DOCKET

08-AFC-12

DATE AUG 262009
RECD AUG 26 2009

SAN JOAQUIN SOLAR 1 & 2 HYBRID
PROJECT
12-AFC-08

Supplemental Information
In Response To Cure Data Request Set #3

August 26, 2009

URS

1615 Murray Canyon Road, Suite 1000
San Diego, CA 92108-4314
619.294.9400 Fax: 619.293.7920

URS Project N0.27658033



San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 36: Please provide detailed information on the mobile diesel-
powered off-road equipment on site including the number and
horsepower rating for each type of equipment and for each of
the two biomass combustion facilities.

Response: The following describes all of the mobile diesel equipment used for the operation
of the entire SJS1&2 Project. For the handling of the biomass, two 50
horsepower front end loaders will be employed. Two mirror cleaning trucks and
one dust control water truck; these trucks are estimated to each be 250
horsepower trucks.

Data Request 37: Please discuss whether the mobile diesel-powered equipment
could be powered by an alternative fuel source. If an alternative
fuel source is not feasible, please indicate whether all diesel-
powered off-road mobile equipment would comply with the most
stringent emissions standard established by the U.S.
Environmental Protection Agency (“U.S. EPA") for this type of
equipment at the time of facility startup. Please indicate whether
the Applicant would be wiling to accept a Condition of
Certification (“CoC”) that it would employ only new diesel-
powered equipment compliant with the most stringent applicable
emissions standard established by the U.S. EPA at the time of
facility startup.

Response: As new alternative fuel vehicle technologies become available, SJS will
investigate the possibility of using these for the mobile vehicles. Hybrid vehicles
may be used by supervisory and management personnel. The applicant is willing
to accept a Condition of Certification (“CoC”) that it would employ only new
diesel-powered equipment compliant with applicable emissions standards
established by the U.S. EPA at the time of equipment purchase.

Data Request 38: Please provide a description of the particle size of the pre-sized
biomass, the height and volume of biomass storage piles, active
or passive ventilation of the storage piles, storage and handling
procedures for the different types of biomass expected to be
used for the Project (municipal green waste and agricultural
wood waste).

Response: The fuel is sized to less than four inches in any direction, with 90 percent less
than three inches in any direction and not more than 10% smaller than %-inch.
The biomass storage piles dimensions are 420’ long, 140’ wide and 70’ high.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 39: Please indicate for how long the uncomminuted biomass would
be stored on site.

Response: Uncomminuted biomass (biomass that has not been reduced in size) will not be
stored on site. As described in Supplemental Information In Response To Cure
Data Request Set #2, response 5, upon receipt of the biomass, the fuel is
screened and oversized particles are resized before being conveyed to the
storage piles. The estimated storage duration for the comminuted biomass is
no more than three weeks.

Data Request 40: Please indicate whether the different types of pre-sized biomass
would be stored in separate piles and whether the storage piles
would be covered.

Response: The biomass is stored as it is received and the storage pile formation is
independent of the type of biomass. No attempt is made to segregate the
biomass into separate piles. Storage is open pile with 20 foot high walls down
each side of each pile.

Data Request 41: Please provide a discussion of the expected dry matter loss and
moisture loss for the different types of pre-sized biomass
expected to be used for the Project.

Response: Dry-matter loss, which is the degradation of lignin, cellulose, and hemicellulose,
occurs when wet woody biomass, in any form, is not utilized immediately.
Several studies (Thorngvist and Jirjis 1990; Fredholm and Jirjis 1998) have
observed dry matter loss in stored woody biomass. These studies observe
the dry matter loss over a period of many months (six to seven). Because
the biomass at SJS will be utilized in less than 3 weeks, dry matter loss is
expected to be minimal.
Moisture loss from the biomass is not expected to be measurable due to the
short duration of onsite storage.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 42; Please provide a discussion of the risks of self-heating and self-
ignition of the biomass storage piles. Please discuss any
procedures such as temperature and carbon dioxide (“CO2") or
carbon monoxide (“CO") measurements that would be
implemented to monitor self-heating and prevent self-ignition of
the biomass storage piles.

Response: Self heating and self ignition of biomass storage piles depend on a variety of
factors including particle size, material type, moisture content, and type of
ventilation of the pile. Minimal self heating in the biomass piles is anticipated
since the length of storage on site will be less than one month (three weeks is
the expected maximum duration). Due to the management of the biomass
storage, using a “first in, first out” practice, and the limited duration of storage on
site, the risk of self ignition is negligible. Temperature and gas measurement of
the biomass pile is not currently planned during operations because of the short
storage time of the biomass.

Data Request 43:; Please provide a discussion of potential health risks associated
with growth of fungi and bacteria within the biomass storage
piles.

Response: The rate at which fungi and bacteria begin colonization occurs and the types

of fungi and bacteria that exist are dependent on moisture content, wood
composition, particle size, size and form of pile, as well as storage duration.
The length of storage on site will be less than one month (three weeks is the
expected maximum duration). Due to the management of the biomass storage,
using a “first in, first out” practice, and the limited duration of storage on site,
health risks associated with growth of fungi and bacteria are not anticipated.

Data Request 44: Please indicate whether the Project would burn
construction/demolition wood, pallets, or “miscellaneous
residential and commercial wood waste.”

Response: The anticipated fuel mix for SJS is at least 50% to be agricultural wood waste
and up to 50% municipal green waste. Construction/demolition wood, pallets, or
“miscellaneous residential and commercial wood waste”, may be included in the
municipal green waste fuel.

Data Request 45: Please discuss whether the Project may burn alternative fuels
such as rail ties, tires, or municipal solid waste in the future.

Response: The Project has no intention of ever using these fuels.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 46: Please document the Project’s ability to secure a 50/50 mix of
agricultural wood wastes and municipal green wastes (primarily
composed of clippings and collected wood materials from local
municipalities).

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 47: Please provide a discussion of alternative fuel blends and
sources if the proposed 50/50 fuel mix cannot be reliably
sourced.

Response: Please see Objections To Data Requests Of California Unions For Reliable

Energy, Set 3, dated August 17, 2009.

Data Request 48: Please indicate whether the Project would install isolation valves
to minimize potential leaks from the heat transfer system. If
isolation valves would be installed, please quantify the maximum
quantity of heat transfer fluid that could potentially leak from the
system between two isolation valves.

Response: There will be automated isolation valves on all rows of the solar field. The

maximum spill is limited to the volume of HTF between isolation valves, which is
1000 ft of 70 mm HCE tubes and less than 300 gallons per incident.

Data Request 49: Please indicate the volume of the heat transfer fluid makeup
storage tank and expansion tank.

Response: The HTF expansion tank volume is 59,000 gallons.

Data Request 50: Please provide a discussion of the chemical composition and
physico-chemical properties of Therminol VP-1.

Response: See attached document regarding Therminol VP-1.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 51:; Please provide a discussion of potential environmental and
health effects including the relative toxicity and hazard class and
permissible exposure limit for Therminol VP-1.

Response: See attached document regarding Therminol VP-1.

Data Request 52; Please provide a material safety data sheet for Therminol VP-1.

Response: See attached MSDS for Therminol VP-1.

Data Request 53: Please discuss the potential degradation of heat transfer fluid in
the circulating system over time. Please discuss the logistics,
guantities, and schedule for replenishing/replacing heat transfer
fluid in the heat transfer fluid circulating system.

Response: The HTF is not expected to degrade appreciably. It is reported that the inventory
of Therminol VP-1 used at the SEGS facilities has never been replaced in over
20 years of operation. Minimal make up of HTF is required due to fugitive
emissions and minor spillage. It is conservatively estimated that at SJS the
annual HTF make up will equal approximately 2% of its volume. HTF make up
will occur on an as needed basis.

Data Request 54: Please discuss the feasibility of replacing the diesel-powered
maintenance equipment with alternatively powered equipment
such as gasoline-fueled light trucks, alternative (e.g., aqueous)
diesel blend-fueled heavy-duty equipment, and electric (battery)-
powered vehicles.

Response: Other alternatively fueled vehicle options are still being assessed for the
maintenance vehicles and may be considered as these vehicle types become
available in the future. To ensure emissions from the maintenance vehicles were
not underestimated these vehicles were assumed to be diesel in the air quality
analyses.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 55: Please provide a description of other biomass combustion
technologies, including cyclonic burners, pneumatic spreader
stoker systems, thermo-chemical gasification systems, and/or
pre-drying of biomass to increase combustion efficiency.

Response: Please see the attached excerpt from the EPA Combined Heat and Power
Partnership Biomass CHP Catalog for a description of other biomass combustion
technologies.

Pre-drying of the biomass at SJS may improve boiler/heat exchange efficiency;
however it does not increase overall combustion efficiency since the selected
technology (fluidized bed combustion) achieves virtually complete combustion of
the carbon in the fuel.

Data Request 56: Please provide an evaluation of dry cooling alternatives
including air-cooled condensers and wet/dry hybrid systems for
the Project.

Response: Please see Response to CEC Data Request Set #1, response number 99.

Data Request 57: Please provide a detailed cost analysis for the proposed
evaporation ponds and an alternative ZLD system. Please
include in the cost analysis costs for costs for disposal of the
deposits in the evaporation ponds at the end of the facility life as
well as potentially required mitigation for impacts on wildlife such
as netting, anti-perching devices, or hazing activities to keep
birds from accessing the evaporation ponds. Please document
all assumptions.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 58: Please indicate whether the adjacent hospital and prison
facilities are connected to the City of Coalinga’s wastewater
treatment facility or expect to be connected in the future.

Response: The state hospital and prison are not connected to the City of Coalinga’s
wastewater treatment facility. Neither facility is expected to connect to it in the
future since both treat their wastewater on site.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 59: Please discuss the feasibility of disposing of on-site generated
sewage to the City's existing or future wastewater treatment
plant.

Response: Based upon the Revised Water Balance (Revised Figure 5.5-3 in CEC Data
Request Set #1), it is anticipated that approximately 60 gpm of on-site generated
sanitary sewage will be generated. Currently it is anticipated that this sanitary
sewage will be directed to a leach field designed per Regional Water Quality
Control Board requirements.

Disposal of on-site generated sanitary sewage to the City's existing or future
wastewater treatment plant would require substantial new infrastructure to pump
and pipe this water over a relatively long distance for treatment (approximately 9
miles to the existing wastewater treatment plant and over 2 miles to the future
wastewater treatment plant). Because there are no existing sewer facilities within
Jayne Avenue for example to connect to, this option is not considered feasible
when comparing the amount of sanitary sewage that must be treated versus the
amount of infrastructure required for it to be treated at the City wastewater
treatment facility.

Data Request 60: Please discuss whether the Project site would be pre-watered
before grading.

Response: Water will be used as a dust control measure throughout construction. Soil will
be watered before and during grading for fugitive dust control.

Data Request 61: If the Project site would be pre-watered before grading, please
provide an estimate for the amount of water needed to
thoroughly pre-wet the soil for grading to achieve a moisture
content of 15 percent.

Response: The Project site will be pre-watered before grading to minimize fugitive dust
emissions. Fugitive dust emissions presented in the Complete Response to CEC
Data Request Set #1, assume a soil moisture content of 7.9% which is from the
EPA AP-42 Table 11.9-3 for bulldozers overburden. The amount of water
needed for pre-watering before grading is included in the total construction water
needs presented in Revised Table 5.5-6, docketed August 21, 2009.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 62; Please revise all Project construction fugitive dust emissions
estimates to reflect a realistic soil moisture content and watering
or chemical dust suppression control efficiency for average and
worst-case conditions. Please justify and document your
choices. Please provide all assumptions and calculations used
for the revised estimates as accessible (not password-protected)
electronic copies of Excel spreadsheets.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 63: Please revise Project construction fugitive dust emissions
estimates to include fugitive dust emissions due to wind erosion
of disturbed areas. Please provide all assumptions and
calculations used for the revised estimates as accessible (not
password-protected) electronic copies of Excel spreadsheets.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 64: Please discuss why the Applicant deems the application of
chemical dust or other dust suppressants to the graded solar
fields not necessary.

Response: Water will be used as a dust suppressant throughout construction of the project.
During plant operation, the access roads to the solar arrays will be watered to
minimize dust prior to vehicle travel for mirror washing and maintenance

activities.
Data Request 65: Please revise Project operational emissions estimates to include
fugitive dust emissions due to wind erosion of the solar fields.
Please provide all assumptions and calculations used for the
revised estimates as accessible (not password-protected)
electronic copies of Excel spreadsheets.
Response: Please see Objections To Data Requests Of California Unions For Reliable

Energy, Set 3, dated August 17, 2009.

Data Request 66: Please re-calculate all PM10 and PM2.5 fugitive dust emissions
emission factors and document your assumptions.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

W:\27658033\00900-a-Data Requests Set3.doc CURE_DR3-8



San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 67: Please discuss and document the assumed annual average
wind speed of 1 mile per hour in the biomass storage building.
Please provide a worst-case wind speed that may be expected
within the biomass storage building.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 68: Please calculate worst-case hourly fugitive dust emissions from
biomass handling assuming use of 100 percent agricultural
wood waste and the maximum wind speed expected within the
biomass building.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 69: Please calculate average annual fugitive dust emissions for
biomass handling assuming a typical annual average mix of
biomass sources including municipal green waste and
agricultural wood waste and annual average wind speed within
the biomass storage building.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 70: For both calculations in response to Data Requests 68 and 69,
please include a breakdown of the individual source activities,
e.g., biomass unloading from the tractor trailers onto the
conveyor, pre-sizing of biomass with “fuel aggregators,”
conveyor drop onto a storage pile, biomass loadout from the
storage pile with diesel-powered mobile equipment and drop
onto conveyor to combustor.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 71: Please document the assumption of 1 percent moisture content
in fly ash, lime, and limestone and provide a range of typical
moisture content for these materials. Please calculate worst-
case hourly and daily fugitive dust emissions and average
annual fugitive dust emissions from fly ash, lime, and limestone
handling.

Response: EPI provided the average moisture content of the limestone, hydrated lime and
fly ash to be 0.25%, 1% and 7%, respectively. Specification sheets for hydrated
lime and limestone are included in Attachment DR-71. The moisture content of
the fly ash is anticipated to be between 7-10%, thus the lower value was used to
estimate dust emissions from the handling of the fly ash. Fugitive dust
emissions from handling of these materials were estimated based on these
moisture contents. The total fugitive dust from all material handling at the
SJS1&2 site remained the same as presented in the Complete Response to
CEC Data Request Set #1, dated July 14, 2009. The emissions and calculations
are shown in Attachment DR-71.

Data Request 72: Please demonstrate how the TDS content in the cooling water
makeup water of 600 gpm was derived.

Response: The TDS content of the make-up water for the WSAC presented in the AFC was
determined from an onsite well. Grey water from the Coalinga waste water
treatment center will also be used for make-up water in the WSAC. Recent data
have been obtained that identify that the resulting mixed stream from these
water sources, after being treated onsite, will contain a TDS of as high as 1850
ppm. The SJS1&2 water treatment facility will remove most of the hardness from
the water and ensure a TDS content of no more than 1850 ppm.

Data Request 73: Please provide the TDS content for all sources that supply water
to the cooling tower.

Response: There will be only one source of makeup water to the WSACs. The water source
for WSAC will have been processed in the soda-lime softener and the sand filter.
The expected TDS is to be less than 1850 ppm.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 74: Please revise the drift loss calculations if necessary.

Response: The particulate matter emissions from the WSACs have been revised to incorporate the
maximum TDS level of 1850 ppm expected in the make-up water, 5 cycles of
concentration, a slightly higher daily maximum circulating water rate, and a drift rate due
to an eliminator control of 0.0005%. Particulate emissions from all WSACs associated
with SJS1&2 were estimated to be 39.84 Ib/day and 6.19 ton/year. Table DR-74
presents these revised emissions and the data integral to these calculations.

Table DR-74 WSAC Drift Calculation

Total Project SJS 1&2

Annual average design circulating water rate 61,000 gallons/min
Maximum daily design circulating water rate 71,680 gallons/min
Cycles of concentration 5
1850 mglliter
TDS
15.44 1b/1000 gallons
Drift Eliminator Control 0.000005 = 0.0005 %
Operating hours per year 8760 hrlyr
number of WSACs 2
Number of cells in each WSAC 4
Total SJS | Each each each cell
1&2 WSAC | cell (g/s)
Annual PM emissions (ton/year) 6.19 3.09 0.773 0.02227
Maximum daily PM emissions (lb/day) 39.84 19.92 | 4.979 0.02616
Note: Drift Eliminator Control guaranteed by Chuck Marchetta of Niagara Blower, Wet Surface Air Cooler
Division
Data Request 75: Please discuss whether the well groundwater would undergo

any treatment before being routed to the cooling tower. If yes,
please discuss the treatment and provide a water quality
analysis for the treated water.

Response: As depicted on the Revised Figure 5.5-3 (included in the Response to CEC Data
Request Set #1) the well water will be processed through a soda-lime softener
and sand filter before being routed to the WSACs. The full water quality analysis
is not currently available, but the TDS is expected to be no more than1850 ppm.

Data Request 76: Please provide an updated water balance diagram that shows
the tertiary treatment system.

Response: The updated water balance is shown on Revised Figure 5.5-3, which was
included in the Response to CEC Data Request Set #1.
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San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 77: Please revise the emission estimates for delivery trucks based
on a realistic roundtrip distance assuming that less than 45
percent of the biomass can be sourced within a 75-mile radius.
Please document your assumptions.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 78: Please document how the carpooling ratio of 1.5 employees per
vehicle was derived.

Response: It is expected that workers traveling the farthest will carpool more frequently than
those traveling shorter distances. The carpool ratio is one factor used to
determine the total VMT from all workers, the average distance the workers
travel is another factor and it was very conservatively estimated at Fresno. We
expect many workers to come from the Coalinga area, which will represent a
shorter commute distance than the assumed average. The total worker daily
VMT was estimated to be 7,500 miles for 80 employees. This estimate is higher
than the daily VMT anticipated, so that the corresponding air pollutant emissions
would not be underestimated.

Data Request 79: Please indicate whether the Applicant would implement a
program that incentivizes employee carpooling, providing a
description of any such program.

Response: The owner/operator of SJS will consider a program which may offer an incentive
for employees to carpool to work. The details of such a program are not
available at this time.

Data Request 80: Please revise the air quality analysis for combustion and fugitive
dust emissions to account for a realistic carpooling factor,
roundtrip distance, and visitor vehicles.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

W:\27658033\00900-a-Data Requests Set3.doc CURE_DR3-12



San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 81.: Please clarify the proposed BACT emissions rates for CO, VOC,
and PM10 for the biomass combustors.

