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ABSTRACT

Wheelabrator Technologies Inc. (WTI) operates the Wheelabrator Ridge Energy Generating Station in Auburndale, Florida. The facility consists of a single 664.7 GJ/hr multi-fueled steam power boiler with air cooled traveling chain grate stoker supplied by Zurn Industries. Steam from the boiler is used to generate up to 50 MW of electrical power in a steam turbine/generator. During a typical day, the unit operates at a peak load steaming rate of 156.5 tons/hr for about 11 hours while firing a mixture of landfill gas, wood waste and municipal solid waste consisting of tires and yard waste. During six hours at night, the load on the unit is lowered to below 90.7 tons/hr while firing wood waste only. The remaining seven hours of the 24-hour period correspond to times of load and fuel mix transition.
The unit is subject to a carbon monoxide (CO) emission limit of 90.7 kg/hr on a 30-day rolling average equivalent to approximately 339 ppm (dry at 7% oxygen (O2)). This limit was considered a first ever Best Available Control Technologies (BACT) limit for this type of multi-fuel fired boiler. The boiler has been classified as a Refuse Derived Fuel (RDF) stoker boiler under the United States Environmental Protection Agency’s (USEPA’s) Large Municipal Waste Combustor (MWC) requirements in 40 CFR 60, Subparts Ea/Cb. With the classification as a RDF stoker boiler under Subparts Ea/Cb the boiler would become subject to a lower CO emission limit of 150 ppm (dry at 7% O2) on a 24-hour block average. Classification as a RDF stoker under USEPA’s Large MWC requirements, even with the lower CO limit, was preferred to classification as an Energy Recovery Unit (ERU) under the USEPA’s Commercial and Industrial Solid Waste Incineration (CISWI) Maximum Achievable Control Technology (MACT) Emission Guidelines (Subpart DDDD). Jansen Combustion and Boiler Technologies, Inc. (JANSEN) was initially contracted by WTI to assess the existing boiler combustion system and following this assessment received a contract to engineer/implement combustion improvements to meet the 150 ppm Subpart Ea limit.
Review of historical operation showed that the unit operated on a continuous basis well below the BACT of 90.7 kg/hr but below the 150 ppm Subpart Ea limit for less than 60% of the time. The review also showed that CO levels would elevate and become more variable during peak load periods. Boiler combustion analyses revealed that heat input rates were low enough to allow significantly lower CO emissions provided combustion conditions could be improved.

The boiler combustion assessment was initiated in 2016 by a site visit where operating data was collected and evaluated to develop a baseline of boiler operation. Current and new combustion system arrangements were then evaluated with Computational Fluid Dynamics (CFD) modeling. The modeling confirmed that the primary cause of high CO emissions performance at peak load was due to the inherent limitations of the original overfire air (OFA) system which limited penetration and mixing of the OFA in the furnace. The original OFA system consisted of multiple rows of small ports on the front and rear furnace walls. Modeling of the furnace with larger and fewer OFA nozzles placed on the side walls in an interlaced pattern was shown to significantly improve CO burnout.
Additionally, combustion air flow metering instrumentation was limited preventing boiler operation in cascade mode following boiler load. This was a challenge to operations as manual adjustments to air damper outputs would be required to adjust the air flows as the boiler went through its daily change in steaming rate and transitioning from firing a mix of landfill gas, wood waste, yard waste and chipped tires at peak load to wood waste only at low load.
In 2017, JANSEN began the combustion upgrade project which was to include installation of a new OFA system, updates to combustion air metering instrumentation and reconfiguration/optimization of the combustion controls. A minor air construction permit for installation of the new OFA system was obtained from the Florida Department of the Environment in August 2017. Installation of the new OFA system was completed in October 2017 during a major outage. Subsequent testing at the completion of the combustion upgrade project showed that CO was lowered by 50% from peak load levels and the unit could confidently achieve the 150 ppm 24-hour block average CO emission limit. In addition, the controls can automatically modulate the air flows to the various boiler operating loads to adjust to the daily changes in boiler load and the fuel mix between the landfill gas, wood waste and tires without requiring operator intervention.

