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EXECUTIVE SUMMARY

The City of Manitowoc wastewater treatment facilities currently uses gas generated in the
anaerobic digesters as fuel for boilers. Earth Tech was retained to review digester gas
production, review existing boiler efficiency, review existing sludge heating controls, investigate
siloxane fouling, and to investigate co-generation options.

Review of the plant operating data and comparison to typical values indicate the digester gas
production is within expected range for properly operating digesters. The available gas is more
than adequate for process requirements throughout the year.

The existing large boilers have adequate capacity for the currently connected process and
building loads. Recent modifications have improved their operating efficiency. At this time, the
smaller “pony” boiler should only be run on natural gas to prevent the build up of siloxanes
which cause inefficiency and excessive maintenance of the boiler.

The current digester heating controls can result in unnecessary firing of the second large boiler
and use of natural gas when adequate digester gas is available. Two options for system
controls improvements are recommended to maximize the efficient use of the digester gas and
fire the second boiler only when absolutely necessary.

The digester gas contains siloxanes which foul the boilers. Additional costs are incurred due to
less efficient gas utilization when the boilers are fouled and because of the frequent manual
cleaning of the boiler tubes required to remove siloxane buildup. Sampling and testing of the
digester gas indicates exceptionally high levels of one siloxane compound. Equipment and
operating costs for siloxane removal are extremely high. Prior to any further consideration of
siloxane removal, source identification and elimination should be pursued.

Use of excess digester gas, only available in warmer summer months, was evaluated for co-
generation. The combination of low electrical rates, cost for the gas-to-electricity system, and
the cost to clean the siloxanes results in the conclusion that co-generation is not economical at
this time.

We recommend:

An investigation to attempt to identify the source of the high levels of D5.

e An investigation of modifications needed (valves and bypasses) to do summer shutdown
of building heating systems to minimize heat losses from idle piping.

¢ Implementation of new controls on the 3-way valves regulating digester heating
Boiler maintenance for siloxanes should be continued

INTRODUCTION

The City of Manitowoc wastewater treatment facilities currently use anaerobic digester gas for
boilers. The boiler hot water is used for digester heating and plant building heat. Excess gas is
available, predominantly in the warmer months. The city desires an evaluation to assess the
boiler capacities, efficiency, controls, and maintenance. They also desire an evaluation of
potential co-generation options. Recently, the treatment plant has also encountered frequent
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boiler maintenance due to siloxanes. An evaluation of the cost-effectiveness of siloxane removal
is also desirable, especially if required in conjunction with a co-generation system.

Earth Tech was retained to perform this study. The following summarizes the tasks:

Task 1 — Review Gas Production Efficiency. Provide an overview of the present gas production
volumes in comparison to accepted standards and historical averages. Utilize existing
laboratory and operating data. Confirm that the existing digesters are running efficiently and to
document the minimum, maximum and average daily gas flows to be used in the other tasks of
the study.

Task 2 — Review Existing Boiler Efficiency. Review and summarize the upgrades that have
recently been made to the existing large plant boilers and the status of the smaller summer
(pony) boiler. Summarize the analysis of existing records.

Task 3 — Review Existing Controls. Review and comment on the existing controls for the sludge
heat exchangers at the digesters. It has been observed that these heaters cycle on/off
independently and that simultaneous operation of two or more units can draw down the
circulating hydronic system and cause unnecessary high-firing of the large boilers. Investigate
that condition and develop options for improved control stability.

Task 4 — Investigate Siloxane Fouling. Interview the plant staff to determine the costs
associated with additional boiler maintenance and efficiency loss due to siloxanes in the
digester gas. Existing laboratory test data will be used to establish siloxane levels. Develop
conceptual installation and operating costs for both passive and active siloxane removal
systems.

Task 5 — Investigate Cogeneration Options. Analyze and present conceptual costs and benefits
associated with the installation of a cogeneration system to burn digester gas to generate power
for onsite use and to recover heat from the generator exhaust to offset boiler use. Investigate
both reciprocating engines and microturbines as cogeneration sources. The applicability of fuel
cells and sterling engines will also be considered.

Digester gas sampling was performed by treatment plant staff and forwarded to Advanced Filter
Technologies (AFT) for analysis, primarily to obtain siloxane levels. This information will be used
to determine the size and type of siloxane removal system, if required, most suitable to
Manitowoc’s gas compaosition.

