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ABSTRACT 

A Clean Coal Technology (CCT) Project has been completed at a 71 MW, (net) tangentially 

fired unit in Hennepin, Illinois. Energy and Environmental Research Corporation (EER) has 

demonstrated Gas Rebuming-Sorbent Injection (GR-SI) to reduce emissions of NO, and SO,, by 

60 and 50%, respectively. GR-SI has also been demonstrated at a cyclone fired unit in 

Springfield, Illinois, in the same project, as detailed in Volume 4 of this report. The primary 

sponsor was the Department of Energy, with co-funding provided by the Gas Research Institute 

and the Illinois State Department of Commerce and Community Affairs. 

The host unit was Illinois Power’s Hennepin Station Unit 1 which normally fires an Illinois 

bituminous coal containing approximately 3% sulfur. EBR designed and retrofitted the GR-SI 

system, then evaluated its performance over a year-long demonstration. With GR-SI, natural 

gas is injected into the furnace above the coal burners to reduce NO, to N2 and dry hydrated 

lime sorbent is injected into the upper furnace for SO2 capture. Natural gas is injected, at a rate 

corresponding to 18% of the total heat input, to form a fuel rich reducing zone in which NO, 

formed in the coal xone is reduced to Nr. Overtire (burnout) air is injected at a higher point in 

the boiler to burnout fuel combustibles under overall fuel lean conditions. Hydrated Lime, 

Ca(OH),, is injected into the upper furnace cavity through front and side wall injectors, at a rate 

corresponding to a calcium @bent) to sulfur (coal) molar ratio of 1.75. 

Over the year-long GR-SI demonstration the average NO, reduction was 6796, from the 0.75 

Ib/l@Btu (323 mg/MJ) coal baseline, and the average SO1 reduction was 53%, from the 5.3 

Ib/106Btu (2280 mg/MJ) coal baseline. The average calcium utilization with Linwood hydrated 

lime sorbent was 24%. Low emissions of CO were maintained, with an average of 57 ppm (@ 

3% 03. Reduction of COr emissions of 7%, from 15.6 to 14.5% (@ 3% 03, was also 

measured. Short-term tests indicated GR-SI resulted in significant reduction in emissions of HCl 

(60 to 86% reduction) and HP (94 to 100% reduction). Humidification was used to effectively 

limit particulate matter emissions, which ranged from 0.012 to 0.025 IblMBtu (5.2 to 10.8 

mg/MJ) during GR-SI operation. Three advanced sorbents prepared by EER and the Illinois 

State Geological Survey showed significantly improved utilizations (31 to 38% at Ca/S of 1.75). 



Under GR-SI at full load, the thermal efficiency decreased by 1.38 % to 85.38 %, while GR alone 

resulted in a reduction of 0.76% to 86.00%. The main steam temperatures were relatively 

constant at 99YF (535T) during GR-SI, 994°F (534°C) during GR, and 993°F (533°C) during 

baseline. Other impacts of GR-SI and GR include an increase in superheat attemperation spray, 

a shift in the heat absorption profile, and an increase in the boiler exit gas temperature. Impacts 

on other areas of unit operation/performance were evaluated, with no significant deleterious 

impacts determined. 
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The Energy and Environmental Research Corporation (EER) has conducted a project to 

evaluate Gas Rebuming-Sorbent Injection (GR-SI) at a 71 MW, (net) tangentially fired utility 

boiler. The GR-SI process involves injection of rebuming fuel into the furnace above the 

coal burners for reduction of nitrogen oxides (NO3 and injection of dry sorbent into the 

upper furnace for capture of sulfur dioxide (SOJ. The goals of the project were to reduce 

emissions of NOX and SO, by 60 and 5046, respectively. The host unit was Illinois Power 

Company’s Hennepin Station Unit 1, which normally fires an IlIinois bituminous coal 

containing approximately 3% sulfur. The project was conducted in three phases in which 

EER designed and retrofitted a GR-SI system, conducted short-term (optimization) and 

long-term (one year) demonstration testing, and evaluated the impacts of GR-SI operation on 

various areas of host unit performance and on the local environment. The project was part 

of the U. S. Department of Energy (DOE) Round I Clean Coal Technology (CCT) Program. 

The primary sponsor was the DOE, the Gas Research Institute (GRI) and the Illinois 

Department of Commerce and Community Affairs co-funded the project. 

GR-SI requires the injection of natural gas, corresponding to 18% of the total heat input, into 

the furnace above the coal burners. Sub-stoichiometric combustion of the natural gas results 

in formation of hydrocarbon fragments and free radicals, which reduce the NO, formed in 

the coal combustion zone to molecular nitrogen (Nr.). To complete fuel combustion, overfire 

air (OFA) is injected above the natural gas injection point, resulting in burnout of 

combustibles under overall fuel-lean conditions. The process also involves injection of a 

calcium sorbent, such as hydrated lime (calcium hydroxide), into the upper furnace cavity for 

reaction with SOa. The sorbent and SO2 react to form mostly CaSO,, a dry powder, which is 

entrained in the boiler flue gases and is captured in ash hoppers and the electrostatic 

precipitator (FSP). 

In this CCT project, GR-SI systems have been designed and evaluated at two units, Hennepin 

Unit 1 and at a 33 MW, (gross) cyclone fired unit, Lakeside Station Unit 7. Lakeside Unit 7 
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is owned and operated by City Water, Light and Power Company, the municipal utility of 

Springfield, Illinois. The program at Hennepin Unit 1 was conducted from June 1987 to 

October 1992. The program at Lakeside Unit 7 was completed in June 1994. A third GR-SI 

program at Central Illinois Light Company’s Edwards Station Unit 1, a 117 MW, (net) wall 

fired unit, was discontinued after the design phase due to the high cost of upgrading the 

small ESP (SCA of 137 ftz/looO acfm [27.0 ml/ m’ls]) to accommodate sorbent injection 

WI. 

1.1 &&tg at Henneoin Unit 1 

The evaluation of the Hennepin GR-SI system was initiated with GR and GR-SI optimization 

(parametric) testing. It was continued with a year-long GR-SI demonstration and was 

concluded with an evaluation of alternate (advanced) sorbents. Gas/Coal Coking and 

Gas/Gas Rebuming, which entail coking of coal and natural gas in the burner zone and Gas 

Rebuming (GR) in addition to gas firing in the burner zone, respectively, were also 

evaluated. Hennepin Unit 1 has warm-up guns and main gas burners capable of tiring 100% 

natural gas at full load. 

GR was optimised with respect to several parameters which had a potential to impact NO, 

formation/reduction, including: primary (coal) zone stoichiometric ratio, rebuming zone 

stoichiometric ratio, burnout (exit) zone stoichiometric ratio, boiler load, mills in service, 

burner tilt angle, flue gas recirculation (PGR) flow rate and rebuming fuel injector tilt. The 

principal parameters used to evaluate the GR process are the stoichiometric ratios which 

indicate an excess or deficiency of air due to firing of coal and natural gas and injection of 

primary/secondary and overtire air. The other significant parameters are the mills in 

service, burner and rebuming fuel injector tilt angles and FGR flow. Following the GR 

optimization teats, SI and GR-SI optimization testing was conducted. The significant 

parameters evaluated in these tests were: load, calciumlsulfur molar ratio (the ratio of 

sorbent calcium to coal sulfur), injection velocity, injection configuration and sorbent 

reactivity. The Hennepin SI system has two injection configurations, SI nozzles at the IPA 
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ports and at the boiler nose plane, for use during low and high loads, respectively. Testing 

of SI was conducted to determine the impact of GR on sorbent reactivity. The parametric 

test results were analyzed to determine the appropriate set-points to achieve 60% NO, and 

50% SO, emissions reductions for the one-year technology demonstration. The GR-SI 

demonstration testing was conducted with the unit under dispatch operation to meet station 

power requirements and at specific loads. The primary sorbent evaluated in GR-SI 

parametric testing and over the demonstration period was Linwood hydrated lime; 

Marblehead hydrated lime was also briefly evaluated. Following the one-year GR-SI 

demonstration, three alternate sorbents containing promoting agents were tested. 

1.2 Emissions Reductions 

The optimixation testing data were analyxed to determine a design point for the best overall 

balance of emissions control and boiler performance. The results showed that reduction in 

NO, emissions in excess of 6046, from the “as found” baseline of 0.75 lb/lo6Btu (323 

mg/MJ), and reduction in SOI emissions in excess of 5096, from 5.3 lb/106Btu (2,280 

mg/MJ), may be obtained under the following conditions: 

Percent Rebuming Fuel 18.0 

Primary Zone Stoichiomehic Ratio 1.08 

Rebuming Zone Stoichiometric Ratio 0.90 

Burnout Zone Stoichiometric Ratio 1.18 

Ca.6 Molar Ratio 1.75 

Injection Configuration for SI Upper - 6 Nozzles 

The load following long-term demonstration was conducted from January to October 1992, 

generally under these set-point conditions. Over the long-term demonstration period the 

average NO, emissions were 0.246 lb/106Btu (106 mg/MJ), corresponding to a reduction of 

67.3%, while the average SQ emissions were 2.51 lb/106Btu (1,079 mg/MJ), corresponding 

to a reduction of 52.7%. The NO, emissions ranged from a low of 0.179 lbllo6Btu (77 
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mg/MI) to a high of 0.312 lbllo6Btu (134 mg/MI), and showed significant dependence as the 

natural gas input, primary and rebuming zone stoichiometric ratios, mills in service, and coal 

burner tilt angle were varied by the operators. 

The long-term demonstration results also indicate that the GR-SI system achieves the target 

NO, and SOr emission reduction as well as modest reduction in CO1 and significant 

reductions in HCl and HF. Short-term tests of HCl and HF emissions were conducted 

during the demonstration period. Emissions of CO were maintained at acceptable levels and 

N,O emissions were insignificant. The range of operating parameters, species emissions, and 

reductions from baseline emissions are listed below. 

Gas Heat Input (96) 

CWS Molar Ratio 

NO. emissions reduction (96) 

SO2 emissions reduction (96) 

Calcium utilization (96) 

CO, emissions reduction (96) 

HCl emissions reduction ( W) 

HF emissions reduction (96) 

CO emissions @pm @ 3% 03 

N,O emissions @pm @ 3% Or) 

Averaee 
12.1 - 19.7 18.2 

1.42 - 2.07 1.76 

58.4 - 76.1 67.3 

42.6 - 62.0 52.7 

16.5 - 32.5 24.1 

4.5 - 10.3 7.1 

60.4 - 85.5 73.0 

94.3 - 99.7 

13 - 254 57 

0.5 - 4.3 1.9 

97.0 

At full load, NO, reductions with 10% and 18% gas heat input were 55% and 67%. 

respectively. NO, emissions were reduced when operating at low primary and rebuming 

zone stoichiometric ratios, with the top mill out of service and when the coal burners were 

tilted downward. Under low load operation, removing the top mill from service resulted in 

greater staging of the coal combustion. The NO, reduction process was most effective when 

the coal burners were tilted downward, due to effective separation of the primary combustion 

and the rebuming zone. 
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Emissions of SO1 ranged from 2.01 to 3.04 lb/ldBtu (864 to 1,307 mg/MI), with an average 

of 2.51 lb/lo6Btu (1,080 mg/MJ). These results, obtained primarily with Linwood hydrated 

lime, correspond to an average reduction of 52.7% from the baseline. Reductions in CO, 

emissions result from replacement of coal, which theoretically produces CO1 at a rate of 205 

lb/lo6Btu (88.2 mg/MJ), with natural gas which produces CO2 at a level of 115 lb/106Btu 

(49.5 mg/hfJ). The measured CO* emissions decreased from a baseline of 15.6% (@ 3% 

OJ to 14.5% under GR operation with 18% natural gas heat input. The reduction of HCl 

and HP is due in part to fuel switching, since natural gas is free of halides. Most of the 

reduction is due to the reaction with sorbent to form calcium halides. The measured 

emissions were in the range 9.29 x 1Us to 24.6 x 10’ lb HCY106Btu (3.99 to 10.6 mg/MJ) 

and 1.14 x lo-’ to 19.1 x 10-’ lb HP/106Btu (4.90 x 10’ to 82.1 x 10’ mg/MJ). Emissions 

of CO were maintained below 100 ppm in most cases, with an average of 57 ppm (@ 3% 

02 over the long-term demonstration. CO emissions were below 50 ppm at full load, but 

reached above 100 ppm at reduced loads due to reduced gas temperatures, upward tilting of 

the coal burners, and reductions in over-fire air velocity below the optimum for rapid mixing 

with furnace gases. N,O emissions under GR and GR-SI operation were in the 0.5 to 4.3 

ppm range, indicating that the processes do not result in unacceptable N,O emissions. 

Gas/Coal Cofiring and Gas/Gas Rebuming resulted in significant NO, reductions from the 

unconbolled levels. Gas/Coal coking with 34% gas heat input resulted in NOX reductions 

of 35 to 45% from the 100% coal baseline and Gas/Gas Rebuming with 18 to 20% gas heat 

rebuming fuel resulted in NO, reductions of 60 to 65% from the 100% gas baseline. 

Three alternate sorbents, prepared by EER and the Illinois State Geological Survey (ISGS) 

Department, were also evaluated. Two sorbents containing agents to facilitate sulfation, 

designated PromiSORBTM A and PromiSORB R1 B, were prepared through an EER-Petroleos 

de Venezuela joint venture. At a nominal WS molar ratio of 1.75, PromiSORBm A 

injection resulted in SO* capture of 5396, corresponding to a calcium utilization of 3196, 

while PromiSORB” B resulted in SO* capture of 66% and calcium utilisation of 38%. At 

the same Ca/S, the ISGS High Surface Area Hydrated Lime (HSAHL) injection resulted in 
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SO2 capture of 60% and a calcium utilization of 34%. PromiSORBm B injection resulted in 

a maximum SO2 capture of 81.2% at a Ca/S of 2.59. These improved utilisations allow the 

SOs reduction to be achieved at lower SI rates; alternatively, for the same SI rate, higher SO2 

capture can be achieved. 

1.3 Electrostatic Precipitator Performance 

Flue gas humidification was applied to enhance ESP performance, permitting continued 

adherence to the regulatory limit of 0.10 lb particulate matter/K?Btu (43.0 mg/MJ). GR-SI 

operation impacts ESP performance via several mechanisms including increased particulate 

loading at the ESP inlet, an increase in gas temperature and an increase in the fly ash 

resistivity. The humidification system was designed to reduce the gas temperature at the ESP 

inlet to 195°F (39”C), which corresponds to an approach to adiabatic saturation of 70-F 

(39°C). This requires 60 gpm (3.8 l/s) of water at full load. In practice, a 150°F (83°C) 

approach was sufficient to maintain low stack opacity and particulate matter emissions. 

Particulate matter emissions were measured at two times in the demonstration period, 

indicating emissions of 0.015 to 0.025 lb/106Btu (6.5 to 10.8 mg/IvlJ) during full load GR-SI 

operation. These correspond to collection efficiencies of 99.8 to 99.9% and required 

humidification water flows of 24.9 to 27.6 gpm (1.57 to 1.74 l/s). GR had a minor impact 

on ESP performance, due to an increase. in the gas temperature at the ESP. Under full load 

GR operation the particulate emissions were in the 0.025 to 0.033 lb/lo6stu (10.8 to 14.2 

mg/UI) range. These may be compared to full load baseline emissions of 0.018 to 0.035 

lbllo6Btu (7.7 to 15.1 mg/MJ). 

1.4 Thrm Prfrm e 

The Hennepin unit was equipped with tilting burners to control reheat steam temperature. 

The tilts were automatically adjusted to achieve design point temperature within a narrow 

tolerance. For GR operation at full load, the burners were tilted down slightly. Under SI, 
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the burner position was shifted upward, to a nearly horizontal or upward tilting position, to 

enhance heat transfer to the reheat superheater. 

The Hennepin unit was equipped with spray attemperation for main steam temperature 

control. While GR and GR-SI affected the boiler heat absorption profile, main steam 

temperature could be maintained by adjusting the attemperation water flow rate. The 

operators typically strive to maintain steam temperature at slightly less than the design point 

of 1,OOYF (541°C). The table below summarizes the steam temperatures and attemperation 

flow rates over the demonstration period. 

Steam Temperature 

The fouling of heat transfer surfaces under GR-SI also resulted in a change in the heat 

absorption profile. The changes in the percentage of total heat absorbed by each heat 

transfer section were: 0.64% decrease by the furnace water wall, 0.93% decrease by the 

secondary superheater, 0.48% decrease by the reheater, 1.62% increase by the primary 

superheater, and a 0.43% increase by the economizer. The boiler easily accommodated these 

small shifts in heat ttansfer distribution. 

GR operation resulted in a 0.76% reduction in thermal efficiency, to 86.00%. This was due 

to an increase in the flue gas moisture from combustion of natural gas. Under GR-SI, an 

increase in air heater gas exit temperature of 33°F (18°C) decreased the thermal efficiency to 

85.38%. 
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1.5 Other Imuacts of GR and GR-SI Operation 

To evaluate other potential impacts of GR-SI, ash deposition, boiler durability and chimney 

inspections were conducted. 

GR had essentially no impact on furnace or convective pass ash deposition patterns. In some 

cases, ash deposition around the rebuming fuel injectors and overflle air ports was noted but 

the deposits had no observable effect on operation. Adding SI had little effect on the furnace 

but did increase deposits in the convective pass. The most extensive particulate matter 

deposits were on the cold reheater sections where there were no sootblowers and on the 

primary superheater elements. These deposits decreased heat absorption and increased the 

boiler exhaust temperature, resulting in a slight decrease in boiler efficiency as previously 

mentioned. 

Boiler durability was assessed by both destructive and non-destructive techniques. Roth 

methods confirmed no adverse impacts on tube wall metallurgy and no measurable increase 

in tube wall wastage. Sixteen tube wall samples were examined and no indication of 

decarburization was detected. Extensive ultrasonic thickness measurements of the tube walls 

were conducted at approximately 4,000 points in 1988 (prior to baseline testing), in 1990 

(after baseline operation), and in 1992 after completion of the GR-SI tests. Since the normal 

tube wastage rates expected over this period were comparable to the accuracy of the 

instrument, it was recognized that it would not be possible to quantify small changes due to 

GR-SI. The primary objective was to determine if there was a significant increase in tube 

wastage. No accelerated wastage could be detected. 

The chimney was inspected at the completion of the long term tests. Normally there is some 

ash deposited on the liner. Material buildup, upon inspection, appeared to be spent sorbent. 

The deposits were considered to be within the normal range and no remedial work was 

required. 
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2.0 INTRODUCTION 

The Energy and Environmental Research Corporation (EER) has conducted a project entitled 

“Enhancing the Use of Coals by Gas Rebuming-Sorbent Injection.” The project objective 

was to demonstrate GR-SI for reduction of emissions of nitrogen oxides (NO3 and sulfur 

dioxide (SOJ from coal fired boilers. The specific goals were to reduce NOX emissions by 

60% and SO1 emissions by 50%. One of the host sites for the project was Illinois Power’s 

Hennepin Station Unit 1, which is a 71 Mw, (net) tangentially-fired balanced draft unit 

supplied by Combustion Engineering. The unit fires an Illinois bituminous coal containing 

approximately 3% sulfur. It was constructed prior to 1971; therefore, its emissions are not 

required to meet New Source Performance Standards (ASPS). The GR-SI system, designed 

by EER, was retrofitted to the unit and operated over a year-long demonstration to evaluate 

emissions reductions and impacts on various areas of unit performance. 

2.1 pUmose of the Project Performance Report 

The purpose of this report is to present GR-SI system design and performance data for 

Hennepin Station Unit 1. The design of the GR-SI system as well as the methodology used 

in flnalizing the design are presented. The report contains data in the areas of emissions, 

thermal performance, alternate sorbent performance, environmental impacts, 

slagging/fouling, ESP performance and unit wear. Process capital costs and operating costs 

as well as an analysis of the market for the technology are not included and will be presented 

in a subsequent volume. This is Volume 2 of a five volume series prepared by EER to meet 

the requirements of its CCT Round 1 Program. The other volumes to be ~prepared are 

described as follows: 

Volume D&tipn 

Volume 1 Summary/overview of the work completed at the three sites: Edwards 

Unit 1, Lakeside Unit 7, and Hennepin Unit 1 
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Volume 3 

Volume 4 

Volume 5 

Process/engineering design of the Edwards Unit 1 GR-SI system. 

Since this project was suspended after the design phase, there was no 

field evaluation of that system. 

Performanceldesign volume for the Lakeside Unit 7 GR-SI 

demonstration (similar to this report) 

Guideline manual containing capital and operating cost information for 

all of the sites and a market analysis 

This section contains an overview of the project at Hennepin Station Unit 1, a description of 

the host unit, “as found” baseline emissions, and a description of the GR-SI process. Section 

3 contains a description of the GR-SI design methodology, the Hennepin Unit 1 GR-SI 

system process design specification, and the GR-SI system performance objectives. Section 4 

contains an overview of the project and testing and Section 5 describes the test plan used to 

evaluate the GR-SI system and Quality Assurance/Quality Control activities. Sections 6 

through 11 present the results of optimiration (parametric) and long-term testing, including 

emissions, thermal performance, slagging and fouling, ESP performance, and environmental 

impacts. Sections 12 and 13 describe the design of the GR-SI system design and compare 

the optimized performance to the design projections. Finally, Section 14 contains project 

conclusions and recommendations. 

2.2 Pro&t Descriution 

In response to growing concern regarding pollutant emissions from coal-fired power plants, 

the DOE initiated the Clean Coal Technology (CCT) Program. The GR-SI project at the 

Hennepin Station is one of several in the DOE CCT Round 1. It is one of two carried out 

simultaneously by EER, one at a tangentially fired unit - Illinois Power’s Hennepin Station 

Unit 1, and the other at a cyclone tired unit - City Water, Light and Power’s Lakeside 

Station Unit 7, in Springfield, Illinois. Another GR-SI project, at a front wall fired unit - 

Central Illinois Light Company’s (CILCO) Edwards Station Unit 1 - was discontinued due to 

funding constraints. EER is also conducting a CCT Round 3 Project in which GR and Low 
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NO, Burners are being evaluated at a wall fired unit - Public Service of Colorado’s Cherokee 

Station Unit 3. 

The project at Hennepin Unit 1 was conducted in three phases. Phase I consisted of design 

of the GR-SI system and permitting activities, construction and start-up taking place in 

Phase II, and Phase III consisting of operation, data collection, reporting and disposition. 

The unit was retrofitted with a GR-SI system designed by EER, then underwent start-up 

activities, optimisation testing, and long-term (one-year) testing. The primary sponsor of the 

project was the U. S. Department of Energy (DOE). Co-funding was obtained from the Gas 

Research Institute (GRI) and the State of Illinois Department of Energy and Natural 

Resources (ENR). The two host utilities were Illinois Power Company (IP), and City Water, 

Light and Power Company (CWLP) the municipal utility of the City of Springfield, Illinois. 

The GR-SI project goal at Hennepin was to reduce NO, emissions by 6046, from an “as 

found” baseline of 0.75 lb/MBtu (323 mg/MJ) to 0.30 1bMBtu (129 mg/MJ), and a reduce 

SO2 emissions by 5096, from a baseline of 5.30 lb/MBtu (2,280 mg/MJ) to 2.65 lh/lvlBtu 

(1,140 mg/hG). The GR-SI process consists of injection of natural gas, corresponding to 15 

to 20% of the heat input, at a location above the coal burners to create a fuel-rich zone. 

Fuel rich combustion of natural gas results in formation of hydrocarbon fragments and other 

free radicals which reduce NO,, formed in the primary (coal) zone, to molecular nitrogen 

(NJ. OFA is injected at a higher elevation to fully bum out the fuel combustibles under fuel 

lean conditions. Hydrated lime sorbent, calcium hydroxide (Ca(OH)d, is injected dry into 

the upper furnace to react with flue gas SO,, resulting in formation of mostly calcium sulfate 

(CaSO,) and some calcium Mite (CaSOs). These are solids which are entrained in the 

boiler flue gas along with the fly ash and are captured in the particulate collection device. 

The fly ash/sorbent mixture is the major waste product of the GR-SI process. At Hennepin, 

it was mixed with water and sluiced to an on-site pond. 
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2.3 Roles of the DOE. GRI and ENR in the Pro& 

This project his significant to owners/operators of existing fossil fuel fired steam electric units 

of all types. The Clean Air Act Amendments (CAAA) of 1990 include a broad range of 

regulations requiring control of both NO, and SO* emissions. GR and GR-SI will find 

applications in meeting requirements of Titles I and IV of the CAAA. Title I requires 

Reasonably Available Control Technology (RACT) to be employed to reduce NO, emissions 

in areas where ambient ozone levels exceed the Federal ambient air quality standards. Title 

IV requires both NO, and SO2 reductions to mitigate acid rain. 

The DOE, GRI and ENR had two major roles in the demonstration of GR-SI at Hennepin 

Station Unit 1, as project sponsors (funding organirations) and as technical reviewers and 

advisor. Approximately 50% of project funds for the design, construction, and testing of the 

GR-SI system were received from the DOE. These organirations also played a major role in 

review of the GR-SI system design, construction plan, environmental monitoring plan, and 

testing results. Therefore, they played a key part in assessment of the GR-SI technology in 

each phase of the project. 

The host utility also played key roles in the project. nlinois Power gave access to the unit 

for retrofit and testing of GR-SI. It also shared the cost of the project and provided technical 

review through each phase. The unit was operated by plant personnel, in accordance with a 

test plan prepared by EER. GR systems were retained by both utilities, Illinois Power and 

City Water, Light and Power, after completion long-term testing. 

2.4 SQmificance of the Prciect 

The GR-SI project at Hennepin Unit 1 is the first full scale demonstration of GR in a large 

utility boiler in the U.S. The performance of the GR system over the year-long 

demonstration exceeded the goals of the project, therefore the Illinois Power Company 

elected to retain the technology rather than to restore the unit to the pre-project 
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configuration. The SI system performance also exceeded the project goal with the 

conventional sorbent. EER also developed and tested advanced sorbents, such as 

PromiSORBm B, which can achieve the SO2 capture of normal sorbents at significantly 

reduced sorbent inputs. PromiSORB”” B calcium utiliratlon in some cases was nearly 

double that of the conventional sorbent. Flue gas humidification for ESP enhancement was 

evaluated and found to improve ESP performance with resulting outlet loadings at or even 

below baseline emissions. The successful demonstration of GR-SI has led EER to promote 

further commercial application of the GR technology. 

SI is a viable alternative to the practice of coal switching, i.e. firing lower sulfur coals. 

Coal switching has had significant impacts on mining areas in midwestem states, which have 

large reserves of coal containing more than 3% sulfur. Therefore, the demonstration and 

application of the GR-SI enables utilities to fire coals which have a higher sulfur content, 

resulting in positive economic impacts on regions which mine medium to high sulfur coals. 

2.5 . . 
Host Unit DeSCnDhQII 

The host site for this part of the program was a 71 MW, (net) unit (unless otherwise stated 

all loads will be on a gross basis in this report), tangentially fired with pulverized coal. 

Figure 2-l is a schematic showing the major components of the boiler and Table 2-l 

contains the design specifications. The unit, which began operation in 1953, was supplied by 

Combustion Engineering and is owned by the Illinois Power Company. At its nominal 

continuous rating, the unit produces steam at a rate of 525,000 lb/hr (66.3 kg/s), at a 

temperature of 1005°F (541°C) and a pressure of 1500 psig (10,340 kPa). The unit reheats 

steam at a rate of 462,000 lblhr (58.3 kg/s) to the same design temperature. It is 

tangentially fired with three elevations of coal no&es located in each of the four comers. 

The burners have tilting capability to automatically control reheat steam temperature. The 

convective pass includes a secondary superheater, high temperature reheater, low temperature 

reheater, primary superheater, economixer and tubular air heater. 
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TABLE 2-l. HEh’hEPIN UNIT 1 BOILER SPECIFICATIONS 

Manufacturer 
Fuel Type 
Boiler Firing Configuration 
Number of Pulverizers 
Superheat Steam Flow Rate 

Superheat Steam Temperature 
Steam Pressure 
RI-I Steam Temperature 
RH Steam Flow 
Design Efficiency 
Furnace Dimensions 
Furnace Volume 
Furnace Heat Release Rate 
Heating Surface Areas 

Furnace 
Superheater 
Reheater 
Economizer 
Aii Heater 

Combustion Engineering 
Pulverized Coal, Illinois Bituminous 
Tangentially-Fired, Balanced Draft 
3, with 3 Burner Elevations 
525,000 lb/lx at Normal 
Continuous Rating 
1 ,CWF 
1,500 psig 
1 ,OOYF 
462,000 lb/lx 
87.0 Percent 
25’10” width x 23’11 l/4” depth 
49,200 ft3 
14,100 Btu/hr, ft’ 

9,465 ft* 
50,coo ftz 
7,830 ft2 
8,950 ft2 
172,500 ft2 
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Coal is pulverized by three Raymond bowl mills, each having a capacity of 17 tons/hr (4.29 

kg/s). Operation with only one mill in service at a minimum stable operating point (mill 

turndown ratio of 2.5: 1) corresponds to a unit power output of approximately 22 MW,. Coal 

is pulverized to a specified fineness of 70% passing 200 mesh U.S.S. sieve (74 micron 

openings) and 98% passing 50 mesh U.S.S. sieve (297 micron openings). The coal is 

transported by 160°F (71°C) primary air to twelve tilting nozzles, three in each comer of the 

boiler, and introduced into the furnace with 450°F to 530°F (232°C to 277°C) secondary 

air. It is burned in a swirling combustion zone. The high temperature combustion products 

then pass through a superheater, reheater, economizer, and a tubular air heater before being 

ducted to the electrostatic precipitator. 

Figure 2-2 shows the locations of the sootblowers. The boiler cleaning system is comprised 

of 24 sootblowers supplied by Diamond Power Specialty Company. There are 8 short 

retractable IR wall blowers, designated as IR by the model number, located on a single row 

above the top burner elevation and 16 long retractable IX sootblowers, located throughout the 

convective sections. Many wall boxes are present in the furnace and convective sections of 

the unit, where additional wallblowers may be installed. 

Hennepin Unit 1 is equipped with a Buell Model BAl.lX40K333-2P modular electrostatic 

precipitator. The precipitator was installed in 1974. It has a Specific Collection Area (SCA) 

of 223.4 square feet for each thousand actual cubic feet per minute (acfm) (43.97 m*/ m3/s) 

of flue gas produced at the maximum boiler rating. It has an array of four electric fields 

with a total effective plate area of 64,800 square feet (6,020 m2). A particulate collection 

efficiency of 99.5% and maximum outlet particulate loading of 0.01 grains per acf (0.023 

g/m)) are guaranteed. 

The operating permit for Hennepin Station limits the SO* emissions from both Units 1 and 2 

to 17,050 lblhr (2.20 kg/s). To comply with this limit, under all operating conditions, the 

coal SO* emission potential must be less than 6.0 lb/MB&i (2,580 mg/MJ). The coal sulfur 

content is usually in the range of 2.8 to 3.8%. 
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Hennepin Unit 1 was constructed in 1953. The unit’s capacity factor for the five-year period 

from 1980 to 1984 was 54.9%. The unit normally operates in cycling service, approximately 

12 hours/day and 5 days/week. During the demonstration period, 1991 to 1992, the unit 

capacity factors were 34.09% (1991) and 32.01% (1992). 

2.6 - ’ e Emissions and Performance Pre Protect Base lin 

Emissions measurements and unit performance data were taken during three baseline tests in 

Phase I of the project. Preliminary testing and data collection, used in the GR-SI system 

design, took place in December 1987, January 1988, and April 1988. The December 87 and 

January 88 tests were designed to provide input data for the initial GR-SI design including 

isothermal physical flow modeling and heat transfer modeling. The April 1988 tests were 

designed to provide additional data to be used in the GR-SI system design, more complete 

boiler performance and emissions data and to identify any areas which may limit or hinder 

the application of GR-SI to the unit. The measurements taken included furnace gas 

temperature and velocity, which were used to “calibrate” the heat-transfer and isothermal 

flow models, as well as emissions and unit operating data. The emissions and unit operating 

data, collected over a range of loads, include pulverizer fineness, combustibles in ash, exit 

particulate loading, ESP collection efficiency, and emissions of combustion products 

monitored with continuous gas analysis equipment. 

NO, and CO emissions, over the load range evaluated, are shown in Figure 2-3. The testing 

showed that the unit was operating in a smooth manner, and no problems with the GR-SI 

retrofit were evident. At full load, the boiler normally operates at 75 Mw, (gross). At this 

load and 20% excess air, the pre-project NO, emissions were about 0.75 lb/MBtu (323 

mg1M.I). NO. emissions for loads of 60 MW., 50 Mw,, 45 MW,, and 30 Mw, were 0.48 

lb/MBtu (206 mg/lvlJ), 0.71 1blMBtu (305 mg/UT), 0.50 lb/MEXu (215 mg/MT), and 0.60 

lb/MBtu (258 mg/UT), respectively. At low loads, the unit is operated at higher excess air 

levels to maintain steam temperatures, therefore NO. emissions are not reduced consistently 

with reduction in load. Emissions of CO were in the 25 to 67 ppm range under boiler excess 
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O2 of 2.88 to 5.77%. 

Emissions of SO*, based on coal sulfur content, were below the 6.0 lb/MBtu (2,580 mglh4J) 

plant limit. The calculated emissions were in the 3.69 to 5.22 lb SO,/MBtu (1,590 to 2,240 

mg/MJ) range and the ash sulfur retention was 5% of the coal sulfur. The ESP collection 

efficiency was calculated to be 99.7196, with emissions of 0.0174 Ib/MBtu (7.48 mg/MJ). 

Combustion efficiency losses were low, as indicated by low CO emissions and relatively low 

unburned carbon in ash. The steam temperature was 1000°F (538”(J), which is near the 

design temperature of 1005°F (541°C). Without sootblowing, the maximum allowable 

furnace heat transfer degradation took place over a period of 8 to 10 hours. This resulted in 

increased superheater and reheater attemperation spray. Furnace wallblowing effectively 

improved furnace heat transfer, resulting in a reduction in attemperation spray requirement, 

but this was followed by a significant drop in steam temperature. The burner tilts then were 

adjusted to an upward position to increase the reheat steam temperature to the design point. 

The air heater leakage was found to be 32% (air side to gas side), at full load. This is due 

to corrosion of the lower section of the air heater tubes. The air leakage contributed to heat 

loss from the unit as well as an increase in ID fan power. The increase in fan power was 99 

HP over the zero air leakage case. The ID fan was at its maximum control position and 

power usage during full load high excess air operation. 

2.7 &gcriution of the Demonstrated Technology 

The technology demonstrated at Hennepin Unit 1 is the application of two emissions control 

techniques: GR, for NO, control, and SI, for SO2 reduction. GR and SI may be applied 

together to achieve combined NO, and SOr control in a low cost, easily retrofitted system. 

The GR and SI processes are complementary. Since their application does not depend on the 

characteristics of the primary coal combustion system, they are applicable to virtually any 

coal-fired boiler including stokers, cyclones, or pulverised coal-fired equipment. They can 

also be applied to gas and oil fired units (except that there is no need for SI on units firing a 
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zero sultiu fuel such as natural gas). The retrofit equipment must be designed within the 

specific constraints of an existing furnace, requiring site-specific optimixation. 

Rebuming for in-furnace NO, reduction has been under development for over two decades. 

A flue gas NO, incinerator using natural gas was developed and patented by the John Zink 

Company (Reed, 1969). Initial investigations into the fundamental processes of rebuming 

were conducted by Shell Development. Since 1980, EER has conducted most of the U.S. 

GR development. Experimental studies of rebuming technology have been supported by the 

DOE, GRI, the Environmental Protection Agency (EPA), and the Electric Power Research 

Institute 0. Rebuming for in-furnace NO, control has been applied to coal-fired 

boilers in Japan (Takahashi, et al, 1981), where it is known as Mitsubishi Advanced 

Combustion Technology (MACT). other recent international rebuming work has been 

conducted in Sweden, Ukraine, and Italy. 

The GR-SI system at Hennepin Unit 1 was designed to reduce NO, emissions by 60% and 

SO, emissions by 50%. The GR process involves injection of rebuming fuel (natural gas), 

corresponding to 15 to 20% of the total heat input, at an elevation above the primary coal 

burners. The combustion of the natural gas under sub-stoichiometric conditions results in the 

formation of hydrocarbon fragments and other free radicals which reduce NO, to molecular 

nitrogen. First generation GR systems included an inert carrier gas, recycled flue gas, to 

inject the rebuming fuel with sufficient momentum flux for optimum penetration and mixing. 

The rebuming and primary fuels are then fully cornbusted with OFA, injected at a higher 

elevation. The OFA is preheated combustion air taken from secondary air ducts, typically 

accounting for 20 to 25% of the total combustion air. 

The SI process involves the injection of a dry calcium based sorbent (Ca(OH), or CaCO,) for 

reaction with the SO1 that is produced from oxidation of coal sulfur. The sorbent reacts with 

SO2 and Or to form solid CaSO, and CaSOs, which are captured with coal ash in the ESP. 

GR alone achieves an incremental reduction in SOr emissions, since natural gas contains no 

sulfur. This complements the reduction in SO, by SI and lessens the need for dust collector 
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upgrades. The emission control effectiveness of GR-SI depends, to some extent, on the 

design of the boiler. However, GR-SI systems have been designed and operated for two 

utility boilers with widely varying characteristics. 

Application of GR essentially divides the furnace into three zones: the primary (coal) 

combustion zone, the rebuming zone, and the burnout (exit) zone. Figure 2-4 illustrates the 

processes occurring in the three zones. These may be summarized as: 

. Bmary Combustion Zone Combustion of coal in the primary zone accounts for 

80 to 85% of the total heat input to the unit. The combustion is under low 

excess air condition, limiting the formation of NO, in this high temperature 

zone. The excess air level must be optimized to balance NO, formation, flame 

stability, ash carbon loss, and furnace slagging. 

. Rebumine Zone Rebuming fuel (natural gas) is injected at a location above the 

primary zone to form overall fuel-rich conditions. Generally, GR is applied 

with natural gas accounting for 15 to 20% of the total heat input. Natural gas 

injection results in the formation of hydrocarbon fragments and free radicals, 

which reduce NO, to N2 - the desirable species. 

. Burnout Zone OFA air is injected at a higher elevation to bum out the 

unreacted fuels. Sufficient OFA must be injected to bring the overall excess air 

to the level required for complete combustion. The OFA must be injected at a 

point where the temperature is sufficiently high to bum out CO and other 

combustibles. Several GR process parameters require optimktion. These 

include: 

. Primary and rebuming zone stoichiometric ratios 

. Penetration and mixing of the rebuming fuel with the primary furnace 

g=s 
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. Gas residence time in the rebuming zone 

. Gas temperature in the rebuming zone 

The formation and reduction of NO, are optimized by controlling the primary and rebuming 

zone stoichiometric ratios. The formation of NO, in the primary zone is strongly dependent 

on operating load, which directly affects flame temperature, and excess 02, with the excess 

O2 being more important. Therefore, the formation of NO, may be controlled by lowering 

the primary zone stoichiomebic ratio. The rebuming fuel is added to form sub- 

stoichiomehic conditions, under which NO, is reduced. Primary and rebuming zone 

stoichiometric ratios used in the GR process designs of the Hennepin system were 1.1 and 

0.9, respectively, corresponding to 110% and 90% of the theoretical air for complete 

combustion of the fuels. These operating zone stoichiomettic ratios must be optimized not 

only with respect to NO. emissions control but also with respect to flame stability, carbon 

burnout and slagging. A minimum burner excess air level must be maintained in order to 

maintain stable flames, complete ash carbon burnout, and minimize slagging. The injection 

system design must maximize the rebuming zone gas residence time. A higher rebuming 

zone temperature also enhances the process. Burnout of fuel is accomplished with OFA. 

High temperature in this upper furnace region and rapid mixing provide for rapid CO 

burnout, resulting in low CO emissions and minimizing ash carbon loss. Studies of reactions 

of CO in a post flame environment indicate that the CO lifetime is a function of gas 

temperature. But, at a burnout gas temperature of 2500°F (1370”C), conversion to CO2 is 

very rapid, therefore the process is controlled by the speed and completeness of the OFA 

mixing. 

