembrane;
The supporting surface on which the seaming is bonded,;
The skill of the seaming crew;

Quality and consistency of the chemical or welding material;
Proper preparation of the liner surfaces to be joined;
Moisture on the seam interface; and

Cleanliness of the seam interface (i.e. the amount of airborne dust and debris
present).

Depending on the type of geomembrane, several bonding systems are available for
the construction of both factory and field seams. Bonding methods include solvents,
heat seals, heat guns, dielectric seaming, extrusion welding, and hot wedge tech-
niques. To ensure the integrity of the seams, a geomembrane should be seamed
using the bonding system recommended by the manufacturer. Thermal methods of
seaming require cleanliness of the bonding surfaces, heat, pressure, and dwell time to
produce high-quality seams. The requirements for adhesive systems are the same as
those for thermal systems, except that the adhesive takes the place of the heat. Sealing
the geomembrane to appurtenances and penetrating structures should be performed
in accordance with detailed drawings included in the design plans and approved
specifications. An anchor trench along the perimeter of the cell generally is used to
secure the geomembrane during construction (to prevent sloughing or slipping down
the interior side slopes). Run out calculations are available to determine the depth of
burial at a trench necessary to hold a specified length of membrane, or combination
of membrane and geofabric or geotextile. If forces larger than the tensile strength
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of the membrane are inadvertently developed, then the membrane could tear. For
this reason, the geomembrane should be allowed to slip or give in the trench after
construction to prevent such tearing. However, during construction, the geomem-
brane should be anchored according to the detailed drawings provided in the design
plans and specifications. Geomembranes that are subject to damage from exposure to
weather and work activities should be covered with a layer of soil as soon as possible
after QA activities associated with geomembrane testing are completed. Soil should
be placed without driving construction vehicles directly on the geomembrane. Light
ground pressure bulldozers may be used to push material out in front over the liner,
but the operator must not attempt to push a large pile of soil forward in a continuous
manner over the membrane. Such methods can cause localized wrinkles to develop
and overturn in the direction of movement. Overturned wrinkles create sharp creases
and localized stresses in the geomembrane that could lead to premature failure.
Instead, the operator should continually place smaller amounts of soil or drainage
material working outward over the toe of the previously placed material. Alterna-
tively, large backhoes can be used to place soil over the geomembrane that can later
be spread with a bulldozer or similar equipment. Although such methods may sound
tedious and slow; in the long run, they will be faster and more cost-effective than
placing too much material too fast and having to remobilize the liner installer to
repair damaged sections of the geomembrane. The QA activities conducted during
construction also should include monitoring the contractor’s activities on top of the
liner to avoid damage to installed and accepted geomembranes.

4.3.2. Leachate Collection Systems

Leachate refers to liquid that has passed through or emerged from solid waste
and contains dissolved, suspended, or immiscible materials removed from the solid
waste. At MSWLF units, leachate is typically aqueous with limited, if any, immis-
cible fluids or dissolved solvents. The primary function of the LCS is to collect
and convey leachate out of the landfill unit and to control the depth of the leachate
above the liner. The LCS should be designed to meet the concern authorities reg-
ulatory performance standard of maintaining <30cm (12 in.) depth of leachate, or
“head,” above the liner. The 30-cm head allowance is a normal design standard
and this design standard may be exceeded for relatively short periods during the
active life of the MSWLF unit. Flow of leachate through imperfections in the liner
system increases with an increase in leachate head above the liner. Maintaining a
low-leachate level above the liner helps to improve the performance of the composite
liner.

Leachate is generally collected from the landfill through sand drainage layers,
synthetic drainage nets, or granular drainage layers with perforated plastic collection
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pipes, and is then removed through sumps or gravity drain carrier pipes. LCS’s should
consist of the following components:

e A low-permeability base (in this case a composite liner);

e A high-permeability drainage layer, constructed of either natural granular mate-
rials (sand and gravel) or synthetic drainage material (i.e. geonet) placed directly
on the FML, or on a protective bedding layer (i.e. geofabric) directly overlying
the liner;

e Perforated leachate collection pipes within the high-permeability drainage layer
to collect leachate and carry it rapidly to a sump or collection header pipe;

e A protective filter layer over the high-permeability drainage material, if necessary,
to prevent physical clogging of the material by fine-grained material; and

e Leachate collection sumps or header pipe system where leachate can be removed.

The design, construction, and operation of the LCS should maintain a maximum
height of leachate above the composite liner of 30cm (12in.). Design guidance
for calculating the maximum leachate depth over a liner for granular drainage
systems materials is provided US EPA documents.?? =32 The leachate head in the
layer is a function of the liquid impingement rate, bottom slope, pipe spacing, and
drainage layer hydraulic conductivity. The impingement rate is estimated using a
complex liquid routing procedure. If the maximum leachate depth exceeds 30 cm
for the system, except for short-term occurrences, the design should be modified to
improve its efficiency by increasing grade, decreasing pipe spacing, or increasing
the hydraulic conductivity (transmissivity) of the drainage layer.