Response: A complete BACT analysis was included in the Response to CEC Data Request
Set #1, response numbers 25-27. Further analysis has shown that during 50%
load operations CO emissions may increase to 0.046 Ib/MMBtu, this value is
slightly higher than the CO BACT emission rate presented in Complete
Response to CEC Data Request Set #1, response numbers 25-27 and should be
set as the CO BACT emission rate.

Data Request 82: Please revise the emission calculations and/or BACT analyses
for these pollutants accordingly.

Response: All emissions presented in the Complete Response to CEC Data Request Set
#1, dated July 14, 2009 incorporated the BACT emission rates discussed in CEC
Data Requests 25-27 and the revised CO emission rate discussed above in
CURE Data Request 81.

Data Request 83: Please discuss the feasibility of a 2 ppm ammonia slip limit for
the Project’s NOx control during normal operations.

Response: The current emission estimate of 5 ppm ammonia slip is based on the SCR
manufacturer guarantee. This ammonia slip was used so that worst case
conditions were evaluated. It is feasible that a lower ammonia slip will be
realized in practice since a wet scrubber follows the SCR. It is unknown whether
this lower rate is 2 ppm.

Data Request 84: Please indicate whether the Project would be able to meet the 5
ppm ammonia slip limit during cold or warm startup and
shutdown of the biomass combustors.

Response: The SCR is not in operation until approximately hour 5 or 6 of a cold start up.
Prior to the SCR operation there is no ammonia slip. Thus average ammonia slip
during a cold start up is expected to be less than 5 ppm.

During a warm start, because the equipment is near operating temperature, the
SCR is at normal operating conditions soon after fuel is initiated to the boiler
(less than one hour).

For combustor shutdown, the SNCR and SCR can be turned off shortly after fuel
feed stoppage, which stops ammonia flow. It is not expected that any ammonia
slip will occur during shutdown after these units are down.

W:\27658033\00900-a-Data Requests Set3.doc CURE_DR3-13



San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 85: Please discuss and quantify the potential side product formation
from the SCR and SNCR systems such as isocyanic acid,
nitrous oxide, ammonia, hydrogen cyanide, etc. under
unfavorable conditions.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 86: Please provide estimates for annual fugitive VOC emissions
from heat transfer fluid system components and from larger
equipment leaks and spills and include these estimates in the
operational emissions inventory.

Response: The HTF system is welded pipe so the main source of fugitive emissions will be
from the valves in the system. Using EPA emission factors for heavy liquid and
a valve count of 750 valves throughout the HTF system, the fugitive emission of

VOC is estimated to be approximately 1.7 tons per year.
Average VOC emission factors of heavy liquids for synthetic organic compound manufacturing
industry from Protocol for Equipment Leaks Emissions Estimates, EPA-453/R-95-017

Data Request 87: Please revise the ambient air quality modeling for Project
operations to include emissions from mobile sources.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.

Data Request 88: Please provide offset protocols and methodologies that have
been developed by the Applicant to offset PM10 emissions
through interpollutant offsets, pursuant to Rule 2201.

Response: Emission reduction credits (ERCs) will be used to offset PM;q emissions. Some
interpollutant ERCs may be used, as approved by San Joaquin Valley Air
Pollution Control District.

Data Request 89: In the event that the Applicant and the SJVAPCD cannot gain
approval from the U.S. EPA with regard to interpollutant offset
schemes, please identify other opportunities available to the
Applicant to offset emissions of PM10.

Response: Please see Objections To Data Requests Of California Unions For Reliable
Energy, Set 3, dated August 17, 2009.
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Data Request 90: Please state whether the Applicant intends to employ
interpollutant offsets, pursuant to Rule 4.13.3, to offset
emissions of PM2.5.

Response: Because Project PM 2.5 emissions are not greater than 100 tons per year, PM
2.5 emissions offsets are not required.

Data Request 91: Please state how the use of interpollutant offsets for emissions
of PM10 will not contribute to a violation of California Ambient
Air Quality Standards for PM10.

Response: The SIVAPCD Rule 2201 allows for interpollutant offsets of PM;q precursors for
offsetting PMyo, SO, is a precursor for PMyg, thus can be used to offset it. As
outlined in the SJVAPCD 2007 PM;, Maintenance Plan and Request for
Redesignation, a minimum ratio of 1 to 1 for interpollutant offsets for SO, to PMyg
is required. This document states “we have assured that the use of SOx credits
cannot interfere with our ability to maintain attainment with the PM;; NAAQS".

Data Request 92: Please revise the health risk assessment for Project operations
to include diesel particulate emissions from diesel-powered
mobile equipment (delivery trucks, maintenance equipment,
biomass loader).

Response: The health risk assessment presented in the AFC and in the Complete
Response to CEC Data Request Set #1, response number 79, included diesel
particulate emissions from the diesel-powered mobile equipment, including the
delivery trucks, maintenance equipment, and biomass loaders.

Data Request 93: Please discuss whether the dewatered residues from the
evaporation ponds would constitute hazardous wastes.

Response: It is not anticipated that the dewatered residues from the evaporation ponds
would constitute hazardous wastes. Currently it is anticipated that approximately
15 gpm (24 afy) will be discharged to the pond (See Revised Figure 5.5-3,
Revised Water Diagram in Response to CEC Data Request) from the sand filter
backwash. As stated in Response to CEC Data Request 111, the water quality to
the pond is estimated to be as follows: TDS approximately 1850 ppm as CaCo3;
pH 8 to 8.5; suspended solids less than 10 ppm.
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Data Request 94: Please provide a discussion of monitoring for leaks from the
heat transfer system, e.g., with pressure monitoring and routine
inspections (sight, sound, smell).

Response: Pressure and temperature controls are located on each row in the solar field and
monitor the HTF. Automatic isolation will close in the event of leak detection.
Additionally, routine inspections by plant personnel will occur on a regular basis.

Data Request 95: Please provide a discussion of the proposed cleanup and repair
procedures in the event of a leak or spill.

Response: HTF impacted soil will be removed from the solar field using a front end loader
and temporarily stored within a laydown area shown on the revised Figure 5.2-2
in Detail A (previously provided in the Response to CEC Data Request Set #1).
The temporary storage area will include a concrete slab with eight foot concrete
walls on three sides. Impacted soil will be stored in this containment area until it
is transported to an approved disposal facility. Maintenance personnel will repair
or replace equipment as needed.

Data Request 96: Please discuss the feasibility of treating soil contaminated with
heat transfer fluid on site, e.g., through incineration or treatment
with bioremediation.

Response: The current plan is to dispose of contaminated soil at a certified disposal facility.
Onsite disposal via bioremediation or incineration may be technically feasible,
but is not being considered at this time.

Data Request 97: Please provide a discussion and risk analysis of potential fire
and explosion risks due to the flammability of the heat transfer
fluid Therminol VP-1.

Response: See attached document regarding Therminol VP-1.

Data Request 98: Please discuss the potential for catastrophic failure of all four
ammonia storage tanks, e.g. during a strong earthquake.

Response: The ammonia storage tanks will be designed to meet the engineering
requirements for the local earthquake zone. Catastrophic failure of all four
ammonia tanks is an unlikely event.

W:\27658033\00900-a-Data Requests Set3.doc CURE_DR3-16



San Joaquin Solar 1 & 2 Hybrid Project
Supplemental Information
In Response to CURE Data Request Set #3
08-AFC-12

Data Request 99: Please discuss the feasibility of enlarging the containment areas
to contain all the contents of the tanks contained within.

Response: The ammonia tank containment areas will be designed to hold
110% of the largest tank. This design exceeds the requirements
of 40 CFR 112 Appendix D regulations.

W:\27658033\00900-a-Data Requests Set3.doc CURE_DR3-17
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LIQUID USE RANGE
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Therminol® VP-1 heat transfer fluid is specifically designed to meet the
demanding requirements of vapor phase systems. It combines exceptional heat
stability and low viscosity for efficient, dependable, uniform performance in a

wide optimum use range of 12°C to 400°C.

THERMINOL.VP-1

Heat Transfer Fluid by Solutia
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Appearance

Clear, water-white liquid

Composition Biphenyl and diphenyl oxide
Moisture Content, Maximum 300 ppm
Chlorine <10 ppm
Sulfur <10 ppm
Neutralization Number <0.2mg KOH/g
Copper Corrosion (ASTM D-130) <«la
Flash Point, Open Cup (ASTM D-82) 124.°C (255 °F)

Closed Cup (Pensky-Martens) 110°C (230 °F)
Fire Point (ASTM D-92) 127 °C (260 °F)
Autoignition Temperature (ASTM D-2155) 621 °C (1150 °F)
Kinematic Viscosity at 40 °C 2.48 mm’/s (cSt)

at100°C 0.99 mm'/s (cSt)

Density at 25 °C 1060 kg/m’ (8.85 Ib/gal)
Specific Gravity (60 °F/60 °F) 1.069
Coefficient of Thermal Expansion at 200 °C 0.000979/°C (0.000544/°F)
Average Molecular Weight 166
Crystallization Point 12°C (54 °F)
Volume Contraction Upon Freezing 6.27%
Volume Expansion Upon Melting 6.69%
Surface Tension in Air at 25 °C 36.6 dyn/cm
Heat of Fusion 97.3 kd/kg (41.8 Bru/lb)
Normal Boiling Point 257 °C (495 °F)
Heat of Vaporization at Maximum Use Temperature 400 °C 206 kJ/kg (88.7 Btu/lb)

Specific Resistivity at 20 °C

6.4 x 10" ghm-cm

Optimum Use Range, Liquid 12 °C-400 °C (54 °F-750 °F)
Vapor 260 °C-400 °C (500 °F-750 °F)
Maximum Film Temperature 425 °C (800 °F)
Pseudocritical Temperature 499 °C (930 °F)
Pseudocritical Pressure 33.1 bar (480 psia)
Pseudocritical Density 327 kg/m’ (20.4 Ib/ft')

* These data are based upon samples tested in the laboratory and are not guaranteed for all samples,

Write us for complete sales specifications for Therminol VP-1 fluid.

1 Does not constitute an express warranty. See NOTICE on the last page of this bulletin.



LIQUILD PROPERTIES O 1 ' HE RMINOI

Temperature Liquid Density Liquid Heat Capacity Liquid Enthalpy**
Btu/Ib-°F

F c Ib/gal Ib/ft! kg/m* [eal/g-°C]  kd/kgK Btu/lb kJ/kg
12 8.93 66.8 107 0.364 1.52 0.0 0.0
&0 16 891 66.7 1068 0.366 153 23 54
80 8.84 66.1 1059 0.374 1.57 9.8 227
100 38 8.76 65.5 1050 0.382 1.60 17.3 40.2
120 19 8.69 65.0 1041 0.390 1.63 250 58.2
140 60 8.61 64.4 1032 0.397 1.66 329 764
8.53 63.8 1023 0.405 1.69 409 95.1
180 & 8.46 63.3 1014 0412 173 491 114.1
200 a3 8.38 62.7 1004 0.420 1.76 57.4 1334
220 104 831 62.1 995 0427 1.79 65.9 153.1
240 116 8.23 61.6 986 0.435 1.82 145 1731
260 127 8.15 61.0 a77 0.442 1.85 833 1935
280 138 8.07 60.4 967 0.449 1.88 922 2142
300 149 7.99 59.8 958 0457 191 0.2 235.3
A 160 791 59.2 948 0.464 1.4 1104 256.7
340 171 783 58.6 939 04M 1.97 119.8 2784
360 18 175 58.0 929 0478 2.00 129.3 300.5
380 193 167 51.4 919 0.485 203 138.9 328
400 204 159 56.8 909 0.492 2.06 148.7 3456
420 216 7.50 56.1 B899 0.499 209 158.6 368.6
440 227 742 55.5 889 0.506 212 168.7 3920
460 238 733 54.9 879 0514 215 1789 415.7
480 249 7.25 54.2 868 0.521 2.18 189.2 439.8
495 257 718 53.7 860 0.526 220 197.0 4574
260 7.16 535 857 0.528 221 199.7 464.1

n 7.07 52.8 847 0.535 224 2103 488.8
540 287 6.97 52.2 835 0.542 227 2211 513.8
560 293 6.88 51.4 824 0.549 230 2320 539.2
; 6.78 50.7 812 0.556 233 243.0 564.9
6500 316 6.68 50.0 800 0.563 236 2542 590.9
2 : 6.58 492 788 0.570 239 265.5 617.2
540 338 6.47 48.4 775 0578 242 71.0 643.9
660 349 6.36 476 762 0.586 245 288.7 671.0
680 360 6.25 46.7 749 0.594 248 300.5 698.4
3N 6.13 459 734 0.602 252 3124 726.2
6.01 449 720 0612 256 3246 754.4
5,88 43.9 104 0622 260 336.9 783.1

750 399 581 434 696 0.627 262 3431 7916
b 104 5.74 42.9 687 0633 265 3494 812.2
780 416 5.59 418 670 0.646 270 362.2 842.0
543 406 651 0.662 7 375.3 8724

* These dsta are based upon samples tested in the laboratory and are not guaranteed for all samples. Write us for complete sales specifications for Therminal VP-1 fluid.
** The enthalpy basis is liquid at the crystallizing point, 53.6 *F (12 *C).
t Does not constitute an express warranty. See NOTICE on the last page of this bulletin.



Liquid Thermal Conductivity Liquid Viscosity Vapor Pressure st
Bru/ keal/ cSt cP
ft-hr-°F m-hr-°C W/m-K Ib/ft-hr [mm?/s] [mPa-s] psia mmHg  kgflem? kPa C
0.0792 01179 0.1370 13.26 512 5.48
0.0790 0.1176 0.1367 11.84 458 489 1
0.0784 0.1167 0.1357 8.64 337 3.57 0.0004 0.019 0.00003 0.0026
0.0778 0.1158 0.1346 6.60 260 273 0.0010 0.054 0.00007 0.0071 100
0.0772 0.1148 0.1334 5.23 2.08 216 0.0026 0.134 0.00018 0.0178
0.0765 0.1138 0.1323 4.26 1.707 1.761 0.0059 0.307 0.00042 0.0409 144 0
0.0758 0.1128 0.1310 3.55 1.434 1.467 00z7 0.655 0.00087 0.0874 n
0.0750 0.1117 0.1298 30 1.228 1.244 0.0254 131 0.00179 0.175 160
0.0743 0.1106 0.1285 259 1.067 1.07 0.0483 250 0.00339 0333
0.0735 0.1094 0.1z2n 226 0.938 0.934 0.0872 451 0.00613 0.602 220 2
0.0727 0.1082 0.1257 1.990 0.834 0.823 0.151 7.81 0.0106 1.04
0.0719 0.1070 0.1243 1.769 0.749 0.731 0.251 130 0.0177 173 27
0.0710 0.1057 0.1228 1.585 0.677 0.655 0.404 209 0.0284 278
0.0701 0.1044 0.1213 1.430 0.617 0.591 0.629 325 0.0442 433 300
0.0692 01030 0.1197 1.298 0.566 0.537 0.951 492 0.0669 6.56
0.0683 0.1017 0.1181 1.185 0522 0.490 1.40 726 0.0986 9.67 1
0.0674 0.1002 0.1165 1.086 0.483 0.449 202 105 0.142 139
0.0664 0.0988 0.1148 1.001 0.450 0.414 285 147 0.200 196 380 93
0.0654 0.0973 0.1131 0.926 0.421 0.383 394 204 0.277 21.2
0.0644 0.0958 0.1113 0.859 0.395 0.355 535 n 0.376 36.9 216
0.0633 0.0942 0.1095 0.800 0.372 0.331 715 370 0.503 493
0.0622 0.0926 0.1076 0.748 0.352 0.309 9.41 487 0.661 64.9
0.0611 0.0910 0.1057 0.700 0.333 0.290 12.2 631 0.858 B84.2
0.0603 0.0897 0.1043 0.668 0321 0.276 147 760 1.03 101 =
0.0600 0.0893 0.1038 0.658 0.317 0.272 156 808 1.10 108
0.0588 0.0876 0.1018 0.620 0.303 0.256 19.8 1020 1.39 136
0.0577 0.0858 0.0998 0.585 0.289 0.242 248 1280 1.74 m
0.0565 0.0841 0.0877 0.553 0.278 0.229 30.7 1590 216 n
0.0552 0.0822 0.0956 0.524 0.267 0.217 316 1940 264 259 4
0.0540 0.0804 0.0934 0.498 0.257 0.206 457 2360 3 315 B0 b
0.0527 0.0785 0.0912 0474 0.248 0.1958 55.1 2850 387 380 27
0.0514 0.0765 0.0890 0.451 0.241 0.1866 658 3400 4.63 454
0.0501 0.0746 0.0867 0431 0.234 0.1781 78.1 4040 5.49 539 19
0.0488 0.0726 0.0844 0412 0.227 0.1703 921 4760 6.47 635 360
0.0474 0.0705 0.0820 0.394 0.222 0.1630 108 5580 1.58 743 i
0.0460 0.0685 0.0796 0.378 0.217 0.1562 125 6490 8.82 865 2
0.0446 0.0663 0.0771 0.363 0.213 0.1500 145 7510 102 1000
0.0439 0.0653 0.0758 0.356 021 0.1470 156 8060 11.0 1070 50 39
0.0431 0.0642 0.0746 0.349 0.210 0.1441 167 8640 1.7 1150
0.0417 0.0620 0.0721 0.335 0.207 0.1387 191 9890 13.4 1320 )
0.0402 0.0598 0.0695 0.323 0.205 0.1336 218 11300 15.3 1500 W27
N1 ' THERMINOL.VP-1
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Temperature Vapor Density Vapor Heat Capacity Heat of Vaporization Vapor Enthalpy***
Btu/lb-°F

C Ib/ft ka/m’ [cal/g-°C] kd/kgK Btu/lb kJ/kg Btu/lb kJ/kg
0.233 0.98 180.3 419.0 180.3 419.0
80 16 0.236 0.99 179.4 4171 181.8 4225
0.00001 0.00017 0.245 1.03 176.8 a1 186.6 433.7
100 38 0.00003 0.00046 0.254 1.06 174.3 405.1 191.6 4453
0 0.00007 0.00110 0.263 1.10 1.7 399.2 196.8 457.3
140 50 0.00015 0.00245 0.272 1.14 169.2 393.3 202.1 469.8
60 n 0.00032 0.00507 0.280 117 166.7 3875 2076 4826
180 82 0.00061 0.00985 0.289 1.21 164.2 3818 2133 495.8
10 0.00113 0.0181 0.298 1.25 161.8 376.1 219.2 509.5
20 10 0.00199 0.0318 0.306 1.28 159.4 3704 225.2 523.5
0.00334 0.0535 0315 132 156.9 364.8 2314 537.9
260 127 0.00541 0.0866 0.323 1.35 1545 358.2 2378 552.7
0 0.00846 0.136 0.331 1.39 152.2 353.7 2443 567.9
300 149 0.0128 0.206 0.340 142 149.8 348.2 251.0 583.5
60 0.0189 0.303 0.348 1.45 147.4 3427 251.9 599.4
30 17 0.0273 0437 0.356 149 145.1 337.2 264.8 615.6
60 0.0384 0.615 0.363 152 142.7 3317 2720 632.2
80 193 0.0529 0.848 0.371 1.55 140.4 326.3 2793 649.1
0.0717 1.15 0.379 1.58 138.0 3208 286.7 666.4
20 n 0.0954 1.53 0.386 1.62 135.6 3153 294.2 683.9
140 0125 200 0.394 165 1332 309.7 301.9 701.7
460 238 0.162 259 0.401 1.68 1308 304.1 309.7 79.9
30 0.206 3.3 0.408 n 128.4 2985 3176 738.2
195 257 0.246 393 0.414 1.73 126.6 2942 3236 752.1
0 260 0.260 417 0416 1.74 125.9 292.7 3256 756.9
20 N 0.325 5.20 0.423 177 1234 286.9 333.7 175.7
28 0.401 6.43 0.430 1.80 1209 281.0 342.0 794.8
560 793 0.492 7.87 0437 1.83 118.3 2749 350.2 814.1
80 0597 9.57 0.444 1.86 1156 268.7 358.6 8336
] 16 0.720 15 0.451 1.89 112.9 262.3 367.1 853.2
520 0.862 138 0.458 191 110.0 2558 3756 873.0
540 338 1.03 16.4 0.464 1.94 107.1 249.0 384.2 893.0
349 1.22 19.5 0.471 1.97 104.1 2420 3928 913.0
0 50 143 229 0478 200 101.0 2347 401.4 933.1
00 ] 168 2.9 0.485 203 97.7 227.1 410.1 953.3
720 382 1.96 314 0.492 206 94.2 2191 418.8 973.5
229 36.6 0.500 209 90.6 2106 4215 993.7
399 247 395 0.504 n 88.7 206.2 4319 1003.8
0 266 426 0.508 212 86.8 201.7 436.2 1013.9
780 116 3.08 494 0.516 216 826 192.1 4449 1034.0
300 357 51.2 0.526 220 78.1 1816 453.4 1054.0

* Vapor properties given are for saturated vapor,

** These data are based upon samples tested in the laboratory and are not guaranteed for all samples. Write us for complete sales specifications for Therminol VP-1 fluid.
*** The enthalpy basis is liquid ot the crystallizing point, 53.6 *F (12 *C).

t Does not constitute an express warranty, See NOTICE on the last page of this bulletin.