Under GR-SI operation, reductions in SOz emissions result from two processes. The 

replacement of a fraction of the coal heat input with natural gas heat results in an equivalent 

reduction in SO* emissions. This occurs because natural gas contains essentially no sulfur. 

SI involves the introduction of a calcium-based compound into the upper furnace to react 

with SOz. The process, as illustrated in Figure 2-5, involves two basic steps: 
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. Calcination The first step is the thermal decomposition of calcium-based 

sorbents, such as limestone (CaCOJ or hydrated lime (Ca(OH)J, upon 

heating. The following two reactions illustrate this process: 

CaCO, + heat --> CaO + COx 

Ca(OH), + heat -> CaO+H,O 

. Sulfation The second step is the reaction of the CaO particles with SO, and 

0,. The surface area and reactivity of the sorbent are functions of the sorbent 

type and temperature history. Special additives also enhance sorbent reactivity 

to sop The sorbent sulfation processes are illustrated by the following 

equations: 

CaO + SO, + 112 0, --> CaSO, (solid) [major] 

cao + so2 --> CaSOr (solid) [minor] 

CaO + SOS --> &SO, (solid) [minor] 

The solid CaSO, and &SOS are captured with the coal ash by the dust collection device. 

Sorbent reactivity is a function of sorbent type, particle size and surface area, temperature 

history, and the presence of additives. The smaller the sorbent sire, the higher the reactive 

surface. area and therefore the greater the reactivity. Sorbent sulfation occurs in a 

temperature window of 1,600 to 2,200”F (870 to 1200°C). The process requires a gas 

residence time of 1 second in this temperature window. Therefore, sorbent must be injected 

at an optimal temperature and rapid mixing with tImace- gases must occur. Injection of 

sorbent at a temperature above 2350°F (129OT) may result in a significant loss in sorbent 

reactivity (deadburning). Loss in reactivity also results when sorbent jets experience rapid 

temperature quench; therefore, the injection configuration (location of injectors, injector 

number and size, and amount of injection air) significantly affect the process. The key 
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sorbent properties are summarixed in Figure 2-6. The figure also shows that the level of SO, 

control expected from SI at a calcium to sulfur molar ratio of 2.0 is approximately 50%. 

The maximum SO* reduction is limited by the amount of sorbent injected, which leads to 

convective pass fouling and a higher demand on ESP (or other dust collective device) 

peIfOllllaIl~. 

The location of the favorable sulfation temperature window in most utility boilers is in the 

upper furnace, beginning near the exit of the radiant furnace and extending into the 

convective pass. A practical means of SI into boiler combustion chambers at these locations 

is by jets using air as the carrier medium. Typically, the sorbent and carrier air are injected 

into the furnace where they mix into the cross-flowing stream of combustion products. 
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3.0 - c 

This section presents the results of bench and pilot scale studies in rebuming and sorbent 

sulfation, the GR-SI system design methodology developed by EER, the Hennepin Unit 1 

GR-SI system process design, and the performance goals for GR-SI at Hermepin. 

3.1 J%ench and Pilot Scale Studv Re&& 

Extensive bench and pilot scale tests have been conducted to compare the performance of 

alternate rebuming fuels and to evaluate NO, control effectiveness and appropriate scale-up 

methodology for U.S. boilers (Chen et al., 1983; Greene et al., 1985; McCarthy et al., 

1985; Chen et al., 1986). The results of these studies have shown that the key parameters 

which influence the effectiveness of the rebuming process are the zone operating 

stoichiometric ratios, furnace gas temperatures, zone residence times, and mixing. The 

results of small-scale studies have also shown that rebuming with natural gas is more 

effective than rebuming with other fuels, particularly at low baseline NO, levels. Natural 

gas is also the preferred rebuming fuel when available furnace residence time is limited. 

Studies of the SI process have helped to define conditions for optimixation of SOr removal 

efficiency. Experimental evidence suggests that sorbents lose. their reactivity when they are 

injected into the high temperature regions of a combustor and that the reaction is relatively 

slow at temperatures representative of those in the convective sections of utility boilers. 

Experiments in a large number of bench and pilot scale combustors have identified an 

optimum injection temperature range for SI of 2,190“F (1,200”C) to 2,280”F (1,250”C) for 

typical calcium sorbents, such as CaC4 and Ca(O?&. Mocleling studies of the sulfation 

process indicated that sorbents need to have a residence time of the order of one second in 

the sulfation temperature window of 1,600°F to 2,200”F (87O’C to 1,2GO”C) for effective 

sohent utiliition. The limits of this temperature window are dictated by sorbent reactivity 

as well as equilibrium and kinetic constraints. 
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Studies on the effective injection of sorbents in the upper furnace for SO2 removal have 

indicated that the removal efficiency is strongly dependent on the flow field and thermal 

environment prevailing in this part of the boiler. A successful injection system design needs 

to provide adequate coverage of the furnace flow field with sorbent within a small space and 

in a short time. 

3.2 GR-SI Process Desirm Methodology 

Potential GR-SI configurations were evaluated by several techniques. These include process 

(NO, formation/reduction, calcination and sulfation) studies, isothermal physical flow 

modeling, and heat transfer modeling. The NO, reduction/SQ capture modeling was used to 

predict the impact of various operating parameters on the processes. These resulted in 

specification of the optimum design of the GR-SI system. Isothermal flow modeling was 

carried out with a 1112th scale physical flow model. Potential process stream injector 

configurations were evaluated with smoke and bubble tracing techniques. The system was 

optimized with respect to injection location, number of injectors, and process stream velocity 

(to achieve the required rapid mixing rate). The impact of GR-SI operation on the heat 

absorption and gas temperature profile was evaluated through thermal modeling using a 2- 

Dimensional Heat Transfer Code (2 D Code). 

3.3 ,H nn . y 

The design tools were used to arrive at an optimum GR-SI system process design. The final 

design required optimization of parameters which significantly impact the GR-SI process, 

including zone stoichiometric (air/fuel) ratios, injection velocities and gas temperature at the 

injection point. Other important considerations included injection configurations (injector 

sire) and transport/injection flow rates required to accomplish rapid mixing of rebuming fuel 

and sorbent jets. The rebuming zone residence time was maxim&d to effectively form a 

rebuming wne with sub-stoichiometric conditions across the furnace width. The rebuming 

process is also enhanced by high rebuming wne temperatures. The OFA injector placement 
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and air velocity were optimized with respect to location and mixing in order to ensure 

optimum temperature for complete burnout of fuels. Since sot-bent sulfation is highly 

temperature dependent, the process required optimization with respect to lotion of injectors 

and injection air requirement. Sorbent sulfation effectively occurs over a temperature range 

of 1600 to 2200°F (870 to 12WC), with a required residence time of approximately 1.0 

second for sulfation over this temperature range. The general arrangement of rebuming fuel, 

OFA, and sorbent injectors is shown in Figure 3-l. 

The design basis for the Hennepin Unit 1 GR-SI system is summarized in Table 3-1. The 

GR-SI process is applied with natural gas input corresponding to 18% of the total heat input. 

The primary zone and rebuming zone are operated at stoichiometric ratios of 1.1 and 0.9. 

The formation and reduction of NO, is optimized through the primary and rebuming zone 

stoichiomettic ratios. To achieve the required mixing rate. with the furnace gases, recycled 

flue gas - FGR (corresponding to 3% of the total flue gas) - is injected coaxially with the 

natural gas. The GR system has four injector assemblies, one in each comer of the boiler. 

Each assembly consists of four rectangular nozzles separated by an optimal distance to 

prevent impingement of the rebuming jet on the furnace walls. The rebuming fuel injectors 

were designed with tilting capability (which was later removed). 

The GR process requires adequate penetration of the primary gas stream, without over 

penetration. The rebuming fuel jets must also rapidly mix with (entrain) the primary gases, 

to form the sub-stoichiometric conditions across the furnace cross-section. Therefore, 

injection location, velocity, and total mass flow were critical design considerations. The 

injection locations are also essential for adequate residence time in the rebuming zone. 

OFA is injected to bum out the fuel at a stoichiometric ratio of 1.18. The OFA is injected 

through four rectangular ports at a velocity less than one-third that of the rebuming fuel jets. 

The OFA is injected at a distance above the coal burners corresponding to a mean gas 

residence time of 0.5 seconds in the rebuming wne (design case). The OFA temperature of 

575°F (302°C) is sufficient to complete combustion with only a small gas tempetatun 
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TABLE 3-l. DESIGN BASIS FOR HENNEPIN UNIT 1 GR-SI SYSTEM 

Hennepin Boiler 

Unit Capacity 

Heat Rate 

Nominal GR-SI Conditions 

Stoichiometrid Ratios 

Primary Burner Zone 

Rebuming Zone 

Burnout Zone 

Natural Gas Flow 

Recycled Flue Gas 

Overfire Air 

WS Molar Ratio 

Sorbent Composition 

Sorbent Injection Air 

Particulate Matter 

Coal Ash 

Sorbent (reacted and unreacted) 

71 MWe (Net) 

10,338 Btu/KW-hr 

1.10 

0.90 

1.18 

18% of total heat input 

3% of total flue gas 

24% of total combustion air 

2.0 

WOH)2 

3% of total combustion air 

20% Bottom 

5% Economizer 

75% ESP 

5% Economizer 

95% ESP 
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quench. Isothermal flow modeling showed that a relatively low injection velocity is 

sufficient to adequately mix with the furnace gas; therefore no pressure boosting fan was 

required. 

Sorbent is injected into the upper furnace, through six injectors. The design case sorbent 

input produces a WS molar ratio of 2.0, which corresponds to a sorbent input of 

approximately 7,500 lb/hr (950 g/s), at full load of 75 hWO with 18% heat input by gas. 

The injection location was selected based on the optimum gas temperature and quench rate 

Six injectors, four on the furnace front wall and one on each side wall, were used with an 

injection air requirement of 3% of the total combustion air. The injection velocity was 

optimized for rapid entrainment of the local furnace flow field. 

The 2D Code was used to calculate the mean gas temperature as a function of vertical 

distance for the baseline, GR, and GR-SI operation. The mean gas temperature profiles, 

shown in Figure 3-2, indicate that GR and GR-SI result in only minor impacts on the gas 

temperature profile. The gas temperature is slightly higher than baseline in the burner areas, 

due to reduced air levels (stoichiomettic ratio) in the burner zone under GR and GR-Sl 

operation. The gas temperature drops slightly at the rebuming fuel injectors due to injection 

of FGR and then drops significantly at the OFA air ports due to injection of burnout air. 

The gas temperature is slightly reduced through the convective passes. 

3.4 Technoloev Performance Obtectives 

The GR-SI system was designed to reduce emissions of NO, by 60% from the “as-found” 

baseline of 0.75 lb/lobBtu (323 mgh4.J) to 0.30 lb/lo6Btu (129 mg/hI.J). A 50% reduction in 

SO* emissions from a baseline of 5.3 lbllo6Btu (2,280 mg/hU) to 2.65 lb/l@Btu (1,140 

mg/MJ) was also projected. 

These emissions reductions were expected with minor impacts on emissions of other species 
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and on other areas of unit operation. Some reduction in CO* emissions was expected, due to 

fuel switching since the C/H ratio of coal and natural gas are significantly different. A 

reduction in CO, emissions by 7% from firing natural gas at a gas heat input of 18% was 

expected. Essentially no change in CO and hydrocarbon (HC) emissions was expected. The 

GR-Sl system was designed to inject OFA at a sufficient velocity and exit stoichiometric 

ratio to fully bum out fuel combustible matter. Flue gas humidification was expected to 

enhance ESP performance during GR-SI, resulting in no increase in particulate matter 

emissions. A potential increase in PM,, (particulate matter with and aerodynamic diameter 

under 10 microns) was expected since under GR-Sl operation approximately 50% of the ESP 

inlet particulate loading is spent or unreacted sorbent. The sorbent has a mass mean 

diameter (MMD) of less than 5 microns. 

GR-SI operation was expected to have only minor impacts on steam generation/thermal 

performance. Tables 3-2 and 3-3 list the expected GR-Sl impacts on steam production, heat 

absorption, gas exit temperature, and thermal efficiency. Minor impacts were expected to 

main and reheat steam flows and temperatures, boiler exit gas temperature, heat absorption 

rates in the various areas, and carbon in ash. A minor reduction in main and reheat steam 

flows (approximately 5,000 lblhr [0.6 kg/s]) was expected. GR-SI was not expected to affect 

reaching the design steam temperature of 1005°F (541°C) for both main and reheat steam. 

The heat absorption was expected to shift, with lower absorption in the furnace and by the 

secondary and reheat superheaters, and higher heat absorption by the primary superheater 

and economizer. A small increase in the superheater attemperation rate was expected due to 

firing of the rebuming fuel at a higher furnace elevation and heat transfer surface fouling. 

An increase in the air heater exit gas temperature was also expected, from a baseline of 

339°F (171°C) to 352°F (178°C). A reduction in the thermal efficiency was expected, from 

87.36 to 85.82% (Table 3-3). This is due primarily to the heat loss resulting from increased 

formation of moisture from the combustion of additional hydrogen in methane. Combustion 

of natural gas results in a significant increase in Hz0 formation, relative to coal combustion. 

Additional reduction in efficiency was also expected due to dry gas heat loss, since the boiler 

exit temperature is slightly higher. 
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TABLE 3-3. HENNEPIN THERMAL EFFICIENCY PREDICTIONS 
USING THE ASME ABBREVIATED HEAT LOSS METHOD 

Heat Loss (961 
Dry Gas 
Moisture from Fuel 
Moisture from Combustion 
Combustible in Refuse 
Radiation 
Y easured 
T;kL LOSSES 

Thermal Efficiency (96) 87.36 85.82 

Badeline 

5.04 
1.45 
4.02 
0.30 
0.33 
l.a 

12.64 

GR-SI 

5.26 
1.20 
5.35 
0.54 
0.33 
L.50 

14.18 
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4.0 PROJECT 

4.1 Proiect Overview 

The project conducted at Hennepin Unit 1 was one of several demonstrations in Round 1 of 

DOE’s CCT Program. EER designed and retrofitted a GR-SI system to Hennepin Unit 1, then 

evaluated the system with both short parametric tests and over an extended period. The project 

had three sponsors, the DOE being the primary funding agency, with co-funding provided by 

GRI, ENR and the host utilities. 

4.1.1 Proiectm 

The project was initiated in June 1987 upon award of a contract by DOE (EER, 1987), GRI and 

ENR. It has been conducted in three phases: 

E!!.Ks Comoletion Date 

I - Design and Permitting May 1989 

II - Construction and Startup August 1991 

III - Operation, Data Collection, Reporting and Disposition October 1994 

In Phase I, the process and engineering designs were completed. This phase included baseline 

testing, to characterize “as found” operating conditions, then application of a variety of analytical 

tools to develop the process design aimed at 60% NO, reduction and 50% SO, reduction. The 

process specifications were then used to develop site-specific engineering plans for the GR-SI 

system. Permitting issues, including permits to construct and operate GR-SI and formulation 

of a plan to monitor environmental impacts, were also addressed. In Phase II, GR-SI system 

construction and start-up were completed. EER provided oversight for the construction, 

coordinating the work of several sub-contractors. Functional equipment check-out and 

calibration were completed, yielding a fully operable system. In Phase III, the GR-Q system 

was operated first, under short parametric tests designed to characterixe the impact of each 
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process variable, then over a one-year demonstration at optimum conditions with respect to 

emissions control and boiler performance. Test data were continually evaluated and results 

disseminated to funding organizations and to the power generation industry, via technical papers. 

This report detailing the GR-SI operating results and the Guideline Manual (Volume 5) 

presenting cost data, were prepared. Each phase was completed under the review and guidance 

of funding organizations and host utilities. 

The tasks completed in each phase are outlined below. 

Phase I: DESIGN AND PERMIlTING 

Task 1 - Project Management 

Task 2 - Process Design 

Task 3 - Project Engineering 

Task 4 - Environmental Reporting, Permitting, Plans and Design 

Task 5 - Technology Transfer 

Task 1 (project management) entailed coordination of work with participants and subcontractors. 

In Task 2, the GR-SI process design was established based on the host site characterization. 

The GR-SI system process design was used in Task 3 to prepare a site specific engineering 

design and drawings. Task 3 activities included cost estimates, construction plans and schedules, 

startup plans and a Phase III test plan. In Task 4, relevant environmental data were compiled 

in Environmental Information Volumes (ENS) to obtain IEPA approval, Environmental 

Monitoring Plans (EMPs) were prepared, and assistance was given to the host site in obtaining 

necessary environmental permits and permit modifications. For the purpose of technology 

transfer, an industry panel was convened for planning of GR-SI technology transfer as well as 

review of the process and detailed engineering design. 
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Phase II: CONSTRUCTION AND STARTUP 

Task 1 - Project Management 

Task 2 - Installation and Check-out 

Task 3 - Technology Transfer 

The Phase II project management task was a continuation of the Phase I project management 

activities and involved establishment of project review meetings at the 20 and 100% completion 

points. In Task 2, the GR-SI and humidification systems were retrofitted and equipment check- 

out was carried out. The technology transfer task in Phase. II was a continuation of the work 

begun in Phase I, with continued meetings with members of the Industry Panel to discuss 

technology transfer and to review the work progress. 

Ph 1 I N 

Task 1 - Project Management 

Task 2 - Technology Demonstration 

Subtask 2.1 - GR, SI, and GR-SI Optimization Testing 

Subtask 2.2 - Gas/Coal Cofting and Gas/Gas Rebuming 

Subtask 2.3 - GR-SI Long-Term Testing 

Subtask 2.4 - Evaluation of Alternate Sorbems 

Task 3 - Evaluation of Demonstration Results 

Task 4 - Restoration 

Task 5 7 Technology Transfer 

The project management task in Phase III was a continuation of previous project management 

work and culminated with a final project review meeting and this final report. Task 2 

(technology demonstration) entailed short term GR-SI system optimization testing, evaluation of 

an alternate NO, control technologies - Gas/Coal Cofiring and Gas/Gas Rebuming, long-term 

GR-SI demonstration, and evaluation of advanced sorbents. The purpose of the short-term GR- 

SI optlmization testing was to determine the impacts of each process variable, resulting in a 
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definition of optimum process conditions for NO, and SO2 reduction. Following initial GR-SI 

optimization testing, Gas/Coal Cofiring and Gas/Gas Rebuming were evaluated over a two week 

period. In Subtask 2.3, the GR-SI system performance was evaluated over a one-year period 

at conditions optimum for emissions reduction/unit performance. The performance of the unit 

was monitored through a Boiler Performance Monitoring System (BPMS) which continuously 

monitored emissions as well as impacts on many areas of boiler operation. Manual sampling 

of a variety of species was also conducted during the extended testing. In Subtask 2.4, newly 

developed advanced sorbents, prepared by EER, were evaluated as well as a high surface area 

sorbent prepared by the Illinois State Geological Survey. 

In Task 3, the performance data were analyxed and compiled in this Final Report. A guideline 

manual was also prepared, incorporating design recommendations, cost projections and a 

comparison with competing technologies. Task 4, restoration of the host site, has been 

completed with the host site deciding to retain the GR system. The technology transfer task is 

continuing with industry panel meetings for review of program results and consideration of areas 

for application of GR-SI technology. 

EER is involved at two other sites in DOE CCT programs, including the other CCT Round 1 

GR-SI retrofit of a 33 MW, (gross) cyclone fired unit (City Water, Light and Power’s Lakeside 

Station Unit 7, in Springfield, Illinois). The goals of the program at Lakeside Unit 7 are the 

same as those at Hennepin, reduction of NO, and SO, by 60 and 50%, respectively. The other 

program is a CCT Round 3 retrofit of Low NO, Burners and GR to a 172 MW, (gross) wall 

fired unit (Public Service of Colorado’s Cherokee Station Unit 3 in Denver, Colorado). The 

goal of the Cherokee Unit 3 program is 70% NO, reduction. 

4.2 && Overview 

The primary objective of the test program at Hennepin was to demonstrate that the GR-SI 

process can simultaneously reduce NO, and SO1 emissions by 60 and 50%, respectively, from 

the “as found” baseline emissions without adverse performance impacts. The parameters which 
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affect GR performance included natural gas usage (percent of total heat input), flue FGR, zone 

stoichiometric ratio (the ratio of actual air flow in a region of the boiler to the air flow required 

for complete combustion of the fuel according to theory), load, and burner tilt. Parameters 

which potentially impact sorbent utilization include sorbent input, sorbent reactivity, injection 

velocity and configuration, load, excess air, and burner tilt. These parameters were varied 

systematically to optimize GR-SI performance. 

The GR-SI process impacts boiler performance including in-furnace characteristics such as gas 

temperatures and species concentrations, furnace corrosion, slagging and fouling, and boiler 

thermal performance such as heat rate, thermal efficiency, and convective section heat 

absorption. Impacts of GR-SI on boiler operability include downstream impacts such as nitrous 

oxide (N,O) emissions, ESP performance and particulate emissions, and solid byproduct handling 

procedures. 

Another important objective of the test program at Hennepin was to demonstrate that GR-SI can 

achieve the project emissions goals at low total cost. Demonstrated low cost is important for 

further commercialixation and acceptance of GR-SI technology by the end user. The approach 

to achieve the objective was to establish a data base for the assessment of the capital and 

operating costs for all aspects of plant operation resulting from the application of GR-SI. 

Finally, testing at Hennepin was designed to generate a data base which may be used to assess 

the technical feasibility and expected performance of GR-SI on other boilers. This data base 

is used to establish the sensitivity of NO. and SO, emissions reductions to process parameters 

such as gas usage, recirculated flue gas quantity, sorbe-nt type, SI configuration, coal properties, 

boiler design, and operating conditions and to validate and improve the design methodology. 

The test series carried out as part of this test project are: 

. GR optimixation tests 

. SI optimisation tests 

. GR-SI optimization tests 
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. Gas/Coal Cofiring and Gas/Gas Rebuming 

. GR-SI demonstration testing 

. Alternate sorbent tests. 

The first three test series were designed to optimize the GR-SI process variables. Each series 

consisted of many short testa designed to determine the impact of one parameter at a time. The 

optimum conditions of GR-SI operation with respect to process efficiency and unit performance 

were determined. The optimiration/parametric testing was followed by the Gas/Coal Cofiring 

and Gas/Gas Rebuming testing, which involved many short parametric tests (58 Gas/Coal 

Cofiring, 19 Gas/Gas Reburning) over a period of two weeks. The focus of these tests was NO, 

reduction, but also included evaluation of impacts on steam temperatures, heat absorption, 

capacity, efficiency and ash carbon loss. Following the Gas/Coal Cofuing and Gas/Gas 

Reburning tests, the year-long GR-SI demonstration took place. This was designed to validate 

GR-SI effectiveness in NO, and SOs reduction over the long-term and to evaluate any potential 

impacts of GR-SI on the host unit. Following the one-year demonstration, alternate sorbents 

were evaluated. The scope of testing and measurement format varied with the test series and 

are described in Section 5. 

4.2.1 Testine Schedule 

The schedule under which GR-SI testing was conducted is shown in Figure 4-l. The evaluation 

of the GR-SI system as initiated with system start-up, performance verification, and QA/QC tests 
which were conducted from October 1990 to March 1991. Following verification of satisfactory 

system performance, short test series, over a period of four months, were carried out to optimize 

GR, SI, GR-SI, Gas/Coal Cofiring and Gas/Gas Rebuming processes. Optimization test results 

were evaluated and long-term testing parameters were established. The results of the 

optimization test series are presented in Section 6 of this report. The year-long technology 

demonstration was conducted from October 1991 to October 1992. Following the completion 

of the long-term demonstration and a month-long outage, advanced sorbent were evaluated. 

These sorbents, prepared by EER and ISGS, were evaluated in December 1992/January 1993. 
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5.0 TEST PLAN 

The GR-SI test plan was prepared initially in Phase I of the project and was revised in Phase 

III, just before the initiation of the GR-SI optimization testing. The test plan specified the 

purpose, number of tests, operating conditions, and measurements to be taken during each 

test. The testing was divided into several test series designed to optimize the GR-SI system 

operation with respect to NO, and SO2 reduction and unit performance. 

5.1 Test Obiectivec 

The goals of the test program were to initially assess the impacts of process parameters on 

NO, and SO2 reduction and unit operation, then to operate the unit over an extended period 

(one year) under optimum conditions. To determine the impacts of process parameters, short 

parametric tests were planned. Tests were organized into test series in which single 

parameters were evaluated incrementally. Short term tests were carried out to determine 

optimum GR performance with respect to boiler load, coal zone stoichiometric ratio, 

rebuming zone stoichiomeuic ratio, gas heat input, recycled flue gas, OFA, burner and 

rebuming fuel injector tilt, and the mills in service. To determine the optimum NO, 

reduction with respect to these parameters, the parameters were varied using the GR-SI 

process design as a guide. The SI process was evaluated by determining the optimum 

operating conditions resulting in a minimum of 50% SOs reduction. The parameters 

evaluated include sorbent flow rate (or WS molar ratio), sorbent jet velocity, and m-bent 

configuration (i.e. sorbent nozzles in use). The impacts of boiler load on the SO2 removal 

process and required changes in sootblowing were also determined. 

These tests led to establishment of the optimum process variables for the long-term testing. 

The long-term testing was designed to demonstrate the effectiveness of the GR-ST process 

over an extended period for control of NO, and SO2 emissions. An extensive set of 

measurements was taken to determine GR-SI impacts on the operation of the unit including 

unit steam generation/thermal performance, fouling/slagging, tubewall wastage rates, species 
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in-furnace concentration/emissions, ESP performance, and ash/spent sorbent impacts. The 

measurements were designed to verify that GR-SI may be applied without adverse impacts 

on unit operability and durability. 

A further goal of the test program was to assess the economic impacts of GR-SI operation. 

This was desired to demonstrate the cost effectiveness of GR-SI technology for commercial 

application. All costs were documented, including GR-SI system capital cost and costs of 

fuels, sorbent, maintenance and labor. The amount of fuel fned depends on the heat rate, 

therefore the heat rate during GR-SI operation was quantified. The economic data are 

presented in Volume 5 of this report. 

5.2 Measurement Formats 

Detailed measurement formats were used for a thorough evaluation of the GR-SI process and 

the impact on various areas of boiler performance. Four measurement formats were used to 

evaluate the impacts of GR-SI operation. Figure 5-l is an overview of the measurements 

taken. The ports through which measurements were taken are shown in Figure 5-2a and 5- 

2b. 

The four measurement formats used are: Standard Format, In-Furnace Measurements, 

Additional Measurements, and ESP Measurements. The measurements specified in each 

format are shown in Table 5-l. The formats are briefly described below: 

0 &mlard Format The most commonly used format is the standard format. This 

includes data recorded and evaluated with a Boiler Performance Monitoring System 

(BPMS) and hand-recorded data from control room displays. These define the 

operation and performance of the unit including fuel and air flow rates and pressures, 

gas-side and steam-side temperature/pressure/heat absorption data, ESP electrical 

data, and equipment/instrument settings. It includes Continuous Emissions 
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TABLE 5-I. MEASUREMENT FORMATS 
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Monitoring System (CEMS) measurement of the emissions at either the economizer or 

the breaching (when operating SI). 

0 In-Furnace Measurements In-furnace measurements were taken to determine 

concentration of combustion products and to characterize combustion efficiency (i.e. 

temperature, radiant heat flux, etc.). These were taken in the rebuming zone and in 

the upper furnace. The measurements include radiant heat flux, CO, velocity, 

temperature, and visual slag patnsm observations. The rebuming zone measurements 

include temperature, velocity, Or, and CO. 

0 Additional Measurements This format includes coal, ash, and sorbent analyses. Other 

measurements made include N,O emissions and ash/spent sorbent characterization at 

the economizer inlet. The ash sampling includes determination of the ash carbon 

content and the ash/spent sorbent Ca/S stratification in the economizer inlet duct. 

0 ESP Measurements The particulate matter emissions and ESP collection efficiency 

were character&d through manual sampling of particulate matter at the ESP inlet and 

outlet. The fly ash size distribution was also obtained. Fly ash size distribution was 

expected to change due to the difference in the size of coal fly ash in comparison to 

that of sorbent particles. The fly ash resistivity was measured in-situ. Various ESP 

operating parameters (e.g. voltages, currents, ramp speed, spark setback) were 

recorded during testing to evaluate impacts of GR-SI operation. 

5.3 Test MA& 

This sectiondescribes the test series conducted, the objectives of each test, the set-point of 

process parameters and the measurements taken. Testing was divided into five test series: 

l GR Optimization (Parametric) Tests 

l SI Optimization (Parametric) Tests 
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l Short-Term GR-SI Optimiration (parametric) Tests 
l Gas/Coal Coking and Gas/Gas Rebuming 
l Long-Term GR-SI Tests 

l Alternate Sorbents Tests 

Advanced sorbents, including those developed by ERR and the Illinois State Geological 

Survey, were also evaluated. 

5.3.1 Gas Rebumine Ontimiration Test5 

‘GR process parameters, such as primary rone stoichiometrc ratio, rebuming zone 
stoichiometric ratio, natural gas and FGR quantities, coal burner tilt, injector tilt, and OFA 
flow rate, were. varied over wide ranges. It was found from these tests that primary and 
rebuming zone stoichiometric ratios, natural gas input, and FGR flow rate had strong 
impacts on NO, emissions. Variation of the OFA flow rate during GR operation was found 
to have some effect on NO, emissions although the impacts were not strongly established, 
Burner tilting was determined to have slight impact on NO, emissions while natural gas 
injector tilting had resulted in an insignificant effect on NO, reduction. 

The GR optimization test series was designed based upon the results obtained from these 
start-up tests. The main objectives of this test series were to: (1) consolidate the impacts of 

the aforementioned GR parameters on NO, reductions; (2) obtain a data base for evaluating 

the impacts of GR-SI on the boiler performance and operability; and (3) confirm and 
strengthen the GR design methodology. 

The GR optimiration tests evaluated the impacts on a full range of GR process parameters 
over a wide range of boiler loads. The following process variables were evaluated: 

l Primary Zone Stoichiometric Ratio (SR,) 
0 Rebuming Zone Stoichiometric Ratio (SRr) 
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l Burnout (Exit) Zone Stoichiometric Ratio (SR,) 

These were calculated by the following formulae: 

. SRI = (TAFLW - OFA)/(CFLW x CTA) 

. SR, = (TAFLW - OFA)/[(CFLW X CTA) + (GFLW x GTA)] 
l SR, = 1 + EA/lOO = TAF/[(CFLW x CTA) + (GFLW x GTA)] 

Where: TAFLW = Total Air Flow (scfh) 
OFA = Overfire Air Flow (scfh) 

CFLW = Coal Flow (lblhr) 
CTA = Coal Theoretical Air &f/lb coal) 
GFLW = Gas Flow (scfh) 

GTA = Gas Theoretical Air (scflscf gas) 

EA=ExcessAir(%) 

The term “Burnout” Zone corresponds to GR operation and “Exit” Zone corresponds to SI or 
GR-SI operation. Under SI and GR-SI operation the total air flow includes SI air, which in 
the design case is 3% of the combustion air. 

Other parameters evaluated: 

0 Boiler load, 
0 Number of mills in service 
0 Burner tilt 
. FGR flow mte 
0 Rebuming fuel injector tilt 

The test conditions for the test series are summarized in Table 5-2. The initial test 
conditions at full load (GR-33a to GR-33g tests) concentrated on evaluating the sole impacts 
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of staged combustion on NO, emissions, N,O emissions, and flame zone characteristics. 

During these tests, combustion air of up to 20% of total was gradually biased to the OFA 

ports by appropriate adjustments of the OFA damper positions and burner windbox dampers. 

In effect, the primary zone stoichiometric ratio was allowed to decrease until the flame 

appearance became unacceptable to the boiler operators. These tests allowed the operating 
range of the primary zone stoichiomehic ratio to be established. The results were used to set 

an operating limit for the primary zone stoichlometric ratio during GR tests. In addition to 

the standard measurements (CEMS, coal and ash sampling, control room data, etc), N,O 
measurements were carried at the maximum staged combustion condition (Test GR-33e). 

Time-integrated ash samples were collected during these test conditions for analysis of 

carbon content. Gas temperature along with concentrations of CO and 0s in the rebuming 

zone of the furnace were measured under the baseline condition (Test GR-33a). 

Impacts of burner tilting on NO, emissions during baseline and GR operations were also 

evaluated at full load (series GR-34 and GR-35 tests). During these tests, the firing angle 
of the burners was varied from their normal downward position to the maximum upward 
position. Although the tests called for a maximum upward tilt of 20 degrees, the actual 
firing position for the test was limited by steam temperatures and sootblowing requirements. 
Since the operating conditions of Test GR-35a approximated the conditions used for the 

process design, detailed measurements consisting of the standard measurements as well as 
in-furnace (temperature, CO, 02, etc.), NsO, and carbon-in-ash were performed during this 
test. 

Adequate mixing of the rebuming fuel with the primary combustion products had been found 
to have strong impact on the NO. reduction effectiveness. The effect of the degree of mixing 

was evaluated by varying the injector velocity through the variation of the FGR flow rates 

(series GR-36 tests). During these tests, total hydrocarbons at the economizer inlet were 
measured in addition to standard measurementsThe impacts of the rebuming zone 
stoichiometric ratio as well as mixing of the rebuming fuel with primary zone combustion 
products were also investigated (series GR-37 tests). The rebuming zone stoichiometric 
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ratio was varied by injecting different amounts of natural gas into the rebuming zone while 

keeping the primary zone stoichiometric ratio constant at approximately 1.10. These tests 

allowed evaluation of NO, control due to the quantity of natural gas injected. 

Impacts of boiler load on NO, emissions during baseline operation were also evaluated 
(series GR-38 tests). The boiler was operated at about 80, JO, and 60% of the full load and 
at the same excess air level as at full load. These tests determined the baseline NO, 
emissions at reduced boiler loads. Time-integrated ash samples were collected from the flue 

gas during these tests for the analyses of carbon content in the ash. 

Limited GR tests were conducted at reduced boiler loads to investigate GR performance 
versus load variation (series GR-39 and GR-40 tests). In these tests, different amounts of 
natural gas were injected and boiler emissions and performance were monitored under varied 

rebuming zone conditions. 

5.3.2 S -Q ‘m’ 

Some SI tests were performed without GR. During the tests, appropriate conditions and 
procedures for SI and humidification systems were established while parametric SI tests were 

conducted. The tests were used to evaluate the impacts of the following key variables on 
SO* emissions: 

0 Boiler load 
0 Calcium-to-sulfur molar ratio Q/S) 
0 Injection velocity 
l Sorbent reactivity. 

SI test conditions are summarized in Table 5-3. The impacts of the boiler load on SOz 
emissions were evaluated in test series SI-1. At 100% boiler load, conditions were expected 
to be optimal for SI through the upper furnace injection nozzles. As boiler load was 
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reduced, furnace gas temperatures at the upper nozzles were expected to fall; therefore, SI 

was switched to the lower nozzles. 

Test Series SI-2 was designed to evaluate the impact of calcium-to-sulfur molar ratio at full 

load. Sorbent flow rates corresponding to CaLS molar ratios up to 2.5 at full load were 

varied to evaluate the impacts of sorbent loading on SOz removal. 

Finally, test series SI-3 tested the impact of injection velocity. Impacts of mixing on SO* 

removal were investigated through variation of injector velocity. During these tests, injection 
air flow was varied to obtain velocities corresponding to 150 and 350 f&c (46 to 107 m/s). 

These tests allowed the range of injection velocities to be evaluated before the GR-SI 

optimization tests. 

5.3.3 Gas Rebuming-Sorbent Iniecl&n Optimization Tests 

The optimum conditions for GR-SI were expected to be different from those without SI 
because of the effects of back-radiation and furnace wall deposit changes under SI may have 
on temperature in the rebuming zone. Therefore, another series was conducted to 

simultaneously optimize the GR-SI processes. Table 5-4 summarizes the GR-SI optimization 
test conditions. The objective of the GR-SI test series was to optimize the process operating 
parameters with respect to boiler operability, and wst effectiveness of the process. The 
optimum conditions would then be used for the long-term test series, which were carried out 

immediately after the completion of this optimiration test series. 

The optimum GR conditions, determined from the GR optimization tests, were set and the SI 
parameters were optimized at high load. 

5.3.4 Post-Outaee Test Conditions 

During the 1991 fall outage, modifications to the humidification duct and rebuming fuel 
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injection nozzles were made. Post-outage testing ensured that the recommended GR-SI 

operating conditions would still satisfy the program objectives. Post-outage test conditions 

are summarized in Table 5-5. Post-outage testing at Hennepin was divided into two test 

series: 

l -Tests To ensure that the modified humidification system, ash handling 

system and the newly installed reburning fuel injectors were operational. 

l Additional Parametric Tests To close the gap in the data base and to confirm some of 
the optimum operating parameters, which were to be evaluated during the long-term 

GR-SI demonstration. 

5.3.5 f&MJnal Cofirine and Gas/Gas Rebumine TeQ 

An evaluation of Gas/Coal Coking and Gas/Gas Rebuming was undertaken at Hennepin 
Unit 1, in September 1991. The purpose of this study was to evaluate these technologies, 
primarily for NO, emissions control, in units affected by the 1990 Clean Air Act 

Amendments. Hennepin Unit 1 is quipped with wmer burners each containing three coal 
nozzles as well as two levels of main gas burners and warm-up guns and two levels of gas 

ignitors. The gas burners can supply up to 100% of the full load heat input. 

Short parametric tests, 58 Gas/Coal Cofiring and 19 Gas/Gas Rebuming tests, of 15 to 60 
minute duration were conducted. Gas/Coal Cofiring was evaluated with natural gas heat 
input up to 4296, but the majority of tests were conducted with natural gas heat input of 
34%. The wfiring results were wmpared to the 100% coal and 100% gas firing cases. 
Staged combustion with OFA was also evaluated for each condition. Other firing techniques 
evaluated in the Gas/Coal Coking test series include close-coupled GR andrichkan tiring, 
which were tested by trimming the burner dampers. Gas/Gas Rebuming performance was 
evaluated relative to the 100% gas firing case. The parameters evaluated include primary 
zone stoichiometric ratio, reburning zone stoichiometric ratio, rebuming fuel injector tilt, 
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primary burner tilt, and operating load. GR with up to 20% gas heat input was evaluated at 

various excess air levels. 

The primary purpose of the evaluation was to measure NO, emissions control. The 

evaluation included the following parameters: 

l Emissions (NO,, SO*, CO and CO2 

0 Thermal efficiency 

l Ash,carbon loss 

l Steam temperatures 
l Gas temperatures 
l Load following capability 
l Flame conditions 

GR-SI demonstration tests provided an opportunity to assess the long-term impacts of the 
GR-SI process. Natutal gas and sorbent were injected in each test period under optimum 
injection conditions identified during the GR-SI optimiration tests. The unit was operated by 

plant personnel, under normal dispatch. Boiler performance and pollutant emissions were 

monitored continuously during the test period. Additional detailed measurements were 

performed to evaluate the impacts of: 

l Boiler slagging and fouling 

l Air heater fouling 
l ESP 
l Particulate emissions 
l Ash handling and disposal 
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The overall operability of the process was evaluated in addition to the above parameters. 

This includes injection system operation and reliability, deviations from normal boiler 

operation, maintenance requirements and process data. Measurements conducted on a 

continuous, daily basis include: 

l On-line thermal performances and gas-side pressure drop 

l Flue gas composition including 4, CO,, CO, SO?, NO,, and total hydrocarbons 

l Boiler operating parameters (flame characteristics, burner settings, etc.) 

l ESP electrical operation (voltage, current) 
0 Sootblowing schedule 

l Ash hopper evacuation schedule 

Additional measurements conducted on a weekly or on an as needed basis provided 

assessment of the following parameters: 

l Slagging and fouling rates 

l Tube wastage 
l N,O emissions 

l Flue gas stratification 
0 Fly ash resistivity at the ESP inlet 

l Furnace gas temperatures and velocities 

. Solid waste characteristics 
l Coal, sorbent, ash, and water characteristics 

5.4 Measurement Procedures 

This section contains brief descriptions of the Data Quality AssmanceIQuality Control 
activities designed to verify process and data accuracy, the Boiler Performance Monitoring 
System (BPMS), and the Continuous Emissions Monitoring System (CEMS). 
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5.4.1 D ata n 

Data quality and completeness are essential to the success of any program. Therefore, steps 

were taken to insure that accurate. and complete data were taken. These include: 

0 Administration of QAlQC activities by a corporate Quality Assurance Officer (QAO) 

and a program QAO 

l Preparation and implementation of a Quality Assurance Project Plan (QAPP). This 
plan specified the sampling and analytical techniques to be used and the QA/QC 

activities required, the precision and accuracy goals, methods of QAlQC reporting, 
and corrective steps. The QA plan was prepared in accordance with the EPA Quality 

Assurance Management Staff (QAMS), as described in “Interim Guidelines and 
Specifications for preparing Quality Project Plan,” QAMS-O05/80 (December 29, 

1980). 

