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ABSTRACT

In Canada and worldwide, increased biosolids production, new environmental
legislation, and closure of landfill sites increasingly affect the pulp and paper industry.
The total amount of biosolids requiring management has increased over the past several
decades thereby gradually increasing interest in the quality of biosolids and the potential
for beneficial use. Traditional methods of sludge disposal by landfilling are being
replaced by new disposal methods, methods that take advantage of at least one of the
nutrient, soil conditioning, or fuel properties of sludge. These utilization aiternatives
reduce the volume of material that is landfilled and recovers valuable materials such as
nutrients and/or energy.

Each year, the pulp and paper mills in Canada landfil! 1 4 million tonnes of waste
material that would be suitable feedstock material for composting operations. This figure
represents 64% of the total compostable material landfilled by the Industrial,
Commercial, and Institutional sector in Canada. In 1995, only 4% of the mills’
compostable material were diverted from landfills to composting.

The Pine Falls Paper Company (PFPC) Ltd, located in Pine Falls, Manitoba,
Canada, currently landfills 200 wet tonnes of combined biosolids per day: 41% from
primary effluent treatment; 21% from secondary effluent treatment, and 39% from
deinking (wet basis). With landfill costs increasing, landfill space decreasing, and the
development of odour problems, the PFPC is investigating other alternatives for biosolids
utilization: 1) land application; 2) energy from waste; and 3) composting. The moisture

content and C:N ratio of the combined biosolids are 67% and 48:1, respectively.



Nitrogen fertilizer costs to bring the C:N ratio to 40:1, the top of the suggested reasonable
range for composting and land application would be approximately $36,400 annually.
However, the most likely source of composting amendment at the PFPC is bark, which is
readily available on site. At a mixture of 0.75 kg bark/kg biosolids, a moisture content of
60% and a C:N ratio of 90:1 results. Therefore, nitrogen addition costs to bring the C:N
ratio of the mixture to 40:1 would be approximately $303,800 annually.

This study investigated the effect of C:N ratio on the composting of pulp and
paper biosolids using bench-scale reactors, designed to simulate windrow composting.
Four reactors (treatments) were run simultaneously, with C:N ratio’s of 90:1 (control),
50:1, 30:1 and 20:1, each treatment was replicated three times. Each reactor was
identical in mass, moisture content, particle size, amendments, loading, and aeration.
Parameters that were monitored included compaction, temperature, and volatile solids
reduction. It was found that an optimum C:N ratio (20:1) resulted in an increase in
volatile solids reduction of 6% greater than the control (90:1), and showed similar
temperature profiles. The results suggest that the added cost of nitrogen fertilizer may
not be justified for increased composting performance. The C:N ratio therefore is not
that important with respect to composting performance and can save millions of dollars
annually in fertilizer costs, however there is a stability issue. The marketability of
compost requires nitrogen addition to satisfy CCME Guidelines for Compost Quality.
Nitrogen addition required to meet these guidelines would cost approximately $628,200
annually. Therefore more work is required in this area with long-term testing and

phytotocicity tests.
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CHAPTER 1
INTRODUCTION

In Canada it is estimated that approximately 500,000 dry metric tons of biosolids are
produced each year. The total amount of biosolids requiring management has increased
over the past several decades, thereby gradually increasing interest in the quality of
biosolids and the potential for beneficial use (Gies 1995). Increased pressure on finding
alternative means of disposal of sludge and biosolids from both industrial and municipal
wastewater systems is world wide. In Canada, increased biosolids production, new
environmental legislation, and closure of landfill sites affect municipalities, the
agricultural industry, and, increasingly, the pulp and paper industry (Pickell and
Wunderlich 1995). Gradually, traditional methods of sludge disposal by landfilling and
incineration are being replaced by new disposal methods, methods that take advantage of
at least one of the nutrient, soil conditioning, or fuel properties of sludge (Kuchenrither
1994). The most recent Canadian national survey of biosolids management was
completed in 1981 Results indicate that of the total biosolids produced, 29 percent was
being applied to agricultural land, 37 percent was being landfilled or incinerated, and the
remaining 34 percent was assumed to be managed through temporary storage lagoons,
followed by utilization and disposal. A 1992 survey of biosolids management in Ontario
indicated that 18 percent of their total biosolids is applied to land, 27 percent is
incinerated, and the remaining 55 percent is landfilled (Gies 1995). In the United states,
the U.S. EPA estimates that of their total biosolids generated from sewage treatment
plants, 49 percent are now being used for land application and other beneficial

applications, 35 percent is disposed of by landfilling, and the remaining 15 percent is



disposed of by incineration (Pickell and Wunderlich 1995). Although the beneficial use
of biosolids is gradually working its way into current disposal practices, the pulp and
paper industry has been slow to react to these changes. Landfilling and incineration are
still the most commonly utilized practices in this industry for a variety of reasons,
including contaminant concerns, and cost concerns for transporting and hauling biosolids
for land application (Table 1-1). Furthermore, even though alternatives such as land
application appear to work effectively, many miils worry about future problems such as
cost that may arise. For example, sites may have to be cleaned up at high cost due to
water contamination (Scott and Smith 1995). Such factors have until recently deterred
mills from investigating other alternatives, however, restrictive legislation, diminishing
land availability, public opposition, and environmental problems are making landfilling
less of a viable option (Pickell and Wunderlich 1995, Scott and Smith 1995). Also, many
mills find the cost of constructing and operating an on-site landfill to be too expensive
(Coburn and Dolan 1995, Scott and Smith 1995). As a result, beneficial use of biosolids
is increasing through land application, composting, pelletization (Hepp and Wojichowski
1994) and other alternatives such as energy derivation (USEPA 1994a). The practice of
using biosolids in a beneficial manner allows for the change from biosolids disposal to
biosolids utilization. Such practices as land application of biosolids as a soil amendment
or fertilizer supplement and various procedures that derive energy from biosolids or
convert them to useful end products can help reduce the volume of biosolids requiring
disposal, thereby reducing the rate at which the limited capacity of disposal facilities are
exhausted. Other benefits derived from recycling biosolids include improved soil fertility

and tilth, a reduction in the need for an enhanced response to inorganic fertilizers, better



growth and quality of crops, and decreased consumption of energy (USEPA 1994a).
However, biosolids utilization alternatives which involve the development of new
products from pulp and paper sludge must ensure there is a market for the product in
order to be economically feasible. “It does not make sense to develop and create

products for which there is no market” (Scott and Smith 1995).

Table I-1: Distribution of Current Pulp and Paper Mill Biosolids Disposal Practices
(Scott and Smith 1995).

Disposal Method Mills Using Method (%)
Landfill 69
Incineration 27
Land Application 8
Other Methods 8

Residue from pulp and paper mills are discharged to the air in the form of gases, to the
water in the form of treated effluent (wastewater) and to land in the form of solid waste
and sludge (Figure 1-1). Air and water quality have significantly improved in the last
two decades, often the water being discharged is cleaner than the water taken in by the
mills. As these components are removed from the air and water discharge streams, a

greater amount of solid waste is produced and must be managed. Mills produce sludges




that are distinctly different in composition and a sludge utilization alternative must be

based on the specific characteristics of a given sludge. Such utilization alternatives

reduce the volume of material that is landfilled and recovers valuable materials such as

nutrients and/or energy (Scott and Smith 1995).

Figure 1-1: Pulp and Paper Industry - Material Flow (Scott and Smith 1995).
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CHAPTER 2

PFPC BIOSOLIDS HISTORY

The Pine Falls Paper Company (PFPC), located 130 kilometers north of Winnipeg on
Provincial Highway # 11 is Manitoba’s only newsprint mill and Manitoba’s largest
recycler of old newspapers and magazines. This pulp and paper company has been
operating since January 1927, over 70 years. Employing almost 500 people in their mill
and woodlands operations, as well as an additional 600 seasonal contractors. the PFPC is
committed to protecting and enhancing our natural environment and our surrounding
communities. The company previously owned by Abitibi Price, was purchased by mill
employees in September, 1994 after three years of negotiation. This newly purchased
employee owned company is ready to undertake the enormous improvements and
upgrades in strategic planning, especially in the area of safekeeping the environment.
The dedication of PFPC to environmental stewardship becomes apparent in their vision
statement, which includes the following: “The company’s vision is to create and leave
for future generations a world-class pulp and paper facility that operates in harmony with
our social, economic, and environmental setting” (PFPC(a) 1995). The company was
ISO (International Standards Organization) 9003 certified in July 1993 and continues to
strive for excellence in environmental management and as such, accepts the responsibility
of protecting the environment from any potential impact from its operation. A strong
environmental policy is in place which addresses the mills compliance beyond legal
requirements, environmental management, environmental planning, awareness

promotion, training as well as other policy issues (PFPC(b) 1994).



Solid waste produced at the PFPC includes ash from boilers (coal ash), a small amount of
concrete and construction material, general garbage and office wastes, bark, and sludge
(biosolids) from treatment and deinking plants. 87000 tonnes of coal is used per year
(241 tonnes/day) to fuel mill boilers at an ash content of 8-10%. Therefore, 22 tonnes of
boiler ash is produced per day (@ an average of 9% ash content for coal) or 7824 tonnes
of boiler ash per year for a 360 day working year. Historically the ash was transported to
St. Georges landfill South East of the mill, but is now disposed of in the mills private
landfill. The landfill was opened in the fall of 1995, and is located north of the Winnipeg
River between the Maskwa River and Pine Creek. The small component of concrete and
construction material is also disposed of in this landfill. St. Georges landfill site
continues to be used for the disposal of garbage and office waste. Until the late 1950’s,
bark from the barking drums, which can’t be used for pulp, was added to the effluent and
flushed into the Winnipeg River. This resulted in a large bark accumulation that held
water back. As a result a new boiler and bark handling system was developed to burn the
bark and contribute to steam production for the mill. The ash produced from the bark
(2.6% ash content) adds approximately 3.5 tonnes per day to the boiler ash. Reject
material from screens and cleaners were sent to the clarifier in the woodroom and settled
out as sludge. Approximately 10 tonnes of dewatered sludge was added to the bark per
day to be burned in boilers. Waste oil from the paper machines was skimmed from
effluent and burned in the refuse boiler. The remaining particles were carried to the
Winnipeg River in the untreated effluent flow (MES 1995). Prior to December 1995,
PFPC did not treat their process effluent, therefore no sludge was produced (Poetker

MacLaren 1995).



In December 1995, a newly completed state-of-the-art waste water treatment facility
came on-line, where all mill effluent is treated in a 40 hour process to purify all waste
water from the mill (PFPC(a)). This wastewater treatment process was designed and
constructed to do better than meet the strict federal and provincial environmental
regulations and is continuously monitored for performance and quality. The mill is also
equipped with contaminant dikes around process chemicals storage tanks so that these
chemicals cannot enter the mill’s sewer system and receiving waters (PFPC(b)). The
wastewater treatment system employed at the PFPC is used to effectively treat mill
effluent, however, as with any waste water treatment system there is a production of solid
waste (biosolids). Of all the material entering the pulp and paper mills, an average of
35% becomes residue in the form of rejects (Scott and Smith 1995). The biosolids
produced from the wastewater treatment facility is a combination of wastes from many
different processing steps within the mill. The biosolids waste stream at the PFPC is
composed of primary sludge, secondary (biological) sludge, as well as deink sludge. The
deink sludge is produced as a result of treating the effluent from the recently completed
(July 1996) deinking plant which recycles 150 tons of old newsprint and magazines daily,
and was constructed at a cost of $36.5 million. In total, 200 plus tonnes of sludge
(biosolids) are produced daily at 33 percent solids content (Sopuck 1997). PFPC has
been aware of their need to effectively dispose of the biosolids in an environmentally
appropriate manner long before effluent treatment processes were put on-line. Options
that were considered included incineration, land application, and landfilling. Landfilling
was selected, as a result over 200 tonnes of biosolids are transported each day from the

mill to the new landfill at a cost of $600000 per year ($2000/day), with transportation



costs of $5.05 per tonne being responsible for approximately half of that total (Sopuck
1997). Recent local complaints of odour being produced from the landfill has caused the
mill to employ clay caps for landfill cells. As well, a geosynthetic membrane will be
used in the near future to help contain odours. This odour problem will result in costing

the mill hundreds of thousands of dollars.



CHAPTER 3

IDENTIFICATION & DISCUSSION
OF UTILIZATION ALTERNATIVES

Landfilling has historically been used in the disposal of pulp and paper biosolids. In
other jurisdictions the alternatives identified are: direct land application, energy from
waste technologies, and composting and marketing (Hamilton and Laufenberg 1992,
Wiegand and Unwin 1994). However, none of these technologies have been
demonstrated at paper industries in Manitoba. The commercial utilization of the large
quantities of sludges that are generated in the pulp and paper making process is the goal
of every mill (Mick et al. 1982). However, since there is relatively little information on
pulp and paper biosolids, much of the discussion within this chapter is based primarily on

municipal biosolids.

3.1 LAND APPLICATION

As traditional sludge disposal methods gradually give way to beneficial use options, land
application of biosolids appears to be the most widely implemented and notably accepted
practice (Gies 1995; Pickell and Wunderlich 1995; Mjoberg et al. 1993). Years of
extensive study and experience have provided a basis for government policies to promote
the beneficial use of biosolids. As a basis for the safe use of biosolids, hundreds of
studies have been conducted and thousands of publicly owned treatment works (POTWs)
are currently using biosolids as an organic fertilizer and soil conditioner on land
throughout North America (USEPA 1994a). Landspreading is an appealing technique

because it represents a natural reuse and recycling of biosolids. Land application can



reduce the dependence on landfilling and be cost effective while maintaining a clean

environment (Scott and Smith 1995).

3.1.1 LAND APPLICATION PROCESS

Land application of biosolids is the controlled application of biosolids to soil (USEPA
1983) through spreading. spraying, injection or incorporation of biosolids onto or below
the surface of the land (USEPA 1994b, Nemeth 1982). Typically, the most common
methods of application are surface spraying and direct injection (Gies 1995), however. an
extreme variation of methods exist (USEPA 1983). Biosolids can be applied directly in
liquid form, as a dewatered cake, or as composted or dried material. The application
method will vary according to the nature of the biosolids, the type of terrain, the
vegetation on the site, and the ultimate sludge use. However, common to all biosolids
application systems is the need for stabilization and disinfection of the biosolids prior to
land application. Therefore, digestion or other stabilization processes are often required,
although in some cases, the biosolids may be stabilized as part of the wastewater
treatment system (USEPA 1983). During seasonal variations of frozen ground, snow
cover, spring thaw, and crop cover, biosolids are generally stored in lagoons or dedicated
holding tanks (Gies 1995).

The primary purpose of land application is the ultimate disposal or recycle of biosolids
which provides additional biosolids treatment and disposal in a single operation (USEPA
1983). However, land application also takes advantage of the soil enhancing qualities of
the biosolids (USEPA 1994b). The effective application of biosolids can be used in

agriculture, forestry, and land reclamation provided a suitable site with adequate
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conditions exist. Major site conditions to be considered for the land application of sludge

include:
] Soil type
. Slope
o Site susceptibility to flooding
. Depth to seasonal ground water table
. Permeability of the most restrictive soil layer
. Cropping patterns and vegetative cover
. Nutrient and organic matter content

Sludge loading rates are determined once a suitable application site has been selected and
the process objectives are defined. The sludge loading rate is based on the most [imiting
constituent of those being considered, often nitrogen or phosphorus dictates the limiting

rate to meet crop needs (USEPA 1983).

3.1.2 BENEFITS/DRAWBACKS OF LAND APPLICATION

Often more complex than the wastewater process itself is the handling, treatment and
ultimately the disposal of biosolids in an environmentally acceptable and cost-effective
manner. The practice of land application can not only serve as a cost-effective biosolids
disposal technique, but can also serve land owners by improving soil characteristics,
reduce fertilizer costs, and increase productivity (USEPA 1983).

The process of land applying biosolids often compares favorably against alternate

biosolids utilization and disposal techniques where cost is concerned. This comparable

11



cost may be attributed to the fact that the land application process is not equipment
oriented or energy intensive (USEPA 1983). Land application of biosolids can help
eliminate or reduce the infrastructure and costs associated with burning process streams
and eliminate or reduce the need for landfills (Macyk 1996). As an alternative to
landfilling, land application of biosolids has been practiced for a number of years now,
and appears to be economically viable (Tripepi et al. 1996). The use of biosolids in land
reclamation efforts has proved very successful and comparable in cost to other
commercial methods in both large- and small-scale projects (USEPA 1994a). Additional
benefits of land application include recovering the costs of hauling and spreading from
the sales of the biosolids to farmers (USEPA 1994a). Already a widely used process,
land application frequently offers a practical and cost-effective disposai alternative
(USEPA 1983), as discussed in chapter 3.1 3.

The largest difficulty concerning land application is finding enough land on which to
spread the sludge. If a mill owns forest lands nearby, an ideal situation may exist.
However, difficulties often arise when the land needs to be leased or other arrangements
need to be made for spreading. Even a moderately sized mill would require a large area
on which to spread. Therefore, for an average sized mill to use the amount of sludge that
is produced, landspreading needs to be done on a relatively high volume basis (Scott and
Smith 1995).

Biosolids are composed principally of organic matter which contains various levels of
plant nutrients, water, and beneficial/detrimental organic and inorganic elements or
compounds and organisms. In particular, wastes (biosolids) from pulp and paper

operations have moderate nutrient levels, high organic matter levels, and low levels of
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potentially deleterious compounds (Macyk 1996). Biosolids can be applied to land
separately or in conjunction with chemical fertilizers to reduce the amount of chemical
fertilizers required and enhance crop yields (USEPA 1994a). The application of sludge
can benefit soils by reducing soil bulk density and surface crusting, as well as by
increasing the soils water-holding capacity, humus content, cation exchange capacity,
nutrients for plants, tilth, soil aeration and water aeration (Tripepi et al. 1996,
Kuchenrither 1994, McGovern et al. 1982). The soils water retention, air exchange
around plant roots, and the ability of the soil to hold nutrients in a plant available state
(cation exchange capacity) are all improved by the biosolids ability to enhance soil
rooting material, particularly in soils with low organic matter (USEPA 1994a). Such
properties of nourishing, conditioning and buffering of the soil are reflected in the
characteristics of pulp and paper biosolids (Scott and Smith 1995). Additional benefits of
land application include the ability of biosolids to suppress pathogenic soil organisms
such as nematodes that damage plant roots, and suppress specific plant root diseases that
otherwise cause damage to commercially grown plants (USEPA 1994a). Biosolids are
used in silviculture to increase forest productivity. Specifically, biosolids applied to
forest land can shorten pulp wood and lumber production cycles by accelerating tree
growth, especially on marginally productive soils. The U.S. Forest Service and the
University of Washington have conducted studies on the use of biosolids as a fertilizer in
silviculture. These studies have shown as much as a three-fold increase in tree growth
compared to controls for certain tree species. Likewise, lands that have been harvested or

disturbed by mining, construction, fires, land slides, or other natural disasters can be

13



revegetated and stabilized by biosolids application. Biosolids can also be used as a soil
substitute for intermediate and final landfill cover (USEPA 1994a).

Biosolids are applied to improve soil structure and supply nutrients to vegetation grown
in the soil of agricultural land, forestry land, reclamation sites, public contact sites, lawns
and home gardens (USEPA 1994b). Although land application to plants can improve the
soil physical properties while providing nutrients for growth, excessive sludge
application can. reduce crop yields (Kuchenrither 1994). The nutrient content of sludge
must therefore be determined when considering land application, as must the nutrient
requirements for a particular application. The biosolids must be characterized for a
number of constituents and may include pathogens, phosphorus, nitrogen, as well as
various heavy metals (USEPA 1983). When sludge is applied to soils at recommended
rates it can supply all the needed nitrogen and phosphorus for good plant growth, as well
as calcium, magnesium, and many essential micronutrients. The application of biosolids
to land is often based on the amount on nitrogen a crop can use (excess nitrogen could
leach below the root zone and contaminate groundwater). It is therefore necessary to

determine the available nitrogen per ton of dry sludge solids.

Available N
tons of dry solids

=0.20%xN, + N, (USEPA 1983) [3-1]

where N = plant available nitrogen (%)
N, = organic nitrogen (%)
N2 = NH;-N and NO«-N (%)
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crop N requirements —~ residual N

3-2
Ib available N/ton sludge [3-2]

Sludge application rate (dry tons/acre) =

where crop N requirement = the Ibs of N per acre recommended by the regulatory
residual N = the Ibs of N releaasgzn;g' acre from sludge that has been applied in any of

the previous three years.
Phosphorus in sludges usually range from 0.1-1.7 percent, therefore the amount of
phosphorus is often sufficient for plant growth when the sludge is applied at the nitrogen
requirement rate. However, potassium levels in sludge typically range from 0.02-2.64
percent (median=0.30%), therefore sludges are usually deficient in potassium relative to
crop needs (Kuchenrither 1994). With respect to the heavy metals content of a sludge,
the concentration of various metals such as cadmium, copper, zinc, nickel and lead may
restrict the land application of certain sludges containing these metals in concentrations
equal to or greater than that permitted by federal, provincial and local regulations. Such
limits are often based on the protection of food chain crops and considered by many to be
conservative if used for non-food chain crops, thus serving to protect human and animal
health (USEPA 1983).
Soil properties that affect the reactions and resultant plant uptake of sludge constituents
include pH, organic matter, cation exchange capacity, iron and aluminium oxides,
texture, aeration, specific sorption sites, and water availability. To predict the impact of
sludge use on elemental content in the human diet, plant uptake of trace elements from
sludge should be measured in field experiments. The trace element content of crops is a
function of the plant available level in the soil and the modifying influences of soil

chemical and physical properties. Information on background levels of metals in crops is

needed to evaluate the impact of metals entering animal or human diet. The soil physical
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properties are related to trace element uptake by plants. Estimation of food-chain transfer
is critical to valid estimation of the potential for risk. At the present. these estimates are
best made by considering:

e relative increase uptake of constituents by various crops from sludge-amended soil
under responsive conditions

e the rate of ingestion of different crops by the population

e the demonstrated bioavailability of the increased amounts of an element in sludge-
grown crops of ingested sludge

e an appropriate transfer coefficient from sludge-amended soil to edible crop tissues
Table 3-1 illustrates the pathways of exposure from land application of biosolids that can
be utilized in determining risk assessment. Grazing livestock ingest surface soil, this can
allow much more direct exposure to constituents in sludge than can occur via plant
uptake. Ingestion of sludge can allow exposure and/or risk which can be prevented by
incorporation of sludge below the soil surface, or by tilling sludge into the soil. To
minimize risk, wastewater treatment plants should identify the organics being discharged
by users, particularly industry. Risk assessments suggest that most sludge organics will
not increase the health risk to animals and humans (Page 1987).

Land application projects can be successfully implemented while avoiding potential
problems by following carefully planned procedures and using good management
techniques (USEPA 1983). Detailed and thorough planning is required for success. A
public education and participation program often help assure the success of a land

application project (USEPA 1983).
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Table 3-1. Pathways of Exposure from Land Application of Biosolids (USEPA 1994a).

PATHWAY DESCRIPTION
1. Biosolids-Soil-Plant-Human Consumers in regions heavily affected by
landspreading of biosolids

2.

Biosolids-Soil-Plant-Human

Farmiand converted to residential home garden
five years after reaching maximum biosolids
application

Biosolids-Soil-Human

Farmland converted to residential use five years
after reaching maximum biosolids application
with children ingesting biosolids-amended soil

Biosolids-Soil-Plant-
Animal-Human

Households producing a major portion of their
dietary consumption of animal products on
biosolids-amended soil

Biosolids-Soil-Plant-Human

Households consuming livestock that ingest
biosolids-amended soil while grazing

o

Biosolids-Soil-Plant-Animal

Livestock ingesting food or feed crop grown in
biosolids-amended soil

Biota-Biota
Predator

7. Biosolids-Soil-Animal Grazing livestock ingesting biosolids/soil

8. Biosolids-Soil-Plant Crops grown on biosolids-amended soil

9. Biosolids-Soil-Soil Biota Soil biota living in biosolids-amended soil

10. Biosolids-Soil-Soil Animals eating soil biota living in biosolids-

amended soil

I

Biosolids-Soil-Airborne Dust-
Humans

Tractor operator exposed to dust from biosolids-
amended soil

12.

Biosolids-Soil-Surface Water/Fish-
Humans

Humans eating fish and drinking water from
watersheds draining biosolids-amended soils

13.

Biosolids-Soil-Air-Human

Humans breathing fumes from any volatile
pollutants in biosolids

14.

Biosolids-Soil-Groundwater-
Human

Humans drinking water from wells surrounded
by biosolids-amended soils

3.1.3 LAND APPLICATION STUDIES

Statistics show that land application accounts for 8% of current biosolids disposal

practices for pulp and paper mills (Scott and Smith 1995). This section of the report

identifies and examines several land application studies of both municipal sludge as well

as pulp and paper sludge.
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Over 55% of all biosolids produced in Ohio are used on land. Likewise, over 90% of all
biosolids produced in Maryland are used on land. Hannibal, MO (population 19 000),
and Madison, WI (population 250 000) recycle their biosolids and charge farmers for
using their biosolids. Hannibal recovers 100 percent of the hauling and spreading costs
from its sale of biosolids to farmers. Madison fertilizes 3000 to 4000 acres of farmland
per year and has 22000 acres of farmland available by farmers waiting for application.
Madison receives $12 (U.S. 1994 currency) per acre for applying their biosolids (USEPA
1994a) Seattle, WA (population 1.1 million) also recycles their biosolids by applying it
to forest as well as agricultural land (USEPA 1994a), Seattle is said to have been one of
the first to use biosolids in forestry (Pickell and Wunderlich 1995). All biosolids
produced in metropolitan Washington, DC (population 3 million) have been used on land
since 1974, In 1993, approximately 75 percent (87 000 dry tons) of the dewatered
biosolids produced was used on agricultural land in Maryland (4000 acres) and Virginia
(4000 acres). The remaining 25 percent was composted and used by horticulturists,
landscapers, and the general public. At no charge to the farmers, the dewatered biosolids
were applied to private farmland by private contractors. From each 5 to 10 dry ton per
acre application of biosolids, the farmers received $100 to $140 (U.S. 1994 currency)
worth of needed nitrogen, phosphorus, trace nutrients, lime, and organic matter (USEPA
1994a).

Biosolids have proved to be successful in land reclaimation efforts in both large- and
small-scale projects. A land reclaimation using municipal biosolids in Fulton County, IL
cost $3700 (U.S. 1994 currency) per acre as compared with a range of $3400 to $6300

(US. 1994 currency) per acre using commercial methods. Studies in Colorado
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demonstrate that biosolids applied to range land improve range quality and reduce water
runoff proportional to the rate of biosolids application. In New Mexico, studies show the
application of biosolids to range land improve growth and nutritional quality of desirable
native vegetation, and reduced run-off of rain water from a one-time, 10 to 20 dry tons
per acre surface application. In Pennsylvania, biosolids have been used to reclaim over
3000 acres of lands devastated by mining and smelting activities. A Palmerton, PA, site
was highly contaminated where all vegetation in surrounding area was destroyed from 90
years of smelting zinc. This site was reclaimed using a combination of fly ash and
biosolids to revegetate soils (USEPA 1994a).

A project of land application was conducted by the Greater Vancouver Regional District
(GVRD), Western Forest Products Ltd, and IBEC Aquaculture in 1990. Various
mixtures of sewage sludge, pulp mill wastes, and fish mort silage were applied to forest
sites in southern British Columbia, near Port McNeill on Vancouver Island.  Results
indicate a rapid response by young conifers to organic fertilization (Pickell and
Wunderlich 1995).

In 1992 a project of biosolids application was completed at Malaspina College (British
Columbia) that was co-sponsored by Nutrifor. 600 dry tonnes (2500 wet tonnes) were
applied over an area of 26 hectares in the Malaspina College Research forest on central
Vancouver Island. Three application techniques were investigated: hand spray, wet
application; and dry application. Full-scale projections were made using data obtained
from the trial to estimate the cost per tonne of sludge for each application method. Dry
application appeared to have the lowest cost of the three methods investigated, as it

eliminates the need to re-wet the sludge (Pickell and Wunderlich 1995).
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In the last 10 years, much work has been done with land application of pulp and paper
mill sludge. The company QUNO Inc, from Thorold, ON, has over 6 years of
experience with land application of primary, secondary and de-inking sludges in Ontario.
Generally, primary and de-inking sludges have similar characteristics with low nitrogen
and high fiber content. Secondary sludges on the other hand generally have relatively
high nitrogen and phosphorus content and low fiber content. Therefore the secondary
sludges are more suitable for land application, this can be attributed to a higher nutrient
value. The heavy metal content of the combined paper mill sludge was found to be
equivalent to that of cattle manure, and about one tenth that of municipal sludge. The
sludge has been successfully used as a replacement for manure in agricuitural
applications and land reclamation projects of old coal/clinker sites, sand pits and a former
foundry site (Pickell and Wunderlich 1995).