Vapor Thermal Conductivity Vapor Viscosity ;

Btu/ keal/ cSt cP
ft-hr-°F m-hr-°C WimK Ib/ft-hr Imm?/s] ImPa-s]
0.0047 0.0069 0.0081 0.0138 0.0057
0.0048 0.0071 0.0082 0.0140 0.0058 0
0.0051 0.0076 0.0088 0.0145 0.0060
0.0054 0.0081 0.0094 0.0150 0.0062 100
0.0057 0.0086 0.0099 0.0156 0.0064
0.0061 0.0080 0.0105 0.0161 27120 0.0067 10
0.0064 0.0085 0.0111 0.0167 1360 0.0069
0.0068 0.0100 0.0117 0.0172 3 0.0071 80
0.0071 0.0106 0.0123 0.0178 405 0.0074
0.0074 0.01M 0.0129 0.0183 238 0.0076 12
0.0078 0,0116 0.0135 0.0189 146 0.0078
0.0082 0.0121 0.0141 0.0194 928 0.0080 60 ]
0.0085 0.0127 0.0147 0.0200 61.0 0.0083
0.0089 0.0132 0.0154 0.0206 41.3 0.0085 0
0.0092 0.0138 0.0160 0.0211 288 0.0087
0.0096 0.0143 0.0166 0.0217 205 0.0050
0.0100 0.0149 0.0173 0.0222 15.0 0.0092
0.0104 0.0154 0.0179 0.0228 111 0.0084
0.0107 0.0160 0.0186 0.0234 8.41 0.0097
0.01m 0.0166 0.0192 0.0239 6.47 0.0099 3
0.0115 0.017 0.0189 0.0245 5.05 0.0101
0.0119 0.0177 0.0206 0.0250 3.99 0.0103 60 23
00123 0.0183 0.0213 0.0256 3.2 0.0106
0.0126 0.0187 0.0218 0.0260 273 0.0107 7
0.0127 0.0189 0.0220 0.0261 2.59 0.0108
0.0131 0.0195 0.0226 0.0267 212 0.0110
0.0135 0.0201 0.0233 0.0272 1.75 0.0113
0.0139 0.0207 0.0240 0.0278 1.46 0.0115
0.0143 0.0213 0.0248 0.0284 1.22 0.0117 04
0.0147 0.0218 0.0255 0.0289 1.04 0.0120
0.0152 0.0225 0.0262 0.0294 0.882 0.0122
0.0156 0.0232 0.0269 0.0300 0.754 0.0124 10
0.0160 0.0238 0.0277 0.0306 0.649 0.0126 }
0.0164 0.0244 0.0284 0.0311 0.560 0.0128 680
0.0169 0.0251 0.0292 0.0316 0.486 0.0131
0.0173 0.0257 0.0299 0.0322 0.423 0.0133 32
0.0177 0.0264 0.0307 0.0327 0.369 0.0135
0.0180 0.0267 0.0310 0.0330 0.345 0.0136
0.0182 0.0270 0.0314 0.0332 0.323 0.0137
0.0186 0.0277 0.0322 0.0338 0.283 0.0140 16
0.0191 0.0284 0.0330 00343 0.248 0.0142 )

THERMINOL.VP-1
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PHYSICAL AND
CHEMICAI
CHARACTERISTICS

Therminol® VP-1 is a eutectic mixture of 73.5% diphenyl
oxide and 26.5% biphenyl. It is usable as a liguid or as
a boiling-condensing heat transfer medium up to 750°F
(400°C). It is miscible and interchangeable (for top-up
or design purposes) with other similarly constituted
diphenyl-oxide/biphenyl fluids.

Fluid Parameters Which Influence Design

The physical characteristics of Therminol VP-1 heat trans-
fer fluid should be considered in the general arrange-
ment of any heat transfer system in which it is to be used.

Therminol VP-1 has a low viscosity between its melting
point (54°F, 12°C) and the temperature at which it
vaporizes. In geographic areas where the system may
be exposed to temperatures below this level, all piping
that may contain the fluid in its liquid state should be
heat traced.

Therminol VP-1 is exceptionally heat stable. However,
care must be taken to avoid overheating, which could
lead to deposition of solids on the heating surfaces of
the vaporizer. Circulation rates in the heater should be
selected to limit skin temperatures to reasonable values,
with due consideration to the cost of replacing damaged
fluid and the cost of maintaining an adequate heat flux.
This is normally accomplished by the vaporizer or heater
manufacturer in the course of recommending a particular
unit and stipulating its operating parameters.

Under normal operating conditions, a vapor phase fluid
will accumulate low-boiling contaminants such as air,
water and degradation products. These noncondensables
must be vented from the system to avoid aberrations

in temperature control. Each user, or group of users if
arranged in series, that operates after the same control
valve should have at least one vapor accumulatar (VA]
installed for detecting and venting noncondensables. This
is especially true if close temperature control is needed.

The physical and thermodynamic properties of Therminol
V/P-1 can be found on pages 2-5.

FIRE SAFETY
CONSIDERATIONS

Leaks from pipes, valves or joints that saturate insulation
are potentially hazardous because of the wicking effect
and large surface exposure. Under such conditions,
along with high temperatures, many organic liquids can
spontaneously ignite. Leaks should be promptly repaired
and the contaminated insulation replaced.

Leaks from a direct-fired vaporizer into the fire chamber
normally result in burning of the vapor. Obviously, this
should be avoided.

When vapor leaks from a pressurized system to the
atmosphere, it is condensed by the relatively cold air
which it contacts. This causes formation of a fog of tiny
liquid droplets. Fogs of combustible liquids, of sufficiently
high concentration in air, will burn if ignited. The fogs are
flammable even though the overall temperature of the
fog-air mixture may be below the flash point of the liquid
and even though the vapor saturation concentration is
below the flammable level.

The combustion of a fog-air mixture can result in an
explosion, much like the combustion of a flammable
vapor-air mixture. Such a fog-air mixture, however, does
not normally ignite spontaneously. An ignition source
is necessary, together with a sufficient concentration of
the combustible fog.

Good safety practice in design, maintenance and
operation can circumvent the potential dangers associated
with pressurized organic vapor systems. In addition,
further safeguards can be provided through the installa-
tion of special safety systems.

For further information on such safety devices for

vapor phase systems, refer to the Solutia Central

Engineering Study on this topic, available in reprint from

from the American Institute of Chemical Engineers*®

(CEP Technical Manual, Volume 10, “Loss Prevention”).

*1. 6. C. Vincent and W. B. Howard, Hydrocarbon Mist Explosions,
Part | - Prevention by Explosion Suppression.

*2.G. C. Vincent and R, C. Nelson, W. B. Howard and W. W. Russell,
Hydrocarbon Mist Explosions, Part Il - Prevention by Water Fog.



START-UP
DOWN

AND SHUT-
PROCEDURES

Vapor System Start-up

There are several ways to start up vapor phase heating

systems, but they generally contain these basic steps:

1. Open the vacuum system connection to the vapor sys-
tem and wait until a steady-state vacuum is reached.

2. Close all valves to isolate the vapor system from
the vacuum system,

3. Wait approximately 15 minutes and note any signifi-
cant increase in pressure in the system. (This step is
necessary to ensure that the system is fully closed.)

4. Introduce Therminol VP-1 to the vaporizer (or reboiler)
and gradually heat to operating temperature. Periodi-
cally open the vacuum connections on the vent accu-
mulators to evacuate the noncondensables. Continue

venting until the temperature indicators show that hot
vapor has reached the vent accumulators.

System Shut-down, Vacuum Draining

When the system is to be drained to a vacuum vessel,
the shut-down procedure is as follows:

1. Cut off the heat source from the system.

2. Open the drain line to the vacuum vessel. {The liquid
in the system will continue to flash into the drain until
the vapor pressure of the liquid reaches the vacuum
being pulled.)

3. When the liquid level stops dropping, introduce
nitrogen to break the vacuum. The remaining liquid
will drain relatively quickly.

System Shut-down, Pressure Draining

Far draining into a pressure vessel, the procedure is only
slightly different;

1. Make sure the available nitrogen pressure is less than
the relief pressure of the vapor system.

2. Cut off the heat source.

3. Introduce nitrogen to the system.

4. Open the drain line to the pressure vessel.

5. Close the drain line after the system is drained.

6. Open all high-point vacuum connections to purge
and help coal the system.

FroXiICITY

AND HANDLING
Toxicity
The rat acute oral LD50 of Therminol VP-1 heat transfer
fluid is 2.05 grams/kilogram, administered as the
undiluted material. When held in continuous 24-hour
contact with rabbit skin, the dermal LD50 was estimated
to be greater than 5.01 grams/kilogram. Thus, Therminol
VP-1is considered to be slightly toxic by ingestion in

single doses and practically non-toxic by single dermal
applications.

When 0.1 milliliter of undiluted Therminol VP-1 was
placed into the conjunctival sac of the rabbit's eye, a
slight degree of irritation resulted. The average score
of the 24-, 48- and 72-hour readings was 3.8 on a scale
of 110.0. All eyes had regained a normal appearance
72 hours after they were dosed.

A mild degree of irritation resulted when 0.5 milliliter
of Therminol VP-1 was held in continuous 24-hour
contact with intact and abraded rabbit skin. The Primary
Irritation Index was 2.9 on a scale of 8.0.

Rats were exposed to a stream of air which was
passed through Therminol VP-1 and led directly into
the experimental chamber. Due to its low volatility,
there was essentially no vaporization of test material,
and the animals survived both the six-hour exposure
and the subsequent 14-day observation period without
observable effects.
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" Heat Transfer Fluid by Solutia

SAFETY AND HANDLING: Material Safety Data Sheets may be obtained from Environmental Operations, Industrial Products
Group, Solutia Inc. Heat transfer fluids are intended only for indirect heating purposes. Under no circumstances should this
product contact or in any way contaminate food, animal feed, food products, food packaging materials, food chemicals, phar-
maceuticals or any items which may directly or indirectly be ultimately ingested by humans. Any contact may contaminate
these items to the extent that their destruction may be required. Precautions against ignitions and fires should be taken with
this product.

NOTICE: Although the information and recommendations set forth herein (hereinafter “Information”) are presented in good
faith and believed to be correct as of the date hereof, Solutia Inc. makes no representations or warranties as to the complete-
ness or accuracy thereof. Information is supplied upon the condition that the persons receiving same will make their own
determination as to its suitability for their purposes prior to use. In no event will Solutia Inc. be responsible for damages of any
nature whatsoever resulting from the use of or reliance upon Information or the product to which Information refers. Nothing
contained herein is to be construed as a recommendation to use any product, process, equipment or formulation in confiict
with any patent, and Solutia Inc. makes no representation or warranty, express or implied, that the use thereof will not infringe
any patent. NO REPRESENTATIONS OR WARRANTIES, EITHER EXPRESS OR IMPLIED, OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE OR OF ANY OTHER NATURE ARE MADE HEREUNDER WITH RESPECT TO INFORMATION OR THE PROD-
UCT TO WHICH INFORMATION REFERS.

® Registered Tradamark of Solutia Inc.
@ Solutia Inc., 1999, All rights reserved.
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Solutia Inc.
Material Safety Data Sheet

1. PRODUCT AND COMPANY IDENTIFICATION

Product name:

Reference Number: 000000000211

Company Information:

United States:

Solutia Inc.

575 Maryville Center Drive, P.O. Box 66760

St. Louis, MO 63166-6760

Emergency telephone: Chemtrec: 1-800-424-9300
International Emergency telephone: Chemtrec: 703-527-3887
Non-Emergency telephone: 1-314-674-6661

Mexico:

Solutia MEXICO, S. DER.L. DE C.V.

Prol. Paseo de la Reforma 2654

Local 501, Piso-5

Col. Lomas Altas

11950 Mexico, D.F.

Emergency telephone: SETIQ: (in Mexico) 01-800-002-1400
Non-Emergency telephone: (in Mexico) 01-55-5259-6800

2. HAZARDS IDENTIFICATION

EMERGENCY OVERVIEW

Form: liquid
Colour: clear to colourless
Odour: characteristic

WARNING STATEMENTS

WARNING!

Causes eye irritation

Causes skin irritation

Causes respiratory tract irritation

Contains material which can cause liver and nerve damage

POTENTIAL HEALTH EFFECTS

THERMINOL® VP1 Heat transfer fluid

Date: 05/16/2009

Canada:

Solutia Canada Inc.

6800 St. Patrick Street

LaSalle, PQ H8N 2H3

Emergency telephone: CANUTEC: 1-613-996-6666
Non-Emergency telephone: 1-314-674-6661

Brazil:

Solutia Brazil Ltd.

Avenue Carlos Marcondes, 1200

CEP: 12241-420-Séao José dos Campos/SP-Brazil
Emergency telephone: 55 12 3932 7100 (PABX)
Non-Emergency telephone: 55 11 3365 1800 (PABX)
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Likely routes of exposure:

Eye contact:

Skin contact:

Inhalation:

Ingestion:

Signs and symptoms of
overexposure:

Target organs/systems:

eye and skin contact
inhalation

Highly irritating to eyes.

Highly irritating to skin.
Prolonged or repeated skin contact may result in irritant dermatitis.

Severely irritating if inhaled.

No more than slightly toxic if inhaled.

Significant adverse health effects are not expected to develop under normal
conditions of exposure.

No more than slightly toxic if swallowed.
Significant adverse health effects are not expected to develop if only small
amounts (less than a mouthful) are swallowed.

headache
fatigue
nausea/vomiting
indigestion
abdominal pain
tremors

May cause liver damage
May cause nerve damage

Refer to Section 11 for toxicological information.

3. COMPOSITION/INFORMATION ON INGREDIENTS

Components

diphenyl ether
biphenyl

Page 2/8

Date: 05/16/2009
Version 5.3/E

CAS No. Average Concentration Units
concentration range

101-84-8 735 %

92-52-4 26.5 %

4. FIRST AID MEASURES

If in eyes:

If on skin:

If inhaled:

Immediately flush with plenty of water for at least 15 minutes.
If easy to do, remove any contact lenses.

Get medical attention.

Remove material from skin and clothing.

Immediately flush the area with plenty of water.
Remove contaminated clothing.

Wash skin gently with soap as soon as it is available.
Get medical attention.

Wash clothing before reuse.

Remove patient to fresh air.

If not breathing, give artificial respiration.

If breathing is difficult give oxygen.

Remove material from eyes, skin and clothing.
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If swallowed: Immediate first aid is not likely to be required.

A physician or Poison Control Center can be contacted for advice.
Wash heavily contaminated clothing before reuse.

5. FIRE FIGHTING MEASURES

Fire point: 127 C

Hazardous products of combustion: carbon monoxide (CO); carbon dioxide; hydrocarbons

Extinguishing media: Water spray, foam, dry chemical, or carbon dioxide

Unusual fire and explosion hazards: None known

Fire fighting equipment: Firefighters, and others exposed, wear self-contained breathing apparatus.
Equipment should be thoroughly decontaminated after use.

Miscellaneous advice: This product is not classified as a fire-resistant heat transfer fluid.

Precautions to avoid sources of ignitions should be taken.

6. ACCIDENTAL RELEASE MEASURES

Personal precautions: Use personal protection recommended in section 8.

Environmental Keep out of drains and water courses.
precautions:

Methods for cleaning up:  Contain large spills with dikes and transfer the material to appropriate containers for
reclamation or disposal. Absorb remaining material or small spills with an inert material
and then place in a chemical waste container. Flush spill area with water.

Refer to Section 13 for disposal information and Sections 14 and 15 for reportable quantity information.

7. HANDLING AND STORAGE

Handling
Avoid contact with eyes, skin and clothing.

Avoid breathing vapour or mist.

Keep container closed.

Use with adequate ventilation.

Wash thoroughly after handling.

Precautions against ignitions and fire should be taken with this product.
Heat transfer fluids are intended for INDIRECT heating purposes ONLY.
This product has not been approved for food grade use.

Emptied containers retain vapour and product residue. Observe all recommended safety precautions until container
is cleaned, reconditioned or destroyed. Do not cut, drill, grind or weld on or near this container. The reuse of this
material's container for non industrial purposes is prohibited and any reuse must be in consideration of the data
provided in this material safety data sheet.