Goals for data precision and tolerance were established for both input parameters and 
performance results. Table 5-6 lists the goals for each measurement. Standard reference 
methods are included. These were used to evaluate the tolerance of measurements. The 
measurement tolerance is defined as the ratio of the measured value to the value obtained by 
a reference method (multiplied by 100). The precision is an indicator of the ease with which 

a value may be reproduced. It is quantified by the Relative Standard Deviation (RSD), 

which is the ratio of the standard deviation to the mean (multiplied by 100). Data 
completeness is an indicator of the ratio (or percentage) of the data set which is required in a 
valid data set. It is simply the ratio of the number of measurements to the total number 
required for a valid set. 

The data quality goals were established commensurate with program goals and instrument 
accuracy. A variety of readings/measurement were qualitative or otherwise had no relative 
accuracy determination. Measurements such as fouling rate, furnace radiative heat flux, and 
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TABLE 5-6. GR-SI PROGRAM OBJECTIVES FOR MEASUREMENTS (COh’TINUED) 

hfeasurement Parameter References 

?as Composition: 
Oxygen 
Sulfur Dioxide 
Carbon Monoxide 
Carbon Dioxide 
Nuogen Oxides 
Hydrocarbons 
Sufur Trioxide 

Niuous Oxide 
Hydrogen Chloride 

EPA 
Performance 

Specifications 
2and3 

9, 
II 

EPA Method 8 
4ocFRKl 

APP. A 
- 

EPA Mechod 26 
QJrwJsd 

lyash: 
Elemental 
Calcium 
Sdfilr 
Ash: 
Elemental 
Fusion Temperature 

Loading 

ASTM D2785 
ASTM D2785 
ASTM D2785 
ASTM D3174 
ASTM D2795 
ASTM D1857 
EPA Mehtod 5 

4ocFR60 
APP. A 

Panicle Size Distribution 
Resistivity 

PA 600/2-77-00 

Itier Measuremems: 
Coal Fe-e&ate 
Combustion Air 
FGR Flow 
Sorbent Injection Air 
Feedwater and S:eam 
Flowrates, Temperatures, 
and Pressures 
Sluice Line Water Flow 
Sorbent Flowrate 

- 
- 
- 

- 

ASTM D3370 
- 

ASTM: American Society 
PTC: Performance Test CI 

Testing Material s 

G-R: Code of Federal Regulations 
RSD: Relative Smndard Deviation 

4 
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Precision RSD 
eb) 

2 
2 
2 
2 
2 
2 
10 

10 
10 

10 
10 
10 
10 
10 
10 
10 

10 
10 

5 
5 
5 
5 
5 

5 
5 

a Tolerance 
eb) 

Completeness 
(%) 

80 90 
80 90 
80 90 
80 90 
80 90 
80 90 
90 90 

80 
90 

90 
90 
90 
90 
90 
90 
90 

zi 

90 
90 
90 
90 
90 

90 
90 

80 
90 

90 
90 
90 
90 
90 
90 
90 

90 
90 

90 
90 
90 
90 
90 

90 
90 



particulate matter emissions and size were determined without relative accuracy. Particulate 

matter emissions and size were determined through standard methods, so that they may be 

compared to other results. Qualitative measurements include furnace slagging and 

observations of wear. Some measurements such as gas temperature, composition, and steam 

flow were compared to model predictions to assess data quality. 

54.2 &sults of OAIOA Activities at Hennepin 

The QA/QC activities were routinely applied to measurement and analytical techniques. 

Reference method results, in comparison to measured values, showed that data quality 

objectives were being met. The results of some specific QA/QC activities are presented in 

this section. These include a QA/QC check of FGR and OFA flows, measured emissions 

and reference method results, and correlation of coal sulfur and carbon content with flue gas 

SO2 and COr. 

A QAlQC validation of FGR and OFA flows was undertaken in May 1991. The flows 

recorded by the BPMS were compared to flows measured with a pitot tube, in accordance 

with EPA Method 2. The FGR flows indicated by the BPMS required recalibration, but the 

BPMS OFA flows showed better agreement with the pitot tube measurements and therefore 

were not adjusted. 

Routine CEMS sampling system bias checks were performed to determine system integrity. 

The measured emissions of Or, COz, SO*, NO., and CO were also compared to EPA 

reference method results. These were obtained according to EPA Methods 3, 6,7 and 10. 

The results shown in Table 5-7 indicate that the CEMS measurements were within the 

relative accuracy goal of 20%. The results show that the CEMS measurements had a relative 

accuracy of 2.9 to 9.7%. 

A comparison of measured SO2 and COr emissions, under baseline and GR operation, to 

theoretical emissions based on coal composition was also carried out without SI. Figures 
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TABLE 5-7. CEMS RELATIVE ACCURACY RESULTS. 

parameter SamDling Location Reference Method Relative Accuracv 

Actual o-1 

Wwn Economizer EPA Method 3 4.91 20 

Carbon Dioxide Ewnomizer EPA Method 3 2.92 20 

Sulfur Dioxide Economizer EPA Method 6 7.17 20 

Nitrogen Dioxide Jhnomizer EPA Method 7 7.51 20 

&bon Monoxide hnomizer EPA Method 10 9.68 20 
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5-3a and 5-3b show the measured SO2 and CO* emissions as a function of the rates of these 

species produced from full conversions of coal sulfur to SO? and coal carbon to CO,. Table 

5-8 lists baseline data from select dates in January-February, 1992 and the theoretical 

emissions based on three coal samples taken each day. Table 5-9 compares the measured 

and theoretical emissions under GR operation. The baseline results show that the average 

measured SOr emissions were on average within 1.68% from the theoretical SO, emissions 

and that the average COs emissions were within 1.94% of the theoretical CO2 emissions 

(based on 0 ppm CO, 0% carbon in ash). The GR data show an average difference for SO, 

of 3.49% and an average difference for CO2 of 2.29%. The differences are due to sulfur 

retention in ash, carbon loss, CO emissions, and instrument error. 

5.4.3 Boiler Performance Monitorina Svstem (BPMSl 

A Boiler Performance Monitoring System (BPMS) was used to monitor operating conditions, 

GR-SI system performance, and unit thermal/steam production performance. The BPMS, 

developed by EER, is a state-of-the-art PC-based system which takes up to 300 inputs, 

updates these as often as every five seconds, and performs a variety of process calculations. 

The Hennepin BPMS was customized to the GR-SI application and received inputs of 

emissions (Or, CO, COs, NO=, SOa, and HC) as well as fuel/air input data, gas side/steam 

side data, and GR-SI process stream data. Table 5-10 lists typical BPMS input parameters. 

The BPMS performs process (combustion and heat transfer) calculations with an Excel 

Spreadsheet and stores the data in a desired format. The outputs are listed in Table 5-l 1. 

These include the zone stoichiometric ratios, which indicate the percent excess air in each 

zone, and input-output and heat loss thermal efficiency calculations according to ASME 

Power Test Code 4.1, Section 5, 1979. The coal flow and total air flow to the unit were 

calculated from a heat balance and the flue gas analysis. The fouling of heat transfer 

surfaces was evaluated as the ratio of the actual heat transfer coefficient to that for clean 

surfaces (baseline) immediately after sootblowing. Further discussion of cleanliness factors 

is presented in Section 10.1.3. These were calculated for the furnace, secondary 

superheater, primary superheater, reheat superheater, economizer, and air heater. The data 
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TABLE 5-10. TYPICAL INPUT IMEASURED) PARAMETERS FOR BPMS HEAT 
TRANSFER s&D COMBUi’IION MODELS 

CLASS 0PlNwT m -00 ACOIJIREQ coM%fEfi-r 
Fuel ckunskrklis. Pmximlle mly*i. opnm Mu* be rqresenktive 

AWE Hut Lou MetId 

Ambitm Condition 

aoiler -tin 
OfFbGuSidc 

GR-SI lnarumcrrmioa 

ColeiauUU F,mkiom 
Monito* 

InllNmenution of 
Co~u*im Air 

-Albe Meld Tcmpe”tu?c 

a&r -lion 
of W.ledSbm Sii 

ultimate amlyds 
Heuiq nlu? 
Cnnbmik in ,&se 
bdiaim ba low 
Unmu~rcd but IOU 
Reklivc bumidii 
- Pm= 
AmlJkatcmpcnlll~ 

ilcorambcr gu in. tcmpnlum 
Esommi2crguM.tcmpn~~ 
Air rfcalcr gas out lcmpsnlun 
FkM 4 -lion 
PGR Bow rue 
Rebum gas !3ow nte 
ovcr6rcti~nw 
s.hm - ati now mte 
s0h.a mmpon air tcmp+nDln 
Sohe& traqm air prunut 
~if$adm~irflowm 
snbDamuBovmc 

G.- qL%ka conccmntioa 
ma, co. No.. 4, S%. 
Hydmchm 

Air hutcr air inlet tempenmn 
Air hUW & culla lmpe”alre 

Nmeeaof 
lccmkq SA 

F&uer fbw u) ecoromi2cr 
Fsdwarn p- IO eco~r 
Feedwater teq.. to eaoaomizr 
Ec.mo. culkt v.Icr tmpenlure 

Boiler drum ptuwre 

Flimy Sri cudo( prwml~ 
Flimuy SH cud* lempe”nm 

SH .tk~. feodvuetcr now 

scsduy SA inId prc- 
semrduy SH i&t bmpe”DIIc 
slum PM. m albiw 
Slum lanp. u) turbine 

cold l-&U! ew “lo 
RW .tbmp. ~rrdw.ur nm 
RI4 inka pravrc 
RH ink4 Ic-lurs 
RI4 cud* p-rc 
F.H oun* Wnpe”nuc 

e-m 
opt-m 
*mm 
InNumeU Signal 
lrammca Signal 
InMlmcU Sip1 

From design spec. or fidd dam 
From design spu., empirical formula 
From design ‘pea., cmpiriul formula 

lrulrumcm Signal 
kutNmcll! sigd 
lnantmcm Sigd 
lnaru- Signal 
lrlamma signd 
lnsmunem Signal 
lmlrumeu Signal 
LnstmmcoI Signal 
LaUr.meU Signal 
Imuumea Signal 
hsmmca Signal 
InsUmmed Signal 

lnamne~ Signal CEMS Sigd 
lndtumm Signal CEMS Signal 

InEmmud Signal 
lnmumn Sigd 

lndmmecy Signal 

lnsimme* Signal 
lrvtrvma Signal 
lnmtmcm Sign4 
Iaanrmat Signal 

Insbum Signal 

lmsmmml Sipl 
lcammcrd Signal 

lcaunm Signal 

Lusuumerd Sigd 
lnmmmn Signal 
lnammom Signal 
InaNmom Signal 

hUnme* Sigml 
lnammm Signal 
Iruvymem Signal 
llunlmcd Signal 
lnanlmeat sip4 
InslNmn Signal 
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TABLE 5-l 1. SUMMARY OF OUTPUT FROM BPMS HEAT TRANSFER 
AND COMBUSTION MODELS 

CLASS OF OUTPUT 
Calculated flue gas temperatures 

Fuel heat input 

Heat rate 
Heat absorptions and cleanliness factors 

Complete combustion calculation 

Boiler efficiency based on 
ASME heat loss method 

Boiler efficiency based on 
heat absorption method 

Emissions control data 

OUTPUT 
Secondary SH Inlet 
Reheater Inlet 
Primary SH Inlet 
From coal 
From rebum gas 
Net heat rate 
Furnace 
Secondary SH 
Reheater 
Primary SH 
Economizer 
Air Heater 
Stoichiometric air 
Stoichiometric ratio (i.e. Air number) 
Flue gas composition 

Heat loss due to dry gas 
Heat loss due to moisture in fuel 
Heat loss due to HrO from combustion of H, 
Heat loss due to combustible in refuse 
Heat loss due to radiation 
Heat loss due to unmeasured loss 

Efficiency based on gross heat input 
Efficiency based on net heat input 
Gaseous species concentration of 
CO*, CO, NO,, 02, SO*, and HCs quantified in 
Volume concentration (96 or ppm) 
Correctedto3% 0, 
Pounds per million Btu heat input 
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acquired by the BPMS was used to calculate the heat rate, which is the ratio of the heat input 

to the electric power generated. The gross heat rate is the ratio of the total heat input to the 

gross ektric power generated. The net heat rate is the ratio of the gross heat input to the 

power generated minus the power consumed by the plant equipment and power received by the 

plant from external sources. 

5.4.4 Continuous Emissions Monitorinp Svstem (CEMS) 

A continuous gas sampling system was used to measure the flue gas concentration of Or, CO, 

CO,, HC, NO,, and SO*. Gas sampling was carried out at the economixer inlet and at the 

breeching. The same gas analyxers were used, but separate sampling systems were installed at 

these locations and a control valve was used to switch the location being sampled. At the 

economizer inlet a 16-point gas extraction grid was used, while sampling at the breeching was 

from a single central point. Rotameters were used to monitor the gas flow rate from the 16- 

point sampling grid so that equal samples were obtained from each point, thereby accounting 

for gas stratification at the sampling point. Because of the large amount of particulate matter at 

the economizer, the sampling system made use of phase discrimination probes, whereby small 

amounts of gas were drawn without the particulate matter. This was required to prevent SO2 

reaction with active particulate matter, much of which is unreacted CaO during ST. The 

economizer outlet gas analyses were compared to flue gas composition obtained at 

the breaching. Table 5-12 lists the instruments used in gas analyses. Figure 5-4 is a 

schematic of the CEMS sampling system, showing the sampling probe, heated sampling line, 

and analytical instruments. 

5.5 Data Evw 

The purpose of this section is to’present relationships between process parameters used in 

evaluation of GR. Also presented is an analysis of the degrees of freedom of the GR system, 

i.e. which parameters must be held constant in order to fix the system. As stated, most of the 

calculations were performed by the BPMS and output to spreadsheets. 
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Figure 5-4. Continuous emissions monitoring system 

5-34 



The formulae for calculating SR,, SR,, and SRS have been presented in an earlier section 

(Section 5.3.1). The coal fraction (the fraction of heat input from coal) and natural gas 

fraction (the fraction of heat input from natural gas) may be a+Rproximated by the following: 

coal fraction = SR,ISR, 

natural gas fraction = (SRI - SRJ/SR, 

These approximations are useful for data correlation purposes only, they were not actually used 

to calculate the fraction of heat input from each source. Formulae for the calculation of coat 

air fraction and OFA fraction follow: 

coal air fraction = (TAF - 0FA)lTAF = SRJSR, 

OFA fraction = OFA/TAF = (SR, - SRJ/SR, 

The four equations, shown above, relate seven variables: SR,, SR,, SR3, coal fraction, NG 

fraction, coal air fraction, and OFA fraction. Therefore, at constant load the system is fixed if 

three of the parameters are held constant. Of the three parameters to be fixed, one or two 

must be related to natural gas input and OFA. An example of parameters to be held constant 

in order to fix a system are: SR,, SR,, and SR,. Another example of a set of three parameters 

which ftx a system are: SR,, natural gas fraction, and SR,. 

In plotting NO, as a function of SRI or natural gas fraction (or percent natural gas heat input), 

two variables must be held constant in order to fix the system. Examples of parameters to be 

held constant follow: 

Pk!t Variablestobe.lQ& 

NOx vs. SR, (SR,, SR,), (96 NG, 96 OFA), (SR,, % OFA), or (96 NG, SR,) 

NO, vs. % NG (SRI, SW, (S%, SW (SR,, 96 OFA), or (SK % OFA) 
Holding these variables constant results in plots which are reproducible and have limited data 

scattering. 
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6.0 QPTMIZATION TEST RESULTS 

6.1 Overview 

This section summarizes the results of the optimization (parametric) testing conducted at the 
beginning of the Hennepin GR-SI system evaluation. During the field evaluation, a wide 
range of boiler operating conditions and GR-SI parameters were varied to determine 
conditions which are optimum for NO, and SO2 emissions reduction. The project goals of 60 
and 50% reductions in NO, and SO*, respectively, were achieved during optimization of the 
GR-SI system. 

In the following sections, coal and ash sample analyses taken throughout the GR and SI 
parametric test series are presented. NO, and SO2 emissions data obtained during the GR 
and SI tests are presented and the optimum parameters are discussed. The QA/QC 
procedures and sampling methods and protocol used in obtaining the data presented here 
were described in the previous section. 

Rebum NO, reduction performance depends on a range of different process parameters, 
which include: initial NO, level; temperature at the rebum and burnout zones; reburn zone 
stoichiometric ratio; stoichiometric ratio in the main combustion and burnout zones; 
residence times in the rebum and OFA zones; and mixing rates of the rebum fuel and OFA. 
data gathered during EER’s various rebum demonstration programs have been reported in 
graphical format, where measured NO. reduction performance has been compared with most 
of the above variable parameters, and where reasonably good correlations with individual 
parameters can be seen. However, given the rather complex inter-relationship between the 
various controlling parameters and rebuming system performance, EER has elected not to 
present statistical correlations of the data. We believe that the use of such correlations can 
be misleading, particularly with respect to extrapolating system performance to other boilers 
and boundary conditions. To successfully correlate the data requires more complex process 
models, such as those used by EER during the development of designs for each of the 
different boiler applications. These process/design models have been validated during the 
course of the demonstration projects, and have been shown to accurately reflect performance 
trends as a function of the various process parameters and for boilers of very different 
design. For business reasons, and because of their importance in developing commercial 
guarantees, EER prefers not to make public any details of the process models. 
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Coal samples were taken on a daily basis during the pre-outage test period (5/91 to 9/91) 
and on a weekly basis during the post-outage test period (11191 and thereafter). Samples 
were collected from each of the three coal feeders IA, lB, and 1C and analyzed to monitor 
coat composition and variability. The following analyses were conducted: 

0 Ultimate analysis 
l Heating value 
l Ash composition 
,o Ash fusion temperature 

The overall fuel analyses are listed in Table 6-l including pre-outage and post-outage coal 
samples and natural gas analysis. The individual coal compositions on an “as fired” basis are 
tabulated in Table A-l of Appendix A. The carbon content varied between 59.9% and 
67.496, ash content varied between 9.5% and 13.0%, and the moisture content ranged from 
3.9% to 14.5%. Fuel nitrogen content varied between 1.1% and 1.3% and sulfur content 
was in the range of 2.8% and 3.4%. Moisture content varied with the month the coal was 
sampled. In summer months, coal samples were generally low in moisture content (9.3%) as 
observed in the pre-outage test period. In the fall and winter months of the post-outage test 
period, coal samples had a relatively high moisture content (15.1%). Unusually low values 
were evident for samples taken from Feeder 1C. The moisture variation was not permanent 
and did not persist in the post-outage test data. Also presented in Table 6-l is the natural 
gas analysis used throughout the design phase and test program. 

The higher heating value (HHV) on an “as fired” basis was greater in the pre-outage test 
period, 11,329 Btullb coal (26,333 Wkg), than in the post-outage test period, 10,583 Btu/lb 
coat (24,599 Wkg), due to the relatively low moisture content. Tlie average HHV during 
the pre-outage test period was 6.1% higher than the original design value and 6.5% higher 
than the post-outage test data. 

Stoichiometric air requirements averaged 8.510 lb air/lb coal for the pre-outage data and 
7.955 lb air/lb coal for the post-outage data. In comparison, the stoichiometric air 
requirement used in the original design specifications was 7.999 lb air/lb coal. The variation 
in air requirement can have a minor impact on the data collected by the Boiler Performance 
Monitoring System (BPMS) since calculations of zone stoichiometric ratios were based on a 
standard coat composition. However, for identical full load conditions, the variation in the 
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TABLE 6-l. COAL AND NATURU, GAS COMPOSITION 

ELEMENT units 
original he-Outage Post-Outage 
Design Average Average 

1 

Hydrogen 

Oxygen 

INitrogen 

‘Sulfur 

Moisture 

Ash 

HHV 

Theoretical SO, Emissions 

Theoretical Aii Demand 

Natural Gas: 

rn4 

‘2H6 

C3H8 

C4%0 

C5H12 

co2 
N2 

HHV 

Theoretical Air Demand 

% 59.16 63.23 58.96 

% 3.97 4.28 4.06 

% 7.46 8.51 7.65 

% 1.04 1.21 1.11 

% 2.82 3.05 2.97 

% 15.99 8.94 15.07 

% 9.56 10.78 10.18 

BnJlbcoal 10.632 11,363 10,583 

1biMBtu 5.30 5.37 5.61 

b air/lb coal 7.999 8.510 7.955 

% 89.83 1 
% 4.29 

% 0.82 

% 0.00 

% 0.00 
% 0.57 

% 4.20 

Btdscf 1,014 

Ib aidscf 0.724 
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total air requirement for the above range of stoichiometric ratio requirements would be small 
and the difference in primary zone stoichiometric ratio would have a maximum error of 
1.3%. 

Ash samples from the boiler bottom hopper and the economizer hopper were analyzed for 
chemical composition and their base-to-acid ratio, silica ratio, and slagging index values 
were calculated. The results are listed in Tables A-2 and A-3 of Appendix A, respectively. 
Averages of these measurements indicate that the slagging propensity was minimal as long as 
there was adequate air flow to maintain oxidizing conditions in the furnace. 

6.3 Gas Rebumine Performance 

6.3.1 Gas Rebumine Parameters 

Pilot-scale studies performed by EER have established that the major process parameters 
which control the efficiency of the rebuming process are: 

a Operating stoichiometric ratios 
0 Mixing 
l Furnace temperatures 
0 Zone residence times 

6.3.1.1 Qperatine Stoichiometric Ratios 

The rebuming zone stoichiometric ratio has the greatest effect. Smatl-scale testing has 
shown that overall NO, reduction is highest when the rebuming zone stoichiometric ratio is 
at about 0.90. To minimize the use of rebuming fuel, the primary combustion zone should 
be operated as close to stoichiometric as possible commensurate with lower furnace 
performance (carbon loss, flame stability, corrosion, etc). Operation of the primary 
combustion zone with an excess air level of 10% (i.e. SR,=l.lO) is preferred to bring the 
natural gas requirement to between 18 and 20% of the total heat input to the furnace and to 
maintain combustion control. Overtire air is used to bring the overall furnace combustion 
system to its normal operating stoichiometry. However, in practice, it has been possible to 
reduce the quantity of overall excess air used during GR to help improve the thermal 
efficiency of the unit. 
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6.3.1.2 Mixine 

Pilot-scale studies of the rebuming process have also shown the importance of effective 
mixing in both the rebuming and burnout zones. Effective mixing of the rebuming fuel 
optimized the process efficiency by making good use of the available furnace residence time, 
while effective mixing of the OFA reduces carbon monoxide emissions and unburned carbon 
in the fly ash. For most combustion systems, good mixing is important to minimize 
operational impacts while maximizing NO, reduction. 

6.3.1.3 Furnace Temoeratum 

The furnace. gas temperature at which the rebuming fuel is injected has an impact on the 
process efficiency, with higher temperature preferred. Typically, this suggests that the 
rebuming fuel should be injected as close to the primary zone as possible. However, the 
rebuming fuel must be injected at a distance above the primary zone to allow burnout of the 
volatile hydrocarbons and reduction of the oxygen concentration entering the rebuming zone. 
The temperature at which the burnout air is injected does not directly influence the process 
efficiency, but it is important that the temperature be high enough to allow oxidation of CO 
and hydrocarbon fragments from the rebuming zone to occur readily. 

6.3.1.4 Zone Residence Times 

As discussed above, sufficient residence time must be available in the primary combustion 
zone to allow combustion of the primary fuel to proceed nearly to completion. In addition, 
the residence. time of the rebuming zone is also important to the process. Sufficient 
residence time in the rebuming zone must be available to allow mixing and reaction of the 
rebuming fuel with the residual oxygen and the products from the primary combustion zone. 
For ,most combustion systems, small-scale studies have shown that the rebuming zone 
residence time should be between 0.3 to 0.5 seconds. However, the Lakeside GR system, 
which has achieved NO, reduction in excess of the 60% goal, has a rebuming zone residence 
time of 0.25 seconds. Therefore, GR may be. effectively applied to units where the boiler 
configuration further limits rebuming zone residence time. Finally, sufficient residence time 
must be provided in the burnout zone to permit oxidation of the CO and hydrocarbon 
fragments from the rebuming zone. 
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6.3.2 “As Found” NQ, Baseline 

In order to fully evaluate the impact of GR on boiler emissions, baseline NO, emissions were 
measured during April-May 1988; these results were presented in Figure 2-3. During 
baseline tests, NO, emissions of up to 0.77 lb/lo6Btu (331 mg/MJ), were measured at full 
load with excess air levels of up to 25%. Lower NO, emissions were observed at decreased 
boiler loads. At 60 MW,, NO, emissions averaged approximately 0.48 lb/l@Btu (206 
mg/MJ). At full load, the excess oxygen shown on the plot corresponds to excess air levels 
between 18 and 25%. For comparison purposes, 0.75 lb/WBtu (323 mg/MJ) will be used 
as the “as found” baseline for all tests. 

6.3.3 Gas Rebuming Go&&ion Test Results 

The results of the GR optimization tests are summarized in Table A-4, in Appendix A. 
These are measurements averaged over the test periods and, unless otherwise stated, the NO, 
and CO concentrations were corrected to 3% oxygen. For the GR test series, NO, emissions 
averages ranged from a low of 0.188 lb/lo6Btu (81 mg/MJ) to a high of 0.364 lb/lo6Btu (157 
mg/MJ), operating with gas heat inputs ranging from 10 to 22%, primary zone stoichiometric 
ratios ranged from 1.06 to 1.15, and rebum zone stoichiometric ratios ranged from 0.88 to 
1.01. GR was operated with an excess air at the furnace exit of 15-1896, in comparison to 
the baseline of 20-25 96. 

At Hennepin, the GR system was designed to maxim& NO, emissions reductions while 
utilizing 18-2096 gas heat input. The goal was a minimum of 60% NO, reduction. Figure 
6-l illustrates how this reduction was accomplished. As discussed above, baseline conditions 
were evaluated prior to installation of the GR system. For this project, an “as found” NO, 
emissions rate of 0.75 lb/l@Btu (323 mg/MJ) was established for full load operation. Once 
installed, the GR system was optimized by varying key parameters which affect NO, 
emissions. One of those parameters is primary zone stoichiometic ratio. The primary zone 
stoichiometric ratio established for Hennepin was in the range of 1.08 to 1.10. Further 
testing established optimum conditions for FGR, burner tilt, and rebuming zone 
stoichiometric ratio to reduce NO, emissions to 0.25 lbllo6Btu (108 mg/MJ). In the 
following sections, an analysis is presented detailing the specific parameters which were 
varied to improve GR performance. Detailed discussions on the effects of the following 
parameters are presented: 
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. Zone stoichiometric ratios 
0 Percentage natural gas 
0 Percentage of FGR 
l Boiler operational parameters 

6.3.3.1 Zen -Stoichiometric 

The effect of primary zone stoichiometric ratio on NO, emissions under full load GR 
operation with 18% gas heat input, is illustrated in Figure 6-2. During this test, the primary 
zone stoichiomehic ratio ranged from 1.07 to 1.11. NO. emissions increased from an 
average of 0.21 lbll06Btu (90 mg/MJ) to 0.26 lb/ltYBtu (112 mg/MJ), over this increase in 
primary zone stoichiometric ratio. The increase in NO, emissions is due to two factors: 
higher NO, formation in the combustion zone and a slight increase in the rebuming zone 
stoichiometric ratio which reduced the NO, control level. During this test, CO emissions 
were maintained at a maximum of 3 ppm, indicating complete fuel burnout was achieved. 

Fly ash samples were collected from various full load tests to determine if low operating 
stoichiometric ratios, particularly with GR, would increase carbon loss. Figure 6-3 shows 
the carbon in ash data plotted as a function of primary zone stoichiomettic ratio. At primary 
zone stoichiometric ratio above 1.06, carbon in fly ash varied from 2.2 to 5.2% as compared 
to the baseline value of 2.6% measured in 1988. Operating the primary combustion zone at 
a stoichiometric ratio above 1.06 should provide sufficient combustion air to bum out most 
of the remaining unburned carbon fragments with small changes expected in slagging, 
corrosion, and wall heat absorption from the baseline condition. More extensive data on 
carbon in ash are presented in Section 7. 

As mentioned above, the rebuming zone stoichiometric ratio was the most important 
parameter in determining the efficiency of the GR process. The primary zone stoichiometric 
ratio determined how much rebuming fuel was needed to reduce the rebum zone 
stoichiometric ratio to 0.90. In most cases, rebuming fuel accounted for approximately 18 to 
20% of the total heat input. Figure 6-4 shows the impact of rebuming zone stoichiometric 
ratio on NOX emissions. For operation with primary zone stoichiometric ratio between 1.07 
and 1.13, NO, emissions were. 0.22 lb/lo6Btu (95 mgLMJ) at a rebuming zone 
stoichiometric ratio of 0.90. In addition, there was no significant increase in CO emissions. 
CO emissions were less than 25 ppm. 
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The burnout air completed the combustion process initiated in the primary zone and brought 
the combustion system to its normal operating stoichiometric ratio. In practice, GR allowed 
the system to operate at lower excess air levels. Figure 6-5 shows the NO, emissions levels 
achievable under baseline operation, staged combustion operation, and GR operation. 
Baseline tests at excess air levels between 13 and 21% resulted in NO, emissions from 0.52 
lb/lo6Btu (224 mg/hG) to 0.77 Ibllo6Btu (331 mg/MJ). Staged combustion operation, 
plotted here with acceptable combustion characteristics, showed NO, emissions from 0.46 
lb/l@Btu (198 mg/MJ) to 0.51 lbllo6Btu (219 mg/MJ). GR data are plotted for excess air 
levels from 12 to 21%. The total NO, reduction from the uncontrolled level, when utilizing 
18% excess air at the burnout zone, was approximately 67%. 

6.3.3.2 Flue Gas Recirculation 

Isothermal flow modeling provided an in-depth characterisation of the rebuming fuel jet 
behavior. The study showed that adequate residence times could be achieved with proper 
penetration and that would allow sufficient time for NO, reduction reactions. In the GR 
optimization test series, the focus was to optimize mixing by varying the FGR flow rate. In 
this report, FGR flow rates are expressed as a percentage of the total flue gas flow. 

To determine the effect of mixing on NO, emissions, tests were run with three levels of FGR 
at full load and with primary stoichiometric ratios between 1.08 and 1.12. Figure 6-6 
illustrates the effect of FGR on NO, emissions performance as functions of rebum zone 
stoichiometric ratio. Satisfactory mixing performance was evident for FGR levels between 
2.6 and 3.6%. In fact, as more reburning fuel was added the difference between 2.6 and 
3.6% FGR flow was insignificant. Lower levels of FGR flow had a relatively small negative 
effect on mixing rate and NO, emissions performance. Therefore, satisfactory mixing can be 
accomplished with FGR levels greater than 2.6%. 

6.3.3.3 Rebuming Fuel Injector/Coal Burner Tilt Angle 

The rebuming fuel injectors were equipped with tilting mechanisms which allowed them to 
inject rebuming fuel at the same angle as the coal burners. During the optimization test 
series, the rebuming fuel injector tilts were tested through their full angle of rotation with no 
appreciable change in reduction of NO, emissions. The purpose of tilting rebuming fuel 
injectors was to follow the primary burner tilts and thus the fire ball. Conceptually, this 
would allow a consistent separation between the two zones to allow combustion of the 
primary fuel to proceed nearly to completion, and provide the necessary rebum zone 
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residence time. Figure 6-7 illustrates that rebuming injector/coal burner tilting resulted in a 
negligible change in NO, emissions as the injector tilt angle varied from horizontal to -27 
degrees at full load. The injector tilting capability was eliminated after optimization testing. 

6.3.3.4 Boiler Owrational Parameters 

Boiler operational parameters include: 

l Boiler load 
0 coal mills in service 
l Furnace temperature profile 

One of the main objectives of the project was to design a process which would be effective 
throughout the entire operating range of the unit for the purpose of load following on 
dispatch control. Optimization tests were conducted at loads from 40 to 75 Mw,. 

6.3.3.4.1 Boiler w 

The impact of boiler load on GR performance is due to the primary NO, emissions level and 
gas temperature profile. As was observed in the baseline tests, baseline NO, levels varied 
from 0.75 lbll06Btu (323 mg/M.J) at 75 Mw,, to 0.48 lbllodstu (206 mg/MJ) at 60 MW,, to 
0.50 lb/106Btu (215 mg/MJ) at 45 MW,. Figure 6-8 illustrates the effect of load on NO, 
emissions. The baseline NO, emissions were not measured at constant excess O&herefore 
some variations must be attributed to varying excess 4 levels. Data at 70 MW, have 
already been thoroughly discussed. At 60 MW,, GR performance is affected by lower 
primary NO= levels entering the rebuming zone and lower gas temperatures entering the 
rebuming zone; therefore, the reduction efficiency was lower at 60 MW, in comparison to 
full load reduction efficiency. At loads below 55 MWe with GR, the boiler was operated 
with 2 mills in operation and with the burner tilts raised to +27” to maintain reheat steam 
temperature, similar to operation at 60 MW,. GR efficiency at 45 MW, was also lower due 
to decreased rebuming zone gas temperature and lower initial NO,. 

6.3.3.4.2 Flills in Servia 

At Hennepin, the normal mode of operation at loads below 55 MW, with GR is with hvo 
mills in service. The top row of burners is fed by Mill C, the middle row of burners is fed 
by Mill B, and the bottom row of burners is fed by Mill A. The effects of miUs out of 
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service at low load was evaluated without GR. Taking Mill C out of service results in 
reduction in NO, emissions, shown in Figure 6-9, due to combustion staging. 

6.3.3.4.3 Pebumine Zone Gas Temperature 

Gas temperature measurements were taken at furnace plane elevation “C” at elevation 539’ 
(see Figure 5-l). These were used to evaluate the impact of gas temperature on the GR 
process efficiency. GR is believed to be more effective at higher rebuming zone 
temperatures due to higher rates of reaction, i.e. more rapid formation of hydrocarbon 
fragments and free radicals leading to higher rates of NO, reduction. The rebuming zone 
temperatures may also be an indicator of the primary zone,temperature, and may indicate 
completeness of the primary zone coal combustion. The rebuming process is more effective 
when the primary zone coal combustion is complete. Figure 6-10 shows NO, emissions as a 
function of rebuming zone stoichiometric ratio, at hvo levels of gas temperatire. The NO, 
emissions are approximately in the same range, with slightly lower values for the higher 
temperature case (2350°F [1288”C]) for rebuming zone stoichiomehic ratios below 1 .OO. 

6.4 &t&t Iniection Perfow 

The following sections describe the results of the SI optimization tests conducted in 1991. In 
this test series, a majority of the tests were conducted with GR. Only a limited number of 
tests were conducted with only SI. This section includes a design methodology summary 
todescribe key parameters that were closely monitored during the tests, followed by a 
discussion and analysis of each parameter. 

6.4.1 Sorbent Injection Parameters 

Bench-scale studies of the SI process have shown that three major parameters control the 
utilization of sorbent, and hence the cost effectiveness of the SI process. These Parameters 
XC 

l Sorbent reactivity 
. Temperature history 
0 Sorbent dispersion 

The sorbent reactivity refers to its ability to react with SO*. Actually, the sorbents tested at 
Hennepin were all calcitic hydrates [Ca(OH)J which do not react with SO? directly. Upon 
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introduction into the furnace, the sorbent undergoes calcination to produce CaO. It is the 
CaO which reacts with SOz. Therefore, the sorbent reactivity depends on the characteristics 
of the sorbent as well as details of its injection into the furnace. The reactivity of the CaO 
can be enhanced by altering the hydrating process used to form the calcitic hydrate. Some 
materials, including the three advanced sorbents tested in this project, are produced with 
promoting agents which tend to increase the CaO reactivity. 

As might be expected, the furnace temperature at the point of sorbent introduction has a 
pronounced impact on CaO reactivity. Injection at high temperature tends to sinter the 
surface. of the CaO producing a low reactivity “dead burned” material. The optimum 
injection temperature for most sorbents is near 2,300”F (1,260”C). 

The temperature history of the sorbent following injection also affects SOr capture. The CaO 
reacts readily with SO* immediately following injection. However, the reaction rate degrades 
as the temperature drops and is negligible beneath about 1,600”F (871°C). Therefore, SO2 
control is enhanced by long residence time in this temperature window. 

Sorbent dispersion across the complete flue gas stream is also important to ensure that the 
SO* has opportunity to contact sorbent for the longest possible time. 

ERR’s SI design methodology evaluated all of the-se factors. A combination of field 
measurements, heat transfer modeling and isothermal physical flow modeling was used to 
establish the furnace gas temperature and flow patterns. Optimum injection temperatures 
(and hence locations) were selected based on the sorbent characteristics measured in bench 
scale reactivity tests. Alternate arrangements of the sorbent injectors were evaluated via 
physical flow modeling to select the fmal design. 

6.4.2 n Test Rest&g 

Data relevant to SI performance collected during GR-SI and SI operation are presented in 
Table A-5 of Appendix A. These data were averaged during steady state periods. Sorbent 
SO2 capture ranged from a low of 25.3% to a high of 60.6%. Baseline SO* emissions 
averaged 5.24 lb/lobBtu (2,250 mg/h4J) over the test period. 

Figure 6-11 illustrates typical SQ emissions trends during GR and GR-SI operation, 
measured on December 13, 1991. Initial baseline SO* emissions were taken prior to 
commencing GR for a period of 15-30 minutes (not shown in figure). When rebuming fuel 
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was injected into the furnace, a second baseiine level was established, prior to commencing 
SI. Once SI was initiated, SO2 emissions began to decrease but did not reach steady-state 
for about 30 minutes. Collection of test data did not begin until the steady state condition 
existed. On December 13, 1991, hvo GR tests preceded a GR-SI test. On this day, GR tests 
showed the expected reduction due to 8 and 12% gas heat input of 8 and 13% from the coal 
baseline. The GR-SI test, showed an SQ reduction of 52.696, from operation with 18% gas 
heat input and a WS of 1.57. 

6.4.2.1 
. t of Somechon Parameters 

Results in this section will focus on SI parameters and GR-SI optimization tests that were 
used to optimise sorbent SO* capture. The following SI parameters were found to affect the 
SO, capture efficiency of the GR-SI process: 

l Ca/S molar ratio 
l Injection configuration 
l Sorbent reactivity 
l Boiler operational impacts 

6.4.2.1.1 CalS Molar Ratio 

Extensive bench scale testing and computational modeling has shown that sorbent SO* capture 
efficiency depends on the SOa concentration and the CaLS molar ratio. The effect of Ca/S 
molar ratio on SO* control is shown in Figure 6-12 for three loads. Full load predictions are 
also shown for comparison and are in good agreement with the data. 

Since the cost of SO2 removal is dominated by the cost of the sorbent itself, the overall cost 
effectiveness increases with calcium utilization, expressed as the portion of the calcium which 
is reacted with sulfur. Calcium utilization is calculated as the percentage of SOI removal 
divided by the WS molar ratio. Figure 6-13 shows the same data as Figure 6-12 re-plotted 
in terms of calcium utilization. The general trend is for lower utilizations at high WS 
molar ratio. This is consistent with bench scale tests and is caused by blinding of the active 
CaO as &SO, is formed. 