A program of land application exists in the Region of Niagara. The region has 10 water
pollution control plants that treat approximately 20 billion gallons of sewage per year (54
million gallons per day). From that, approximately 13000 dry metric tons of biosolids are
produced per year and applied to land in liquid form. The biosolids must by law be a
consistent, stabilized, high quality product. The solids are anaerobically digested and can
be applied to land between April 1 and November 30, as weather and crop schedules
allow. The anaerobically digested biosolids are stored during the non-application season.
All biosolids are applied through sub-surface injection at a total program cost of about
$150 (Canadian currency) per dry metric ton over a five year contract. Sewage sludge is
not the only organic material directed to land application, other material include grape

pomace, compost, poultry litter, processing residuals and paper mill sludge (Gies 1995).
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A study was conducted by Domtar Specialty Paper at Comwall, ON, in the early 1990’s
to investigate the use of primary paper mill sludge as a herbicide-substitute/mulch layer
in forest plantations to control weed growth. Residue analysis indicate mainly waste
fiber and lime which are potential renewable resources for forest application. As weed
control is of critical importance in hybrid poplar culture, a mulching material is required
to provide an inert cover to suppress weed growth during the initial growth periods of
trees and eventually decompose into nutrients with no negative impact on soil and water
quality or tree growth. Test plots were used to conduct trials on a 3.5 hectare plot near
the mill. “The objectives of the trial were to: demonstrate that primary clarifier sludge
can be used as an effective herbicide substitute during the growth of hybrid poplars;
observe the decomposition of the mulching materials over the years; assess the chemical
and physical impact on soil properties; and evaluate plant response to the application.”
Results of this study show that the primary clarifier fiber was effective in controlling
weed control. Compared to non-treated plots, suppression of weed growth was in the
range of 75 to 90 percent. It was also found that sludge applied with a 10 centimeter
thickness was equally effective as sludge applied with a 20 centimeter thickness for
controlling weed growth, therefore, thickness of application had no affect on weed
growth suppression. Also, the sludge spread in 1992 remained as effective as the fresh
sludge spread in 1994. The reason the primary clarifier sludge serves as such a good
inert cover to suppress weed growth is due to its high carbon to nitrogen ratio. Over time
the sludge accumulates nitrogen and the carbon to nitrogen ratio decreases, thereby
increasing the sludge degradation rate, hence the effectiveness of the sludge as a

mulching material is anticipated to decrease. The study also indicates that the application
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of sludge entails no negative impact on tree growth, provided that poplar cuttings have
adequate contact with the soil. The sludge applied plots did in fact show indications of
improved tree growth. As far as soil properties are concerned, the application of sludge
had a negligible effect (Lo et al. 1996).

A cooperative effort involving industry, Canadian federal, and provincial funding
agencies and the Alberta Research Council have been researching the use of pulp & paper
biosolids in landspreading since 1991. The objectives of the research programs was to
characterize mill waste and assess the effect of landspreading. These objectives were
designed to provide data to industry, government regulators, and the general public in
order to promote the landspreading of pulp mill wastes on forest and agricultural land,
and in particular to provide a clear understanding of the “implications/benefits™ of such
practices. Research activities included a literature review, process stream
characterization, greenhouse pot experiments, growth chamber experiments, column
leaching experiments, and field landspreading tnals. Field experiments show that the
application of pulp mill sludge is beneficial on grass yields and that the grass yields
increased proportionally to increase in sludge application rates. With the decomposition
of the biosolids, the nutrients were released over a period of at least three to four years,
thereby improving the moisture holding capacity of the amended soil, and benefiting
plant nutrition and protecting groundwater quality. Also, the seedling grown in the
biosolids amended soil had a deeper green color and a healthier appearance than the
control seedlings, indicating greater tree health and vigor. Biosolids application had a
significant beneficial effect on the physical properties of the amended soils, including a

decrease in bulk density and an increase in moisture availability with increasing biosolids
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application rate. Conclusions from this research indicate that conventional and deink
sludges are beneficial soil amendments and can be applied at environmentally acceptable
rates of 40 dry tonnes/ha to 80 dry tonnes/ha depending on the characteristics of the
sludge and the soil. It is also recommended that multiple applications of sludge be
considered at a rate of either 50 dry tonnes/ha every two to three years or 80 dry
tonnes’ha every four years. These application rates “should be environmentally
acceptable, provided that the area is supporting annual crops, forage or pasture” (Macyk
1996).

A study relative to the use of pulp & paper sludge used for agricultural applications was
conducted at the university of Idaho. The research investigated the use of raw and
composted paper sludge as a soil additive or mulch for cottonwood plants. Under
greenhouse conditions, the effects of the sludge mixtures, application rate, method of
application and plant clone on the growth of cottonwood cuttings and soil characteristics
were determined. The mixtures of both the raw and composted sludge had similar
characteristics, however the C:N ratio of the composted sludge was 32:1 as compared
with 107:1 for the raw sludge. Throughout the study, cottonwood plants grew well in
both soil treated with raw or composted pulp & paper mill sludge and paper sludge
mixtures. The stem diameter of the cottonwood plants increased as sludge application
rates increased, this relationship followed a linear relationship then a curvilinear
relationship at greater application rates. The stem diameters of the plants amended with
the raw sludge mixture were generally larger than those treated with compost. As sludge
application rate increased, the height of the cottonwood plants also increased in a linear

and curvilinear manner. Generally, the plants treated with raw sludge grew taller than
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those treated with compost. and the plants mulched with sludge grew taller than the
plants grown in sludge-amended soil. This study concluded that the growth of young
cottonwood plants was improved with the use of raw and composted pulp & paper sludge
under greenhouse conditions, where the sludge is applied as mulch or incorporated into
the soil. The sludge provides mineral nutrients and improves water retention in the soil,
therefore improving plant growth. Based on this research and economic considerations
for composting and material application, the use of a raw sludge mixture applied as
mulch in cottonwood plantations may be the most effective method of using kraft pulp &

paper sludge (Tripepi et al. 1996).

3.2 ENERGY FROM BIOSOLIDS

Due to environmental problems that need solutions, favorable legislation, and
combinations of both, biofuel usage has slowly increased over the last several years. As
a result, biofuels markets exist and they are large. Less than 1 percent of the annual
biomass growth is utilized for energy worldwide, however, biomass provides 15 percent
of the total primary energy consumption. Biomass energy is a commodity and clearly
occupies an important position in commerce (Klass 1990).

The waste stream of the pulp and paper industry is typically landfilled (Kraft and Orender
1991), and although not widespread, the practice of burning sludge associated with pulp
and paper manufacturing plants is a common one (Someshwar et al. 1990). Of the
material entering the pulp and paper mills, approximately 35 percent becomes residue in
the forms of rejects. Some of these residues currently provide 56 percent of the energy

needs of the industry. Incineration decreases the volume of material that is landfilled and
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recovers energy from sludge. Incineration takes various forms and is the most common
alternative in the pulp and paper industry after landfilling (Scott and Smith 1995).

Wastes can typically be thought of as the combination of semimoist combustible and
noncombustible materials (Tchobanoglous et al. 1993). “Sludge can be easy to burn with
the right combustion technology”, where the technology is fuel specific (Kraft and
Orender 1991). There are four important properties that must be known if solid wastes
are to be used as fuel: Proximate analysis, Fusing point of ash; Ultimate analysis, and
Energy content. Proximate analysis involves testing for moisture, volatile combustible
matter, fixed carbon, and ash. The fusing point of ash is the temperature at which the ash
resulting from the buming of waste will form a solid clinker by fusion and
agglomeration. The ultimate analysis is the determination of major elements as a percent,
typically carbon, hydrogen, oxygen, nitrogen, sulfur, ash and often halogens. Energy
content of wastes can be determined using calorimeters and by calculation

(Tchobanoglous et al. 1993).

3.2.1 THERMAL PROCESSES

Energy recovery covers a wide range of technologies (Scott and Smith 1995). There are
three principal chemical processes for the thermal conversion of solid waste, these
include pyrolysis, gasification, and combustion (chemical oxidation). Pyrolysis is a
endothermic process in which organic material is split in an oxygen free atmosphere
through a combination of thermal cracking and condensation reactions into gaseous,
liquid, and solid fractions, theoretically the most efficient system available (Board 1986).

End products can either be a gas stream containing mainly hydrogen (H:), methane
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(CH,). carbon monoxide (CO), carbon dioxide (CO2), and other gases, or a tar and/or oil
stream or a char consisting of almost pure carbon. Although pyrolysis is widely used in
industrial processes, the pyrolysis of solid waste has not been very successful. Reasons
for this failure in the past may be attributed to the inherent complexity of the systems and
lack of appreciation by system designers of the difficulties of producing a consistent
feedstock. Also, if gaseous fuels are desired, a simpler and more cost-effective
technology would be gasification (Tchobanoglous et al. 1993). The conversion of
biomass to gaseous fuels is known as gasification (Klass 1990). Gasification consists of
the partial combustion of a carbonaceous fuel. As a result, a combustible fuel gas rich in
saturated hydrocarbons (methane), hydrogen and carbon monoxide is produced and can
be combusted in a boiler or internal combustion engine (Durai-Swamy et al. 1991). Air-
blown gasifier operation is a very stable process in which a fairly constant quality of gas
is produced over a broad range of air input rates. The gas produced has an energy content
which can be increased by as much as two fold with the use of pure oxygen as an oxidant
instead of air There are five types of gasifiers used in gasification, these include vertical
fixed bed gasifiers, horizontal fixed bed gasifiers, fluidized bed gasifiers, muitiple hearth
gasifiers and rotary kiln gasifiers. Of these, the first three types are the most widely used.
Advantages of the vertical fixed bed gasifier over other gasifier types include simplicity
and relatively low capital costs. However, one drawback is the sensitivity of the vertical
fixed bed gasifier to mechanical characteristics of the fuel, which must be uniform and
homogeneous. “Gasifiers have the potential to achieve low air pollution emissions with
simplified air pollution control devices” (Tchobanoglous et al. 1993). The conversion of

biomass to heat, steam or electric power is achieved by combustion processes. A wide

26



range of equipment is available, the specific types employed depend on the scale of
operation, feedstock characteristics, and desired energy products. Combustion is the
chemical reaction of oxygen with organic matter where oxidized compounds, light and
heat are produced. To ensure a complete reaction, excess air is used resulting in the
following end products: nitrogen gas (N); carbon dioxide (CO-); water (H;O, flue gas).
oxygen (Oz); small amounts of trace gases; and noncombustible residue. This reaction

can be represented as follows (Tchobanoglous et al. 1993):

oganic matter + excess air — N, +CO, + H,0+ O, +ash + heat [3-3]

Figure 3-1 illustrates a typical continuous-feed combustor for the production of energy

Figure 3-1. Typical Continuous-Feed Combustor for the Production of Energy
(Tchobanoglous et al. 1993).
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As with any combustion process, time, temperature, and turbulence drive the process.
The fuel particle must absorb heat to elevate its temperature to the ignition point. Air
must surround the fuel as the oxygen availability sets the combustion rate. Good mixing
(turbulence) assures a continuous oxygen supply, therefore a rapid combustion rate.
There must also be adequate time allowed for combustion to occur (Kraft and Orender
1991). Five issues must be considered with the combustion process, these include siting,
air emissions, disposal of residuals, liquid emissions and economics (Tchobanoglous et
al. 1993).

Conventional combustion is often carried out using the travelling grate combustion
process. The travelling grate combustion process is a common method for burning
sludge where sludge is co-fired with bark using an existing power boiler (Scott and Smith
1995). However, sludge is more difficult to burn than bark. The combustion process for
a travelling grate power boiler depends on: a uniform layer of fuel on the grate, good air
distribution (turbulence), a source of heat to ignite the fuel particle (temperature), and; an
optimum grate speed for complete combustion (time). Radiation is the primary mode of
heat transfer. Radiant heat transfer is a direct function of temperature (Kraft and Orender

1991).

Q= f(T} -T}) [3-4]

where Q = radiant heat transfer
T, = combustion zone temperature
T, = fuel particle temperature
Since Q is a function of temperature raised to the 4" power, a small decrease in T, can

result in a large decrease in Q.
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To successfully burn sludge in a traveling grate boiler one must understand the difference

between sludge and bark (Table 3-2). Major differences between sludge and bark are ash

contents ranging from 20.22% - 0.2%, oxygen contents ranging from 7.91% - 21.55%,

and “as fired” Higher Heating Values (HHV) ranging from 5043 KJ/Kg - 10422 KJ/Kg.

For the traveling grate combustion process, up to 20 percent sludge can be burned (Kraft

and Orender 1991).

Table 3-2: Sludge and Bark Analysis (sludge analysis

content (Kraft and Orender 1991).

normalized to 58% moisture

1 2 3 4
Deinking Deinking Pulp Mill Bark
% By Weight Sludge Sludge Sludge

Moisture 58.00 58.00 58.00 50.00
Carbon 12.10 13.07 21.66 2515
Hydrogen 1.48 1.83 2.40 310
Nitrogen 0.22 0.36 0.40 --
Suifur 0.07 0.08 0.39 -
Ash 20.22 14.00 486 0.20
Oxygen 791 12.66 12.29 21.55

100.0 100.0 100.0 100.0
HHYV Wet (Btu/lb) 2170 2208 3885 4485
HHYV Dry (Btu/lb) 5167 5257 9250 8970
Theoretical Air (1b/10KB) 7217 7.217 7.234 677
HHV Wet (KJ/Kg) 5043 5131 9028 10422
HHYV Dry (KJ/Kg) 12007 12216 21495 20844
Theoretical Air (KJ/Kg) 3.11 311 3.12 2.92

An alternative design to conventional combustion is fluidized bed combustion (FBC)

(Tchobanoglous et al 1993), which has proven to be most advantageous in many cases

(Meckel et al. 1996). A fluidized bed boiler can be used if sludge is added to an already

wet bark or 100 percent sludge is wanted to be burmed (Scott and Smith 1995). Fluidized




bed boilers allow for successful burning at significantly lower combustion temperatures
than conventional boilers (760°C - 904°C) (Kraft and Orender 1991, and Scott and Smith
1995). In a fluidized bed boiler, heat transfer remains high as long as bed temperature is
maintained, unlike a travelling grate. For some fuels such as bark and coal, the heat
released by the fuel is in excess to the amount of heat given up by the bed material to
ignite the fuel. For other fuels (sewage sludge) with moisture contents that exceed 65
percent, the bed material must give up more heat to evaporate the moisture than is given
back to the bed by the fuels heat. For some fuels such as pulp sludge, the amount of heat
given up by the bed to evaporate moisture and heat the fuel particle to ignition equals the
heat given up by the fuel (Kraft and Orender 1991). Depending on the Higher Heating
Value (HHV) and ash content of the siudge, this typically occurs at 58 to 62 percent
moisture. Therefore if the fluidized bed is to bum mainly sludge or only sludge, the
sludge-only/sludge-bark must be dewatered to a moisture content of 58 to 62 percent
where no in-bed surface is required (Kraft and Orender 1991, and Scott and Smith 1995).
Figure 3-2 illustrates a typical fluidized bed combustion system for refuse-derived fuel.
This system consists of a vertical steel cylinder with a sand bed and air injection nozzles
called tuyeres. Air is forced through the tuyeres thereby fluidizing the bed and expanding
up to twice its resting volume. Solid fuels are injected into the fluidized bed where

turbulence and mixing transfers heat to the fuel (Tchobanoglous et al. 1993).
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Figure 3-2: Typical Fluidized bed system for Refuse Derived Fuel (Tchobanoglous et al.
1993).
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A circulating fluid bed can be used when necessary to burn sludge with high quantities of
coal, bark, or a high energy fuel (Kraft and Orender 1991). A circulating fluid bed avoids
the use of an in-bed surface by removing some of the hot bed material. This is done
because more heat is produced than is needed for evaporation and heating when sludge is
burned with large amounts of bark coal, or other high energy solid fuels. (Scott and Smith
1995).

Combustion characteristics will vary from sludge to sludge (Pepperman 1991). Steam
produced through thermal processes can be converted to mechanical or electrical energy

or be used directly for industrial processes or building heating (Tchobanoglous et al.
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1993). Energy can be recovered by the use of a water-wall combustion chamber or by
the use of waste heat boilers, whereby either hot water or steam can be generated
Generated steam can be used for heating and generating electricity (Figure 3-3) while hot

water can be used for heating applications (Tchobanoglous et al. 1993).

Figure 3-3: Energy Recovery System (Tchobanoglous et al. 1993).
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For the water-wall combustion chamber, the walls of the chamber are lined with boiler
tubes in vertical continuous sections. Steam is generated as water is circulated through
the tubes absorbing heat generated in the combustion chamber. For waste heat boilers,
hot flue gases are passed through a separate botler separate from the combustion chamber
(Figure 3-4). The combustion chamber is lined with insulating refractory materials to

reduce heat loss through furnace walls (Tchobanoglous et al. 1993).
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Figure 3-4. Waste Heat Boiler for Heat Recovery (Tchobanogious et al. 1993).
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“High-organic, low-moisture sludges are good candidates for incineration” (Scott and

Smith 1995).

3.2.2 ENVIRONMENTAL CONTROL SYSTEMS

Several impacts affect the environment as a result of thermal recovery systems. These
environmental impacts include gaseous and particulate emissions, solid residuals, and
liquid effluents. The critical part of the design of thermal processing systems is often in
accounting for emission control. Air pollution control is a major concern in the
implementation of such a process (Tchobanoglous et al. 1993; Gullichsen 1993).

Air emission pollutants include particulate matter, carbon monoxide (CQO), 1irig:n
oxides (NOy), sulfur dioxide (SO.), ozone (Os), and metals such as lead (Pb). These

pollutants at various concentrations can cause adverse effects on humans and the
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environment. Particulate matter can be inhaled causing health problems, carbon
monoxide can cause a lack of oxygen in the human body resuiting in headaches, nausea,
and even death. Nitrogen oxides contribute to the formation of acid fog and rain, sulfur
dioxide can cause illness or death where symptoms include irritation of the eyes, nose
and throat (Tchobanoglous et al. 1993, Aghamohammadi and Durai-Swamy 1993).
Along with incineration emission concerns involving NO, and SO, (acid rain) gases,
chlorinated compounds found in plastics that contaminate the paper can also be
problematic (Scott and Smith 1995).
There are five classes of control equipment for gaseous and particulate air emissions from
resource recovery systems:

e electrostatic precipitators, fabric filters, electrostatic gravel bed filters

e source separation, combustion controls, flue gas treatment (NO, control)

e source separation, wet or dry scrubbing (SO; and acid gas control)

e combustion controls (CO & HC control)

e source separation, combustion controls, particuiate control (non criteria

pollutant controls)

The removal efficiency of air pollutant control equipment can be calculated using the

following formula:

E= Winier = Wowser x 100% [3-5]

inlet

where E = collection efficiency (%)
Winie = pollutant inlet weight
Wouia = pollutant outlet weight
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When sludge is displacing bark in a bark fired boiler, N, S, and ash increase, as a result
there is an increase in NO; emissions. Pulp mill sludge which is burned is a major
contributor of sulfur pollution. Ash contents of sludge are greater than bark, this results
in an increase in particulate emissions. The overall impact depends on the amount of
bark that is displaced by the sludge. The amount of sludge that can be burned is often set
by existing air permits and not the equipment’s inability to burn more sludge (Kraft and
Orender 1991). Gaseous pollutants require extraordinary means to meet the output level
required. The ability to meet various gaseous emission levels is a priority (Rode 1991).
However, air pollution impacts should not eliminate thermal processing options from
consideration, as high efficiency emission control equipment can be employed (Jones et
al. 1976). Solid residuals produced from thermal processes include bottom ash, fly ash
and scrubber product. Bottom ash is the unburned and nonburnable portion of the
material being burned. Bottom ash from most combustion systems is landfilled without
processing. Fly ash, or particulates are removed from flue gases using filters, etc. Fly
ash must be handled carefully to avoid fugitive dust emissions. Scrubber product is the
material produced by scrubbers and can result in solid or liquid wasted depending on the
type of scrubber used (Tchobanoglous et al. 1993).

Wastewater results from several sources in the energy from biosolids processes including
wet scrubber effluent and wastewater from boiler feedwater production. The quantities
of wastewater produced are relatively minor compared to the leachate produced from a
landfill. Such wastewater may require treatment (Tchobanoglous et al. 1993).

“Bumning sludge has an environmental impact” (Table 3-3) (Kraft and Orender 1991).

“When considering burning sludge, it is important to consider how close you are to the
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emission limits. It may not necessarily be the boiler equipment that cannot handle the

sludge, but the emission requirements” (Scott and Smith 1995).

Table 3-3: Elements Contributing to Major Pollutants (Kraft and Orender 1991).

Deinking Pulp
Element Sludge Sludge Bark
N; Ib/MKB (g/MJ) 1.63 (0.737) 1.03 (0.466) [ 0.89 (0.403) (N;=0.4%)
S Ib/MKB (g/MJ) 0.36 (0.163) 1.00 (0.452) --
Ash 1b/MKB (g/MJ) 63.4 (28.7) 12.51 (5.7) 0.45 (0.204)

3.2.3 DRYING

As biological solids generated in wastewater treatment become more common, combined
mill sludges have become more difficult to dewater. Mills are searching for a way to
reduce the costs associated with sludge hauling; get maximum use out of existing landfill
space, and, make sludge a more attractive fuel for combination-fuel-fired boilers.
Therefore, there is a growing interest among pulp and paper companies in sludge
dewatering technologies capable of producing drier cakes at a reasonable cost.
Mechanical dewatering methods are rarely able to reduce the water content of sludges
below 60 percent. Modemn sludge-drying systems vary considerably, some drying
equipment used by pulp and paper mills include but are not limited to: dedicated gas-
fired rotary kiln dryers to dry particularly wet and difficult-to-dewater waste treatment
sludge, gas- or oil-fired air-entrained dryers; drying sludge while being conveyed by
boiler flue gas through pneumatic hog-fuel transport systems; wood fuel drying systems,
and; the Carver-Greenfield process (multieffect or mechanical vapour recompression

evaporation with the use of a fluidizing carrier oil). “The most appropriate technique to
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dry high moisture pulp and paper sludges to very low moisture contents (< 10%) appears
to be a technically proven heavy oil version of the Carver-Greenfield process, operating
at drying temperatures of up to 115°C™ (Azarniouch 1995). A modern screw press can
increase the solids content of clarifier sludge to 45-50% on a continuous basis (Linderoth
1989).

Dried sludge may be utilized as a fuel source. The costs of energy are a critical factor in
the economics associated with drying sludge. It has been demonstrated on both the pilot
and commercial scale that dried sludge is suitable for use as a fuel (Pepperman 1991).
Vesilind and Ramsey have conducted research to determine the effect of drying
temperature on the final heating value of sludge Results indicate that for temperatures in
excess of 105°C, the Higher Heating Value (HHV) of dried sludge is dependant upon the
temperature to which it is exposed prior to the measurement of the heat value. Also, little
volatile matter is lost until 80 - 90 percent of the original moisture content of the sludge
has evaporated, regardless of the temperature of heating. Higher Heating Values
(HHV’s) for sludge samples tested were strongly influenced by the temperature under
which they were dried (Figure 3-5). Also, little , if any, chemical energy is lost at drying
temperatures between 25 - 105°C (Vesilind and Ramsey 1996).

Odour problems during storage and handling are virtually eliminated through drying

(Hordesty and Beer 1993).
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Figure 3-5- Higher Heating Values (HHV’s) at Various Drying Temperatures for Sludge
Samples (each data point represents the average of three experiments)

(Vesilind and Ramsey).
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3.2.4 BENEFITS/DRAWBACKS OF ENERGY FROM BIOSOLIDS

The purpose of thermal conversion of solid waste is to both reduce the volume of the

waste and/or to recover conversion products (Tchobanoglous et al. 1993). Biomass fuels

have been burned in stoker fired steam generators for vears. They provide a relatively

inexpensive fuel source (Rode 1991). Traditional burning shifts some of the pulp and

paper industries residue to the air discharge stream with its resuiting costs and problems.

However, “we must not shift the problem from land to air”. Therefore, major drawbacks

to incineration include large capital investments as well as stringent pollution control

requirements, and due to low fuel values, incineration is often not cost effective. In order
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to justify the large capital expenditure for incineration, the economics of the process must
be considered. Such considerations should include (Scott and Smith 1995):

o the need for supplementary fuel to sustain combustion

e ash handling and disposal

¢ sludge dewatering capacity

o the efficiency of existing boilers
Combustion is the most commonly used of the chemical transformation processes due to
its ability to recover energy in the form of heat. The use of a combustion system results
in a reduction in volume of waste as well as energy recovery which can help to offset
operating costs and reduce the capital costs of air pollution control equipment
(Tchobanoglous et al. 1993).
For the travelling grate combustion process there are obvious advantages such as
simplicity and the ability to use existing boilers, however, there are also a number of
drawbacks and problems with such a system (Scott and Smith 1995). Due to the
difference in ash and oxygen content between sludge and bark, sludge is more difficult to
burn than bark (Kraft and Orender 1991, and Scott and Smith 1995). As the amount of
ash increases, the flue gas weight increases while the total heat available remains

constant. As a result, the enthalpy of the flue gas decreases (Kraft and Orender 1991).

heat _ total heat available
mass flue gas weight

h=

[3-6]

Therefore, a high ash content can increase the heating load of the boiler and therefore

reduce efficiency. High ash is detrimental to the heating value of sludge, often deinking
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sludge has a greater ash content than primary and secondary sludge (Scott and Smith
1995). Sludge requires more air than does bark, in order to release the same amount of
heat. This is due to the lower oxygen content in the sludge. This extra air that is required
dilutes the flue gas with extra cooler air, thereby lowering combustion zone temperatures
(Kraft and Orender 1991). Also the moisture content of sludge is greater than that of
bark, therefore moisture tends to increase in the boiler lowering the combustion
temperature. An increase in moisture content of 1 percent will cause a decrease in
combustion temperature of 10°C, resulting in a decrease in heat transfer of 13143
Btu/hr*f? (Kraft and Orender 1991, and Scott and Smith 1995) To compensate for
moisture content and oxygen, the moisture content would need to be lowered to produce
the same combustion zone temperature as bark alone. Some equipment evaluations to
consider are: raise the combustion air temperature by removing economizer surface and
adding air-heater surface, for continuous stream sludge addition, cover the lower furnace
walls with refractory material, dewater the sludge to a higher solids content, and; install a
mechanical mixer upstream of the fuel conveyor belt to better mix bark and sludge (Kraft
and Orender 1991). Mixing may be necessary because the uniformity of the feed is very
important to maintain boiler temperature. Due to moisture and other operating
conditions, the amount of sludge that can be co-fired may be limited (Scott and Smith
1995). Sludge is difficult to burm due to its high ash and moisture contents and low
heating values. (Kraft and Orender 1991).

Travelling grate combustion has moisture limits due to evaporation and its effect on
combustion temperature, therefore a fluidized bed system may be used (Kraft and

Orender 1991). This fluidized bed process is also more environmentally friendly than



other waste to energy processes. For the fluidized bed process, if the moisture content is
too high, supplemental fuel may be needed. Fluidized bed has been found by some mills
to be “efficient, reliable, and economical” (Scott and Smith 1995, Nickull et al. 1991). A
major advantage of fluidized bed systems is that they are less sensitive to changes in fuel
condition (Tchobanoglous et al 1993, and Scott and Smith 1995), there is complete and
efficient combustion, flexible operation, low emissions, and low operation costs (Meckel
et al. 1990).

A benefit of burning sludge is steam generation, however, although there is a net steam
production, it is low compared to the burning of bark or fossil fuels. Nonetheless, the
burning of sludge can be used to offset some of the fossil fuel consumption of pulp and
paper mills (Kraft and Orender 1991). Other benefits of incineration include a volume
reduction of sludge cake up to 96 percent, the thermal destruction of toxic organic
constituents as well as energy recovery (Vesilind and Ramsey 1996). The key elements
in making sludge difficult to burn are high moisture contents, high ash contents and low

oxygen contents (Kraft and Orender 1991).

3.2.5 ENERGY FROM BIOSOLIDS STUDIES

Sludges have been burned in conventional power boilers in North America for years,
however, there are problems that occur with the increased burning of sludge Such
problems include: a reduction in boiler steam capacity unless sludge is kept to a low
percentage of fuel input or dewatered to a great degree; increased maintenance due to
grate blockages caused by sludge ash, and; an increased use of auxiliary fuel such as oil

or gas to prevent boiler blackouts due to inconsistency of waste fuel moisture content.

41



Therefore, fluidized bed boiler systems are being implemented at an increasing rate.
Fluidized bed sludge units have been operated throughout Europe, especially in Finland
for approximately 10 years. Over 20 such installations are now running in Europe and
the United States. Several of these systems are conversions of traditional travelling or
sloping grate hog boilers that have been successfully converted to the fluidized bed type.
Depending on the moisture of the sludge, properly-designed fluidized bed boiler systems
can permit sludge feed input ratios of 50% or greater. Sludge drying technique and boiler
configuration improvements are making sludge more of an asset than a liability for heat
production (Pickell and Wunderlich 1995).

As mentioned, throughout the world, several fluidized bed combustion systems are being
used for solid waste combustion. One of the first installations was in Lausanne,
Switzerland. A small (150-ton/d) fluidized bed unit is used to co-dispose of municipal
solid waste with dewatered wastewater treatment plant sludge. Steam is generated using
a waste heat boiler, which is used for heating and electricity generation (Tchobanoglous
et al. 1993). In Fujisawa, Japan, a 390-ton/d fluidized bed combustion system is used
which employs a moving-bed design, allowing mass firing of unprocessed municipal
solid waste. As well, a 700-ton/d plant in Duluth, Minnesota is used to co-dispose of 400
tor/d of municipal solid waste and 300 ton/d of dewatered wastewater treatment plant
sludge (Tchobanoglous et al. 1993).

Fluidized bed combustion technology was used by a Spokane, Washington, newsprint
manufacturer to burn its solid wastes and generate the hot water needed for a new paper
recycling and de-inking facility. The volume of disposed solids was also reduced at the

same time. The net heating value of paper mill solids can offset a significant percentage
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of a mill’s fuel cost, depending on the moisture and ash content of the sludge. Air
emissions may also be reduced if a mill uses wasted solids as a fuel source instead of
coal, due to the high sulfur content of coal. The primary and de-inked solids at the
Spokane mill are dewatered to a solids content of about 43 percent (Moisture content =
57%) in a screw press. With fuels such as paper mill solids, and particularly mixed fuel
streams, the thermal stability of fluidized bed systems helps to balance the combustion of
the material and maintain the uniformity of combustion, both in temperature and gas
concentration (Meckel 1993).