GAS PRODUCTION EFFICIENCY

Data Summary

Daily operating data from the Manitowoc WWTP for the period January 2005 through March
2007 was reviewed for solids production, digester loading, and gas production. Dates where
there was incomplete data or dates where the raw data yielded obvious erroneous data were
removed from the calculation for average digester loading and digester gas production.

Gas Production Conclusions

From the data, volatile solids destruction in the digesters was calculated. The average volatile
solids reduction in the digesters was 48 percent which is typical of a digester with good

performance.

Gas production as a function of volatile solids applied to the digesters and volatile solids
destroyed was also computed. Average gas production as a function of the volatile solids
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loading is 11 cu. ft/lb VSS applied. Typical values for gas production as a function of volatile
solids loading range from 8 to 12 cu. ft/lb VSS applied. Average gas production as a function of
volatile solids destruction is 23 cu. ft/lb VSS destroyed, which is slightly higher than typical
values of 12 to 18 cu. ft/lb VSS destroyed. Figure 1 graphically shows the gas production as a
function of both volatile solids applied and volatile solids destroyed.

Manitowoc WWTF
Gas Production
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-

Gas Production, cu.ft/lb VSS

Gas Production, cu.ft/lb VSSa Gas Production, cu.f/lbvssd ~  ------ Average Gas Production, cu.ft/lb VSSa
------ Average Gas Production, cu.ft/b VSSd — — — Linear (Gas Production, cu.ft/lb VSSa) — — — Linear (Gas Production, cu.ft/lb VSSd)
Figure 1

Based on the reported values of gas produced, an average volume of 89,000 cu. ft of gas is
produced per day based on current flows and loadings.

PRESENT DIGESTER GAS UTILIZATION

Of the 89,000 cu. ft. per day of digester gas production, nearly all of it is used in two of the three
large existing boilers to produce hot water to keep the digesters warm and maintain the process.
On average, only about 680 cu. ft. per day is used to feed the standing pilot light on the waste
gas flare. All the rest is consumed by the lead boiler.

The 88,320 cu. ft. per day flow to the boiler averages to 3,680 cubic feet per hour, or

2,320,000 Btu/hr with digester gas at a high heating value (HHV) of 630 Btu/ft>. The three large
Manitowoc boilers are each rated at 8,309,000 Btu/hr (output), so the available digester gas is
enough to fire only one of the boilers at about 21 percent load.

Just one of the large boilers has enough capacity to carry the entire digester heating and
building heating loads, so two large boilers are kept available. The third large boiler has been
drained and placed in long-term reserve.

A small “pony” boiler was added during the 1999/2000 construction. It is rated at 2,887,000
Btu/hr input and 2,304,000 Btu/hr output, so his unit would be well sized to match the digester
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gas production, were it not for the presence of siloxanes in the digester gas (the siloxane issue
will be addressed in detail later in this report). The configuration of this cast-iron sectional boiler
makes it extremely difficult to clean, so it is now dedicated to burn only clean, natural gas.

Present Digester Heating Loads

The following chart (Figure 2) illustrates the relative winter heat loss from the different segments
of the two primary digesters. With an outdoor air temperature of 15°F, the two digesters
(combined) would loose about 500,000 Btu/hour out through the various surfaces, with more
than half of that attributed to the uninsulated floating gas-holder covers.

Figure 2
MANITOWOC WWTF
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In addition to the digester envelope losses, roughly 42,000 gallons/day of raw sludge is pumped
into the digesters, and that mass must be warmed from the average winter influent temperature
(54°F) up to the digester operating temperature of 98°F. This represents another

640,000 Btu/hr of heating load on the boiler system.

During the summer months, it is estimated that these digester-related loads drop back to about
260,000 Btu/hr for the digester envelope, and about 420,000 Btu/hr to heat the raw sludge.
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The daily available quantity of digester gas energy (2,320,000 Btu/hr) should be more than
sufficient to sustain the digestion process.

Summer Winter
Digester Envelope Heat Losses (Btu/hr) 260,000 500,000
Entering Cold Sludge Heat Loads (Btu/hr) 420,000 640,000
Total Digestion-related Heat Loads (Btu/hr) 680000 1140000

Available Digester Gas Energy (@ 75% boiler efficiency) = 1,740,000 Btu/hr

The hot water circulation system that warms the digesters is also the major source of heat for
nearly all the buildings on the site.