Storage
General: Stable under normal conditions of handling and storage.

8. EXPOSURE CONTROLS/PERSONAL PROTECTION
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Airborne exposure limits:  (ml/m3 = ppm)

THERMINOL® VP1 No specific occupational exposure limit has been established.

biphenyl ACGIH TLV: 0.2 ml/m3; mist; 8-hr TWA
OSHA PEL: 0.2 ml/m3; 1.0 mg/m3; ; 8-hr TWA
Mexican OEL: 0.2 mI/m3; 1.5 mg/m3; ; 8-hr TWA
Mexican OEL: 0.6 mI/m3; 4 mg/m3; ; 15-min STEL

diphenyl ether ACGIH TLV: 1 ml/m3; ; 8-hr TWA
ACGIH TLV: 2 ml/m3; ; 15-min STEL
OSHA PEL: 1 ml/m3; 7 mg/m3; ; 8-hr TWA
Mexican OEL: 1 mI/m3; 7 mg/m3; ; 8-hr TWA
Mexican OEL: 2 ml/m3; 14 mg/m3; ; 15-min STEL

Eye protection: Wear safety goggles.
Have eye flushing equipment available.

Hand protection: Wear chemical resistant gloves.
Consult the glove/clothing manufacturer to determine the appropriate type
glove/clothing for a given application.
See Solutia Glove Facts for permeation data.

Body protection: Wear suitable protective clothing.
Consult the glove/clothing manufacturer to determine the appropriate type
glove/clothing for a given application.
Wear full protective clothing if exposed to splashes.
Wash contaminated skin promptly.
Launder contaminated clothing and clean protective equipment before reuse.
Wash thoroughly after handling.
Have safety shower available at locations where skin contact can occur.

Respiratory protection: Avoid breathing vapour or mist.
Use approved respiratory protection equipment (full facepiece recommended) when
airborne exposure limits are exceeded.
If used, full facepiece replaces the need for face shield and/or chemical goggles.
Consult the respirator manufacturer to determine the appropriate type of equipment for
a given application.
Observe respirator use limitations specified by the manufacturer.

Ventilation: Provide natural or mechanical ventilation to control exposure levels below airborne
exposure limits.
If practical, use local mechanical exhaust ventilation at sources of air contamination
such as processing equipment.

Components referred to herein may be regulated by specific Canadian provincial legislation. Please refer to exposure
limits legislated for the province in which the substance will be used.

9. PHYSICAL AND CHEMICAL PROPERTIES

Flash point: 110C Pensky-Martens closed tester
124 C Cleveland Open Cup
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Autoignition temperature: 612 C ASTM D-2155

Density: 1.06g/cm3 @ 25C

Boiling point : 257 C

Crystallising point : 12C

Water solubility: ~25 mgl/l

NOTE: These physical data are typical values based on material tested but may vary from sample to sample.
Typical values should not be construed as a guaranteed analysis of any specific lot or as specifications for the

product.

10. STABILITY AND REACTIVITY

Conditions to avoid:
Materials to avoid:
Hazardous reactions:

Hazardous decomposition
products:

All sources of ignition.
Contact with strong oxidizing agents.
Hazardous polymerization does not occur.

None known;

11. TOXICOLOGICAL INFORMATION

This product has been tested for toxicity. Results from Solutia sponsored studies or from the available public

literature are described below.

Acute animal toxicity data
Oral:

Dermal:

Inhalation:
Skin irritation:

Repeat dose toxicity:

Repeat dose toxicity:

Target organs affected
Repeat dose toxicity:
Target organs affected

Developmental toxicity:

LD50, rat, 2,050 mg/kg , No more than slightly toxic

LD50, rabbit, > 5,010 mg/kg , Practically nontoxic after skin application in animal
studies.

LC50, rat, 2.66 mg/l, 4 h, Toxic based on animal inhalation exposure studies.
rabbit , Slightly irritating to skin., 24 h

rat, , inhalation, 13 weeks, , Produced effects on body weight, serum enzymes
and/or organ weights in repeat dose studies.

rat, , gavage, 26 weeks, , Produced effects on body weight, serum enzymes
and/or organ weights in repeat dose studies. Effects only observed at very high
dose levels.

kidneys, liver, spleen

rat, , diet, subchronic, , Repeated oral exposure produced liver and kidney
changes in animal models.
liver, kidneys

rat, gavage, , No effects on offspring observed in laboratory animals in the
presence of maternal toxicity.
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Mutagenicity: No genetic effects were observed in standard tests using bacterial and animal cells.

Components

Data from Solutia studies and/or the available scientific literature on the components of this material which have
been identified as hazardous chemicals under the criteria of the OSHA Hazard Communication Standard (29 CFR
1910.1200) or the Canadian Hazardous Products Act are discussed below.

biphenyl Chronic exposure has been reported to cause headache, fatigue, nausea, indigestion,
abdominal pain, tremor, central and peripheral nerve damage and liver injury.
Slightly toxic following oral administration.
Practically nontoxic after skin application in animal studies.
Practically non irritating to skin (rabbit).
Slightly irritating to eyes (rabbit).
No mortality or signs of toxicity at the highest level achievable.
Irritating to respiratory system in animal models.
Produced effects on body weight, serum enzymes and/or organ weights in repeat dose
studies.
Produced no dermal sensitization (guinea pigs).
No effects on offspring observed in laboratory animals in the presence of maternal
toxicity.
No genetic effects were observed in standard tests using bacterial and animal cells.

diphenyl ether Predictive patch testing on human volunteers did not produce irritation or sensitization.
Slightly toxic following oral administration.
Practically nontoxic after skin application in animal studies.
Slightly irritating to eyes (rabbit).
Slightly irritating to skin (rabbit).
Repeated exposure produced respiratory tract irritation in animal models.
Repeated exposure produced eye irritation in animal models.
No genetic effects were observed in standard tests using bacterial and animal cells.

12. ECOLOGICAL INFORMATION

Environmental Toxicity

Invertebrates 48 h, EC50 Water flea (Daphnia magna) 2.4 mg/l

Fish: 96 h, LC50 Rainbow trout (Oncorhynchus mykiss) 7.6 mg/I
96 h, LC50 Fathead minnow (Pimephales promelas) 24 mg/l

Algae: 96 h, EC50 Algae (Selenastrum capricornutum) 1.3 mg/I

Biodegradation Modified SCAS (OECD 302A) Primary degradation 99 %

13. DISPOSAL CONSIDERATIONS

US EPA RCRA Status: This material when discarded may be a hazardous waste as that term is defined by the
Resource Conservation and Recovery Act (RCRA), 40 CFR 261.24, due to its toxicity
characteristic. This material should be analyzed in accordance with Method 1311 for the
compound(s) below.

US EPA RCRA D018 Compound/Characteristic: BENZENE
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hazardous waste number:

Disposal considerations:  Incineration

Date: 05/16/2009
Version 5.3/E

Miscellaneous advice: This product meets the criteria for a synthetic used oil under the U.S. EPA Standards for
the Management of Used Qil (40 CFR 279). Those standards govern recycling and
disposal in lieu of 40 CFR 260 -272 of the Federal hazardous waste program in states
that have adopted these used oil regulations. Consult your attorney or appropriate
regulatory official to be sure these standards have been adopted in your state. Recycle or
burn in accordance with the applicable standards.

Solutia operates a used fluid return program for certain fluids under these used oil
standards. Contact your Sales Representative for details.
This product should not be dumped, spilled, rinsed or washed into sewers or public

waterways.

14. TRANSPORT INFORMATION

The data provided in this section is for information only. Please apply the appropriate regulations to properly

classify your shipment for transportation.

US DOT
Proper shipping name:

Hazard Class:

Hazard Identification number:
Packing Group:

Transport label:

Special provisions:

Other:

Canadian TDG
Other:

Reportable Quantity/Limit
US DOT RQ 100 Ib biphenyl

ENVIRONMENTALLY HAZARDOUS SUBSTANCE, LIQUID, N.O.S.
biphenyl

9

UN3082

Packing Group 111

Class 9

This material meets the definition of a marine pollutant.

Applies ONLY to containers with an RQ or for shipments in bulk via
water transportation.

Not regulated for transport.

Package size containing reportable amount: 377 Ib

ICAO/IATA Class
Other:

See DOT Information

15. REGULATORY INFORMATION

All components are in compliance with
the following inventories:

Canadian WHMIS classification:

SARA Hazard Notification:

Hazard Categories Under Title 111
Rules (40 CFR 370):

U.S. TSCA, EU EINECS, Canadian DSL, Australian AICS, Korean,
Japanese ENCS, Phillipine PICCS, Chinese

D2(A) - Materials Causing Other Toxic Effects
D2(B) - Materials Causing Other Toxic Effects

Immediate
Delayed
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Section 302 Extremely Hazardous Not applicable
Substances:
Section 313 Toxic Chemical(s): biphenyl

CERCLA Reportable Quantity:
100 Ibs biphenyl

For this/these chemicals, release of more than the Reportable Quantity to the environment in a 24 hour period
requires notification to the National Response Center (800-424-8802 or 202-426-2675).

This product has been classified in accordance with the hazard criteria of the Canadian Controlled Products
Regulation and the MSDS contains all the information required by the Canadian Controlled Products Regulation.
Refer to Section 11 for OSHA/HPA Hazardous Chemical(s) and Section 13 for RCRA classification.

Safety data sheet also created in accordance with Brazilian law NBR 14725

16. OTHER INFORMATION

Product use: Heat transferring agents
Reason for revision: Routine review and update
Health Fire Reactivity Additional Information
Suggested NFPA Rating 2 1 0
Suggested HMIS Rating: 2 1 0 G

Prepared by the Solutia Hazard Communication Group. Please consult Solutia @ 314-674-6661 if further
information is needed.

TM, ® is a registered trademark of Solutia Inc.
SOLUTIA is a trademark of Solutia Inc.
Responsible Care® is a registered trademark of the American Chemistry Council.

Although the information and recommendations set forth herein (hereinafter "Information™) are presented
in good faith and believed to be correct as of the date hereof, Solutia Inc. makes no representations as to
the completeness or accuracy thereof. Information is supplied upon the condition that the persons
receiving same will make their own determination as to its suitability for their purposes prior to use. In no
event will Solutia Inc. be responsible for damages of any nature whatsoever resulting from the use of or
reliance upon Information. NO REPRESENTATIONS OR WARRANTIES, EITHER EXPRESS OR
IMPLIED, OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR OF ANY
OTHER NATURE ARE MADE HEREUNDER WITH RESPECT TO INFORMATION OR THE
PRODUCT TO WHICH INFORMATION REFERS.
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5. Biomass Conversion Technologies

In the context of this document, biomass conversion refers to the process of converting biomass
into energy that will in turn be used to generate electricity and/or heat. The principal categories of
biomass conversion technologies for power and heat production are direct-fired and gasification systems.
Within the direct-fired category, specific technologies include stoker boilers, fluidized bed boilers, and
cofiring. Within the gasification category, specific technologies include fixed bed gasifiers and fluidized
bed gasifiers. Anaerobic digesters are also considered a biomass conversion technology; however,
extensive information about digesters is readily available from EPA’s AgSTAR Program
<www.epa.gov/agstar> and therefore, will not be discussed within this chapter.

Biomass power systems are typically below 50 MW in size, compared to coal-fired plants, which
are in the 100- to 1,000-MW range. Most of today’s biomass power plants are direct-fired systems. The
biomass fuel is burned in a boiler to produce high-pressure steam that is used to power a steam turbine-
driven power generator. In many applications, steam is extracted from the turbine at medium pressures
and temperatures and is used for process heat, space heating, or space cooling. Cofiring involves
substituting biomass for a portion of the coal in an existing power plant boiler. It is the most economic
near-term option for introducing new biomass power generation. Because much of the existing power
plant equipment can be used without major modifications, cofiring is far less expensive than building a
new biomass power plant. Compared to the coal it replaces, biomass reduces SO,, NOx, CO,, and other
air emissions.

Biomass gasification systems operate by heating biomass in an environment where the solid
biomass breaks down to form a flammable gas. The gas produced—synthesis gas, or syngas—can be
cleaned, filtered, and then burned in a gas turbine in simple or combined-cycle mode, comparable to LFG
or biogas produced from an anaerobic digester. In smaller systems, the syngas can be fired in
reciprocating engines, microturbines, Stirling engines, or fuel cells. Gasification technologies using
biomass byproducts are popular in the pulp and paper industry where they improve chemical recovery and
generate process steam and electricity at higher efficiencies and with lower capital costs than
conventional technologies. Pulp and paper industry byproducts that can be gasified include hogged wood,
bark, and spent black liquor.

Table 5-1 provides a summary of biomass conversion technologies for producing heat and power.

Table 5-1. Summary of Biomass CHP Conversion Technologies

Biomass Conversion Common Fuel Types Feed Moisture Capacity Range
Technology Size Content
Stoker grate, Sawdust, bark, chips, hog | 0.25-2in. | 10-50% | 4 to 300 MW (many in
underfire stoker fuel, shavings, end cuts, the 20 to 50 MW range)
boilers sander dust
Fluidized bed boiler Wood residue, peat, wide <2in. < 60% Up to 300 MW (many in
variety of fuels the 20 to 25 MW range)
Cofiring—pulverized | Sawdust, bark, shavings, <0.25in. | <25% Up to 1000 MW
coal boilers sander dust
Cofiring—stoker, Sawdust, bark, shavings, <2in. 10-50% | Up to 300 MW
fluidized bed boilers hog fuel
Fixed bed gasifier Chipped wood or hog fuel, | 0.25-4in. | <20% Up to 50 MW
rice hulls, shells, sewage
sludge
Fluidized bed gasifier | Most wood and agriculture | 0.25-2 in. | 15-30% | Up to 25 MW
residues

Source: Based on Wright, 2006.
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Modular systems employ some of the same technologies mentioned above, but on a smaller scale
that is more applicable to farms, institutional buildings, and small industry. A number of modular systems
are now under development and could be most useful in remote areas where biomass is abundant and
electricity is scarce.

5.1 Direct-Fired Systems

The most common utilization of solid fuel biomass is direct combustion with the resulting hot
flue gases producing steam in a boiler—a technology that goes back to the 19" century. Boilers today
burn a variety of fuels and continue to play a major role in industrial process heating, commercial and
institutional heating, and electricity generation. Boilers are differentiated by their configuration, size, and
the quality of the steam or hot water produced. Boiler size is most often measured by the fuel input in
MMBtu per hour (MMBtu/hr), but it may also be measured by output in pounds of steam per hour.
Because large boilers are often used to generate electricity, it can also be useful to relate boiler size to
power output in electric generating applications. Using typical boiler and steam turbine generating
efficiencies, 100 MMBtu/hr heat input provides about 10 MW electric output.

The two most commonly used types of boilers for biomass firing are stoker boilers and fluidized
bed boilers. Either of these can be fueled entirely by biomass fuel or cofired with a combination of
biomass and coal. The efficiency, availability, operating issues, equipment and installed costs, O&M
requirements and costs, and commercial status of each of these options are discussed below.

5.1.1 Boilers

Characterization

Stoker Boilers

Stoker boilers employ direct fire combustion of solid fuels with excess air, producing hot flue
gases, which then produce steam in the heat exchange section of the boiler. The steam is used directly for
heating purposes or passed through a steam turbine generator to produce electric power. Stoker-fired
boilers were first introduced in the 1920s for coal; in the late 1940s the Detroit Stoker Company installed
the first traveling grate spreader stoker boiler for wood. Mechanical stokers are the traditional technology
that has been used to automatically supply solid fuels to a boiler. All stokers are designed to feed fuel
onto a grate where it burns with air passing up through it. The stoker is located within the furnace section
of the boiler and is designed to remove the ash residue after combustion. Stoker units use mechanical
means to shift and add fuel to the fire that burns on and above the grate located near the base of the boiler.
Heat is transferred from the fire and combustion gases to water tubes on the walls of the boiler.

Modern mechanical stokers consist of four elements, 1) a fuel admission system, 2) a stationary
or moving grate assembly that supports the burning fuel and provides a pathway for the primary
combustion air, 3) an overfire air system that supplies additional air to complete combustion and
minimize atmospheric emissions, and 4) an ash discharge system. Figure 5-1 illustrates the different
sections of a stoker boiler.

A successful stoker installation requires selecting the correct size and type of stoker for the fuel
being used and for the load conditions and capacity being served. Stoker boilers are typically described by
their method of adding and distributing fuel. There are two general types of systems—underfeed and
overfeed. Underfeed stokers supply both the fuel and air from under the grate, while overfeed stokers
supply fuel from above the grate and air from below. Overfeed stokers are further divided into two
types—mass feed and spreader. In the mass feed stoker, fuel is continuously fed onto one end of the grate
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surface and travels horizontally across the Figure 5-1. Cut-Away View of a Traveling Grate
grate as it burns. The residual ash is Stoker Boiler

discharged from the opposite end.

Combustion air is introduced from below

the grate and moves up through the burning

bed of fuel. In the spreader stoker, the most

common type of stoker boiler, combustion

air is again introduced primarily from

below the grate but the fuel is thrown or

spread uniformly across the grate area. The

finer particles of fuel combust in

suspension as they fall against the upward

moving air. The remaining heavier pieces

fall and burn on the grate surface, with any

residual ash removed from the discharge

end of the grate. Chain grate, traveling

grate, and water-cooled vibrating grate

stokers are other less common

configurations that use various means to

maintain an even, thin bed of burning fuel

on the grate. Other specialized stoker Source: ORNL, 2002.

boilers include balanced draft, cyclone-

fired, fixed bed, shaker hearth, tangential-fired, and wall-fired. Practical considerations limit stoker size
and, consequently, the maximum steam generation rates. For coal firing, this maximum is about 350,000
pounds per hour (Ib/hr); for wood or other biomass firing it is about 700,000 Ib/hr.

Underfeed Stokers

Underfeed stokers supply both fuel and primary combustion air from beneath the grate so that the
top of the fuel pile is not cooled by cold and moist fuel or cold air. The fuel is moved into a hopper and
onto the grate by either a screw- or ram-driven mechanism. Underfeed stokers push the fuel into the
bottom of the bed of fuel while heat causes volatilization and complete combustion of the fuel by the time
it rises to the top of the bed as ash and is discharged. As the fuel moves out over the grate where it is
exposed to air and radiant heat, it Figure 5-2. Cross Section of Underfeed, Side-Ash
begins to burn and transfer heat to Discharge Stoker
the water tubes. As with any
combustion process, ash accumulates
as the fuel, is burned. The two basic
types of underfeed stokers are: 1) the
horizontal-feed, side-ash discharge
type and 2) the gravity-feed, rear-ash
discharge type. A cross-section of an
underfeed, side-ash discharge stoker
is shown in Figure 5-2. The demand
for underfeed stokers has diminished
due to cost and environmental
considerations. Underfeed stokers are
best suited for relatively dry fuel
(under 40 to 45 percent moisture.)