The University of Wisconsin-Stevens Point (UWSP) investigated three alternative
technologies for a waste-to-energy project with the University as the primary consumer.
Technologies explored included mass incineration, refuse derived fuel and pyrolysis.
Mass incineration has been the most widespread technology but is not the most
environmentally sound. The process requires burning waste without any preliminary
processing. The refuse derived fuel involved pre-processing the waste to produce a
uniform fuel, and the pyrolysis process is still considered experimental technology. The
study concluded that the best alternative would be a refuse derived fuel fluidized bed
boiler system. Such a system would have an environmental advantage over other
incinerators because of the high heat transfer rates between the bed medium and the
incoming fuel. The fluidized bed process would also allow for lower costs and a greater
acceptance to varying types of fuel (Abubakr and Benjamin 1990).

In the United states, only one full-scale municipal solid waste pyrolysis system was ever
built. The operation was constructed in El Cajon, California. The operation employed

the Occidental Flash Pyrolysis System and did not achieve its primary goal to produce a
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saleable pyrolysis oil. As a result the plant shut down after two short vears of operation
(Tchobanoglous et al. 1993).

The costs of energy are a critical factor in the economics associated with drying sludge.
Clayton county, Georgia, developed the concept that pellets from the Clayton sludges
could retain sufficient heat value to dry new sludge. The dried sludge possessed a
heating value of 7500 Btu/lb. The county installed a two stage incinerator with could
combust the pellets and then burn the hot gases to control potential emissions. Hot gases
from the incinerator were then drawn directly into the triple pass dryer. This allowed a
volume reduction prior to disposal. Burning the pellets enabled the County to realize an
80 -90 percent reduction in fuel costs compared to the operation of the system solely on
natural gas. The success which Clayton county has enjoyed with the combustion of
sludge pellets as a fuel source has resulted in a hiatus and renewed interest in such
applications (Pepperman 1991).

“Incineration and the production of steam with sludge will continue to be an option for

the foreseeable future’ (Pickell and Wunderlich 1995).

3.3 COMPOSTING

Composting is a biological process of stabilizing organic matter under controlled
conditions into a product that is rich in humus and provides organic matter and nutrients
to the soil. Composting converts organic waste into useful products, thereby diverting
them from disposal in landfills or combustion facilities (USEPA 1993). Compost derived
from paper mill sludges can be used on agriculture, horticulture, forestry, and land

reclamation (Sesay et al. 1997).



Data on solid residuals from the Canadian pulp and paper industry were derived from two
recent surveys. The first survey was conducted in December 1994, and was answered by
93 mills (85% of the total pulp and paper mills in Canada). The second survey was
conducted in January 1996, requested information for 1995, and was answered by 55
mills (52% of the total pulp and paper mills in Canada). The data from these surveys
were averaged and extrapolated to the entire Canadian pulp and paper industry.
Approximately one fifth of the solid waste reported for the whole country is generated
from pulp and paper mills (Figure 3-6). This constitutes 6.4 million tons per year. This
contribution also makes up half of the total reported for the Institutional, Commercial and
Industrial (IC&I) sector. The amount of organic wastes reported from the IC&I sector is
actually less than the amount of organic residues generated by the pulp and paper
industry. Some or all of these residues from this industry were not counted in both
studies. However, the amount of residues that take up space in landfills is of more
concern than the total. The pulp and paper industry accounts for 64% of the total organic
solid residues that is landfilled in the IC&I sector and 22% of the Canadian total (Figure
3-7). The 1.4 million tonnes of organic residues currently being landfilled by pulp and
paper mills are a significant amount of raw material for the Canadian composting

industry. (Reid and O’Connor 1996, Reid 1998).
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Figure 3-6. Comparison of Pulp & Paper Mill Residues to Canadian and IC&I Totals
(Reid and O’Connor 1996).
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Figure 3-7. Comparison of Pulp & Paper Mill Landfilled Residues to Canadian and
IC&I Landfilled Totals (Reid and O’Connor 1996).
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Primary and deinking sludges decomposability is largely influenced by the type of mill.
Chemical pulp and fine paper mills, and mills that are recycling fine papers produce
sludge that is nearly pure carbohydrate, these sludges are easily decomposed during
composting. Mechanical pulp mills, newsprint mills, or mills recycling old newspapers
produce sludge that is lignified and is more resistant to decomposition through
composting. Secondary (biological) sludges are readily biodegradable and generally
compost well. The heavy metal content of the raw sludge is determinant in the quality of
the finished compost. Pulp and paper mill sludge has low heavy metal contents and
generally do not exceed the AA (highest) standard set out by the Bureau de
Normalisation du Queébec. Furthermore, pulp and paper sludges do not contain detectable
amounts of such organic contaminants as polychlorinated biphynols (PCB’s),
polyaromatic hydrocarbons (PAH’s), or aromatic solvents (BTX) (Reid and O’Connor
1996).

In 1995, only 4% (100,000 tonnes) of pulp and paper solid residuals that were
compostable were composted. Two-thirds of these compostable residues were landfilled

and one-quarter was incinerated (Reid and O’Connor 1996).

3.3.1 COMPOSTING PROCESSES

Compost is the result of the composting process through which a humus-like material is
produced that can be used as a soil conditioner. Composting can also be used to reduce
the volume and weight of the waste material. Composting can either be carried out as
aerobic or anaerobic. The principal difference is that the aerobic process requires oxygen

to complete the conversion reactions while anaerobic processes must be oxygen free.
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Aerobic composting is the most common of the two practices and will be discussed
further In the composting process, the organic fraction of wastes undergoes biological
decomposition. The rate of decomposition is dependant on several parameters which
include the nature of the waste, the moisture content, available nutrients as well as other
environmental factors (Tchobanoglous et al. 1993). Papermill sludge normally has a
moderate to high carbon:nitrogen (C:N) ratio, which often requires supplemental nitrogen
(N) to facilitate complete composting. Compost is the finished resistant organic matter
that remains after decomposition is complete. The following equation can be used to

represent composting under aerobic conditions:

organic matter + O, + nutrients — new cells + compost + CO, +H,0 + NH; + SO;2 +heat [3-7]

The most common types of composting techniques include windrow composting. aerated
static pile composting and in-vessel composting. Windrow composting consists of
composting material in elongated rows that are typically 6 to 10 feet high by 14 to 25 feet
wide at the base. The windrows are aerated through turning, which is usually
accomplished by a front end loader or some type of turning equipment. Depending on
the frequency of turning, complete composting can be accomplished in as little as three to
four weeks or as much as three to five years as the organic carbon is transformed to stable
humic compounds (Tchobanoglous et al. 1993; Campbell et al. 1991). After the turning
period, the compost is allowed to cure for an additional three to four weeks. The aerated
static pile composting process consists of a grid of aeration/exhaust piping which lies
beneath the composting material. Typical heights of the piles are approximately 7 to 8

feet. Air is delivered to the pile through the grid of piping to provide the oxygen needed
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for conversion reactions to occur. Therefore, no turning is required. Composting is
usually complete in three to four weeks and cured for an additional three to four weeks.
The in-vessel composting system is a process that is carried out in an enclosed vessel.
Many shapes. sizes and types of such vessels exist. In-vessel composters are designed to
minimize odours and process time by controlling environmental conditions such as
temperature. The detention time varies from 1 to 2 weeks, but nearly all systems employ
a4 to 12 week curing period after the active composting period. Issues for implementing
composting facilities include: the production of odours, the presence of pathogens; the
presence of heavy metals, and, the definition of what constitutes a suitable compost.
There are several design and operational considerations associated with aerobic
composting as illustrated in Table 3-4 (Tchobanoglous et al. 1993).

The selection of a composting technology is based on capital and operating costs, land
availability, operational complexity, and potential for nuisance problems (Table 3-5).
The composting operation can be operated “in-house” by the waste producer or on a full-
service contract where the composting facility is owned and operated by a vendor or third

party (Tchobanoglous et al. 1993).
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Table 3-4: Aerobic Composting Design And Operational Considerations
(Tchobanoglous et al. 1993).

Item

Comment

Particle Size

For optimum results, particle size should be between 25
and 75 mm.

Carbon:Nitrogen (C:N) ratio

Initial C:N ratios (by mass) should be between 20 and 30
for optimum results.

Blending and Seeding

Partially decomposed waste can be used to seed compost at
1 to 5 percent by weight to reduce composting time

Moisture Content

Optimum range = 50 to 60 percent.

Mixing/Turning Mix or turn on a regular schedule or as needed to prevent
drying, caking and air channeling.
Temperature Optimum temperature = 50 to 55°C for the first few days

and between 55 and 60°C for the remainder of the active
composting period.

Control of Pathogens

Temperature must be maintained between 60 and 70°C for
24 hours.

Air Requirements

Calculate the theoretical quantity of oxygen required.

pH Control

Optimum pH range is between 7 and 7.5. pH should not
exceed 8.5 to minimize the loss of nitrogen.

Degree of Decomposition

Degree of decomposition can be estimated by measuring
the final drop in temperature, degree of self heating
capacity, amount of decomposable and resistant organic
matter in the composted material, rise in the redox
potential, oxygen uptake, growth of the fungus
Chaetomium gracilis, and the starch-iodine test.

Land Requirement

Land requirements for a plant with a 50 ton/d capacity will
be 1.5 to 2.0 acres.
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Table 3-5: Comparison of Composting Processes (Tchobanoglous et al. 1993).

Item Windrow Aerated Static In-Vessel In-Vessel
Pile (completely (plug flow)
mixed)
Capital costs Generally low Generally low in | Generally high | Generally
small systems, high
can become high
in large systems
Operating costs | Generally low High (in sludge | Generally low | Generally
systems where low
bulking agents
are used)
Land High High Low, but can Low, but can
requirements increase if increase if
windrow drying | windrow
or curing drying or
required curing
required
Control of Depends on May be large- Potentially Potentially
odours feedstock, area source but | good good
potential large- | can be
area source controlled
Potential Susceptible to Control of High System may
operating adverse weather | airflow rate is operational be
problems critical flexibility, mechanically
system may be | complex

mechanically
complex
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3.3.2 COMPOSTING MARKETS

Composting is encompassed as a form of recycling, where recycling, along with waste
prevention, combustion and landfill disposal, is a key component of an integrated solid
waste management strategy. A material is only considered recycled when all steps,
including collection, separation, processing, remanufacture and marketing are completed.
Therefore, understanding the markets for composting is key to continued and expanded
recycling. Like all markets, the markets for compost are influenced by the laws of supply
and demand. Governments support recycling by promoting the purchase of recycled
materials, providing assistance to recycling organizations; and researching. developing,
and evaluating policy options (USEPA 1993).

The supply of compost can be influenced by several factors such as landfill and
combustor capacity pressures and high disposal fees. Many landfills have also banned
certain materials for disposal. Also, certain materials are not desirable for combustion
due to high moisture contents, which inhibits the complete burning of the material and
results in little net useable energy for power or steam generation. Air emissions are
another major concern with the combustion of waste material. Suppliers should identify
markets before initiating composting operations and adjust compost production
accordingly to ensure the proper supply. Failure to identify and understand potential
markets for compost can result in over- or under-production. However, since existing
facilities have not been operating long enough to make accurate forecasts, the long-term
supply of compost is uncertain (USEPA 1993).

There are five major market segments for compost, these include: agriculture,

landscapers (industrial, commercial, golf courses, cemeteries, athletic fields, landfill
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covers, damaged soils, etc.), nurseries (plant crops, forest seedling crops, reforestation,
etc.), public agencies (highway median strips, parks, recreational areas, etc.), and
residents (home landscaping, home gardening, etc.). Different grades of compost are
required for the different market segments. The most important factors affecting the
demand for compost are compost quality and consistency. High quality, mature compost
should not contain foreign matter, and should have a dark colour, uniform texture, and a
pleasant earthy odour. It should also contain minimal levels of chemical residues and
heavy metals, have a high concentration of organic matter, contain nutrients and be free
from pathogenic organisms. However, uniform specifications have not been developed
for compost, therefore there is often skepticism in some potential compost users, for
example the agricultural community. Potential users may also be steered away due to the
fact that standard laboratory procedures have not been established. Complementary
products also affect the marketability of compost. Complementary products include fill
dirt, top-soils, riverbottom silt, potting soils, custom soil mixes, bark mulch and wood
chips, manure, peat moss, mushroom compost, perlite, and vermiculite. Many of these
products have a long history of consistency, availability, reliability, acceptance and use in
agriculture, horticulture, public and private landscaping projects, and residential
gardening. Another factor affecting the demand for compost is distance. Shipping costs
should not exceed the value of the compost, although, various strategies can be employed
to mitigate high transportation costs. For example, local markets can be developed for
compost, backhauling compost in cleaned otherwise empty departing trucks, establishing
a network of distribution centers that each maintain an adequate inventory, and locating

composting facilities near the primary compost users’ sites. The largest potential market
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for compost is the agricultural industry. Agriculture is also the most difficult market to
penetrate since compost must be available at the appropriate times of the year, contain
low levels of potentially toxic substances, be offered at low cost and be accepted by
farmers. Landscapers are potentially large users of compost but have expressed concern
that compost may contain harmful amounts of viable seeds, herbicides and pesticides.
The nursery industry use of compost is related to the economy of the housing industry.
As home sales rise, the demand for nursery products rise as well. Public agencies have
the potential to use large amounts of high- and low-quality compost. The amount of
compost the residential segment will use depends on the ability of the suppliers to
consistently produce a quality product at a reasonable cost (USEPA 1993).

Factors that influence compost markets include: professional support. perception,
environmentalism, community responsibility; research and development. consumer
acceptance; geographic area (seasonal); demography, market accessibility,
regulatory/quality/standards; local soils; cost of waste disposal. political will-recycling,
and; cost (Chase 1996). Marketing compost use summaries for Canada (1995) and the

United States (1992) are illustrated in Tables 3-6 and 3-7 respectively.

Table 3-6. Marketing Compost Use Summary - Canada (1995 data) (Chase 1996).

Application Actual Use
(Million Yd°)

Bagged/Retail 0.2
Landscapers Delivered Topsoil 06-07
Municipal Landfill Cover/Give-away 04

Mine Reclamation/Bioremediation 0.1

Total 14

"11% of potential supply

Potential demand = 13
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Iable 3-7: Marketing Compost Demand/Use Summary - USA (1992 data) (Chase 1996).

Application Potential Demand Penetration Actual Use
(Million Yd°) (%) (Million Yd*)

Bagged/Retail 8.0 80 6.5
Landscapers 2.0 <20 04
Delivered Topsoil 3.7 <5 0.2
Landfill Cover 0.6 <5 ?
Mine Reclamation 02 <5 ?
Nurseries

-Container 09 <50 05

-Field 4.0 <l ?
Sod 20 <1 02
Siviculture 104 <1 1.0
Agriculture 895 <] 80
Sub Total 17
Other 7
Total 1038.4 <2 24

"17% of potential supply
Potential demand = 140

Compost must be of a consistent size, free from contaminants and metals, and free from
objectionable odour to be marketable. The specific use of the compost will govern the
type of processing used to prepare the compost for marketing. For example, additives

may be added to enhance the value of the final product (Tchobanoglous et al. 1993).

3.3.3 BENEFITS/'DRAWBACKS OF COMPOSTING

Paper mill sludge has a high C:N ratio and excessive or uncontrolled application can
impair plant growth due to nitrogen immobilization. However, composting paper mill
sludges prior to land application could: reduce sludge mass and volume, thus decreasing
transportation costs;, improve the C:N ratio therefore reducing nitrogen immobilization
problems and allowing higher rates of application, minimize odours, biodegrade

compounds that are toxic or inhibitory to plant growth, including possibly chlorinated

55




organics; increase humic components and cation exchange capacity, improving nutrient
retention and availability, and produce a higher value product suitable for horticultural
and agricultural applications (Sesay et al. 1997, Campbell et al. 1991).

Since the 1970’s, numerous attempts at composting pulp and paper mill sludge have been
undertaken, however few have been successful in producing a material suitable for
agricultural and horticultural use. This can be attributed to the fact that the composition
of pulp and paper mill sludges differ from one mill to the next and therefore composting
methods developed for one mill may be unsuitable for another (Jackson and Line 1997)
Although composting has been examined, it has not yet gained a lot of support. The
process can require a considerable capital investment for equipment and buildings and
odour can be a problem. Also, production costs can be as high as $30/t (1995 US.
currency), and the market for compost is limited (Pickell and Wunderlich 1995).

Pulp and paper companies are often reluctant to enter into composting ventures since they
generally prefer to concentrate on making paper, and not involve themselves in
unfamiliar processes and markets for utilizing their residues. Consequently, it is often
more common that the composting operation remains a separate business than the mill.
Mills are also often insecure about distributing their residues to maintain their
environmental image and avoid negative publicity. Cost is also always an important
consideration (Reid and O’Connor 1996).

“A successful composting operation is highly dependent on proper operation and
maintenance as well as design” (Tchobanoglous et al. 1993). Research is needed to
evaluate process variables and physical and chemical changes in compost (Campbell et

al. 1991).



3.3.4 COMPOSTING STUDIES

The feasibility of paper sludge composting has been demonstrated through several
laboratory, pilot and field scale studies (Sesay et al. 1997). The first Canadian
community to use in-vessel composting for biosolids management was the City of
Guelph, Ontario. Guelph was disposing its dewatered biosolids (18% solids) at the city’s
landfill, the composting facility was constructed to divert these biosolids from the landfill
and resolve handling and odour problems. A system with a design capacity of 18.5 dry
metric tons/day was selected to operate for five days per week. The total cost of the
facility was approximately $16 million (1995 Canadian currency) with annual operating
costs estimated at approximately $160 (Canadian) per dry metric ton of biosolids
processed The facility began operating in November 1994. Guelph expects to use the
compost as lift cover or top dressing at its landfill, for restricted application on
agricultural lands, and landscaping. Additional markets are possible depending on the
success of ongoing efforts to decrease metal concentrations at the source thereby
improving compost quality (Gies 1995).

Each year, 700,000 tonnes of sludge (approximately 40% solids on average) is produced
by the United Kingdom paper industry. The industry is searching for alternatives to
landfilling due to tighter environmental regulations and increasing tipping fees. The
combustion of sludge in the UK is not very widespread, this is mainly attributed to its
high capital and running costs. High moisture contents require expensive drying and high
ash contents may cause furnace fouling, large amounts of ash would also still have to be
disposed of. Therefore the feasibility of composting paper pulp sludge using an aerated

static pile was examined. This method was chosen as it allows a high degree of process
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control at fast rates of decomposition, while remaining relatively inexpensive. The study
involved composting paper sludge from the Bridgewater Paper Company in the UK.
Results indicate that the primary, secondary, and deinking sludges, in combination were
successfully composted using the aerated static pile method. In two weeks, most of the
organic matter was stabilized and more than 30 percent of the initial volatile solids
content was decomposed. The respiration rate dropped more than 80 percent to 0.8 mg
O2/g VS/hr during that time. A further four to five weeks of non-aerated curing could
also improve the quality of the compost with respect to phytotoxicity. Only a small
volume reduction was observed, however, a large weight reduction occurred, mainly due
to water evaporation (Sesay et al. 1997).

Approximately 50,000 tonnes of pulp and paper mill sludge is produced per year at
Australian Newsprint Mills, a pulp and paper mill located in Southern Tasmania. All of
the sludge produced at this mill is currently landfilled. Composting studies are being
investigated because the landfill is near full capacity and several million dollars will be
required to construct a new landfill site complying with statutory guidelines. When
considering composting a pulp and paper mill sludge with a high C:N ratio in large-scale
windrows that are periodically turned, the two major control variables are nutrient and
temperature management. Nutrient content and temperature have a significant affect on
microbial activity which govern the rate of decomposition of the substrate. Temperature
may be controlled by regulating heat loss while nutrient content may be manipulated by
nutrient addition. If excess loading of nutrients in paper mill sludge occurs at the start of
composting, the risk of nutrient loss to leaching and subsequent ground water pollution

may result. Therefore nutrient loadings should match immediate microbial requirements
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and prevent the possibility of ground water pollution during composting. The study
examined the relationship between nutrient addition and temperature during composting
of paper mill sludge using small-scale reactors. The initial chemical composition of the
waste indicated that N, P and K quantities were low and would have to be added to obtain
a suitable ratio for composting. The highly fiberous paper mill sludge was nutrient poor
and had no heavy metal contamination. Results indicate that when compared to
composting at 55°C, composting at 35°C resulted in a slower rate of CO; formation and
an extended period of O; consumption. The rate of O: consumption is therefore
positively correlated with temperature, this is also similarly reported by Jeris and Regan
(1973). Not only did composting occur at a faster rate at the higher temperature, but a
delay of 30-50 days occurred in maturation was observed at 35°C. No effects were
observed on respiratory activities or rate of decomposition with respect to the method of
nutrient addition, however, there was a major influence on pH which determined the
intensity and period of ammonia volatilization. In terms of nitrogen conservation, the
addition of nutrients in an incremental manner was found to have no benefit without pH
management. However, incremental nutrient addition with pH management is expected
to result in a finished compost with a C:N ratio adequate for soil application, given the
potential for leaching of nutrients in excess of immediate requirements in large-scale

windrows (Jackson and Line 1997).
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CHAPTER 4

SAMPLING AND ANALYSIS FOR UTILIZATION ALTERNATIVES
Sampling of Pine Falls Paper Company’s solid waste is a crucial step in the determination
of the physical and chemical properties of the biosolids produced at the PFPC. A sound
sampling plan ensures that representative samples of the waste are collected over a
sufficient period of time to represent the variability of the waste. This chapter therefore
investigates and describes the expected biosolids characteristics at PFPC, the sampling
theory, procedures for simple random sampling, preliminary statistical considerations,
and methods for sampling and analysis. Proper characterization of the PFPC biosolids
can be used to estimate environmental impacts and to complete conceptual designs for
alternative biosolids utilization techniques such as energy-from-waste, land application,
and composting. The data could also be scientifically defendable in any environmental
assessment process, such as environmental impact statements or Clean Environment

Commission hearings.

4.1 PFPC EXPECTED BIOSOLIDS CHARACTERISTICS

PFPC produces 200 plus tonnes of biosolids per day from their effluent treatment and
deinking plants at a moisture content of approximately 67 percent (Sopuck 1997) and a
sludge composition ratio of 40, 21, and 39 percent for primary, secondary, and deink
sludge respectively (Haigh 1997). Table 4-1 is a list of sludge characteristics from
QUNO Corporation where the nature of the sludge is expected to be similar to that of the

sludges produced at PFPC (Poetker MacLaren 1995).



Table 4-1: QUNO Sludge Characteristics (Poetker MacLaren 1995).

Parameter Concentration
(mg/kg dry weight basis
unless otherwise noted)

Dry Solids (%) 38.39
Volatile Solids (%) 69.16
Total Kjeldahl Nitrogen 9880
Ammonia Nitrogen 344
Nitrate Nitrogen 9.60
Nitrite Nitrogen <1
Chlonde 108
Sulfate 913
Total Phosphorus 1510
- pH 781
Phenolic Compounds, as Phenols 0.144
Total Calcium 17800
Soluble Calcium 950
Total Magnesium 1370
Soluble Magnesium 130
Total Sodium 1030
Soluble Sodium 890
Cobalt <]
Zinc 150
Cadmium <0.5
Boron <2
Copper 260
Molybdenum 39
Lead 12
Nickel 10
Chromium 12
Potassium 750

Table 4-2 illustrates the results of data analysis performed on the PFPC biosolids data by
the University of Manitoba’s Soil Science Department. The data used to derive the mean

element concentrations are the result of analysis performed on PFPC biosolids which

were sampled during May, June, July, and August of 1996.
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Table 4-2: PFPC Biosolids Elemental Composition (Fuller 1997).

Element Mean Element Concentration in Biosolids
(mg/kg)
N 20000 - 50000
p 5000-10000 (mean avg. = 6700)
Cd 1.7
Cr 13.7
Co 09
Cu 142
Pb 39
Ni 69
Zn 75

In general. paper mill sludge tends to be highly fibrous, while often deinking mill sludge
has high ash levels, depending on the type of recycled paper used (Scott and Smith 1995).
Table 4-3 illustrates that not only do mills produce varying amounts of sludge. but the

sludges produced are distinctly different in composition.

62



Table +-3: Analysis of Sludge Produced from Different Sources (Bark and Wastepaper
Values included for Comparison) (Scott and Smith 1995).

Analysis (%)
Heating
Source Solids | Ash | C H S| O | N (;’igl;segL
Bleached pulp mill 334 19 | 48.7 6.6 02424 | 02 201
Pulp mill 420 | 49 | 516 5.7 091293 09 215
Kraft Mill 37.6 7.1 552 6.4 10| 260} 44 241
Kraft Mill 40.0 | 80 | 48.0 5.7 08 | 363 | 12 19.8
Deinking mill 420 | 202 | 288 35 02| 188 | 05 12.0
Deinking mill 420 | 140 { 31.1 44 021|301} 09 122
Recycle mill 450 30 48 4 6.6 02413 | 05 208
Recycled paper mill 505 | 28 | 486 6.4 03 |416 | 04 206
Bark 540 | 35 | 480 6.0 01421 | 03 203
Bark 500 | 04 | 503 6.2 001} 431} 00 208
Wood chips 795 | 02 | 492 6.7 02 (436 | 01 19.4
Wastepaper 92.0 70 | 487 70 0.1 {371 | 0.1 250

4.2 SAMPLING THEORY

The initial and perhaps most cntical element in a program designed to evaluate the
physical and chemical properties of a solid waste is the plan for sampling the waste.
Once the scientific objectives have been clearly identified, a suitable sampling strategy,
predicated upon fundamental statistical concepts, can be developed.

A sound sampling plan requires that representative samples of waste be collected which
exhibit average properties of the whole waste, and enough samples be collected over a
period of time sufficient to represent the variability of the waste. These two factors are

responsible for ensuring the sampling accuracy. If measurements are sufficiently
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accurate and precise, they will be considered reliable estimates of the properties of the
waste. For the purpose of evaluating solid waste, the confidence level for all practical
purposes is 90%. Sampling accuracy is usually achieved by some form of random
sampling and by taking an appropriate number of samples from the population.
Maximizing the physical size of the samples also increases sampling accuracy (American
Chemical Society 1992 & USEPA 1986).

Simple random sampling can be used if the following assumptions are made: 1) The
waste is heterogeneous with regard to its chemical characteristics and random
heterogeneity remains constant from batch to batch; and 2) The validity of a confidence
interval for the true mean concentration of a chemical property of a solid waste is based
on the assumption that individual concentrations of the property exhibit a normal
distribution. Simple random sampling is used so that every part of a waste has a
theoretically equal chance of being sampled, when there are no known distinct strata in a

waste over space or time (USEPA 1986).

4.3 SIMPLE RANDOM SAMPLING GENERAL PROCEDURES

1) Obtain preliminary estimates of the sample mean (x) and sample variance (s*) for
each property of solid waste that is of concern.

_25 (4-1]

2z _ n
_IX - .

2) Estimate the appropriate number of samples (n) to be collected from the waste.



3)

4)

5)

7)

8)

_tixs!

n= A [4-3]

Where A is the variability in the mean, and t is the value obtained from a T table
for a particular confidence limit.
Determine n values for each property of concern and select the greatest value.

Randomly collect at least n samples from the waste. Collect a few extra samples
to provide protection against poor preliminary estimates of x and s*. Be sure the
size of samples collected are maximized.

Analyze the samples for each property of concern. Superficially (graphically)
examine each set of analytical data for obvious departures from normality.

Calculate the sample mean (x), sample variance (s?), standard deviation (s), and
standard error (s,) for each set of analytical data.

X= Z% [4-4]
x’ —( xi)ln

st = 2 n—zl [4-5]

s=4s’ [4-6]

s, = — [4-7]

Determine the variability from the mean (A) for the particular confidence limit
chosen.

A = [4-8]

For further iterations determine number of samples required (n), using the newly
calculated values of x and s*

(USEPA 1986)
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4.4 PRELIMINARY STATISTICAL CONSIDERATIONS

Section 4.3 identified the general procedures for simple random sampling, where the first
step is to obtain preliminary estimates of the sample mean (x) and sample variance (s°)
for each property of solid waste that is of concern. These preliminary statistical analyses
lay the groundwork for further sampling and analysis. Existing data was provided by
PFPC for past analysis performed on their biosolids. Data provided included over one
full year’s worth of solids data, as well as results of periodic analyses on various
biosolids properties. The samples for these periodic analyses were collected as grab
samples on the dates indicated in Table 4-4, the ratios of primary, secondary, and
deinking sludge are also illustrated in this table. It is important to note that most of the
data obtained was sampled and analysed prior to the deinking plant coming on line. The
results of the preliminary estimates of x and s* are illustrated in table 4-5, the raw data is

contained in appendix A.

Table 4-4: Primary/Secondary/Deink Ratios on Preliminary Sampling Dates.