Figures 6-12 and 6-13 both showed data under GR-SI operating conditions. Figure 6-14 
compares the performance with SI alone. There is a slight improvement in SO2 removal with 
GR-SI probably due to changes in the temperature profile. 
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6.4.2.1.2 Jniection Confieuration 

The aforementioned computational models account for sorbent dispersion in the furnace to 
generate a more general prediction of SO2 capture efficiencies. In these studies, sorbent 
dispersion and SO* concentrations were shown to have a significant effect on sorbent SO2 
capture efficiencies. Sorbent dispersion is dependent on the penetration and coverage 
characteristics of the sorbent stream and can be altered by varying the SI velocity and the 
injection configuration. 

The SI injection system was designed with 6 jets to mix the sorbent uniformly across the 
furnace (4 on the front wall and 2 on the side walls). Figure 6-15 compares the performance 
in this configuration with that measured when the 2 side wall jets were out of service. As 
expected, calcium utilization degraded significantly with these jets out of service. 

6.4.2.1.3 &bent Reactivitv Parameters 

Laboratory studies showed that sulfation is strongly dependent upon the surface area formed 
during calcination, which is a function of the sorbent type and thermal history of the particle. 

In Table 6-2, chemical and physical analysis are presented for the hydrated lime sorbent 
used for design tasks (Marblehead) and the sobent that was used for optimization tests 
(Linwood). In experimental testing, Linwood invariably showed a higher reactivity, 
indicating that small mean particle size in addition to high surface area and high porosity 
would be ideal physical characteristics. 

In this test series no direct correlation was found linking SO, capture to physical 
characteristics of the sorbent. Thermal characteristics have been found to significantly 
impact sorbent performance. As previously mentioned, there is an upper limit for injection 
temperature, above which thermally induced sintering mechanisms take place, and a lower 
limit, below which sulfation rates are reduced. In-furnace measurements taken near the 
injection location, Figure 6-16, shows that the temperature in this cross-section is near ideal 
for calcination, i.e. maximum temperatures of 2350°F. 

6.4.2.2 Effects n SQ Removd 

Boiler operational parameters were also found to have impacts on the performance of the SI 
system. Those parameters are: 
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TABLE 6-2. SORBEhT ASALYSES 

Surface Area m2/g 22 15.5 

Mass Median Diameter P 5.00 2.88 

Density g/cm3 2.35 2.18 

Bulk Density, Loose Ib/ft 3 20-25 25 

Bulk Density, Settled lb/ft 3 30-35 30 
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0 Burner tilt 
0 Excess air 

6.4.2.2.1 @oiler W 

As shown above, the SO, removal goal of the project was consistently achieved at full load 
using the upper level sorbent injectors. The SI system included a lower set of injectors at the 
OFA ports for low loads (< 45 MWJ where furnace temperature decreased. Figure 6-17 
compares the calcium utilization using the upper and lower injectors over the load range. As 
load is reduced, the performance with the lower level injectors improves as expected. 

6.4.2.2.2 Burner Tilt 

Tests at various burner tilt angles were conducted to evaluate the sensitivity of the 
temperature profile and its effect on sorbent SO* capture, particularly under lower load 
operation when burner tilt is adjusted to maintain reheat steam temperature. As shown 
inFigure 6-18, the mid- and full-load tests showed calcium utilization to be insensitive to 
burner tilt angles between -5 to +19 degrees. At low loads (45 lvfW& to 58 MWA shown in 
Figure 6-19, calcium utiiixation was significantly affected in teats with burner tilts between - 
6 and +13 degrees, with lower level sorbent injectors in service. A temperature profile 
taken in July 1991, Figure 6-20, showed that at 45 Mw, with the burner tilts in their normal 
position, +20 degrees, approximately a third of the furnace, near the front wall, had 
temperatures exceeding 2,350”F (1288°C). As previously stated, laboratory studies have 
demonstrated that hydrated limes exposed to temperatures exceeding 2,350”F (1288°C) 
exhibit a decrease in reactivity due to a loss in surface area. Figure 6-21 demonstrates the 
burner tilt variation with low loads and upper level SI. Calcium utilixation can be increased 
at lower load with the upper injectors in service, by upward shift of burner tilts. 

6.4.2.2.3 Excess Air 

As mentioned previously, the sulfation reactions can be represented by the following: 

CaO + SO* + 112 0, ---> CaSO, 
CaO + SO* ---> CaSO, 

CaO + SOS ---> &SO, 
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In Figure 6-22, excess air had no effect on calcium utilization at full load and reduced loads. 
However, since the reaction is dependent on oxygen, a significant drop in the excess air level 
could theoretically reduce the rate of the sulfation reaction. It is unlikely, though, for the 
boiler to be operated at excess oxygen levels below 2 % for extended periods. 

6.4.3 CCs 

Throughout the test period, single-point ash samples were collected at the economizer inlet to 
compare with results obtained from the gas-phase analysis and sorbent feed rate 
measurements used in calcium utilisation calculations. The results from the analysis, 
conducted during GR-SI optimization testing, are summarised in Table 6-3. As explained 
below, sorbent utilizations based on gas phase measurements would be expected to yield 
more accurate results due to heavy CWS stratification in the economizer inlet duct. 

On August 29, 1991 a test was conducted to determine the amount of solid calcium to sulfur 
stratification across the boiler exit plane at the economizer inlet. During the test, individual 
samples were taken at 24 points across the economizer inlet plane using upper level sorbent 
injection with the 6-jet configuration at full load. Gas analyses showed that the CWS ratio 
was 1.78:l and the sorbent SO2 capture was 44.4%. These samples were used to calculate 
local solid matter CaLS molar ratios across the plane and are plotted in Figure 6-23. In the 
figure, Ca/S molar ratios were highest along the right side wall, possibly indicating biasing 
of sorbent flow to one side of the boiler. Due to the heavy stratification observed, single- 
point measurements would not be expected to be representative of all of the solid matter (i.e. 
ash and spent sorbent). 

6.5 ) 1 m’ i n -ST ‘on 

Emissions of HCI and HE were quantified in relatively short (several hour) tests during 
baseline and GR-SI operation. Significant reductions in HCI and HF emissions due to GR-SI 
were measured. This is due to two processes: fuel switching, since natural gas contains 
essentially no chlorine and fluorine; and reaction of HCI and HF with sorbent (CaO). 
Reductions in HCI emissions in the range of 60.4 to 85.5% were measured during GR-SI 
operation at a gas heat input of 18.5 to 18.7% and a Ca/S molar ratio of 1.64 to 1.66. 
Reductions of HF emissions were in the 94.3 to 99.7% range. During GR-SI operation at 
the gas heat input and Ca/S stated above, the emissions of these halides were 929x10’ to 
24.6xlWr lb HWlo6Btu (3.99 to 10.6 mg/MJ) and 1.14~10” to 19.1x105 lb IWlo6Btu 
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TABLE 6-3. CALCIUM ‘JTILJZATIONS BASED ON ASH ANALYSES 
AND SO2 REhlOVAL 

Test 
ID 

GRSI-1A 
GRSI-1 G 
GRSI-IH 
GRSI-11 
GRSI3A 
GRSI-3C 

SI-6A 
GRSI-ISA 
GRSI-15B 
GRSI-15C 
GRSI-15C2 
GRSI-I5B3 
GRSI-15C3 
GRSI-15A3 
GRSI-19A 
GRSI-12Al 
GRSI-12Bl 
GRSI-12CI 

SI-5A 
SI-5B 
SI-SC 

GRSI-IZA2 
GRSI-12B3 
GRSI-I 2C3 
GRSI-I4A 
GRSI-14C 

Average 

Date 

1991 
Aug-02 
Aug-07 
Aug-08 
Aug-09 
Aug-14 
Aug-14 
Nov-15 
Nov-20 
Now20 
Now20 
Now26 
Dee-03 
Dee-03 
Dee-06 
De&6 
Deca7 
De&7 
Jk-07 
De012 
Dee-12 
k-12 
Dee-14 
De017 
Dee-17 
Dee-I8 
Da-18 

Calcium Calcium 
Utilization Utilization 

From From 
Ash Analysis SO2 Removal 

(%I w 
16.4 18.5 
19.3 25.6 
19.4 27.5 
19.5 26.0 
17.6 25.2 
17.5 28.6 
19.4 24.7 
18.2 25.6 
23.3 27.4 
22.7 23.6 
21.2 20.2 
20.8 24.7 
16.2 20.1 
17.3 23.9 
18.9 26.2 
17.9 19.7 
18.2 23.8 
20.7 21.6 
19.8 23.4 
19.3 25.1 
20.0 25.6 
20.6 25.0 
18.1 24.6 
16.4 22.7 
20.0 24.3 
19.1 25.4 

19.1 24.2 
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(4.90x1@ to 82.1~10’ mg/M.l). These may be compared to baseline levels of 6.71~10~ lb 
HCl/lo6Btu (28.9 mg/MJ) and 3.60~10~ lb I-IF/l@Btu (1.55 mg/MJ). Coal was not 
analysed for fluorine content, but a chlorine content of 0.066% was measured. This fuel Cl 
content corresponds to an emissions level of 5.40x10’ lb HCl/lo6Btu (23.2 mg/UI), which is 
81% of the measured emissions rate. This difference is due to measurement error (fuel Cl 
content and Cl in the gas phase). 

Emissions of HCI and I-IF on a yearly basis, with an assumed capacity factor of 32% (1992 
capacity factor = 32.01%), would be reduced significantly by GR-SI operation. HCI 
emissions would be reduced to a range of 6 to 22 tons per year (5.4 to 20.0 tonne/a) while 
HF emissions would be reduced to a range of 0.01 to 0.17 TPY (0.009 to 0.15 tonne/a). 
These are compared to baseline emissions of 70 tons HCl per year (64 tonne/a) and 3.8 tons 
HF per year (3.4 tonne/a). 

The primary mechanism for these reductions is through reaction of these halides with CaO. 
The reactions are illustrated by the following equations: 

WOW2 --> CaO + H,O 

Where: X is F or Cl 
CaO + 2HX--> CaX2 + Hz0 

Both processes are strongly favored thermodynamically, but CaF2 and CaCl, are unstable at 
temperatures greater than 1150 to 1500°F (621 to 816°C). Therefore, calcium halide 
formation must take place at low temperatures, essentially after the sorbent has reacted with 
SOs. The reaction rate is probably controlled by the solid state diffusion of the halides 
through the &SO, layer. 

6.6 Ootimized Parameters for Lone-Term Testing 

The GR-SI optimization test series showed that the GR-SI system installed on Illinois 
Power’s Hennepin Station Unit No. 1 not only achieved but also exceeded tlmprojeet goals 
of reducing NO, and SO2 by 60 and 5096, respectively. The goals of the optimization test 
series were to determine the optimum operating parameters associated with GR-SI. Based on 
the results of those tests, the following GR parameters were used for the long term test 
program to achieve at least a 60% reduction in NO, emissions: 
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Percent Rebuming Fuel ........................ 18 
Primary Zone Stoichiometric Ratio ................ 1.08 
Rebum Zone Stoichiometric Ratio ................. 0.90 
Burnout Zone Stoichiometric Ratio ................ 1.18 
Flue Gas Recirculation Flow ........ 2,800 scfm (1.32 Nm’ls) 

The SI optimization tests demonstrated that the following SI operating parameters would 
achieve the required 50% reduction in SC& emissions: 

Ca/S Molar Ratio ........................... 1.75 
Injection Configuration ..................... 6 nozzles 
Injection Elevation ......................... Upper 

6.7 &&Coal Cotirine and GasJGas Rebumine Performance 

An evaluation of Gas/Coal Cofning and Gas/Gas Rebuming was undertaken in September 
1991. The unit is equipped with gas burners, two in each comer, which allows natural gas 
firing up to 100% of the total heat input. Short parametric tests were conducted to determine 
reductions in emissions and impacts on steam temperature, thermal efficiency, and boiler 
operability. The results are highlighted in this section. 

Gas/Coal Cofning at a rate of 34% (natural gas heat input) resulted in an equivalent 
reduction in S@ emissions, 35 to 45% reduction in NO, emissions, 12% reduction in CO2 
emissions, 20 to 30% reduction in carbon in ash, 1.72% reduction in gross thermal 
efficiency and no detrimental impacts on unit operability. The test series evaluated 100% 
coal firing, and cofiring up to 42% gas heat input. The effects of staged combustion on 
.lOO% coal firing, 100% natural gas firing, and 34% gas coftig are shown in Figure 6-24. 
Combustion staging with 20 to 30% of the total air resulted in additional NO, reductions 
during 34% coking and 100% gas firing. Compared to 100% coal fling, 34% gas coking 
with staged combustion resulted in 39% NO, reduction while 100% gas firing resulted in 
74 96 reduction. 

Gas/Gas Rebuming was evaluated through 19 short’ parametric tests. The measurements 
indicate that Gas/Gas Rebuming, with rebuming gas heat input of 18 to 20%, resulted in 
NO, reduction of 60 to 65% over the 100% gas firing case. NO, reduction from the 100% 
coal firing case was 90%. At reduced loads, Gas/Gas Rebuming NO, control was improved 
over the full load case., with a reduction of 80% over the non-GR case. The impact of 
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Gas/Gas Rebuming is compared to staged gas firing in Figure 6-25. These results indicate 
that staged gas firing results in NO, reduction of 32% and Gas/Gas Rebuming results in an 
additional reduction of 40%, over the staged combustion case. Gas/Gas Rebuming had no 
effect on boiler efficiency, steam conditions, and unit operation. 
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ODerating &a&l Ouerating Go&l 
Primary Zone Stoichiometric Ratio 1.09 1.10 

Rebuming Zone Stoichiometric Ratio 0.91 0.90 

Burnout (Exit) Zone Stoichiometric Ratio 1.21 1.18 

Gas Heat Input 18.2% 18.0% 

FGR Flow 2,811 scfm 2,800 scfm 

Cal.5 Molar Ratio 1.76 1.75 

The average test load varied from a low of 44 MW, to a maximum of 75 MW,. Over the 

long-term testing period the average steam load was 461,000 lb/hr (58.1 kg/s), 

corresponding to an average gross power output of 62 MW,. 

The long-term demonstration average NO. reduction of 67.3% and the average SO2 

reduction of 52.6% are calculated from the baseline emissions of 0.75 lb NO,/l@Btu (323 

mg/iW) and 5.30 lb SO,/lo6Btu (2,280 mg/hU). Figure 7-1 illustrates the NO, and SO* 

reductions and the program target reductions as well as the range of loads under which the 

tests were carried out. Emissions of CO were below 50 ppm (@ 3% 03 in many cases, but 

were higher during operation at low load. Emissions of CO averaged 57 ppm, over all 

GR-SI tests. A modest reduction in CO* emissions was also measured. This is due to fuel 

switching, i.e. partial replacement of coal with natural gas. The lower C/H content of 

natural gas compared to coal resulted in an average CO* emissions reduction of 7.1% from 

the coal fired baseline level. Emissions of N,O, quantified over a three week period, were 

low under all operating conditions, baseline, GR, SI and GR-SI. The maximum N,O 

emissions rate was 4.3 ppm; average emissions over the test periods ranged from 0.5 to 3.2 

ppm. The test average emissions and the operating conditions under which the emissions 

were measured are shown in Tables 7-l and 7-2. 

One parameter relevant to evaluation of NO, emissions but not listed in Table 7-2 was the 

specific mills in service. The mill feeding either the top row or bottom row of burners was 

not in operation when the load was reduced below 55 MW,. Removing the top mill from 
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TABLE 7-1. LONG TERM GR-SI TESTING AVERAGE DAILY EMISSIONS 

-ET ivg. Loa 

1991 
Jw-lo 

@yg 
55 

h-13 57 
h-21 52 
Jan-22 46 
h-23 52 
Jan.27 46 
h-28 52 
Jan-29 61 
Jan-30 51 
FCb-06 12 

Fcbl9 63 
Feb.20 46 
Feb.21 58 
Fcb24 46 
Feb.25 49 
Fcb26 69 
Feb28 61 
Me02 73 
%PO3 47 
ueo4 57 
i4ar-10 63 
Sk-11 73 
Mar-12 59 
Mar-13 67 
bbr.16 65 
tiar-17 74 
k-19 74 
uar-23 44 
Uih24 61 
uar.25 71 
Har-26 74 
4pr-02 74 
4pr-03 75 
4~06 63 
4p-07 62 
4p-08 74 
4p-09 74 
4p=lO 56 
4p-13 74 
4pr-14 62 
4~.16 47 
4~~21 71 
4Jx-22 64 
e 67 
-IN >3%0: 

b 2 
%,I3 
5.83 
5.58 
6.37 
6.78 
6.43 
6.67 
6.25 
6.00 
6.12 
5.97 
5.93 
6.38 
6.22 
6.32 
6.66 
5.56 
6.24 
5.78 
6.51 
6.16 
5.67 
5.71 
6.14 
6.36 
5.87 
5.70 
5.89 
6.44 
5.w 
6.01 
5.87 
5.85 
5.80 
5.71 
6.W 
5.76 
5.81 
6.10 
5.56 
5.78 
6.48 
6.28 
6.16 
6.22 - 

02 
* 
2.84 
2.90 
3-56 
3.65 
327 
3.70 
337 
2.81 
3.07 
2.79 

3.10 
332 
3.27 
3.40 
351 
268 
3.22 
2.84 
3.74 
3.06 
284 
2.72 
3.M 
3.08 
3.05 
2.78 
2.88 
332 
2.91 
2.90 
2.92 
2.90 
2.85 
3.M) 
3.11 
3.10 
2.86 
3.11 
2.79 
3.03 
3.43 
3.05 
3.02 
3.02 - 

co, 

L!Pz 
74 
75 
117 
66 
150 
65 
58 
69 
164 
18 
32 
196 
109 
166 
93 
43 
28 
m 
179 
a4 
29 
31 
22 
41 
30 
13 
16 
140 
23 
m 
16 
35 
51 
56 
76 
38 
25 
254 
27 
m 
102 
17 
74 
26 - 

7 FT 
(4 
14.4 
143 
14.1 
14.c 
14.2 
14.3 
14.2 
14.4 
14.3 
14.4 
14.6 
143 
14.3 
14.4 
14.4 
14.3 
145 
145 
14.4 
14.4 
145 
143 
14.4 
14.1 
14.3 
14.6 
145 
14.5 
145 
143 
14.3 
14.6 
14.7 
14.7 
14.8 
14.8 
14.7 
14.5 
14.5 
14.5 
145 
145 
14.6 
14.4 - 

x 

LFZ 
0.1 
0.1 
1.0 
1.6 
2.2 
2.0 
3.6 
2.1 
33 
0.1 
2.4 
1.8 
1.8 
1.4 
1.3 
1.3 
1.1 
1.0 
4.1 
15 
25 
23 
1.8 
2.1 
1.2 
23 
24 
1.9 
22 
1.8 
IS 
1.9 
1.5 
0.9 
1.5 
1.2 
1.1 
2.2 
1.2 
1.5 
l.a 
1.1 
1.3 
2.6 - 

;;;; 
ii?!! 
198 
191 
188 
180 
185 
190 
186 
169 
182 
168 
204 
162 
194 
158 
186 
179 
192 
206 
157 
207 
191 
213 
22a 
202 
195 
173 
190 
156 
174 
197 
187 
202 
212 
195 
208 
205 
la3 
189 
182 
177 
I77 
189 
205 
ml - 

NOx 
lb,?vfBm - 

0.262 
0.252 
0.248 
0.240 
0.247 
0.254 
0.248 
0.226 
0.243 
0.224 
0.273 
0.216 
0.260 
0.211 
0.249 
0.239 
0.256 
0.276 
0.209 
0.276 
0.255 
0.284 
0.304 
0.270 
0.260 
0.231 
0.253 
O.rn8 
0.232 
.0.263 
0.250 
0.271 
0.285 
0.262 
0.280 
0.276 
0.246 
0.253 
0.242 
0.236 
0.236 
0.252 
0.274 
0.266 

[O, 
& 
65.07 
66.40 
66.93 
68.Do 
67.07 
66.13 
66.93 
69.87 
67.60 
70.13 

63.M) 
71.20 
65.33 
71.87 
66.80 
68.13 
65.87 
63.20 
7213 
63.20 
66.00 
6213 
59.47 
64.00 
65.33 
69.20 
66.21 
7227 
69.07 
64.93 
66.a7 
63.87 
6200 
65.07 
6267 
63.20 
67.20 
66.27 
67.73 
68.53 
68.53 
66.40 
63.47 
64.53 

- 
2 1.23: 
1.261 
1.31f 
1.32L 
1 .Z( 
1.41! 
1.4x 
1,521 
1.465 
1,‘lOi 
1,441 
1.2% 

1305 
1381 
1.278 

lx! 
1.25f 
1,415 
1398 
1378 
1322 
1,565 
1,387 
1.299 
1.282 
1.368 
1.331 
1337 
1366 
1.282 
1,418 

1306 
1527 
1320 
1,434 

1366 
1,186 
1371 
1.466 
1,362 
1.296 
1,242 
1.242 
1.268 

(lb/%$ 
2.289 
2.337 
2.423 
2.470 
2.333 
2.641 
2.663 
2839 
2.737 
2.627 

2.693 
2347 
2.445 
2.590 
2.390 
2476 
2.350 
2.651 
2612 
2.576 
2469 
291s 
2592 
2427 
2395 
2555 
2.485 
2.498 
2551 
2395 
2649 
2443 
2871 
2484 
2700 
2569 
2222 
2569 
2738 
2.544 
2422 
2320 
2.321 
2.368 

/ 
OiR’ 
bl (% 
6.81 
55.91 
54.28 
53.4c 
55.98 
50.17 
49.75 
46.43 
48.36 
50.43 
49.19 
55.72 
53.87 
51.13 
54.91 
53.28 
55.66 
49.98 
50.72 
51.40 
53.42 
45.00 
51.09 
54.21 
54.81 
51.79 
53.11 
52.87 
51.87 
54.81 
50.02 
53.91 
15.83 
53.13 
49.06 
5153 
58.08 
5153 
t8.34 
s2.00 
5430 
56.23 
56.21 
is.32 - 

l-4 



TABLE7-l.LONGTERMGR-SITESTING AVERAGEDAILYEMISSIONS(Continued) 

Dw .vg. Lna 
1992 0 

Jul.29 61 
JUl.30 49 
J&31 45 

Au@3 46 
Augd5 6-i 
Aug.11 75 
hg-12 75 
Aug.13 74 
Au&-14 7s 
Aug-17 73 
Aug.18 58 
AUg-19 62 
Aug.20 51 
AUg-21 56 
Aug-24 54 
AUg-25 54 
Aug-26 47 
Aug-27 62 
AUg-28 63 

sepoz 73 

sepo9 74 
ScglO 7s 

sepll 74 

-16 72 

sep21 72 

scp= SO 

k-2 50 

-24 51 

ssp30 58 
Oct.12 57 
Oct.19 72 

4vcmgs 
kr.imr 
!iI-Limun 
St. Dm. 

62 
75 
44 
10 

- 
01 

k& 
6.07 
5.87 
6.07 
6.10 
5.71 
5.30 
5.78 
6.10 
5.77 
5.72 
5.29 
5.89 
6.14 
5.99 
5.90 
5.83 
652 
5.% 
5.75 
5.65 
5.55 
5.67 
5.60 
6.14 
5.61 
6.33 
6.34 
6.43 
6.07 
6.05 
5.87 

0; co 
w E 
2.94 44 
2.74 83 
2.99 197 
3.06 142 
2.94 18 
237 14 
2.74 16 
3.21 1s 
2.61 17 
2.83 24 
2.72 37 
3.09 18 
3.10 28 
3.02 26 
3.05 23 
3.06 2s 
3.26 35 
3.13 27 
1.76 13 
259 15 
2.85 17 
2.71 I5 
2.86 19 
3.06 16 
251 15 
3.25 IO1 
3.29 86 
335 89 
3.17 59 
3.01 67 
2.74 18 

30 
4 
14.5 
14.4 
14.7 
14.7 
14.9 
14.7 
14.8 
14.9 
14.7 
145 
145 
14s 
14.6 
14.6 
145 
145 
145 
14.4 
14.4 
14.1 
145 
145 
145 
14.4 
145 
145 
14.7 
142 
142 
14.4 
143 

ii-c 
&!I 
1.1 
1.6 
4.6 
1.3 
1.1 
1.9 
1.5 
1.3 
1.3 
2.3 
15.2 
0.8 
3.5 
1.0 
1.1 
1.0 
1.0 
0.9 
0.1 
0.5 
I.0 
1.0 
0.5 
0.7 
0.4 
0.6 
0.5 
18.2 
0.4 
2.0 
0.6 

6.00 3.02 57 145 1.9 
6.78 3.74 254 14.9 18.2 
5.29 237 13 14.0 0.1 
0.32 0.27 53 0.2 2.6 - - - - - 

r i 
02 
201 
18! 
171 
167 
196 
188 
198 
233 
1% 
204 
141 
161 
143 
MC 
142 
140 
156 
173 
134 
181 
I85 
188 
169 
118 
183 
LB0 
179 
185 
181 
171 
I88 

(IbMBn: 
0.269 
0.244 
0.230 
0.W 
0.264 
0.252 
0.265 
0.312 
0.262 
0.272 
0.189 
0.21s 
0.190 
0.187 
0.189 
0.187 
0.X9 
0.231 
0.179 
0.241 
0.247 
0.251 
0.226 
0.291 
0.245 
0.241 
0.239 
0246 
0.242 
0.228 
0.252 

iOxRc iq c 502 G 
J& CEE! L,. flb/?.GJm: kg 
64.13 1.46 5 2.733 48.4: 
67.47 1.35‘ $ 2.531 52.2 
69.33 1.39: I 2.599 so.9t 
70.27 1.46: I 2.731 48.4; 
64.80 1.48: 5 2.775 47.6c 
66.40 1.461 5 2.737 48.3f 
64.67 1.46x 1 2.728 48.53 
58.40 1 A8; I 2779 47.57 
65.07 I.621 ) 3.042 42.M: 
63.73 1.31: I 2.459 53.6x 
74x0 1,29: , 2414 54.45 
71.33 1.44s I 2706 48.94 
74.67 1,195 a 2239 57.75 
75.07 1.27; , 2.376 55.17 
74.80 1.42; I 2666 49.7a 
75.07 1.33; I 2.499 52.85 
7213 I .22r I 2287 56.85 
69.20 1.07i I 2014 62.CG 
76.13 I&54( , 2.888 45.51 
67.87 I.182 I 2210 58.30 
67.07 I JZS t 2.483 53.15 
66.53 I.313 I 2452 53.74 
69.87 1.395 2606 50.83 
61.20 1.175 2.194 58.60 
67.33 !.253 2.340 55.85 
67.87 :.14(1 / 2129 59.83 
68.13 r-162 2.171 59.c-4 
67.20 ..lW 2232 57.89 
67.73 ,.162 2171 59.04 
69.60 31 zsls 5236 
66.40 ,341 2506 52.72 

184 0.246 67.26 
!33 0312 76.13 
134 0.179 58.40 

20 0.027 3.65 

343 
.,629 
.,078 
108 L - 

2510 
3.042 
2014 
0.203 

52.65 
52.M) 
42.60 
3.83 - 
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DalC ‘es DLB 
1992 Hr:Min 

Jan-10 3:04 
Jan-13 617 
Jan-21 610 
lm-22 551 
JUr-23 5:05 
Jan-27 3:13 
Jan-28 co5 
Jan-29 257 
Jan-30 5:oo 
FCb-06 3:03 
Fcb-19 7% 
Feb.20 454 
Felt-21 3:04 
F&24 mo 
F&-25 4:&l 
FCb-26 755 
FLY-28 8:55 
MP-02 6s 
MP4 5:28 
MP-04 650 
Mar-10 4:15 
MP-1 1 506 
Ma-12 328 
Me13 4:37 
Mar-16 6:41 
Mm-17 614 
Mu-19 214 
Mn-23 525 
Mu-24 8:49 
MP25 8:49 
hid% 434 

Apr-CQ 7:28 

AprM 3:45 

Apro 6:45 
A+7 3:55 
Apr-og 854 

AIn-@ 8~48 
Apr-10 1:lS 
Apr.13 Em 
Apr-14 127 
AF.16 6:02 
Apr.21 621 
Apr.22 618 
Apr-23 3:45 

SlcUZl :0.x! Flo Lcb. 
J@J nbhin: (scfm‘ 

389.154 726 1550 
420,Mx 745 1,863 
380.775 684 1,729 
328.711 599 1520 
379217 681 1.743 
342,771 615 1547 
382531 692 1,735 
459,722 802 2,034 
379,4&d 680 1,623 
540.712 950 2296 
473,020 844 2,027 
337,425 M)8 1,421 
432,847 779 1,847 
341,717 610 1,446 
353,644 648 1.492 
516,901 920 2.197 
450355 806 1.895 
544.550 95.5 2302 
351.176 623 1 PS8 
420.472 761 1,794 
468.164 828 2.010 
549,075 960 2330 
432.651 784 1.858 
506,094 893 2.151 
481220 857 2.053 
553,848 976 2359 
557.174 976 2383 
325,431 582 1387 
460.407 811 1.970 
538,187 940 2286 
553,423 974 2352 
551,590 981 2266 
577.896 1084 1,655 
468314 895 1340 
468.630 890 1284 
553.470 1049 1,576 
554.190 1012 1970 
424.248 777 1.514 
552.063 971 2382 
461.155 823 1,986 
347,162 629 1,474 
531,414 935 2255 
482,486 851 2.056 
502.086 883 2.145 

- 
ias He 

(%) 
15.7 

17.7 
18.0 
195 
19.7 
19.3 
19.4 
195 
185 
18.8 
18.6 
18.2 
183 
18.7 
18.1 
18.6 
183 
185 
183 
18.4 
18.8 
18.7 
185 
18.6 
18.6 
18.8 
18.9 
185 
18.8 
18.9 
18.8 
18.1 
12.8 
12.6 
12.1 
12s 
15.7 
15.7 
19.0 
18.7 
18.3 
18.7 
18.7 
18.9 - 
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3FA. T, OFA 
(scfm) Fractim 
19.385 0.179 
21,278 0.186 
23.973 0.218 
22.123 0.228 
22.712 0.211 
21.439 0.215 

23,099 0.211 
26.129 0.213 
21327 0.203 
35.672 0.248 
26.723 0.205 
21,285 0.224 
27.103 0.223 
21.033 0.219 
21,426 0.210 
30.158 0.218 
27.883 0.223 
31.478 0.215 
21.614 0.216 
24.164 0.204 
26,935 0.213 
31247 0.217 
25,605 0.213 
30,263 0.220 
30,052 0.228 
35,403 0.739 
36.805 0.247 

20548 0.226 
27.155 0.219 

16.940 0.243 
36599 0.246 
35.608 0.239 
30306 0.197 
24,788 0.193 
23.700 0.186 
29,369 0.194 
33.536 0225 
23,694 0.204 
36,734 0.249 
31.220 0.247 
24.102 0.244 
34.960 0.243 
31.200 0.238 
33.248 0.244 

FGR Bumc~ 
:xfm) Tit (de1 
3.121 23.0 
3,052 26.9 
2,933 23.1 
2.825 23.7 
2.944 13.4 
2.760 22.9 
2,824 20.2 
L725 13.2 
2.794 23.8 
2.650 8.1 
2.634 18.6 
2,671 21.5 
2.635 19.4 
2.716 22.2 
2,741 21.4 
2,742 19.2 
2,627 17.3 
L499 22.1 
2.763 26.9 
L679 15.5 
2,683 23.6 
2,719 23.0 
L8lS 26.6 
5685 23.4 
2.912 24.6 
1.482 6.1 
2.468 15.6 
w6 21.4 
?453 19.9 
L545 20.4 
u2.5 20.3 
L607 16.6 
I.273 21.4 
1.272 26.5 
I.063 26.9 
1.274 21.6 
1.983 17.2 
1904 29.1 
!520 22.1 
?623 20.1 
!.529 20.9 
!s79 -0.5 
!.82$ 24.7 
!.618 22.0 

SRl SR2 SR3 

1.086 0.982 1.196 
1.112 0.978 1.198 
1.110 0.982 1.251 
1.127 0.980 1.258 
1.131 0.924 1.226 
1.153 0.946 1.263 
1.140 0.935 1.235 
1.105 0.9c-4 1.191 
1.118 0.926 1.213 
1.056 0.870 1.189 
1.129 0.927 1.214 
1.093 0.902 1.231 
1.112 0.916 1.230 
1.117 0.915 1.241 
1.133 0.938 1.248 
1.086 0.897 1.182 
1.107 0.918 1.221 
1.106 0.914 1.193 
1.148 0.953 1.270 
1.119 0.927 1.212 
1.104 0.910 1.195 
1.090 0.898 1.176 
1.113 0.922 1.210 
1.114 0.918 1.210 
1.098 0.907 1.209 
1.072 0.883 1.189 
1.070 0.880 1.196 
1.097 0.909 1.231 
1.102 0.908 1.159 
1.075 0.885 1.198 
1.073 0.885 1.200 
1.074 0.892 1.199 
1.066 0.940 1.195 
1.071 0.948 1.206 
1.085 0.964 1.214 
1.085 0.960 1.213 
1.067 0.911 1.195 
1.101 0.942 1.214 
I.068 0.878 1.190 
1.076 0.888 1.207 

l-i 

I.088 0.904 1.239 
1.089 0.898 1.209 
1.088 0.898 1.207 
1.084 0.894 1.208 



TABLE 7-2.LONGTERMGR-SI~T~GOPERATINGCOND~IONSUMMARY(Continued) 

DU 
1592 

Jul.29 
Iul-30 
Jul.31 

Aug-03 
Aug-05 
Aug.11 
Aug-12 
Aug.13 
Aug-14 
Aug-17 
Aug.18 
Aug-19 
Aug-20 
Aug-21 
Aug-24 
Aug.25 
Aug.26 
Aug-27 
Aug.28 

scpoz 

i$I 

scpll 
ssPl6 
sep21 
scp-22 

gi 
w-30 
oa-12 
oa-19 

‘at Du 
Kr:Min 
-z- 

545 
445 
Ii:35 
5:lO 
240 
4:lS 
345 
~24 

7:Kl 
5:so 
5:MJ 
6x55 
6:45 
3:25 
6:so 
950 
7:35 
:20 

620 
545 
830 
425 
5:57 
7:31 
15:08 
16:49 
24:01 
54~52 
?a:01 
3207 

svam :oa Rc 

obhr) m 
452259 810 
358398 652 
329,116 595 
339,622 617 
472.090 844 
576,925 999 
566SSl 993 
553,956 976 
573,120 998 
546.828 958 
437303 766 
462,437 820 
389.120 679 
419.876 746 
410,617 717 
406,722 715 
358,649 626 
471330 828 
4653% 828 
548.204 96-I 
556.195 977 
568.195 994 
554.705 977 
542,597 951 
545.511 953 
370.859 664 
367.463 668 
380,486 682 
129.634 772 
122285 755 
547,716 %S 

- 
.cb. GP 
(scfm) 
1,931 
1520 
1,407 
1.650 
1.994 
2,433 
2383 
2338 
2,423 
2339 
1,843 
1,955 
1.651 
1,780 
1,745 
1,707 
1,508 
1.5’85 
1.979 
2323 
2355 

w-4 
v42 
2318 
2324 
1585 

1% 
1,626 
1,847 
1.732 

2248 

- 
‘BS He 

& 
18.5 
18.2 
18.4 
18.2 
18.4 
18.8 
18.7 
18.6 
18.8 
18.9 
18.7 
185 
18.9 
185 
18.9 
18.6 
18.7 
18.6 
185 
18.7 
18.6 
18.7 
18.6 
18.8 
18.9 
18S 
185 
185 
18.6 
18.0 
182 

Ei3 
(scfnl - 
28.W 
22.63t 
20,5X 
21.901 
28,126 
36,131 
36.224 
35.915 
36.053 
36.598 
28.363 
30,265 
25,518 
27,525 
26.76C 
26355 
23.255 
30,901 
30.284 
35.672 
35.983 
36.844 
32058 
36,226 
33.691 
24,238 
24,487 
25,172 
LB.775 
17.642 
35.133 

OFA 
kWk7 

0.233 
0.231 
0.225 
0.232 
0.219 
0.245 
0.242 
0.237 
0.240 
0.251 
0.246 
0.240 
0.243 
0.240 
0.242 
0.240 
0.238 
0.241 
0.242 
0.247 
0.242 
0.246 
0.216 
0.247 
0.237 
0.734 
0.235 
0.235 
0.241 
0.240 
0.242 

FGR Bumo 
(wfm) Tilt (de{ 
3.963 23.1 
2,750 26.9 
2,759 26.9 
2,717 26.9 
2,617 22.8 
2,519 4.0 
2,557 14.7 
2,562 23.1 
2.511 17.2 
2,673 26.8 
2,743 26.9 
2.709 26.9 
2892 26.9 
2.830 26.9 
2632 26.9 
2766 26.9 
2866 26.9 
Z823 26.9 
2862 9.1 
2,642 9.2 
2,569 11.1 
2669 17.5 
2,740 16.7 
2598 21.2 
a601 7.6 
2.903 26.7 
2,972 25.2 
2,858 25.4 
2.684 22.7 
2.407 24.8 
2,215 24.0 

SRl SR2 SR3 

1.087 0.900 1.202 
1.062 0.884 1.189 
1.082 0.899 1.205 
1.076 0.895 1.210 
1.107 0.917 1.201 
1.045 0.860 1.158 
1.069 0.883 1.186 
1.108 0.915 1.221 
1.067 0.879 1.179 
1.066 0.878 1.192 
1.052 0.870 1.184 
1.097 0.908 1.211 
1.079 0.891 1.214 
1.078 0.892 1.207 
1.089 0.898 1.210 
1.080 0.894 1.210 
1.0%’ 0.902 1.226 
1.090 0.901 1.215 
1.063 0.878 1.186 
1.054 0.870 1.176 
1.077 0.889 1.193 
1.064 0.877 1.183 
1.113 0.919 1.194 
1.089 0.896 1.209 
1.065 0.877 1.168 
I.099 0.911 1.225 
1.101 0.913 1.229 
1.107 0.918 1.233 
LO96 0.906 1.218 
1.076 0.895 1.207 
I.068 0.886 1.187 

4VCragS @50,710 821 
rw.imun 577,896 1084 
linimm 325.431 582 
EL Dw. 79.748 138 

1915 182 
2.433 19.7 
1,284 121 
341 1.5 - - 

28.614 0.228 2.811 20.9 LO91 0.909 1.208 
36.844 0.251 4.274 29.1 1.153 0.982 1.270 
19385 0.179 2215 4.0 I.045 0.860 1.158 
5.375 0.017 413 6.6 J.023 0.028 0.021 
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service reduced NO,, as discussed previously. The top mill was taken out of service from 

August 18, 1992 to August 28, 1992. 

The spent sorbent and fly ash mixture collected by the ESP was sluiced to the existing ash 

pond. The unreacted calcium oxide in the spent sorbent required neutralization to reach an 

acceptable pH level of 6.0 to 9.0. In this demonstration, the neutralizing agent was Cot. 

This was selected over agents such as H2S01 because the groundwater wells in the vicinity of 

the plant were relatively high in sulfates. 

7.1 NO. Emissions 

The NO, emissions reduction during the long-term demonstration consistently exceeded the 

target of 60% reduction (which corresponds to 0.30 Ib/lo6Btu I129 mg/lvlJJ). The average 

NO= emission over all long-term tests was 0.246 lbll06Btu (106 mg/MJ). 

Over all the GR-SI tests, the average NO, reduction was 67.3%, at an average gas heat of 

18.2%. The majority of long-term GR-SI tests were carried out with gas heat in the 18 to 

19% range, but a few tests were carried out at lower gas input. Tests on January 10 and 13, 

1992 were conducted with a gas heat input of 15.7 and 17.7%, respectively, resulting in NO, 

reductions of 65.1 and 66.4%. The lowest gas heat input evaluated at full load during long- 

term testing was 12.5% which yielded 63.2% NO, reduction. Typically, NO, emissions and 

reductions level off with increasing gas heat input. 

Figure 7-2 shows the full load NO, emissions and reduction as a function of gas heat input. 