This paper describes the process that led to a successful project, including: data collection and analyses, CFD modeling, equipment design and supply, controls reconfiguration, operator training, and start-up assistance.
1. INTRODUCTION

WTI operates a multi-fuel RDF stoker fired boiler at the Ridge Energy Generation Station facility in Auburndale, Florida. The boiler was designed by Zurn Industries and installed in 1993. The unit is designed for a maximum heat input of 664.7 GJ/hr and a final steam pressure and temperature of 88.3 bar and 513°C, respectively while firing landfill gas, wood waste (a mixture of construction and demolition debris pallets and urban wood) and municipal solid waste (MSW) including yard waste, tires and waste wood. Tires are delivered to the facility either as processed tire derived fuel (TDF) or delivered whole and chipped on-site. The wood waste and chipped/processed tires TDF delivery systems are separate, each with their individual conveyor systems, live bottom fuel bins, and dedicated pneumatic fuel feeders located on the boiler front wall. Wood waste is delivered into the boiler via six (6) pneumatic fuel distributors, while the TDF is delivered to the boiler grate using five (5) pneumatic fuel distributors. The TDF distributors are located at an elevation 7.7 feet above the elevation of the wood distributors. A single burner located on the boiler’s left side wall is used to fire a small amount of landfill gas. A sectional side view of the boiler in it’s original, as-supplied configuration is shown in Figure 1.
The original OFA system design was typical for OFA systems installed on stoker-fired boilers during that time period. It consisted of numerous small rectangular ports cut into the boiler wall membranes (with each opening about 6 inches high and 0.75 inches wide) arranged in three levels on each of the front and rear walls. A dedicated OFA fan supplied combustion air to the OFA tubular air heater (TAH). Heated air leaving the OFA TAH was then supplied to the front and rear wall OFA levels.
The boiler is operated at varying loads and on different fuels during each 24-hour cycle. These are:
· Peak load steaming rate of 156.5 tons/hr is maintained between 11 AM and 10 PM.
· Off-peak load steaming rate of below 90.7 tons/hr is maintained between 12 PM and 6 AM.

· Remaining time corresponds to periods of load transition.
· A mix of wood waste and TDF is fired in the boiler between 6 AM to midnight. Only wood waste is fired at all other times.

The unit is subject to a CO emission limit of 90.7 kg/hr on a 30-day rolling average equivalent to approximately 339 ppm (dry at 7% O2). The boiler has been classified as a RDF stoker boiler under USEPA’s Large Municipal Waste Combustor requirements in 40 CFR 60, Subparts Ea/Cb. (The RDF stoker definition is: semi-suspension of fuel combustion using air fed fuel distributors). With the classification as a RDF stoker boiler under Subparts Ea/Cb the boiler would become subject to a lower CO emission limit of 150 ppm (dry at 7% O2) on a 24-hour block average. JANSEN’s initial evaluation showed that the boiler operated at CO emissions rates below 150 ppm (dry at 7% O2) level for less than 60% of the time (see Figure 2). 24-hour block average CO emissions were approximately 210 ppm (dry, at 7% O2). The review of the historical boiler operating data also illustrated that CO levels during the peak load periods were often elevated and variable.
The evaluation revealed that the fuel heat input rates expressed as a function of the boiler’s grate surface area and furnace volume were moderately low at the peak load conditions. Therefore, significantly lower CO emissions could be possible if combustion conditions in the furnace were to be improved.
2. FIELD EVALUATION
The first step in performing an in-depth evaluation of the boiler performance was initiated by a trip to the plant by JANSEN engineers in June 2016 to gather reliable information on the boiler operations. The effort included making first-hand observations, making measurements in the boiler flue gas and combustion air systems, and collecting fuel and ash samples for analyses. Data was collected from the boiler during the peak load period when the unit averaged 152.5 tons/hr of steam with a flue gas O2 concentration at the generating bank outlet of 4.6% (by vol., wet). Periodic spikes in CO emissions to levels above 500 ppm (dry, at 7% O2) were observed throughout the test period. The boiler also exhibited a strong tendency to generate higher CO emissions as O2 concentration decreased. Combustion conditions in the furnace that had to be overcome to achieve the lower CO limit included: insufficient OFA flow and penetration into the furnace, an excessive amount of air being supplied to the landfill gas burner, lack of air flow metering instrumentation, and older/obsolete combustion air control strategy.
To improve CO emissions, combustion system upgrade recommendations were made that included lowering the landfill gas burner air flow, upgrading the OFA system [1], providing the necessary instrumentation to measure air flow to the various levels, and implementing a modern combustion air control strategy. The OFA system design effort included CFD modeling to evaluate alternatives. The primary purpose of the modeling was to evaluate flue gas flow patterns, O2 and CO levels, turbulence, temperatures, etc., for different OFA delivery strategies to illustrate the advantage of an upgraded combustion system over the existing configuration.