Date % Primary Sludge % Secondary % Deinking
Sludge Sludge
May-10 55.5 44.5
May-24 36.6 63.4
May-27 32.1 67.9
June-06 60.9 39.1
July-04 375 62.5
July-09 57.4 42.6
July-11 494 50.6
July-16 51.9 48.1
July-18 68.4 31.6
July-29 343 61.5 42
Nov-14 23.8 49.2 27




Table 4-5: Preliminary Values For x, s>, s, and s,.
T

Property n X ) s Sx

Solids (%) 765 28 01 15.10 3.89 0.14
Organic Matter (%) 10 90.10 50.22 7.09 224
C:N Ratio (%) 10 18.28 14.02 3.74 1.18
Total Organic Carbon 11 50.76 16.33 4.04 1.22
(%)

Total Kjeldahl Nitrogen 10 3.15 0.68 0.83 0.26
(%)

Ammonia (ug/gm) 6 870.33 187945 434 177
Nitrate (ug/gm) 7 2.64 18.89 4.35 1.64
Trace Elements (ug/gm)

Aluminium 10 1934 349582 591 187
Antinomy 9 0.96 0.72 0.85 0.28
Arsenic 10 0.50 0.11 0.33 0.10
Barium 10 81.77 637.55 2525 798
Beryllium 10 0.22 0.07 027 0.09
Bismuth 9 048 0.03 0.17 0.06
Cadmium 10 1.68 0.17 0.42 0.13
Calcium 9 11406 3723878 1930 643
Chromium 10 13.43 34.73 5.89 1.86
Cobalt 10 0.87 0.04 0.19 0.06
Copper 10 14.04 3.80 1.95 0.62
Iron 9 2050 277400 527 176
Lead 10 3.87 0.88 0.94 0.30
Magnesium 9 1430 260100 510 170
Molybdenum 10 1.59 0.08 0.29 0.09
Nickel 10 6.4 182 1.35 043
Phosphorus 9 6002 4108344 2027 676
Selenium 9 1.52 0.85 0.92 0.31
Silicon 9 321 52816 230 77
Silver 9 0.156 0.004 0.061 0.020
Strontium 10 16.92 14.30 3.78 1.20
Thallium 10 0.30 0.06 0.25 0.08
Tin 10 39.55 1685.57 41.06 12.98
Titanium 9 27.80 1154.30 33.97 11.32
Vanadium 10 8.07 3.26 1.81 0.57
Zinc 10 74.13 130.85 11.44 3.62

Note: Sampling dates and raw data in appendix A
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Step two of the general procedures for random sampling (Chapter 4.3) dictate that the
number of samples for further testing be estimated for each property of concern. The
following physical and chemical properties have been selected: % solids, organic matter,
total Kjeldahl nitrogen, total organic carbon, phosphorus and selenium. The % solids
property was selected due to its abundant preliminary data as well as the fact that it is the
only physical preliminary data obtained. Organic matter and total organic carbon is
important for composting and land application purposes, as well as combustion
technologies. Total Kjeldahl nitrogen and phosphorus were selected due to their nutrient
value in composting and agriculture and the potential of nitrogen as a gaseous emission in
combustion technologies. Also one trace element was chosen, the preliminary data for
the trace elements (Table 4-5) was compared to category A of the CCME Guidelines for
Compost Quality. The trace element which was closest to the category A guideline was
selected (Selenium). Table 4-6 illustrates the comparison of the CCME Guidelines for
Compost Quality category A with the preliminary average concentration in PFPC
biosolids. Category A was selected as it defines “compost that can be used in any
application, such as agricuitural lands, residential gardens, horticulture operations, the
nursery industry, and other businesses” (CCME 1996). Table 4-5 illustrates that certain
properties/elements within PFPC’s had a high variability relative to the others. Elements
with high concentration tended to have a greater degree of variability as would be

expected.
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Table 4+-6: Comparison of CCME Guidelines for Compost Quality Category A and PFPC
Biosolids Concentration.

CCME Category A™
Trace Elements Maximum Average % Difference
Concentration Concentration in Between CCME
within Product PFPC Biosolids Category A &
(mg/kg dry weight) | (mg/kg)® PFPC Biosolids
Arsenic (As) 13 0.5 96.2
Cadmium (Cd) 3 1.68 440
Cobalt (Co) 34 087 97 4
Chromium (Cr) 210 13.43 936
Copper (Cu) 100 14.04 86.0
Mercury (Hg) 0.8 No Data" No Data"
Molybdenum (Mo) 5 1.59 68 2
Nickel (Ni) 62 6.40 89.7
Lead (Pb) 150 ' 3.87 97.4
Selenium (Se) 2 1.52 240
Zinc (Zn) 500 74.13 852

A -- Category A compost can be used in any application (CCME 1996)
B -- Average PFPC biosolids concentrations extracted from table 4.3.2
C -- No preliminary data available for this trace element

4.5 METHODS FOR SAMPLING AND ANALYSIS

4.5.1 STATISTICS

Simple random sampling is employed so that every part of the waste has a theoretically
equal chance of being sampled. This method is the option of choice since there are no
known distinct strata in the waste over time or space.

The confidence interval employed to evaluate solid waste is, for all practical purposes, a
90% interval. The number of samples required for analyses are dependent on the

variability we are willing to accept in the mean. The following table (Table 4-7)
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illustrates the number of samples required for a 90% confidence interval and varying
degrees of variability in the mean (A) from a number of physical and chemical properties.
The sampling plan outlined in this document has been confirmed to be statistically sound

by a statistical advisor of the Statistics Department, University of Manitoba.

Table 4-7. Number of Samples Required (n)

Property A=1% | A=5% | A=10% | A=15% | A=20% | A=25% | A=30%
% Solids 316 14 5 3 2
Organic 104 6 3 3 2
Matter
Total 1126 47 13 7 5 4 3
Kjeldahl
Nitrogen
Total 106 6 3 3 2
Organic
Carbon
Phosphorus 1862 77 20 10 6 5 4
Selenium 6047 242 62 28 16 11 8

where n=t* * s* / A*
where t=values obtained from a T table chosen for a particular confidence limit
(90%)

where A=variability from the mean

where s? values derived from existing PFPC data (Appendix A)
Choosing a value of 10 samples to be further analyzed for energy-from-waste,
composting and direct land application properties, will result in a 90% confidence
interval so that the properties illustrated will be within 3 to 27% of the mean. l.e. 90%

confident that our value will be within 3 to 27% of the population mean depending on the

property of interest.
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4.5.2 ANALYTICAL LABORATORIES

Energy-from-Waste

Geochemical Testing, a division of Energy Center, Inc., of Somerset PA, is an analytical
laboratory which performs analysis of the characterization of the biosolids with respect to
the energy-from-biosolids alternative. This analysis is largely based on emissions and
energy content. Geochemical Testing performs the analysis required on a daily basis and

uses the following ASTM test procedures:

e Moisture: Air Dry Loss = D-3302
Residual Moisture =D-3173

e Ash =PD-3174

e Volatile Combustible Matter =D-3175

e Fixed Carbon = Calculation

e Sulfur =D-4239

e Energy Content = D-1989

e Ultimate Analysis (%C, N, O, H) =D-5373

e Fusion Point of Ash = D-1857

Geochemical Testing has quoted a price per sample of $119.65 (U.S. currency). Total
analysis costs for 10 samples would therefore be $1196.50 (U.S. currency). or $1675.00
(Cdn. Currency). Additional costs include shipping of the samples to Somerset PA ., as

well as time spent for the person designated to collect the samples.

Composting/Land Application

Norwest Labs, of Winnipeg MB, performs analytical characterization of the biosolids
with respect to land application and composting alternative. The required analysis and
procedures are listed as follows:
e Heavy Metals—Al, Sb, As, Ba, Be, Bi, Cd, Ca, Cr, Co, Cu, Fe, Pb, Li, Mg,
Mn, Mo, Ni, P, K, Se, Si, Ag, Na, Sr, Tl, Sn, Ti, V, Zn by EPA 3051 Nitric
acid microwave digestion, plus Hg by cold vapour (Package TT9, method
U.S. EPA 6019, and U.S. EPA 245.5 for Hg)
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e Total Macronutrients—% Moisture, Total N (TKN), P, K, S, pH, Electrical
Conductivity, Ca, Na, Mg, ammonium, organic nitrogen (Package MA2,
method Leco, U.S. EPA 6010)
e Available Macronutrients—Available NH;-N, NOs-N, P, K, SO4-S (Package
F10)
e Micronutrients—zinc, copper, iron, manganese and boron (Package E,
method U.S. EPA 6010)
e Chloride— (Package FSCL, method APHA4500-Cl-:E)
e % Organic Matter & Total Organic Carbon (TCO)— (Package CL41, method
Mss 3.611, Leco)
e Solids—Total, plus Volatile and Fixed (Package CLA43)
e Chlorophenols (Package PCP2, method EPA8040)
o EOX - extractable organic halides (Package EOX1, method CPP H.6P and
EPA 1650)
Note that all samples should undergo ten analyses except for the hazardous organics
(chlorophenols, extractable organic halides). These hazardous organics should be run in
duplicate as a composite from the ten samples. These parameters are analyzed only to
show that PFPC biosolids do not contain these organics. Also, redundancy of analysis
exists as a useful tool in checking the precision within and between laboratories.
Norwest Labs has quoted a price for the outlined analysis at $3135.00. Additional costs
include shipping of the samples, as well as time spent for the person designated to collect

the samples.

4.5.3 SAMPLING PERIOD

In order to achieve samples representative of the population with maximum accuracy and
realistic variability, sampling should be executed over a period of four weeks. This
would require someone to collect the samples directly after the belt press dewatering
process at times specified (random samples, therefore samples may be required day or

night over a one week period). Training should be provided to treatment plant operators

72



for sampling, these samples would be collected, composited, and shipped for analysis.
Samples should be collected avoiding transitory events. Start-up, shut-down, and
maintenance transients can result in the generation of a waste that is not representative of
the normal waste stream. If a sample was unknowingly collected at one of these

intervals, incorrect conclusions could be drawn.

4.5.4 BUDGET

Research Stipend
x (full research stipend) = $ 288.50/week
y (current research stipend) = $ 173.00/week

8 weeks * (x -y ) =8 weeks * $ 115.00/week =3 920.00
Transportation costs (U of M to PFPC round trip = 200 km)

200 km/trip * 30¢/km * 11 trips =$ 660.00
Geochemical Testing analysis costs

USS$ 119.65/sample * 1.4 CANS/USS * 10 samples =$1675.00
Norwest Labs analysis costs

10 samples @ 255.75, and 2 samples @ 288.75 =$3135.00
Shipping costs

Samples shipped to Norwest Labs and

Geochemical Testing (estimated) =$ 750.00
Miscellaneous costs (containers, etc.) (estimated) =% 350.00
Cost Estimate = $ 7490.00
Contingency (5% of above) =$ 375.00
TOTAL COST ESTIMATE = $ 7865.00
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CHAPTERSS

ENGINEERING CALCULATIONS

5.1 LAND APPLICATION

The soil science department at the University of Manitoba has been conducting land
application studies of PFPC’s biosolids in Barley production. The study began in 1997 to
investigate the impact of pulp sludge application to agricultural lands by measuring the
effects on crop nitrogen utilization, physiological effects on crop production, and metal
loading in the grain harvested. Results indicated that there were no toxic effects on the
emergence of barley plants. Plots of low nitrogen and high sludge inhibited plant growth.
but control plot yields were surpassed by high sludge plots as nitrogen treatments
increased. Also, the sludge appears to be an effective sponge for immobilizing nitrogen
(Hicks and Fuller 1998). Table 5-1 illustrates the sludge characteristics as determined
through this study. The study will continue through 1998 to repeat the sludge and

nitrogen plot experiment and look at the decomposition rate of the sludge.
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Table 5-1° PFPC Sludge Characteristics — Land Application Trials (Hicks and Fuller

1998).
Parameter PFPC Biosolids |
H 73 !
EC 1.7 }
Nitrate-N (ug/g) <] |
Phosphate-P (ug/g) >60 ,
Potassium (ug/g) 405
Sulfur (ug/g) >20 |
Organic Matter (%) 74-80
Ammonium (ug/g) 71
Total Nitrogen (%) 1.1
Total Phosphorus (%) 0.15 }
C:N Ratio 35-45:1 ]
Moisture (%) 70
Arsenic (mg/kg) 1.9
Barium (mg/kg) | 144 ;
Cadmium (mg/kg) | 0.14 |
Chromium (mg/kg) 9.9
Copper (mg/kg) 71
Lead (mg/kg) 5.0
Nickel (mg/kg) 39
Selenium (mg/kg) 2.3
Vanadium (mg/kg) 52
Zinc (mg/kg) 83 |

5.2 ENERGY FROM BIOSOLIDS

Preliminary engineering calculations have been made using data for a deinking mill
sludge described in Table 4-3. This data was used to best represent expected result from
the biosolids at the PFPC. Table 5-2 illustrates the result of these preliminary
calculations, including estimations of the biosolids chemical composition, energy content,
volume reduction and volume of residue after combustion, effects of excess air on

temperature and composition of flue gases, and materials heat balance. Raw calculations
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are included in appendix B. PFPC is currently planning burning trials to test the energy

content and emissions by burning their biosolids in their boilers.

Table 5-2: Summary of Energy from Biosolids Preliminary Calculations.

Property

Value

Estimated Chemical Composition

Ca15He990302N10S

Estimated Energy Content (Theoretical)

17.1 Ml/kg , 7332 Bru/lb

Estimated Energy Content (Measured, Tbl.

122 MJ/kg, 5245 Bu/lb

4-3) |
Difference between Theoretical & Measured !
Energy Contents 29 % J
Estimated Volume Reduction through 95% ‘
Combustion

Estimated Units of Air Required for

Combustion per Unit of Biosolids 3.83

Estimated Temperature of Flue Gas at 50%
Excess Air

1116 °C, 2040 °F

Estimated Temperature of Flue Gas at 100%
Excess Air

896°C, 1645°F

Estimated Gross Heat Input for the
Combustion of
200 tonnes/day of Biosolids

2.44E6 MJ/day , 2312.6 Btw/day

Estimated Total Heat Loses for the
combustion of

200 tonnes/day of Biosolids

0.38E6 MJ/day , 364.6 Bru/day

Estimated Net Heat Available in Flue Gases
for the Combustion of 200 tonnes/day of
Biosolids

2.01E6 MJ/day , 1948.0 Btu/day

Estimated Combustion Efficiency 84.2%
Typical Boiler Efficiency 85%
Estimated Overall Combustion Efficiency 71.6%"

A - This value (Estimated Overall Combustion Efficiency) is consistent with vatues obtained in modem
MSW combustion systems (Tchobanoglous et al 1993)
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5.3 COMPOSTING

Using material feedstock characteristics, preliminary calculations have been made to
determine volume of material to be composted, volume of material on composting pad,
number of windrows required, composting area requirements, curing area requirements,
compost storage area, and overall pad dimensions. Raw calculations are included in
Appendix C, results are illustrated in Table 5-3. Laboratory experimentation concerning
required nitrogen addition for composting was conducted on a bench-scale and is

examined in the subsequent chapters of this report.

Table 5-3. Composting Area Requirements.

Parameter Value
Volume of Mixture at Start-Up (m’/year) 346500
Material Volume of Composting Pad (m’) 42719.12
Number of Windrow 60 B
Required Area for Composting (m®) 40320
Pad Dimensions for Composting (m) 720 by 56
Required Area for Curing (m®) 14307
Pad Dimensions for Curing (m) 511 by 28
Required Area for Storage (m®) 40888
Pad dimensions for Storage (m) 1460 by 28
Total Area Required (m/tonne*yr) 1.33
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CHAPTER 6

EXPERIMENTAL OBJECTIVES AND APPROACH

The study was initiated to examine the effects of C:N ratio on bench-scale simulated
windrow composting of pulp and paper biosolids. The reactors were operated under a
compressive load to simulate compressive settlement in the core of a large-scale
windrow. Aerobic conditions were maintained by pumping air through the reactors at
periodic intervals and pre-determined flow rates such that oxygen was not a limiting
factor. Treatments of various C:N ratios were examined and compared relative to each
other. Free air space, temperature, volatile solids reduction and compost
stability/maturity were the major parameters used in the examination.

In order to satisfy the objectives outlined, each treatment (C:N ratios 90:1, 50:1, 30:1, and
20:1) were run in triplicate in series. [Each analysis was performed in quadruplicate

unless otherwise indicated in Appendix D.

6.1 FEEDSTOCK COLLECTION AND PREPARATION

The pulp and paper biosolids, and bark were collected from the PFPC on December 15,
1997. The biosolids consisted of combined sludges: 41% from primary effluent
treatment; 21% from secondary effluent treatment;, and 39% from deinking processes
(wet basis). The biosolids were collected as they came off the belt press machine and the
bark was collected from the chute leading to the steam generation boilers. The biosolids
and bark were collected in sealed plastic buckets, and stored at 4°C to minimize microbial

decomposition.
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After collection, the bark was shredded and sieved to the desired particle size of 2.4 to
9.6mm as recommended by Haug (1993). The shredder used was a Crary BearCat
Chipper/Shredder, Model 530. US standard sieves, Mesh No. 3/8” (bore diameter
2.38mm) and Mesh No, 8 (bore diameter 9.57mm) were used to achieve the required
particle size. The feedstock prepared bark was then stored at 4°C for future use as the

composting amendment.

6.2 BENCH SCALE REACTOR CONFIGURATION

Four reactors were run simuitaneously, each with a different C:N ratio. The reactors are
illustrated in Figures 6-1 and 6-2. Each reactor was placed in the insulating box as
illustrated in Figure 6-3 and 6-4 in order to minimize heat loss to the environment. The
wooden insulating box was filled with multiple sheets of rigid styrofoam. The insulating
box was contained within a temperature-controlled chamber (Figure 6-5). The reactors
were setup such that temperature and airflow could be monitored and controlled. Each
reactor had its own thermocouple link and air supply. Temperature was measured twice
daily using a Fluke 52 K/J thermometer. A ChronTrol XT timer was employed so that at
predetermined intervals, a pump supplying air to each reactor was turned on for a set
amount of time. The pumping equipment used were Masterflex speed controllers and 6-
600 rpm pumps by Cole Parmer Instrument Co.. A plastic flask filled with distilled water
within the temperature-controlled chamber was used for each reactor such that air being
pumped into the reactor would first pass through this flask. The purpose of this water
filled flask was to increase the water partial pressure, thereby maintaining the moisture

content within the reactor, and also to minimize heat loss due to aeration. Therefore the
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air was humidified and heated to approximate reactor conditions in order to minimize any

environmental disturbances. A schematic of this setup is illustrated in Figure 6-6 and

shown in photograph in Figure 6-7.

12 kg load

4 kgs each
]
Load 4kg —
S B
Gas SamplingPot — # Air Hole 1
T A - _§ Y
Laboratory Upper Compartment [

—»
Composting ~ ]
. \

Reactor
Thermocouple
Perforated Plate __
and Screen E
D
\'. o~
Compost Mixture — ’1/ §

Lower Compartment _ Y
~ r
Air Hole 2 - v .

AirHole3 ——(————— |

Figure 6-1: Schematic Diagram of Compost Reactor (Chen 1997).



Figure 6-2: Bench Scale Composting Reactor.

Lid Wood
5 cm = n
—=3
—— Styroform
—_ 14 cm 25 cm 5 cm
h A T A
Styroform . «——-\'J‘—z—}m————».:b?.
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Figure 6-3: Schematic of Reactor Insulating Box (Chen 1997).
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Figure 6-5: Temperature Controlled Chamber.
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Figure 6-7: Experimental Setup.
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6.3 COMPRESSIVE LOAD & OXYGEN REQUIREMENTS

Compressive loads were applied to each reactor to simulate the compressive settlement
on a large-scale windrow. A windrow of 3.7 meters in height was selected for the
simulation. Suggested windrow pile height is between 6 and 12 feet (1.8 to 3.7 m) (WEF
1995), the maximum of this range was used to simulate a windrow with minimal heat loss
in Manitoba climate. This would decrease the surface to volume ratio. The stress caused
by the weight of the feedstock at a maximum depth, where maximum compressive
settlement occurs was calculated using the following equation, where lateral effects are

ignored:

§=Duxhx98 (WEF 1995) [6-1]
1000

Where S is the compressive stress on the compost of the pile (kPa), Dws is the wet bulk
density of the compost (363 kg/m’); and A is the height from the top of the pile to the
center of the section under investigation (3.6 m) as shown in Figure 6-8.

The internal cross section of the reactor was then calculated to determine the load

required for each reactor using the following equation:

2
a=Zx d [6-2]

Where A is the internal cross sectional area of the reactor (cm®); and d is the inner

diameter of the reactor (cm).



The total load on the reactor can the be calculated by the following equation:

L= SxA (6-3]

T 98x10

Where L is the total load on the reactor (kg).
The weights used were each 4 kg, therefore, three 4 kg weights were used for each

reactor, making a total weight of 12 kg each.

/N /N
w w
o ~
3 3

Pressure from weight of compost
Simulated Section B N/
—E
= \/

Figure 6-8: Schematic Diagram of Windrow Composting Pile and Section Simulated by
Bench Scale Reactors.
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Air was supplied to each reactor such that oxygen was not a limiting factor in the
decomposition of organic matter during composting. Detailed air requirement
calculations are included in Appendix E. The estimated chemical formula of the
feedstock (without nitrogen addition) is Cs;1Hzsi100353NgS. It was expected that 0.193 kg
of the initial 0.9722 kg of feedstock would theoretically undergo biological volatile solids
(BVS) conversion. Therefore 1.35 kg of O: was required per kg of BVS converted,
translating into 1860 litres of air with a safety factor of 2. In order to minimize moisture
and heat loss through aeration, air was pumped through each reactor for five minutes
each hour. This interval aeration coupled with the temperature controlled water filled
flasks, worked well in minimizing disturbances due to aeration. At this mentioned
pumping interval, 15 mL of air was required per second per reactor in order to satisfy the
oxygen requirements of the reactors. The aeration flow rate was measured using a bubble
tube (sbf-10 Soap Bubble Flowmeter 10cc, Chromatographic Specialties Inc.) using an
erlenmeyer flask filled with lubricating oil (Motomaster Formula 2000, 20w50) in order

to isolate the outside air.

6.4 COMPOST RECIPE

The amendment used to bulk up the biosolids to create a suitable feedstock for
composting was shredded bark. The bark was mixed with the biosolids at a ratio
designed to optimize the moisture content of the mixture while providing suitable free air
space characteristics. The feedstock materials (biosolids and bark) were mixed as is, with
respect to moisture content, where no drying or moisture adjustment was used. This was

done to simulate the mixing of the feedstock on a large-scale, without the need for
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feedstock moisture adjustment prior to mixing. Therefore the biosolids coming directly
off the belt press could be mixed directly with shredded bark from the woodroom. Both
the biosolids and the bark were analyzed for moisture content, nitrogen content, C:N ratio
and wet bulk density, in order to determine the compost recipe. Feedstock material
characteristics are illustrated in Table 6-1.  An initial moisture content of 60% was
selected to optimize the composting process. Using the following equation, the required

amount of amendment (bark) was calculated:

[6-4]
MC e —~MCpe

Bark Required (kg/kg) =

Where the amount of bark required is measured in kg of bark per kg of biosolids,
MCyiosolias 15 the moisture content of the biosolids (%), MCyax is the moisture content of
the bark (%), and MCiarge is the target moisture content (60%). Using the data in Table
6-1, the resulting amount of amendment required is 0.75 kg of bark per kg of biosolids.
This resulting amendment requirement was used for each reactor of each experimental

run. The resulting C:N ratio was calculated from equation 6-5.

N, xC:N,xTS +N, xC:N, xTS§, xR
C:N_ = * = =
= N, xTS, + N, xTS, xR

[6-5]
Where C:Npix, C:Np, and C:N, are the C:N ratios of the composting mixture, biosolids
and amendment (bark) respectively; Ny, and N, are the nitrogen contents of the biosolids
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and amendment (bark) respectively (dry weight grams); TSy, and TS, are the moisture
contents of the biosolids and amendment (bark) respectively (%), and R is the
amendment ratio (0.75 kg bark/kg biosolids). The resulting C:N ratio of the composting

mixture is 91.65.

Table 6-1: Feedstock Material Characteristics.

Material % MC % N (db) C:N Wet Bulk
Density
(kg/m”)
Biosolids 66.58 0.87 47.9 440
Bark 51.21 0.21 2575 200

This study investigated the effects of composting at various C:N ratios. The C:N ratios
investigated were 90:1, 50:1, 30:1, and 20:1. In order to achieve these C:N ratios,
nitrogen addition was required. The required amount of nitrogen needed was determined

using the following equation:

R _ TKN,, xTS,, —(TKN, xTS, xR, + TKN, x TS; xR;) [6-6]
) TKN, x TS,

Where TKNy;, TKN 4, TKNg and TKNc are the TKN contents of the composting mixture,
amendment (bark), biosolids and fertilizer respectively (g N/g TS), TSy, TS4, TSg and
TSc are the total solids of the composting mixture, amendment (bark), biosolids and
fertilizer respectively (g dry solids/g total); and Ri, Rp, and Rc are the ratio of
amendment (bark), biosolids, and fertilizer (%) in the composting mixture. Table 6-2

shows the resulting fertilizer requirements for each C:N ratio investigated.
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Table 6-2: Fertilizer Addition Requirements

Desired C:N %N in %N in % Carbon in % Fertilizer
Ratio Fertilizer Biosolids/Bark | Biosolids/Bark Required
Mixture Mixture
90:1 32 0.53 47.96 0
50:1 32 0.53 4796 0.54
30:1 32 0.53 47.96 1.34
20:1 32 0.53 4796 2.34

6.5 REACTOR OPERATION AND DAILY MONITORING

Each treatment was run in series in triplicate with C:N ratios of 90:1, 50:1, 30:1 and 20:1.
Reactors were configured as described in Section 6.2. Analysis consisting of solids,
organic content, TKN, particle densities, and bulk densities were performed before and
after composting. Air was supplied to each reactor as described in Section 6.3 During
the composting period, both settlement due to compaction and reactor temperature were
measured twice daily (Appendix D, pp. 176, 177, 194, 195, 212, & 213). Each reactor
had an initial compost height of approximately 25 cm. At time zero, a 12 kg load was
applied to each reactor causing compressive settlement over the course of composting.
Twice daily a measurement was made concerning the height of the compost in the
reactor. This height was recorded for later translation into compressive settlement and
free air space reduction. The temperature of the chamber and reactors were initially
ambient. At the start of composting, the chamber temperature was set to 35°C. Within a
day, each reactor temperature had raised to the chamber temperature or greater.
Throughout the remainder of the composting phase, each reactor was measured for
temperature twice daily. The chamber temperature was adjusted at each temperature

reading to approximately 1°C below the lowest reactor temperature. The experimental
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run was considered to be complete when the reactors dropped to a temperature of 35°C.

Composting time therefore fell within the range of approximately 16 to 18 days.

6.6 EXPERIMENTAL ANALYSIS

Several analyses were performed in the characterization of the feedstock material and
final compost. These analyses included total solids (TS), moisture content (MC), volatile
solids (VS), fixed solids (FS), organic carbon (OC), total Kjeldahl nitrogen (TKN), C:N
ratio, particle density, bulk density (wet and dry), particle distribution and compost
stability.

The TS, VS, and FS analyses were determined using standard method 2540 B & E
(APHA 1995). The MC and organic carbon were calculated using equations 6-6 and 6-7

respectively.

MC=1-TS [6-6]
1-FS ‘
oC = ~— (Haug 1993, Liao et al. 1995) [6-7]

The TKN analysis was conducted by following the “Micro-Kjeldahl Digestion Followed
by Steam Distillation: Without Pretreatment to Include NO," and NO;™ Quantitatively”
method (Carter 1993). The samples were processed prior to TKN analysis as follows.
The material was allowed to air dry for a one week period. The material was then put
into a blender for 6 one minute intervals, allowing time for the blender and material to

cool between each blending interval The TS, VS, and FS analyses were again
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conducted, this time using the TKN prepared samples in order to convert the raw
experimental wet based TKN results to final dry based results.

The particle density (Dp) analysis was conducted using the Pycnometer Method (Klute et
al. 1986), and the bulk density analysis was conducted using the Core Method (Carter
1993). The particle size distribution was determined by sieving the matenial through
standard US sieves of 1/2, 1/4, and 1/8 inch (12.7, 6 4, and 3.2 mm) in size and weighing
the percentage of the total material in each size classification. The compost stability was
analyzed by Norwest Laboratories using carbon dioxide evolution as a means of

measuring the respiration rate, Method S99 (Bartha and Palmer 1965).
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CHAPTER 7
EXPERIMENTAL RESULTS AND DISCUSSION

The experimental program consisted of three experimental runs, run in series as described
in Chapter 6. The resuits of the investigation are reported in this chapter, as well as

discussion of the results. All raw experimental data is contained in Appendix D.

7.1 PRELIMINARY FEEDSTOCK CHARACTERIZATION

The TS, MC, VS, FS, OC, TKN, and C/N ratio for the PFPC bark and biosolids are
shown in Table 7-1. All solids data was determined using standard methods 2540 B and
E (APHA, 1995). The OC was calculated using equation 6-7, where OC and FS are

based on the dry weight fraction (Haug 1993, Liao 1995).

Table 7-1: Summary of Feedstock Characteristics.

Biosolids Bark
Parameter # of Standard #of Standard
samples | Mean (x) | Deviation | samples | Mean(x) | Deviation
(n) (s) (n) (s)
MC (% wb) 4 66.58 0.12 4 51.21 0.98
VS (% db) 4 75.29 0.24 4 96.80 0.13
0OC (% db) 4 41 83 0.13 4 53.78 0.07
TKN (% db) 4 0.87 0.04 4 0.21 0.01
C:N 4 4790 243 4 257.40 16.90

The C:N ratio was calculated using the resulting OC and TKN results, where TKN was

determined by micro-Kjeldahl digestion followed by steam distillation (Carter, 1993).
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The particle density, bulk density, porosity, volumetric water content and free air space
are shown in Table 7-2. The particle density was determined using the pycnometer
method (Klute 1986), the bulk density was determined using the core method (Carter

1993), and the remaining properties were calculated using the following equations:

o

& [7-1]

n=}-—=
DP

Where n is the porosity (cm*/cm?®), Dg, is the dry bulk density (g/cm’), and D, is the

particle density (g/cm”).

[7-2]

Where 8 is the volumetric water content (cm*/cm’), MC is the moisture content (%), and
D.. is the density of water (g/cm’).
FAS=n-6 [7-3]

Where FAS is the free air space (cm®/cm?).

Table 7-2: Density and FAS characteristics of Feedstock.