Total Connected Building Heating Load = 7,100,000 Btu/hr

Because the total connected building heating load is made up from many smaller units, all
working independently, normal diversity of operation would suggest that the boiler system would
only see 5,000,000 or 6,000,000 Btu/hr of that load even on the coldest day of the winter.

EXISTING BOILER EFFICIENCY
Recent Large Boiler Upgrades

About a year ago, the burners on the three large scotch marine boilers were rebuilt with no-
linkage servo controls. The old linkage on the burner tied the gas fuel valve with the
combustion air damper and did a very poor job of maintaining a correct air-fuel ratio over the 3
to 1 boiler turndown range. The new package uses independent servo-motors and each
function can be programmed to give the exact combustion mixture over the entire firing range.
The accuracy of the new controls also allows the burner to achieve a greater 5 to 1 turndown on
digester gas.

At the time of the rebuild, the burner service firm estimated that the new control package
improved to overall boiler efficiency to about 82%.

Pony Boiler Status

The pony boiler was installed during the 1999-2000 plant improvements in hopes that it would
match the size of the digester heating loads during the summer and allow the big boilers to be
shut down. Unfortunately, the siloxane fouling showed up in that boiler and presented a major
maintenance challenge to the plant staff. The pony boiler is a cast-iron sectional unit and it
requires almost a complete disassembly of the shell and the sections to get the siloxanes
scrubbed off each cast iron section. Given the amount of labor required to clean the unit, the
plant has decided to run the pony boiler only on natural gas until some system is installed to
clean the siloxane vapors out of the gas.

Conclusions
The large boilers have the capability to run efficiently during the winter, as long as they are not

fouled with siloxanes. The pony boiler could carry the low summer loads (allowing the large
boilers to shut down), but that is also prevented by siloxane fouling.
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EXISTING DIGESTER HEATING CONTROLS

The existing arrangement of pumps, piping and three-way valves shown in Figure 3 were
designed to accommodate the differing temperature requirements of the hot water boilers vs.
the digester sludge heat exchangers. It is best to operate the boilers at 180 to 200°F in order to
avoid condensation in the stack gasses and corrosion that could occur of the boiler stack
temperatures ever reached as low as 350°F. On the other hand, the water temperatures
circulating through the digester heat exchangers need to be kept below 150°F in order to avoid
drying and “baking” of sludge onto the heated surfaces inside the exchanger.

The 3-way valve located next to Pumps 800-HWP-1 & -2 is intended to blend only enough
190°F water from the primary circulating loop as is required to maintain 150°F in a high volume,
secondary loop that serves only the sludge heaters. The pumps provide the energy to push
150 gpm through each of the two heaters.

There is another 3-way valve mounted at each sludge heat exchanger for the purpose of
controlling the amount of heating applied to the digester. When the sludge temperature sensors
indicate that a digester has reached the desired setpoint (98°F), then the three-way valve for
that heater will go into full bypass and the heating process will stop. At the same time, the
sludge pump will continue to run. This prevents sludge solids from settling out in the passages
of the heater, and enables continuous reading of the sludge temperature from within the
digester.

The loads on the existing hot water heating system are as follows:

Digester
Building Sludge
Heating Heating

Estimated average daily load (winter) 5 to 6,000,000 Btu/hr 1,140,000 Btu/hr
Actual connected equipment load 7,100,000 Btu/hr 6,000,000 Btu/hr

While the digester heating loads are actually smaller that the building loads, the digester loads
certainly have the ability to cause more disturbance to the boiler system controls when the
digester loads are suddenly turned on or off.

Develop Options for Improved Control

The two sludge heaters are by far the single largest loads on the plant-wide hot water system.
With the present control logic, when sludge temperature in one of the two primary digesters
drops below setpoint then the 3-way HHWS valve for that sludge heat exchanger shifts from all
bypass flow to full flow through the exchanger. Under this condition the exchanger is capable of
transferring 3,000,000 Btu/hr of heat out of the heating water system and into the sludge. With
150 gpm of 150°F HHWS running through the exchanger, the leaving water temperature would
be reduced to 110°F and the shock of this volume of cooler water would echo throughout the
return (HHWR) side of the system.