3. COMPUTATIONAL FLUID DYNAMICS MODELING
The base for the JANSEN boiler modeling is a commercial CFD software package called FLUENT. FLUENT incorporates aspects such as fluid flow (three-dimensional velocities and pressures), combustion and gas component concentrations, and energy balance calculations. Using this framework, solid fuel boiler-specific processes developed by JANSEN, such as fuel drying, release of volatile material, combustion in suspension and on the grate, and carryover of ash and burning particles are added.

To date, JANSEN has modeled over 150 industrial boilers burning a variety of solid fuels. These CFD models have been used as an important tool in upgrade designs that have achieved combustion improvements while firing wood derived fuels [2][3][4] and RDF [5][6]. For the Ridge Energy Station boiler, the CFD model was customized to handle wood waste and TDF composition and size distribution profiles, as well as the firing of landfill gas through a side wall burner. The model calculation results included profiles of O2, CO, and flue gas temperature throughout the furnace, which were used to compare the effectiveness of alternative means of air delivery.

In the CFD model of the boiler furnace, illustrated in Figure 3, combustion air was delivered through the grate as undergrate air (UGA), the OFA ports or nozzles, the fuel delivery spouts, and the side wall landfill gas burner. The modeling also assumed approximately 70% less air flow being supplied to the landfill gas burner for future conditions than those seen during the 2016 site visit. This allowed a larger amount of the total combustion air to be available for delivery as OFA. The mass split of the combustion air during the 2016 site visit and the split deemed optimal for combustion is shown in Table 1.
JANSEN’s OFA system design utilizes relatively few (six to eight) nozzles located on the furnace side walls of sufficient size to provide 35% to 50% of the total combustion air above the grate. The low nozzle inlet velocity and convergent design allows the nozzles to operate at low operating air pressures (less than 15.0 in. wg) while still providing a high OFA jet velocity for deep penetration and turbulent mixing of air with the volatiles being released from fuel on the grate and fine fuel particles burning in suspension. In this case, the low feed pressure requirement for the new OFA nozzles allowed the system upgrade to be implemented without an upgrade of the existing OFA fan. An illustration of the Jansen Multi-Range High Energy Combustion Air NozzleTM is shown in Figure 4. The nozzle is partitioned horizontally into two chambers with separate manual and/or automated dampers for each chamber located far from the nozzle tip. Due to the wide range of boiler operating conditions required from the Ridge Energy Station boiler, the damper for one section of each OFA nozzle is equipped with an automatic BECK motor actuator. The automation of these dampers and programming their control range in a predetermined symmetric manner allows for effective OFA jet penetration, and the ability to bias the OFA flow from the front to the rear sections of the boiler over the entire range of load transition from 90.7 tons/hr to 156.5 tons/hr of steam generation. This OFA nozzle design and automation of select OFA nozzle sections provides the operating flexibility required for the Ridge Energy Station boiler to achieve optimal OFA jet penetration and mixing over a large load range while in automatic cascade control.