Biosolids Bark
Parameter # of Standard #of Standard
samples | Mean (x) | Deviation | samples | Mean(x) | Deviation
(n) (s) (n) (s)
Dwsp (g/cm’) 6 0.44 0.01 6 0.20 0.01
Da (g/cm’) 4 0.17 0.00 4 0.11 0.00
D, (g/cm’) 8 1.75 0.24 8 0.82 0.08
n (ml/mi) 4 0.91 0.00 4 0.87 0.05
0 (ml/ml) 4 0.11 0.00 4 0.06 0.00
FAS (ml/ml) 4 0.80 0.01 4 0.82 0.05
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The results obtained from the feedstock analysis were used to determine the quantity of
nitrogen fertilized required to adjust the C:N ratio to values of 90:1, 50:1, 30:1, and 20:1.
The fertilizer used was the “Park Special”, produced by ICI Canada Inc. Specifications
of this fertilizer are given in Table 7-3. The required fertilizer addition was calculated

using equation 6-6.

Table 7-3. Nitrogen Fertilizer Specifications.

Manufacturer ICI Canada Inc.
Fertilizer Type Park Special (34-4-8)
Total Nitrogen (% N) - Manufacturers Guaranteed Minimum Analvsis 32
N derived from S.C.U. * ((sulfur coated urea) (%) — Manufacturers 12.8
Guaranteed Minimum Analvsis
Ammoniacal N (from monoammonium) (%) — Manufacturers 0.9
Guaranteed Minimum Analvsis
Available Phosphoric Acid (from phosphate) (% P.Os) - 4.0
Manufacturers Guaranteed Minimum Analvsis
Soluble Potash (from muriate of potash) (% K-O) — Manufacturers 8.0
Guaranteed Minimum Analvsis
Sulfur (% S) — Manufacturers Guaranteed Minimum Analvsis 5.0

{ Nitrogen from other sources (urea) 18.3
TKN (%) — Analvzed (see Appendix D) 31.14

At target moisture content of 60%, 0.75kg of bark is required per kg of biosolids. This
results in a calculated C:N ratio of 90:1 with no nitrogen addition. In order to increase
the C:N ratio to values of 50:1, 30:1 and 20:1, the amount of fertilizer required was 0.54,
1.34, and 2.34 % respectively.

Comparing reported literature values with those determined through experimental work,
it was found that the PFPC biosolids analyzed fell within the typical ranges of pulp and

paper mill sludges (Table 7-4) for MC, VS, OC, TKN, and wet bulk density.
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Table 7-4: Comparison of Experimental Biosolids Characteristics with Literature Values
for General Pulp and Paper Mill Biosolids.

MC VS oC TKN Wet Bulk

(%wb) { (%db) | (%db) (%db) | Density (kg/m’)

Biosolids | Experimental | 66.58 | 75.29 41.83 0.87 440
Literature 52-88 | 35-93 | 19.4-54.7 | 0.07-5.94 369-930

Literature values (Phenicie and Maher 1985)

7.2 COMPACTION AND FREE AIR SPACE

Each composting reactor was loaded with 12 kg weights to simulate the compressive
settlement within a large scale windrow. The 12 kg loading was determined by
simulating the stress at the bottom of windrow 3.7 meters in height (the maximum
windrow height as recommended by the United States Environmental Protection Agency)
(WEF 1995) where the stress is at a maximum.

The 12 kg load was applied to each reactor from time zero and held throughout the course
of the experiment. The compaction results from each of the three experimental runs were
averaged for each C:N ratio investigated as illustrated in figure 7-1. The results indicate
that for each treatment, over 70 % of the maximum total compaction occurred within the
first 30 minutes of reactor loading, and approximately 95% of the maximum total
compaction occurred within 7 days of reactor loading. At the end of the experiment, the
composting mixture had undergone a compressive settlement of approximately 55%
representing a significant volume reduction. This reduction in volume can be viewed as
an important design parameter in the design of a windrow composting operation.
However, it should be noted that the volume reduction of the compost mixture in the
reactor is representative of a section at the bottom of the windrow only, and that volume

reduction due to compressive settlement will be significantly less for the whole windrow.
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Table 7-5 shows the wet and dry bulk densities before and after composting for each C'N
ratio investigated. The data shows that wet and dry bulk densities increased after
composting and that the densities generally increased as C:N ratios decreased. This can
be attributed to a greater degree of decomposition in reactors with a lower C:N ratio. As
the organic matter decomposed, the solid particles are broken down both chemically and
physically through biochemical processes. This physical breakdown of the solid particles

is responsible for the increase in bulk densities.
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Figure 7-1: Mean Compaction Results.



Table 7-5: Bulk Density Prior to and After Composting.

C:Nratio | # of Samples Mean (x) Standard
(n) Deviation (s)

Wet Bulk 90:1 6 322 4
Density — Prior 50:1 6 328 12
To Composting 30:1 6 320 9
(kg/m’) 20:1 6 320 11

Dry Bulk 90:1 6 155 8
Density — Prior 50:1 6 160 11
To Composting 30:1 6 157 10
(kg/m’) 20:1 6 160 15
Wet Bulk 90:1 6 403 14
Density — After 50:1 6 423 12
Composting - 30:1 6 435 14
Non-Compacted (kg/ml 20:1 6 442 15
Dry Bulk 90:1 6 165 14
Density —After 50:1 6 173 14
Composting - 30:1 6 178 15
Non-compacted (kg/m’) 20:1 6 178 12
Wet Bulk 90:1 3 674 21
Density — After 50:1 3 692 15
Composting - 30:1 3 726 12
Compacted (kg/m’) 201 3 709 11
Dry Bulk 90:1 3 255 3
Density — After 50:1 3 257 5
Composting - 30:1 3 269 6
Compacted (kg/m’) 20:1 3 262 5

The compressive settlement of the composting mixture is of great importance due to its
effect on the free air space within the compost. The free air space provides oxygen
transfer throughout the network of solid particles and water molecules. If there is too
much water and too little free air space, oxygen transfer is greatly restricted and aerobic
composting is hindered. Likewise, if the free air space is large and there is not enough

water, microbial kinetics will be slowed and composting activity will decline due to lack
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of moisture, and lack of contact between water particles, air, and solid particles (Haug
1993). More fibrous and friable matenals are capable of maintaining higher moisture
contents while retaining adequate free air space. Therefore, not only is the bark
amendment used to adjust the moisture content of the composting mixture, but to provide
structural integrity so that the free air space is reasonably maintained, increase the size of
pore spaces, and allow easier air movement through the mixture.

Free air space was calculated from the compaction data using the following equation:

Fas, = TS Vov (Ve - V) [7-4]

Where FAS; is the free air space of the composting mixture with loading (cm’/cm’), FAS,
is the free air space of the composting mixture initially without loading (cm’/em?), V, is
the volume of composting mixture with loading (cm®), and Vj is the initial volume of the
compaosting mixture (cm?).

Figure 7-2 illustrates the mean free air space results averaged for each treatment over the
experimental composting period. The figure demonstrates that the initial FAS reduction
due to loading occurs within the first half hour upon loading, and accounts for
approximately 75% of the total FAS reduction. Over the remaining 15 to 18 days, the
remaining 25% of the total reduction occurs. The total FAS reduction is approximately
75% of the initial value. The data indicates that the difference in free air space between
various treatments follows no noticeable trends. It was found that FAS decreased with
C:N ratios of 90:1, 30:1, 20:1 and 50:1 respectively, therefore no trend. It is believed that

the C:N ratio was not responsible for the differences in FAS. One potential explanation
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is that each treatment (C:N ratio) was run in the same reactor for each experimental run.
Therefore, the FAS differences are thought to be a function of the reactor, while the C:N
ratio (addition of nitrogen), had no observable effect on the FAS of the composting
mixture.

Haug found that the optimum FAS in a composting mixture was 30%, and 95% of the
maximum oxygen consumption rate was maintained when FAS was between 20 and 35%
(Haug 1993). The experimental data from this study shows that the FAS in the
composting reactors remained between 20 and 35% for nearly the duration of the
experiment. Therefore, according to Haug (1993), 95% of the maximum oxygen rate was
maintained. This also shows the reactors had a good mix. The optimal FAS of 30% was
attained approximately 2 days into the composting process. This is an indication of the
required turning frequency to maintain optimal aerobic conditions within a windrow
Although the experimental data indicates that a less frequent turning schedule will still
provide sufficient aeration with 95% of the maximum oxygen consumption rate being
maintained. It is also important to remember that the FAS reduction in the reactors
represents a section at the bottom of the windrow at a depth of 3.6 m (Figure 6-8) where
the reduction is at a maximum. As well, a windrow is turned periodically thereby
increasing FAS upon turning, whereas the reactor contents were left unturned for the
duration of the composting period, so FAS underwent continual reduction. However, in
this experiment forced aeration was used to ensure oxygen was not limited in any of the

reactors (Figure 6-6).
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7.3 ODOUR OBSERVATIONS

The odour observations of this experiment were a personal observation. No panel was
employed, and all observations were made qualitatively. The odour of the finished
compost for each treatment was compared to the other treatments upon completion of
each run. After the run was complete, each reactor was opened and smelled for odour.
The treatment using no nitrogen addition, with a C:N ratio of 90:1 had a finished compost
smell that was sweet and earthy, much more pleasant to the nose than the raw feedstock.
The treatment with a C:N ratio of 50:1 had an even stronger sweet/earthy smell than the
first, it was very pleasant to smell, with no pungent odour. The treatment with a C:N
ratio of 30:1 had an odour which was the most pleasant of all treatments, its odour was
similar to the previous two with a more defined sweet/earthy smell. Finally, the
treatment with a C:N ratio of 20:1 had a very distinct strong odour of ammonia. Upon
immediate opening of the 20:1 reactor, the ammonia smell was so strong that it caused
choking and watering eyes. These observations occurred in each experimental run.

Undoubtedly, the most difficult problem in common composting operations is the control
of odours. Odours are a nuisance to neighboring receptors (Epstein 1997). The low C:N
ratio of 20:1 used in the experiment caused a excess release of ammonia into the vapor
phase from the aerobic decomposition of proteins and amino acids. The conversion of
ammonium into ammonia gas is a function of pH, where at higher pH’s, ammonium is
converted into ammonia. This is consistent with that reported by Epstein (1997) who
stated that feedstocks with low C:N ratios (lower than 20:1) release ammonia during

composting. Luckily, ammonia is usually considered to be a relatively minor odourant
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for a composting facility, as ammonia has a relatively high threshold odour concentration

and dilutes rapidly to below detection (Haug 1993).

7.4 TEMPERATURE

The temperature rise observed in actively composting wastes is attributed to exothermic
reactions associated with respiratory metabolism (Tchobanoglous et al. 1993). Therefore
heat output is a function of microbial activity (Epstein 1997). In a windrow composting
system, windrow temperatures decrease after 10 to 15 days as the readily biodegradable
organic material is oxidized (Tchobanoglous et al. 1993). The reactors used in this study
simulated windrow temperature conditions, reaching a maximum temperature at
approximately 8 days with temperatures in the thermophilic range. ~The mean
temperature profiles over time for the four different C:N ratio treatments are illustrated in
Figure 7-3. In general, the profile shows the lower the C:N ratio, the greater the
maximum temperature attained. The mean maximum temperatures reached were 49 1,
50.8, 52.2, and 52.6°C for C:N ratios of 90:1, 50:1, 30:1 and 20:1, respectively. The rate
of decomposition of organic matter is affected by the time-temperature relationship and is
therefore important for the production of a stable and mature product for consumer use
(Epstein 1997).

Figure 7-4 illustrates the results of degree days above chamber temperature versus time,
where degree days is the temperature difference between reactor and chamber
temperature (°C) multiplied by the composting period (days). Degree days is essentially
the area between the reactor temperature and chamber temperature in Figure 7-3, and

represents the relative heating efficiency of each reactor. Through linear regression it is
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illustrated that reactor temperature above chamber temperature increases linearly as the
C:N ratio decreases. However, due to the lack of data points, this linear relationship may
or may not be consistent at lower C:N ratios. Since the heat output is a function of
microbial activity, the temperature data indicates that the decomposition of biodegradable
organic matter would be greater in the treatment using lower C:N ratios. This reasoning
was found to be true for this study, where, the treatments using lower C:N ratios, and
hence greater temperatures, had a higher degree of respiratory activity as determined by
volatile solids destruction. Jackson and Line (1997) support these findings, stating that
temperature alone had a marked influence on respiratory activities and rate of paper mill
sludge decomposition during composting. Their bench scale experimental work showed
that at composting temperatures of 55°C, the decomposition rate occurred faster than at
35°C. When composting at 35°C, a 30-50 day delay in maturation was observed in
comparison to composting at temperatures of 55°C, as well as a slower rate of CO;
formation and an extended period of O; consumption. Therefore, the increased rate of
paper mill sludge decomposition with increased temperatures can be directly related back
to the C:N ratio of the composting mixture, whereby a compost with a more optimal C:N
ratio will produce maximum heat output and an optimal decomposition rate. This
decomposition as measured by volatile solids destruction for this study is discussed

further in the next section.
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7.5 VOLATILE SOLIDS REDUCTION

Experimental parameters were controlled such that moisture and oxygen were not
limiting factors in the decomposition of the composting mixture. However, nutrients may
at times be the limiting material for microbial cell synthesis and growth.

The volatile solids were measured at the beginning and end of the composting period for
each treatment. Volatile solids destruction was calculated by using the volatile solids
data and dry weight loss of the material through composting as shown in the following

equation:

VS, - VS,

VS destruction = L x100 {7-5]

0

Where VS and VS; are the volatile solids content before and after composting (%).

Figure 7-5 illustrates the mean volatile solids reduction for each C:N ratio investigated.
The volatile solids destruction increased as the C:N ratio decreased. A linear line can be
fit to the data between C:N ratio’s of 90:1 to 30:1, indicating a constant slope and linear
increase in the volatile solids destruction rate as the C:N ratio approaches optimum. The
r* value for a linear fit of all four data points is 0.835. From a C:N ratio of 30:1 to 20:1,
the slope of the line increases, indicating a higher rate of volatile solids reduction. The
maximum mean volatile solids destruction obtained (16.5%), occurred using a C:N ratio
of 20:1. Theoretically, the expected maximum biological volatile solids reduction was

estimated to be 19.85% (Equation 7-6).
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Expected BVS Conversion = W x TS x VS x 0.60 [7-6]

Where BVS is the biodegradable fraction of the volatile solids (g), W is the weight of the
compost mixture (g), TS is the total solids of the mixture (%), VS is the volatile solids of
the mixture (%), and 60% of the volatile solids are assumed to be biodegradable.
Calculations are presented in Appendix E. Table 7-6 shows the numerical values for

each treatment as well as the percentage of the theoretical maximum.

16

Volalile Solids Reduclion (%)
-

C:N Ratio (r:1)

Figure 7-5: Volatile Solids Reduction.
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Table 7-6. Comparison of Volatile Solids Destruction to Theoretical Maximum.

Theoretical | C:N=90:1 | C:N=580:1 | C:N=30:1 | C:N=20:1
Maximum
VS
Destruction
(%) 19.85 10.50 12.46 13.50 16.51
% of
Theoretical
Maximum N/A 529 62.8 68.0 832
(%) _

A C:N ratio of 20:1 was the lowest investigated, it is expected that at lower C:N ratios,
ammonia is given off, and biological activity is impeded (Tchobanoglous et al. 1993)
Jackson and Line (1997) studied the effect of nutrient addition on the composting of pulp
and paper mill sludge. At a C:N ratio of 25:1 they were able to achieve a cumulative dry
weight loss as CO; of approximately 10% Assuming that all of the carbon in the CO,
results from the organic carbon in the composting material, and that the volatile solids
analysis estimates the carbon content or organic matter of a sample, Jackson and Line
(1997) achieved a volatile solids destruction of approximately 18%, using equation 6-7.
This compares well with the 16.5% volatile solids destruction achieved in this
experiment.

Jackson and Line (1997) also found that dry weight loss during composting occurred at a
significantly faster rate at 55°C than 35°C, and that the method of nutrient addition did
not have a significant effect on dry weight loss. Therefore, the increase in volatile solids
reduction correlates to the increase in temperature observed. The volatile solids
destruction rate can be described as a single-peak curve as a function of composting

temperature. However, there is a trade off between bioactivity and pathogen destruction.
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At temperatures greater than 55°C pathogen destruction is greatest, however, bioactivity
is hindered as many of the microorganisms responsible for the destruction of volatile

solids are killed.

7.6 PARTICLE SIZE DISTRIBUTION

Particle size distribution is important for optimum composting results as well as intended
final compost use. Too many fines may be undesirable to the structure of a composting
mixture, leading to decreased free air space, and therefore possibly a reduced rate of
decomposition. Large size particles may also cause problems due to the need for
screening of the final compost product. For example, if the compost is intended for
general horticultural use, or as a top dressing on lawns and gardens, the maximum
particle size should be less than or equal to 10 millimeters (0.39 in) (Haug 1993). Table
7-7 shows the particle size distribution of the feedstock before composting, as well as the
particle size distribution of each reactor from the final run of composting Particles
greater than 1/4 inch were reduced from over 67% to less than 45% through composting,
particles with sizes ranging between 1/8 to 1/4 inch (3.18 to 6.35 mm) were increased
from about 26% to 40% through composting, and particles less than 1/8 inch (3 18 mm)
increased in distribution from about 6% to over 15%. Figures 7-6 to 7-10 show the
compost distributed into the three particle sizes for each C:N treatment. The increase in
distribution towards the smaller particle sizes compared to the precomposted mixture is
apparent. This shift towards a greater distribution of smaller particles is the result of the

decomposition of organic matter, and results in a more suitable product for marketing
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Figure 7-8:  Particle Size Distribution — C:N=50:1
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Figure 7-9: Particle Size Distribution - C:N=30:1
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Table 7-7. Experimental Particle Size Distribution - wet basis (Final Run).

Sample >1/4” (%) 1/8-1/4" (%) <1/8” (%)
Pre-Composted 67.52 26.05 6.44
Composted
(C:N=90:1) 43.75 40.39 15.86
Composted
(C:N=50:1) 48.53 38.94 12.53
Composted
(C:N=30:1) 44 35 39.80 15.84
Composted
(C:N=20:1) 42.73 39.11 18.17

7.7 COMPOST STABILITY AND MATURITY

In order for compost to have marketable value, it must be mature, or stable. The best
indication of stability, which represents the state of microbial activity (the degree to
which the biodegradable fraction of VS has been converted), is the measurement of
respiration. Respiration can be measured either by oxygen uptake, or carbon dioxide
evolution. Stability measurements should be made on samples having a moisture content
of 50% to 65% (Epstein 1997). A compost stability respiration test was performed on the
pre-composted raw feedstock, as well as the finished compost of each treatment form the
final experimental run. The analysis was performed by Norwest Laboratories, using
carbon dioxide evolution as a means of measuring respiration, method $99 (Bartha and
Palmer 1965). Table 7-8 indicates the results of this analysis. Respiration is expressed as
mg CO2-C per gram of compost-C per day. Table 7-9 relates the respiration rate to the
stability of the compost. The level of respiratory activity indicates the microbial activity
of the compost as organic carbon is transformed to CO,. A high respiration rate
represents greater microbial activity, while a low respiration rate represents lower

microbial activity where the available carbon has been utilized. Therefore the finished
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compost from this study can be categorized as being stable, characterized as a cured
compost, with minimal impact on soil dynamics. This method of categorizing compost
according to its stability is advantageous with respect to simplicity and low cost.
Disadvantages however, include the use of small, disturbed samples. The measurement
indicates the state of stability if the compost is homogeneous, and represents the entire
mixture. However, most composts are not uniform, even a single wood particle can

offset the respiration results and skew the data (Epstein 1997).

Table 7-8: Compost Stability Analysis Results.

Sample Raw C:N=90:1 | C:N=50:1 | C:N=30:1 | C:N=20:1
Feedstock

Organic Matter (%) 622 619 63.5 649 48 0
Moisture Content
(%) 66.5 66.7 68.0 68.9 670
Carbon Dioxide
Evolution (mg CO»-
C per g organic-C >4.0 2.1 3.1 24 38
per day)
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Table 7-9: Compost Stability Index Based on Carbon Dioxide Evolution and Oxygen
Consumption (Epstein 1997).

Respiration Rate Rating Characteristics
0-2 (mg CO;-C/g compost-C-day) | Very stable | Well cured; no malodours, earthy
or odour; no continued
0-0.5 (mg O2/g VS-hr) decomposition
2-5 (mg CO2-C/g compost-C-day) | Stable Cured compost, minimal impact on
or soil dynamics, limited odour
0-0.5 (mg Oz/g VS-hr) potential
5-10 (mg CO,-C/g compost-C-day) | Moderately | Uncured compost;, some malodour
stable potential; addition to soil may
or immobilize N; high phytotoxicity
potential; not recommended for
0-0.5 (mg O,/g VS-hr) growing plants from seed
10-20 (mg CO;-C/g compost-C-day) | Stable Very immature compost; high
or compost malodour and phytotoxicity
0-0.5 (mg O2/g VS-hr) potential, not recommended for
growing plants from seed
>20 (mg CO,-C/g compost-C-day) | Very Extremely unstable material, very
or unstable high malodour and phytotoxicity
0-0.5 (mg Oy/g VS-hr) compost potential, not recommended for
use

The CCME Guidelines for Compost Quality (1996) state that for compost to be
considered mature, certain criteria must be met. At the present, there is no single test of
compost maturity that is reliable and sufficient by itself One criterion is that a compost
must conform to the following conditions: the C:N ratio must be < 25, and oxygen uptake
must be <150 mg O/kg organic matter (volatile solids) per hour. In order to satisfy the
C:N requirements, the treatment using an initial C:N ratio of 20:1 was the only treatment
investigated which fulfill such requirements. All other treatments investigate had a final
C:N ratio greater than 25:1 (Table 7-10). Therefore additional nitrogen supplementation

would be required to meet the CCME criteria. The data shows no significant changes in
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C:N ratio through composting, this indicates little or no ammonia volatilization and

nitrogen leaching.

Table 7-10: C:N Ratios — each an average of 4 (Appendix D).

Reactor | Run #1 Run #2 Run #3 | Average Std.

Dev.

Prior to Rl 105:1 113:1 103:1 107:1 53
Composting R2 55:1 58:1 53:1 55:1 2.5
R3 28:1 31:1 28:1 29:1 1.7

R4 19:1 16:1 18:1 18:1 1.5

After Rl 97:1 110:1 93:1 100:1 8.9
Composting R2 441 49:1 45:1 46:1 2.6
R3 28:1 311 27:1 29:1 2.1

R4 21:1 20:1 17:1 19:1 2.1

The second criterion concerning oxygen uptake, can be correlated to Table 7-9, where the
criterion for mature compost relates to the compost stability index rating of very stable.
Therefore, although each treatment can be categorized as stable by the compost stability
index, the very stable rating was not achieved. Consequently, the compost does not meet
the stability criteria for mature compost as defined by the CCME guidelines. To meet this
requirement, each treatment would require curing such that the oxygen uptake rate would
be < 150 mg Oz / kg VS per hour. Once the stability criterion is met, the treatment with
a initial C:N ratio of 20:1 would meet both the final C:N requirement and the respiration
requirement. The other three treatments require additional nitrogen supplementation in
order to meet CCME guidelines for mature compost. Other acceptable criteria for CCME
maturity include, the germination of cress seeds and radish seeds, and curing for a

designated time, organic matter reduction, or until the compost will not reheat upon
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standing to greater than 20°C above ambient temperature (Table 7-11). Figures 7-11 and
7-12 are photographs, which illustrate the appearance of the composting mixture prior to

composting and after composting.

Table 7-11: CCME Compost Quality Guidelines for Compost Maturity (CCME 1996).

Compost shall | Two of the following | C:N <25

conform to three requirements
One of the shall be met O: uptake shall be < 150 mg O, / kg VS per
following hour

Germination of cress or radish seeds in
compost shall be greater than 90% of the
germination rate of the control sample, and
plant growth rate of compost-soil mix shall not
be less than 50% in comparison to plant
growth of the control sample.

Or The compost must be cured for a minimum of
21 days and the compost will not reheat upon
standing to greater than 20°C above ambient

temperature.

Or The compost must be cured for a minimum of
21 days and the reduction of organic matter
must be > 60% by weight.

Or If no other determination is made, then the

compost must be cured for a six-month period.
The state of the curing pile must be conductive
to aerobic biological activity. The curing stage
begins when the pathogen reduction is
complete and the compost no longer reheats to
thermophilic temperatures.
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Figure 7-11. Pre-Composted Feedstock.

Figure 7-12: Composted Feedstock (C:N=20:1)
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CHAPTER 8
SUMMARY AND CONCLUSIONS

The objective of this study was to identify and discuss alternatives for biosolids
utilization at the Pine Falls Paper Company, and to examine further the option of
composting through experimental work. Nutrient addition can represent a major cost of
composting for a large-scale operation. This study examined the effects of nitrogen
addition (C:N ratio) on the composting of PFPC’s biosolids. Four bench-scale reactors
were operated simultaneously, each with a different C:N ratio. Each treatment was run in
triplicate in series. The reactors were designed to simulate core conditions of a large-
scale windrow.

Based on the results of the experimental work of this investigation, the following

conclusions can be made:

1 The preliminary feedstock characterization shows that the biosolids analyzed
from the PFPC are within the range of typical values for a pulp and paper mill

sludge for MC, VS, OC, TKN, and wet bulk density.

2. Compressive settlement causes FAS reduction within the composting matrix.
This FAS reduction occurs relatively quickly, as approximately 75% of the total
reduction occurred within the first half hour upon loading. Therefore, it is
suggested that in a large-scale windrow, similar FAS reduction could be observed
at the core. Turning of the windrow would temporarily increase the FAS within

the windrow as well as aerate the pile. The FAS within the reactors remained
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approximately between 20 and 35% throughout the duration of the experiment,
this indicates that approximately 95% of the maximum oxygen consumption rate

was maintained, according to Haug (1993).

Upon completion of composting, treatment using C:N ratios ranging from 90:1 to
30:1 had odours which were pleasant to smell, with an increasingly sweet/earth
odour as the C:N ratio was decreased. The treatment using a C:N ratio of 20:1
had a distinct strong ammonia smell. However, ammonia has a relatively high
threshold odour concentration, dilutes rapidly to below detection, and is

considered to be a relatively minor odourant for a composting facility.

For each treatment investigated, composting mixtures reached thermophilic
temperatures, peaked at approximately 8 days, and then declined. Treatments
with decreasing C:N ratios, resulted in increased temperatures. In fact, as the C:N
ratio decreased, the reactor temperature above chamber temperature increased
linearly. Therefore, the heat output was correlated to C:N ratio. It is expected
that there is an optimum C:N ratio value, beyond which point temperature begins
to decrease. In conclusion, for the four C:N ratios investigated, heat output

increased as the C:N ratio decreased from 90:1 to 20:1.

The volatile solids destruction increased as the C:N ratio decreased. A linear
correlation occurs between VS destruction and C:N ratios between 90:1 and 30:1.

As the C:N ratio is decreased to 20:1, the rate at which VS destruction occurs
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increased. The maximum VS destruction occurred using a C:N ratio of 201, this
value was over 83% of the calculated theoretical value. It is expected that at
lower C:N ratios, ammonia is given off and biological activity is impeded. The
decreasing C:N ratio can therefore be correlated to the increase in VS destruction

and temperature since heat output is a function of microbial activity.

Through composting the particle size distribution of the material shifted.
Materials were divided into three categories: >1/4 inch (large), 1/8-1/4 inch
(medium), and <1/8 inch (small). The large sized particles decreased in
distribution by approximately 23%, the medium sized particles increased in
distribution by approximately 14% and the small sized particles increased in
distribution by approximately 9%. This shift towards a product with a smaller
particle size distribution is beneficial for the final use of the compost, and helps

minimize screening of the final product.

Each C:N ratio investigated in this study resulted in a finished product which can
be categorized as being stable according to the compost stability index (Figure 7-
9). This stable categorization is characterized as a cured compost, with minimal
impact on soil dynamics and limited odour potential. This stability can be related
to the CCME Compost Quality Guidelines for maturity. Though each of the C:N
ratios investigated do not meet the stability requirements of “very stable”,
required for mature compost. This lack of stability was expected as the material

had only undergone less than 18 days of composting with no curing. Nonetheless,
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through proper curing, the stability rating of “very stable” is attainable As well,
in order for a compost to be considered mature, not only must the stability
criterion be met, but also the final C:N ratio criterion (C:N<25). Only the
compost with an initial C:N ratio of 20:1, met the final C:N requirements as
stipulated by CCME. Therefore, in order for the other three treatments
investigated to meet CCME guidelines, addition nitrogen supplementation is

required, and curing is required for each treatment.
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CHAPTER 9

ENGINEERING SIGNIFICANCE AND RECOMMENDATIONS

Nitrogen fertilizer costs to bring the biosolids C:N ratio to 40:1, the top of the suggested
reasonable range for composting and land application would be approximately $36,400
annually, delivered to Pine Falls (Even-Spray & Chemicals Ltd. 1998). The most likely
source of composting amendment at the PFPC is bark, which is readily available on site.
At a mixture of 0.75 kg bark/kg biosolids, a moisture content of 60% and a C:N ratio of
90% results. Therefore, the nitrogen addition costs to bring the C:N ratio of the mixture
to 40:1, would be approximately $303,800 annually, delivered to Pine Falls (Even-Spray
& Chemicals Ltd. 1998).

The optimum C:N ratio investigated (20:1), resulted in an increase in volatile solids
reduction of 6% greater than the control (90:1), and showed similar temperature profiles.
The results suggest that the added cost of nitrogen fertilizer may not be justified for
increased composting performance. The marketability of compost may however require
nitrogen addition in order to satisfy CCME requirements. In Canada, all compost
produced for market should meet the CCME (Canadian Council of Ministers of the
Environment) Guidelines for Compost Quality. One criterion of the CCME guidelines
stipulates that the compost must be mature. Maturity can be measured by several
parameters. Two such parameters include the stability of the compost as well as the final
C:N ratio. The stability of the compost can be categorized as stable according to the
compost stability index (Figure 7-9), but not to the extent required by the CCME
guidelines. Therefore additional time is required to allow the compost to cure.