L:\work\99121\ADMIN\REPORTS\Final Report.doc 6 July 2007



City of Manitowoc
Digester Gas Utilization Study

190°F
. 6"HHWS 450 GPM m‘ .
] i ]
 B"HHWR 450 GPM _ i
} }
= HW MIXING
o
o 150°F
3 0
PAIHR—<50 orm |a-®
¥ = HOT WATER
& & _|Ml'-|._”] Ld) circutatine
= PUMP NO.
2 2 |5 800—HWP—-1,-2
o
(=]
M
i |2
sl 14 150'F 130°F
o <+ f yhmee e )
e |
Lop)
. ( SLUDGE HEAT
150 GPM, 'EXCHANGER
1

SLUDGE HEAT
EXCHANGER

Jun 28, 2007 ~ §:20am

Time:

|

S EarthTech

A Tyco International Ltd. Company

figure_3
File:  L:\work\99121\CADD \ figure_ J.dwg

FIGURE 3

EXISTING HEATING WATER SYSTEM
TO DIGESTER HEATERS
MANITOWOC WWTF
DIGESTER GAS UTILIZATION STUDY

L:\work\99121\ADMIN\REPORTS\Final Report.doc

July 2007



City of Manitowoc
Digester Gas Utilization Study

As the temperature drop works it way back to the boilers, it does get diluted with other return
flows, but it is apparently still significant enough to trigger the boiler control system to ramp the
lead boiler burner (typically firing on digester gas) up to full fire. Often the results of the
increased output from the lead boiler does not show up in time to satisfy the control system, so
it calls for a standby boiler (on natural gas) to come on as well. This leads to unnecessary
costs for natural gas, when the daily digester gas supply is often adequate to meet the daily
sludge heating loads.

Heating Controls Conclusions
To address this problem, the following options should be considered:

1. Revise the controls for the 150°F blending valve adjacent to pumps 800-HWP-1, -2 to
add a reset function to monitor the temperature on the HHWS side of the primary
circulating loop. If that primary temperature began to dip too low, the reset function
would restrict the opening of the blending valve to prevent the sludge heaters from
drawing too much heat out of the system and triggering the backup boiler.

2. Add atime delay function into the boiler controls to give the lead boiler time to respond
to a load increase (i.e. a drop in return water temperature) before the lag boiler is fired

up.
SILOXANE FOULING

The term “Siloxanes” generally refers to volatile methylsiloxanes which are a class of
compounds typically found in personal care products, such as shampoo and deodorants. These
siloxanes appear in wastewater sludge and then volatilize to become part of the digester gas.
The siloxanes become a problem when the gas is burned and the siloxanes oxidize into silica
(SO,) and form a silica-ash coating on the interior of gas engines, gas combustion turbines and
gas-fired boilers. In the case of the boilers, the silica ash coating is a very good thermal
insulator so the heat transfer efficiency is reduced and much of the heat from the burner just
goes through the boiler passages and up out the stack.

Costs of Siloxane Fouling

The costs of siloxane fouling involve both the loss of boiler efficiency and the extra manpower
needed to regularly clean the boiler surfaces.

Boiler Maintenance

Under the present conditions, the large scotch-marine style boilers need siloxane-removal
cleaning every two months. That effort requires two of the plant maintenance staff working for
two days at an average overhead rate of $30/hr, for an annual cost of nearly $6,000.

Efficiency Loss

Although no boiler efficiency tests have been recently run, the Manitowoc boilers typically run
with stack temperatures between 350°F and 400°F. When the boilers start to foul with
siloxanes, the stack temperatures can rise up to 600°F or greater. Assuming that the boilers are
firing with 15% excess combustion air, that change in stack temperature would indicate about a
6% loss in boiler efficiency. If the boilers are burning 89,000 ft*/day of digester gas, with the
high heat value (HHV) of Manitowoc digester gas at 635 Btu/ft®, then the digester gas
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represents 565 therms/day of input energy. The 6% loss in boiler efficiency due to siloxanes
means that an additional 34 therms of natural gas will have to be purchased each day to
compensate for the wasted digester gas energy. Assuming this condition doesn’t cause extra
natural gas purchases during the summer months, or during the first few weeks after the boilers
are cleaned, the annual costs for additional natural gas purchases due to siloxane fouling in the
digester gas boilers is $5,200.