3.1 Results of CFD Modeling

Figure 5 shows modeling plots to compare jet penetration profiles of the original and the upgraded combustion systems operating according to the optimal combustion air split defined in Table 1. Both plots assume lowered flue gas excess air levels than those of the 2016 site visit, reduced landfill gas burner air flow, and an adequate amount of air flow being delivered as OFA. Presented in the figure are regions of the furnace with velocities higher than 15 meters/second. As seen from the figure, the original OFA system with numerous smaller ports provides insufficient jet momentum for the OFA to penetrate very far into the furnace. In comparison, the upgraded OFA system, with nozzles located on the side walls in an interlaced pattern, provides significantly deeper jet penetration and generates intense mixing of the OFA with volatile gases and fine particles burning in suspension.
Figure 6 shows the relative improvement in the burnout of the in-flight fuel particles by improved air and fuel delivery. The plots show particle traces of the in-flight fuel particles and are colored by the particles’ stage in the combustion process. The green particle traces represent drying, yellow represents volatiles burning, red represents char burning, and teal represents residual fly ash. The model with the upgraded OFA arrangement predicted a significant reduction in volatile gases leaving the furnace.
Table 2 presents predicted average flue gas conditions at the model exit plane. The model predicted that even after lowering the landfill gas burner air flow and supplying more air through the existing OFA system, predicted CO emissions would be in excess of 180 ppm (dry, at 7% O2). These high levels would not provide the unit with the CO margin necessary to accommodate short lived spikes in CO that are typically experienced from standard operational issues including fuel feeder trips, fuel overfeed inconsistencies, piling on the grate or changes in fuel quality.

Modeling of the new OFA system illustrated significant improvements in CO burnout (16 ppm, or ~90% reduction when corrected to the same O2 level) and lowered the carryover of char and ash exiting the furnace.
4. IMPLEMENTATION OF THE NEW COMBUSTION SYSTEM UPGRADE
Following a review of the process calculations and CFD evaluation, WTI awarded JANSEN a subsequent contract for the design and equipment supply for the recommended combustion system upgrade. This phase of the project included multiple visits to the plant to collect equipment information, drawings, and field measurements. WTI also initiated additional boiler enhancements as a part of the combustion system upgrade, as described below.
4.1
Description of Mechanical System and Equipment Upgrades
The following new equipment/upgrades were supplied by JANSEN for the boiler:

· Six high energy multi-range combustion air nozzles equipped with BECK motor actuators. Twelve wireless pressure transmitters to measure the pressures in each OFA nozzle section.
· Flow meters to measure the UGA flow and the landfill gas burner air flow.
· Combustion air ducting, expansion joints, and flow equalizing manual dampers for the new OFA system.
· Tube bends for the new OFA nozzles.
WTI performed the following work:
· Obtained minor air construction permit from Florida DEP for new OFA installation.
· Reconditioned the existing air flow control dampers.
· Configuration and programming of the boiler controls to allow operation of the combustion air controls in cascade mode.
· Modifications to the boiler steel structure to accommodate the new ductwork and access platforms.
This equipment was installed on the boiler during an outage in October 2017. A photo of the new OFA nozzle arrangement on one of the boiler side walls is shown in Photo 1. The nozzles are located at a single elevation above the elevation of the TDF distributors. Installing these nozzles on the side walls was less expensive than on the boiler front and rear walls, as there were fewer interferences, and no modifications to the boiler downcomers were required.