The data considered are from operation with coal zone stoichiometric ratio from 1.07 to 1.12 

and an exit zone stoichiometric ratio from 1.170 to 1.220. A significant number of full load 

tests were carried out with a coal zone stoichiometric ratio in the 1.065 to 1.070 range, these 

data are presented in subsequent figures. Considering both optimization and long-term 

testing data, 10% gas heat input yielded 55% NO. reduction, while 18% gas input resulted in 

67% NO, reduction. 
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As expected, parameters such as the primary and rebuming zone stoichiometric ratios and 

mills in service- (during low load operation) had significant impacts on NO, emissions. The 

optimization testing (carried out in 1991) showed that other parameters such as load, FGR 

input, and burner tilt (from -30 degrees to the horizontal position) had minor impacts on NO, 

emissions. 

The lowest NO, emissions were measured for tests carried out at relatively low load and at 

low primary zone (and rebuming zone) stoichiometric ratio. The impacts of these 

parameters are illustrated in Figures 7-3, 7-4, and 7-5. Figure 7-3 shows the impact of load 

on the NO, emissions. The increase in NO, emissions with load is relatively modest, from 

approximately 0.20 lb/l@Btu (86 mg/hIJ) at a load of 44 MW, to approximately 0.28 

lbll06Bn.r (120 mg/MI) at a load of 74 MW,. During long-term GR-SI testing, the highest 

NO, emissions of 0.312 lb/l@Btu (134 mg1M.I) were measured at 74 Mw,. The lowest NO, 

emissions level of 0.179 lb/@Btu (77 mg/m was measured at 63 MW,, but this was due to 

operation with Mill C (the top mill) out of service. 

Significant change in NOX emissions (and corresponding change in NO, reduction) was 

measured with variation in primary and rebuming zone stoichiometric ratios, as illustrated in 

Figures 7-4 and 7-5. A majority of tests were carried out with gas heat input in the 18 to 

19% range; therefore, the change in primary zone stoichiometric ratio corresponds to a 

similar shift in rebuming zone stoichiometric ratio and thus Figures 7-4 and 7-5 show the 

combined effects. 

As indicated in Figure 7-4, the long term and optimization data are generally comparable, 

but long-term GR-SI NOX emissions were impacted by coal burner tilt angles above +I5 

degrees. It should be noted, during the optimization test the coal burners and injectors tilted 

together. The burner tilt angles at full load were maintained below the horizontal position 

during GR operation but were automatically shifted upward during GR-SI operation to 

maintain reheat steam temperature. High burner tilt angles potentially result in incomplete 

combustion of coal in the burner wne and higher oxygen concentrations into the rebuming 
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Figure 7-3. Long-Term and Optimization Testing NOx emissions as a function of load 
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zone. Another parameter which has some impact on NO, emissions at full load is the 

burnout wne stoichiometric ratio. Formation of NO, is thought to take place mostly in the 

primary zone, with little formation in the burnout zone. But during GR-SI operation, the 

boiler exit temperature (and potentially the upper furnace temperature) increases relative to 

baseline operation, therefore some NO, formation in the upper furnace may take place. The 

impacts of these parameters on NO, emissions are discussed below. Full load NO, emissions 

were in the range of 0.224 to 0.312 lb/lo6stu (96 to 134 mglM.I), but were generally under 

the project goal of 0.3 lb/lo6Btu. 

The impact of the burner tilt angle on full load NO, emissions is evident in the following 

select results: 

3117192 74 

9121192 72 

9l9l92 74 

8112192 75 

3125192 71 

8117192 73 

m 
SI! 

1.072 

1.065 

1.077 

1.069 

1.075 

1.066 

0.883 1.189 

0.877 1.168 

0.889 1.193 

0.883 1.186 

0.885 1.198 

0.878 1.192 

Burner Tilt m 
Ij$yuww 

0.231 

+7.6 0.245 

+11.1 0.247 

+14.7 0.265 

+20.4 0.263 

+26.8 0.272 

Relatively low NO, emissions were recorded for operation with burner tilt angle at and below 

+ll degrees. Tests on 3117192, 919192, and 9121192 were carried out with the burner tilt 

angles at or below +ll. 1 degrees, resulting in NO, emissions 0.231 to 0.247 1bllodBtu (99 

to 106 mg/MJ). GR-SI operation with burner tilt above +20 degrees resulted in somewhat 

higher NO, emissions with the highest NO, level from the tests listed (0.272 lbllO%u [I17 

mglM.IJ) measured during a test with the highest upward burner tilt angle (C26.8 degrees). 

In the last case listed, primary and rebuming wne stoichiometriic ratios were relatively low 

(SR,: 1.066, SR,: 0.878). 
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The impact of excess air is shown in Figure 7-6, including baseline and staged data from the 

optimiration and long-term GR-SI results. A significant reduction in NOX emissions is 

evident with reduction in excess air during baseline operation. A more moderate effect is 

evident during staged operation and during GR operation with varied burnout zone SR. The 

impact of burnout zone stoichiometsic ratio at full load is more difficult to quantify, since the 

majority of full-load tests were carried out with a burnout wne stoichiometric ratio in the 

narrow range of 1.180 to 1.220. The long-term NO= data show a dependence on burnout 

zone stoichiometric ratio (which varies with OFA and SI air). At full load, the OFA input 

during long-term testing was generally in a narrow range: 35,ooO scfm (16.5 Nm31s) to 

37,000 scfm (17.5 Nmsls). 

The impacts of FGR input and mills in service on NOX emissions Were also determined. 

Optimisation testing results showed that FGR input had a minor effect, with no significant 

change in NO, emissions as the FGR input increased over 2.6%. During long-term testing, 

the average FGR flow was 2,811 scfm (1.33 Nm’ls), with a range of 2,215 to 4,274 scfm 

(1.05 to 2.02 Nm31s). Many full-load tests were carried out with FGR flows of 2,450 to 

2,650 scfm (1.16 to 1.25 Nm?s). At full load with excess air of 2096, the total flue gas 

flow is approximately 160,OW scfm (76 NmVs); therefore 2,500 scfm (1.18 Nm’ls) 

corresponds to 1.6% of the total flue gas. The long-term testing data with this level of FGR 

are shown in Figure 7-7, indicating a minor improvement in NO, over that achieved with 

1% FGR. The majority of points fall in the parametric range of 1% to 2.6% FGR. 

‘Ihe impact of mills in service is more significant than the FGR input. Generally, at loads 

below 55 Mw,, two mills are in service, i.e. either Mill A or Mill C is out of service. 

Usually Mill A was the last mill put on line as load increased. Taking the upper mill out of 

service results in greater staging of combustion and lower NO, emissions. During GR-SI 

testing, the lowest NO, emission of 0.179 lbllo6Btu (77 mg/hQ was measured with Mill C 

out of service. Testing from 8/18/92 to 8128192 was carried out with Mill C out of service, 

over a load range of 51 to 63 IvtW,. Tbe measured NO, emissions ranged from 0.179 to 
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Figure 7-7. Effect of FGR on NO, emissions during Long Term and Optimization Testing 
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0.231 lb/106Btu (77 to 99 mglM.I), with an average of 0.197 lb/106Btu (85 mg/h4I). Figure 

7-8 shows the effect of mills in service on NO, emissions. 

1.2 SO, Emissions 

Reductions in SOs emissions beyond the 50% reduction target level of 2.65 Ib/106Btu (1,140 

mg/hQ were consistently obtained with Liiwood hydrated lime at Ca/S molar ratios of 1.6 

to 1.9. Fuel switching, i.e. rebuming with natural gas at 18% heat input, theoretically 

reduces SO, emissions to the “GR-Baseline SOs emissions” of 4.34 Ib/106Btu (1,870 

@UT). Because of a small drop in thermal efficiency during GR-SI operation, the 

reduction is not exactly this amount. A slightly higher total heat input is required during 

GR-SI. Reaction of SOs with sorbent then.resulted in a reduction in SOI emissions, to an 

average of 2.51 lb/lo6stu (1,080 mg/MI). The Ca/S range evaluated during the long-term 

testing is relatively narrow; therefore the change in SO2 emissions with Ca/S was minor. 

Tests at low loads were run generally at somewhat lower WS molar ratios than high load 

tests. Table 7-3 lists several parameters relating to SO, reduction and calcium utilisation. 

The average sorbent input rate. was 5,620 lblhr (0.71 kg/s), achieving a Ca/S molar ratio of 

1.76 at an average load of 62 Mw,. The average SOr reduction over all of the GR-SI tests 

was 52.6%. The SOs reduction due to reaction with sorbent, termed “sorbent SO2 

reduction”, averaged 42.1%, which corresponds to a calcium utilisation of 24.1% 

The sorbent SOs reduction showed considerable variation during both the optimisation and 

long-term GR-SI testing. This is due to variations in sorbent purity, ash deposition, and gas 

temperatures which were affected by burner tilt angle variation. Testing was conducted near 

a set-point Ca/S molar ratio; therefore, the change in sorbent SOs reduction with Ca/S molar 

ratio was minor. The maximum sorbent SO2 reduction of 53.3% was obtained for a test 

conducted with a WS molar ratio of 1.64. This SO, reduction corresponds to the maximum 

calcium utilixation of 32.5%. The lowest sorbent SO* reduction of 29.3% was measured for 

a full load test at a WS molar ratio of 1.78. The sorbent SO2 removals were in the range 

determined during optimixation testing. The majority of sorbent SOI removals with Linwood 
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TABLE 7-3. GR-SI SORBENT INJECTION AVERAGE DAILY PERFORMANCE DATA 

DptC .vg. IDa 
1992 

Jan-lo 
(Mwe) 

55 
h-13 57 
Jan-21 52 
h-22 46 
Jm-23 52 
Jan-27 46 
J4n-28 52 
Jan-29 61 
Jm30 51 
Feb46 72 
Feb.19 63 
Feb.20 46 
F&21 58 
F&-24 46 
F&-25 49 
F&26 69 
F&-28 61 
h4eo2 73 
M&33 47 
htoo4 57 
Mu-10 63 
Mar-11 73 
Ma-12 59 
Mn-13 67 
MU.16 65 
Mu-17 74 
Ma-19 74 
Mar-23 44 
k-24 61 
h48r-25 71 
him.26 74 

Apr-02 74 
Apr.03 75 

M-06 63 
Apr-07 62 

AHa 14 

M-09 74 
Apr.10 56 
Apr-13 74 
Apr-14 62 
Apr-16 47 
Apr-21 71 
Apr-22 64 
Apr-23 67 

- 
ias He 

WI,) - 
15.7 
17.7 
18.0 
195 
19.7 
193 
19.4 
195 
185 
18.8 
18.6 
18.2 
185 
18.7 
18.1 
18.6 
183 
185 
183 
18.4 
18.8 
18.7 
185 
18.6 
18.6 
18.8 
18.9 
185 
18.8 
18.9 
18.8 
18.1 
12.8 
12.6 
12.1 
123 
15.7 
IS.7 
19.0 
18.7 
183 
18.7 
18.7 
18.9 - 

brbFl0 

m 
4.96 
5.11 
4.77 
4.14 
4.87 
4.23 
4.15 
5.82 
4.94 
6.80 
6.56 
4.27 
558 
431 
4.52 
6.60 
5.77 
6.90 
456 
5.41 
5.% 
5.29 
5.08 
6.44 
6.10 
6.83 
7.23 
4.16 
5.89 
6.76 
6.69 
6.45 
7.91 
6.98 
5.24 
6.80 
73s 
4.74 
7.14 
5.90 
4.38 
653 
6.04 

6.29 

T 
CdS o* hi.5 

nolclmol~ w 
1.75 2.289 
1.76 2337 
1.78 2.423 
1.77 2470 
1.85 2333 
1.77 2641 
1.77 2663 
1.89 2839 
1.88 2737 
1.84 2.627 
2.07 2693 
1.79 2347 
1.82 2.445 
1.81 2590 
1.78 2390 
1.84 2476 
1.94 2350 
1.84 2651 
1.86 2612 
1.82 2576 
1.82 2.469 
1.42 2915 
1.66 2592 
1.86 2427 
1.83 23% 
1.82 2555 
1.90 2485 
1.84 2498 
1.82 2551 
1.86 2395 
1.76 2649 
1.72 2443 
1.87 2871 
2.01 2484 
lS4 27&l 
1.m 2569 
1.87 2222 
158 2569 
1.87 2738 
1 .a2 2544 
1.79 2.422 
1.79 2320 
1 .a2 2321 

1.83 2.368 

;R-SO2BsL 

PbRJW 
4.468 
4362 
4346 
4.267 
4.256 
4.217 
4.272 
4.267 
4320 
4304 
4314 
4335 
4320 
4309 
4341 
4.314 
4330 
4320 
4330 
4325 
4304 
4309 
4320 
4314 
4314 
4304 
4.298 
4320 
4304 
4.298 
4304 
4341 
4.622 
4.632 
4.659 
4.638 
4.468 
4.468 
4.293 
4309 
4330 
4309 
4.309 
4.298 

- 
iO2Rc 
rot (% - 
56.81 
55.91 
54.28 
53.40 
55.98 
50.17 
49.15 
46.43 
4836 
50.43 
49.19 
55.72 
53.87 
51.13 
54.91 
53.28 
55.66 
49.98 
50.72 
51.40 
53.42 
45.00 
51.09 
S-4.21 
54.81 
51.79 
53.11 
52.87 
51.87 
54.81 
50.02 
53.91 
45.83 
53.13 
49.06 
5153 
58.08 
SlS3 
4834 
52.00 
5430 
56.23 
56.21 
5532 - 

SO,RO :a Utili 
krb (9; 
48.77 

Jg- 
27.87 

46.42 26.38 
44.25 24.86 
42.11 23.79 
45.18 24.42 
38.25 21.61 
37.66 21.28 
33.46 17.70 
36.64 19.49 
38.96 21.17 
3758 18.15 
45.86 25.62 
43.40 23.84 
39.89 22.04 
44.94 25.25 
42.61 23.16 
45.73 2357 
38.63 20.99 
39.68 2133 
40.44 22.22 
42.63 23.42 
3235 22.78 
39.99 24.09 
43.14 2352 
44.49 2431 
40.63 2232 
42.19 22.20 
42.17 22.92 
40.72 2238 
44.2s 23.81 
38.45 21.84 
43.72 25.42 
37.88 20.26 
4638 23.07 
42.04 2730 
44.60 2655 
50.27 26.88 
4250 26.90 
36.22 19.37 
40.% 2251 
44.07 24.62 
46.16 25.79 
46.13 2535 
44.91 2454 
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DlltC 
1992 

Jul.29 
J&30 
Jul.31 

Au@3 
Au@5 
Aug.11 
Aug.12 
Aug-13 
Aug-14 
Aug-17 
Aug.18 
Aug-19 
Aug-20 
Aug-21 
AU&24 
AUg-25 
Aug-26 
Aug-27 
AUg-28 

scpo2 
sepd9 
ST-10 
scpll 
sepl6 
scpzl 

z 

-24 
N-30 
act-12 
cd-19 

4vaagc 

,vg. LDa ias Hea lorb no 

Lt.!% W) 
61 -ii? 

orlb/hr) 
5.34 

49 18.2 4.23 
45 18.4 3.92 
46 18.2 4.03 
64 18.4 5.63 
7s 18.8 6.95 
7s 18.7 6.87 
74 18.6 65s 
75 18.8 6.92 
73 18.9 6.18 
58 18.7 4.92 
62 18s 5.14 
51 18.9 439 
56 185 4.78 
54 18.9 4.76 
54 18.6 4.62 
47 18.7 4.04 
62 18.6 527 
63 18S 5.62 
73 18.7 636 
74 18.6 6.12 
75 18.7 6.44 
74 18.6 654 
72 18.8 631 
72 18.9 634 
50 185 439 
50 183 439 
51 185 451 
58 18.6 5.07 
57 18.0 4.98 
72 182 650 

C?JS ~02Emis! 3R-S02Bsl 
nokJmo1 w (Ib/MBW 

1.70 2733 4320 
1.66 2531 4335 
1.69 2599 4325 
1.67 2731 4335 
1.71 2775 4325 
1.79 2.737 4304 
1.78 1728 4309 
1.73 2719 4314 
1.78 3.M2 4304 
1.70 2459 4298 
1.63 2414 4309 
1.63 2706 4320 
1.66 2239 4.298 
1.64 1376 4320 
1.69 2.666 4.298 
1.65 2499 4.314 
1.66 2287 4309 
1.64 2014 4314 
1.68 2888 4320 
1.71 2210 4309 
1.61 2483 4314 
1.64 2452 4309 
1.71 2606 4314 
1.70 2194 4304 
1.69 2340 4.298 
1.68 2129 4320 
1.69 2171 4320 
1.70 2232 4320 
1.68 2171 4314 
1.70 2525 4.346 
1.73 2506 4335 

- 
iOzRc 
ror (5 - 
48.43 
52.25 
50.96 
48.47 
47.64 
4836 
48.53 
47.57 
42.6Ll 
53.M) 
54.45 
48.94 
57.75 
55.17 
49.70 
52.85 
56.85 
62.00 
4551 
5830 
53.15 
53.74 
50.83 
58.60 
55.85 
59.83 
59.04 
57.89 
59.04 
5236 
52.72 

S02Rc 
Sorb (9; 
36.73 
41.62 
39.90 
37.01 
35.84 
36.40 
36.69 
3558 
2931 
4179 
43.98 
3735 
47.91 
44.99 
37.98 
42.08 
46.92 
5332 
33.14 
48.71 
42.45 
43.03 
3959 
49.02 
4556 
50.71 
49.74 
48.33 
49.68 
41.90 
42.20 

62 182 5.62 1.76 2510 4336 52.65 42.11 
7s 19.7 1.91 2.07 3.042 4.659 62.00 5332 
44 12.1 3.92 1 A2 2014 4.256 42.60 2931 
10 15 1.02 o.]o 0.203 0.080 3.83 4.73 

- 
:aUii 

(90) - 
21.61 
25.07 
23.61 
22.16 
20.96 
2034 
20.61 
20.57 
16.47 
25.17 
26.98 
22.92 
28.86 
27.44 
22.47 
25.50 
28.27 
3251 
19.73 
28.49 
2636 
26.28 
23.15 
28.83 
26.96 
30.19 
29.43 
28.43 
2957 
24.65 
2439 

24.06 
3251 
16.47 
3.11 - 
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hydrate were in the 35 to 50% range for Ca/S molar ratios of 1.60 to 1.90. Figure 7-9 

shows the sorbent SO, removals over several load ranges and the full load model prediction 

for 100% pure sorbent and an adjusted prediction based on a purity of 90.35% (the average 

purity measured during long-term demonstration). These lines indicate the significant impact 

of sorbent purity and show that when purity is taken into account the results agree with or 

exceed model predictions. 

The calcium utilization was found to depend most strongly on the Ca/S molar ratio. The 

sorbent utilisation varied by approximately 8% at each Ca/S molar ratio and no significant 

load effect was determined. As expected, sorbent utilization drops off with Ca/S molar 

levels, due to diffusion limitations as more sorbent is injected. Figure 7-10 shows the 

calcium utilization as a function of CWS molar ratio. A drop in utilization of approximately 

5% over the Ca/S molar ratio increase from 1.6 to 1.9 is evident. A small reduction in 

sorbent utilization with load is evident in some cases and is most likely due to elevated 

temperature and reduced residence time in the optimal temperature window. This result was 

also evident from the optimixation testing data. 

During the long-term testing period, limited SI only testing was conducted. The following 

table presents the trend of SO2 reduction. 

Load cals SO, Emissions SO, Removal Calcium Utilization 
m (mole/mole) - m c%?.l 
73 1.82 3.260 38.49 21.15 

70 1.84 3.394 35.96 19.55 

44 1.79 3.292 37.89 21.17 

These SO? removals are in the lower range for sorbent SO1 removals calculated from GR-SI 

operation. The calcium utilizations are also several percent (approximately 3%) below the 

GR-SI utilizations. The limited SI tests conducted during the year-long demonstration 

indicate that GR in addition to SI, not withstanding the SOI reduction brought about by use 
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of sulfur free natural gas, appears to have a minor positive impact on sorbent sulfation. SI, 

without GR, had calcium utilizations in the lower range of GR-SI utilizations. 

7.3 
. . m CO,. HC. and N,O EmtsstonS 

During the long-term GR-SI testing, CO emissions averaged 57 ppm (@ 3% 03. In 

general, CO emissions were lowest during high-load tests and increased to above 100 ppm 

for tests in the 45 to 50 MW, range. Operation at loads of 72 to 75 MW, typically resulted 

in emissions below 20 ppm. Emissions of CO and HC result from incomplete combustion of 

primary or rebuming fuel due to low oxygen availability, either low overall excess air or 

incomplete mixing resulting in Rockets of low excess air. 

Emissions of CO are shown in two plots as functions of total OFA flow and exit zone 

stoichiomettic ratio in Figure 7-11. The long term GR-SI testing results show that elevated 

CO emissions (above 100 ppm) were measured at relatively low loads, *hen the OFA jet 

velocity was not sufficient to mix rapidly with the furnace gas and fully bum out combustible 

matter. CO emissions above 50 ppm were measured for tests below 60 MW,, when the total 

OFA flow was below 28,000 scfm (13.2 Nm”/s). Operation with increased OFA flow, to a 

maximum of 37,000 scfm (17.5 Nm’ls), resulted in more complete burnout of CO, to a 

minimum of 13 ppm. CO emissions below 50 ppm were consistently obtained with an OFA 

input above 28,ooO scfm (13.2 Nm%). Emissions of CO did not correlate well with 

rebuming and exit xone stoichiometric ratios. Higher exit zone stoichiometriic ratios would 

be expected to reduce CO emissions; therefore, the elevated emissions are not due to low 

excess air operation. 

The burner tilt angle is adjusted automatically to maintain reheat steam temperature. The 

burner tilt also impacts CO emissions, since lower burner tilt angles increase the gas 

residence time in the high temperature lower furnace. Most tests were carried out with 

burner tilt angles in the +lO to +27 degree range and reductions in CO emissions were 

measured with lower burner tilt angles. Figure 7-12 shows that high CO emissions were 
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measured only when the burners were tilted upwards. The plant routinely responds to high 

CO emissions by tilting the burners to a lower position. 

A modest reduction in CO, emissions was achieved with GR-SI. Reduction of CO2 emissions 

is desirable, since CO1 is a contributor to the greenhouse global warming effect. The 

decrease in CO* emissions is due to the difference in the composition (C/H) of the cofued 

fuels. Combustion of the coal used in this study results in CO1 emissions of approximately 

205 lb/106Btu (88.2 g/UT), which may be compared to an emissions rate of 115 lb/106Btu 

(49.5 g/UT) from natural gas tiring. Therefore, GR with natural gas at 18% of the heat 

input theoretically result in CO* emissions of 189 lbll06Btu (81.3 g/UT). The CO, emissions 

are shown as a function of percent gas heat input in Figure 7-13. The small difference in 

measured and expected emissions reduction is due to CO emissions and ash carbon loss. 

Over the long-term demonstration, CO* emissions averaged 14.546, which is a reduction of 

7.1% from the coal baseline of 15.6%. CO* emissions were as low as 14.0% (@ 3% OJ 

while firing approximately 20% natural gas, which corresponds to 180 lb/106Btu (77.4 

iimn. 

Emissions of hydrocarbons (EC) were consistently low during long-term GR-SI operation. 

They were comparable to the baseline level of 2.7 ppm (@ 3% 03. The average HC 

emissions over all long-term tests was 1.9 ppm, with a maximum of 18.2 ppm and a 

minimum of 0.1 ppm. The parameters which impact HC emissions are the same as those 

which impact CO emissions. These are boiler load, OFA flow and burner tilt angle. Full- 

load HC emissions were below 2.5 ppm. The HC emissions exceeded 4 ppm only when the 

unit was operated at an average load below 60 MW,. These. cases also correspond to 

operation with ofa flow below 28,500 scfm (13.5 Nm’/s) and upward tilting burners. As is 

the case with CO emissions, HC emissions appear to be effectively controlled by a high total 

OFA flow which increase-s the OFA jet velocity. Other conditions such as coal wetness and 

coal mill fineness may impact HC emissions. In general, HC emissions were very low, 

indicating adequate fuel burnout. 
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Figure 7-13. Long-Term CO2 emissions as a function of gas heat input 
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Emission of NrO was of concern due to its impact on the atmosphere, since it acts as a 

greenhouse gas. N,O was measured during GR, GR-SI and SI testing in February/March 

1992. The results are summarixed in Table 7-4. The N,O emission during GR-SI operation 

averaged from 0.5 to 3.2 ppm. During baseline testing, the emissions averaged 0.8 ppm and 

during SI testing the average was in the 1.0 to 1.3 ppm range. The maximum N20 emission 

was 4.3 ppm, measured during GR-SI testing. These levels are low, indicating that GR-SI 

may be operated without unacceptably high N,O emissions. Currently, no EPA standard for 

N,O emissions is in effect. 

7.4 GR-SI Process Materials and Enerev Consumution 

The natural gas and sorbent consumption over a range of loads are shown in Figure 7-14a & 

b. Over the load range 40 to 75 Mw,, the required natural gas flow at 18% heat input 

increases from approximately 1240 to 2330 scfm (0.59 to 1.10 NmVs). For a gas heat input 

of lo%, the required natural gas flow increases from 690 to 1290 scfm (0.33 to 0.61 Nm’ls) 

over the same load range. For continuous operation of GR with a capacity factor of 35% 

and gas heat input of 1896, the required natural gas flow over a one-year period is 427 

MSCF (12,100,000 Nm3). For a capacity factor of 40%, the natural gas requirement for 

18% gas heat input is 488 MSCFlyr (13,830,COO Nms/a). Applying GR at a lower gas heat 

input rate of 10% over a one year period with a capacity factor of 35% will require a natural 

gas input of 238 MSCFlyr (6,740,OOO Nm’la) and for a capacity factor of 4096, 272 

MSCFlyr (7,708,OOO Nm3/a). It is more likely that GR would be applied a fraction of the 

time; therefore, the appropriate quantity above should be multiplied by the actual or 

projected time fraction to determine the annual natural gas requirement. 

The following equations define the natural gas flow rate required to provide two levels of gas 

heat input. 

10% Gas Heat Input: 

18% Gas Heat Input: 

Natural Gas Flow (scfm) = 17.2 * Load (MWJ 

Natural Gas Flow (scfm) = 31.0 * Load (MWJ 
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TABLE l-4. N,O EMISSIONS SUMMARY 

2124192 

2125192 

2/26/92 

2121192 

2128192 

312192 

3/3/92 

314192 

315192 

3l6l92 

3/9/92 

3110192 

3111192 

3112192 

3113192 

Test Gas Heat Input Ca/S N20 Emissions @pm, @ 3% O,)* 
percent Jvlolar Ratip Jbfaximum Am Minimum 

GRSI 18.7 1.81 3.0 4.3 2.1 

GRSI 18.1 1.78 2.3 4.1 0.7 

GRSI 18.6 1.84 2.6 3.4 1.8 

Baseline 0.00 0.00 0.8 1.8 0.0 
GRSI 18.3 1.94 2.1 3.0 0.8 

GRSI 18.5 1.84 3.2 4.1 2.4 

GRSI 18.3 1.81 2.5 3.5 1.8 

GRSI 18.4 1.82 2.5 3.2 1.8 

SI 0.00 1.90 1.3 2.0 0.6 

SI 0.00 2.00 1.9 2.5 0.6 

SI 0.00 1.84 1.0 2.4 0.6 

GRSI 18.8 1.82 1.2 1.9 0.2 

GRSI 18.7 1.42 0.5 1.8 0 

GRSI 18.6 1.52 0.5 1.3 0 
GRSI 18.6 1.86 0.8 1.6 0.5 

* N,O Emissions Corrected to Instrument Zero Drift 

Cab: Average During Test Period 
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The sorbent (Ca(OH)h flow required to produce a WS molar ratio of 1.75 (with 18% gas 
heat) over a load range of 40 to 75 MW, is 3,600 to 6,750 lblhr (0.45 to 0.85 kg/s). To 

reach a Ca/S molar ratio of 2.0, the sorbent required is 4,100 to 7,700 lblhr (0.52 to 0.97 
kg/s) over the same load range. Over a one-year period the sorbent required to operate SI 

continuously at a C&S molar ratio of 1.75 and at a capacity factor of 35% is 10,340 tons 

(9,390 tonne). At a capacity factor of 40% over a one-year period, the requirement is 

11,820 tons (10,730 tonne) for continuous operation at a Ca/S molar ratio of 1.75. Other 

sorbents which result in greater SO1 removal would require reduced sorbent input rates. 

The following equations define the sorbent mass flow required to produce two levels of Ca/S 

ratio for 2.89% sulfur coal having a higher heating value of 10,632 Btullb. 

1.75 Ca/S Molar Ratio: Ca(OH), Sorbent Flow (lb/hr) = 90.0 * Load (MWJ 

2.0 CalS Molar Ratio: Ca(OH), Sorbent Flow (lblhr) = 103 * Load (MW3 

Carbon dioxide was used to neutralixe the ash sluice water to a pH in the 6.0 to 9.0 range, 
before discharge. The CO* consumption was approximately 0.70 lb CO,/lb sorbent and 
0.081 lb CO,/lb coal, for a sorbent to coal input weight ratio of 0.116. 

The GR-SI system auxiliary power usage during long-term testing is found in Table 7-5. 
Data were taken on a monthly basis and are shown with the hours of Baseline, GR, SI, and 

GR-SI operation. These are hours over which emissions data were averaged; therefore, they 
are lower than the actual hours of the GR-SI system operation. A fraction of the power 
metered by the GR-SI system watt-hour meter is used for lighting and other purposes. A 
maximum power usage of 800 kW was calculated for GR-SI, during the design of the 
system. GR, SI and GR-SI operation also affect power utilisation by other plant equipment. 
A small reduction in coal mill power and a small increase in ESP power are expected. The 
changes in power consumption by coal mills, ID and FD fans, and the ESP are considered 
for three full load tests conducted under baseline, GR, and GR-SI in Table 7-6. Fan power 
did not change did not change appreciably, but reduction in mill power consumption and 
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TABLE 7-5. GR-SI AUXILIARY POWER 

Month/Yr Auxiliary Power 

L?m!l 

Jan/92 88,800 

Febl92 79,200 

Marl92 122,400 

Aprl92 91,200 

Sept/92 139,200 

O&92 52,800 

Testing Hours 

Baseline m a M u 

161.03 29.28 0 54.58 244.90 

51.72 8.28 2.53 47.77 110.30 

24.05 18.28 17.72 92.58 152.63 

25.40 19.14 19.17 84.26 147.97 

16.54 6.58 0 124.31 147.43 

1.23 27.72 0 100.13 129.08 
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TABLE 7-6. PLANT EQUIPMENT POWER CHANGE DUE TO GR AND GR-SI 

Condition Yl Load Baselin 

-l- 

1 Full Load GI Full Load GR-S 

Date l/7/92 l/8/92 l/9/92 
Gross Load (MWe) 71 72 70 
Coal Row (klb/hr) 68.7 58.4 56.6 
Gas Heat Input (%) 0.0 17.9 17.7 
CdS Molar Ratio 0.00 0.00 1.75 

BFP-B (Amps) 360 380 360 
BFP Power Change (% of Base) ****** 5.6 0.0 
ID-IA (Amps) 115 130 130 
ID-IB (Amps) 140 140 13s 
ID Fan Power Change (% of Base) ****** 5.9 3.9 
FD-1A (Amps) 45 45 45 
FD-1B (Amps) 50 55 50 
FD Fan Power Change (% of Base) ****lit 5.3 0.0 
A-Mill (Amps) 65 60 60 
B-Mill (Amps) 70 65 60 
C-Mill (Amps) 65 60 60 
Mill Power Change (% of Base) ****** -7.5 -10.0 

Precip-A-Primary Current (Amp-AC) 121 124 136 
Prccip-A-Primary Voltage (Vlt-AC) 381 383 383 
P&p-A-Power (kW) 46 47 52 
Precip-B-Primary Current (Amp-AC) 105 IO6 118 
Precip-B-Primary Voltage (VIt-AC) 383 381 383 
P&p-B-Power (kW) 40 40 4.5 
Precip-C-Primary Current (Amp-AC) 18 82 87 
Precip-C-Primary Voltage (Vlt-AC) 381 383 381 
P&p-C-Power (kW) 30 31 33 
Precip-D-Primary Current (Amp-AC) 75 82 77 
Precip-D-Primary Voltage (Vlt-AC) 383 382 382 
P&p-D-Power (kW) 29 31 29 

Total Precipitator Power (kW) 
Precipitalor Power Change (% of base) 

145 
***t** 

151 
4.1 

160 
10.5 
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increase in ESP power of approximately 10% in each are evident. The total auxiliary power 

under the different operating modes is shown in Figure 7-15. Total auxiliary power 

consumed by Hennepin Unit 1 increased by approximately 300 kW, under GR-SI. GR 

operation resulted in a negligible increase in auxiliary power, while SI resulted in an increase 

of 100 to 300 kW. 
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8.0 mQC 

Heat transfer modeling conducted in Phase I of the project indicated that GR-SI would have 

only minor impacts on the thermal performance and operation of Hennepin Unit 1. This 
section will present the thermal performance data associated with GR-SI over the long-term 
demonstration period. These data were collected and evaluated to ensure that the Hennepin 
unit operated at its rated capacity with proper steam temperatures and pressures. It was 
important to verify that GR-SI operation would have no adverse impacts on steam 

conditions/heat absorption. 

During the design phase., two important predictions relating to steam production/conditions 

were made. First, Hennepin Unit 1 would produce steam at its rated capacity during GR-SI 
operation, albeit with a slightly lower thermal efficiency, and that GR-SI would result in 

minor changes in the heat absorption profile. Second, steam temperatures could be 
controlled to their design values using the existing steam temperature control systems. These 
conclusions were based on performance predictions for nominal GR-SI operation. During 
the long-term testing period these predictions were verified over a wide range of boiler load. 

Section 8.1 provides an overview of the thermal performance analysis. Section 8.2 discusses 

steam temperatures and control mechanisms, while Section 8.3 presents changes in the boiler 
heat absorption profile. Sections 8.4 through 8.7 then present the impacts of GR-SI on the 
flue gas temperature, thermal efficiency, carbon loss, and heat rate. 

8.1 Boiler Thermal Perfa 

Various thermal performance parameters were recorded or calculated by the Boiler 
Performance Monitoring System (BPMS), a software package developed by EER. A data 
base has been established, including the following thermal performance parameters: 
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. Steam flow rate, temperature and pressure 

. Steam attemperation spray 

. Heat transfer to water/steam 

. Gas side temperatures 

. Thermal efficiency 

. Heat rate 

Tables 8-1, 8-2, 8-3, and 8-4 summarize the thermal performance of the unit during the 

long-term demonstration period for Baseline, GR, SI (45 MW, only), and GR-SI operation, 

respectively. Since unit operation was generally under dispatch control, the data are 

summarized for low, mid, and high loads. In addition, the results were compared to heat 

transfer model predictions to evaluate the validity of the design methodology. The following 

sections describe the impacts of GR-SI on superheat and reheat steam temperatures, 
superheat attemperation spray, heat absorption profile, flue gas temperature, thermal 
efficiency, carbon in ash, and net heat rate. 

8.2 Steam Conditions 

Hennepin Unit 1 produces both superheat (main) and reheat steam with a design point 
temperature of 1,005”F (541°C). The operators typically consider this design point to be a 
maximum and operate conservatively with steam temperatures in the range of 980 to 995°F 

(527 to 535”(Z), regardless of whether GR or SI is in service. Three systems are used to 

control these temperatures as load, excess air, boiler fouling, and other parameters vary. 

0 Burner Tilt Burner tilt adjusts the position of flames in the furnace. When the 

burners are tilted up, furnace waterwall heat absorption is reduced shifting heat 
to the superheater and reheater sections and increasing the main and reheat 
steam temperatures. Under normal operation, the burner tilt is controlled 
automatically to achieve the reheat temperature set point. 
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TABLE 8-l. SUMIlARY OF BASELlNE LONG-TERM THERMAL PEWORMANCE 

Average Load 

‘recess Variables 
Exit Plant 02 (%) 

m~eam Side Temperatures 0 
Exit Second Superheater 
Exit Primary Superheater 
Exit High Temp Reheater 

‘H Steam Attemperation (lb/hr) 

Icat Transfer @lBtu/hr) 
Furnace WaternaIls 
Secondaty Superheater 
Reheater 
Primaxy Superheater 
Economizer 

cotblowers On (%) 

lumer Tilt (degrees) 

km Inlet Gas Temp (F) 

.ir Heater Gas Out Temp (F) 

SME Heat Loss Calculation (%) 

DVh 
Moisture from Fuel 
Moisture from Combustion 
Combustible in Refose 
Radiation 
Unmeasured 
Total Losses 

hermal EtXciency (%) 

let Heat Rate (BtukWh) 

:Heat Transfer Modeling @ 100% Loal 
N.D.: Not Determined 

45 MWe 61 MWe 72 MWe Predicted* 

3.57 3.23 2.90 2.80 

941 991 993 1,005 
779 837 841 854 
897 982 992 1,005 

4,215 7,004 6,678 14,500 

241 292 351 356 

39 53 60 64 

43 61 70 76 
63 100 121 130 
15 19 21 27 

7 14 7 N.D. 

25 15 8 N.D. 

630 654 672 N.D. 

314 326 317 N.D. 

5.39 5.69 5.29 5.04 
1.73 1.7s 1.74 1.45 
3.88 3.90 3.89 4.02 
0.48 0.45 0.50 0.30 
0.48 0.37 0.33 0.33 
1.50 1.50 1.50 1.50 

13.46 13.66 13.25 12.64 

86.54 86.30 86.76 87.36 

10,464 10,437 10,340 N.D. 
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TABLE 8-2. SUMMARY OF GR LONG-TERM THERMAL PERFORMANCE 

Average Load 44 MWe 60 h4We 72 MWe Predicted* 

Process Variables 
Percent Gas Heat Input 
CA’S Molar Ratio 
Exit Plant 02 (%) 

18.SO 17.68 17.80 18.00 
0.00 0.00 0.00 0.00 
3.66 3.07 2.96 2.80 

ham Side Temperatures (F) 
Exit Secondary Superheater 
Exit Primary Superheater 
Exit High Temp Reheater 

974 988 994 1,005 
802 827 845 883 
937 978 999 1,005 

jH Steam Attempemtion (lb/k) 4,273 5,237 7,881 22,500 

beat Transfer (MBtdhr) 
Furnace Waterwalls 
Secondary Superheater 
Reheater 
Primary Superheater 
Economizer 

216 296 347 345 
41 52 61 62 
44 60 72 76 
67 96 122 136 
15 19 22 29 

jootblowers On (%) 7 6 lb N.D. 

3urner Tilt (degrees) 25.16 15.94 3.48 N.D. 

koconIrktGasTemp(F) 636 653 668 N.D. 

lir Heater Gas Out Temp (F) 318 321 321 N.D. 

iSME Heat Loss Calculation (%) 
DWG= 
Moishue from Fuel 
Moisture from Combustion 
Combustible in Refose 
Radiation 
unmeasured 
Total Losses 

5.85 5.26 5.27 5.10 
1.45 1.46 1.45 1.20 
5.03 4.98 5.05 5.34 
0.33 0.40 0.39 0.49 
0.40 0.39 0.33 0.33 
1.50 1.50 1.50 1.50 

14.56 13.99 13.99 13.96 

hermal Efficiency (%) 85.44 

Jet Heat Rate (Bhvl&Vh) 10,743 

86.00 

10.534 

86.00 86.04 

10,428 **** 

:Heat Transfer Modeling @ 100% Loa 
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TABLE 8.3. SUMMARY OF SI LONG-TERM THERMAL PERFORMANCE 

Average Load 

recess Variables 
CdS Molar Ratio 
Exit Plant 02 (%) 

team Side Temperatures (F) 
Etit Secondary Superheater 
Exit Primary Superheater 
Exit High Temp Reheater 

H Steam Attemperation (lb&r) 

bat Transfer (MBtu/hr) 
Furnace Waterwalls 
Secondary Superheater 
Reheater 
primary Superheater 
Economizer 

ootblowers On (%) 

urner Tilt (degrees) 

con Inlet Gas Temp 0 

ir Heater Gas Out Temp (F) 

SME Heat Loss Calculation (%) 
DVG= 
Moisture from Fuel 
Moisture from Combustion 
Combustible in Refuse 
Radiation 
UmIleanrred 
Total Losses 

hermal Efficiency (%) 

‘et Heat Rate (Bhu’kWh) 

43 MWe 

1.95 
3.43 

950 
803 

895 

2,673 

232 

33 

41 
67 

1s 

11 

23.88 

665 

357 

7.33 

1.75 
4.01 
0.50 
0.51 
1.50 
15.60 

84.40 

10,677 
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TABLE 81. SUMMARY OF GR-SI LONG-TERM THERMAL PERFORMANCE 

Average Load 43 Mwe 59 MWe 72 MWe Predicted’ 

‘recess Variables 
Percent Gas Heat Input 
Ca/S Molar Ratio 
Exit Plant 02 (%) 

18.53 17.80 17.67 18.00 
1.74 1.73 1.78 2.00 
3.33 3.00 2.81 2.80 

team Side Temperatures (F) 
Exit Secondary Superheater 
Exit Primary Superheater 
Exit High Temp Reheater 

978 986 995 1,005 
825 853 882 868 
925 958 989 1,005 

H Steam Attemperation flb/hr) 4,209 7,300 12,176 16,500 

ieat Transfer (MBtu/hr) 
Fumaoz Waterwalls 
Secondary Superheater 
Reheater 
Primary Superheater 
ECOIlOmi~r 

229 298 352 349 
37 45 55 61 
43 56 68 74 
73 102 133 133 
16 20 24 29 

ootblowers on (%) 21 26 36 N.D. 

user Tilt (degrees) 24.39 23.17 19.16 N.D. 

con Inlet Gas Temp (F) 668 690 714 N.D. 

ir Heater Gas Out Temp (F) 344 348 350 N.D. 