Siloxane Testing

The Manitowoc WWTF digester gas was sampled by Applied Filter Technologies (AFT) and the
results are presented in the attached report dated May 32, 2007. The samples indicated that
Manitowoc has exceptionally high levels of the decamethylcyclopentasiloxane(D5) form of
siloxane in the digester gas fuel to the boilers. The expected levels in digester gas range from
500 to 5,000 parts per billion by volume (ppbv), but the Manitowoc sample showed 13,500 ppbv
of D5. Methane content (62.6%) and carbon dioxide content (36.2%) showed an otherwise
normal digestion process, so it appears likely that there is an industrial wastewater source that
is the cause of these elevated readings.

The testing program also detected 12 parts per million by volume (ppmv) of hydrogen sulfide,
but this is well below normal levels for this compound and no hydrogen sulfide treatment is
required.

Gas Conditioning Methodologies

Because siloxane fouling in digester gas and landfill gas has only become a problem within the
last 10 to 15 years, the industry that manufactures siloxane removal equipment is also relatively
new. The siloxane removal systems generally fall into the passive or active category.

Passive Systems

Passive systems use an adsorptive media to capture and hold the siloxane molecules, or an
absorption process to chemically alter the siloxane vapor molecule. In both cases, the media is
placed in a bed or canister and the siloxane-laden gas is drawn through. Once the mass of
media has captured all the siloxane it can hold, it must be removed and replaced with fresh
material. Passive systems are usually feasible only for small gas flows or larger flows with low
concentrations of siloxanes.

Active Systems

Most active systems include adsorptive medias that can be regenerated with heat or chemicals.
There is also an active system design that uses super-cooling to condense all the natural
moisture out of the gas stream. The sub-zero temperatures also condense much of the
siloxane vapors and trap other siloxanes in the frozen condensate. These active systems
feature duplex beds or cooling chambers so that one fresh segment is on line to treat the gas
flow while the other segment is off line to regenerate or defrost.

Applied Filter Technologies (AFT) Proposal
AFT prepared a cost proposal for a regenerative (active) style siloxane removal system sized for

59 to 117 cfm (85,000 to 170,000 cubic feet per day) of digester gas flow. The details of the
cost proposal are presented in the AFT Digester Gas Analysis included in the Appendix.
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AFT considered the use of a passive siloxane removal system, but concluded that the high
siloxane levels in the Manitowoc digester gas would make the media service life so short (16
days) that the replacement costs ($77,000 per year) would be impractical. The initial capital
cost of the passive system was not presented.

AFT recommended an active system using microwave technology to heat and regenerate the
adsorptive media. This system would also include a booster fan to offset the pressure drop
through the media and a chiller system to cool the gas to 40°F for moisture removal. This will
reduce the annual maintenance cost to about $22,000 per year, which includes the fact that
even the regenerative medial will eventually loose effectiveness and need to be replaced.

Earth Tech has recently designed a number of siloxane removal systems and our experience
has been that a typical active system will cost $200 to $400 per cfm for the equipment and
materials. The AFT proposal listed an estimated budget price of $475,000, which equates to
$4,000 per cfm. This high price is the result of the high siloxane levels in the gas and the fact
that this is a complex treatment system for a relatively small flow stream.

Siloxane Fouling Conclusions

Although it is clear that the present problem with siloxane fouling in the boilers is unacceptable
and needs to be resolved, the high costs for installing and maintaining a gas conditioning
system is not the single answer. It is recommended that Manitowoc launch an investigation to
find the source of the high siloxane levels in the incoming raw wastewater and develop options
for removing or eliminating the concentrations at the point of origin. If elimination is not
possible, then at least the responsible party should participate in the cost of the conditioning
system.

ALTERNATE DIGESTER GAS UTILIZATION OPTIONS
Excess Digester Gas Availability

Plant records indicate that during the months of November, December, January, February and
March virtually all of the digester gas produced is used in the boilers to keep the digestion
process going and for building heat. In addition, an equal quantity of natural gas is burned for
what is assumed to be building heating. The present instrumentation does not measure the
heat going to the digesters versus the heat going to the building HVAC systems.

The relationship between digester gas burned in the boilers, digester gas wasted to the flare
and supplemental natural gas purchased for building heat can be clearly seen in Figure 4.