4.2 Boiler Controls Logic Reconfiguration 
Prior to the upgrade, the instrumentation to measure the UGA and OFA flow was very limited. Therefore, the boiler operators would manually adjust air damper outputs in the supply ducting to change the UGA and OFA flows without knowing the actual air flows. This manual mode of adjustment was especially challenging as the unit went through its daily change in steaming rate from the low load of 90.7 tons/hr at nighttime to the daytime peak load operating target of 156.5 tons/hr, as well as the daily change in fuel mix described earlier. As a result, the unit experienced significant swings in flue gas O2 and variable CO burnout as fuel mix and load varied throughout the day.
The combustion system upgrade introduced the ability to measure the air flow to the UGA and OFA levels. In addition, the installation of air flow metering in the landfill gas burner has also provided guidance for trimming the burner air flow from the excessive values used during the pre-upgrade operation.
In a conventional control strategy, an entered steam flow setpoint or steam header pressure setpoint directly drives the boiler master. The boiler master in turn cascades down to the fuel master which adjusts the fuel firing rates to achieve the setpoint value (steam flow or header pressure). However, for the Ridge Energy Station boiler, the wood waste and TDF is delivered into the boiler furnace through two distinct fuel feed systems. Therefore two separate fuel masters were programmed, one for wood waste and one for tires that operate in parallel. Both these fuel masters are driven by the primary fuel master. The boiler operators have been provided with an adjustment factor that can depress or increase the tires fuel master. This allows the TDF feed to be gradually increased to higher rates during the peak load periods, and lowered to no TDF firing for the low load periods.
The resulting fuel feeder screw outputs from the two discrete wood waste and TDF feed systems are then utilized to estimate fuel firing rates for wood waste and TDF separately. Further, utilizing calculated relationships for the stoichiometric air to fuel ratios for each fuel (which are significantly different between wood waste and TDF), and target excess air level, distinct combustion air demands for wood waste firing and TDF firing are calculated in parallel. These distinct air demands are then summed in the control logic to generate a total air demand for grate fuel firing. The boiler operators have been provided with a multiplier that they can adjust while in cascade mode to deliver more or less grate fuel air than that being determined by the control system. An overgrate air (OGA) ratio multiplier allows them to adjust the mass flow split of the total grate fuel air demand between the UGA and OGA levels of the boiler. The controls then modulate the air flow control dampers in the UGA and OFA flow supply systems to match the metered UGA and OFA flows to their respective setpoint demands. The air control logic has been further enhanced by implementing an O2 trim function that adjusts the total air demand to achieve a flue gas O2 setpoint.
This controls reconfiguration in combination with the OFA system upgrade has provided an elegant and robust solution for the Ridge Energy Station boiler, where air flows automatically adjust to the load changes. Further, the controls also account for the changes in air demand resulting from the change in the fuel mix between the wood waste and TDF, which varies throughout the day. Operators can adjust the amount of air flow and change the mass split of the air between the UGA and OFA flow levels while in cascade mode and the air controls are no longer operated in manual mode.
5.
OPERATING EXPERIENCE AND RESULTING OPERATION
The boiler was started up with training and assistance from JANSEN following the outage to install the new combustion system. JANSEN and WTI worked closely to adjust, tune and observe the operation of the combustion system after applying the re-configured multi-fuel combustion air control logic.

After the boiler operators had gained sufficient experience with operating the new system with the new combustion air control logic, a formal performance test to confirm the CO emissions goal was implemented in November 2017. During multiple 24-hour performance testing periods, the boiler was operated in its typical load and fuel mix variation pattern.
As described previously, the boiler had previously exhibited an inability to continuously maintain CO emissions below the lower emissions level of 150 ppm (dry at 7% O2), especially when operating at the peak load conditions while firing a mix of wood waste and TDF. Therefore, performance of the upgraded boiler was particularly focused on CO emissions while at peak load conditions. The resulting Post-Upgrade peak load operating conditions are shown in Table 3, along with the Pre-Upgrade peak load operating conditions for comparison.
A comparison of pre-upgrade CO emission trends to the post-upgrade emission trends while operating at peak load are shown in Figure 7. In general, there is an optimal O2 where the CO concentrations are at minimum levels. If the O2 level is reduced further from this optimal point, the CO quickly increases due to an insufficient quantity of O2 to support complete combustion. If the O2 level is increased too much from the optimal point, CO concentrations can also increase as the combustion temperatures, reaction rates, and residence times are lowered by the increased excess air levels. Therefore, for a given operating fuel mix, the CO vs. O2 plot often shows a distinctive “U” shape, with the lower CO emissions being at the optimum O2 level, i.e., the bottom of the “U”.