SME Heat Loss Calculation (%) 
Dry- 
Moishxe from Fuel 
Moishue from Combustion 
Combustible in Refuse 
Radiation 
UlUlleasUrcd 
Total Losses 

5.96 5.89 5.78 5.26 
1.44 1.45 1.45 1.20 
5.19 5.15 5.15 5.35 
0.37 0.42 0.41 0.54 
0.45 0.39 0.33 0.33 
1.50 1.50 1.50 1.50 
14.91 14.80 14.62 14.18 

hermal Efficiency (%) 85.09 85.21 85.38 85.82 

ct Heat Rate (BtukWb) 10,724 10,581 10,509 **** 

Heat Transfer Modeling @ 100% Loa, 
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l Reheat Attemoeration Feedwater is sprayed into the reheat steam for further 

reheat temperature control. Since the attempetation water bypasses the high 

pressure turbine stages, it increases heat rate (reduces thermal efficiency), 

Accordingly, the reheat attempemtion is normally used as a backup system, 

Throughout this program, the operators maintained reheat attempemtion flow 
at a very low level. 

0 Attemperation Feedwater is also sprayed into the superheat steam 
to control its temperature. This provides a means to adjust superheat steam 

temperature independent of reheat steam temperature, which is controlled 

primarily by burner tilt. 

Figure 8-1 shows the reheat temperature as a function of load for both baseline and GR-SI 
operation. While there is some data scatter, for most baseline conditions the adjustment of 

burner tilt maintains the reheat temperature at the set point from full load down to about 50 

MW,. Below 50 Mw, the burner tilts are at the Ml up position and further load reduction 

causes reheat temperature. to sag. The reheat attemperation is maintained constant at about 
4% of capacity (essentially leakage flow). 

With GR-SI, fouling of the reheater requires higher burner tilts to maintain reheat 
temperature. This is illustrated in Figure 8-2 which shows the reheat steam temperature and 
burner tilts as functions of the time after initiation of SI. Over the first hour of SI, the 

burner tilts increase monotonically as deposits build on’ the reheater; reheat temperature is 
maintained at the set point. Gperati on of the sootblowers at the end of the first hour 
removed the deposits, restoring the reheater heat absorption. This causes a momentary 
overshoot in reheat temperature until the burner tilts move.downward restoring the set point. 
A second sootblowing cycle is also shown. 
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As a result of reheater fouling, the GR-SI data in Figure 8-l show a slightly reduced reheat 

temperature compared to baseline operation. Since the duration of the SI and scheduling of 

sootblowing cycles affect reheat temperature, there is substantial data scatter. 

Figures 8-3, 8-4, and 8-5 show the superheat steam effects of GR-SI with baseline conditions 

for comparison. Under both GR-SI and baseline conditions, superheat steam temperature is 

maintained at close to the set point over the full load range as the burner tilts adjust 

automatically to maintain reheat steam temperature as discussed above. Figure 8-5 shows 

that the superheat steam attemperation under GR-SI operation is greater than for baseline 

operation at full load. This is a consequence of the upward burner tilt required to maintain 

reheat temperature which also increases superheat temperature. The superheat attemperation 

is increased to compensate. It should be noted that while the superheat attemperation is 

increased with GR-SI, the maximum flowrate (nominally 16,000 lblhr [2.0 kg/s]) is only 

about 21% of capacity and does not limit boiler performance. 

8.3 Boiler Heat Absorotion Distribution 

Heat absorption profiles were studied for Hennepin Unit 1 to determine the effect of GR, SI, 

and GR-SI on the heat absorption by each heat exchanger. Heat absorptions were calculated 

by analyzing the temperatures and flow rates on both sides (steam and combustion products). 

Five heat exchangers were evaluated including the furnace water wall, reheater, primary 

superheater, secondary superheater and the economizer. The air heater heat absorption, 

which is accounted for in the thermal efficiency of the unit, was not included in this thermal 

performance evaluation because of significant air leakage. In Figures 8-6 through 8-8 the 

heat absorption profiles are shown at 72 MW,, 60 MW,, and 45 Mw,, respectively. 

GR operation can affect the thermal performance of the unit in two ways. First, GR affects 

the furnace heat release profile and second, GR operation changes local stoichiometic ratios 

and particulate loading resulting in minor changes in lower and upper furnace deposition 

patterns. During the long-term demonstration, GR operational data showed little impact on 
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the heat absorption profile. As a result, steam temperatures also showed very little variation 

due to GR operation. At full load a small decrease in furnace water wall heat absorption and 

small increases in heat absorption in the convective heat exchangers were calculated. The 

same pattern is evident in low load (45 MWJ data but at the intermediate load (60 Mw,.) the 

average data show an increase in furnace heat absorption and small reductions by convective 

heat absorption. The overall impacts of GR operation on the heat absorption profile is very 

minor. The boiler heat absorption was enhanced by the relatively clean furnace maintained 

day to day while the boiler cycled out of service during most evenings. 

In addition to the impacts caused by GR, the GR-SI thermal performance was affected by the 

increase in particulate loading through the upper furnace and convective pass. The increased 

particulate loading caused a familiar pattern over all loads. GR-SI had a relatively minor 

impact on furnace heat absorption, but more significant effect on the heat absorption by the 

secondary superheater, reheater, and primary superheater. The changes in heat absorption 

during GR-SI operation relative to the baseline case at full load were: 

. m 0.64% decrease 

. Secondatv Superheater 0.93 96 decrease 

. J&&Q& 0.48% decrease 

. primary Super- 1.62% increase 

. ~onomixq 0.43 46 increase 

The reduction in secondary superheat and reheat heat absorptions and increase in primary 

superheat absorption was consistent through the load range and is a direct impact of sorbent 

fouling. In order to decrease the impact of sorbent deposition, sootblowing optimization tests 

were conducted, as discussed in Section 10 of this report. 
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8.4 Elue Gas TernDeW 

Because of the shift in heat absorption from the furnace and the upper convective pass to the 

convective backpass, the flue gas temperatures measured at the economixer inlet increased 

with GR-SI relative to baseline operation, as shown in Figure 8-9a. This increase in flue gas 

temperature had the following impacts: 

. Reduction in thermal efficiency (increase in dry gas heat loss) 

. Increase in temperature and velocity of the flue gas at the inlet of the 

humidification duct, requiring higher levels of humidification, possibly 

resulting in an increase in moisture entering the ESP 

. Higher fly ash resistivity, which has been found to vary strongly with 

temperature, thus potentially reducing the collection efficiency of the ESP 

The BPMS temperatures indicate a temperature increase throughout the boiler with GR-SI in 

comparison to baseline temperatures. The temperature increase at the economizer inlet, 

under GR-SI varied from 42°F (23°C) at 72 MW, to 38°F (21°C) at 45 MW,. The 

economizer inlet was selected as the location to evaluate gas temperature changes due to the 

presence of a 1Zthermocouple grid; other locations had only a single thermocouple. 

The increase in economizer inlet gas temperature was not observed during GR operation 

since no convective pass fouling took place. A slight reduction in economiser inlet gas 

temperature (4°F [2”C]) during GR operation was measured. 

GR-SI also resulted in a moderate increase in the air heater gas outlet temperature. Under 

baseline operation, the air heater gas outlet temperature ranged from 314°F (157°C) at 45 

MW,, to 317°F (158°C) at 72 MW,. During GR-SI the air heater outlet gas temperature 

increased by approximately 30°F (17’(Z), from 344°F (173°C) at 45 MW, to 350°F (177°C) 
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at 72 Mw,. GR operation had virtually no impact on air heater gas outlet temperature; over 

the load range the temperatures were 318°F (159°C) to 321°F (161°C). These data are 

compared in Figure 8-9b. 

8.5 Thermal Efficiencv 

A reduction in thermal efficiency was calculated for GR and GR-SI operation using ASME 

Power Test Code 4.1 (heat loss method). The reduction due to GR-SI was more significant 

than under GR operation. At full load, the thermal efficiency decreased from a baseline of 

86.76% to 86.00% under GR, a reduction of 0.7696, and to 85.38% under GR-SI, a 

reduction of 1.38%. These were due to changes in three sources of heat loss: dry gas heat 

loss, moisture in fuel heat loss, and heat loss due to moisture from combustion. The 

decrease in heat absorption and the resulting rise in the flue gas temperature increases the dry 

gas heat loss - especially for GR-SI operation. Fuel switching, i.e. replacement of coal heat 

with heat from natural gas, results in a reduction in the fuel moisture heat loss. Since 

natural gas has a higher hydrogen to carbon ratio than coal, its combustion results in 

formation of more moisture and conequently higher moisture from combustion heat loss. 

The largest change in thermal efficiency was due to the increase in moisture from 

combustion heat loss. GR and GR-SI operation with approximately 18% gas heat resulted in 

combustion moisture heat losses 5.05 and 5.1596, respectively. These may be compared to a 

combustion moisture heat loss of 3.89% from 100% coal firing. Fuel moisture heat loss 

during GR and GR-SI operation decreased, from a baseline of 1.74 96, to 1.45 96. As stated, 

the dry gas heat loss increased during GR-SI operation, from a baseline of 5.2996, to 5.78%. 

GR and GR-SI operation resulted in small reductions in ash combustible matter heat loss, 

0.39 to 0.41% compared to 0.5% for baseline, while the radiation losses were the same. 

These results are summarized in the table below. Figure 8-10 shows the thermal efficiencies 

at low, mid and high loads. In general, the unit was able to generate the necessary power 

albeit with a slightly lower efficiency. 
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Baseline GR GR-SI 

~ Dry Gas Loss (96) 5.29 5.27 5.78 

Moisture in Fuel Loss (96) 1.74 1.45 1.45 

Moisture from Combustion Loss (96) 1 3.89 I 5.05 I 5.15 

Combustible in Refuse Loss (96) 0.50 0.39 0.33 

Radiation & Unmeasured Losses (%) 1.88 1.88 1.88 

Total Losses (96) 1 13.25 1 13.99 1 14.62 

Thermal Efficiency (96) 86.76 86.00 85.38 

8.6 Carbon in Ash 

Limited Loss On Ignition (LOI) data were taken during long-term GR-SI testing, while 

extensive measurements were taken during parametric testing, in 1991. The amount of 

carbon in ash generally depends on combustion conditions in the lower furnace. These 

include gas temperature, which varies with unit load, and primary xone stoichiometroc ratio. 

Other factors may impact carbon in ash, such as coal fineness and wetness. As a result of 

these effects, there was considerable variation in LO1 throughout the testing. Generally, the 

LO1 is less than 546, with some cases below 1% and some extreme cases above 7%. Some 

results from parametric testing in 1991 are presented in Table 8-5 The data presented are 

for operation at loads from 45 to 70 MW, and primary aone stoichiometric ratio as low as 

1.07. 

8.7 Heat Rate 

A common parameter used to quantify Hennepin Unit 1 performance is the net heat rate. 

The design net heat rate for Hennepin Unit No. 1 is 10,338 Btu/kWh (10,908 kJ/kWh) at 75 

me. 

During long-term testing, the baseline net heat rate averaged 10,340 BtulkWh (10,910 
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TABLE 8-5. ASH LO1 MEASUREMENTS. 

Ilk& Test Location 
Condition 

llllU91 GR Economker 

11/12/91 .GR Economizer 

11/13/91 GR Economizer 

11/13/91 GR Economizer 

11/14/91 GR Economizer 

11/14/91 GR Jkonomizer 

11/18/91 GR Economizer 

11/18/91 GR Eccmomizer 

11/18/91 GR Economiser 

11/18/91 GR Economizer 

12/2/91 GRSI Economizer 

12/2/g 1 GRSI Economizer 

12/5/91 GRSI Economizer 

12/9/g 1 Baseline Economizer 

1219191 Baseline Economiser 

12/11/91 SI Ewnomizer 

12/l l/91 SI Ewnomizer 

12/12/91 GR Economizer 

12/12/91 GR Economizer 

12/16/91 GRSI Economizer 

12/16/91 GRSI Economizer 

Load Primary Zone LO1 
Mwe si m 

45 1.11 3.89 

45 1.11 3.21 

45 1.08 3.91 

45 1.08 3.25 

45 1.07 6.65 

45 1.07 8.24 

45 1.08 5.24 

45 1.08 4.57 

45 1.07 3.24 

45 1.07 4.79 

45 1.07 7.24 

45 1.07 0.08 

45 1.09 0.58 

70 1.09 3.20 

70 1.13 2.19 

70 1.15 1.57 

70 1.17 0.52 

70 1.08 3.52 

70 1.07 2.97 

70 1.06 4.94 

70 1.06 1.00 
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kJ/kWh) at 72 MW,. 

The net heat rate under baseline, GR, SI and GR-SI operation are compared in Figure 8-l 1. 

During GR, the net heat rate increased by 88 Btu/kWh to 279 Btu/kWh (93 to 294 kJ/kWh), 

over the load range. The heat rate increase at full load was 0.85% of the baseline while at 

45 MW, it was 2.67%. During GR-SI operation, the net heat rate increased by 169 

Btu/kWh to 260 Btu/kWh (178 to 274 kJ/kWh). At full load, the net heat rate increased by 

1.63% and at 45 IvlW, by 2.48. The increase in heat rate under GR and GR-SI operation is 

a reflection of changes in boiler thermal efficiency, steam temperatures, attemperation flow 

rates, and auxiliary power. 

8.8 Sootblowing 

The re@oflt of the GR-SI system to Hennepin Unit 1 required attention be given to several 

areas of unit operation. Among these was sootblowing, used to maintain heat transfer 

surfaces free of sorbent and ash deposits. Figure 8-12 shows that the use of sootblowers at 

72 MW, increased from 7% of the time during baseline operation to 36% of the operating 

time during GR-SI operation. GR-SI resulted in an increase in sootblowing over the range 

of loads with a minimum of 21% of the time at 45 Mw,, compared to a maximum of 14% 

during baseline operation. Gptimization of sootblowing cycles is discussed in Section 10 of 

this report. 

. 
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w PromiSORBTM A Linwood 

SO2 Capture (96) 66 60 53 46 

Calcium Utiliration (96) 38 34 31 26 

These data were corrected for calcium purity, which ranged from 88 to 95% for the four 

sorbents. A peak SO2 capture of 80% was achieved with PromiSORBTM B, with a Ca/S 

molar ratio of 2.6. 

9.2 pro- 

PromiSORBru B injection resulted in significantly higher SOr reduction and corresponding 

sorbent utilization, than measured for the conventional sorbent. However, its performance 

was affected by GR operation and load. Optimum performance was achieved under low load 

without GR, i.e. calcium utilizations were lower during GR-PS operation than when 

operating PS only. The average calcium utilirations during the first two days of GR-PS 

testing were 34.0 and 32.196, at Ca/S molar ratios of 1.51 and 2.02, respectively. The 

average loads were 62 and 45 MW,, respectively, and gas heat input ranged from 17.5 to 

18.7%. These utilizations may be compared to levels of 42.2 and 41.8% for the subsequent 

two days of PS testing, at WS molar ratios of 1.55 and 1.40, respectively. These tests 

were conducted at 45 MW, load. A peak calcium utilization of 48.9% was determined for 

PS operation at a Ca/S molar ratio of 1.35 and 45 MW, load. The maximum SO, reduction 

of 81.2% was achieved at a Ca/S molar ratio of 2.59. 

An increase in calcium utilixation with excess Oz was also observed. Tests PS2-361 and 

PS2-362 were conducted under similar operating conditions (load, Ca/S, burner tilt), but 

PS2-362 was conducted at an excess Or of 4.6346, in comparison to 3.37% for PS2-361. 

PS2-362 had an improved calcium utilization (42.2 vs. 39.3%) and SO2 capture (65.1 vs. 

60.3%). The impacts of GR, load, and excess Or may be attributed to the gas temperature at 

the SI point. The results are summarired in the following table, in which the gas heat input 

for GR-PS operation was in the 17 to 19% range. 
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GR-PS 

GR-PS 

PS 

PromiSORRTM B Performance 

Load (Mw.1 CalS Molar Ratio 

60 1.51 

45 1.70 

45 1.54 

Calcium Utiliration (%) 

34 

37 

42 

9.3 J-ISAHL. Performance 

The performance of HSAHL was impacted by GR and to a smaller extent by load. Testing 

in the BSF indicated that the injection temperature has a significant impact on the utilization 

of HSAHL. The evaluation in the Hennepin unit also showed a temperature dependence. 

Testing of HSAHL with GR at 70 MW, resulted in an average calcium utilization of 36.7%, 

at a Ca/S of 1.35. Testing at 50 MW, with GR and at 45 to 55 MW, without GR resulted in 

calcium utilizations of 38.6 and 40.3%, respectively. The average Ca/S molar ratios for 

these tests were 1.42 and 1.23, for testing with and without GR, respectively. Since both 

application of GR and operation at high load result in an increase in the upper furnace gas 

temperature, the results indicate that higher gas temperature reduces sorbent utilization. The 

impacts of load and GR are summarized in the following table. 

HSAHL Performance 

Lad (Mw3 Ca/S Molar R&Q Calcium Utilization (96) 

GR-HSAHL 70 1.35 37 

GR-HSAHL 49 1.42 39 

HSAHL 53 1.23 40 

The injection of HSAHL. was limited by its low density, of approximately 20 lblff (320 

kg/m’), in comparison to the optimum density of 30 to 35 lb/p (481 to 561 kg/m’) for 

sorbent feed pump operation. This limited the Ca/S ratio to a maximum of 1.64, at which a 

sorbent SO* removal of 57.4% was obtained. The maximum sorbent SO2 reduction with 
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HSAHL was 59.5% at a Ca/S of 1.50. The excess O2 level may be a significant parameter 

in calcium utilization/SO~ reduction. Tests ISGS-36 and ISGS-37 were conducted under 

similar operating conditions (no gas input, burner tilt = 26.9 degrees, Ca/S = 1.27 to 1.30) 

but different levels of excess Or (ISGS-36 = 3.3596, ISGS-37 = 2.61 W). A difference in 

calciums utilization of 5.6% and SO* reduction of 6.2% was evident, with the more favorable 

results at low excess Or. The HSAHL utilirations were corrected to an average calcium 

purity of 88 96. 

9.4 &QQ$SORBT”” A Perform&n,@ 

Evaluation of PromiSORBm A at Hennepin Unit 1 indicates that its performance is 

intermediate between HSAHL and the conventional Linwood hydrated lime, with utilixations 

typically in the 25 to 33% range. GR does not appear to negatively impact sorbent 

utilixation of PromiSORBn” A, as was evident in l?romiSORBW B data. Average calcium 

utilizations during the first hvo days of GR-PS testing were 27.6 and 29.2%, for Ca/S of 

1.64 and 1.67 respectively. This may be compared to average calcium utilization of 28.6%, 

during the following two days of PS testing, at average Ca/S of 1.68 and 1.57 and 45 MW, 

load. One parameter which appears to have a marked impact on calcium utilixation is the 

use of only the 4 front-wall injectors. Using just the front-wall injectors resulted in an 

average calcium utilixation of 31.096, at an average CWS of 1.71. This result may be due to 

rapid quenching of the side-wall jets. The peak calcium utilimtion with PromiSORBTM A is 

32.896, resulting in a sorbent SO* capture of 51.9%. Some load effect is evident; at 70 

MW,, PS calcium utilization was lower than for 45 MW;. A difference in calcium utilixation 

of 5% is evident between 70 and 45 Mw, with the same SI configurations. 

Significant reduction in NO, emissions was measured with injection of PromiSORB” A. 

Sorbent NO, reductions were in the 10 to 35% range, with 20% NO, reduction typically 

achieved. A decrease in NO, emissions was expected ,from injection of PromiSORBru A, 

from the action of a proprietary agent. The performance of PromiSORBm A data is 

summarized below: 
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PromiSORBw A Performance 

Load (MWJ CalS Molar RatiQ C i ale- 

GR-PS 58 1.64 27.6 71.6 

PS 70 1.84 23.2 19.6 

GR-PS 45 1.67 29.2 71.6 

PS 45 1.68 28.6 18.9 

The load effect for all three advanced sorbents is illustrated in Figure 9-3. A stronger load 

effect is evident for PromiSORB” A and PromiSORBTM B than for HSAHL. The 

performance of advanced sorbents in the Hennepin unit can be enhanced by altering the 

injection location. 
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A PromiSORBTM B: Q’S = 1.35 to 1.44 

V PromiSORBTM B: Cab = 1.45 to 1.55 

u HSAHL: ta/s = 1.35 to 1.44 

q HSAHL: CWS = 1.45 to 1.55 

. PromiSORBTMA: CaJS = 1.35 to 1.44 

0 F’romiSORBmA: WS = 1.45 to 1.55 

l Linwood: Ca/S = 1.45 to 1.65 

El 

. Y 

6 
. 

lot,‘,,“,“‘,“,“‘,““,,‘,““,, I’ 
40 45 50 55 60 65 70 75 

Load (MWe) 

Note: Hennepin Sorbent Injection System 
was designed to inject conventional sorbent 

Figure 9-3. Effect of load on sorbent utilization 
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10.0 LONG-TERM 

The impacts of long-term GR-SI operation on various areas of boiler performance are 

discussed in this Section. Section 10.1 presents slagging and fouling observations made at 

many points in the boiler. Gptimization of sootblower operation is discussed in Section 10.2. 

Sections 10.3 and 10.4 address the performance of the humidification system and the ESP. 

Sections 10.5 and 10.6 present data on impacts of GR-SI on tube wall thickness, as 

determined from three ultrasonic thickness (UT) inspections, and the results of the chimney 

inspection. 

10.1 tipact of GR-SI on Slaggina/Fouling 

10.1.1 Summary of Sl ag&/Fouline Assessmenf 

GR-SI operation did not exacerbate slagging in the furnace. Some buildup of slag in the 

lower furnace, from the top burner elevation to the OFA ports, was observed, but it was not 

excessive compared to that under baseline operation. Under full load GR-SI over a period of 

three hours, slag buildup of up to 2 112 inches (6 cm) was measured in the lower furnace. 

This may be compared to buildup of 1 to 3 inches (2.5 to 7.5 cm) at the furnace nose and 3 

to 6 inches (7.5 to 15 cm) at the elevation of the wallblowers, observed after day-long 

baseline operation at full load. Wallblowing more frequently or with greater effectiveness 

(i.e. higher pressure) has been recommended to reduce slag buildup and to maintain clean 

GR injection nozzles during future operation. 

An assessment of fouling of the convection pass, due to upper furnace SI, showed expected 

deposition trends. The fouling of each heat exchanger was evaluated through calculated 

cleanliiess factors, which are the ratios of the actual heat transfer coefficients to those under 

baseline operation, and from observations made throughout the convective pass. These 

indicated that the secondary superheater and high temperature reheater were experiencing 

sorbent fouling, but increased heat absorption was taking place at the primary superheater 
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and economizer. Boiler inspections revealed ash accumulations in several areas, due to 

either a lack of available sootblowers in these areas, insufficient frequency or duration of 

operation of sootblowers present, or large chunks of ash deposits lodged between the tube 

elements initiating significant ash accumulations. The back end of the reheater is an example 

of a location where accumulation was due to the former, while the first bundle of the 

primary superheater is an example of the latter. The use of sootblowers with greater 

frequency, resulted in the removal of ash deposits from several areas including the final 

superheat pendant (secondary superheater) and the top surface of the primary superheater. 

10.1.2 &ggine/Foulinp Trends 

During the long-term GR-SI demonstration at Hennepin Unit 1, there were several 

opportunities to inspect the furnace slagging patterns and convection pass fouling. These 

inspections focused on determining the extent of slagging and fouling while operating GR-SI 

and checking for signs of excessive tubewall wastage. These observations have been 

supported by a photographic log of the boiler inspections and heat absorption data logged on 

the BPMS. The impact of GR-SI operation on tubewall wastage was evaluated with 

before/after UT measurements in the GR section of the furnace and the relevant convection 

pass sections. 

Specific areas of the boiler which were identified as potential problem areas for increased 

slagging or fouling under GR-SI operation were closely monitored during the test program 

due to the following concerns: 

. The slightly lower primary xone stoichiometric ratio and resulting higher gas 

temperature in that zone could exacerbate slagging in the lower furnace 

. The reducing conditions in the rebuming xone could promote slagging in this 

zone 
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. The injection of sorbent into the upper furnace may change both the amount 

and composition of the entrained particulate matter, especially in the 

convection sections of the boiler 

In this section, the boiler inspections which were performed as well as the changes to the 

thermal performance and availability of Hennepin Unit 1 due to changes in deposition 

patterns, are discussed. There were a total of three major inspections of the boiler deposition 

patterns during the long-term testing program: in March, April, and October 1992, as well 

as numerous minor inspections which were conducted from time to time during the 

long-term testing program. 

10.1.3 Furnace Slag&g Observations 

10.1.3.1 Waterwall Slaggine~s 

The ash deposition patterns during Baseline, GR, GR-SI operation were comparable. During 

the 1988 baseline tests, baseline deposition patterns were observed and recorded during 

normal coal tiring. The thickness of deposits varied with the furnace height, from 3 to 6 

inches (8 to 15 cm) at the elevation of the wallblowers, to 1 inch (2.5 cm) at the economizer 

elevation. The phase progression of the ash along the furnace walls was typically wet (i.e. 

not hardened) to molten to dry. 

A thorough observation of furnace deposition patterns was performed on 25 March, 1992 

after GR-SI operation. The first observation was completed after the boiler had cycled off 

during the preceding night allowing some ash to shed off the furnace wall tubes. Figure 

10-l shows the deposition patterns which were recorded during the first two hours of GR-SI 

operation following the nightly off-cycle. Most of the deposits below the nose elevation 

were small deposits of fine ash particles which most likely consisted of particles with a very 

low melting point. The small molten particles impinge on the tubes and tend to resolidify as 

they come in contact with the relatively cooler wall. At the economizer level, there were 
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several scattered accumulations on the east, west, and north walls. The accumulations 

appeared to have a thiclmess of 112 to 2 inches (1 to 5 cm). Above the nose elevation there 

appeared to be additional deposits, notably on the north wall, which showed ash deposits of 3 

to 4 inches (8 to 10 cm). The south, east, and west walls showed scattered ash deposits, of 

up to 1 inch (3 cm) in thickness. 

Figure 10-2 shows the deposition pattern observed after 3 hours of additional ~GR-SI 

operation. The dusty layers below the nose elevation, which were described earlier, were 

replaced with wet to crusty deposits of up to 2 l/2 inches (6 cm) in thickness extending from 

the burner elevation to the OFA elevation. Little change in the upper furnace slagging was 

observed, in comparison to earlier observations. 

10.1.3.2 Gas Iniector Slaggina Observations 

Some buildup of slag on GR injectors was observed; however periodic manual cleaning 

(nominally weekly) was sufficient to maintain normal GR operation. For the most part, the 

injectors in the southwest and southeast comers were reasonably clean. The injectors in the 

northwest and northeast comers were at times partially to completely blocked. This was 

especially the case for the northeast comer injectors. Ash accumulation at the port entrances 

may be attributed to the tempering caused by the injection of gas and FGR and the fuel-rich 

conditions in the reburning zone. Slag buildup on specific locations may be due to local air 

deficiency, optimum temperature for molten slag formation, or poor cleaning by wallblowers 

in that region. Blockage of gas injectors may affect the heat distribution in the furnace, and 

the mixing of the natural gas with the primary combustion products which can influence GR 

operation. Therefore, routine cleaning on a weekly basis (or as required) was adopted. 
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10.1.3.3 Overfire Air Ini~ine ObservationS 

During normal GR-SI operation, no unusual slagging in the area in and around the OFA 

penetrations was observed. An April 1992 inspection of the OFA ports, conducted 

immediately following 6 months of GR-SI operation, showed minor ash buildup in all of the 

port entrances. Some blockage occurred when the ports were out of service for extended 

periods. Observations made after 3 months of coal-only operation, with only cooling air 

supplied to the OFA ports, revealed some slag buildup around port entrances. The worst 

slag buildup blocked approximately 40% of the port in the northwest comer. Therefore, the 

ports should be cleaned after periods when the GR system is out of service. 

10.1.4 Convection Pass Fouline Observations 

SI increased the particulate loading in the convective pass. Ash deposition increased and 

sootblower operating time increased correspondingly to control the buildup. A visual 

inspection of the convection sections in March 1992 showed no evidence of scouring from 

sorbent erosion or from sootblower operation. Some accumulations were noted, particularly 

on the top surface of the primary superheater. To reduce the amount of accumulated 

material in this area, M sootblowers Nos. 11 and 12 were used twice per shift. After two 

days, another inspection showed that much of the accumulation had been removed. Some 

evidence suggests that large chunks of hard ash deposits break off the edges of the reheater 

and become lodged between the tube elements and along the leading edges of the primary 

superheater which initiate the accumulations. This kind of ash accumulation has been 

reported from baseline operation also. Detailed summaries of inspections of each heat 

transfer section are presented below. Figure 10-3 shows the convective pass arrangement 

for reference. 
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10.1.4.1 &condarv Qperheater 

During the March 1992 inspection, ash buildup was noted in front of the final superheater 

pendant, behind the water wall screen tubes, and along the floor. After that inspection, IK 

sootblowers 1 and 2 were operated more frequently. The April 1992 inspection showed that 

the increased sootblowing in the area had eliminated the buildup. An inspection from the 

rear of the elements showed no signs of sootblower erosion due to the increased use of IK 5 

through 8. 

10.1.4.2 Hieh Tem~ture Rehea& 

This section showed no unusual accumulation of ash on the pendant elements. There were 

no signs of sootblower erosion in front or rear of the elements from operation of IK 

sootblowers 5 through 8 or IK scotblowers 9 and 10, respectively. 

10.1.4.3 Jaw Tern- Reha 

Inspection of this section revealed some hard deposits on the leading edge of the pendant 

elements, primarily toward the west side of the boiler which extended approximately 25% of 

the width of the boiler. The deposits were approximately 1 inch (3 cm) thick at the peak, 

triangular in shape, and a pale orange in color. During the October inspection, ash deposits 

were observed packed between tubes on the back side of the pendant. This was noticed more 

on the middle of the back side of the pendant. The deposits were easily removed manually. 

It is noteworthy that there are no sootblowers in this area. 

10.1.4.4 Rrimarv a 

A complete inspection of the primary superheater elements showed extensive ash buildup. 

There were hard deposits on the leading edge of the water wall screen tubes, at the top of the 

arch. The pattern was similar to that observed on the cold reheater, except that the thickness 
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was approximately l-1/2 to 2 inches (4 to 5 cm) and the deposits were more difficult to 

remove. 

The ash buildup on the top of the upper bank was similar in the March and April, 1992 

inspections except that the ash was dark grey during the April inspection instead of the pale 

orange colored deposits which were observed during the March inspection. The ash buildup 

was at the south end of the elements, where expanded metal shields had been installed to 

reduce fly ash erosion of tube bends. The buildup on the top of the elements ranged from a 

depth of 6 inches (15 cm) near the sides to 18 inches (46 cm) near the center of the boiler. 

The width of the buildup on top of the elements was approximately 2 feet (0.6 m), measured 

from the south wall. The depth down into the element bundles appeared to reach 12 to 18 

inches (30 to 46 cm) from the top of the elements. It appeared that there were large chunks 

of ash lodged between the tube elements. These chunks were observed to be hard deposits 

from the leading edge of vertical tubes which broke off at times during the operation of the 

unit. This may be the reason for the buildup in this section. There were no signs of 

sootblower erosion of the tubes. The last two bundles of the primary superheater showed no 

evidence of ash buildup. 

During the October 1992 inspection, 40% of the first bank was plugged with ash chunks. 

This buildup was similar to that found during the April inspection. This type of pluggage 

was consistent with previous observations made at this location. The lower bundle of the 

superheater showed hard ash deposits on top of the tubes. Minor pluggage of the gas 

passages near the south side wall was also observed These deposition patterns were 

observed after several extended periods of continuous GR-SI testing, conducted in 

September/October 1992. 

10.1.4.5 Economiser 

There was no evidence of ash buildup on the top of the economiser. However, an inspection 

of the bottom showed minor pluggage between the elements. This was observed in the 
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March and April inspections. The October inspection showed that approximately 5% of the 

gas passes were plugged near the south side wall, from observation made at the top of the air 

heater. 

10.1.4.6 Air HK& 

An inspection of the inside of the air heater was performed in April, 1992. The rear half of 

the tube sheet had no ash buildup. The front half of the tube sheet had a small amount of 

ash buildup which was also observed during a brief inspection in March. The front inlets to 

the FGR fan were found to be blocked 40-5096 with loose ash during both of the early 

inspections. The rear inlets to the FGR fan were also blocked 40-50%. A similar inspection 

of the upper air heater was performed during the October inspection. Loose ash buildup was 

noted but there were no hard deposits. The tubes were clean with minimal tube pluggage. 

10.1.4.7 Ash Deo& 

Ash deposit samples were taken from various locations to characterize the fusion 

temperatures. Table 10-I shows ash fusion temperatures from samples taken from the 

Northwest GR nozzle, Northwest OFA port, “D” level, top of the inlet primary superheater 

section (PSH), inlet to the cold reheater section (CRH), and from the south FGR inlet. The 

results show that in high temperature regions, ash with lower fusion temperature 

accumulated. In the furnace, the ash deposition is due to molten accumulation, but at the 

OFA ports and further downstream the buildup is due to cold ash accumulation. The 

deposits at the cold reheater inlet have a high fusion temperature, in excess of 2700°F 

(1480°C). 

10.1.5 Rank- 

Cleanliness factors (CF) were calculated continuously during GR-SI testing to quantify the 

extent of fouling of convective pass heat exchangers. The cleanliness factors are ratios of the 
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actual heat transfer coefficients (i.e. under GR-SI) to those under baseline operation. 

Theheat transfer coefficient of each heat exchanger is the ratio of heat absorbed to the 

product of the heat exchanger surface area and the log mean temperature differential. A 

cleanliness factor above 1.0 indicates a relatively clean surface and cleanliness factors below 

1.0 indicate surface fouling. This section presents the cleanliness factor data associated with 

the secondary superheater, reheater, and primary superheater during GR-SI operation and 

compares these with a baseline case. Another parameter used to evaluate heat absorption is 

the Heat Absorption Ratio @AR), which is the ratio of the heat absorbed by the heat 

exchanger under GR-SI operation to that absorbed during baseline operation at the same load. 

Also presented are the operating parameters which impact heat absorption by the heat 

exchangers in the convective pass, including sorbent flow rate, burner tilt angle, and 

sootblower operation. The CF and HAR of the other heat exchangers (furnace, economiser, 

air heater) are not considered, since heat transfer in the furnace is primarily by radiation, the 

temperature drop at the economiser is too small to yield consistent results, and air heater 

heat transfer is impacted by air leakage. 

The CF during baseline operation are shown in Figure 10-4. The data show that CF for the 

secondary superheater, reheater and primary superheater are held in a narrow range over 

several hours of baseline operation. Slight degradations of secondary superheat and reheat 

CF with time is evident, necessitating use of sootblowers. Scotblowing quickly improved the 

CF to unity. 

‘Ihe impacts of GR-SI operation on the heat transfer to the three heat exchangers are evident 

in two cases, considered in Figure 10-5 through 10-8. Both cases show several ,hours of GR- 

SI operation at full load, with sorbent flows of 5,000 to 8,800 lblhr (0.63 to 1.11 kg/s). 

Roth cases exhibit similar trends. SI results in fouling of each heat exchanger, as indicated 

by reduction in CF, but sootblowing effectively cleaned the secondary superheater and 

reheater, restoring the CF back to unity. The heat absorption of the secondary superheater 

was below the baseline level (i.e. HAR under l.O), but reheat heat absorption was essentially 

unchanged and the primary superheat heat absorption increased over the baseline level. 
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A cyclic pattern resulted from sorbent fouling, coal burner tilt movement, and sootblowing. 

At full load, the coal burners were initially tilted downward. SI resulted in fouling of the 

secondary superheater and reheater, indicated by reductions in CF, resulting in an upward 

shift of the burners tilts. Superheater fouling triggers sootblowing, which cleans the 

secondary superheat and reheater surfaces and leads to a downward shift in coal burner tilts. 

The CF of the secondary and reheat superheaters were restored to unity (baseline level) by 

sootblowing. The HAR for these heat exchangers show similar fluctuations. The HAR for 

the secondary superheater varied most widely, but was generally below unity. The reheat 

HAR was held fairly constant. The primary superheater HAR was significantly above unity 

during the fouling of the upstream heat exchangers, which resulted in higher gas temperature 

‘at the primary superheater. Figures 10-6 and 10-8 show that the superheater attemperation 

flow varied with burner tilt position, but was still far below its capacity. Similar shifts in the 

gas temperature profiles, with burner tilt fluctuations, are also evident. 

10.2 Sootblowina m 

SI in the upper furnace changed the amount and characteristics of the particulate matter 

flowing through the convective pass and affected the heat absorption distribution of the 

convective pass heat exchangers. The change in deposition patterns had several impacts on 

the thermal performance of the boiler. As expected, GR-SI operation resulted in an increase 

in the exit gas temperature and a drop in the thermal efficiency of the unit. In order to 

‘reverse these trends and maintain an acceptable operating efficiency, tests to optimize 

sootblowing sequences were conducted from September to October 1992. This section 

presents the results of these tests. 

In order to enhance heat absorption by the secondary and reheat superheaters, sootblowing 

periods were significantly increased. Under optimixed operation, sootblowing occurred 84% 

of the time compared to 34% previously used. This resulted in enhanced heat absorption by 

the secondary and reheat superheater, reduction in the rate of increase of boiler exit gas 

temperature, a reduction in thermal efficiency loss, and lower superheater attemperation 
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spray. Comparing optimized sootblowing at full load with normal operation, the rise in 

boiler exit gas temperature was 7.5”Flhr (4.2”Clhr) instead of 23,75”F/hr (13.2”C/hr), the 

reduction in thermal efficiency was 0.12 %/hr instead of 0.22 %/hr, and the superheater 

attemperation was 7,500 lblhr (0.95 kg/s) instead of 10,900 lblhr (1.4 kg/s). In each 

comparison the latter figure was under the normal sootblower operation. 

10.2.1 Impact of Sorbent Injection on Thermal Performance 

Experience from another program conducted by EER, at Richmond Power and Light’s 

Whitewater Valley Unit 2 (England, 1993), in which upper furnace SI was evaluated on a 

tangentially fired unit, indicated that significant impacts on the heat absorption distribution 

and heat absorption rates could occur if not controlled. For this reason several sootblowers 

were installed in the available “future sootblower” locations of the Hennepin unit to assure 

complete coverage of all the convective-pass heat-transfer sections. 