Source: ORNL, 2002.
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Overfeed Stokers

Overfeed stokers are generally classified by the way the fuel is distributed and burned within the
boiler. The primary designations are mass-feed or spreader stokers. Mass-feed stokers introduce fuel
continuously at one end of a grate. As the fuel moves into the boiler, it falls onto the grate by gravity. To
control the amount of fuel that enters the boiler, a gate can be moved up or down, or the speed at which
the fuel moves beneath the gate can be adjusted. Inside the boiler, the fuel burns as it travels along the
grate. Primary combustion air

flows upward from beneath the Figure 5-3. Cross Section of Overfeed, Water-Cooled,

grate and through the burning Vibrating-Grate, Mass-Feed Stoker
bed of fuel, allowing for
complete combustion. Any ash
that remains on the grate is
then discharged at the opposite
end of the system. The two
primary mass-feed stokers are
1) water-cooled vibrating grate
and 2) moving (chain and
traveling) grate stokers. A
cross-section of an overfeed,
water-cooled vibrating grate
mass-fed stoker is presented in
Figure 5-3. Source: ORNL, 2002.

Spreader Stokers

Spreader stokers are the most commonly used stokers because of their versatility. They are
capable of distributing fuel evenly and to a uniform depth over the entire grate surface by using a device
that propels the individual fuel particles into the air above the grate. Methods used to propel the fuel
particles include air injection and underthrow and overthrow rotors. As the fuel is thrown into the boiler,
fine particles ignite and burn while suspended in the combustion air. Due to suspension burning, response
times of spreader stokers are better than for mass feed or underfeed stokers. The coarser particles that fall
onto the grate end up burning in a thin bed of fuel on the grate. Primary combustion air is supplied from
beneath the grate. Because the fuel is evenly distributed across the active grate area, the combustion air is
uniformly distributed under and through the grate. A portion of the total combustion air is admitted
through ports above the grate as overfire air, completing the combustion process. Grates for spreader
stokers are generally designed to move rather than remain stationary. Therefore, traveling grates, air-
cooled vibrating grates, and water-cooled vibrating grates are designs that have been used effectively.
Modern boilers with spreader stokers incorporate:

e Equipment that distributes fuel uniformly over the grate.
o Specially designed air-metering grates.
e Dust collection and reinjection equipment.

e Forced draft fans for both undergrate and overfire air.

« Combustion controls to coordinate fuel and air supply with steam demand.>

0 ORNL, 2002.
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Along with the fuel feed system and furnace section geometry, air system design plays an
important role in efficient and complete combustion of biomass fuels in stoker boilers. Excess air for
bark, wood, and most biomass fuels is set at 25 percent or above for stoker firing. Because biomass fuels
are typically highly volatile on a dry basis, are heterogeneous in size, and more often burn in suspension
compared to coal, biomass combustion air systems are designed to provide more overfire air than those
used for coal. Modern designs use undergrate and overfire quantities of 40 and 60 percent, respectively.

Fluidized Bed Boilers

Fluidized bed boilers are the most recent type of boiler developed for solid fuel combustion. The
primary driving force for development of fluidized bed combustion is reduced SO, and NO, emissions
from coal combustion. As the technology developed, it became apparent that the process could efficiently
burn biomass and other low-grade fuels that are difficult or impractical to burn with conventional
methods.

In this method of combustion, fuel is burned in a bed of hot inert, or incombustible, particles
suspended by an upward flow of combustion air that is injected from the bottom of the combustor to keep
the bed in a floating or “fluidized” state. The scrubbing action of the bed material on the fuel enhances the
combustion process by stripping away
the CO, and solids residue (char) that Figure 5-4. Cut-Away View of a Fluidized Bed
normally forms around the fuel particles. Combustion Boiler
This process allows oxygen to reach the
combustible material more readily and
increases the rate and efficiency of the
combustion process. One advantage of
mixing in the fluidized bed is that it
allows a more compact design than in
conventional water tube boiler designs.

Natural gas or fuel oil can also be used as

a start-up fuel to preheat the fluidized

bed or as an auxiliary fuel when

additional heat is required. The effective

mixing of the bed makes fluidized bed

boilers well-suited to burn solid refuse,

wood waste, waste coals, and other non-

standard fuels. Figure 5-4 shows the

components of a fluidized bed Source: Babcock & Wilcox, 2005.
combustion boiler.

The fluidized bed combustion process provides a means for efficiently mixing fuel with air for
combustion. When fuel is introduced to the bed, it is quickly heated above its ignition temperature,
ignites, and becomes part of the burning mass. The flow of air and fuel to the dense bed is controlled so
that the desired amount of heat is released to the furnace section on a continuous basis. Typically,
biomass is burned with 20 percent or higher excess air. Only a small fraction of the bed is combustible
material; the remainder is comprised of inert material, such as sand. This inert material provides a large
inventory of heat in the furnace section, dampening the effect of brief fluctuations in fuel supply or
heating value on boiler steam output.

Fuels that contain a high concentration of ash, sulfur, and nitrogen can be burned efficiently in

fluidized bed boilers while meeting stringent emission limitations. Due to long residence time and high
intensity of mass transfer, fuel can be efficiently burned in a fluidized bed combustor at temperatures
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considerably lower than in conventional combustion processes (1,400 to 1,600° F compared to 2,200° F
for a spreader stoker boiler). The lower temperatures produce less NOy, a significant benefit with high
nitrogen-content wood and biomass fuels. SO, emissions from wood waste and biomass are generally
insignificant, but where sulfur contamination of the fuel is an issue, limestone can be added to the fluid
bed to achieve a high degree of sulfur capture. Fuels that are typically contaminated with sulfur include
construction debris and some paper mill sludges.

Fluidized bed boilers are categorized as either atmospheric or pressurized units. Atmospheric
fluidized bed boilers are further divided into bubbling-bed and circulating-bed units; the fundamental
difference between bubbling-bed and circulating-bed boilers is the fluidization velocity (higher for
circulating). Circulating fluidized bed boilers separate and capture fuel solids entrained in the high-
velocity exhaust gas and return them to the bed for complete combustion. Atmospheric-pressure bubbling
fluidized bed boilers are most commonly used with biomass fuels. The type of fluid bed selected is a
function of the as-specified heating value of the biomass fuel. Bubbling bed technology is generally
selected for fuels with lower heating values. The circulating bed is most suitable for fuels of higher
heating values.

In a pressurized fluidized bed boiler, the entire fluidized bed combustor is encased inside a large
pressure vessel. Burning solid fuels in a pressurized fluidized bed boiler produces a high-pressure stream
of combustion gases. After the combustion gases pass through a hot gas cleanup system, they are fed into
a gas turbine to make electricity, and the heat in the hot exhaust gas stream can be recovered to boil water
for a steam turbine. Therefore, a pressurized fluidized bed boiler is more efficient, but also more
complicated and expensive. Capital costs of pressurized fluidized bed combustion technology are higher
than atmospheric fluidized beds.

Efficiency

Boiler efficiency is defined as the percentage of the fuel energy that is converted to steam energy.
Major efficiency factors in biomass combustion are moisture content of the fuel, excess air introduced
into the boiler, and the percentage of uncombusted or partially combusted fuel. According to the Council
of Industrial Boiler Owners (CIBO), the general efficiency range of stoker and fluidized bed boilers is
between 65 and 85 percent efficient.” Fuel type and availability have a major effect on efficiency because
fuels with high heating values and low moisture content can yield efficiencies up to 25 percent higher
than fuels having low heating values and high-moisture contents.

Biomass boilers are typically run with a considerable amount of excess air so that they can
achieve complete combustion, but this has a negative impact on efficiency. A CIBO rule of thumb
indicates that boiler efficiency can be increased 1 percent for each 15 percent reduction in excess air.>

Table 5-2 compares the efficiency of a biomass stoker and a fluidized bed boiler that are operated
with 50 percent excess air with a final flue gas exit temperature of 350° F. The efficiencies are estimated
based on the heat-loss method, which is a way of determining boiler efficiency by measuring the
individual heat losses (expressed as a percent of heat input) and subtracting them from 100 percent. As
can be seen in the table, the largest energy loss in a boiler is the heat that leaves the stack. This loss could
amount to as much as 30 to 35 percent of the fuel input in older, poorly maintained boilers. The table
shows that decreasing fuel moisture content from 30 to 0 percent increases thermal efficiency by about 6
percentage points. This estimate assumes that the air-fuel ratio is maintained by adjusting air input based
on the input moisture content. If the quantity of air is not reduced when wetter fuel enters the boiler then
efficiency will drop even more as fuel moisture is increased.

%1 Council of Industrial Boiler Owners, 1997.
2 ORNL, 2002.
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The primary difference in efficiency between a stoker boiler and a fluidized bed boiler is the
amount of fuel that remains unburned. As shown in Table 5-2, the efficiency of fluidized bed boilers
compares favorably with stoker boilers due to lower combustion losses. Stoker boilers can have 30 to 40
percent carbon in the ash and additional volatiles and CO in the flue gases, while fluidized bed boiler
systems typically achieve nearly 100 percent fuel combustion. The turbulence in the combustor combined
with the thermal inertia of the bed material provide for complete, controlled, and uniform combustion.
These factors are key to maximizing the thermal efficiency, minimizing char, and controlling emissions.

Table 5-2. Biomass Boiler Efficiency as a Function of Input Fuel and Combustion Characteristics

Biomass Stoker Biomass Fluidized Bed

Characteristics Dry As Received Dry As Received
Excess air (%) 50 50 50 50
Dry flue gas (Ib/lb fuel) 15.25 10.675 15.25 10.675
Final exhaust temp (°F) 350 350 350 350
High heating value (HHV) of the fuel (Btu/lb) 8,500 5,950 8,500 5,950
Moisture content of fuel (%) 0 30 0 30
Hydrogen percent in the fuel (%) 4.59 3.21 4.59 3.21
Efficiency Losses

Dry flue gas losses (%) 11.63 11.63 11.63 11.63
Moisture in fuel (%) 0.00 5.90 0.00 5.90
Latent heat (%) 5.69 5.69 5.69 5.69
Unburned fuel (%) (1) 3.50 3.50 0.25 0.25
Radiation and miscellaneous (%) (2) 2.03 2.03 2.03 2.03
Total Combustion Losses (%) 22.85 28.74 19.60 25.49
Boiler Efficiency HHV Basis (%) 77.15 71.26 80.40 74.51

(1) Estimated
(2) Includes radiation, moisture in air, and other miscellaneous issues.

When considering factors that influence boiler performance, it should be noted that efficiency is
not constant throughout the entire operating range of a boiler. Peak efficiency generally occurs at a
particular boiler output that is determined by design characteristics. Whenever boiler operations deviate
from this output, the resulting performance is usually below peak efficiency. Operating continuously at
peak efficiency is not practical due to seasonal demands, load variations and fuel property variations;
however, operating at a steady load and avoiding cyclic or on-off operation can improve efficiency.

Operating Availability>®
Typically, both stoker and fluidized boilers are designed for continuous operation, and design

performance is in the 90+ percent availability range. Seasonal variability in fuel availability and/or quality
can affect the plant availability, but this is a feedstock issue, not an issue of boiler performance. A well

*% The availability of a power generation system is the percentage of time that the system can operate, or is
“available” to operate. Both planned maintenance and unplanned outages have a negative effect upon system
availability. Therefore an availability of 100% would represent a system that never broke down or needed
maintenance (impossible to achieve in real operation).

5. Biomass Conversion Technologies 36



EPA Combined Heat and Power Partnership Biomass CHP Catalog

designed biomass steam system has a reasonable expectation of operating in the 92 to 98 percent
availability range.**

Operating Advantages and Disadvantages

Stoker and fluidized bed boilers have specific operating advantages and disadvantages with
biomass fuels depending on the fuel characteristics and site requirements. Biomass fuels are extremely
variable in terms of heating value, moisture content, and other factors that affect combustion. Wood and
most other biomass fuels are composed primarily of cellulose and moisture. As discussed previously, the
high proportion of moisture is significant because it acts as a heat sink during the combustion process.
The latent heat of evaporation depresses flame temperature, taking heat energy away from steam
production, and contributing to the difficulty of efficiently burning biomass fuels. Cellulose, in addition to
containing the chemical energy released in combustion, contains fuel-bound oxygen. This oxygen
decreases the theoretical air requirements for combustion and, accordingly, the amount of nitrogen
included in the products of combustion. A few general guidelines for direct firing of wood and biomass in
boilers include:

e Maintain stable combustion, which can be achieved in most water-cooled boilers with fuel
moisture contents as high as 65 percent by weight, as received.

e Use of preheated combustion air reduces the time required for fuel drying prior to ignition
and is essential to spreader stoker combustion systems. Design air temperatures will vary
directly with moisture content.

e A high proportion of the combustible content of wood and other biomass fuels burns in the
form of volatile compounds. A large proportion of the combustion air requirement, therefore,
is added above the fuel in stoker and other conventional combustion boilers as overfire air.

e Solid chars produced in the initial stages of combustion of biomass fuels are of very low
density. Conservative selection of furnace section size is used to reduce gas velocity and keep
char entrainment into the flue gases and possibly out the stack at acceptable levels.

To ensure smooth fuel feeding, biomass fuels have to be carefully sized and processed. As
discussed above, the moisture content of wood and other biomass waste can vary over a wide range, from
10 percent to more than 60 percent. To ensure steady heat input into the boiler using volumetric feeders,
efficient homogenization of fuel with different moisture contents at the fuel yard is a necessity.

Biomass-based fuels can increase the risk of slagging and fouling of heat transfer surfaces and, in
some cases, the risk of fireside corrosion as well. Potassium ash content is relatively high in fresh wood,
green particles, and fast-growing biomass, which causes the ash to melt at low temperatures and leads to a
tendency for fouling and slagging. Additionally, biomass fuels can contain chlorine, which, together with
alkalis, can induce aggressive corrosion.

Table 5-3 provides a comparison of combustion characteristics and fuel issues for stoker and
fluidized bed boilers. Stoker boilers have been around for a long time and are a relatively basic
technology, whereas fluidized bed technology is newer and more complex, but offers more flexibility and
operating control. Fluidized bed systems offer significant operating flexibility because they can operate
under a wide range of load conditions. The thermal inertia of the bed material allows it to withstand
changes in moisture and heating content of the fuel without negative impacts. Additionally, the low fuel

> Energy Products of Idaho, a company that provides fluidized bed boilers, has reported operating availabilities of
98 percent for their units, <www.energyproducts.com/fluidized_bed_combustors.htm>.
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inventory present in the unit makes it responsive to variable loads. Another advantage is that the fluidized
bed can also maintain efficiency during system turn-down. Fluidized bed manufacturers have reported
that the operating flexibility of their units has allowed their customers to take advantage of utility
incentive programs for generation that follows electric demand.>

Table 5-3. Comparison of Stoker and Fluidized Bed Boilers

Boiler Type

Feature

Stoker

Fluidized Bed

Combustion Mechanism

Flow of solid fuel

Transported on stoker

Fluidized by combustion air and
circulated through the combustion
chamber and cyclone

Combustion zone

On the stoker

Entire area of the combustion furnace

Mass transfer

Slow

Active vertical movement-mass and
heat transfer

Combustion Control

Responsiveness Slow response Quick response
Excess air control Difficult Possible

Fuel Issues

Applicability to various fuels | Fair High

Fuel pretreatment

Generally not necessary

Lumps must be crushed

Environmental Factors

Low sulfur oxide (SOy)

In-furnace desulfurization not

High rate of in-furnace desulfurization

combustion possible
Low NO, combustion Difficult Inherently low NOy
Appropriate facility size Small Medium to large

Equipment and Installed Costs

A biomass boiler system is a complex installation with many interrelated subsystems. An
integrated steam system will include the fuel prep-yard and handling equipment, the boiler itself, induced
and forced air fans, controls, and water treatment systems. Varying levels of emission control equipment
will normally be needed as well. Most installations will include cyclone separators to capture large fly
ash, a baghouse for fine particulate matter (PM), and a dry scrubber system. NO, emissions control in
stoker boilers is provided by a selective non-catalytic reduction system using urea or ammonia that is
installed in the top of the boiler. Other control equipment includes acid gas removal system, stack, ash
handling, and continuous emissions monitoring equipment if required.

Table 5-4 provides total capital cost estimates (equipment and installation) for both stoker and
circulating fluidized bed steam systems for three biomass fuel feed rates: 100 tons/day, 600 tons/day and
900 tons/day. These feed rates are comparable to steam systems producing 20,000; 150,000 to 185,000;
and 250,000 to 275,000 Ib/hr of steam, respectively, depending on steam temperature and pressure.
Installed costs can vary significantly depending on the scope of the equipment included, output steam
conditions, geographical area, competitive market conditions, site requirements, emission control
requirements, and prevailing labor rates. The estimates presented in the table are budgetary estimates
based on published data and discussions with equipment suppliers and developers. The estimates are

*® Energy Product of Idaho, n.d.
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based on steam conditions that might be typical for a process heating-only application in the small 100
tons/day biomass unit (250 pounds per square inch gauge [psig] saturated steam), and higher steam
pressures (750 psig) for a steam turbine CHP configuration in the larger units. The range of expected cost
variations can be as high as +/- 35 percent depending on the site and system variables listed above. Steam
conditions also have a significant impact on boiler cost; higher temperatures and pressures require thicker
tubes and more expensive materials (see Table 5-5).

Table 5-4. Estimated Installed Capital Costs for a Biomass-Fueled Steam Plant

Biomass Fuel Feed (tons/day)

Characteristics 100 600 900

Biomass heat input (MMBtu/hr) 35.4 297.5 446.3
Steam pressure (psig) 275 750 750

Stoker Boiler Integrated Steam Plant
Steam output (Ib/hr) 20,000 165,000 250,000
Stoker boiler equipment cost $1,195,000 $7,980,000 | $10,790,000
Other equipment and installation $795,000 $10,020,000 | $12,460,000
Total Installed Boiler System Cost $1,990,000 $18,000,000 | $23,250,000
Total Installed Biomass Prep-Yard* $2,640,000 $5,430,000 $7,110,000
Total Installed Steam Plant Cost $4,630,000 $23,430,000 | $30,360,000
Unit Cost ($/Ib steam) $232 $142 $121
Fluidized Bed Integrated Steam Plant

Steam output (Ib/hr) 20,000 175,000 260,000
Fluidized bed boiler equipment cost $6,175,000 $14,490,000 | $19,790,000
Other equipment and installation $795,000 $10,020,000 | $12,460,000
Total Installed Boiler System Cost $6,970,000 $24,510,000 | $32,250,000
Total Installed Biomass Prep-Yard* $2,640,000 $5,430,000 $7,110,000
Total Installed Steam Plant Cost $9,610,000 $29,940,000 | $39,360,000
Unit Cost ($/Ib steam) $480 $171 $151

*Prep-Yard costs are estimated based on the capital cost curve developed in section 4.1.5
Source: Based on data from Antares Group, Inc., 2003; discussion with equipment suppliers and developers.