4.3.2.1. Grading of low-permeability base

The typical bottom liner slope is a minimum of 2% after allowances for settlement at
all points in each system. A slope is necessary for effective gravity drainage through
the entire operating and post-closure period. Settlement estimates of the foundation
soils should set this 2% grade as a post-settlement design objective.

4.3.2.2. High-permeability drainage layer

The high-permeability drainage layer is placed directly over the liner or its protective
bedding layer at a slope of at least 2% (the same slope necessary for the composite
liner). Often the selection of a drainage material is based on the on-site availability of
natural granular materials. In some regions of the country, hauling costs may be very
high for sand and gravel, or appropriate materials may be unavailable; therefore, the
designer may elect to use geosynthetic drainage nets (geonets) or synthetic drainage
materials as an alternative. Frequently, geonets are substituted for granular materials
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on steep sidewalls because maintaining sand on the slope during construction and
operation of the landfill unit is more difficult.

4.3.2.3. Soil drainage layers

If the drainage layer of the LCS is constructed of granular soil materials (i.e. sand and
gravel layer in Fig. 25), then it should be demonstrated that this granular drainage
layer has sufficient bearing strength to support expected loads. This demonstration
will be similar to that required for the foundations and soil liner. If the landfill unit is
designed on moderate-to-steep (15%) grades, the landfill design should include cal-
culations demonstrating that the selected granular drainage materials will be stable
on the most critical slopes (i.e. usually the steepest slope) in the design. The calcu-
lations and assumptions should be shown, especially the friction angle between the
geomembrane and soil, and if possible, supported by laboratory and/or field testing.
Generally, gravel soil can be expected to have a hydraulic conductivity of greater than
0.01 cm/s, while sands can be expected to have a coefficient of permeability greater
than 0.001 cm/s. The sand or gravel drains leachate that enters the drainage layer to
prevent 30 cm (12 in.) or more accumulation on top of the liner during the active life
of the MSWLF unit LCS. The design of an LCS frequently uses a drainage material
with a hydraulic conductivity of 1 x 1072 cm/s or higher. Drainage materials with
hydraulic conductivities in this order of magnitude should be evaluated for biological
and particulate clogging. Alternatively, if a geonet is used, the design is based on
the transmissivity of the geonet. If a filter layer (soil or geosynthetic) is constructed
on top of a drainage layer to protect it from clogging, and the LCS is designed
and operated to avoid drastic changes in the oxidation reduction potential of the
leachate (thereby avoiding formation of precipitates within the LCS), then there is
no conceptual basis to anticipate that conductivity will decrease over time. Where
conductivity is expected to decrease over time, the change in impingement rate also
should be evaluated over the same time because the reduced impingement rate and
hydraulic conductivity may still comply with the 30 cm criterion. Unless alternative
provisions are made to control incident precipitation and resulting surface run-off,
the impingement rate during the operating period of the MSWLF unit is usually at
least an order of magnitude greater than the impingement rate after final closure.
The critical design condition for meeting the 30 cm (12 in.) criterion can, therefore,
be expected during the operating life. The designer may evaluate the sensitivity of
a design to meet the 30 cm (121in.) criterion because of changes in impingement
rates, hydraulic conductivity, pipe spacing, and grades. Such sensitivity analysis
may indicate which element of the design should be emphasized during construction
quality monitoring or whether the design can be altered to comply with the 30 cm
(121in.) criterion in a more cost-effective manner.
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The soil material used for the drainage layer should be investigated at the borrow
pit prior to use at the landfill. Typical borrow pit characterization testing would
include laboratory hydraulic conductivity and grain size distribution. If grain size
distribution information from the borrow pit characterization program can be cor-
related to the hydraulic conductivity data, then the grain size test, which can be
conducted in a short time in the field, may be a useful construction QC parameter.
Compliance with this parameter would then be indicative that the hydraulic conduc-
tivity design criterion was achieved in the constructed drainage layer. This infor-
mation could be incorporated into construction documents after the borrow pit has
been characterized. If a correlation cannot be made between hydraulic conductivity
and grain size distribution, then construction documents may rely on direct field
or laboratory measurements to demonstrate that the hydraulic conductivity design
criterion was met in the drainage layer.