As mentioned in Section 8, GR-SI operation significantly altered the heat absorptions of the 

convective pass heat exchangers, which affected the gas temperature profile. Figure 10-9 

shows the gas temperature measured at the economizer inlet from the time SI was initiated. 

Over a 4 hour period, the gas temperature increased by 67°F (37°C). Over this period, the 

heat loss efficiency decreased from 85.82% to 85.06%. The decrease in thermal efficiency 

was due to an increase in dry gas heat loss, which resulted from an increase in the air heater 

gas exit temperature. Thus, selective but more frequent sootblowing was recommended. 

10.2.2 Gotimixation of the Sootblowine Cvcle 

In order to optimixe the sootblowing cycle, the deposition patterns in the convective pass 

were studied by evaluating the heat absorption rates in the furnace, secondary superheater, 

reheater, primary superheater, and economixer. The heat absorption rates showed that the 

secondary superheater and the reheater fouled more rapidly than the primary superheater or 

the economixer. Due to fouling of the secondary superheater and the reheater, heat 
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absorption by the primary superheater increased by up to 3.8% and heat absorption by the 

economizer increased by up to 0.8%, based on the total heat absorption. The furnace also 

showed decreased heat absorption. Slagging in the furnace is due to slightly lower 

stoichiometric ratios in the burner zone and slightly fuel-rich conditions in the rebuming 

zone. The overall shift in heat absorption resulted in an upward shift in the gas temperature 

profile and in higher dry gas losses, increased humidification water requirements, and higher 

spray attemperation to control steam temperature. 

To reverse the shit? in heat absorption distribution, more frequent sootblowing was required 

at the furnace, secondary superheater, and reheater surfaces to enhance heat transfer rates. 

To maintain an acceptable thermal efficiency, the gas temperature, measured by a 12- 

thermocouple grid at the economiser inlet, was kept in the range of 690°F to 720°F (370°C 

to 380°C). Figure IO-10 shows the locations of the sootblowers available in the convective 

pass. Not shown on the figure are the eight furnace wall blowers which are located just 

above the burners in the lower furnace. 

By increasing the use of furnace wall blowers from an average of 2 times during an 8-hour 

shift with normal GR-SI operation to 3 times a shift, and by increasing the use of Ms l-10, 

which are located in the secondary superheater and the reheater, enhancement of thermal 

performance of Hennepin Unit 1 was achieved. The use of sootbIowers increased from 34% 

to 84% of the time. 

10.2.2.1 Heat Absorotion Rates 

By using an optimised sootblowing cycle, the heat absorption rates were improved as shown 

in Figure 10-11. At 70 IviW., furnace heat absorption was restored while heat absorption 

rates to the secondary superheater and the reheater were greatly improved. The higher 

absorption rates in the furnace, secondary superheater, and reheater significantly decreased 

the heat absorption rates of the primary superheater and the economiser. At 60 Mw,, the 

improvements were less evident, as shown in Figure 10-12. Nevertheless, there was 
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some restoration of the thermal profile, which is evident in the drop in primary superheater 

heat absorption. 

10.2.2.2 B-Exit 

Figure IO-9 showed the rapid rise in boiler exit gas temperature in the early stages of GR-SI 

operation. During GR-SI with the normal sootblowing routine, the boiler exit gas 

temperature increased by 23.8”F per hour (13.2”C/h), over a four-hour period. Increased 

sootblowing resulted in an increase of 7.5”F per hour (4.2”C/h), as shown in Figure 10-13a. 

The reduction in exit gas temperature helped to restore boiler efficiency and prolong GR-SI 

operating time, as will be shown in the following section. 

10.2.2.3 Boiler Efficiency 

Thermal efficiency was improved by the reduction in exit gas temperature, as shown in 

Figure lO-13b. The efficiency decreased at a rate of 0.22% per hour under the normal 

sootblowing routine but only at rate of 0.12% per hour during optimixed sootblowing. 

Figure lo-14 shows the results of a 32-hour continuous GR-SI test at a constant 70 Mw, 

load. The efficiency was maintained constant by holding the exit gas temperature in a pre- 

defined range. 

10.2.2.4 Qperheat Sprey Attea 

The combination of lower heat absorption by the secondary superheater and higher heat 

absorption by the primary superheater during GR-SI operation still increased the rate of heat 

transfer to steam. For this reason, the superheat steam attempemtion rate averaged 10,900 

Ib/hr (1.37 kg/s) during GR-SI with normal sootblower operation. Figure 10-15 shows that 

the spray attemperation was reduced by 33% to 7,500 lblhr (0.944 kg/s) during GR-SI with 

optimixed sootblowing. This was due to a reduction in heat absorption by the primary 

superheater. The reheat steam attemperation was unchanged. 
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10.3 Humidification Svstem Performance 

One area of concern in applying GR-SI at Hennepin Unit 1 was the impact of SI on the 

electrostatic precipitator performance and stack opacity. Application of GR-SI resulted in a 

substantial increase in particulate loading to the ESP. This was due to the added sorbent 

material. Also, SI increased the ash resistivity by as much as two orders of magnitude. 

Both factors were expected to result in a significant deterioration in ESP performance. For 

these reasons it was necessary to consider ESP performance enhancement strategies if SI was 

to be applied without derating due to opacity problems. ESP evaluation included an internal 

inspection to assess its condition, extensive performance testing during baseline tests, and 

computer modeling to predict performance during the GR-SI operation. The computer 

model was calibrated with the results of the field tests, and was used to predict the impact of 

GR-SI application on the performance of the ESP before any modifications. With flue gas 

humidification, the model projection indicated operation with a reasonable safety margin. 

Humidification appeared to be the most cost effective option, and modeling indicated that 

performance can be recovered during GR-SI operation and without a need for an additional 

ESP field. 

10.3.1 Humidifications 

In order to accommodate the increased mass loading and altered fly ash characteristics due to 

SI, the ESP performance was enhanced by flue gas humidification. The humidification 

system was designed to cool the flue gas to within 70°F (39°C) of the saturation temperature 

of 125°F (52°C). A single-stage in-duct evaporative cooling system was se&&d to 

accomplish this task. 

Water was selected as the evaporative coolant. Conditions in the duct, such as flue gas flow, 

air heater outlet gas temperature, were used along with the desired approach to saturation to 

determine the design water injection rate. The design case is a water injection rate of 60 
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gpm (3.8 l/s) for a boiler load of 71 MWC (net). The humidification system was designed to 

inject water into the duct and to atomize the water to allow complete evaporation before the 

gas entered the precipitator. Rapid vaporization of water required the use of twin-fluid 

nozzles and compressed air as the atomizing gas. 

The nozzles were designed and the arrangement of nozzles in the duct was optimised to give 

uniform humidification and complete vaporization at the precipitator inlet. Twin fluid 

nozzles were selected with compressed air to provide the energy source for atomization. The 

nozzle design required 0.3 lbs of compressed air per pound of water, resulting in a flow of 

2000 scfm (0.94 Nm’/s) of compressed air to be supplied at a pressure of 125 psig (862 kPa) 

to provide acceptable atomization. The nozzle design also required the water to be supplied 

at a pressure of 100 psig (690 kPa). 

Modifications to the flue gas duct were necessary to obtain the residence time required to 

ensure complete evaporation at the ESP inlet. The design residence time in the 

humidification duct is approximately 2.0 seconds. The modifications provided uniform gas 

flow in the humidification duct and also allowed for removal of fly ash and sorbent, which 

separated from the flue gas. 

10.3.2 w 

Humidification water was injected in a horizontal section of the modified flue gas ducts just 

downstream of the air heater outlet. Each horizontal duct section was enlarged to provide 

the required residence time for evaporation prior to any change in direction in the duct route. 

The humidification duct sections terminated with a 90 degree turn upward to the ESP inlet. 

It was intended that sufficient evaporation occur in these sections, so that no liquid would 

impact on the precipitator fields. 

The humidification duct is a low point in the flue gas system. Because of this and directional 

changes of the flue gas flow, significant amounts of fly ash (and spent sorbent) separate from 
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the flue gas stream in the humidification duct. To collect the fly ash, five hoppers were 

installed in the bottom of the duct. Screw conveyors for ash removal were installed on the 

bottom of each hopper. Twenty four thermocouples were pad-welded to the duct skin for 

monitoring temperatures (6 below the humidification nozzles, 18 on the duct skin on the 

vertical section before the ESP inlet). 

Complete vaporization of water was targeted at the FSP inlet. A temperature sensor was 

inserted in the center of the gas stream in a short section of duct leading to the precipitator 

inlet. This temperature signal was used to control water flow to reach a prescribed gas 

temperature. 

Six humidification lances (three for each duct) were designed to support the atomizing 

nozzles array, as well as deliver compressed air and water to each nozzle. Each lance was 

designed to accommodate a maximum of six atomizing nozzles. The nozzle array consisted 

of a total of 17 nozzles per duct, 2 of the 6 lances having 5 nozzles and 4 lances having 6 

nozzles. Each nozzle was rated at a nominal water flow of 1.76 gpm (0.11 I/s), requiring 

approximately 100 psig (690 kea) of water pressure, and 125 psig (860 kPa) of atomizing air 

pressure. 

10.3.3 Duct Modifications 

The flue gas duct leading from the air heater outlet to the electrostatic precipitator was 

redesigned to accommodate the humidification system. The modified duct has the following 

features (see Figure 10-16): 

. Enlargement of the duct cross-section to increase gas residence time 

. A perforated plate at the humidification duct inlet 

. Four adjustable turning vanes 

. Five hoppers for ash removal 
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A perforated plate was placed at the inlet of each parallel duct to improve the uniformity of 

the gas flow in the duct. Early flow modeling indicated that the highest gas velocities were 

near the top of the duct and the gas flow direction near the bottom was actually backward 

toward the inlet, as shown in Figure 10-17. The perforated plate alleviated the flow 

imbalance. Figure 10-18 shows the velocity profile obtained after installation of the 

perforated plate. With the perforated plate, the maximum velocity in the humidification duct 

(at full load) was 23.5 ft/s (7.2 m/s) which may be compared to a maximum velocity of 34.0 

ft!s (10.4 m/s) measured before its installation. 

Adjustable turning vanes were installed near each duct inlet, just downstream of the 

perforated plate, where the duct cross-sectional area increased. This improved the flue gas 

distribution at the humidification plane. 

Five hoppers which ran the full width of both ducts were located below the lances. The 

hoppers were required to capture any fly ash and sorbent which inertially separated from the 

flue gas flow and settled to the bottom of the duct. A screw conveyor was bolted to the 

hopper and moved the collected ash to a single outlet on the end of the conveyor. A rotary 

feeder/airlock was bolted to the end of the conveyor outlet. The rotary feeder/airlock fed the 

collected fly ash and sorbent mixture into a (dry) vacuum transport system. The solids were 

entrained with water and sluiced to settling ponds. 

10.3.4 C&ration 

It was found during GR-SI testing with humidification, that it was not necessary to achieve 

the design approach to saturation temperature of 70°F (39°C) for successful ESP capture of 

fly ash and spent sorbent. Actual approach to saturation temperatures was in the range of 

140-150°F (78 to 83°C) and actual water usage, at 70 Mw,, was approximately 25 to 40 

gpm (1.6 to 2.5 l/s). The amount of water used was as low as 15 gpm (0.9 l/s) for boiler 

loads in the 45 to 50 MW, range. 
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From early operation of the GR-SI and humidification systems, it was determined that using 

the full array of nozzles was detrimental to operation of the humidification system. The heat 

content of the flue gas in the lower section of the humidification duct was insufficient to 

completely evaporate spray water in this region before the gas reached the rear wall. One of 

the factors contributing to this problem was the difference in temperature of the flue gas 

streams exiting the two air heater tube banks. Because of incomplete vaporization in the 

lower section of the humidification duct, the bottom row of nozzles in both ducts were not in 

service during most of the GR-SI testing. The addition of the perforated plate and turning 

vanes effectively reduced the vertical nonuniformity in the gas flow in the duct, but 

improvement in the temperature gradient was not possible. 

10.4 Electrostatic Preciuitator Performance 

Measurement of particulate emissions was conducted during two test periods, in April and 

August/September 1992. ESP performance was evaluated during baseline, GR, and GR-SI 

operation. The overall mass collection efficiency of the ESP ranged from 99.48 to 99.95%. 

During full load baseline operation, particulate emissions ranged from 0.018 to 0.035 

lbllo6Btu (7.7 to 15.1 mg/MJ), while during full load GR the range was 0.025 to 0.033 

lb/l@Btu (10.8 to 14.1 mg/MT) and during full load GR-SI the range was 0.015 to 0.025 

lb/lo6Btu (6.5 to 10.8 mg/MJ). Humidification, used during SI operation, effectively limited 

to particulate emissions to baseline levels. The mechanisms for ESP enhancement by 

humidification was by reduction in the flue gas temperature thereby reducing fly ash 

resistivity and -increasing the specific collection area (SCA). Under SI the fly ash/sorbent 

mixture may have a resistivity two orders of magnitude higher than normal fly ash due to 

reduction in SOs concentration and increase in CaO (Case, 1985; Dahlin, 1985; Gartrell, 

1973). 

Under normal short-term GR-SI operation with humidification, ESP performance was 

adequate to maintain particulate emissions below 0.1 lb/lo6Btu (43 mg/lW) and stack opacity 

levels below the 30% limit. However, the increased fouling during extended GR-SI 

IO-37 



operation at full load increased the boiler exhaust temperature beyond the capabilities of the 

humidification system. As a result, the stack opacity increased over time. This was usually 

not a problem since Hennepin Unit 1 operates in cycling service. ESP performance was 

satisfactory during a 55 hour long-term GR-SI test at reduced load. Operation was limited to 

32 hours at full load. 

This section presents the available data relative to ESP performance. Data were taken to 

compare ash characteristics that are believed to affect ESP performance. These include 

particulate matter size and loading, fly ash resistivity, ESP inlet gas temperature distribution, 

and coal mill fineness measurements. In addition, internal and external inspections of the 

ESP helped to isolate electrical and mechanical problems that may have limited GR-SI 

operation. 

10.4.1 Eayiculate Matter Loading 

A summary of the ESP particulate loading test datais shown in Table 10-2 for the April and 

August/September 1992 ESP characterization tests. The particulate tests were conducted 

using EPA Method 17 at the ESP inlet and Method 5 at the ESP outlet duct. Hennepin Unit 

1 is limited to particulate matter emissions of 0.1 lbl106Btu (43 mg/MJ), which corresponds 

to an hourly limit of 76 lb (34 kg) at 70 MW,. 

Figure 10-19 shows particulate emissions measured in the April 1992 tests and Figure lo-20 

shows the particulate emissions for the August&ptember 1992 tests. The April results show 

that the ESP outlet loading during GR-SI with humidification was lower than under GR or 

baseline operation. The GR outlet loading results were likely affected by the higher gas 

temperatures associated with GR without humidification. The same trend was observed 

during the August/September testing, which showed lower ESP outlet loading during GR-SI 

operation, especially at 70 MW,. 
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Figure 10-21 shows the overall mass collection efficiency as a function of the flue gas 

temperature, measured at the ESP outlet. Gas temperature was reduced in the humidification 

duct, from the air heater outlet temperature of 350°F (177”(T), to a range of 272°F (133°C) 

to 287°F (142°C). This resulted in enhanced particulate matter capture from that under 

baseline in which the ESP outlet gas temperature ranged from 307°F (153°C) to 322°F 

(161°C). Under full load GR-SI operation, the mass collection efficiency ranged from 99.77 

to 99.90%, compared to the full load baseline range of 99.58 to 99.81%. One of the 

impacts of humidification was to increase the SCA of the ESP. The SCA of the Hennepin 

precipitator varied from 232 ff/ 1000 acfm (45.7 m*/ m’/s) at 70 MW, to 380 ft’/ 1000 acfm 

(74.8 m*/ m”/s) at 45 MW,. The strong impact of SCA on collection efficiency is a typical 

characteristic of ESP performance. 

10.4.2 Particulate Matter Size 

The size of particulate matter into the ESP may have a significant effect on the mass 

collection efficiency achieved. This is due to differences in migration velocity of particles 

with different diameters resulting in different collection efficiencies. The particle size 

distribution data are presented in Figures 10-22 through lo-25 for the April 1992 and 

August/September 1992 ESP performance tests. Each figure illustrates a series of data for 

samples collected at the ESP inlet duct with a Mark V - Five Stage Series Cyclone and at the 

ESP outlet duct using a Mark III - University of Washington type cascade impactor. All 

ESP inlet samples, over the load range, had mass mean diameters (MMD) greater than 10 

microns except for a single sample at 45 MW, which showed an MMD of approximately 3 

microns. This may be an abnormal datum point since other tests at 45 MW, showed MMD 

greater than 10 microns. A possible cause may have been an overly fine mill product. 

Figures 10-22 and IO-23 show that the size distribution of particle samples at the ESP inlet 

are very similar for Baseline, GR, and GR-SI operation at 70 MW, for particle diameters 

greater than 7 microns. For particle diameters under than 7 microns, GR samples had a 

larger fraction of particles in the 2 to 7 micron range compared to baseline and GR-SI 
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samples. The outlet data showed that GR-SI samples had an MMD of 2 microns compared 

to the 5 micron MMD for GR and baseline samples. The second test series showed more 

uniformity of the three samples with an approximate MMD of 2 microns. Sampling at the 

ESP outlet showed that during full load GR-SI operation, 75 to 90% of the particulate matter 

was under 10 microns, while during full load GR and baseline operation, 65 to 80% was 

under 10 microns. 

Particulate samples collected during 60 MW, GR and GR-SI operation, shown in Figure lo- 

24, had similar MMDs. The MMD at the ESP inlet was greater than 10 microns for the GR 

and GR-SI samples. At the outlet, the MMD was less than 2 microns for both samples. 

Particulate samples from 45 MW, operation were taken only during GR-SI operation, and 

two cases are shown in Figure 10-25. The size distribution measured in August indicated 

smaller particles both entering and exiting the precipitator. The MMDs at the inlet were 10 

microns and 3.5 microns for April and August samples, respectively. The MMDs at the 

outlet were 4 microns and less than 0.2 microns for April and August samples, respectively. 

Differences in size distribution may have been caused by inconsistent mill fineness, due to 

the burner turndown at the lower load. No particulate samples under baseline operation at 

60 MW, or 45 MW, were collected for comparison. 

The full load collection efficiencies for PM,,, particles were 99.3%, 99.196, and 99.7% 

during baseline, GR, and GR-SI operation, respectively, as shown in Figure 10-26. These 

were slightly lower than the overall mass collection efficiencies for each case. This trend is 

typical of ESPs, which have a lower collection efficiency for particles in the 0.1 to 1 micron 

range. The PM,, emissions remained virtually unchanged, as evident in the following data 

from full load tests during August 1992. 
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Data were collected at 60 MW, and 45 MW, to determine the variations in flue gas 

temperature at the ESP inlet. 

Figures IO-28 and IO-29 present data for the two operating cases mentioned above. At 60 

MW,, the minimum temperature measured was 242-F (117°C) while the highest was 290’F 

(143°C). The average temperature in the east duct was 256-F (124”C), with a standard 

deviation of 12-F (6.7”C). The average temperature in the west duct was 267°F (131”C), 

with a standard deviation of 13’F (7.2”C). Although the standard deviations were not large, 

there were some locations with high temperatures, typically in the center of each duct, near 

west and the back walls. The low-load case, illustrated in Figure 10-29, shows the reverse 

of the trend shown previously (i.e. higher temperatures in the east duct). 

Each profile has an area where the flue gas temperature exceeded 285’F (141 “C). These 

high temperature zones produced high-resistivity “hot spots” in the inlet field of the ESP. 

Since the Hennepin ESP contains only one bus section for the entire inlet cross section, 

sparkover at high resistivity “hot spots” could have dominated power levels for the entire 

inlet field. Nevertheless, the particulate tests showed that humidification was highly effective 

in enhancing FSP performance. 

10.4.5 Electrostatic Preciuitator Insnections 

Proper ESP performance was vital to the success of the GR-SI demonstration. It was 

determined early in the long-term testing phase that success of the program would depend on 

the operation of the ESP during extended continuous SI. For this reason, several inspections 

were scheduled to recommend changes to the mechanical and electrical operating conditions. 

The inspections were also conducted to determine if GR-SI had negatively impacted operation 

of the ESP. 

The inspections identified key elements which would degrade ESP performance. ESP power 

levels and automatic voltage controller response to sparking was observed with specific 
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attention to the “D” or inlet field, which had the greatest dust loading. Power levels 

recorded during the inspections are shown in Table 10-3. A downward trend is apparent 

with power levels being the lowest on August 28, 1992. 

To explain the downward trend in power levels, a full mechanical inspection of the ESP was 

performed. It was verified that all the rappers and vibrators were working. All rappers 

were cycling once every 3.5 minutes. Each rapper was rapidly fired three times in turn 

during the cycle. Rapping intensities were all about equal with the exception of two Joy 

Western type replacement rappers which were not hitting as hard as the original rappers. A 

few rappers were slightly out of plumb but this had little effect on the impact energy as felt 

from the vibrations on the ESP roof. Reduced electrical clearances due to the swinging of 

the D, C, and B fields’ lower high voltage frames may have also contributed to the lower 

power levels observed. Installation of anti-sway insulators was recommended to plant 

management. 

10.4.5.1 CollectorPlate 

Deposits on collector plates ranged from l/8 inch (0.3 cm) to 3/8 inch (1.0 cm) in thickness 

throughout most of the ESP. These collector plate deposits were light grey and had a 

popcorn-like modular texture. The texture of the deposits may have been caused by the 

wetting of the ash layers during humidification, or excursions through the dew point 

experienced while the boiier cycled off and on. The high resistivity sorbent-rich dust on the 

collector plates was thought to contribute to the par power levels. The inlet field was, 

therefore, power-off rapped for about I-I/2 hours. When re-energized, the inlet field 

current levels had increased from approximately 110-140 to 211 mA. In order to improve 

rapping effectiveness and restore power levels, the residual deposits on the RSP collector 

plates were cleaned by grit blasting. 

Scouring of the top 4 to 6 feet (1.2 to 1.8 m) of the inlet field was observed. This resulted 

in patches of bare metal on collector plates on the first and second collector plate panels 
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across the top of the ESP inlet field. This type of scouring is typical for high gas velocities. 

It should be noted that this type of bottom entry inlet plenum is prone to high gas velocities 

at the top of the ESP. This is especially true in units designed prior to 1978 when the 

Industrial Gas Cleaning Institute changed the guidelines for ESP gas flow distribution and 

model studies. 

10.4.5.2 Emitter Wire D~LK& 

Emitter wire deposits ranged from the light dust on the outlet fields to 318 inch (1 cm) 

diameter deposits on the upper third of the inlet field. Again, the deposits were considered 

to be normal and were not expected to have a negative effect on ESP performance. 

10.4.5.3 . 
CollectorlEmltterAllenment 

Collector plate to emitter wire clearances were checked randomly throughout the ESP in 

February 1992. A, B, and C fields were, for the most part, f 318 inch (1 cm) from perfect 

alignment. The only performance limiting alignment problem observed was in the D field 

where a 1 inch (2.5 cm) misalignment existed in the second passageway from the southeast. 

This misalignment was primarily from a bowed collector plate. Further inspection of the 

ESP in August 1992 showed that the alignment in the A, B, and C fields remained 

approximately the same but D field misalignment was worse than in the prior inspection. 

Horizontal bows in the B-line or lower plate stiffener on the fourth collector plate reduced 

emitter wire to collector plate clearances. This will result in a reduction of field voltage of 

about 25 % when the field is spark limited. 

10.4.5.4 Controller Se- 

At each inspection, controller settings were checked and compared with the recommended 

settings from the original inspection in February, 1992. Table 10-4 shows the controller 

settings as found on 28 August 1992 and the recommended settings. After re-adjustment, the 
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spark rate of the inlet field increased from 12 sparks per minute to 55 sparks per minute 

which is much closer to the target spark rate of 60 sparks per minute. In addition, adjusting 

the “D” field controller increased the precipitator current from about 210 mA to 300 mA. 

After the controls were readjusted, humidification of flue gas commenced, then current levels 

on the inlet field increased to 624 mA initially and then settled at 750 mA. 

10.5 m of GR-SI on Tubewall Wasm 

To determine the extent of tubewall wastage due to GR-SI, ultrasonic thickness (UT) 

measurements were made at approximately 4,000 points in the boiler. These were conducted 

at three times: in December, 1988, prior to GR-SI start-up, in September, 1990 and in 

October, 1992 to determine the impact of long-term GR-SI operation. These are 

summarized in the table below. The measured tube thicknesses from the three tests were 

compared to determine the extent of tube wastage in several areas of the boiler, including the 

furnace and convective pass. Metallographic examinations for decarburixation were carried 

out on sixteen tubewall samples, taken in 1990 and 1992. 

No inc enerally, measured 

wastage rates over the two year GR-SI evaluation were either less than the baseline wastage 

rate or within the tolerance for the measurement. At some locations there was an apparent 

increase in wastage over the 1990 to 1992 period, but the 1990 measurements were higher 

than 1988 measurements. In many areas of the boiler a decrease in wastage,rate or even an 

apparent increase in tubewall thickness (due to measurement inaccuracy) were determined. 

In two specific regions of the primary superheater, tubewall thicknesses were below the flag- 

point thickness in each of the three tests. The low readings in these areas can not be 
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attributed to GR-SI, since they were measured before the demonstration. Metallographic 

examinations found no evidence of decarburization in the 16 tubewall samples. 

10.5.1 Tube Measurement Procedures 

Specific areas were targeted where high rates of corrosion or erosion are possible. 

Approximately the same number of points were tested during the three test periods with the 

distribution of points tested in 1988 shown below: 

In addition to the above, measurements near the retrofitted SI and rebuming ports were made 

in 1990 and 1992. 

Preparation of the surface was by wire-brush in the 1988 test and by sand blasting in the 

latter two tests. The equipment used included: Krautkramer USL-48. Ultrasonic Flaw 

Detectors, KB Aerotech Transducers, and Natrasol mixed with water as the wuplant. The 

ultrasonic unit was calibrated using a step-wedge made of SA-106, Grade B material with 

thickness variations of 50 mils (1.3 mm), over the range of 50 to 300 mils (1.3 to 7.6 mm). 

Measurements were taken at the center of the tube and at each side, at each location. In 

some cases, specific areas or tubes were not accessible for measurement during the latter 

tests, due to installation of tube shielding after the initial test. 
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10.5.2 vy 

The measurement accuracy is + 5 mils (0.13 mm), i.e. the measurements are within 2 5 

mils of the actual tubewall thicknesses. There are several possible sources of inaccuracy in 

the measurements. One source of inaccuracy results from measurement of tubewall thickness 

at points proximate to the original location, but not at precisely the same point. The 

measurement locations were denoted through distances from specific points in the boiler. 

Therefore, in repeating the measurements at two-year intervals, it is likely that measurements 

were taken at points near the original point, but not at precisely the same location. 

Significant variation in tubewall thickness with position along the same tube has been 

determined. 

Another source of inaccuracy is in the preparation of the surface, since two methods of 

surface preparation were used. Wire-brush preparation is done by hand; therefore, the 

extent of this preparation will vary with the person applying the technique. In general, any 

surface preparation results in some error in the measurements. When a new or newly 

cleaned steel tube is initially exposed to combustion products, accelerated wastage occurs as 

an oxide layer forms on the surface. The wastage rate then decreases as the oxide layer acts 

to protect the tubewall. When a surface is repeatedly cleaned for thickness measurements, 

the tubewall may experience significant wastage in the period after cleaning. As a result, the 

wastage rate- measured over a short time interval will reflect (in part) the accelerated wastage 

immediately following cleaning. Therefore, tubewall wastage mtes calculated during baseline 

operation (1988 - 1990) and during GR-SI operation (1990 - 1992) are impacted by the 

surface preparation. 

10.5.3 UT Measurement Results 

Figure 10-30 shows the UT measurement locations. The UT data were evaluated to 

determine the foIlowing: 
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1. Areas where tube thickness was beneath that required for normal safe 

operation. 

2. Tube wastage rates during baseline and GR-SI operation 

3. Areas where tube wastage rates changed during GR-SI testing 

4. Projected life of the tubes under continued baseline and GR-SI operation 

Table 10-5 presents an analysis of tube thickness based on structural considerations. The 

information presented includes the results of the UT tests and the “flag point” thickness. The 

flag point thickness is the minimum acceptable tube thickness based on structural 

considerations. It is defined as 85% or 70% of the original tube thickness specification for 

steam or water cooled tubes, respectively. Only hvo areas had any tubes thinner than the 

flag point thickness at the end of the GR-SI testing (Nos. 3 and 4 adjacent to Primary 

Superheater Sootblower 15). As shown in Table 10-5, a significant number of these tubes 

were also thinner than the flag point at the beginning of the GR-SI testing in 1990. In fact, 

the number of tubes thinner than the flag point acmally decreased slightly for No.3 (due to 

measurement area). This suggests that the tube wastage is due to the operation of 

Sootblower 15 rather than GR-SI. 

Table IO-6 presents the UT results accounting for the variation in original tube thickness and 

UT measurement errors. In 1953 when Hennepin Unit 1 was erected, the tubes were 

specified to have a minimum wall thickness. The tolerance on thickness was + 22 % . Table 

IO-7 lists the minimum thickness, the tolerance and the average thickness (minimum plus l/2 

of the tolerance). The average results of the UT measurements are also shown. Since the 

UT instrument had a nominal accuracy of +I- 5 mils, the range of thickness was also 

calculated and is shown in the Table 10-6. 
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Table 10-7 shows the tube wastage rates calculated from the tube thickness data in Table lo- 

6. The wastage rates were calculated over the various periods by dividing the tube wastage 

(the difference in tube thicknesses at the beginning and end of the period) by the duration and 

expressing the results as mils/year. The range of thicknesses for each measurement 

(accounting for the initial tube tolerances and UT instrument accuracy) was used to establish 

minimum, mean and maximum tube wastage rates. 

Based on the time of the measurements, there are three baseline periods and one GR-SI 

operating period. The three baseline periods are compared below: 

0 1953 - 1988 Baseline This is the period prior to the program. The initial tube 

thickness is based on the tube specifications and has a relatively large 

uncertainty (29 to 62 mils). The final tube thic!=mess is based on the UT 

measurement in 1988. While the thickness uncertainty range is large, the 

duration is long and the net range of uncertainty in tube wastage rate is only 

1.11 to 2.06 mils/yr. However, the coal characteristics and unit operating 

conditions have varied over this period and may not be representative of 

current operation. 

l 1988 - 1990 Baseline This is the 21 month period between the first two UT 

measurements where the system was operating in the baseline mode. While 

the large uncertainty in initial tube thickness is significantly reduced, the short 

duration increases the range of uncertainty in tube wastage rate to 11.43 

mils/yr. Also, the tube cleaning in 1988 exposed fresh metal resulting in 

accelerated wastage as discussed previously. This additional wastage is only 

averaged over a 21 month period as opposed to 35 years for the 1953 - 1988 

baseline. However, this operating period should be representative of current 

unit operation. 

l I953 - 1990 Baseline This baseline period may be used as an alternate to the 

other two for the limited number of areas which were not measured in 1988. 
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The range of uncertainty for this baseline period is comparable to the 1953 - 1988 

period. However, the cleaning of the tubes in 1988 may have accelerated wastage by 

exposing fresh surface to oxidation. 

It should be noted that many of the calculated wastage rates were negative. Since there is no 

known mechanism whereby metal would be deposited on the tubes to increase their thickness 

during normal operation, it can be concluded that the negative measurements are due to 

errors. In some cases all three wastage rates (minimum, mean and maximum) were 

negative. This suggests that there were errors greater than the uncertainty in initial tube 

thickness and UT measurement error. Examples include measurement of the wrong tube or 

tube replacement sometime during the period. 

The tube wastage rates for the three baseline period and the GR-SI operating period were 

compared to determine the relative changes. Table 10-7 shows this comparison using the 

following definitions: 

l confirmed Increase finch The minimum tube wastage rate during the GR-SI 

period exceeded the maximum tube wastage rate during the baseline. 

0 5: The maximum tube wastage rate during the GR- onfirmed Decrease CDecJ 

SI period was less than the minimum during the baseline. 

0 &!!x FJQ fln. TolJ The range of tube wastage 

rates during the GR-SI period was w&him the baseline range. 

0 elusive -- mnt Growth (Growth1 The maximum tube wastage rate 

was measured as negative (tube thickness increased) during the GR-SI period. 

This is due to measurement error. 
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As shown in Table 10-7, most of the results were inconclusive either due to tube growth 

during the GR-SI period or measurements within the tolerance range. There were no 

confirmed cases of decreased wastage during the GR-SI period. 

There were a few cases of confnmed increases in tube wastage during the GR-SI period. 

However, close examination of those cases reveals that this appears to be a result of a high 

tube thickness measurement in 1990, at the beginning of the GR-SI period which caused a 

high calculated wastage rate for GR-SI and a negative wastage rate for the baseline period(s). 

10.5.4 Furnace Waterwall Wastas 

Furnace wall thickness measurements were taken at three locations: near the rebuming ports 

(elevation 6246 in.), near the SI ports (elevation 6636 in.), and at each wall at elevation 6374 

in. (Area K). Potential tubewall wastage due to reducing conditions in the rebuming zone 

was of concern. Since the OFA is injected at elevation 6369 in., only the measurements near 

the reburning ports may be used to give an indication of the tube wastage due to reducing 

conditions. As shown in Table 10-7, the mean rate of wastage during GR-SI operation at 

the reburning ports ranged from -0.23 to 2.39 rnils/yr (-0.0058 to 0.0607 mm/a). 

Considering the tolerance in the wastage rate during this period, no significant tubewall 

wastage in this area, over the GR-SI period, is apparent. 

The tube thickness measurements at the SI ports also show only minor rates of wastage. As 

shown in Table 10-7, mean tubewall wastage rates in these area range from -0.08 to 3.44 

mils/yr (-0.0020 to 0.0876 mm/a). A small rate of tube wastage due to erosion of the 

surface from the injected sorbent may be expected in this area. The measured rates of tube 

wastage are similar to those measured at the rebuming ports and are considered insignificant. 

Measurements taken at each furnace wall at elevation 6374 in. indicate that 1992 

measurements are larger than 1990 measurements. The mean tubewall thicknesses were 7 to 
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30 mils (0.18 to 0.76 mm) larger in 1992 than those measured in 1990. Therefore, the tube 

wastage over the GR-SI period in this area is considered insignificant. 

The useful life of tubewall areas may be calculated with respect to the length of time 

required for the mean tube thickness to be reduced from the 1992 mean thickness to the 

flag-point wall thickness. Using the wastage rates calculated from the three periods (1953 - 

1988, 1988 - 1990, 1990 - 1992) the useful life of each area with respect to continued 

baseline and GR-SI operation may be determined The highest furnace waterwall wastage 

rate calculated is 3.44 mils/yr (0.088 mm/a) in the area around SI Port 2. The mean 

thlcknus measured in 1992 was 337 mils (8.56 mm). Considering the time required for the 

mean tubewall thickness to reach the flag-point of 196 mils (4.98 mm), the useful life of this 

section is up to the year 2033. Therefore the useful life of the area of the furnace waterwall 

which shows greatest wastage is longer than the projected end of the unit life in the year 

2023. 

10.5.5 &nvective Pass Was- 

In the convective passes, tube wastage due to erosion is possible; therefore extensive 

measurements were taken. Erosive wastage of waterwall tubes has been attributed to three 

parameters: the amount of particulate matter (i.e. particulate loading), abrasiveness of the 

particulate matter, and the velocity of the particulate matter. During GR-SI operation, the 

particulate loading through the unit was increased to twice the baseline levels. But the 

injected sorbent is relatively soft, therefore less abrasive than normal fly-ash. Of the three 

parameters listed above, the most important parameter is the velocity of the particulate matter 

along the tube surface. Two factors affect the upper furnace gas velocity: the gas density 

and the total mass flow, which is dependent on the level of excess Oz. Higher gas 

temperature results in a reduction in the density which leads to velocity increase, but the 

more significant impact is due to the total mass of gas flow. During GR-SI operation, the 

unit is operated under reduced excess oxygen levels relative to baseline operation; therefore 

the velocity of the gas and particulate matter is reduced in comparison to normal operation. 
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Overall, the GR-SI process was not expected to significantly increase the erosion wastage of 

the convective sections. 

Two areas have been of concern from the earliest (1988) measurements, due to mean 

tubewall thickness below the flag-point. These are areas A3 and A4, the horizontal primary 

superheater tubes near sootblower 15. The flag-point tube thickness in these areas is 140 

mils (3.56 mm). During each of the three tests the lowest readings in these areas were 

consistently below 140 mils (3.56 mm). In the 1988 inspection, the lowest tubewall 

thic~ess in Area A3 was 100 mils (2.54 mm) and in Area A4 was 85 mils (2.16 mm). In 

1990 tests, the lowest tubewall thickness in Area A3 was 95 mils (2.41 mm), with 73 

readings below the flag-point, while the lowest tubewall thickness in Area A4 was 100 mils 

(2.54 mm), with 75 readings below the flag-point. The 1992 measurements showed lowest 

readings in Area A3 of 89 mils (2.26 mm), with 68 readings below the flag-point, while the 

lowest reading in Area A4 was 90 mils (2.29 mm), with 132 readings below the flag-point. 

The number of readings below the flag-point include measurements at all three locations (i.e. 

center and each side). These results are compared, as follows, where IvfWI denotes the 

original minimum wall thickness: 

Test Period & m 

@f&j 

1988 A3 165 

1988 A4 165 

1990 A3 165 

1990 A4 165 

1992 A3 165 

1992 A4 165 

Flag Readines below FP Lowest Reading 

gg&) @ij!& 

140 > 50 100 

140 > 50 85 

140 73 95 

140 75 100 

140 68 89 

140 132 90 

The mean tubewall thicknesses measured in 1992 were larger than those measured in 1990. 

In Area A3 the mean tubewall thickness was 10 mils (0.25 mm) larger in 1992 than 1990, 

with the mean difference in Area A4 of 6 mils (0.15 mm) over the same period. Corrective 
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action in these areas has been necessary since the 1988 measurements. The 1990 UT report 

recommended placement of protective shields, sootblower inspection, and possibly tubewall 

replacement. No increased wastage in these areas due to CR-S1 has been determined. 

There are three other areas where the measured lowest tubewall thickness was below the 

flag-point in at least one of the three tests. These are areas B2 (Primary Superheater at 

Sootblower 15. lo), Dl (reheater at Sootblower 5), and E3 (superheater screens at Sootblower 

3). In Areas Dl and E3, the lowest tubewall thickness was below the flag-point in l990 

measurements, but the 1988 and 1992 lowest wall thickness were above this value. The 

lowest tubewall thickness was below the flag-point in Area B2 in 1992 measurements, but 

exceeded the flag-point in the other tests. These results are summarixed below: 

i&amFlae-Point 1988 1990 1992 Readings Below FP 

fMmLMu Ipwest Readmg 19pam 
B2 165 140 160 150 127 0 2 

Dl 165 140 180 130 159 3 0 

E3 280 196 210 190 212 1 0 

A Iack of consistency is apparent in these readings. The lowest readings in Areas Dl and E3 

exceeded the flag-point in 1992, but not in 1990. The mean tubewaIl thicknesses measured 

in the three tests are all above the minimum wall thickness, as indicated below: 

&-Myg pa 1988 1990 1992 
i?alQ f.Mw . . 

w-w 
B2 165 140 184 201 193 

Dl 165 140 195 169 182 

E3 280 196 266 258 288 

Since only a few points were below the flag-point and since all of the mean tubewall 

thicknesses measured in 1992 are above’ the minimum wall thickness (in two of the three 
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cases the 1992 mean measurements were higher than the 1988 mean measurements) no 

excessive tube wastage is believed to have occurred in these areas. At least 72 readings were 

taken in each of these areas during each of the three tests. 

In only a few areas were the GR-SI wastage rates greater than the baseline wastage rate plus 

baseline wastage rate tolerance from the period 1953 to 1988. The cases are summariz.ed 

below with the useful life of each area. The wastage rate is defined as the latter 

measurement minus the earlier measurement divided by the time period. Therefore a 

reduction in wall thickness would result in negative values of the wastage rate and an 

apparent increase in wall thickness would be positive. 