For the 2016 pre-upgrade peak load conditions, the trend showed the optimum performance beginning at an O2 concentration beginning at 5.0% (by vol., wet) measured by boiler instrumentation at the generating bank outlet. Operating below 5.0% (by vol., wet) O2 concentration would lead to unstable combustion conditions and result in elevated CO to values over 500 ppm (dry at 7% O2), as shown in Figure 7. Over the six hours of data collection in 2016 during the peak load operating period, the boiler averaged 152.5 tons/hr of steam generation, CO emissions of 114 ppm (dry at 7% O2), and a generating bank outlet flue gas O2 concentration of 4.6% (by vol., wet). The lack of adequate combustion air controls (and subsequent operation in manual mode) resulted in large variations in O2 levels. As seen in Figure 7, O2 levels rose to as high as 8.0% (by vol., wet) and fell to as low as 3.0% (by vol., wet) during this period.
The combustion system and controls logic upgrade has led to a significant change in the CO emission profile as seen in Figure 7. The optimum O2 operating point for low CO emissions has been lowered far below 5.0% (by vol., wet). CO spikes resulting from fuel quality variations, fuel piling and fuel feed inconsistencies have been greatly reduced both in frequency and intensity following the upgrade. The new control logic allows effective control of the combustion air flow and the air split between the UGA and OFA levels. This controls enhancement allows the O2 level to be maintained in a far tighter range as seen in Figure 7. Over the eight hours of data collection in November 2017 at the peak load operating period, the boiler averaged 157.3 tons/hr of steam generation, CO emissions of 59 ppm (dry at 7% O2), and a generating bank outlet flue gas O2 concentration of 3.6% (by vol., wet).
During the performance test, the boiler exhibited the capacity to successfully operate in cascade mode and maintain low CO emissions. CO emissions expressed as a 24-hour block average were about 90 ppm (dry at 7% O2) which is 40% lower than the 24-hour block average CO limit of 150 ppm (dry at 7% O2) specified for RDF classified boilers.
A statistical data summary of the Post-Upgrade CO emissions profile is presented in Figure 8. For comparison, the Pre-Upgrade CO emissions profile is also plotted in the figure. Following, the upgrade, the boiler has operated with CO emissions that are below the 150 ppm (dry at 7% O2) level for nearly 92% of the time. This overall lowering of CO emissions and increased periods of lowered CO emissions generation now provides adequate CO margin for instances when the boiler encounters short lived upsets (and resulting spikes in CO) associated with fuel feed inconsistencies, piling on the grate, variations in fuel quality, etc. Plant personnel also report that following these upgrades, the boiler has been able to sustain the peak load steaming targets more consistently than prior to the upgrade.
Approximately 3 months after completion of the project, the boiler completed its initial CO performance test as required by the minor air construction permit issued by the Florida DEP. 24 hour averages for the 3 day test ranged from 64 to 70 ppm (dry at 7% O2) showing excellent combustion achieved.
Nitrogen oxides (NOx) emissions following the upgrade remain in the same range as those prior to the upgrade, and the NOx levels remain below the NOx limit. WTI is continuing efforts to tune the operation of the boiler’s Selective Non-Catalytic Reduction (SNCR) system to maintain low NOx emissions and optimize reagent usage.
6. CONCLUSIONS
The optimization of solid fuel combustion on stoker grates to lower CO emissions requires an in-depth review and evaluation of the process, the arrangement and performance of the OFA system, the condition of the grate, the presence of excessive air flow from other sources (burners), furnace tramp air in-leakage, and the adequacy of fuel delivery and combustion air flow metering.
The OFA system should be designed with adequate flow capacity and jet penetration to generate an intense and turbulent mixing zone above the grate to improve CO burnout. The system should have the design flexibility to maintain effective jet penetration and mixing over a large load range.

Adequate combustion system controls must be in place that achieve automatic modulation of the fuel feed rates to meet a steam flow target setpoint or a steam header pressure setpoint. The control strategy should be flexible to account for specific conditions where the boiler fires multiple fuels in combination through discrete fuel feed systems. Programming of individual fuel masters that cascade down to allow the determination of individual air demands for each fuel that is being fired is essential. The control strategy needs to allow the modulation of the combustion air flows and splits while in cascade mode. Implementation of an O2 trim controller can further enhance the combustion process by limiting the range of O2 fluctuations caused by variation in fuel quality, fuel feed inconsistencies and other standard operating conditions.