Granular materials are generally placed using conventional earthmoving
equipment, including trucks, scrapers, bulldozers, and front-end loaders. Vehicles
should not be driven directly over the geosynthetic membrane when it is being
covered. Coarse granular drainage materials, unlike low-permeability soils, can be
placed dry and do not need to be heavily compacted. Compacting granular soils tends
to grind the soil particles together, which increases the fine material and reduces
hydraulic conductivity. To minimize settlement following material placement, the
granular material may be compacted with a vibratory roller. The final thickness of
the drainage layer should be checked by optical survey measurements or by direct
test pit measurements.

4.3.2.4. Geosynthetic drainage nets

Geosynthetic drainage nets (geonets) may be substituted for the granular layers of
the LCRs on the bottom and sidewalls of the landfill cells. Geonets require less space
than perforated pipe or gravel and also promote rapid transmission of liquids. They
do, however, require geotextile filters above them and can experience problems with
creep and intrusion. Long-term operating and performance experience of geonets is
limited because the material and its application are relatively new. If a geonet is used
in place of a granular drainage layer, it must provide the same level of performance
(maintaining <30 cm of leachate head above the liner). The transmissivity of a geonet
can be reduced significantly by intrusion of the soil or a geotextile. A protective
geotextile between the soil and geonet will help alleviate this concern. If laboratory
transmissivity tests are performed, they should be done under conditions, loads,
and configurations that closely replicate the actual field conditions. It is important
that the transmissivity value used in the LCS design calculations be selected based
upon those loaded conditions. It is also important to ensure that appropriate factors of
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(a) FML-Geonet-FML Composite (b) FML-Geonet-Geotextile-Clay
Soil Composite
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Figure 26. Flow Rate Curves for Geonets in Two Composite Liner Conﬁgurations.29

safety are used. The flow rate or transmissivity of geonets may be evaluated by ASTM
D-4716. This flow rate may then be compared to design-by-function equations. In
the ASTM D-4716 flow test, the proposed collector cross section should be modeled
as closely as possible to actual field conditions.

Figure 26* showed the flow rate “signatures” of a geonet between two geomem-
branes [left curves (a)] and the same geonet between a layer of clay soil and a
geomembrane [right curves (b)]. The differences between the two sets of curves
represent intrusion of the geotextile/clay into the apertures of the geonet.

Generally, geonets perform well and result in high factors of safety or per-
formance design ratios, unless creep (elongation under constant stress) becomes
a problem or adjacent materials intrude into apertures. For geonets, the most critical
specification is the ability to transmit fluids under load. The specifications also should
include a minimum transmissivity under expected landfill operating (dynamic) or
completion (static) loads. The specifications for thickness and types of material
should be identified on the drawings or in the materials section of the specifications,
and should be consistent with the design calculations. Geonets are often used on the
sidewalls of landfills because of their ease of installation. They should be placed with
the top ends in a secure anchor trench with the strongest longitudinal length extending
down the slope. The geonets need not be seamed to each other on the slopes, only
tied at the edges, butted, or overlapped. They should be placed in a loose condition,
not stretched or placed in a configuration where they are bearing their own weight
in tension. The construction specifications should contain appropriate installation
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requirements as described above or the requirements of the geonet manufacturer.
All geonets need to be protected by a filter layer or geotextile to prevent clogging.
The friction factors against sliding for geotextiles, geonets, and geomembranes often
can be estimated using manufacturers data because these materials do not exhibit
the range of characteristics as seen in soil materials. However, it is important that the
designer performs the actual tests using site materials and that the sliding stability
calculations accurately represent the actual design configuration, site conditions, and
the specified material characteristics.

4.3.3. Leachate Collection Pipes

All components of the LCS must have sufficient strength to support the weight of the
overlying waste, cover system, and post-closure loadings, as well as the stresses from
operating equipment. The component that is most vulnerable to compressive strength
failure is the drainage layer piping. LCS piping can fail by excessive deflection,
which may lead to buckling or collapse. Pipe strength calculations should include
resistance to wall crushing, pipe deflection, and critical buckling pressure. Design
equations and information for most pipe types can be obtained from the major pipe
manufacturers. Perforated drainage pipes can provide good long-term performance.
These pipes have been shown to transmit fluids rapidly and to maintain good service
lives. The depth of the drainage layer around the pipe should be deeper than the
diameter of the pipe. The pipes can be placed in trenches to provide the extra depth.
In addition, the trench serves as a sump (low point) for leachate collection. Pipes can
be susceptible to particulate and biological clogging similar to the drainage layer
material. Furthermore, pipes also can be susceptible to deflection. Proper mainte-
nance and design of pipe systems can mitigate these effects and provide systems
that function properly. The design of perforated collection pipes should consider the
following factors:

e The required flow using known percolation impingement rates and pipe spacing;
e Pipe size using required flow and maximum slope; and
e The structural strength of the pipe.