As shown in Table 5-4, the prep-yard and fuel handling system represents a significant portion of
the total steam system costs, ranging from 15 to 25 percent of the total steam system costs for the larger
sized units and 25 to 50 percent of the total cost of the 100 tons/day steam system. Fluidized bed boiler
equipment costs are higher than the simpler stoker technology; the fluidized bed boiler itself is more than
three times as expensive as a stoker boiler in the smallest size shown; in the larger sizes, the fluidized bed
boiler is 35 to 40 percent more expensive. The unit capital costs ($/lb steam) for a biomass-fueled steam
plant, including the prep-yard costs, are 20 to 25 percent more expensive for the larger fluidized bed
systems. A portion of the higher capital cost is offset by the higher output due to higher efficiency.

The cost of the boiler is also a function of the steam output conditions as shown in Table 5-5.
Generating higher pressure and temperature steam requires special and more expensive alloys and thicker
water tubes. Boilers producing very high pressure steam can be more than twice as expensive as boilers
generating low pressure steam.
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Table 5-5. Effect of Steam Output Conditions on Boiler Capital Costs

Steam Conditions Boiler Cost Factor
150-250 psig 1.0
600-750 psig 1.15-1.25

1,250-1,500 psig 1.5-2.0

Source: Matches, 2003.

O&M Costs

Estimated non-fuel O&M costs for stoker and fluidized bed boiler systems are provided in Table
5-6 for the three steam system sizes, based on published data and discussion with manufacturers. The
O&M costs are evaluated within the context of an integrated plant. Total O&M costs include the labor for
the prep-yard, and labor, materials, and parts for the boiler system itself. Boiler system O&M estimates
were based on an annual non-labor component for spare parts and maintenance equipment assumed to be
2 percent of boiler capital costs. Variable costs for chemicals, water, and electricity needed to run blowers
and auxiliary equipment were assumed to be approximately $0.20 to $0.25 per thousand pounds of steam
output.

Table 5-6. Annual O&M Costs for a Biomass-Fueled Steam Plant

Biomass Fuel Feed (tons/day)

Characteristics 100 600 ‘ 900

Stoker Boiler Integrated Steam Plant
Steam output (Ib/hr) 20,000 165,000 250,000
Prep-yard labor $400,000 $320,000 $320,000
Boiler section O&M $160,000 $1,095,000 $1,110,000
Total Annual O&M $560,000 $1,415,000 $1,430,000
Total Annual O&M ($/1,000 Ib Steam)* $3.55 $1.09 $0.73

Fluidized Bed Integrated Steam Plant
Steam output (Ib/hr) 20,000 175,000 260,000
Prep-yard labor $400,000 $320,000 $320,000
Boiler section O&M $260,000 $1,190,000 $1,205,000
Total Annual O&M $660,000 $1,510,000 $1,525,000
Total Annual O&M, ($/1,000 Ib Steam)* $4.19 $1.09 $0.74

*Based on 90 to 95 percent steam system capacity factor.
Source: Based on data from Antares Group, Inc., 2003; discussions with developers.

As shown in Table 5-6, the two boiler types are assumed to have the identical prep-yard labor
requirement for the same output. The 100 tons/day plant uses a less automated system, so the labor
requirement is higher than for the larger plants using an automated prep-yard. On a unit cost basis, O&M
costs are higher for the fluidized bed boiler in the 100 tons/day size, but equal to the stoker boiler O&M
costs for the two larger sizes.

Commercialization Status

Stoker boilers have long been a standard technology for biomass as well as coal, and are offered
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by a number of manufacturers. Fluidized bed boilers are a more recent technology, but are also
commercially available through a number of manufacturers. Until recently, however, fluidized bed boiler
use has been more widespread in Europe than the United States, and many of the suppliers are European-
based.

As shown in Table 5-6, when evaluated within the context of an integrated plant on a unit cost
basis, O&M costs are higher for a smaller circulating fluidized bed processing 100 tons/day, but lower
than the stoker boiler for the two larger sizes evaluated in this study.

Overall Cost and Performance Characteristics

A summary of the cost and performance of typical biomass steam systems is shown in Table 5-7.

Table 5-7. Summary of Biomass Combustion Boiler System Cost and Performance

Biomass Fuel Feed (tons/day)
System 100 600 | 900
Biomass Fuel Characteristics
Energy content (dry) (Btu/lb) 8,500 8,500 8,500
Moisture content (%) 50 30 30
Energy content (as received) (Btu/lb) 4,250 5,950 5,950
Stoker Boiler Integrated Steam Plant
Steam output (Ib/hr) 20,000 165,000 250,000
Boiler efficiency (zero moisture) (%) 77 77 77
Boiler efficiency (moisture adjusted) (%) 63 71 71
Heat input to boiler (MMBtu/hr) 35.4 297.5 446.3
Heat input to steam (MMBtu/hr) 225 212.0 318.0
Capacity factor (%) 95 95 95
Cost Factors
Total installed boiler costs $1,990,000 $18,000,000 $23,250,000
Total installed steam system costs $4,630,000 $23,430,000 $30,360,000
Unit capital cost ($/Ib steam) $232 $142 $121
Non-fuel O&M cost ($/1,000 Ib steam) $3.55 $1.09 $0.73
Fluidized Bed Integrated Steam Plant
Steam output (Ib/hr) 20,000 175,000 260,000
Boiler efficiency (zero moisture) (%) 80 80 80
Boiler efficiency (moisture adjusted) (%) 67 75 75
Heat input to boiler (MMBtu/hr) 35.4 297.5 446.3
Heat input to steam (MMBtu/hr) 23.6 221.7 332.5
Capacity factor (%) 95 95 95
Cost Factors
Total installed boiler costs $6,970,000 $24,510,000 $32,250,000
Total installed steam system costs $9,610,000 $29,940,000 $39,360,000
Unit capital cost ($/lb steam) $480 $171 $151
Non-fuel O&M cost ($/1,000 Ib steam) $4.19 $1.09 $0.74

Source: NREL, 2003.
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5.1.2 Cofiring

One of the most cost effective and easily implemented biomass energy technologies is cofiring
with coal in existing coal-fired boilers. Cofiring refers to the practice of mixing biomass with a fossil fuel
in high-efficiency boilers as a supplementary energy source. In biomass cofiring, biomass can substitute
for up to 20 percent of the coal used in the boiler. Cofiring is typically used when either the supply of
biomass is intermittent or when the moisture content of the biomass is high. At large plants, biomass is
cofired with coal, and more coal is typically used than biomass. At small plants, biomass is cofired with
natural gas, and more biomass is typically used than natural gas because the natural gas is used to
stabilize combustion when biomass with high-moisture content is fed into the boiler.

Characterization

Figure 5-5 shows a process diagram for a standard coal-based cofiring plant. Biomass has been
cofired with coal economically in commercial plants, which is principally viewed as a fuel cost reduction
strategy. In certain situations, cofiring has provided opportunities for utilities to get fuel from wood
manufacturing and other businesses at zero or negative cost. Overall production cost savings can also be
achieved by replacing coal with inexpensive biomass fuel sources such as wood waste and waste paper.
Typically, biomass fuel supplies should cost at least 20 percent less, on a thermal basis, than coal supplies
before a cofiring project can be economically attractive.

Figure 5-5. Biomass Cofiring in Coal Power Plant

Source: Antares Group, Inc., 2003.

Biomass cofiring is mainly a retrofit application. A basic principle of cofiring is that significant
changes to the boiler are not required beyond some minor burner modifications or additions necessary to
introduce and burn the supplemental fuel. To meet this objective, cofiring biomass fuels is usually done
on a limited basis, with the amount of biomass ranging from 5 to 15 percent of the total heat input to the
boiler.”® Biomass fuels that have been successfully cofired include wood and pelletized waste paper.
Interest is growing in cofiring biomass among electric utilities and other users of coal boilers, chiefly due
to the need to improve air emissions from coal-burning facilities, as well as to diversify fuel supplies.

Table 5-8 gives a sense of the size of typical utility cofiring power plants, the percentage of
biomass fuel used (generally about 10 percent, but up to 50 percent), and the types of biomass feedstock
used (wood, wood waste, wood residues, and sawdust).

% Fehrs and Donovan, 1999.
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Table 5-8. Utility Cofiring Biomass With Coal (Continuous Operation)

Plant Name Location Biomass Total Plant | Biomass Boiler
Feedstock (MW) (MW) Type
6th Street—Alliant Energy Cedar Rapids, 1A Agricultural and 85 6.5 Fluidized
wood waste bed
Bay Front—Northern Ashland, WI Wood residues 34 5.0 Stoker
States
CoIberF—Tennessee Valley Tuscumbia, AL Wood residues 190 3.0 Pulverized
Authority coal
Greenndge—AES Dresden, NY Wood residues 108 10.0 Pulverized
Corporation coal
glng—Northern States Bayport, MN Sawdust 560 10.0 Cyclone
ower
Tacoma Steam Plant #2 Tacoma, WA Wood 25 12.5 ELUédlzed
Willow Island—Allegheny Pleasants, WV Sawdust, tire- 188 23 Cyclone
Energy derived fuel
Yates—Squthern Newnan, GA Wood residues 150 2.0 Pulverized
Co./Georgia Power coal

Source: Antares Group, 2003

Efficiency

Usually, no major changes in boiler efficiency result from cofiring. However, some design and
operational changes might be needed to maximize boiler efficiency while maintaining acceptable opacity,
baghouse performance, and other operating requirements. Without these adjustments, boiler efficiency
and performance can decrease. For example, at a biomass heat input level of 10 percent, boiler efficiency
losses of 2 percent were measured during cofiring tests at a facility with a pulverized coal boiler when no
adjustments were made.*” Numerous cofiring projects have demonstrated that efficiency and performance

losses can be minimized with proper awareness of operational issues.

Operating Availability

The availability of biomass and coal cofired boilers is similar to that of regular coal boilers, if
proper modifications are made to the system. If some of the potential operating issues mentioned in the

next section manifest, then availability might be negatively affected.

Operating Advantages and Disadvantages

Typically, cofiring biomass in an existing coal boiler requires modifications or additions to fuel
handling, processing, storage, and feed systems. Slight modifications to existing operational procedures,

such as increasing overfire air, might also be necessary, as well as increasing fuel feeder rates to

compensate for the lower density and heating value of biomass.

As covered in Chapter 4, fuel characteristics and processing can greatly affect the ability to use
biomass as a fuel in boilers. Wood chips are preferable to mulch-like material for cofiring with coal in
stoker boilers because the chips are similar to stoker coal in terms of size and flow characteristics. This

5" Tillman, 2000.
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similarity minimizes problems with existing coal handling systems. When using a mulch-like material or
a biomass supply with a high fraction of fine particles (sawdust size or smaller), periodic blockage of fuel
flow openings in various areas of the conveying, storage, and feed systems can occur. These blockages
can cause significant maintenance increases and operational problems; therefore, fuel should be processed
to avoid difficulties with existing fuel feeding systems.

Another fuel consideration when dealing with biomass is the potential for problems with
slagging, fouling, and corrosion. Some biomass fuels have high alkali (principally potassium) or chlorine
content that can lead to unmanageable ash deposition problems on heat exchange and ash-handling
surfaces. Chlorine in combustion gases, particularly at high temperatures, can cause accelerated corrosion
of combustion system and flue gas cleanup components. These problems can be minimized or avoided by
screening fuel supplies for materials high in chlorine and alkalis, limiting the biomass contribution to
boiler heat input to 15 percent or less, using fuel additives, or increasing soot-blowing. The most
troublesome biomass resource tends to be agricultural residues, including grasses and straws, which have
high alkali and chlorine contents. In contrast, most woody materials and waste papers are relatively low in
alkali and chlorine and should not present this problem.

Currently, about 25 percent of the fly ash from coal-fired power plants is used as a feedstock for
cement and concrete production, while another 15 percent is used as a feedstock in other applications.®
According to current industry standards,> only fly ash from coal combustion qualifies for use in
cement/concrete applications. Cofiring biomass in a coal power plant would keep the fly ash from
meeting the current standard. Similarly, coal fly ash will sometimes not meet the current standard when
certain emissions control techniques are used, such as ammonia injection. Though these restrictions can
impact the economics of biomass cofiring, the value of finding a productive use for fly ash and other coal
combustion products is primarily the avoidance of a roughly $20/ton landfill fee. For coal with 10 percent
ash content, this value would be worth about $2/ton of the input fuel cost. While the current restrictions
are a barrier to considering cofiring in some applications, other uses of fly ash are not affected, and
researchers are currently studying the impact of using fly ash from biomass and biomass/coal cofiring on
concrete characteristics. Early results show that biomass and cofired fuels do not adversely affect the
usefulness of fly ash in cement and concrete, and in fact might have some advantages.®® It is likely that
this work will eventually lead to a reevaluation of the standard and inclusion of fly ash from cofiring as an
acceptable cement/concrete feedstock as has already happened in Europe.®

Equipment and Installed Costs

Cofiring typically does not involve added investment for the boiler equipment that is already in
place for the coal-fired plant. There are additional costs for new fuel handling and processing equipment,
boiler modifications, controls, engineering fees, and contingency. For blended fuel input systems, in
which the biomass is added upstream of the coal fuel preparation equipment, the costs for the added feed
preparation are on the order of 15 to 30 percent of the costs shown in the previous section in Table 5.4 for
a dedicated biomass system. For systems using a separate fuel feed system, the costs are comparable to
the costs ($/ton of biomass feed) for a dedicated biomass plant.

%8 American Coal Ash Association, n.d.

% ASTM C-618.

8 Wang, 2007.

%1 In 2004, European Standard EN 450 dealing with fly ash specifications for use in concrete was approved for
modification to include fly ash from a wide range of cofired biomass and waste feedstocks. These changes are in the
process of being adopted by the European Union member countries.
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O&M lssues

As discussed under capital costs, additional O&M to the boiler section attributable to the addition
of biomass for cofiring is minimal. Maintenance requirements for boilers cofiring biomass and coal are
similar to those for coal-only boilers. However, slight changes to previous operational procedures, such as
increasing overfire air and fuel feeder speeds, might be needed. Increases in O&M costs for biomass
cofiring with coal are almost entirely for the biomass receiving and feed preparation. For a blended
system, the adjustments to feed preparation O&M are also on the order of 15 to 30 percent of the cost of a
dedicated biomass plant.

Commercialization Status

Organizations such as electric utilities, DOE, and the Electric Power Research Institute (EPRI),
have conducted research and field tests on biomass cofiring in small- and large-scale utility boilers for a
number of years. These tests have shown that cofiring with biomass has been successfully accomplished
in a wide range of boiler types, including cyclone, stoker, pulverized coal, and bubbling and circulating
fluidized bed boilers. According to the Federal Energy Management Program, at least 182 separate
boilers and organizations in the United States have cofired biomass with fossil fuels although this number
is not comprehensive. Of the 182 cofiring operations, 114 (or 63 percent) have been at industrial facilities,
32 at utility-owned power plants, 18 at municipal boilers, 10 at educational institutions, and eight at
federal facilities®.

5.2 Gasification Technologies

Biomass gasification for power production involves heating solid biomass in an oxygen-starved
environment to produce a low or medium calorific gas. Depending on the carbon and hydrogen content of
the biomass and the gasifier’s properties, the heating value of the syngas, can range anywhere from 100 to
500 Btu/cubic foot (10 to 50 percent that of natural gas). The heating value of syngas generally comes
from CO and hydrogen produced by the gasification process. The remaining constituents are primarily
CO, and other incombustible gases. Biomass gasification offers certain advantages over directly burning
the biomass because the gas can be cleaned and filtered to remove problem chemical compounds before it
is burned. Gasification can also be accomplished using chemicals or biologic action (e.g., anaerobic
digestion); however, thermal gasification is currently the only commercial or near commercial option.

The fuel output from the gasification process is generally called syngas, though in common usage
it might be called wood gas, producer gas, or biogas. Syngas can be produced through direct heating in
an oxygen-starved environment, partial oxidation, or indirect heating in the absence of oxygen. Most
gasification processes include several steps. The primary conversion process, called pyrolysis, is the
thermal decomposition of solid biomass (in an oxygen-starved environment) to produce gases, liquids
(tar), and char. Pyrolysis releases the volatile components of the biomass feed at around 1,100° F through
a series of complex reactions. Biomass fuels are an ideal choice for pyrolysis because they have so many
volatile components (70 to 85 percent on dry basis, compared to 30 percent for coal). The next step
involves a further gasification process that converts the leftover tars and char into CO using steam and/or
partial combustion. In coal gasification, pure oxygen or oxygen-enriched air is preferred as the oxidant
because the resulting syngas produced has a higher heating value, and the process is more efficient. In
biomass gasification, oxygen is generally not used because biomass ash has a lower melting point than
coal ash, and because the scale of the plants is generally smaller.

2 DOE, 2004.
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Very high temperature processes involving passing the biomass through a plasma arc have been
developed and tested primarily for waste remediation, contaminated wastes, and MSW. Plasma processes
are not discussed in this report.

Compared with direct-fired biomass systems, gasification is not yet an established commercial
technology. There is great interest, however, in the development and demonstration of biomass
gasification for a number of reasons:

A gaseous fuel is more versatile than a solid fuel. It can be used in boilers, process heaters,
turbines, engines and fuel cells, distributed in pipelines, and blended with natural gas or other
gaseous fuels.

Gasification can remove fuel contaminants and reduce emissions compared to direct-fired
systems.

Gasification can be designed to handle a wide range of biomass feedstocks, from woody residues
to agricultural residues to dedicated crops, without major changes in the basic process.

Gasification can be used to process waste fuels, providing safe removal of biohazards and
entrainment of heavy metals in non-reactive slag.

A gaseous fuel can be used in a high-efficiency power generation system, such as a gas turbine-
combined cycle or fuel cells, provided it is cleaned of contaminants. When equipment is added to recover
the heat from the turbine exhaust, system efficiencies can increase to 80 percent.

Like the direct combustion processes described in the previous section, two principal types of
gasifiers have emerged: fixed bed and fluidized bed. Fixed bed gasifiers are typically simpler, less
expensive, and produce a lower heat content syngas. Fluidized bed gasifiers are more complicated, more
expensive, and produce a syngas with a higher heating value.