During the warmer months between May and September, 10% to 30% more digester gas is
produced than is needed. That gas is presently burned off in the flare, and represents
approximately 500,000 to 1,000,000 Btu/hr of energy that could be available for cogeneration or
other beneficial uses.

Both the reciprocating engine generator and the microturbine are very sensitive to internal
damage from siloxanes, so the expenses associated with a gas conditioning system would be
required with either option.
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Engine/Generator (60 KW)

Wastewater plant cogeneration systems typically feature a reciprocating, spark-ignited engine
running on digester gas and generating electrical energy for use within the plant site. A true
cogeneration system also recovers heat from the engine block and the engine exhaust stack as
shown in Figure 5. These installations are also referred to as CHP (Combined Heat and Power)
systems.

20% "
STACK ATy

COGENERATION
"CHP"

Figure 5

Reciprocating engine cogeneration systems have an energy efficiency (or “heat rate”) of 10,600
Btu of fuel input for every 1 kilowatt-hr of electricity generated. The 500,000 to 1,000,000 Btu/hr
of energy that is currently being flared off during the summer months, could support about a 60
KW engine-generator, which would reduce the cost of purchased power from the local municipal
Utility.

The local Utility is offering the wastewater plant a very attractive price of $0.05/KWH for
purchased power. Unfortunately, while cheap power is good for the wastewater plant, it
reduces the savings that the cogeneration system could produce down to about $25,000 per
year.

A 60 KW reciprocating generator on digester gas is an unusually small system. Including
electrical switchgear and heat recovery, the total installed cost in an existing building is
estimated at $4,000 per kilowatt, or $240,000 (not including siloxane removal).
Engine/Generator (200 KW)

If the cogeneration package were sized to consume all the digester gas production (89,000 cu.
ft./day) then the electrical output could be increased to 220 KW, which would increase the
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annual power savings to $96,000. This larger system would consume 100% of the digester gas,
but would put back only 47% of that energy as recovered heat (see Figure 5). During most of
the year, additional natural gas would have to be purchased to accommodate the heat recovery
shortfall. This additional natural gas would cost $95,000 per year, which would negate the
power savings.

The total installed cost for this larger system in an existing building is estimated at $3,000 per
kilowatt, or $600,000 (not including siloxane removal).

Microturbine

Microturbines are most commonly available in sizes of 30, 60 and 120 KW, which would fit well
with the available gas flows at Manitowoc. Unfortunately, microturbines have a heat rate of
11,000 to 12,000 Btu/KWH, which makes them even less efficient than reciprocating engines.
As a result, a microturbine installation would be even less cost effective than the reciprocating
package.

Cogeneration Conclusions

Due to the unique economic conditions at the Manitowoc WWTF (low electrical rates and high
natural gas rates), compounded by high costs for siloxane removal, cogeneration is not a
feasible option.

CONCLUSIONS AND RECOMMENDATIONS
The results of the data collected and the analysis lead to the following conclusions:

1. Volatile solids destruction and specific gas production are in the typical range for a
properly designed and operated anaerobic digester.

2. Siloxane levels are extremely high, especially for decamethylcyclopentasiloxane (D5).

3. The cost for an active siloxane removal system does not appear to be cost-effective
compared to the cost of lost boiler efficiency and cleaning.

4. Operating experience indicates the smaller, “pony” boiler is not suitable for using the
high siloxane gas due to the rapid plugging and loss of efficiency, as well as the costly,
difficult cleaning required.

5. Digester heating water recirculation controls can be improved by the addition of software
to moderate the short-term demands of the sludge heat exchangers.

6. Co-generation is not an economical option at Manitowoc.

Based on this analysis and conclusions, we recommend:

1. Aninvestigation should be performed to attempt to identify the source of the high levels
of D5. This should be done before further consideration of a siloxane removal system as
the high D5 levels significantly impact the cost-effectiveness of the system.

2. Investigate maodifications needed (valves and bypasses) to do summer shutdown of
building heating systems to minimize heat losses from idle piping.

3. Implement new controls on the 3-way valve to minimize HWS temperature excursions
and eliminate unnecessary firing of the large lag boiler.

4. Boiler maintenance for siloxanes should be continued, but hopefully with less frequency
after the raw wastewater source for the siloxanes is found and eliminated.
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