The pipe spacing may be determined by the mound model that is illustrated in
Fig. 27.% In the mound model, the maximum height of liquid between two parallel
perforated drainage pipes is equal to:

L tan® t
Jc |: an*e _ tane
2

where ¢ = g/ k, k = permeability, ¢ = inflow rate, and o = slope.

However, two unknown in the equation are L = distance between the pipes and
C = amount of leachate.

hmax =

tan%o + c] )
c c
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Figure 27. Definition of Terms for Mound Model Flow Rate Calculations.??

Using a maximum allowable head, /,,x of 30 cm (12 in.), the equation is usually
solved for “L” which showed in Fig. 27.

The amount of leachate, “c,” can be estimated in a variety of ways including the
“water balance method” and the computer, i.e. HELP. The HELP Model is a quasi-2D
hydrologic model of water movement across, into, through, and out of landfills. The
model uses climatologic, soil, and landfill design data and incorporates a solution
technique that accounts for the effects of surface storage, run-off, infiltration, perco-
lation, soil-moisture storage, evapotranspiration, and lateral drainage. The program
estimates run-off drainage and leachate that are expected to result from a wide variety
of landfill conditions, including open, partially open, and closed landfill cells. The
model also may be used to estimate the depth of leachate above the bottom liner of
the landfill unit. The results may be used to compare designs or to aid in the design
of LCSs.

Once the percolation and pipe spacing are known, the design flow rate can be
obtained using the curve in Fig. 28.2° The amount of leachate percolation at the
particular site is located on the x-axis.

The required flow rate is the point at which this value intersects with the pipe
spacing value determined from the mound model (Fig. 27). Using this value of flow
rate and the bottom slope of the site, the required diameter for the pipe can be
determined from Fig. 29.%° Finally, the illustrated graphics in Figs. 30%° and 31%°
showed two ways to determine whether or not the strength of the pipe is adequate
for the landfill design. In Fig. 30, the vertical soil pressure is located on the y-axis.
The density of the backfill material around the pipe is not governed by strength;
therefore, it will deform under pressure rather than break. As much as 10% is the
absolute limiting deflection value for plastic pipe. By using Fig. 30, the applied
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pressure on the pipe is located and traced to the trench geometry, and then the pipe
deflection value is checked for its adequacy.
The LCS specifications should include:

e type of piping material;
e diameter and wall thickness;
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e size and distribution of slots and perforations;
e type of coatings (if any) used in the pipe manufacturing; and
e type of pipe bedding material and required compaction used to support the

pipes.

The construction drawings and specifications should clearly indicate the type of
bedding to be used under the pipes and the dimensions of any trenches. The specifi-
cations should indicate how the pipe lengths are joined. The drawings should show
how the pipes are placed with respect to the perforations. To maintain the lowest pos-
sible leachate head, there should be perforations near the pipe invert, but not directly
at the invert. The pipe invert itself should be solid to allow for efficient pipe flow
at low volumes. When drainage pipe systems are embedded in filter and drainage
layers, no unplugged ends should be allowed. The filter materials in contact with
the pipes should be appropriately sized to prevent migration of the material into the
pipe. The filter media, drainage layer, and pipe network should be compatible and
should represent an integrated design.

4.3.3.1. Protection of leachate collection pipes

The long-term performance of the LCS depends on the design used to protect pipes
from physical clogging (sedimentation) by the granular drainage materials. Use of a
graded material around the pipes is most effective if accompanied by proper sizing of
pipe perforations. Design criteria have established by using graded filters to prevent
physical clogging of leachate drainage layers and piping by soil sediment deposits.
When installing graded filters, caution should be taken to prevent segregation of the
material. Clogging of the pipes and drainage layers of the LCS can occur through
several other mechanisms, including chemical and biological foulings. The LCS
should be designed with a cleanout access capable of reaching all parts of the col-
lection system with standard pipe-cleaning equipment.

Chemical clogging can occur when dissolved species in the leachate precipitate in
the piping. Clogging can be minimized by periodically flushing pipes or by providing
a sufficiently steep slope in the system to allow for high flow velocities for self-
cleansing. These velocities are dependent on the diameter of the precipitate particles
and on their specific gravity. Generally, flow velocities should be in the range of
1-2 ft/s to allow for self-cleansing of the piping.

Biological clogging due to algal and bacterial growths can be a serious problem
in MSWLF units. There are no universally effective methods of preventing such
biological growths. Since organic materials will be present in the landfill unit, there
will be a potential for biological clogging. The system design should include features
that allow for pipe system cleanings. The components of the cleaning system should
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include:

¢ A minimum of 6-in. diameter pipes to facilitate cleaning;

e Access located at major pipe intersections or bends to allow for inspections and
cleaning; and

e Valves, ports, or other appurtenances to introduce biocides and/or cleaning
solutions.

4.3.3.2. Protection of the high-permeability draina