5.2.1 Gasifiers

Characterization

Fixed Bed Gasifiers

Fixed bed gasifiers typically have a fixed grate inside a refractory-lined shaft. The fresh biomass
fuel is typically placed on top of the pile of fuel, char, and ash inside the gasifier. A further distinction is
based on the direction of air (or oxygen) flow: downdraft (air flows down through the bed and leaves as
biogas under the grate), updraft (air flows up through the grate and biogas is collected above the bed), or
crossflow (air flows across the bed, exiting as biogas). Schematics of the primary section of the fixed bed
gasifier types are shown in Figure 5-6.
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Figure 5-6. Fixed Bed Gasifier Types

Biomass

Bioiass 47
Gas, Tar, Water )\ Gas, Tar, Water

/\ s s
Pyrolysis
= Pyrolysis C+ C0O2=2C0O
C+02=C02 # C+H20=CO+ H2 Reduction
4H + 02 = 2H20 _
\CombushorT/
C+C02=2C0 T C+02=C02 Combustion
C+H20 = CO + H2 Reduction \ Air 4H+02=2H20 | T —7
L’ Ash ‘/‘TX Ash /:P [ .
Air
Downdraft Gasifier Updraft Gasifier

Source: Bain, 2006.

Table 5-9 compares fixed bed gasifier types. Table 5-10 provides typical physical characteristics
of a fixed bed gasifier. Fixed bed gasifiers are usually limited in capacity, typically used for generation
systems that are able to produce less than 5 MW. The physics of the refractory-lined shaft reactor vessel
limits the diameter and thus the throughput. Developers have identified a good match between fixed bed
gasifiers and small-scale distributed power generation equipment. However, the variable economics of
biomass collection and feeding, coupled with the gasifier’s low efficiency, make the economic viability of
the technology particularly site-specific.
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Table 5-9. Comparison of Fixed Bed Gasification Technologies

Type of Gasifier

Downdraft

Updraft

Crossflow

Biomass is introduced
from the top and moves
downward. Oxidizer (air) is

Biomass is introduced from
the top and moves
downward. Oxidizer is

Biomass is introduced from
the top and moves
downward. Oxidizer is

Operation introduced at the top and introduced at the bottom introduced at the bottom and
flows downward. Syngas and flows upward. Some flows across the bed.
is extracted at the bottom | drying occurs. Syngas is Syngas is extracted opposite
at grate level. extracted at the top. the air nozzle at the grate.
Tars and particulate in the | Can handle higher-moisture | Simplest of designs.
syngas are lower, allowing | biomass. Higher Stronger circulation in the
direct use in some temperatures can destroy hot zone. Lower
Advantages engines without cleanup. some toxins and slag temperatures allow the use

The grate is not exposed
to high temperatures.

minerals and metal. Higher
tar content adds to heating
value.

of less expensive
construction materials.

Disadvantages

Biomass must be very dry
(<20 percent moisture
content). The syngas is
hot and must be cooled if
compression or extensive
cleanup is required. About
4 to 7 percent of the
carbon is unconverted and
remains in the ash.

Higher tar content can foul
engines or compressors.
The grate is exposed to
high temperatures and
must be cooled or
otherwise protected.

More complicated to
operate. Reported issues
with slagging. High levels of
carbon (33%) in the ash.

Table 5-10. Typical Characteristics of a Fixed Bed Gasifier

Parameter Fixed Bed, Downdraft
Fuel size (inches) 0.4-4
Fuel ash content (% weight) <6
Operating temperature (°F) 1450-2550
Control Simple
Turn-down ratio 4:1
Construction material Mild steel + refractory
Capacity (MWihermal) (tons biomass/day) <5 (<30)
Start-up time Minutes
Operator attention Low
Tar content (Ib/MMBtu product gas) <1.2
Heating value (Btu/scf) HHV 130

Source: GasNet, n.d.
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Fluidized Bed Gasifiers

Fluidized bed gasifiers utilize the same gasification processes and offer higher performance than
fixed bed systems, but with greater complexity and cost. Similar to fluidized bed boilers, the primary
gasification process takes place in a bed of hot inert materials suspended by an upward motion of oxygen-
deprived gas (Figure 5-7). As the amount of gas is augmented to achieve greater throughput, the bed will
begin to levitate and become “fluidized.” Sand or alumina is often used to further improve the heat
transfer. Notable benefits of fluidized bed devices are their high productivity (per area of bed) and
flexibility. Fluidized bed gasifiers can also handle a wider range of biomass feedstocks with moisture
contents up to 30 percent on average.

Figure 5-7. Fluidized Bed Gasifier
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Source: Bain, 2006.

There are three stages of fluidization that can occur on the gasifier depending on the design:
bubbling, recirculating, and entrained flow. At the lower end of fluidization, the bed expands and begins
to act as a fluid. As the velocity is increased, the bed will begin to “bubble.” With a further increase in
airflow, the bed material begins to lift off the bed. This material is typically separated in a cyclone and
“recirculated” to the bed. With still higher velocities, the bed material is entrained (i.e., picked up and
carried off in the airflow).

Fluidized bed gasifiers can be designed to use a portion of the pyrolysis gases to generate the heat
to drive the process, or they can be externally fired. Operating the gasifier at higher pressures increases
the throughput; however, this also increases the gasifier’s complexity and cost. In these units, the biomass
is fully converted after going through the pyrolysis and char conversion processes.

By reducing the quantity of air and process temperature, it is possible to operate fluidized bed
boilers as gasifiers. In this operating mode, the gasifiers produce a gas with a heating value of slightly
more than 100 Btu/cubic foot (ft%). This gas is burned above the bed as additional air supply is injected
upstream of the boiler tube section.

Table 5-11 provides typical physical characteristics of a fluidized bed gasifier. A number of

advanced-concept fluidized bed gasifiers aiming to produce a syngas with a heating value between 250
and 400 Btu/ft* are under development. This type of syngas would be more appropriate for use in gas
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turbines, fuel cells, and reciprocating internal combustion engines; however, these advanced concept
gasifiers have not reached the point where they are proven in commercial operation.

Table 5-11. Typical Characteristics of a Fluidized Bed Gasifier

Parameter Fluidized Bed
Fuel size (inches) 0-0.8
Fuel ash content (% weight) <25
Operating temperature (°F) 1,350-1,750
Control Average
Turn-down ratio 3

Construction material

Heat-resistant steel

Capacity (MWerma) (biomass tons/day)

5and up (> 30)

Start-up time Hours
Operator attention Average
Tar content (Ib/MMBtu product gas) <2
Heating value (Btu/scf) HHV 150

Source: GasNet, n.d.
Efficiency

Both fixed and fluidized bed biomass gasification uses similar types of equipment as direct
combustion. The biomass fuel is fed into a combustion/reaction vessel with either a fixed, fluidized, or
moving bed. The thermodynamics of heat loss are similar, but gasification conditions are different from
direct combustion. In direct combustion, 10 to 14 times the weight of the fuel is introduced as air. In
gasification, the air entering the reactor, if any, is only one to two times the weight of the fuel. This
difference reduces heat losses from the reaction zone. On the other hand, the syngas exits the gasification
reactor at very high temperatures (1,200 to 1,500° F); some of this heat loss can be recovered either
directly through the use of heat exchangers in the gas cooling section, or indirectly through the use of heat
recovery from the combustion of the syngas in the power generation section. To the extent that heat is
used to preheat incoming air, introduce high-temperature steam, or dry the incoming biomass, the
efficiency of biomass to syngas conversion will be increased. Heat that is recovered from the hot gas
cooling section can also be added to the CHP heat recovery. In this case, the intermediate efficiency value
of syngas conversion is not increased but the overall CHP efficiency is. These differences combine to
produce biomass to syngas efficiencies (heating value of the syngas divided by the heating value of the
biomass) of 60 to 80 percent. In integrated configurations, however, additional steam can be generated
from cooling the hot syngas exiting the reactor prior to cleanup.

Operating Availability

Due to the fact that commercialization of biomass gasification plants is in its early stages, no
facility survey information was found on their availability or reliability. Plants are designed for
continuous operation, and design performance is in the 90+ percent range. Actual experience with
emerging technology tends to result in lower availability than is experienced during broad commercial
use, as materials handling problems, control issues, and component failures cause more frequent
unplanned outages than are seen after accumulating additional operating experience. With a newly
established support infrastructure, outages also tend to last longer before being fixed or solved. A well
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designed system, however, has a reasonable expectation of operating in the 85 to 95 percent availability
range.
Operating Issues

As discussed above, moisture content, gas cleanup, and operating pressure can all affect operation
of a gasifier. There are a number of operating issues common to the different types of gasification
systems.

Moisture Content

Green biomass, defined as freshly harvested plant material, can contain a significant amount of
water by weight (up to 60 percent). This water does not contribute to the heat content of the syngas while
consuming a significant amount of energy in gasification. Even though water cannot be burned (oxidized)
at elevated temperatures, it will dissociate into its elemental components—hydrogen and oxygen. The
hydrogen will contribute to the calorific value of the syngas. This reaction is very temperature-sensitive,
and the hydrogen and oxygen will usually recombine into water vapor as the syngas cools. Therefore, the
moisture content of biomass must be strictly limited. If there is excess moisture, the gasification process
cannot sustain itself without an external source of heat. As the moisture content of the biomass increases,
the net energy available in the syngas decreases. Fixed bed gasifiers that use internal combustion of the
syngas typically utilize biomass with less than 20 percent moisture content. Fluidized bed gasifiers
typically require less than 30 percent moisture content.

Green biomass is the most readily available and inexpensive biomass product. The drying process
requires a considerable additional capital investment and increases the O&M costs. Unfortunately, the
cost of the drying equipment (equipment cost and O&M cost) seldom covers the cost savings of using
green biomass.

Gas Cleanup

As syngas leaves the gasifier, it contains several types of contaminants that are harmful to
downstream equipment, ash handling, and emissions. The degree of gas cleanup must be appropriately
matched to its intended use. For use in reciprocating engines, gas turbines, and especially fuel cells, a
very clean gas is required. As discussed in Table 5-12, the primary contaminants in syngas are tars,
particles, alkali compounds, and ammonia. The types of contaminants that are observed depend on the
biomass feedstock and the gasification process used.

Table 5-12. Gas Cleanup Issues

Contaminant Description Treatment
Tar Tars (creosote) are complex hydrocarbons that | Wet scrubbers, electrostatic precipitators, barrier
persist as condensable vapors. filters, catalysts, or combustion.
. Particles are very small, solid materials that Cyclone separators, fabric filters, electrostatic
Particles - . . o
typically include ash and unconverted biomass. | precipitators, and wet scrubbers.
. S -
. Potassium, alkali salts, and condensed alkali F'rSt’. cool syngas below 1,200° F, causing the
Alkali . o alkali vapors to condense. Second, use cyclone
vapors are part of the chemical composition of ' o .
compounds bi separators, fine fabric filters, electrostatic
iomass. -
precipitators, and wet scrubbers.
Ammonia is formed from nitrogen (fuel-bound
. and in air) and hydrogen (in fuel and in Catalysts, hydrocarbon reforming, or wet
Ammonia . . X
moisture content). When syngas is burned, scrubbing.
ammonia is converted to NOy.
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Because gasification occurs at an elevated temperature, syngas can have as much as a third of its
total energy in sensible heat. Cleaning the gas while it is hot would be advantageous from an energy use
perspective, but this task is currently difficult to accomplish. Research is ongoing regarding hot gas
filters, which can be applied in coal gasification, as well as other high-temperature processes. Wet
scrubbers are currently one of the most reliable and least expensive options for gas cleanup, even though
they sacrifice a large portion of the sensible heat of the syngas. Cooling the hot syngas can provide a
source of steam for the cleaning process, power generation, or end-use.

Operating Pressure

Gasifiers can be operated at either atmospheric or elevated pressures. Air-blown, atmospheric
gasifiers produce a very low Btu gas 110 to 170 Btu/scf. To introduce this gas into a gas turbine in the
power generation section of the plant requires considerable compression energy, up to a third of the
turbine’s output. Therefore, it would be advantageous to produce the syngas at a high pressure so that it
can be introduced directly into the combustion section of a gas turbine without additional compression.
Pressurized reactors, however, do need to compress any combustion air or oxygen that is introduced into
the reactor and maintain a pressure seal on the biomass input and ash removal systems.

Advantages and Disadvantages

Fixed bed and fluidized bed gasifiers have specific operating advantages and disadvantages with
biomass fuels depending on the biomass characteristics and site requirements. Table 5-13 provides a
qualitative comparison of gasifier characteristics and operating issues for fixed bed and fluidized bed
systems.

Table 5-13. Relative Advantages/Disadvantages of Gasifier Types

Gasifier

Advantages

Disadvantages

Updraft fixed bed

Mature for heat
Small-scale applications
Can handle high moisture
No carbon in ash

Feed size limits
High tar yields
Scale limitations
Low Btu gas
Slagging potential

Downdraft fixed bed

Small-scale applications
Low particulates
Low tar

Feed size limits
Scale limitations
Low Btu gas
Moisture-sensitive

Bubbling fluid bed

Large-scale applications
Feed characteristics
Direct/indirect heating

Can produce higher Btu gas

Medium tar yield
Higher particle loading

Circulating fluid bed

Large-scale applications
Feed characteristics
Can produce higher Btu gas

Medium tar yield
Higher particle loading

Entrained flow fluid bed

Can be scaled

Potential for low tar
Potential for low methane
Can produce higher Btu gas

Large amount of carrier gas
Higher particle loading
Particle size limits
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Equipment and Installed Costs

The main cost for the gasification train is the primary gasification reactor itself. Supplementary
processing can occur in a tar cracker. Indirect gasifiers have separate char combustors to supply heat. The
next major part is the gas cleanup section, which includes ash removal, quench, bag filter, wet scrubber,
and heat exchangers to cool the syngas and provide heat to other parts of the process or to contribute to
the CHP heat utilization. Capital costs for the gasification section and for a biomass-to-syngas plant are
shown in Table 5-14. These costs are estimated based on published estimates (Antares Group, Inc., 2003)
and discussions with equipment suppliers. The unit costs do not show a uniform declining trend as a
function of size, but instead vary depending on the process considered.

Table 5-14. Biomass Gasification Capital Costs to Produce Syngas

Gasifier Cases

Atmospheric | Atmospheric | Atmospheric | High-Pressure

Gasification | Gasification | Gasification Gasifier
Gasifier type Fixed Fluidized Fluidized Fluidized/

high-pressure

Tons/day (as received) 100 260 450 1,200
Gasifier equipment $1,225,000 $10,050,000 | $15,158,000 $34,682,000
Installation $612,000 $5,024,000 $7,578,000 $17,338,000
Total Installed Gasification $1,837,000 | $15,074,000 | $22,736,000 $52,020,000
Biomass Prep Yard* $2,639,700 $3,947,400 $4,972,000 $9,685,766
Total Installed Capital Cost $4,476,700 $19,021,400 | $27,708,000 $61,705,766
Unit Cost ($/MMBtu/hr) (syngas) $127,164 $209,425 $174,130 $161,270

*Prep-Yard costs are estimated based on the capital cost curve developed in section 4.1.5
Source: Based on data from Antares Group, Inc., 2003; discussion with equipment suppliers and developers.

O&M Costs

Non-fuel O&M costs for gasification include O&M labor, supervisory labor, water, ash removal,
insurance, taxes, royalties, and other operating materials. These costs are estimated in Table 5-15 based
on published estimates and discussions with equipment suppliers.®®

% Antares Group Inc., 2003
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Table 5-15. Gasification O&M Cost Estimates for Syngas Production

Gasifier Cases

Atmospheric | Atmospheric | Atmospheric | High-Pressure

Gasification | Gasification | Gasification Gasifier
Gasifier type Fixed Fluidized Fluidized Fluidized/

high-pressure

Tons/day (as received) 100 260 450 1,200
Net capacity, MMBtu/hr 35.2 90.8 159.1 382.6
Prep-yard labor costs $400,000 $320,000 $320,000 $400,000
Gasifier section O&M $502,000 $634,500 $789,500 $2,235,800
Total Annual O&M
(to syngas) $902,000 $954,500 $1,109,500 $2,635,800
Gasification O&M ($/MMBtu) $3.250 $1.333 $0.884 $0.874

Source: Based on data from Antares Group, Inc., 2003; discussion with equipment suppliers and developers.

A summary of the cost and performance for the range of biomass gasification systems considered

is provided in Table 5-16.

Table 5-16. Biomass Gasification Cost and Performance

Gasification Technologies

Atmospheric | Atmospheric | Atmospheric High-
Gasification Gasification | Gasification Pressure
Gasifier
Gasifier type Fixed Fluidized Fluidized Fluidized/
high-pressure
Tons/day (as received) 100 260 450 1,200
Feedstock Characteristics
Energy content dry (Btu/lb) 8,500 8,500 8,500 8,476
Moisture content (%) 30 30 30 38
Energy content as received (Btu/lb) 5,950 5,950 5,950 5,255
Biomass Conversion
Gasifier efficienc
(moisture adjustgd)(%) 65 1 1 2
Biomass fuel value to gasifier
(MMBtu/hr) 9 49.6 127.9 224.1 531.9
Fuel produced (MMBtu/hr) 32.2 90.8 159.1 382.6
Heating value (Btu/scf HHV) 110.0 110.0 110.0 128.8
Fuel pressure (psig) Atmospheric Atmospheric | Atmospheric Pressurized
Plant capacity factor (%) 90 90 90 90
Capital Costs
Gasifier equipment $1,225,000 $10,050,000 | $15,158,000 $34,682,000
Installation $612,000 $5,024,000 $7,578,000 $17,338,000
Total Installed Gasification Section $1,837,000 $15,074,000 | $22,736,000 $52,020,000
Biomass Prep-Yard $2,639,700 $3,947,400 $4,972,000 $9,685,766
Total Installed Capital Cost $4,476,700 $19,021,400 | $27,708,000 | $61,705,766
Unit Cost ($/MMBtu/hr) (syngas) $127,164 $209,425 $174,130 $161,270

Source: Based on data from Antares Group, Inc., 2003; discussion with equipment suppliers and developers.
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Commercial Status

The majority of commercial gasification projects use coal or petroleum coke as a feedstock.
Biomass gasification technologies have been a subject of commercial interest for several decades. By the
1990s, CHP had been identified as a potential near-term technology. Research and development
concentrated on integrated gasification combined cycle and gasification cofiring demonstrations, which
led to a number of commercial-scale systems. In the United States, projects mostly processed hard-to-
manage feedstocks like bagasse and alfalfa. Low-energy gasifiers are now commercially available, and
dozens of small-scale facilities are in operation.