Furthermore, the final C:N ratio must be < 25 as stipulated by the CCME Guidelines.
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Therefore fertilizer addition would be required for the marketability of the PFPC
compost. In order to bring the C:N ratio from 90:1 to a suitable C:N ratio of 25:1, the
cost would be approximately $628,200 annually delivered to Pine Falls (Even-Spray &
Chemicals Ltd. 1998). These costs would account for the majority of the daily operating
costs, and should be weighed against the potential revenue of the marketed compost
product. Taking into account the cost considerations as well as the effect of the C:N ratio
on composting performance, it may be argued that the CCME C:N ratio value of < 25
should not be applied to Paper Mill composts.

Based on the results of this investigation, it is recommended that if the final compost is
intended for market, and if CCME guidelines are to be met, the nitrogen fertilizer should
be added prior to composting. This will provide a faster decomposition rate, a final
product with a suitable C:N ratio and stability, and will eliminate the need for mixing
after the composting process is complete. In other words, the nitrogen can be mixed
during the initial mixing of biosolids and bark, thereby saving time and money at a later
date. Suitable curing time is also required so that the respiration rate of the finished
compost meets criteria outlined by the CCME Compost Quality Guidelines for compost
maturity. It is also recommended that if CCME guidelines are to be met, just enough
nitrogen be added to reduce the C:N ratio of the biosolids/bark mixture to a minimally
acceptable C:N ratio of 25:1 as stipulated by the CCME Compost Quality Guidelines.
This is due to the fact that reduction of the C:N ratio any further would provide minimal
benefits with respect to decomposition rates but would consequently and substantially

increase the cost due to further nitrogen requirements.
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CHAPTER 10
SUGGESTIONS FOR FURTHER STUDY

Suggested further studies regarding the effect of C:N ratio on the composting

performance of paper mill biosolids include:

I. Consider ammomnia volatilization, ammonia volatilization will cause valuable
nitrogen to be lost to the gaseous phase and cause potential odour problems.
Monitoring the pH can provide an indication of ammonia volatilization, where a
high pH favors the formation of ammonia gas, and a low pH maintains the
nitrogen in the ammonium form. Another option is to use an acid trap, where
ammonia can be quantified by back titration with a standardized solution. The
final C:N ratio is proportional to the quantity of ammonia volatilized during

composting.

2. Measure the oxygen uptake rate (OUR) as another means of determining the
composting performance, however, this would require there be no forced aeration,

thereby causing oxygen to be a limiting factor.

3. Repeat the experiment adding the nitrogen fertilizer in periodic intervals. Total
nitrogen addition at the beginning of the experimental run may cause some toxic
effects thereby retarding biological activity. Also, the sulfur coated urea used as

fertilizer is a slow release fertilizer, therefore, all of the nitrogen may not have
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been released during the composting period. Repeat the experiment using 46-0-0

urea to determine if the type of fertilizer used effects the composting process.

4 Repeat the experiment on a pilot scale to determine if similar results of this study
occur. A field test would also provide valuable information such as volume
reduction due to composting and large scale composting time requirements.
Furthermore, include curing and conduct phytotoxicity tests, in order to determine

the stability potential of the final product.

5. For each experimental run, use a different reactor for each C:N ratio investigated,
this will eliminate bias results based on the reactor itself, rather than the actual

C:N ratio under investigation.

Suggested further studies regarding the overall composting of PFPC biosolids include:

1. Sampling and laboratory analysis to fully characterize the biosolids. This data
would be important for composting, land application, and waste to energy
alternatives. The sampling and analysis plan suggested is outlined in Chapter 4 of
this study. For composting, CCME Compost Quality Guidelines should be met
and are based on criteria for product safety and quality, which include: foreign

matter; maturity; pathogens; and trace elements.

125



Identifying potential markets. Suppliers should identify markets before initiating
composting operations and adjust compost production accordingly to ensure the
proper supply. Failure to identify and understand potential markets for compost

can result in over- or under-production.
Investigating other parameters which may effect the composting performance of

paper mill biosolids. Such parameters may include, moisture content, windrow

size, turning frequency and composting time.
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10i02/87 28.25 07/03/97 28 ¢

10/C2'57 25.55. G3/03/87) 25 2

11/02°G7" 213  08/03/97 23.93

11:.02°¢7 25 7 38/92/27 24 04

123257 27.2 . 09/03/97: 24 55.
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JUL-29-87 (S:16 FROM:P!NE FALLS PAPER C3 ID 12843687935 PAGCE
Sheet:
10/03/37 258, 04/04/S7 31.7, R
1Q/Q3/97" 23.33 . 05/04/87 30.5 !
11/03/97 2401 35/04/37" 24 .54, B
11/03/67" 2464 06/04/97 2328
12/03/57 23.98, 06/04/87" 31.5
120397 26.1 07/04/S7 28.5 i
13/G3/87 261, 07/04/87" 3318, —= i
13/03/97 2.7 38/04,27 23.89 |
14/03/97 25.50 08/04,57, 27 5. i
14/03/97" 24.91 - 0S/04/37 28.1
15/Q3/37 22.79¢ 09/04/97 2717
15/03,S7' 2512 " 10/04/87. . 2809
16/03/37 23.7! 10/04/37" 272
15/03/57' 234 U 11/04/57 265
17/03/87 2.7, 11,04/67 30.7,
17:03/57| 223  12/04/S7 334 ]
13/03/87 ) 12/04.S7, 341,
18/03/S7. 23.8: " 13/04,97 355
19/02/97 25.17 13/94/37; i 33.7
19/03/97. 3057, 14:02,97 22.5]
20/03/57! 25.41 14/04/7 33
20/03/S7 3012 15/04/87 2711
21/03/57 282 15/04/97 33.34
21/03/97 218 16/C4/27! 32.2;
22/03/57" 30.15. . 16/04/97 349
22°03/97 25.77 17/04/97" 333
22/C2/37: 3581 17/04/37 30.02
23/03/97 27.5 12/04/97 32.4
24.03,S7 33.17! 13/04/S7 311
24/03/57 33.54 19/04,97 32.28
25/03/97 315 19/04/97 32!
25/03/57 35.53 20/04/57 315
25/03/57 23.54, 20/0¢87 31.5. T
25/03,97 26 59" 21/04/57 30.5
27/03/87 38.08 21/C4/37 318 ]
27/23/57 37 24 22/04,97° 3G o
28/03/97 3912 22102/97 285
28/03/37 36.8 23/0497 30.17.
25/03,57 358, 23,34.97 30.28°
29/03/87" 32.7 - 2¢/04/37 286
30/03/37 37.45 24/08797 23.04.
30/03/97. 37.24, 25/04/57 275 ]
31/02/57" 34.01 2510457 2453
31,03,57 312" 26/04/%57 27 .46,
01/04/27. 37.1 . 26/04,57 272
01/04.97 33.58. 27:02/57. 258
02/04,€7 2.3 27257 2S 4.
C2Cass 32.85 280457 27.2 i
22087 31.2 28:02.97 23 35 ,
(53T 25.23. 2S0aeT 25.:3 '
| 32347%7 3z 29/C2/G7 3C.55 |
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PACE 8/18

JUL-28-87 1§.17 FROM PINE FALLS PAPER CQ ID 12943578351
Shest1

30/04/87 39 25/05/S7 27.5
30/04/57 292 26/05/S7 32.
01/05/97" 297 25/05/97 25.3¢S T
01/05:37 23.94 27/05/S7 33 49, |
02/05/57" 31.15 i 27/05/97 374
02/05/97. 30.9 28/05/57 31,5
03:05/97" 338 1 28/05/97 375
Q2/05/87. 24! 29/05/97" 30.2' ]
04/058/5T" 3438 28/05/57 305
04/05/97. 25.12; 30/05/37" 32
05/05,57" 33.2 . 30/05/87 387
05/05/57 38.¢. 31/05/97! 317 e
06/05/97" 316 « 31/05/97 302 N
06/05/97 353, 01/05.97 2349
07/05/97" 3Be | 01/06:97 38.
07/05/37 32.39 02'05/37 34 34
08/05/57° 375 . 02/C6/97 35.13
08/G5/57 2956 03/08/37. 343
05/05/57 ., 37 21, . 03/06/S7" 30.53
09/05,57" 31.2 " 04/06/97 303
10/05:97 30.5 04/08/97 27 S6.
10/05/57 29.3 | Q5/06/57 321
11/05/87 33.87 05/06/27" 343
11/05/97 37 56! 06/06/97 25 <
12/05/87" 3217 | 08/06/87 3278
12/05/87 318 37/06/97" 331
13/05/57 33 ~ 07/06/67 32.1 )
13/05/97 29.33 Q8/06:97 352 )
14,0587 28.4. . 08/06/87 373,
14/05/97 2897 08/08/97 36.2
15/05/S7 23.47 09/06/27" 33.5,
15/058/57 28.37 10/06/57 305 ]
16/05/S7 21.38, 10/06/97 32.05 ]
15/05,87 27.1. 11/06,/97!
17:05/97 3024 11706/87 27
17/05/S7 242 12:06/97" 253
18:05/57 252 " 12/06/97 332
18/05:97 28 1 13/05,S7 352
1S/03,67 2852 13/08/67 35.25
19/05/87 29.46 14/68/37 31.8
20/C5/37 308, 14/06,97 32.53
20/05/57 29.5. 15/06/57" 25.1
21/Q8:87 234 15/08/87 25.75
21/05/87 27.72 16/06/97 26.57
22/05/97. 30.7' 16/06/97 . 30.5.

[ 270597 315 "~ 17/06/97 28 7
23.05,G7 30.8. 17/06/97 295
23/05,97 30.6. 18/CE/57 313
24.05,87 295 12/06:97 3C 37
24,03,57 30.75, 19/05:37
25,0557, s 16/06/37" 315 ]
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JuL-28-97 1S-17 FROM.PINE FALLS PAPER COQO 1D 120835768351 PACE
Sheett

26/C6/57 29.5. 150727 3501

20/06/5T 37.42° " 16/Q7/37 318

21/06/97 33.9. 16i07:57 28 44

21/06/57" 358 17/67/57 335

22/06/37 36.8 17/07:97 25 o

22/06/57. 325  1807/97 28 4.

23/06/57 322, 18/07:97- 28

Z3/06i57" 359 19/Q7/37" 27 30

24/06/97 28.17 19/G7/97 . 30.1

24/06/57" 29.4 . 20/07/87 31.31

25/66/97 305 20/07'57 31.0%

25/06/97 31.61 _ 21/07/87 31.7

25/05/37 31.02 21/07:97 233

26/06/97 3352 22/47:57" 36.33,

27/06/57" 315 | 2207157 22.8

27/06/97 29 5. . 23/:07/97 i 2955

28/06,57 . 29 66 T 23/07/57 2535

28/05,97 31.0S. | 2407127 i 341

28/06/37" 32.23 | 24/07:97 27 3

29/06/97 20.7 " 25/07/57 29.5

3G/05/57. 27.7' ; 25/07.97, 258,

30/06/97 E) | 26/07/97 27 2

01/07.97 28.8 26/07/57 25.3

01/07/97, 26.42 2707797 27 4

02/07/57 28.34 - 1.2 27/07/97 27.85

02/G7,97. 25i

03/67/57 32

02/07:¢7 3Q.9:

03.07/97" 25.63

04/07.:87 33.

05/07/87 25 11

35.07/87 342

08/07,37 29.7.

06/07.97 27.14 :

370787 317

57,6787 RER

YR 282 7

28/07,97 325

05/07/97 33,1

§3/07,97 32.1

10/07/57 04

10/Q7/S7; 36.5/

110787 30.4 !

11/07.97 30.1

1267/97 28.97!

120797 2¢ s

13.07.87 3058 '

2584

28.33 -
29.36 _'_':
3¢ 35.

141

g/18

- ek s —



JUL-28-87 15.17 FROM:PINE FALLS PAPER CO ID: 12843678351 PACE 18718

ZATE 2AUGSS 2t T
L2 -1
2 f;g w.o.No. 3 15829
%’3 BaCE *
Pin2 Falis Faper Co. C. Lafroniara —
Box 10.Hwy.11 & Ml &d. 2043573351 | 280795 -z /Cf,f

Ping Fal's, hit, N /"~
ROE 1M

= —— ——— e~ e ———— .

{o28a¥Te vaTTEz !
———— - ———————
TOT CRG CAXzoX 2 5.8+4 ¢ as.s| €95
ORCAYIT MATT % 3 83.5 y3.3 6.3 0.3
€Y RATIO 16.5 145 .16,
BITZCEN 5 2.8¢ 2.8+ 3.23. 320
Tve FumrziITy Moy 7 '
ADToN LUy ug/gm 13840 ' ‘359 ite ' gic
KITRATE-N ug/qz 2.0 210 23 ip
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JUL-28-97 15.18 FROM:PINE FALLS PAPER CO I1D:12@436783S1 PAGCE t1i/
24T 07 AUG §5 14013
ro.ng 16820.
= wane. 3 115352
=T . . . .
II5£T18 [ X7~ ¢ I > [ "-~" R Y
NORWEST LASS-MANITORA MNE FALLS PAPSS
ACPICIILTURAL SSRVICES
2603 845 UNIVERSITY CRES

‘Nh\r"P=G. vE

Csimr -1 —~ 2 - T
' 15029 saoLE = Iq3asl saQir Y
- o ~—— . Tz
LIEXSTL —J —
uSIST.STT WE. LI A 0.1 °.1
{*=rez T 3051 '
TTNTTH ug/s= 123¢ 1200 1L¢2
RISTSTC aq /o ¢l.o <l.¢
AFTINOXY .g/s™m €6.25 t0.25
332TTN un /o= 50.3 51.0
BERYLIIWS ug/ox 0.128 0.127
RovT= ug/cm €0.35 <e.3$
SymMTTY ug/ca 1.5¢6 .77
SALCI> g/92 [ £33 320 CLTR]
SSR2vitH tg/gm .3 2.1
cagaly cg /e a.680 0.635
CORIT . /gx 20.5 16.6
12CE g /gm 1479 1460
.7 3 g/ 2.9 2.1
YREETSIU ug/gm 16890 1046 Sz
GICACsE ag/gm 118 123
MoTrro==H /5= .72 L.39 1.36 L9
¥IC3I3r er/ex t.0c %53 1.9%
EEDSTARCICS ag/g= 3680 35%0
SEILExIT 39/ 1.60 a.39
soves wg /g 0.192 5.2.5 .
siLlcoy g/ 229 21 235
STRGNTISY /s 12.6 13.4
STEILITM Rg/sx <g.20 €9.29
SIDRNLLM eT/FR $5.6 4. 4z2-3
L2y ag/em 8.26 8.37
VAZADITN LUYE $.81 .4u s.56
31IC I 66.3 TL:2 .2 !
!
1
LabManager:  ___ ! -
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JUL-28-97 15.168 FROM:PINE FALLS PAPER CO ID:12@436783S1 PAGCE 12718

— 3 3 NORWEST  uwer FILECE) 5304344 FAX (6041 349398
~ L ABS um, PH_{403) 231-2022 FAX (403) 281-2021
Letnbrisge PH.(40X 329-9288 FAX (4031 127-8527
Winnpeg PH.(204) 982:8630 FAX (204) 275-6019
A W WO (Lang) :22083
W PO # :
Date Rec’d.  : 11/15/96
Date Comp. : 11/21/96
Client _ ) Received From
Name ¢ PINE FALLS PAPER CO. LTID. Name :
Address : P.O. Bax 10, Hwy 10 & Mill Rd. Address :
Plne Falls, MB
ROE 1MO
Phone :  (204) 367-5244 Phone :
Fax T (204) 367-8197 Fax :
Ann : Leon Hanlan Attn, :
Project :
RESULTS OF ANALYSIS
Lab #: 22053-1
Sample ID: Press Sludge Sample
Rec’d Nov. 14/96
Parameter:
CINRIHO e e e 24.56
Organic Maaer [ TN 74.8
Tota] Organic Carbon .2 42.0
Towat Kjeldahl Nitrogen > T 1.71
Approved: 4/ _—
Rarxty Neumann, B.Sc.
1aboczrory Manager
Accredited By: CANADIAN ASSOCIATIO TORIES (CAEAL)

For spect

. o p—c. =
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13716

g TABLE 1: Heavy malal conlent of six Pine Falls Paper Co. samples collecied al the company's Waste Waler Trealiment Planl (rom May-July
a.  1996. June G sanple annlyzed by Enviro-les! labs, Edmonton, att’'olhers by Norwest labs, Winnipeg
W 2000 Aoy LEME So0p 0040 Sy A0 3alo 8 Sayt tr oy (e St ual S Rl
EHoment 5/24/98 | 5/21198 | 8/6/96 | 14198 | weyes | rivee | wieses | 118198 | 1723796 | 120196 | 2730198
ALURIHUM 1580 1600 470 2420 1130 20 3100 1830
;.5’ ANTIMORY «0.38 <0.35 29 <10 <10 15 <10
8 ARSENIC <075 <010 025 | <025 | <029 | <025 | <025
g DARIUM 131 e 1.8 107 18.1 103 102 14.0
? BIRYILIUM 0.1 0.115 <1 0.156 0.100 0.4 0.4 0.130
= BISMUIH 05 | <049 035 | 082 | 03 | o8 | o
CRADMIUM 14l 185 09 14 203 1989 3 189
CAICIUM 9010 1100 11300 1100 10700 15900 12100
9 CHADMIUM 819 LA 125 15.5 13.9 15.2 228 200
& CoBALY ont 0.951 <4 0.0 0.841 0.69 118 0.768
E COPPER 128 146 W 16.6 124 13.2 159 Nl
g IRON 1800 2150 2410 1630 1860 3180 1050
& LEAD a8 28 <§ 58 24 38 a1 38
g MAQHESIUM 1000 1120 1520 1360 1310 M0 1530
; MANGANESE 201 228 )Y (bl m 24 180
b MOIYDDENUM 19 2)) 2 141 134 152 167 196
E_" NICKEL 6.02 8.99 1 108 9.85 698 8.02 6.62
- PHOSPHOAVS 4940 9910 5140 5840 6110 1500 1330
'2.:’ SEIENIUM <0.2 0.1 192 182 n 183 (Ll
¢\ $inicoN k] 268 KLl 138 180 415 890

/
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PACE

I1D: 120436768351

JUL~-28-97 15§:19 FROM:PINE FALLS PAPER CO

TADLE 1 conl'd

\fz PR 2 WY 2.1 9_““. AL Juti . Ty 4
SINEA 020 0.251 0.098 0418 0.089 0.103 0.431
STRONTIUM m L) n (X 155 15.3 18 167
THRMUUM <0.30 «(.18 <1 <0.20 <0.20 <0.10 «0.20 020
TIN «0.23 <021 <§ 034 6.5 L) 8217 121
TIFANIUM 181 18 0.7 043 0.5 0.98 2.02
VAHRDIUM 0.49 . 8 9.26 180 an 1" 8.3
1ND 492 00,0 195 ne LU 743 915 029
* Rl valuss sro meacured s patis pes =__ar_r (pm)

ey
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PAGE

ID: 12243678351

JUL-28-97 15:19 FROM:PINE FALLS PAPER CO

TADLE 2: Osgnnic materinl content of Plne Falls Paper Company biosolid samples taken from the Waste Water Treatment Plnt. Tests done by Norwes!

i

Lubs. Winnipey.

.:..,,. B A }@.ﬂ Y _,N_ 4 _E__; u{_w‘ I f_" DA SN 4
Tolalsaud% | 5/10/96 | 5/24/96 | $/21/98 | 1/3/96¢ | 1/0/98 | 1111788 | 1/16/98 | 1/10/98
toimtorgentogeton | 834% | wasw | saaw | aesw | wien | siav | saew | saew
ogentoMatir% | oo% | easw | sos% ooaw | oisw | saew | esiw
O:A Ratlo 184 18 123 18.0 130 19.3 16.5
Milrogen % 290% | 2w | asaw aek | amw | amw | aam
Mlirolo-N <19 ap | < ns | <
Ammorlum 60 | wuso w | e

.—

-

v

!

[

o/

[}
?

1,

.
.
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APPENDIX B - ENERGY FROM WASTE CALCULATIONS
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Preliminary
Calculations

Estimation of Chemical Composition

Ultimate analysis values estimated from (Scott and Smith 1995).

Component % at 42% solids

Carbon 31.1
Hydrogen 44
Oxygen 30.1
Nitrogen 0.9
Sulfur 0.2
Ash 14.0

Compute the molar composition of the elements neglecting ash

Assume a total of 100 grams of biosolids

Component At. Wt. (gm/mol) [Moles

Carbon 12.01 2.59
Hydrogen 1.01 4.36
Oxygen 16.00 1.88
Nitrogen 14.01 0.06
sulfur 32.07 0.01

Determine the nomalized mole ratios

Component Mole Ratio (S=1)

Carbon 415.2
Hydrogen 698.6
Oxygen 301.7
Nitrogen 10.3
sulfur 1.0

Wirite chemical formula with sulfur at 42% solids content
Ca1sHe9s0302N10S

Energy Content Estimation
Value for waste used in Scott & Smith 1995 given as
12.2 MJ/kg (5245 BTU/b)

Using the modified Dulong formula
Btu/lb = 145C + 610(H; - 0.125 O2) + 40S + 10N

where C= carbon, % by weight
H> = hydrogen, % by weight
O, = oxygen, % by weight

S = sulfur, % by weight

N = nitrogen, % by weight
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Determine the % distribution by weight

Component # atoms/mole At. Wi Weight %

Carbon 415 12 498273 46.64
Hydrogen 699 1 698.55 6.54
Oxygen 302 16 4826.54 45.18
Nitrogen 10 14 144 .21 1.35

sulfur 1 32 32.00 0.30

Total 10684.0342 100.00

Btu/lb = 145(46.6) + 610(6.5 - (45.2/8)) + 40(0.3) + 10(1.3)

Energy Content = 7301 Btwib

Energy Content = 17.0 MJ/kg

Estimate the Volume Reduction and Volume of Residue

After Combustion

Assume that the specific weight of the residue is 600 kg/m’

Assume that the specific weight of the biosolids is 220 kg/m3

Using the data from Scott and Smith 1995,

% Inert Residue (Ash) = 14 %

Estimate originai and final volumes before and after combustion

for the combustion of 1000 kg of biosolids

Original Volume = 1000kg/220kg/m’ = 4.55 m®

Residue Volume = (14% * 1000 kg)/600 kg/m° = 0.23 m*

Estimate the volume reduction

Volume Reduction = ((4.55-0.23)/4.55) * 100 = 95%

Estimate the Effects of Excess Air on Temperature and

Composition of Flue Gases

Assume: all of the carbon initially present is converted to CO,

The energy content of the biosolids is 12.2MJ/kg as determined

Computation Table

Component Weight, % At. Wt At. WA. Units [Moles O, req. |Reaction
Carbon 31.1 12.0 2.592 2.592|Cc-0-=c0-
Hydrogen 4.4 1.0 4.400 1,020
Oxygen 30.1 16.0 1.881 -0.941
Nitrogen 0.9 14.0 0.064

sulfur 0.2 32.1 0.006 0.006|S+o==5°
Water 19.3 18.0 1.072

Ash 14.0

Total 100.0 2.757

Moles of air required perr 100 Ibs of biosolids = 2.757/0.2069 = 13.33

Lbs of air required per pound of biosolids = 13.33(28.7)/100 = 3.83
Assumed ar composion. in volume fractons: CO2=0 0003. N2=0 7802. 02=0.2068, H20=0 (128

In the arr .

Assurmsng ideal gases. the volume fractions may be taken as mole fra s Just grven

= at 70% retstn

1 % assumned that rare gasas are included with the nrogen and that the air
hurmdity st @0deg F  Air of this composition has a weight of 28 7 Ibmal
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Determine moles of flue gases produced by the stoichiometric
combustion of 100 Ibs of biosolids

Moles of Flue Gases

Product From Combustion |From Air Total %

CO, 2.592 0.004 2.596 15.76
H,0 3.272 0.168 3.44 20.88
0,

N> 0.032 10.400 10.432 63.32
SO, 0.006 0.006 0.04
Total 16.474 100.00

Moles of air per mole of flue gas = 13.33/16.474 = 0.81

Computation table to detemmine flue gas composition for various quantities
of excess air assuming 100 moles of flue gas from stoichiometric

combustion.
% excess air, Total moles Gas Composition, percent
(moles excess) of gas CO, O, N, +H,0 SO,
0 (0.0) 100.0 15.8 0.0 63.3 20.88 <0.1
50 (40.5) 140.5 11.2 6.0 67.6 15.2 <01
100 (81.0) 181.0 8.7 9.3 69.9 12.1 <0.1
Determine the enthalpy of the flue gas for the two percentages of excess air at 1000, 1500, 2000, & 2500 °F
Using the following table:
Btu/ib * mol over standard state®
Temp (°F) CcO, (o) N3 H;0
1000 10048 6974 6720 26925
1500 16214 11008 10556 31743
2000 22719 15191 14520 36903
2500 29539 19571 18609 42405

*Gas, except liquid water, at 1 atm pressure, and 77°F

Btu in product gas/Ib of solid waste = [(moles of flue gas/Ib of solid waste)*(total moles of gas/
moles of flue gas)]*[Sum(mole fraction of gas component)(Btu/moles of gas component)]

For 1000°F and 50 % excess air
Btu in flue gas/lb of solid waste = (.1647 moles of flue gas/lb solid waste)(140.5/100)*

[.112(10048 Btu/mole)+0.06(6974 Btu/mole)+.676(6720 Btu/mole)+.152(26925)]

=2355 Btu/b solid waste

Summary Table
Btuin flue gas/Ib solid waste
Temp. Excess Air Excess Air
°F 50% 100%
1000 2355 2825
1500 3341 4070
2000 4369 5367
2500 5439| 8714
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Determine the temperature of the flue gas at 50 and 100% excess air

Assume energy content is 5245 Btw/lb (Scott & Smith 1995) and that 15% of the energy is lost
then 4458 Btu/lb of biosolids must remain in the flue gas

By interpolation from the previous summary table, the flue gas temp. is about 2040 °F at 50%
excess air and about 1645 °F at 100% excess air.

This technique used to estimate the effects of heat losses and varnious amounts of excess air on
combustion is not entirely accurate.

Estimate Materials Heat Balance - detetmine the heat available from the combustion of 200
tonnes/day of biosolids with the following characteristics
Use 33% water, 14% non-combustible and estimates of elements

Component % of total kg/day ib/day
Combustible 53.0 106000 233690
Noncombistible 14.0 28000 61729
Water 33.0 66000 145505
Eiement %

Carbon 24.7

Hydrogen 35

Oxygen 23.9

Nitrogen 0.7

Sulfur 0.2

Water 33.0

Inerts 14.0

Assume the following:

The as fired heating value of the waste is 5245 btu/lb (12.2 MJ/kg)
The grate residue contains 5% unbumed carbon

Temperatures: entering air=80°F, grate residue=800°F

Specific heat of residue = 0.25 Btu/lb-°F

Latent heat of water = 1040 Btu/lb

Radiation Loss = 0.005 Btu/Btu of gross heat input

All oxygen in waste is bound as water

Theoretical air requirements based on stoichiometry

Carbon: C+0->CO;, =11.52 Ib/b
Hydrogen: 2H,+05->2H,0 =34.56 ib/lb
Sulfur: S+0->80, =4.31 Ib/ib

The net hydrogen available for combustion is equal to percent hydrogen minus 1/8 of the percent
oxygen. This accounts for the bound water in the dry combustible material.

The heating value of carbon is 14000 Btu/lb

Moisture in the combustion airis 1%
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Computation Table

Element ib/d

Carbon 108808
Hydrogen 15432
Oxygen 105381
Nitrogen 3086
Suifur 882
Water 145505
Inerts 61729
Total 440924

Comput the amount of residue
inerts = 61729 Ib/d
Total Residue = 61729/0.95 = 84978 Ib/d

Carbon in Residue = 64978 - 61729 = 3249 lb/d

Determine the amount of Hydrogen and bound water
Net available hydrogen, % = (3.5% - 23.9/8) =0.513% = 2262 Ib/d
Hydrogen in bound water = (3.5% - 0.513%) = 2.987% = 13170 Ib/d

Bound water = oxygen + hydrogen in bound water = 105381 + 13170 = 118551 Ib/d

Computation tabie -required air

Element Calculation Air req (b/d)

Carbon =(108908-3249)(11.52) 1217192
Hydrogen =2262(34.56) 787174
Sulfur =882(4.31) 3801
Total dry theoretical air =3.83trom earter caic) 440924 1688739
Total dry air inc. 100 % excess 3696906
Moisture =1688739(0.01) 16887
Total 3713793

Determine the amount of water produced from the combustion of availabie hydrogen:

H,O0=181b HO/2IbH * (2262 Ib/d) = 20358 Itvd

Prepare a heat balance for the combustion process
Iitem
Gross heat input

440924 Ib/d * (5245 Btu/lb)
Heat loss in unburmed carbon

3249 lb/d * (14000 Btwd)
Radiation Loss

0.005 Btw/Btu * (2312.6 X 10° Btu/d)
Inherent moisture

145505 ib/d * (1040 Btu/d)
Moisture in bound water

118551 Ib/d * (1040 Btu/d)
Moisture from the combustion of available oxygen

20358 Ib/d * (1040 Btu/d)

Sensible heat in residue
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10° Btu/d
23126
-45.5
-11.6
-151.3
-123.3

-21.2




64978 Ib/d [0.25 Btu/1b-°F(800-80)°F] -11.7

Total losses
-364.6
Net heat available in flue gases
(2312.6-364.6) X 10° Btud 1948.0
Combustion Efficiency
(1948 X 10° Btu/d/2312.6 X 10° Btu/d) * 100% 84.2%

If the boiler efficiency were 85%, then the overall combustion efficiency
would be 84.2% * 85%, which would be about 71.6%. This value is consistent
with values obtained in modermn MSW combustion systems (Tchobanoglous et al. 1993)
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APPENDIX C - COMPOSTING AREA CALCULATIONS
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Spreadsheet used to calculate composting recipes using two starting materials.

a. Enter material characteristics in table.