NOx emissions may be influenced by a combustion system upgrade for CO control. Therefore, a review of NOx emissions profiles and/or the operation of the NOx control system (if present) need to be carried out after the upgrade is completed. This will ensure that NOx limits are achieved while minimizing reagent usage and potential for ammonia slip.
At the Ridge Energy Station, a successful combustion upgrade of the boiler was achieved due to close interaction between all parties in every stage of the project, which included preliminary data analyses, root cause identification, obtaining regulatory approvals (minor air construction permit), design and engineering of the required upgrades, planning of the boiler outage, and start-up support. A successful implementation of these key requirements now allows the Ridge Energy Station boiler to operate in automatic mode, reliably sustain steam generation target rates, and operate with CO levels that are significantly below those required to continuously achieve the Subpart Ea CO emission limit for RDF stoker boilers.
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FIGURE 1. SIDE VIEW OF THE RIDGE ENERGY STATION POWER BOILER AS ORIGINALLY SUPPLIED
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FIGURE 2. PRE-UPGRADE CO EMISSIONS STATISTICS
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FIGURE 3. CFD MODEL OF THE BOILER FURNACE SHOWING THE ORIGINAL
COMBUSTION SYSTEM ARRANGEMENT
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FIGURE 4. JANSEN HIGH ENERGY MULTI-RANGE COMBUSTION AIR NOZZLETM
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FIGURE 7. PRE- AND POST-UPGRADE EMISSIONS TRENDS AT PEAK LOAD
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FIGURE 8. PRE AND POST-UPGRADE CO EMISSIONS STATISTICS
TABLE 1. COMBUSTION AIR DISTRIBUTION

	
	Units
	Pre-upgrade Combustion Air Distribution
	Optimal Combustion Air Distribution

	Undergrate air
	mass % of combustion air
	52
	52

	Overfire and fuel distributor air
	mass % of combustion air
	30
	42

	Landfill gas burner air
	mass % of combustion air
	18
	6


TABLE 2. CFD PREDICTED FLUE GAS OXYGEN AND CO AT THE GENERATING BANK OUTLET PLANE

	
	Boiler Steam Flow
(tons/hr)
	O2
(volume %, wet)
	CO
ppm (dry corrected to 7% O2)

	Original combustion system
	156.5
	3.4
	187

	Upgraded combustion system
	156.5
	3.5
	16


TABLE 3. COMPARISON OF OPERATING CONDITIONS

	
	Units
	Pre-Upgrade Peak Load Boiler Operation (June 2016)
	Post-Upgrade
Peak Load Boiler Operation (November 2017)

	Steam

	Steam flow
	tons/hr
	152.5
	157.3

	Final steam temperature
	°C
	512
	509

	Steam pressure at superheater outlet
	bar
	87.1
	83.4

	Fuel

	Heat input from landfill gas
	GJoule%
	4
	4

	Heat input from TDF
	GJoule%
	36
	37

	Heat input from wood fuel 
	GJoule%
	60
	59

	Combustion Air

	Excess Air
	%
	35
	26

	UGA supply temperature to furnace
	°C
	219
	228

	OFA supply temperature to furnace
	°C
	243
	216

	Undergrate air
	mass %
	52
	52

	Overfire and fuel distributor air
	mass %
	30
	43

	Landfill gas burner air
	mass %
	18
	5

	Flue Gas

	Economizer outlet temperature
	°C
	290
	323

	TAH outlet temperature 
	°C
	198
	153

	Generating bank outlet O2
	vol%, wet
	4.6
	3.6

	Stack O2
	vol%, dry
	7.2
	8.9

	Stack CO^
	ppm, dry
	114
	59

	Stack NOx^
	ppm, dry
	103
	109

	^Corrected to 7% O2
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PHOTO 1. MULTI-RANGE OFA NOZZLES ON THE BOILER SIDE WALL

Upgraded Combustion System





Original Combustion System
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FIGURE 5. VELOCITY PROFILES SHOWING RELATIVE JET PENETRATION (VELOCITY VECTORS OVER 15 METERS/SEC)
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Original Combustion System
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FIGURE 6. PARTICLE TRACES OF FUEL, CHAR, VOLATILES AND FLY ASH
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