A review of gasifier manufacturers in Europe, the United States, and Canada® identified 50
manufacturers offering commercial gasification plants in which 75 percent of the designs were fixed bed
downdraft type; 20 percent of the designs were fluidized bed systems. The actual number of biomass
gasification systems in operation worldwide is unknown, but is estimated to be below 50 based on
literature review and discussions with industry sources. There are only a handful of commercially
operating biomass gasification systems in the United States at this time, and many of these are partially
government-funded demonstration units. In comparison, there are currently more than 100 biomass-fueled
fluidized bed boilers in operation around the world.

There is still a considerable amount of development activity underway to address existing
technical and operational issues:

e Gasification—Some gasification technologies using biomass and black liquor have
developed to the point of large-scale demonstration. However, gasifier systems have not
reached widespread commercial availability for systems suitable for integration with
hydrogen separation technologies for fuel cells or fuel synthesis. This is due in part to areas
of fuel chemistry that are not established enough to support the commercial demonstration
programs and facilitate the development and scale-up of advanced gasifiers and gas cleanup
systems.

e Syngas cleanup and conditioning—The raw gases from biomass systems do not currently
meet strict quality standards for downstream fuel, chemical synthesis catalysts, or those for
some power technologies. These gases will require cleaning and conditioning to remove
contaminants such as tar, particulates, alkali, ammonia, chlorine, and sulfur. Available
cleanup technologies do not yet meet the needed cost, performance, or environmental criteria
needed to achieve commercial implementation.

e Sensors and controls—Development of effective process controls is needed to maintain
plant performance and emissions at target levels with varying load, fuel properties, and
atmospheric conditions. New sensors and analytical instruments are under development to
optimize control systems for thermochemical systems.

o Process integration—As with all new process technologies, demonstrating sustained
integrated performance that meets technical, environmental, and safety requirements at
sufficiently large scale is essential to supporting commercialization. Applications such as
black liquor integration in paper mills has the added complexity of being attached to an
existing commercial process where the unit operations associated with steam production,
power, pulping, and chemical recovery must all be integrated.

® European Biomass Industry Association, n.d.
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e Containment (materials of construction)—Experience with existing gasifiers indicates that
gasification reactions are difficult to contain and that materials development for reactor shells
and internals, refractory materials to line containment vessels, vessel design, and increased
knowledge of bed behavior and agglomeration will improve performance over the long term.

5.3 Modular Systems

Modular biomass-fueled CHP systems are defined as small systems, less than 5 MW, though
typically smaller, with the main operating components coming in one or more pre-engineered and
packaged modules for simple installation at the user’s site. The systems typically include a fuel processor
(combustion or gasification), necessary intermediate fuel cleanup, an electric generator, and heat recovery
from both the power generation and energy conversion sections. An automatic fuel storage and delivery
system must be added for a complete operating system.

Small modular biomass systems can supply electricity to rural areas, farms, businesses, and
remote villages. These systems use locally available biomass fuels such as wood, crop waste, animal
manure, and LFG. Development of biomass-fueled modular power systems is of great interest
internationally as a means to bring power to isolated communities in areas lacking power and fuel
infrastructure. In the United States, there is interest in small systems to utilize opportunity fuels from a
local area, such as crop wastes or fire control forest thinnings.

A partial listing of specific developer/manufacturer modular systems is provided in Appendix D.
Characterization

Modular systems are essentially scaled down versions of larger systems. There are systems that
use direct-fired technology with steam power, and systems that use gasification technology and gaseous
fuel burning power technologies (discussed in Chapter 6) such as internal combustion engines,
microturbines, and Stirling engines. There are also direct fired systems that use Stirling engines for power
production, as well as systems that employ gasification, wherein the hot raw gas is combusted to raise
steam.

Modular Gasification Systems

Figure 5-8 shows a schematic of a 75-kW modular biomass gasification system that is
representative of systems under development. The figure shows that there are eight submodules included
in the basic system and that the storage and feed submodules are not included.

Basic Package Modules

1. Automatic biomass feed system.

2. Dryer to reduce the feedstock moisture content.

3. Chip sorter for sizing.

4. Heat exchanger that extracts heat from the gasifier for use in the dryer and for onsite thermal
applications.

5. Gasifier feeder.
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6. A downdraft gasifier producing low Btu gas (heating value of about 110 Btu/scf—HHV).
7. Filtering stages that remove particulates.

8. The power module—this can be an internal combustion engine designed to run on low Btu
fuel, a microturbine, a Stirling engine, or even a fuel cell. The power module also has heat
recovery equipment to provide additional useable thermal energy for onsite use. Because the
gas is of such a low Btu content, propane or natural gas is required on system start-up. After
start-up, the system can run on the syngas alone.

Systems such as these will require feedstock storage with an in-place delivery system. An in-
ground storage bunker with a moving bed would allow direct delivery of fuel loads into the automated
system. This can consist of a permanently installed live bottom van into which dump trucks can deliver a
sized fuel supply.

Figure 5-8. Example Modular Biomass Gasification System
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Modular Combustion Systems®

Direct combustion in fixed bed combustors is a commercial technology in larger sizes. In these
larger systems, as characterized previously, power is generated by steam turbines. In modular systems,
other power systems are being developed that are more suitable for small-sized applications. The typical
power and heat cycles being employed or explored for use are as follows:

e Steam cycle

o Organic Rankine cycle (ORC)

% Example shown, BioMax, is developed by Community Power Corporation.

5. Biomass Conversion Technologies 57



EPA Combined Heat and Power Partnership Biomass CHP Catalog

e Brayton cycle, hot air turbine

o Entropic cycle, as defined by its developer, similar to Organic Rankine cycle but with a
higher temperature differential producing higher efficiencies

e Stirling Engine, external combustion

Modular power and heat cycles that can be driven by biomass combustion are shown in Figure 5-9.

Figure 5-9. Heat Engine Power Cycles for Modular Biomass Combustion Systems®
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In addition to the four power cycles shown, very small (500 watts to 10 kW) modular systems are
being developed using Stirling engine technology. The generators will convert various biomass fuels
(wood, wood pellets, sawdust, chips, or biomass waste) to electricity and useful heat.®” These systems
typically convert 10 to 20 percent of the fuel energy to electricity; 60 to 70 percent of fuel energy is then
available for heating water and spaces. The burner for the prototype system includes a ceramic fire box
and a fuel hopper with a fuel capacity of 24 hours. It accomplishes complete two-stage combustion with
comparatively low emissions. The Stirling engine-alternator requires minimal maintenance because its
gas bearings eliminate contact, friction, and wear. Its projected life is 40,000 hours.

Modular Hybrid Gasification/Combustion Systems

The modular hybrid gasification/combustion system operates functionally like a direct
combustion system. Power is derived by a back-pressure steam turbine that also provides steam for onsite
thermal energy requirements. The difference is that the combustion chamber is actually a gasification

% Smith, 2006.
87 A system under development by Sunpower Stirling engine technology licensee is External Power LLC of
Indianapolis.
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system that uses a two-chamber gasifier approach. The system is similar to a two-stage combustion boiler
design. This approach allows the production of gas in a relatively cool chamber at temperatures from
1,000°F to 1,400°F, and then combustion in a relatively hot chamber—the boiler—at temperatures up to
2,300°F. These temperatures allow the complete removal of carbon from the fuel in the gasifier, and more
complete oxidation of complex organics in the oxidation zone. The combination of these features results
in a clean-burning, fuel-efficient system. CHP units include small back-pressure steam turbines from 100
kW up to several megawatts.

This approach combines the simplicity and low cost of a combustion system with the gasification
advantages of more complete carbon conversion and cleaner combustion characteristics. An example of a
modular gasification/combustion system is shown in Figure 5-10. This system has the capability to use
fuels with moisture contents ranging from 6 to 55 percent (wet basis). The system also has a 20:1 turn-
down ratio to allow it to idle during periods of low heat demand.

Figure 5-10. Example of Modular Gasification/Combustion Process
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Efficiency

Modular system electric generation efficiencies are typically fairly low as shown in Table 5-17.
In applications requiring considerable thermal energy, the overall CHP efficiencies are comparable to gas-
fired systems. However, the electric to thermal ratio for these systems is much lower, so more of the total
useful energy is delivered in the form of heat rather than in the form of higher value electricity.

% Example shown is a patented process by Chiptec® Wood Energy Systems, Burlington, Vermont.
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Table 5-17. Efficiencies of Modular Biomass Systems, Based on Conversion of Switchgrass at 20

Percent Moisture

System Type Electric Thermal Energy Overall CHP
Efficiency Delivered Efficiency
Small steam 6% 59% 65%
Air Brayton 8% 41% 49%
Organic Rankine 11% 56% 67%
Entropic 13% 63% 76%
Stirling 13% 64% 7%
Modular gasifier 16-22% 29-53% 55-75%
Hybrid gasifier/combustor <15% 45-55% 60-70%

Operating Advantages and Disadvantages

The main operating advantages today are in the use of opportunity biomass fuels of low value
such as wood chips or forest thinnings. In addition, many of the systems are targeted at remote
applications where it would be too costly to connect to grid electricity.

The main disadvantage affecting all types of modular systems is the comparatively high capital
costs associated with all of the required equipment. This equipment also takes up considerable space
compared to conventional gas-fired CHP systems. The engine generator systems occupy only about 5
percent of the total space required for the modular biomass system. Another disadvantage is the need for
maintenance and repairs associated with the many subsystems, particularly the solids handling

components and filters.

Equipment and Installed Cost

Equipment costs are speculative. Information in this section is as provided by the vendors and
secondary sources. Figure 5-11 shows a range of costs ($/kW) for different types of direct-fired systems.
It is not clear that these costs include the costs of feedstock storage and delivery, which would add
another $600 to 1,000/kW to the overall costs.

5. Biomass Conversion Technologies

60



EPA Combined Heat and Power Partnership Biomass CHP Catalog

Figure 5-11. Size and Cost Ranges for Direct-Fired Modular Systems®
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Source: Smith, 2006.

Modular gasification costs are estimated to be between $2,500 to $4,000/kW for the basic
equipment with another $600 to $1,000/kW for a biomass storage bunker and $1,000 to $2,000/kW for
installation.

The hybrid gasification/combustion system by itself costs about $300/kW. This component must
be matched with feedstock storage and delivery ($600 to $1,000/kW), small-scale boiler, small-scale
steam turbine generator ($900 to $1,200/kW), and other equipment, including controls, cyclone fly ash
recovery system, and exhaust stack. Overall installed capital costs would be $12,000 to $18,000/kW.

O&M Costs

Most modular systems are characterized by continuous operation, automatic ash and char
extraction, automatic feed, and automatic process control. Maintenance of 0.5 to 3 hours per week is
required for monitoring feedstock deliveries, ash removal, filter cleaning or replacement, and inspecting
and fixing problems with the automatic feed system. In addition, prime movers such as internal
combustion engines or microturbines require similar maintenance attention as for gas-fired systems.

The overall costs and reliability of these systems has not yet been established.
Commercial Status

There are a number of small development companies working on modular biomass heat and
power systems (listed in Appendix D). Most of the systems that have been installed in the United States
are part of research, development, and demonstration projects funded by a variety of federal and state
sources. DOE has an active research and development program on modular biomass as does USDA and
the U.S. Forest Service. The United Nations also has an ongoing program in this area to develop village
power systems using biomass.

8 Smith, 2006.
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Attachment DR - 71 Total Project SJS 1&2
Fugitive Emissions from Material Handling

Emissions Without
Controls Control Efficiency Emissions With Controls
M= PMyq PM,5
material PMyo PM;5 PMy, Daily | PM;5 Daily| Annual | Annual
moisture | Emission | Emission PMjq PM, 5 PMjo PM, 5 PMo PM,s Emission Emission | Emission | Emission
Usage Usage content Factor Factor Emission [ Emission | Control Control | Emission | Emission Rate Rate Rate Rate
(Ib/hr) (ton/hr) % (Ib/ton) (Ib/ton) | Rate (Ib/hr)| Rate (Ib/hr) (%) (%) Rate (Ib/hr)| Rate (lb/hr) (Ib/day) (Ib/day) (ton/yr) (ton/yr)
Biomass unloading & handling
conveyor drops 185,440 92.7 27 3.39E-05[ 5.14E-06] 3.15E-03| 4.77E-04 0% 0% 3.15E-03 4.77E-04 7.55E-02 1.14E-02| 1.38E-02| 2.09E-03
Limestone unloading &
handling 1,232 0.6 0.25 2.39E-02| 3.61E-03| 1.47E-02| 2.22E-03| 99% 99% 1.47E-04 2.22E-05| 1.76E-03| 2.67E-04| 3.22E-04| 4.87E-05
Hydrated Lime unloading &
handling 512 0.3 1 3.42E-03| 5.19E-04| 8.77E-04| 1.33E-04| 99% 99% 8.77E-06 1.33E-06| 1.05E-04| 1.59E-05| 1.92E-05| 2.91E-06
Fly ash handling & truck
loading 9,272 4.6 7 2.25E-04| 3.40E-05| 1.04E-03| 1.58E-04| 99% 99% 1.04E-05 1.58E-06| 1.25E-04| 1.89E-05| 2.28E-05| 3.45E-06
biomass storage piles 1.71E-02 3.80E-03| 4.11E-01] 9.13E-02| 7.51E-02| 1.67E-02
Total SJS1&2 Biomass
baghouses 2.38E-04 3.60E-05| 2.20E-02| 3.34E-03 99% 99% 2.20E-04 3.34E-05 5.29E-03| 8.01E-04| 9.65E-04| 1.46E-04
Total| 2.07E-02 4.34E-03]| 4.94E-01| 1.04E-01| 9.02E-02| 1.90E-02

Note:
1. The unloading of the limestone, lime and fly ash is done with a pneumatic system.

2. Worst day operation will be 12 hours operation for any of the limestone, hydrated lime, or fly ash handlings and 24 hours for biomass unloading & handling.

3. 365 days operation per year for any of the limestone, hydrated lime, fly ash handlings or biomass unloading & handling.

4. Each biomass baghouse will draw from 7 locations, thus the emissions into the baghouse can at most be 7 times the drop emissions, then the baghouse control is added.

Calculation of Fugitive Dust Emission Factor
Unloading & Handling Emission Factors
AP-42 Section 13.2.4 Aggregate Handling and Storage Piles (11/06) Equation 1

E = k (0.0032) (U/5)**

(M/2)1.4
PM;o PM; 5
k= 0.35 0.053
U = mean wind speed (mph) = 1 Inside building
= mean wind speed (mph) = . nnual average from - anford airport data
u ind d (mph) 5.6 A | fi 2000-2004 Hanford ai d

Biomass Storage Pile
E=1.7*G/1.5*(365-H)/235 * 1/15 * J SCAQMD Table A9-9-E
PM10 Emission factor from wind erosion of storage piles per day per acre
2 G = Silt content (%) (URS engineer estimate)
37 H = Number of days with >= 0.01 inches of precipitation per year (from WRCC for Coalinga COOP Station)
5 | = Percentage of time that the unobstructed wind speed exceeds 12 mph at mean pile height
0.5 J = Fraction of TSP that is PM10 = 0.5
0.527 Ib/acre/day

Size of Pile Days/ Year Watering PM10 PM2.5 PM10 PM2.5
Source Quantity (acre) Hours/ Day yer pile Control Emissions Emissions Emissions Emissions
P Efficiency (Ib/day) (Ib/day) (tonsl/yr)  (tonslyr)
Biomass Steyage Piles y 2 1 24 365 61% 0.41g 0.09 0.08 0.02

(http://www.agmd.gov/CEQA/handbook/mitigation/fugitive/MM_fugitive.html)
- (watering every 3 hours) Table XI-A
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EPI SPECIFICATION NO. 1217/E-2057/3-31-98

ENERGY PRODUCTS OF I DAHO
ENGINEERING STANDARD SPECIFICATION

LIMESTONE (CALCIUM CARBONATE, CaCO,)
ASA SORBENT FOR THE FLUIDIZED BED COMBUSTOR

1. SCOPE (GENERAL)

This Standard Specificationdetails the requirements for limestone to be used primarily as a sorbent
for acid gas abatement to be furnished complete and in accordance with the following.

2. PURPOSE

This Specificationisintended to provide the supplier withthe minimum acceptable quality to meet the
performance standards required for this project.

The limestone specified herein is to be used excdusvey for injection into the fluidized bed, as a
sorbent for the abatement of acid gases. The particle Sze indicated herein is of medium sze
recommended for most applications. However, greater abatement efficiencies may be redlized with
dightly greater or lesser screen sizes, based on each system's operating performance.

3. USE

This specification isto be used as an integra part of bid packages and purchase orders. It isto be
used by the vendor as a meansto obtain acceptable materids and a guide to performance design
control of said materids.

4. MATERIALS: LIMESTONE (CALCIUM CARBONATE, CaCO3)

Desirable Properties Description

Ground and classfied, dried, high purity cacite limestone,
High reactivity to sulfation.

Screen Sizing, Typicd Anayss (Tyler), Percent Retained

Mesh % Retained

Greater than 10 Lessthan 5%
Between 10 and 30 Greater than 93%

This Document is proprietary and is not to be copied or distributed without written permission.



Lessthan 30 Lessthan 2%

EPI SPECIFICATION NO. 1217/E-2057/3-31-98

Physcal Data
- Loose bulk density: 85-90 Ibs./ft.3
- Compacted bulk density: 95-100 lbs./ft.3
- Percent moisture: Lessthan 0.25%

Chemicd Andysis %
Cacium Carbonate (CaCOy) Greater than 95%
Magnesium Carbonate (MgCO,) Less than 2%
Slica (S0, Lessthan 2%

5. DATA

The data givenabove are based on averages of test results on samples selected frominitid or limited
plant production and are determined by standard ASTM procedures where gpplicable. Variation
from the above data may occur in individud tests and inlarge-scale plant production. These results
ghall be taken as guidelines for specification purposes.

6. SUPPLIERSOFLIMESTONE

Referencethe attached National Lime Association (NLA) Membership Ligt for limestone suppliers.
The NLA has over 3,000 membersthroughout the United States and Canada. Contact the National
Lime Association @ 703/243-5463 for additional suppliers of limestone.

This Document is proprietary and is not to be copied or distributed without written permission.
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REAGENT SPECIFICATIONS
FOR ALL-DRY SCRUBBING SYSTEMS

Material Hydrated Lime
[Ca(OH),]
Purity 94-96 % Ca(OH),
(Balance Inerts)
Availability of 100%
Ca(OH),
Free Moisture <1.0%
(H20)
Minimum 18,000 CM?/gram

Surface Area

Particle Size 95% < 36 micron
1% Max < 1 Micron

Bulk Density 20.0/42.0
(Ib/ft®) Loose/
Tamped
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