Material %MC %N C:N Bulk
“(dry wt.) wt.wt. Density
kg/m3
Wet (b) 66.58 087 479 440
Dry (a) 51.21 0.21 2575 200
To determine the required recipe:

a. Enter target moisture content below.
b. Record the target moisture content, the amount of am:2ndment, & the resutting C:N ratio.

Enter the target moisture content = 0 %
The required amount of amendment = 0.749 kg per kg of material b
The resutting C:N Ratio = 91.65 of mixture.

To determine the resuiting volume of material to be composted:

a. Enter the amount of material composted annually.

b. Enter the expected volume reduction when materials are mixed. This is

typically a 20% volume reduction so the default value is 0.8.

c. Record the amount of material compostad annually, the expected valume reduction,
the resuiting start-up volume, & the resuiting weight..

Enter the amount of material b which is composted annually = 72000 tonnes / year

Enter the amount of volume reduction expacted (default = 0.8) = 0.8

The resuiting volume of mixture at start-up is = 346500 cubic metres per year
The resulting weight of material at start-up is = 123898 tonnes / year

The resulting bulk density at start-up is = 363 kg / cubic metre

To determine the volume of material on the composting pad:

a. Enter the material retention time (MRT) for the composting operation

b. Enter a windrow shrinkage factor, typically a 25% volume reduction so default value is 0.75.
¢. Record the MRT, the shrinkage factor, & the material volume.

Enter the MRT = 60 days
Enter the shrinkage factor = 075
The resuiting material volume of the composting pad is = 42719.12 cubic metres

To determine the number of windrows required:
a. Enter the length of windrow that the site allows. This is usually controlled by the existing site conditions.

b. Assuming a bucket loader is used for the turning, enter the target pile height. Normal pile heights range from
1.8 m (6 feet) to 3.6 m (12 feet).
c. Record the length, height base width, & the required number of windrows.

Enter the windrow length = S0 Metres
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Enter the target pile height = 3.6 Metres
The resutting pile base width is = 6.00 Metres
The resufting number of windrows are = S8.3 Windrows

To determine the composting area requirements:

3. Enterthe space required between each windrow. Tspically, 6 metres (20 feet) are required between each
b.  windrow to aliow for movement of the bucket loader.

c. Enterthe space required between the windrows and the edge of the composting pad. Typically, 3 metres
d. (10 feet) are required between the windrows and the edge of the pad.

¢. Record the spaces used and the composting pad dimensions.

Enter the space between each windrow = 6 metres
Enter the space between the windrows and the edge of the pad = 3 metres
The required pad dimensions are = 720 metres by S6 metres.
The required area for composting is = 40320 Square metres.

To determine the curing area requirements:
a. Enter the MRT in the curing stage.

b. Enter the shrinkage factor. Typicaily, the material shrinks about S0% from the volume at the time of
start-up, so the default value is 0.5.
c. Enter the average depth of the curing piles. Typically, an average depth of 1.2 metres (4 feet) is expected.

d. Enter the space required between the curing piles and the edge of the curing pad.
e. Enter the width of the curing pad. Typically this is 1.5 metres (S feet) less than one haif of the windrow length.

e. Record the MRT, the sarinkage facto", theaverage «depth, the space used, the width of the curing pad,
and the curing pad dimensicns.

Enter the MRT = 0 days

Enter the shrinkage factor = 05

Enter the average curing pile depth = 12m

Enter the space required between the piles and the edge of the pad = 3m

The width of tne curing pad as a function ¢f the windrow length = 35m

The amount cf material in the curing area s = 14239.7 m3
The required pad dimensions are = 5110by28 m
The required area for curing is = 14307 m2

To determine the required compost storage area:

a. Enter the MRT in the storage area.

b. Enter the average depth of the storage piles. Typically, 2.5 metres (8 feet).

c. Enter the space required between the storage piles and the edge of the pad.

d. Enter the width of the storage pad. Typically, this is 1.5 metres (5 feet) less than one half of the windrow length.
e. Record . ..

Enter the MRT = 180 days

Enter the average storage pile depth = 2.5 metres

Enter the space required between piles and edge of pad = 3 metres.

The width of the storage pad as a function of the windrow length = 23.5 metres

The amount of material in the storage area = 85438.2 cubic metres
The required pad dimensions are = 148038y 28 m

The required area for storage is = 40888 square metres.
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To detenmnine the overail pad dimensions:
Sum the requirements for composting, curing, and storage.

The total area required is = 96514 M2 or 23.6 acres
The total area required per unit weight of wet feedstock = 1.33m2

per year

per tonne
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APPENDIX D - EXPERIMENTAL LABORATORY DATA
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191

RUN #0 DATA

TKN Data Date: January 21, 1968
Sample | Analyser | Concentration % N % TS %C

Sampie Weight (g)] Reading | of N (mgL) {Result (mg/hkg)|(%+F11owb)] (%wb) [% N (%db)| (%db) CIN
Blank 50 mL 0.659]

Blank SO mL 0.717

Blank Mean 0.688

Standard 25mL 18.02 97.13

Standard 25mL 18.36 9903

Standard Mean 98.08|

Blosolids 0.1 6.365 79653 081

Biosolids 0.1 6.334} 7910 081

Biosolids 0.1 6.725 8458 0.

Biosolids 0.1 6.967 8797, 0.

Blosolids Mean 03 86.43 0.87 41.83 47.9
Biosofids Std. Dev. [oX

Bark 05 7.46 1898 0.19

Bark 05 7.906 2022 0.21

Bark 05 8273 21125 0.22

Bark 056 7.233 1 0.19
|Bark Mean 0.20 95.92 021 53.78 2574
|Bark Std. Deviation 001]
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RUN #0 DATA

Particle Density - Pycronometer Method |Date: January 14, 1908
Temperature = 20°C, Density of H,0 (@20°C) = 0.998 gicm’
Tare + ny Panticle
Tare + Feedstock + | Tare + H,0 | Density
Feoedstock Type Flask# | Tare(g) | Feedstock(g) | H,0 gfz ) (glem’)

Blosolids 7 77.94 97. 221, 218 4 194

Biosolids R3 78.71 96. 257 2269 203

Blosolids 3] 78.11 CIE 2125 21929 183

Blosolids R4 7597 89.02] 21957 217.41 198

Blosolids Mean 1.84

Biosolids Std. Dev. 007

Bark c 76.00 63. 21891 2202? 0.72

Bark 9 66.75 74.82 21311 2143 0.76

Bark 0 76.03 8472 2177 21881 0.80

Bark 5 78.36] 80,11 21958 221 14} 077
|Bark Mean 0.76
|Bark Std. Deviation 003

Bulk Density - Core Method Date: January 16, 1998

Ory
Wet Bulk | Dry Bulk | Particle Vo!. Water
Tare + After 103°C | Wet Volume | Dry Volume| Density | Density | Densty | Porosity Content FAS
Feedstock Type Beaker # | Tare () | Feedstock tgy{ @ (cm’) em) | (@em’) | @em’) | @oem’) | mumt) | (mumt) | (mumt)

Blosolids B1 17246 N 206.1 200 0.44 017 1.94] 091 0.11 0.80
Blosolids Ct 17321 276 208.1 20 205 0.46 017 203] 092 0.11 0.80
Biosolida A2 17209 2652 20871 210 190 0.44 0.17 183 091 0.11 0.80
Biosolds 10 17492 2704 207.1 225 200 0.42 0.16 1.98 092 0.1 0.61
Blosolkis Mean 044 0.17 1.54 0.81 0.11 0.80
Biosotids Std. Dev. 0.01 0.00 0.07 0.00] 0.00 0.0
Bark B2 173.40 220.41 196.60 200 0.20 0.12 0.72 0.64] 006 088
Bark 9 140.43 195.2 16803 2 240 0.20] 0.12 0.76) 0.84 0.06 0.78
Bark R2 169.67 221, 195, 2 240 0.19] 0.11 080] 085 0.05 0.79
Bark J-7 17153 226. 168, 275 240 0.20] 0.12 0.77 087 006 081
Bark Mean 0.20 0.1 0.76 0.87 0,08 0.62
Bark Std. Deviation 001 0.00 003 0.05 0.00 005




£91

Particle Density - Pycronometer Method

RUN #0 DATA

| Date: January 20, 1998

Temperature = 20+AS4°C

Density of H,0 (@20°C) = 0998 glcm

Tare + Dry Particle
Tare + Feedstock + | Tare + H,O | Density
Feedstock Type Flask# | Tare(g) | Feedstock(9) | H,0 (g) (@) (glem’)
Biosolids R3 80.95 %jﬂ 2272 22531 1.45
Biosolids R4 78.10 04 35 22083 218 505 1.75
Biosolids K 80.25 96.81 22471 22315 1.39
Biosolids (o] 78.20 98.2 221.9G 21925 1.66
Blosollds Mean 1.56
Biosolids Std. Dev. 0.15
Bark 14 66.24 74.5 21248 212.70 095
Bark ] 68.92 78 21701 21750 0.90
Bark * 80.12 88, 22077  221.6 087
Bark Z 80.47 89.13 220.22] 221.2 080
Bark Mean 0.88
Bark Std. Deviation 005
Bulk Density - Core Method |Date: January 20, 1908
Wet Bulk
Tare + Wet Voiume Density
Feedstock Type Beaker # | Tare (g) | Feedstock (g) {cm’) {gfem’)

Blosolids 20 5346 12151 B0 0%
Biosolids c3 5420 11411 1400 0.43|
Blosolids Mean 044
Biosolids Std, Dev. 002
Bark A4 5453 902 8] 1 0.21
Bark X 504.0 852.2] 1 0.19}
Bark Mean 0.20
Bark Std. Deviation oo
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RUN #0 DATA

{Caiculations for Required Fertilizer Addition for Desired Intial C:N Ratios for 0.75 kg bark / kg blosolids
{using feedstock characterization dsta)

%N of

Sludge/ Weight of

%N of Bark % Fertilizer | Weightof | Fertilizer
Desired C:N Ratio Fertilizer | Mixdure % Carbon Required | Compost (g) {Required (g){
91:1 32 053 47. 000 726.41 000}
50:1 R 053 47, 054 726.41 303
30:1 N 053 47. 134 7264 9.73
201 32 053] 47. 234 726.41 1699
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Preliminary Compost Characterization

RUN #0 DATA

0.75 kg of bark / kg of biosolids
Solids Data Date. January 21, 1998
% oc"

Tare + After 103°C | AfterS50°C | % TS % MC %VS | %FS [(%+K157db
Feedstock Type Crucible #| Tare(g) | Feedstock (g) (@) 9@ (%wb) (%wb) | (%db) | (%db) )
Compost J-3 85.12 107.84 94 68) 86.2 4208 5792] 8797] 1203 48.87
Compost %5 8318 108,00 9356 8456 41,67 5833  8671] 1329 4817
Compost 7 89.20 111. 98.49 90. 41.50 5850 8641 1350 4801
Compost 74 8553 1060 94.06 86, 41.53 5847] 8887] 1313 48.26}
Compost Mean 41.68 58.31] 86.99]  13.01 43.33
Composts Std. Dev. 0.27 0.27 0.68 068 038

" 0C (Organic Carbon) calculated using the following equation: OC

= (1-FS)/1.8 (Haug 1993, Liao 1995), where OC and FS are based on the dry weight fraction

TKN Prepared Samples Solids Data Date: January 27, 1998

Tare + Afer 103°C | ARerS50°C| % TS %MC | %vs | %FS | %oc*
Feedstock Type Crucible #| Tare (g) | Feedstock (g) (4] (9) (%wh) (%wb) | (%db) | (%db) | (%db)
Compost J-15 71.62 78. 78.% ng 96.03 3971 8746 1254 48.59
Compost 2 91.85 101 101. ) 95.83 4171 87271 12713 48.90|
Compost 27 96.81 10648 108 97. 95.86 414 8738 1262 48.54)
Compost 51 8097 915 91.0 822 96.73 4.27] 8713 1287, 48.40|
Compost Mean 95.87 413]  87.31] 1269 48.51
Compost Std. Dev. 0.12 012 0.14 0.14] 008

TKN Data Date. January 28, 1868
%C
Sample | Analyser | Concentration %N % TS (%+1185d
Sample Weight (g)] Reading | of N (mg/L) |Result (mghkg)] (%wb) (%wb) |%N(%db)] b) CMN
Blank SOmL 0.806
Blank 50 mL 0.750
Blank Mean 0.783
Standard 25mL 18.93] 101.70)
Standard 25 mL 18.49 o9
Standard Mean 100.47
Compost 03 10.14 ﬂa 0.43
Compost 03] 1052 64 045
Compost 03] 10.21 4403 0.
Compost 03] 9,601 4160 041]

" OC (Organic Carbon) calculated using the following equation: OC = (1-FS)/ 8 (Haug 1993, Liao 1985), where OC and FS are based on the dry weight fraction
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RUN #0 DATA

Compost Mean 043 9587 0.45 48.51 107.1
Compost Std. Dev. 002
Particle Density - Pycronometer Method |Date: January 21, 1908
Temperature = 20°C, Density of H,0 (@20°C) = 0.998 g/cm”

Tare + Dry Particle

Tare + Feedstock + | Tare + H,0 | Density
Feedstock Type Flask# | Tare(g) | Feedstock(g) | H,0(g) {9 (g/em’)
Compost T 18957 217.09 402, 2. 099
Compost co1 120.74 140.18] 373, 372. 101
Compost M 128.62 14389 375.78 374.98 102
Compost gp6 102,57 114 22701 22594 105
Compost Mean 1.02
Compost Std. Dev. 002
|Butk Density - Core Method Date: January 21, 1998
Dry
Wet Bulk | Dry Bulk | Particle Vol. Water
Tare + After 103°C | Wet Volume | Dry Volume{ Density | Density | Density | Porosity Content FAS
Feedstock Type | Beaker # | Tare (g) | Feedstock (g) @ (cm’) cm) | (gem’) | (glem) | (gfem’) | (mimb) | (mimi) | (mimi)
Compost B2 173.38] 23331 1973 1 175 0.32 0.14 0.89 0.86 0.08 0.78
Compost 10 17491 225. 19591 160 155 032 0.14 1.01 087 0.08 0.7
Compost blank 167.25 22269 190.13 170 150 0.33 0.15 1.02 085 0.09 0.76
Compost J-7 171.52 229, 195, 170 0.31 0.14 1.05 0.86 0.08 0.78
{Compost Mean 0.32 0.14 1.02 0.86 0.08 0.78
{Compost Std. Dev. 001 0.01 002 00t 0.00 0.01
Physical Analysis for Loading Effect on FAS of Composting Mixture |Date: January 21, 1908
No Loading 12 kg Loading After 30 Minutes
Wet Bulk
Height Volume Wet Bulk FAS Volume Density FAS
Weight of Compost (kg) [  (cm) (cm® |Denstty (g/cm’)| (cm¥em®) | Height (cm)|  (cm?) (g/em’) |em’rem?)
0.73 250 2248 0.32 078 155 1394 052 040
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RUN #1 DATA

Solids Data - precomposted Date. February 26, 1998
Tare + AterS50°C| % TS % MC % VS % FS % oc*
Reactor | Crucible#| Tare(g) | Feedstock (g) | After 103°C (g) (9) (%wb) {%wb) (%db) (%db) {%db)
R1 51 80.97 91.54 85.12 81.52 39.26 60.74 86.75 13.25 48.19
R1 27 96.81 106.94 100.97 97.29 41.07 58.93 88.46 11.54 49.15
R1 { 90.36 100.71 94.39 90.90 38.94 £1.06 86.60 13.40 48.11
R1 43 8376 93.23 87.47 84.21 39.18 60.62 87.687 12.13 48.82
R1 Mean 39.61 60.39 87.42 12.68 48.57
R1 Std. Dev. 0.98 0.98 0.80 0.90 0.50{
R2 S5 71.62 82.27 75.80 72.21 39.25 60.75 85.89 14.11 47.71
R2 11 91.29 101.08 95.08 91.81 3.7 61.29 86.28 13.72 47.93
R2 1 81.60 80.91 85.21 82.08 38.78 61.22 86.70 13.30 48.17
R2 47 84.09 95.61 88.87 84.69 39.76 60,24 88.90 13.10 48.28
R2 Mean 39.12 60.88 86.44 13.66 48.02
R2 Std. Dev. 0.49| 0.48 0.45 0.45 0.25
R3 17 86.85 96.44 90.81 87.32 41.23 §8.77 88.35 11.85 49.09
R3 12 87.11 97.06 91.05 87.66 39.60 60.40 88,04 13.96 47.80
R3 7 85.70 95,55 8054 86.20 38.88 61.02 86.98 13.02 48.32
R3 35 92.65 102.25 96.49 93,12 40.00 60.00 87.76 12.24 48.76
R3 Mean 39.85 80.06 87.28 12.72 48.49
R3 Std. Dev. 0.95 0.95 1.00 1.00 0.56
R4 118 103.91 113.10 107.85 104.33 42.87 57.13 89.34 10.66 49.63
R4 2 91.84 101090 95.64 92.35 41.08 58 02| 86.58 13.42 48.10
R4 23 90,54 101.23 94,67 91.18 40.51 59.49 85.22 14.78 47.34
R4 4 91,91 100.90 8555 92.35 40.49 59.51 87.91 12,09 48.84
|R4 Mean 41.24 68.76 87.26 12.74 48.48
|R4 Std. Dev. 1.12 1.12 1.7 1.7 0.98
* OC (Organic Carbon) calculated using the folkwing equation OC = (1-FS)/1 8 (Haug 1993, Lian 1995), where OC and FS are based on the dry weight fraction
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RUN #1 DATA

TKN Prepared Sampies Solids Data - precomposted Date: March 5, 1998
Tare + Atter550°C | % TS % MC % VS % FS % oc*
Reactor Crucible # Tare (g) Feedstock (g) | After 103°C (g) {9) {%wb) (%wb) (%db) (%db) (%db)
R1 2 91.84 96.03 95.80 92.31 94.51 5.49 88.13 11.87 48.96
R1 1 81.80 86.73 86.46 82.17 94.74 5.26 88.27 11.73 49.04
R1 23 80.53 96.11 95.81 91.15 84.62 5.38 88.26 11.74 48.03
R1 35 92.63 97.34 97.12 93.16 95.33 4.67 88.20 11.80 46.00
R1 Mean $4.80 5.20 88.21 11.79 49.01
R1 Std. Dev. 0.36 0.36 0.08 0.08 0.04
R2 4 91.90 97.20 86.92 92.50 94.72 5.28 88.05 11.95 48.92
R2 J-15 71.61 76.66 76.40 72.20 94.85 515 87.68 12.32 48.71
R2 118 103.89 108.67 108.42 104.44 84.77 5.23 87.86 12.14 48.81
R2 57 91.59 95.96 95.74 92.09 94.97 5.03 87.95 12.05 48.86
R2 Mean 94,83 817 87.89 12.11 48.83
R2 Std. Dev. 0.11 0.11 0.16 0.16 0.09
R3 47 84.08 89.06 88.83 84.64 95.38 462 88.21 11.79 49.01
R3 i1 91.27 96.63 96.37 91.90 95.15 4.85 87.65 12.35 48.69
R3 1 90.35 95.27 95.02 90.92 94.92 5.08 87.79 12.21 48.77
R3 7 86.68 89.92 89.74 87.06 93.52 6.48 87.48 12.54 48.59
R3 Mean 894.74 5.28 87.78 12.22 48.77
R3 Std. Dev. 0.84 0.84 0.32 0.32 0.18
R4 J-12 87.09 93.06 92.75 87.80 04.81 5.19 87.46 12.54 48.59
R4 27 96.79 102.54 102.24 97.47 94.78 5.22 87.52 12.48 48.62
R4 51 80.95 85.92 85.66 81.54 94.77 5.23 87.47 12.53 48.60
R4 43 83.74 88.79 88.52 84.34 94.65 5.35 87.45 12.55 48.58
RA Mean 84.78 5.28 87.47 12.53 48.60
{R4 Std. Dev. 0.07 0.07 0.03 0.03 0.02

" OC (Organic Carbon) calculated using the following equation OC = (1-FS)/1 8 (Haug 1993, Liao 1995), where OC and FS are based on the dry weight fraction




Z0 ‘A9Q) 'PIS bY
6’8l 09'8y 192 9L've vz ueoy y
852 SIS 0L 10 vy
T 0 LY ¥9 10 (2]
(¥4 0z Sls 10 vy
LT 0'SS Syl 10 N
900 ‘A8 'PIS €Y
08 L8y " e 99'} uRay ¢
4 029 06 20 £y
! 5 €9 =] Z0 Y]
€91 059 ] zo £y
bl L %Bo €6 Z0 €N
900 ‘A8Q 'PIS 2M
6'rS £8'8Y 880 $8'v8 98'0 ueoy 24
280 €9l Spe ¥ (]
L0 5'GL S€T Lo F2Y]
0 o2t S99z 10 "]
0 081 2 10 2"
00 ‘AS PIS 1Y
0's0i L0'SY o 08'v6 o0 uealy |
[evo 56 Sl ) )
Sv'0 06 Svl 10 Y]
Gv'0 06 Svl 10 3:]
oy 0 ﬁ SEl 1'0 [
7 0000} piepuURlg

0005 559

00'ST SL€

00 01 Gl
00's (] plepuels
09 uveyy jueig
) Nuerg
] yueig
NID @p%}  [ap%) N%|(ame) sL %] (@miczasw) | (1Bw) N ydeiy | (B) wbBiemy odweg
0% N % uolrIpueaued |  ue syun ojdweg

VYiva l# NNy

8661 ‘Z1 ey emQ

PIjsoduiodasd - epeq N)L,

173



e d

17

01’0 %0 "PIS pY]
90'} usey vy
€4 9522 20'SZL 611} 15201 o) ¥y
660 €9'€L€ 19°cLE €L bl 85821 a Py
S00 ‘AeQ ‘PIS €Y
T0°} usely ey
90'} 1092 6Z'9bZ S6'611 652014 C] £
860 LLTLE bL'2iE 0zZ'0t) €2'0Z} \4 €
€00 ‘Mg IS 2y
203 ueol 2y
¥'l IEPIE ISvic I ovh 96821 [4] 4]
00’} Zvive A4 il 65'201 q (4]
91°0 ‘Aeq RIS LY
y0') ueay 1|
944 y0'LLE L 6ZEC) LoTh v 1y
€60 61622 6F S22 SEEli 85204 fe) 1y
((wasB) (6) B ozH [ (6) woorspeay | (D) ese] #seyy sopeay
Aysuag | OZH + eieL | + yo0rspeey + ey
spotued Aig +aly
W70 8660 = (3,02B) OZH Jo ANSUSQ '0u0Z = oinendwey
8661 '€ YdIeW eeQ Pajsodwiosed - poyjany Jepuoucioky - Aysuag 9djued)

Viva L NNy



SLY

RUN #1 DATA

Bulk Density - Core Method - precomposted Date: March 6, 1998
Wet Bulk | Dry Bulk | Dry Particle Vol. Walter
Tare + Wet Volume | Dry Volume| Density Density Density Porosity Content FAS
Reactor Beaker # | Tare (9) | Feedstock (g) | After 103°C (g) (em® cm®) (glem?) (g'em®) (glem?) (mumb) | (mumb) | (mL/mL)
R1 D 168.21 21 190.42 1 145 0.32 0.15 0.83 0.84 0.09 0.74{
R1 B 178.21 235.28] 201.85) 1 160 0.32 0.15 1.16 0.87 0.09 0.78
R1 Mean 0.32 0.16 1.04 0.88 0.08 0.76
R1 Std. Dev. 0.01 0.00 0.16 0.03 0.00 0.03
R2 K 171.76 215,32_4; 189.02 1 110 0.3 0.16 1.00 0.84 0.10 0.75
R2 A 176.98 225 47, 197.21 14 120 0.33} 0.17 1.04 0.84 0.10 0.74
R2 Mean 0.32 0.16 1.02 0.84 0.10 0.74
R2 Std. Dev. 0.01 0.0t 0.03 0.00 0.01 0.01
R3 10 174.90 215.69 191.32 130 105 0.31 0.16 0.99 0.84 0.09 0.75
R3 L 170.91 224.36 191.89] 160 130 0.33 0.16 1.06 0.85 010] 075
R3 Mean 0.32 0.16 1.02 0.84 0.10 0.76
R3 Std. Dev. 0.01 0.00 0.05 0.00 0.00 0.00
R4 F 17164 217, 190, 155 130 0.30 0.15 0.89 0.85 0,09 0.76
R4 T 175.46 228.6 196.8 130, 033 0.18 1.13 0.85 0.10 0.78
R4 Mean 0.32 0.16 1.06 0.86 0.09 0.76
|R4 Std. Dev. 0.02 0.01 0.10 0.00 0.0 0.00
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Run #2 started February 25, 1998 @ 3:00 pm

Reactors aerated at a flow rate of approximately (§mL/sec for 5 min every hour
At time zero, the thermostat on the chamber was set to an initial temp. of 35°C.

RUN #1 DATA

Compaction Data
Elapsed Time | Elapsed Time
Month Day Time (hrs) (days) R1 (cm) R2 (¢m) R3 (cm) R4 (cm)
February 25 15.00 0.0 0.00 25.0 25.0 250 25.0
25 15:30] 0.5 0.02 15.0) 14.9) 15.0 15.2
25 16:00} 1.0 0.04 14.7 14.6 14.8 15.0
26 8:30] 17.5 0.73 13.7 134 135 13.7
26 15:30 245 1.02 13.2 131 13.0 132
27 9.00, 420 1.75 13.1 129 130 13.1
27 16:00 49.0 2,04 13.0 129 12.9 13.0
28 15.00 720 3.00 129 128 12.8 12.9
March 1 15:00] 96.0 4.00 12.5 12.4 12.4 12.6
2 11:30] 1165 4.85 12.2 12.1 12.1 12.2
2 16:30 121.5 5.06 12.1 12.0 12,0 12.2
3 10.00 130.0 5.79 12.1 11.9 1.9 12.1
3 15:30] 1445 6.02 12.0 118 1.6 12.0
4 10:30] 163.5 6.81 12.0 116 1.5 11.9
5 10:00] 187.0 7.78 11.9 11.3 1.2 1.6
5 15:30} 192.5 8.02 11.8 11.3 11.2 11.4
6 8:30 209.5 8.73 118 11.2 1.1 1.3
8 16.00 217.0 9.04 16 1.1 1.0 1.2
7 13.00 238.0] 992 11.6 1.1 11.0 1.1
8 14:00 263.0 10.96 115 11 1.0 11,1
9 11.30 284.5 11.85 11.4 1.1 11.0 11.1
9 16:00 288.0/ 12.04 1.3 11.0 108 11.0
10 9.00 306.0| 12.75 1.3 11.0 10.7 1.0
10 15:30 3125 13.02 11.3 108 10.5 109
11 11:30 3325 13.85 113 10.9 10.5 10.9
11 15.30 336 5 14.02 11.2 109 10.4 10.8
12 8:30 3535 14.73 112 109 10.4 10.8
12 15:00 360.0 15.00 12 10.9 10.4 10.8
13 9:00] 378.0 15.75 12 10.9 104 1038
13 14.00] 3830 15.06 10.9 104 10.8
14 13:00) 406.0| 16.92 10.4 10.8
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RUN #1 DATA

TKN Prepared Samples Solids Data - composted Date: March 30, 1998
Tare + Ater550°C| % TS % MC % VS % FS % Oc*
Reactor | Crucible # | Tare (g) | Feedstock (g) | After 103°C (g) (9 (%wb) (%wb) (%db) (%db) {%db)
R1 2 91.86 98.50 98.06! 92.70) 9337 6.63 86.45 13.55 48.03
R1 4 91.82 98.72 98.29 92.77 93.68 6.32 86.66 13.34 48.14
R1 51 80.98 87.44 87.03 81.80 93,65 6.35 86.45 13.55 48.03
R1 J-15 71.64 77.31 76.94 72.32 93.47 653 87.17 12.83 48.43
R1 Mean 93.54 6.46 86.68 13.32 48.18
R1 Std. Dev. 0.15 0.15 0.34 0.34 0.19
R2 43 83.77 91.27 90.75 84.75 93.07 6.93 85.96 14.04 47.76
R2 J-12 87.12 95.22 84.66 88.19 93.09 691 85.81 14.19 47.67
R2 A7 84.10 92.78 92.18 85.25 93.09 6.91 85.77 14.23 47 65
R2 111 91,30 99.13 98.58 92.35 92.08 7.02 85.58 14.42 47.54
R2 Mean 93,05 6.95 85,78 14.22 47.66
R2 Std. Dev. 0.05 0.05 0.16 0.18 0.08
R3 23 90.56 98.03 97.52 91.56 93.17 6.83 85.63 14.37 47.57
R3 118 103.92 110.78 110.31 104.80 83.15 .85 86.23 13.77 47.90
R3 1" 81.62 88.7 88.21 82.52 93.08 6,92 86.34 13.86 47.97
R3 57 91.60 98.57 96.09 92.50 93.11 6.89 86.13 13.87 47,85
R3 Mean 93.13 6.87 86.08 13,92 47.82
R3 Std. Dev. 0.04 0.04 0.31 0.31 0.17
R4 2 85.71 84.23 93.68 86.83 93.54 6.48 85.95 14.05 47.75
R4 27 96.82 105.31 104.76 97.92 93.52 6.48 86.15 13.85 47.86
R4 35 92,65 99.36 98.02 9352 93.44 6.56 86,12 13.88 47.85
R4 1 90.37 99.33 98.76 91.54 93.64 6.36 86,05 13.85 47 81
R4 Mean 93,64 6.46 86,07 13.93 47.82
|R4 Std. Dev. 0.08 0.08 0.09 0.09] 0.05

* OC (Organic Carbon) calculated using the following equation OC = (1-FS)/1 8 (Haug 1993, Liao 1985) where OC and FS are based on the dry weight fraction
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RUN #1 DATA

Volatile Solids Reduction
Total Total % VS
Feedstock | Feedstock% | Feedstock | Feedstock VS | Compost |Compost %| Compost | Compost | Reduction § AVS/At
Reactor | Weight (g) | MC (%wb) | %VS (%db) © Weight {g) | MC (%wb) | %VS (%db) | VS (g) (%) (%/day)

RY 726.4 60.39 86.75 249.8 696.1 61.87 84.60 224.54 10.04 0.85
Ri 7284 60.39 88.46 2545 696.1 61.87 84.91 22536 11.48 0.74
Rt 726.4 60.39 86.60 249.2 696.1 61.87 85.83 227.80 8.58 0.56
RY 726.4 60.38, 87.87 252.8 696.1 81.87 84.91 225.37 10.86 0.70
R1 Mean 10.23 0.68
R1 Std. Dev. 1.25 0.08
R2 730.3 60.88 85.89 245.4 695.5 63.03 83.33 214.27 12.68 0.80
R2 730.3 60.88 86.28 248.5 §95.5 63.03 84.57 217.45 11.79 0.74
R2 730.3 60.88 86.70 247.7 695.5 63.03 83.96 215.88 12.86 0.81
R2 730.3 60.88 86.90 248.3 695.5 63.03 84.84 218.15 12.14 0.76
R2 Mean 12.37 0.78
R2 Std. Dev 0.48 0.03
R3 738.1 60.05 88.35 259.9 703.4 62.76 84.43 221.18 14.88 0.90
R3 736.1 60.05 86.04 253.1] 703.4 62.76 84.27 220.76 12.76 0.77
R3 7381 60.05 86.98 255.8 703.4 62.76 85.65 224.38 12,29 0.74
R3 736.1 60.05 87.76 258.1 703.4 62.76 85.18 223.14 13.55 0.82
R3 Mean 13.37 0.81
R3 Std. Dev. 1.13 0.07
R4 743.4 58.76 89.34 2739 7119 62.94 84.01 22162 19.08 1.13
R4 743.4 58.76] 86.58 2654 711.9] 62.94 83.85 221.19 16.66 0.68
R4 743.4 58.76 85.22 261.2 7119 62.94 85.21 22478 13.96 0.82
R4 743.4 58.76 87.91 269.5 711.9 62.94 84.26 222.27 17.52 1.04
R4 Mean 16.81 0.9
R4 Std. Dev. 215 0.13
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RUN #2 DATA

Solids Data - precomposted Date: March 23, 1998
Tare + After 103°C | After 550°C % MC % VS % FS
Reactor Crucible# | Tare(g) | Feedstock (g) (@) @) % TS (%wb)|  (%wb) (%) (%db) |% OC" (%db)
R1 23 90,55 96.66 93.07 90.82 41.24 58.76 89.29 10.71 49.60
R1 43 83.77 89.87 86.26 84.04 40.82 59.18 89.16 10.84 4953
R1 11 81.62 91.59 85.57 82.14 39.62 60.38 86.84 13,16 48.24
R1 118 103.92 113.48 107.63 104.48 38.81 61.19 8491 15.09 4717
|R1 Mean 40.12 59.88 87.55 12.45 48.64
R1 Std. Dev. 1.11 1.1 2.09 2.09 1.16
R2 57 91.60 100.58| 95.12 92.05 39.20 60.80, 87.22 12.78] 48.45
R2 11 91.30 102.91 95.76 91.93 38.42 61.58 85.87 14.13| 47.7
R2 35 92.67 10352 96.93 93.21 39.26 60.74 87.32 12.68| 4851
R2 J-12 87.12 98.25 91.48 87.66 39.17 60.83 87.61 12.39 48.67
R2 Mean 39.01 60.99 87.01 12.99 48.34
R2 Std. Dev. 0.40 0.40 0.77 0.77 0.43
R3 1 90.38 99.12 93.84 90.79 39.59 60.41 88.15 11.85 48.97
R3 47 84.10] 94.00 87.95 84.55 38.89 61.11 88.31 11.69 49.08
R3 J-15 71.63 79.12 74.48 7197 38.05 61.95 88.07 11.93 48.93
R3 51 81.00 92.56 85.49 81,55 38.84 61.16] 87.75 12.25 48.75
R3 Mean 38.84 61,18 88.07 11.93 48.93
R3 Std. Dev. 0.63} 0.63] 0.24 0.24 0.13
R4 4 91.92 101.70 95.79 92.41 3957 60.43 87.34 12.66 48.52
R4 2 91.88 100.17 95.01 92.34 37.76 62.24 85.30 14.70} 47.39)
R4 27 96.82 106.72 100.71 97.34 39.20 60.71 86.63 13.37 48.13)
R4 7 85.70 93.84 89.01 86.12 40.66 50.34 87.31 12.69 48.51
R4 Mean 39.32 60.68 86.65 13.35 48.14
[R4 Std. Dev. 1.20 1.20 0.95 0.95 053]

% OC (Organic Carbon) calculated using the following equation: OC = (1-FS)/1.8 (Haug 1993, Lieo 1985), where OC and FS are based on the dry weight fraction
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RUN #2 DATA

TKN Prepared Samples Solids Data - precomposted Date: April 2, 1998
Tare + After 103°C | After 550°C % MC % FS

Reactor Crucible # Tare (g) Feedstock (g) Q) (@) % TS (%wb)| (%wb) [%VS (%db)] (%db) [|% OC* (%db)
R1 47 84.10 89.00 88.76 84.68 95.10 4.90 87.55 12.45 48.64
R1 2 91.87 96.29 96.07 92.38 95.02 4.98 87.66 12.14 48.81
R1 23 80,54 95.61 95.35 91.13 94.87 5.13 87.73 12.27 48.74
R1 J-12 87.12 92.67 92.41 87.70 95.32 4.68 89.04 10.96 49.48
R1 Mean 85.08 4.92 88.05 11.95 48,91
R1 Std. Dev. 0.18 0.18 0.67 0.67 037
R2 118 103.92 109.95 109.65 104.58 95.02 498 88.48 11.52 49.16
R2 57 91.60 98.18 97.85 92.30 94.98 5.02 88.80 11.20 49.33
R2 1 90.40 97.26 96.89 91.13 94.61 5.39 88.75 11.25 49.31
R2 35 92.66 100.52 100.09 93.51 94.53 5.47 88.56 11.44 49.20
R2 Mean 94.78 5.24 88.65 11.35 49.25
R2 Std. Dev. 0.25 0.25 0.15 0.15 0.08
R3 J-15 71.64 76.75 76.55 72.25 96.09 N 87.58 12.42 48.65
R3 11 81.62 89.84 89.49 82.62 95.74 4.26 87.29 12.71 48.50
R3 7 85.71 8427 93.90 86.75 95.68 4.32 87.30 12.70} 48.50
R3 27, 96.82 104.19 103.88 97.76 95.79 4.21 86.83 13.17 48.24
R3 Mean 95.82 4.18 87.26 12,78 40.47
R3 Std. Dev. 0.18 0.18 0.3t 0.31 0.17
R4 111 91.30 99.22 98.77 92.23 94.32 5.68 87.55 12.45 48.64
R4 4 91.92 99.47 99.04 92.81 94.30 5.70 87.50 12.50} 48.61
R4 51 80.98 88.25 87.83 81.84 94.22 5.78 87.45 12.55 4858
R4 43 83.77 92.23 91.77 84.75 94 .56 5.44 87.75 12.25 48.75
R4 Mean 94.35 5.65 87.56 12.44 48.65
R4 Std. Dev. 0.15 0.15 0.13 0.13 0.07

® OC {Organic Carbon) calculeled using the following equation; OC = (1-FS)/1.8 (Haug 1893, Liso 1895), where OC and FS are based on the dry weight fraction
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[43]

RUN #2 DATA

Particle Density - Pycronometer Method - precomposted Date: April 2,
Temperature = 20°C, Density of H20 (@20°C) = 0.998 glem”
Tare + Dry Particle
Tare + Feedstock + | Tare e H20 | Density
Reactor Flask # Tare (g) | Feedstock (g) | H20 () @ (gcm’)
R1 ~ Df 128.58 143 51 376.02 376.25 0.96
R1 8] 107.59 148,65 37256 371.04 1.10
R1 Mean 1.03
R1 Std. Dev. 0.10
R2 [ 102.59 121.92 22453 224.12 1.06
R2 D 12856] 132.77 374.26 37431 0.97
R2 Mean 1.01
R2 Std. Dev. 0.06
R3 T 189.73 221.04 490.96 49156 0.95
R3 C 102.60 135.69 226.43] 226.01 1.03
RS Mean 0.99
R3 Std. Dev. 0.06
R4 35 124.87 149.16 255.66 254.98 1.07
R4 A 120.74 129.66 374.25 374.29 0.99
R4 Mean 1.03
[R4 Std. Dev. 0.06

1998
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$61

RUN #2 DATA

Temperature Data
Elapsed Time |Elapsed Time] Chamber
Month Day Time (hrs) (days) {°C) R1(°C) R2 (°C) R3 (°C) R4 (°C)
March 19 14:00 00 0.00 24.0 240 24.0 240 24.0{
20 8:00 19.0 0.79 350 350 356 355 35.4]
20 16:00] 26.0 1.08 354 380 366 37.2 37.0
21 14:30] 485 2,02 36.3 38.1 38.8 40.1 40.4
22 13:30 715 298 382 418 418 42.3 41.6
23 11:30] 935 3.90 41.7 454 46.2 45.4 445
23 16:00] 98.0 4.08 44.7 48.0 471 48.1 451
24 10:30] 116.5 4.85 469 4789 49.7 50.1 48.2
24 15:30] 1215 5.06 47.8 48.0 49.9 50.3 48.5
25 10:30] 140.5 585 48.2 485 50.6 51.6 503
25 16:00] 146.0 6.08 48.4 48.6 50.7 51,8 50.5
26 8:30] 162.5 6.77 48.7 48.9 50.9 522 51.8
26 16:00] 170.0 7.08 489 49.0 51.1 52.7 523
27 9.00 187.0 7.19 489 49.1 51.2 52.8 53.3
27 16:00] 194.0 8.08 48.6 49.0 51,0 52.6 53.0
28] 14:00] 216.0 9.00 475 479 49.6 51.1 51.8
29] 12:00 238.0 9.92 46.5 468 48.2 49.4 50.1
30| 8:30 258 5] 10.77 44.9 45.3 46.7 47.8 48.2
30 15:00 265.0] 11.04 43.4 44.2 458 466 47.1
31 11:00] 285.0 11.88 425 429 44.2 45.1 45.7
31 16:00] 260.0 12.08 422 425 435 44.6 45.0
April 1 11:30] 3095 12.90 41.0 41.4 426 435 437
1 16:00] 314.0 13.08 40.7 40.9 41.8 427 430
2 11:00] 333.0] 13.88 39.3 39.7 40.5] 413 41.5
2 16.30] 338.5| 14.10 384 39.0 399 408 40.7
3 11.00] 357.0] 14.88 38.3] 385 39.0 30.7 399
4 11:30] 381.5] 15.90 36.4 385 36.9 374 37.6
5 13:00} 407.0 16.96 35.0 348 350 355 36.0
8 9:30] 42715 17.81 350 34.9] 356
6 15:30] 4330 18.04 350 I 35.0
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L61

RUN #2 DATA

Solids Data - composted Date: April 3, 1998
Tare + After 103°C | After 550°C % MC % VS % FS

Reactor Crucible# | Tare(g) | Feedstock (g) (9 {9) % TS (%wb)|  (%wb) (%db) (%db) % OC* (%db)
R1 11 91.30 112.54 99.67 92.47 39.41 60.59 86.02 13.98 47.79
R1 45 83.19 105.70| 9191 84.47 38.74 61.26 85.32 14.68 47.40
R1 47 84.09 105.70] 925 85.28 38.92 61.08 85.85 14.15 47.69
R1 7 85.71 106.16] 93 .86 86.81 39.85 60.15 88.50 1350 48.08
R1 Mean 39.23 80.77 85.92 14.08 47.74
R1 Std. Dev. 0.50 0.50 0.49] 0.49 027
R2 J-12 87.12 107.38 94.70 88.20 37.41 62.59 84.56 15.44 46.98
R2 3 90.93 109.99 98.08 91.98 3751 62.49 85.31 14.69 47.40
R2 51 81.00 101.19 8857 82.11 37.49 62.51 85.34 14.66 47.41
R2 35 92.65 111.76 99.74 9377 37.10 62.90 84.20 15.80 46.78
R2 Mean 37.38 62.62 84.85 16.18 47.14
R2 Std. Dev. 0.19 0.19 0.56 0.56 0.31
R3 27 96.83 119.89 105.46 08.18 37.42 6258 84.36 15.64 46.88
R3 57 91.61 113.42 99.79 92.96 37.51 62.49 83.50 16.50 46.39
R3 43 83.76 103.60 91.28 84.98 37.90 62.10 83.78 16.22 46.54
R3 2 9186 115.88 100.99 93.26 38.01 61.99 84.67 15.33 47.04
R3 Mean 37.71 62.28 84.07 15.93 48.71
R3 Std. Dev. 0.29! 0.20 0.53 053 0.30
R4 118 103.92 129.65 113.59 106.11 3758 62.42 77.35 22.65 4297
R4 23 90.56 110.10 97.92 91.93 37.67 62.33 81.39 18.61 4521
R4 J-15 71.64 88.83 78.16 72.76 37.93 62.07 82.82 17.18 46.01
R4 30 94.17 117.21 102.83 95.96 37.59 62.41 79.33 20.67 4407
|R4 Mean 37.69 62.31 80.22 19.78 A4.57
|R4 Std. Dev. 0.16 0.16 2.39 2.39 1.33

*OC (Organic Catbon) calculated using the following equation: OC = (1-FS)/1.8 {Heug 1993, Liao 1995), whers OC and FS are based on the dry weigh fraction
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Run #2

Free Alr Space Results (12 kg load)
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80¢

RUN #3 DATA

TKN Prepared Samples Solids Data - precomposted Date: April 20, 1998
Tare + After 103°C | After 550°C % MC % VS % FS % OC”"
Reactor Crucible# | Tare(g) | Feedstock (g) (@) (9) % TS (%wb) (%wb) (%db) {%cb) (%db)

R1 118 103.92 111.76 111.30 104.87 94.13 5.87 87.13 12.87 48.40
R1 J-12 87.12 96.07 95.55 88.19 94.19 5.81 87.31 12.69, 48.50
R1 35 82.67 100.44 99.96 93.63 93.82 6.18 86.83 13.17 48.24
R1 57 91,62 100.52 99.98 92.67 93.93 6.07 87.44 12.56 48.58
R1 Mean 94.02 5.98 87.18 12,82 48.43
R1 Std. Dev. 0.17 0.17 0.26 0.26 0.15
R2 J-15 71.63 78.97 7855 7253 94.28 5.72 86.99 13.04 48.33
R2 27 96.82 104.52 104.08 97.78 94.29 5.71 86.78 13.22 48.21
R2 7 85.71 94.33 93.84 86.77 94.32 5.68 86.96 13.04 48.31
R2 111 91.30 100.88 100.34 92.45 94.36 5.64 87.28 12.72 48.49
R2 Mean 94.31 5.69 87.00 13.00 48.33
R2 Std. Dev. 0.04 0.04 0.21 0.21 0.12
R3 51 80.88 89.46 88.99 81.95 94.48 5.54 87.89 12,11 48.83
R3 3 90.95 101.65 101.08 92.17 94.67 5.33 87.96 12.04 48.86
R3 23 90.55 100.51 99.99 91.74 94.78 522 87.39 12.61 48.55
R3 30 94.16 103.38 102 88| 95.23 94.58 5.42 87.73 12.27 48.74
R3 Mean 94.62 5.38 87.74 12.28 48.76
R3 Std. Dev. 0.14 0.14 0.25 0.25 0.14
R4 43 83.78 93.98 93.41 85.00 94.41 5.59 87.33 12.67 48.52
R4 25 92.17 99.85 99.44 93.11 94 .66 5.34 87.07 12.83 48.37
R4 47 84.09 91.81 91.39 85.05 94.56 544 86.85 13.15 48.25
R4 45 83.19 91.38 90.91 84.20 94.26 5.74 86.92 13.08 48.29
R4 Mean 94.47 5.53 87.04 12.98 48,36
R4 Std, Dev. 0.17 0.17 0.21 0.21 0.12

* OC (Organic Carbon) caiculeted using the following equation: OC = (1.FS)/1.8 (Haug 1993, Liao 1995), where OC and FS are based on the dry weight fraction




Z1'0 ‘A3 PIS pY
z8l 9g'8¥ 997 Ly'v6 [4° X4 U ¥
GeE ¢ A L 1’0 14:]
G52 0'1S S€8 10 Y
€97 625 Gy ] )
GS'T 0'LS GZ8 (4] ¥y
010 ‘A3 PIS €Y
¥'82 SLey ZL'L z9'v6 £9'L uso £y
oLt 0'vE LS 1o €Y
€Lt S v 85 1o £y
051 00€ IS 1o €Y
oo L 0'Z€ S 10 €Y
100 ‘A3 'PIS 2Y
929 £E'8Y z6'0 LEYE 18'0 uway 2
890 o 3 Lo 2y
Isgo 521 S 1o 4]
890 = ze ta (4]
580 0'21 IE L0 (4]
100 ‘A0 PIS LY
0'€0} cr'ey 0 20'¥6 o ueay LY
0 0'6 Gal 10 iN
v'0 0'6 6l 10 1]
0 c'g 8l L0 Ly
v 0 06 g8l 1o iy
100 0S 1T plepuelg
00'SZ St piepuryg
0001 ¥4 piepue)g
00'S £l piepuejs
0's YO Yueig
S yueig
] sueig
N/D (%)  Hap%) N %[lome) S1% {om (1Bw) N jo ydess | (0) woem aduies
0% %) N % | uonesueouo) | uosyun odweg

Viva £# NNY

8661 '2Z (udy :aleq

paysodwodald - ejec NML

209



100 ‘A0 PIS vy
€1’} ueayy py
[y 2L96T 66'.5C 69'€GL 18l SE vy
£l'L £226¥ GZ vay 98262 z. 68l n v
£00 'ASq 'PIS €Y
i) ueay £y
6l'L $8'G2e (4 8E'9Z1 09'201 ) £y
SlL 162/ €ESLE 26'291 GL 02| v €y
200 'ASQ PIS 2
80'} ueely 2
10} 292LE 68 €/ 96651 G4 021 ¥ A7)
oLl So'SeT 8922 09921 65201 o] 2y
100 ‘A0 PIS 1Y
Ll ueap LY
€11 £C 26V 0L b6y 66 ¥ 2,681 1 1y
I 6496T €84S v10Gl 98 vZL SE LY
(wo/d) (B) (®)ozH | (B)xooispeey |  (B) asey #xse)4 lopoeay
Aysuag | OZH + atey |+ y20i3paay +8ie)

apjed Aig +9iB] 1

1498 866'0 = (2.02@) OZH i0 ANsUST ‘3,07 = amjesaduia)
1 ludy ejeq paisoduiodnid - poyjayy Jejawouoiakd - )sueq o.ug_

V1iva e# NNy

210



I

RUN #3 DATA

Bulk Density - Core Method - precomposted Date: April 15, 1998
Wet Buk | Dry Bulk | Dry Paricie Vol. Water
Tare + After 103°C | Wet Volume | Dry Volume |  Density Density Density | Porosity | Content FAS
Reactor | Beaker# | Tare(g) | Feedstock(p) | (o) cm’) (em’) @em) | (gem) | (gemd) | (mumb) | (mimb) | (muml)
[R1 T, 175.49 271.26 212, 295 250 032 0.15 1.12 0.87 0.09 0.78
|R1 Al 177.66 279.90) 216, 310 255 0.33 0.15 1.13 0.86 0.09 0.77
R1 Mean 0.33 0.15 1.12 0.87] 0.08 0.77
R1 Std, Dev, 0.00 0.00 0.01 0.00]{ 0.00 0.01
R2 B 169.67 27229 2094 305 275 0.34 0.14 1.10 0.87 009 0.78
R2 K 165.13 263 80 204 62 300 245 0.33 0.16 1.07 0.85 0.10 0.75,
R2 Mean 0.33 0,15 1.09 0.86 0.08 0.77
R2 Std, Dev. 0.01 0.01 002 0.01 0,01 0.02
R3 E 170.16 268. 207 .97, 31 255 0.32 0.15 1.15 087 0.09 0.78
R3 F 171.87 278 11 213,40 325 260 0.33 0.16 1.19 0.87 0.10] 0.77
R3 Mean 0,32 0.15 1.17 0.87 0.08 0.77
R3 Std. Dev. 0.01 0.01 0.03 0.00 0.01 0.01
R4 Q 171.55 274.22 211.92 320 255 032 0.16 1.13 0.86 0.10 0.76
R4 10 174.93 286 56 21865 340 285 033 0.15 1.12 0.86 0.00 0.77
R4 Mean 0.32 0.16 1.13 0.88 0,09 0.77
[R4 Std. Dev. 0.01 0.00 0.01 0.00 0.00] 0.00
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S12

Solids Data - composted

Date: April 27, 1998

RUN #3 DATA

Tare + After 103°C | After 550°C % MC % VS % FS % OC"
Reactor Crnucible# | Tare g_;) Feedslock (g) () (9) % TS (%wb) {%wb) (%db) {%db) (%cib)
R1 45 83.19 103.86 90.82 84.38 36.91 63.09 84.40 15.60 46.89
R1 23 90.56 110.17 97.63 91.72 36.05 63.95 83.59 16.41 46.44
Rt 25 9217 115.89 100.77 9351 36.26 63.74 84.42 15.58! 48.90
R1 47 84.10 101.09 90.28 85.06 36.37 63.63 84.47 15.53 46.93
R1 Mean 38,40 83.60 84.22 15.78 48,78
R1 Std. Dev. 0.37 0.37 0.42 0.42 0.23
R2 43 83.78 104.69 91.63 84.91 37.54 62.48 85.61 14.39] 47.56
R2 30 94.16 113.87 101.59 95.26 37.70 62.30 85.20 14.80 47.33
R2 51 80.98 103.05 89.32 82.17 37.79 62.21 85.73 14.27 47.63
R2 3 90.94 114.88 99.76 92.22 38.87 83.13 8549 14.51 47.49
R2 Mean 37.48 62.52 85.50 14.50 47.50
R2 Std. Dev. 0.41 0.41 0.23 0.23] 0.13§
R3 J-15 71.63 88.98 78.00 72.64 36.76 63.24 84.14 15.86 46.75
R3 35 92.65 113.82 100.24 93.88 36.19 63.81 B83.79 16.21 46.55
R3 7 85.71 105.62 92.82 86.77 5.7 64.29 85.09 14.91 47.27
R3 27 96.82 116.07 103.84 97.89 3547 63.53 84.76 15.24 47.09
R3 Mean 36.28 63.12 84.45 15.85 46.92
R3 Std. Dev. 0.45 0.45 0.59 0.59 0.33
R4 111 91.30 110.95 98.44 92.48 36.34 63.66 83.47 16.53 46.37
R4 57 91.62 110.87 98.49, 92.75 35.69 64.31 83.55 16.45 46.42
R4 118 103.92 122.25 110.60 105.01 36.44 683.56 83.68 16.32 46.49
R4 J-12 87.12 106.62 94.17 88.29 36.15 63.85 83.40 16.60 46.34
R4 Mean 36.16 63.84 83.53 16.47 48.40
R4 Std. Dev. 0.33 0.33 0.12 0.12 0.07

0C (Organic Carbon) calculated using the following equation: OC = (1-FS)/1.8 (Haug 1993, Liso 1995), where OC and FS are based on the dry weight fraction
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Temperature {°C)

Run #3

Temperature Rusults (Run #3)

55.0

50.0

45.0

40.0 —&— Chamber (°C)
—-R1(°C)
—&—R2(°C)
—%—R3(°C)

350 —%—R4 (°C)
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FERTILIZER TKN DATA

Standard curve

Conc Peak ht Sample ID| Peak ht (mgh) dil | mg/NDil | TKNwt |Sample wti %TKN | Average
o, o bl 1.3 | 1.026414 @ | @ | .
1 1.05 1a 15.7 136.80979| 20 |738.1950 | 0.03691 | 0.1021 |36.15063 | 31.14201
5 3 1b 18.35 | 38.52053 20 |770.5906 | 0.03853 | 0.1215 |31.71155
10 57 2a 11.9 | 27.44057 | 50 | 1372.028 | 0.068601 ( 0.2022 | 33.92751
25 1.7 2b 121 127.93895| 50 | 1396.947 | 0.069847 | 0.2421 |28.85063 |
50 20.4 5a 1885 | 44.2609 | 80 |3540.872 0.177044 | 0.5088 | 34.93362
' 5b 2045 |48.74632| 80 |3899.706|0.194985| 0.5169 |37.72205
5¢ 149 | 3491627 | 80 |2793.302|0.139665| 0.5053 | 27.64003 |
5d 126 | 201849 | 80 |2334.792| 0.11674 | 0.503 |23.20867
Corrected Standard curve b o _
Conc Peak ht Sample ID| Peakht | (mgfl) | dil | mg/Dil | TKNwt |Samplewt| %TKN | Average
0 0 bl 0 -0.5186 | @ | @ | o
5 1.7 1a 144 13693264 | 20 | 7386528 |0.036933| 0.1021 |36.17301| 31.085
10 44 1b 15.05 |38.62315( 20 |772.4620|0.038623 | 0.1215 | 31.7886
25 10.4 2a 106 [27.04967 | 50 | 1352484 |0.067624 | 0.2022 | 33.44421
50 19.1 2b 10.8 |27.56983 | 50 |1378.492(0.068925| 0.2421 |28.46947
5a 17.35 |44.60494 | 80 |3568.395| 0.17842 | 0.5088 | 35.20516
5b 19.15 | 49.28635| 80 |3942.908 | 0.197145| 0.5169 | 38.13985
5¢ 13.6 |34.85202| 80 |2788.161|0.138408| 0.5053 |27.58917
5d 11.3 128.87022| 80 |2309.618)0.115481| 0.503 |22.95843
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APPENDIX E - REACTOR AIR REQUIREMENTS
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Air Requirements for Aerobic Composting

Assume:

Estimation of Chemical Composition

Ultimate analysis values estimated from (Soott and Sonah 19G5,

Enter % values for C, H, O, N, S, and Ash * for 0.75 kg bark/kg biosolids
Component %

Carbon

Hydrogen

Oxygen

Nitrogen

Sulfur

Ash

')

AR I B LD A BEA Y]

S ) o N

B RS

(53]

Compute the molar composition of the elements neglecting ash
Assume a total of 100 grams of biosolids

Component At. Wt. (gm/mol) |Moles

Carbon 12.01 3.19
Hydrogen 1.01 5.05
Oxygen 16.00 2.20
Nitrogen 14.01 0.04
Sulfur 32.07 0.01

Determine the nomalized mole ratios

Component Mole Ratio (S=1)

Carbon 511.4
Hydrogen 809.7
Oxygen 352.8
Nitrogen 57
Sulfur 1.0

Wirite Chemical Formuia using mole ratios
Cs11Hg100353NeS

Composition of waste is given by C415Hs990302N10
Moisture content of organic fraction of feedstock = 60%
Volatile Solids, VS = 0.87 X TS (total solids)
Biodegradable volatile solids, BVS = 0.60 X VS
Expected BVS conversion efficiency = 95%
Composting time = 17 days

lost to the atmosphere.

228

The ammoma produced during the aerobic decomposition of the waste is



e Air contains 23% O, by mass, and the specific weight of air is equal
1.215 kg/m’

e A factor of 2 times the actual air supphed will be needed to be assured
that the oxygen content of the air does not drop below 50 percent of its
original value.

1)  Mass of biodegradable volatile solids

Mass BVS =0.9722 kg x0.4x0.87x0.60 =0.203 kg

2)  Expected BVS conversion

Expected BVS conversion =0.203kg x0.95=0.193 kg

3) Oxygen required for the decomposition of one kg of the biodegradable volatile
solids using the following equation:

- 2c - _
C,H,0N,+32b = 340, »ac0,-2224H.0+dNH,

The balanced equation is:

CaHg1003 N + 5330, — 511C0O, +396H,0 + 6NH,

O, required = 17056 kg O, /12674 kg BVS converted
=135 kg O,/kg BVS converted
4)  Total amount of air required for 0.9722 kg of feedstock, containing

0.193 kg of BVS

1.35kg O,

kg BVS converted
0.23kgO, y 1.215 kg air

kg air m’ air

0.193 kg BVS

=0.93m’ air

Air Required =

229



5)

6)

7)

Safety factor so that the oxygen content of the air does not drop below

50 percent of its original value.

Air Required =093 m’ x 2 = 1.86 m’ air = 1860 Litres air

Air required per hour

_1860L  1lday

x = 4.56L/hour
17 days 24 hours

Air Required

If air is supplied for 5 minute intervals each hour

456L 5 1 hour

Air Required = - =0.912 L/min
hour S minutes
) ) 912 1 mi
Air Required = 2202 1M1 _ ) 5 102 Lusec
min 60 sec
=15mlL/sec
230
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