Area 
@ 
Al 
B2 
B3 
C-Front 
C-Rear 
D2-Rear 
G-Left 
G-Right 
H-Left 

1992 Avg. 
lM!a 
205 
193 
203 
139 
149 
190 
180 
177 
178 

& 
160 
140 
160 
114 
114 
140 
115 
115 
115 

Useful Life (Yr) 
Continued GR-SI 

1998 
2006 
2028 
1994 
1999 
2064 
2060 
2010 
2036 

Useful Life (Yr) 
Co 
21: 
indeterminate:(wastage > 0) 
indeterminate (wastage > 0) 
indeterminate (wastage > 0) 
2692 
indeterminate (wastage > 0) 
indeterminate (wastage > 0) 
indeterminate (wastage > 0) 
indeterminate (wastage > 0) 

only in a few cases would continued GR-SI operation result in a decrease in the useful life 

of a section below the 2023 date (the projected life of the unit). But, with continued baseline 

operation, the useful life will be extended beyond the 2023 date in every case. 

If the baseline wastage rate. from the 1988 to 1990 period is used the following results are 

obtained: 
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Area 
u2 
Al 
B2 
B3 
C-Front 
C-Rear 
DZRear 
G-Left 
G-Right 
H-Left 

1992 Avg. 
lMil& 
205 
193 
203 
139 
149 
190 
180 
177 
178 

& 
160 
140 
160 
114 
114 
140 
115 
115 
115 

Useful Life (Yr) Useful Life (Yr) 
Continued GR-SE C-Baseline 

1998 indeterminate (wastage > 0) 
2006 indeterminate (wastage > 0) 
2028 2003 
1994 indeterminate (wastage > 0) 
1999 indeterminate (wastage > 0) 
2064 indeterminate (wastage > 0) 
2060 2008 
2010 2046 
2036 2029 

In the two cases where continued baseline operation would result in a reduction in the useful 

life below 2023, continued GR-SI operation would correspond to a longer useful life. These 

data inconsistencies show the difficulties in using this method to determine the useful life of a 

tubewall section. 

10.5.6 lvletallograohic Examination 

Metallographic examination of sixteen tubewall samples for decarburization was carried out. 

Eight samples were obtained from 1990 and eight from 1992 to determine the impact of 

GR-SI operation on the tubewall microstructure. The microstructure of SA192 steel usually 

consists of randomly dispersed ferrite and pearl&. Decarbutization would be indicated by 

the presence of a layer of ferrite. Examination of the internal and external surfaces found no 

evidence of decarburization. 

10.6 Qtimnev Insoection 

The chimney, which receives flue gas from both Units 1 and 2, was inspected on two dates, 

in 1990 and 1992. Both the external structure and the’intemal lining were examined for 

wastage and deposits. GR-SI results in the injection of sorbent into the unit which may 

accumulate at locations at the base of the chimney or on the lining of the chimney. The 

GR-SI prcceas also could result in a difference in the flue gas temperature from the two 
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units, which may impact deposition or wastage. The purpose of the inspections was to 

determine the impacts of GR-SI on the rate of particulate matter deposition and wear of the 

lining. Table 10-8 summarixes the findings during the two inspections and impacts of 

GR-SI operation on the chimney. An increase in the amount of matter accumulated on the 

lining of the chimney was observed, but no other significant changes were evident. 

The April 1990 inspection found the chimney to be in good condition. The hoppers at the 

base of the chimney were found l/2 full at the time of inspection. Some fly ash deposition 

was noted in the top 80 feet of the chimney. The mortar along the brickwork was found to 

be in good condition, with a maximum wastage of approximately 112 inch (1.3 cm) 

throughout the length of the chimney. At the point of inspection, the brickwork where the 

east breechmg (Unit 2) connects to the East and West Quadrants was found to be deteriorated 

and International Chimney was contracted to repair the area by applying a gunited material. 

The external structure was found in good condition, but the cast iron cap required removal 

due to safety problems and was replaced with a 6 inch (15 cm) concrete cap. 

The October, 1992 inspection showed little change in the condition of the chimney, except 

the increase in the amount of fly ash on the lining. Throughout the length of the chimney, 

fly ash accumulation was found to be 1 to 3 inches (2.5 to 7.5 cm). Again, the hopper at the 

bottom of the chimney was found to be approximately l/2 full at the time of inspection and 

the mortar on the inside of the chimney was found to have a maximum wear of l/2 inch (1.3 

cm). On the exterior, some cracking of the brickwork was found in the top 20 feet. The 

only recommendation made after the post-GR-SI inspection was that the build-up of fly ash 

“should be removed”. 
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TABLE 10-8. SUMMARY OF CHIMNEY INSPECTION RESULTS 

ADril October. tzJxul& 
fly ash in bottom hoppers 112 full 112 full no change 

fly ash on lining some accum. in top 80 ft. l-3 in. increase 

mortar wear l/2 in. maximum 112 in. maximum no change 

breeching connections worn (repaired) intact no change 

chimney cap 6 in. concrete cap installed good condition no change 

external brickwork tuckpointing repairs cracking top 20 ft. minor change 
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11.0 ENVIR ONMENTAL 

During the year-long GR-SI demonstration, environmental impacts were evaluated. The 

primary waste product from CR-S1 operation is a high calcium solid waste, which is a 

mixture of coal ash, spent sorbent, and unreacted sorbent. During nominal GR-SI operation 

this solid waste is produced at a rate approximately twice the rate of normal fly ash 

production. An evaluation of several alternative solid waste handling methods was 

undertaken and sluicing the ash to a new pond was initially selected. This would have 

created a new water discharge stream requiring permitting changes and additional 

environmental monitoring. Following completion of Phase I (Design and Permitting) of the 

project, it was decided to sluice the ash directly to the existing pond and to use C& injection 

to control the pH to an acceptable range (6 to 9), as required by the state EPA’s National 

Discharge Elimination System (NPDES) Permit Regulation. The selection of CQ as the 

acidic agent fit the specific needs of this project; other agents, such as H2SO4, may be used. 

Another area of concern in applying GR-SI was a possible increase in emissions of PM,, 

(particulate matter with an aerodynamic diameter less than 10 microns), even though the 

design evaluation predicted that total particulate matter emissions would not increase, due to 

application of flue gas humidification. Other potential emission increases were in nitrous 

oxide (NaO) emissions and other combustion products (e.g. CO). To ensure that the water 

quality and air quality were acceptable, an extensive environmental monitoring program was 

put into effect. The environmental measurements were outlined in an Environmental 

Monitoring Plan (EMP), prepared by EER and distributed to project sponsors. 

Environmental monitoring was conducted during each Phase of the project to determine 

pre-project (baseline) environmental impacts of operating Hennepin Unit 1 and impacts due 

to GR-SI. The monitoring during Phases I (Design and Permitting) and II (Construction and 

Start-Up) was limited to compliance monitoring of coal analyses, ash sluice system water 

analysis, and emissions monitoring (NO,, 4, CO) to develop a GR-SI system design basis. 

The Hennepin Station has been operating under two permits issued by the Illinois 

Environmental Protection Agency @EPA). The air emissions source permit limits emissions 
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of SO* while the NPDPS Permit regulates the pH, oil and grease, and total suspended solids 

(TSS) in the water discharged to the Illinois River. The compliance monitoring was 

continued in Phase III (Operation, Data Collection, Reporting and Disposition) and was 

supplemented with other measurements. These included monitoring of gaseous emissions 

NO,, SO,, CO, COz, and hydrocarbons, N,O, particulate loading and size distribution, fly 

ash resistivity, and opacity. 

Permitting requirements were considered with respect to the original pre-project permits 

issued by the IEPA and modifications required to construct the GR-SI system and evaluate 

its performance. A permit to construct was granted by the IEPA, which addressed a range 

of issues including a return to pre-project emissions. This was of concern because of the 

potential application of New Source Performance Standards (NSPS) or Prevention of 

Significant Deterioration (PSD) provisions of the Clean Air Act Amendments (CAAA) to the 

unit. 

11.1 Environmental Monitoring 

Environmental monitoring was conducted in each phase of the project. The purpose of the 

monitoring was to ensure that GR-SI operation was conducted in an environmentally 

acceptable manner and to obtain a data base of environmental parameters for consideration in 

future application of the GR-SI technology. The monitoring in Phases I and II entailed 

compliance monitoring of ash sluice discharge water, coal analyses, and limited emissions 

characterization for the purposes of GR-SI process design. The measurements are shown in 

Table 11-l. The Phase III monitoring was directed primarily at obtaining a full range of 

measurements to verify process efficiency and any impacts on gaseous or liquid discharges. 

The supplementary measurements are shown in Table 11-2. The measurements of NO, and 

SO* emissions were of primary importance to verify that project target emissions reductions 

were met. Other measurements were used to character& combustion efficiency, ESP 

performance, and other pollutants which were of concern in applying GR-SI to a coal fired 

unit. EPA reference methods were used to verify the accuracy of continuous emissions 
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TABLE 1 l-l. HEN-NEPIN UNlT 1 COMPLIANCE MONITORING 

MEASURBMENT 
Coal composition 

sulfur, ash, 
Btu, moisture 

MEASUREMENT 
Flow Bate 

PH 

Total Suspended Solids 

Oil and Grease 

AIR EMISSION SOURCE OPERATING PERMIT 

SAMPLE TYPE FREQUENCY LOCATION 
24 hour composite Daily Coal hoppers 

NPDEs PERMIT 
SAMPLE TYPE FREQUENCY 
Single readiig Once/wk 
estimate 
Grab sample OnceJwk 

24 hour composite Once/wk 

Grab sample Twice/m0 

LOCATION 
Existing ash pond 
discharge 
Existing ash pond 
discharge 
Existing ash pond 
discharge 
Existing ash pond 
discharge 
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TABLE 1 l-2. SUPPLEMBNTAL EMISSIONS MONITORING 

MEASUREMENT 
PHASE I 

Preliminary NO, 
02 
co 

- 
No measurement 

PHASE III 
Baseline NO, 

so1 
co 
co1 
4 

Particulate 
Particulate 
Particle Size 
Distribution 

Resistivity 
Velocity 
Opacity 
W 

Parametric NO, 
so2 
co 
co* 
4 
HC 

Particulate 
Particulate 
Particle Size 
Distribution 

Resistivity 
Velocity 
Opacity 
W 

SAMPLE TYPE 

Continuous (7B) 
Continuous (3A) 
Continuous (10) 

Continuous (7E) 
Continuous (6C), Method 6 
Continuous (10) 
Continuous (3A) Method 3 
Continuous (3A) Method 3 
Method 17 
Method 5 
Cascade Impactors 

Cyclonic flow probe 
Method 2 
In-situ optical 
Extractive 

Continuous (7E) 
Continuous (6C) 
Continuous (10) 
Continuous (3A) 
Continuous (3A) 
Continuous (25A) 
Method 17 
Method 5 
Cascade Impactors 

Cyclonic flow probe 
Method 2 
In-situ optical 
Extra&e 

LOCATION 

Economizer Inlet 
Bconomizer Inlet 
Bconomizer Inlet 

Bcon Outlet or Stack Breeching 
Bcon Outlet or Stack Breeching 
Eton Outlet or Stack Breeching 
Eton Outlet or Stack Breeching 
Bcon Outlet or Stack Breeching 
BSP Inlet 
BSP Outlet 
BSP Inlet and Outlet 

ESP Inlet 
BSP Inlet 
Stack Breeching 
Stack Breeching 

Bcon Inlet or BSP Outlet 
Bcon Inlet or BSP Outlet 
&on Inlet or BSP Outlet 
Eton Inlet or BSP Outlet 
Bcon Inlet or BSP Outlet 
&on Inlet or BSP Outlet 
ESP Inlet 
BSP Outlet 
ESP Inlet and Outlet 

BSP Inlet 
BSP Inlet 
Stack Breeching 
Stack Breeching 
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TABLE 11-2. SUPPLEMENTAL EMISSIONS MONITORING (CONTINUBD) 

Long Term NO, Continuous (7E) 
Operation SO, Continuous (6C), Method 6 

co Continuous (10) 
co2 Continuous (3A), Method 3 
4 Continuous (3A), Method 3 
HC Continuous (25A) 
Particulate Method 17 
Particulate Method 5 
Particle Size Cascade Impactors 
Distribution 

Resistivity Cyclonic flow probe 
Velocity Method 2 
opacity In-situ optical 
30 Extractive 

Stack Breeching 
Stack Breeching 
Stack Breeching 
Stack Breeching 
Stack Breeching 
Stack Breeching 
BSP Inlet 
ESP Outlet 
BSP Inlet and Outlet 

BSP Inlet 
BSP Inlet 
Stack Breeching 
Stack Breeching 
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11.2 EHSS Imoacts 

The environmental, health, safety, and socioeconomic (EHSS) impacts of the GR-SI 

demonstration were evaluated. The environmental impacts of GR-SI, which are discussed in 

subsequent sections, were minor and no significant deleterious air or water pollution 

problems were detected. 

Health concerns for Hennepin Station employees due to applying GR-SI are limited to two 

areas: noise created by operation of GR-SI equipment and handling of sorbent. The GR-SI 

system includes four fans. Noise level data on three of the four are available indicating that 

they have a noise level below that considered an audiometric hazard of 85 decibels, at the fan 

casing. Data on noise created by operation of the other fan were not available, but in 

comparison to a background of operating noise, this was expected to be a relatively small 

source of noise pollution. Areas in the plant which have a noise level exceed OSHA 

standards are placarded, indicating excessive noise. The other health concern is from 

handling of the sorbent. The sorbent is an alkaline material and is known to be an irritant. 

The sorbent handling system used to convey the sot-bent to the silo is a dustless system 

designed to limit fugitive dust emissions. The silo vent is equipped with a fabric filter to 

prevent dust emissions. The sorbent transmission system was also designed to prevent any 

dust emissions. In addition, specific handling techniques were developed in case project or 

IP personnel were required to directly handle the sorbent. This includes use of goggles and 

dust masks, which have been successfully applied to sorbent handling at EER’s Santa Ana 

Test Facility. 

Socioeconomic impacts were evaluated at the initiation of the project. The impact of the 

GR-SI demonstration on the region surrounding the Hennepin Station was determined to be 

minor. The project required delivery of two truckloads of sorbent per week, but the 

transportation route was planned along a major highway and not along small residential 
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streets. The additional truck traffic is very minor compared to the heavy traffic on nearby 

Interstate Highway 180. Economic impacts to the area were expected to be minor. A 

majority of the personnel needs for the GR-SI demonstration at Hennepin were met by EER 

personnel, based at the Orrville, OH office. This included the Phase II construction manager 

and the Phase III GR-SI testing personnel. Some support, particularly in Phase II, was 

provided by local personnel. The use of local personnel and purchased materials had small 

positive impacts on the local economy. 

Energy and material requirements are considered part of the socioeconomic impacts. Full 

load GR-SI operation resulted in an auxiliary power increase of approximately 300 kW, 

which is 0.4% of the generating capacity of Unit 1. This has a negligible impact on the 

electric energy availability in the area. A reduction in coal usage was due to firing 18% gas 

and to a reduction in capacity factor from approximately 62 to 34%. These resuhed in a 

reduction in coal usage by Unit 1 from 184,000 to 98,000 tons/year (167,000 to 89,000 

tonne/a). The capacity factor reduction was demand related and did not result from this 

project. The full load GR-SI design natural gas consumption is 2240 scfm (1.06 Nm3/s) and 

the average natural gas consumption over the long-term testing period was 1930 scfm (0.91 

Nm’ls). Continuous utilization of natural gas at a rate of 2240 scfm (1.06 NmYs) resulted in 

a total annual consumption of 1180 MSCF (33,410,000 Nm3). Capacity exists to deliver 

3,400 billion SCF (96.3 billion Nm’) of natural gas annually to the U. S. market over 

current consumption; therefore the gas utilization was a small percentage of the available 

natural gas. 

11.2.1 Water Ouality 

The quality of water discharged by the Hennepin Station is regulated by the NPDES permit. 

A modified permit was issued by the Illinois Environmental Protection Agency (IEPA) on 

June 2, 1989. It specifies discharge limits and monitoring requirements for the following 

sources of discharged water: 
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Stream Number 
001 
001 (a) 
ml (3) 
001 (cl 
003 
005 
(Wa) 

Dm 
Condenser Cooling Water 
Boiler Blowdown 
Intake Screen Backwash 
Roof Drain Discharge 
Ash Lagoon #2 and #4 Discharge 
Ash Lagoon #3 Discharge 
Chemical Metal Cleaning Waste 
Treatment System Effluent 

The GR-SI demonstration project significantly impacts only Stream No. 005, which contains 

the bottom ash and fly ash transport water from Unit 1. This was estimated to be 0.35 

miIlion gallons per day (MGD) (1.32 million Iiten per day iMLDJ), but was expected to 

increase to 0.69 MGD (2.61 MID) during-full load GR-SI operation. The permit specifies 

the frequency and type of sampling required to verify that the following maximum discharge 

limits are not exceeded: 

PH Minimum: 6 Maximum: 9 

Total Suspended Solids (TSS) Average: 15.0 mgll Maximum: 30.0 mgll 

Oil and Grease: Average: 15.0 mgll Maximum: 20.0 mg/l 

The permit also specifies limits of thermal impacts on the main river water. A maximum 

temperature rise of 5°F (3°C) above the natural temperature and maximum temperatures of 

60 to 90°F (16 to 32’(Z), depending on the month, are also specified. 

Application of GR-SI to Hennepin Unit 1 was expected to change the nature and quantity of 

ash produced, but the expected impacts on the sluice water makeup were expected to be 

minor. The GR-SI ash is fully characterized in the following section. Only a minor impact 

on the total suspended solids was expected, since the sorbent size (mean particle diameter of 

5 microns) is small and the sorbent has a lower settling rate. But with proper retention time 

in the pond, any increase in total suspended solids was expected to be limited. Injection of 

CO* was used to bring the pH to the acceptable range, and no impact on the oil or grease 
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level was expected. Some increase in sulfates was expected since the spent sorbent sluiced is 

mostly CaSO,. 

The compliance monitoring conducted by IP during long-term GR-SI testing indicated no 

discharge from the ash pond. The existing pond is unlined, resulting in flow into the ground 

instead of discharge to the Illinois River. During the first quarter of 1992, eight sluice water 

samples were taken during baseline operation and five during GR-SI operation. The pH of 

all samples was in the range of 6 to 9. 

Supplemental analyses of ash sluice water were conducted. Samples taken during baseline 

operation as well as the long-term testing period were analyzed and the results are shown in 

Table 1 l-3. The results indicate low metals content, with most metals not detected. 

Moderate levels of sulfates, Fe, and CaO were detected. The sluice water concentrations are 

not required to conform to the limits stated above since those apply to water discharged to 

the Illinois River and no discharge took place during the long-term testing period. 

Supplemental monitoring of groundwater was also conducted. The groundwater sampling 

data for sulfite, sulfate, nitrate as nitrogen, nitrite as nitrogen, total dissolved solids, boron, 

chloride, etc. are presented in Table 11-4. The groundwater concentration standards depend 

on the classification. Class I and Class Xl groundwater have standards for total dissolved 

solids (TDS) of 1200 mg/l and sulfate of 400 mg/l. Application of GR-SI to the unit 

potentially increases sulfate concentration in the water discharged, due to sluicing of solid 

case,. Elevated groundwater concentrations of sulfates, relative to the standards, were 

measured in some of the wells. 

11.2.2 . . GR-SI Ashtenstlcs 

Operation of GR-SI results in an increase in the quantity and a change in the makeup of the 

ash produced. Under nominal operation at full load, approximately 7,000 lblhr (0.9 kg/s) of 

sorbent is injected. The sorbent reacts with flue gas SO* and moisture to produce calcium 
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TABLE 11-3. SLUICE WATER ANALYSES 

(BASELINE OPERATION) 

24 hour Composite Samples From: 8:30 7/20 From: 8:30 7122 
Sampling Period To: 8:30 7121 To: 8:30 7123 

Parameter ulliQM!z!kd~~ Mi%bQd 
Arsenic [As] (total) mg/l SW6010 0.1 ND SW6010 

. Barium [Ba] (total) mg/l SW6010 0.003 0.022 SW6010 
Cadmium [Cd] (total) mg/l SW6010 0.007 ND SW6010 
Chromium [Cr] (total) mg/l SW6010 0.025 ND SW6010 
Lead Ipb] (total) mg/l SW6010 0.085 ND SW6010 
Selenium [Se] (total) mg/l SW6010 0.2 ND SW6010 
Silver [Ag] (total) mg/l SW6010 0.01 ND SW6010 
Iron Fe] (total) mgll SW6010 0.017 0.18 SW6010 
Manganese wn](total) mg/l SW6010 0.003 ND SW6010 
Mercury @g] (total) mgll SW7470 0.0005 ND SW7470 
Boron Is] (total) mg/l SW6010 0.25 8.56 SW6010 
Calcium Oxide mg/l SW6010 0.3 110 SW6010 
Copper [Cu] (total) mg/l SW6010 0.012 ND EPA200.7 
Nickel mi] (total) mg/l SW6010 0.034 ND EPA100.7 
Zinc [Zn] (total) mgll SW6010 0.004 ND EPA200.7 

Total Dissolved Solids 
(Filt. Residue) mg/l EPAl60.1 5 620 EPAl60.1 
Total Suspended Solids 
(Non-Filt Residue) mgll EPA160.2 5 5600 EPA160.2 
Sulfate mg/l EPA375.4 5 230 EPA375.4 
Gil and Grease (grav) mg/l EPA413.1 2 ND EPA413.1 
PB Oab) su SW9040 -- 9.21 --- 

MDL: Method Detection Limit 
ND: Not detected at a concentration greater than or equal to the MDL 

ka2Lm 
0.2 
0.1 4? 
0.1 ND 
0.2 1.6 
0.2 ND 
0.5 ND 
0.2 ND 

0.34 1100 
0.1 3.2 

0.001 ND 
0.5 ND 
0.5 1800 
0.2 0.8 
0.2 1.25 
0.2 6.46 

5 1100 

5 2OOOu 
5 390 
2 ND 

--- --- 
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TABLE 1 l-3. ASH SLUICE WATER ANALYSES (CONTINUED) 
(LONG TERM DEMONSTRATION PERIOD) 

Date 

Test 

PH 

Dissolved Solids 
OwlI) 

Suspended Solids 
(mg/l) 

Sulfates 
OM) 

Oil, Grease 
Wl) 

Metal (ma/k& 

As 
Ba 
Cd 
Cr 
Pb 
Se 
& 
Fe 
Mn 
Hs 
B 
CaO 

116192 

---- 

11.08 

1500 

5500 

480 

ND 

ND 
5.9 
ND 
ND 
ND 
ND 
ND 
450 
5.4 
ND 
50 
74 

116192 

--- 

11.61 

1200 

10000 

390 

ND 

ND 
3.8 
ND 
ND 
ND 
ND 

2 
3.6 
ND 
30 
53 

L/7/92 

BL 

11.28 

2100 

5ooo 

780 

ND 

ND 
9 

ND 
ND 
ND 
ND 
ND 
780 
8.0 
ND 
74 

110 

118192 l/9/92 

BL GR 

11.15 11.11 

1400 2800 

4500 2ooll 

500 670 

ND 

ND 
5.6 
ND 
ND 
ND 
ND 
ND 
530 
4.5 
ND 
50 
66 

ND 

ND 
5.4 
ND 
ND 
ND 
ND 
ND 
360 
5.0 
ND 
54 

1600 

II9192 

GR 

11.30 

3800 

1400 

530 

ND 

ND 
4.4 
ND 
ND 
ND 
ND 
ND 
330 
3.9 
ND 
40 

1200 
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sulfate and calcium sulfite. Over the long-term GR-SI demonstration period the average 

calcium utilization was 24%, with the remainder of the sorbent passing through as unreacted 

lime (CaO). 

Changes in ash characteristics were evaluated by tiring coal representative of the normal 

supply at the Hennepin Station in a piIot scale test furnace, under conditions designed to 

simulate baseline and GR-SI conditions. The ash produced was then evaluated for 

characteristics shown in Table 1 l-5. The ash analyses were compiled in a document entitled 

“Pilot Scale Ash Characterization Teat Report for IP Hennepin Station, Unit 1.” The results 

of ash characterization with respect to composition, pozzolanic activity (compressive strength 

in a cement mix), temperature rise upon addition of water, and leaching properties are 

summakzed below. 

The baseline ash contained approximately 55% silica, 21% alumina, 12% ferric oxide, and 

various other materials and trace minerals. The GR-SI ash was approximately 42% calcium 

oxide and 6% sulfur trioxide (calcium sulfate), indicating that the fly ashlsorbent mixture 

was approximately 50% sorbent, 28% silica, 11% alumina, and 6% ferric oxide. The high 

CaO content influences several characteristics including pozzolanic activity and temperature 

rise upon addition of water. 

The pozzolanic activity was evaluated by two tests, a 7-day and 28-day test. The evaluation 

involves replacement of 35% of a cement mixture with the material to be tested. The results 

of the 7-day test indicate a compressive strength of 505 psi (3480 Pa). The 28&y test 

results are presented as a percentage of the control (pure cement case). The extended test 

hardness was 127% of the control, i.e. 27% stronger than pure cement. Therefore, the fly 

ashlsorbent mixture has cementitious properties, hardening to a very strong material. 

Another characteristic affected by the high CaO content is the temperature rise upon addition 

of water. The baseline ash showed a temperature rise of only 0.5’C (0.9”F) upon addition 

of water, while addition of water to the GR-SI ash resulted in a temperature increase of 9°C 
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TABLE 11-5. ASH ANALYSIS PARAMETERS. 

PARAMETER 

Temperature Rise on Addition of Water 

Sulfate 

Phenols 

Sultide 

Chloride 

Cyanide 

Total Organic Carbon 

Chemical Oxygen Demand 

EP Tox - Metals, pH 

Paint Filter Test 

Specific Gravity 

Apparent Loose Density 

Apparent Packed Density 

Fineness 

Temperature Rise on Addition of Water 

Pozzolanic Activity 

Increase of Drying Shrinkage 

Autoclave Expansion 

Water Requirement 

Settling Rate of Water 

METHOD SAMPLES 

ANALYZED 

4L 
ASTM D4326 X 

ASTM D1757 

Std Methods for Water and 

Wastewater (SMWWJ Method 510 

SMWW 427 

SMWW 4wc 

SMWW 412 

ASTM D429 

ASTM D1252 

Ref: EPA SW-846 

Ref: EPA SW-846 

ASTM C188, C618 

ASTM CllO-85, Section 15 

ASTM CllO-85, Section 16 

ASTM 430, C618 

ASTM Cl&85, Section 10 

ASTM C311, C618 

ASTM C311, C618 

ASTM C151, C618 

ASTM C311, C618 

ASTM CllO-85, Section 9 

X 

X 

X 

X 

X 

i2lksl 
X 

OX 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

BL: Baseline 
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TABLE 1 l-6. RCRA EP CHEMICAL CHARACTERIZATION. 

s 

Concentration @g/l) 

Arsenic <O.l 

Barium <0.2 

Cadmium 0.08 

Chromium 1.26 

Hexavalent Chromium, Cr+6 <0.2 

GR-SI ASH 

co.1 

co.2 

<O.Ol 

0.14 

<0.4 

Lead co.05 

Mercury <0.0005 

Selenium <O.l 

Silver 0.02 

SampIe Weight (g) loo.02 

Volume of 0.5 N acetic acid 200 

required for pH adjustment (ml) 

<0.05 5.0 

<0.0005 0.2 

<O.l 1.0 

0.08 5.0 

100.04 

400 

Volume of deionized water 

added to the extract (ml) 

1800 1600 

Final volume of the extract 

(ml) 

2ooO 2cQO 

Initial pH 10.44 

Final pH 4.86 

RCRA: Resource Conservation and Recovery Act 

12.22 12.5 

12.14 
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EPA 
HAZARD 
LEVEL 

5.0 

loo.0 

1.0 
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(16°F). The weight ratio of water to ash in these evaluations was approximately 4:1, which 

is significantly less than the 17.6:l used in sluicing the ash. Therefore, the actual water 

temperature rise. is significantly less than specified by the test. 

The leaching characteristics of the ash were evaluated through an EPA EP toxicity test. The 

metal content and the limits requiring classification as a hazardous material, are presented in 

Table 11-6. Both the baseline and GR-SI ashes have metal contents far below the EPA 

hazard level. Reductions in leaching of cadmium and chromium from GR-SI ash relative to 

baseline ash were measured. It would be expected that the GR-SI ash has a lower content of 

the metals tested for than baseline fly ash since the sorbent is over 90% calcium hydroxide. 

11.2.3 Q&seous Emissions 

The IEPA limits gaseous emissions of SC+ to 17,050 lb per hour (2.15 kg/s), from Units 1 

and 2. Compliance monitoring of coal analyses is required; an SO* level below 6.0 

lb/l@Btu (2580 mg/hG) indicates compliance. During the first three quarters of 1992, the 

coal sulfur contents were: Quarter 1 -- 5.26 lb/lo6stu (2,260 mg/MJ), Quarter 2 -- 5.30 

lb/106Btu (2,280 mg/MI), Quarter 3 -- 5.32 lbllo6Btu (2,290 mg/MJ). GR-SI operation 

results in reduction in emissions of SOr, NO,, CO*, HCl, and I-IF, while maintaining CO 

emissions generally below 100 ppm. Over the long-term GR-SI testing period, the average 

emissions and reductions from Unit 1 were: 

flbllo6Btu) 

SQI K!rcQzwl HF 
2.510 0.246 189 0.017 0.00010 

From Baeline (%l 

sQzN2xcQ2kuHE 
52.7 67.3 7.8 73.0 97.0 

All of the above were measured emissions, with the exception of the COr emissions rate 

which was calculated based on natural gas and coal composition. The HCl and HF emissions 

and reductions are the median of measured data during GR-SI operation. 
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N,O emissions were also measured during the first quarter of 1992, under baseline, SI, and 

GR-SI operation. The average NrO emissions were: 0.8 ppm (baseline), 1.4 ppm (SI), and 

1.6 ppm (GR-SI). These levels are very low, indicating that GR-SI operation was conducted 

with insignificant emissions of N,O. 

Particulate matter sampling was conducted during baseline, GR, and GR-SI operation. As 

presented in Section 10, the maximum emissions rate was 0.035 Ib/l@Btu (15.1 mg/MI), 

measured under baseline operation. Humidification was successfully applied, resulting in 

particulate emissions of 0.015 to 0.025 lb/lo6stu (6.5 to 10.8 mg/MJ) during full-load 

GR-SI operation. A small increase in the fraction of the PM,o was observed for GR-SI 

emissions. During full-load GR-SI operation the fraction of particulate matter under 10 

microns was approximately 75 to 90% of the outlet loading. This may be compared to a 

baseline PMlo loading of approximately 60 to 75% at the ESP outlet. However, since the 

total mass of particulate emissions are reduced by a small amount [GR-SI Full Load 

Average: 0.021 lb/106Btu (9.1 mg/MJ), Baseline Full Load Average: 0.026 lb/106Btu (11.1 

mglMJ)], this change in the fraction of PM,o did not increase the total emitted. 

11.2.4 Wm 

Monitoring of noise levels at the site was conducted during GR operation in January, 1992. 

The noise levels were measured at several locations, near the sootblower air compressor, 

west of the overfire air duct on the 5th floor, and the sorbent fan area on the 4th floor. The 

audiometric device used to make the measurements is a product of Bruel & Kjaer, model 

number 2205. The results indicate that the noise exceeds the Department of Labor’s 

Occupational Safety and Health Administration (OSHA) noise standard of 85 decibels (over 

an 8-hour period) only near the scotblower air compressor. 

Date Test Test Condition Noise 
l/14/92 Sootblower Air Compressor (In-Service) GR 99 

l/14/92 Fourth Floor, west side of boiler GR 79 
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D&t!? Test Location Test Condition Noise fdbI 

l/14/92 Fifth Floor, west of OFA duct GR 79 

OSHA has also established a total dust standard of 15 mg/m’ and coal dust standard of 2.4 

mglm’, above which employees should not be exposed for more than 8 hours. Ambient air 

sampling was conducted in January, 1992. The results indicate very low dust levels as 

shown in the following table: 

.L?ia Filter Number &+&lg Plant Contribution rWu,g,!I& 

l/14/92 1453 upwind 16.7 
l/14/92 1452 downwind 21.9 
l/18/92 1455 upwind 21.4 
I/ 18192 1454 downwind 22.5 
1121192 1456 upwind 63.2 
l/21/92 1457 downwind 36.2 
l/22/92 1459 upwind 39.5 
1122192 1558 downwind 20.5 

TSP: Total Suspended Particles 

*: High background contribution from neighboring plant facility 

5.2 

1.1 

Negligible* 

Negligible* 

Air sampling in several work areas was also conducted. The results indicate that dust levels 

are below 15 mg/m3 in all areas with the exception of inside the lime silo. High dust levels 

would be expected in this location, requiring use of protective dust masks. 

Da& Location QDeratine P -1 

l/14/92 Inside lime silo GR 33.8 

Fifth Floor GR 7.43 

l/17/92 Inside lime silo Baseline 8.14 

Fifth Floor Baseline 3.22 

l/21/92 Inside lime silo GR-SI 12.6 

Fifth Floor GR-SI 1.37 
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While the high dust level inside the lime silo was measured during GR operation, the high 

dust level may be attributed to GR-SI operation during the previous day. 

11.3 Permttine Considerations 1 

An analysis of permitting considerations for the Hennepin Unit 1 GR-SI demonstration 

project was conducted at the beginning of the project. The analysis focused on determining 

the necessary permitting changes for installation and operation of the GR-SI system. Several 

pezmanent and temporary modifications required consideration, including: 

l Temporary reductions in NO, and SOx 

l Possible temporary increase in PM,,, 

l Possible increase in stack gas temperature 

l Discharge of ash/&sent sluice water 

l Permanent humidification capability 

l Permanent SI capability 

The temporary reductions in NO, and SO2 emissions due to GR-SI operation had the potential 

for application of NSPS or PSD provisions of the CAAA on completion of the program, 

when the emissions would rise to original levels. Section 60.14 of Title 40 of the Code of 

Federal Regulations (40 CFR 60.14) states that “any physical or operational change to an 

existing facihty which results in an increase in the emission rate to the atmosphere of any 

pollutant to which a standard applies shall be considered a modification” necessitating 

permitting of the facility as a new source. In addition, 40 CFR 52.21 indicates that an 

increase in NO. or SO* emissions of 40 tpy (36 tonne/a) makes a source subject to PSD 

provisions of the CAAA. But, since the primary purpose of the retrofit was to control 

gaseous emissions, it was expected that EPA would rule that the retrofit was not a 

modification triggering new emissions standards. 
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A modified permit to construct was issued by the IEPA on May 27, 1992. The permit 

granted construction of a flue gas humidification system, a sorbent silo with fabric filter, a 

sorbent surge tank with a fabric filter, a multiclone in the FGR line, and the SI system. The 

permit also stated the following: 

l The construction and operation of the CCT program does not constitute a modification as 

defmed in 40 CFR 60.14. Since the equipment installed has the primary function of 

reducing air pollutants, under 40 CFR 60.14 (e) (5), it is exempt from being considered 

a modification 

. Annual emissions of particulate matter and PM,, during the CCT demonstration program 

shall not increase more than 24.9 and 14.9 tons (22.6 and 13.5 tonne), respectively, 

above the pre-CCT demonstration levels. Accordingly, the CCT project does not 

constitute a major modification for purposes of 40 CFR 52.21. 

l The CCT demonstration project shall be limited in operation to one year, provided that 

this project may be formally extended by the Agency, if necessary, to complete the CCT 

demonstration program but not to exceed 5 years including time needed to restore the 

boiler to original operating conditions. The limited operation period classifies the 

project as temporary. 

l As a temporary demonstration project, emissions from this unit during the demonstration 

project shall not be considered “representative” for the purposes of PSD or NSPS 

emissions comparisons. Accordingly, removal or discontinued use of the CCT 

demonstration equipment shall not be considered as a modification for purposes of 40 

CFR 52.21. or 40 CFR 60.14. 

l Routine actions taken to restore this unit to its pre-CCT demonstration condition and 

operating at the condition and capability will not subject this unit to the requirements of 

40 CFR 52.21 or 40 CFR Part 60. 
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l The emissions limits, 35 Ill. Adm. Code 212, 214 and 217, which currently apply to this 

unit shall not change as a result of the construction, removal or discontinued use of the 

CCT demonstration equipment, as described in the application. 

Therefore, a return to pre-project. emissions will not trigger application of NSPS or PSD 

provisions. The permit also required that particulate matter emissions measurements be 

conducted upon resumption of GR-SI testing. Tests during short-term operation indicated that 

humidification effectively enhanced ESP performance, resulting in no change in particulate 

matter emissions and little change in the ESP outlet and stack gas temperature. 

The project originally called for construction of a new ash pond for disposal of the ash/spent 

sorbent. This would have required modification of the NPDES permit as well as additional 

permitting considerations due to construction in a WI-year floodplain. Due to several factors 

including prohibitive cost of construction of a new ash pond, sluicing of the GR-SI ash to the 

original pond was decided upon. A modified NPDES was issued by the IEPA addressing the 

required handling of GR-SI ash and the required environmental monitoring in case of a 

discharge to the Illinois River. The permit specified use of CO*, acetic acid or other chemical 

to reduce the pH to approximately 9.0. Other, less costly methods of pH reduction were 

prohibited due to their potential to increase chloride and sulfate levels in the Illinois River and 

groundwater. Since no discharge to the river occurred during the GR-SI demonstration, the 

extensive monitoring specified was limited. If a discharge had occurred, two types of testing 

would have been required: chemical specific testing on a quarterly basis, and biomonitoring of 

acute toxicity. The chemical specific testing was conducted regularly, even though not 

required by the conditions of the NPDES Permit. Biomonitoring was not conducted. 
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12.0 ENGINEERING DESIGN 

The GR-SI system at Hennepin Unit 1 is shown in Figure 12-1 . The system provides for 

injection of natural gas, recirculated flue gas, OFA, and sorbent. This section contains a 

description of the engineering design of the Hennepin Unit 1 GR-SI system. 

The equipment installed consists of a GR system, an SI system, and a humidification system 

for enhancement of the ESP performance. The total retrofit includes boiler pressure part 

modifications, duct modifications, and the installation of the GR-SI equipment and piping. 

The exact injection configurations for the rebuming fuel, OFA, and sorbent are highly site 

specific and are based on detailed engineering studies. These studies include baseline tests to 

establish general operational parameters, fabrication and testing of a scaled physical model 

for isothermal tests, and process modeling to develop projections of NO, and SO* removal 

pZfOlllli3lW. 

Process design work led to the engineering design of the GR-SI system. Figure 12-2 shows 

the full-load GR-SI process stream material balance at Hennepin Unit 1 used in the 

engineering design. For appropriate streams the design and maximum flow rates and the 

basis for the maximum flow rate are listed The temperature ranges of streams significant to 

GR-SI are relatively narrow, the pressure ranges for GR process streams are presented in the 

following section. An energy balance for GR-SI operation at full load is shown in Figure 

12-3. 

12.1 Gas Rebumine System 

The GR system provides for injection of natural gas and FGR several feet above the coal 

burner nozzles and OFA at a higher position. Natural Gas/FGR is injected through four 

rectangular co-axial injectors located at each comer of the Hennepin boiler furnace above the 

top burner row. These. injectors were designed to fire co-tangentially to the rotating fireball, 

which is created by the three rows of burner nozzles located immediately beneath. The basic 
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design of the rebuming fuel injector assembly is shown in Figure 12-4. Natural gas is 

injected into an FGR plenum, mixes with FGR, and then is injected into the furnace through 

four injector assemblies, each containing four rectangular injectors. The injectors were sized 

according to the required velocity and momentum flux for optimum jet penetration and 

mixing. 

The nominal natural gas input is 136 l@Btu/hr (39.9,MJ&.I8~.of the full load heat input, ;‘Ivi.;;‘~, _ . 
and the maximum design gas input is 204 106BtuIhr (59.8 MVs). These correspond to 

nominal and maximum flows of 2,240 scfrn (1.06 Nm’/s) and 3,350 scfm (1.58 Nm’/s), 

respectively. The natural gas piping and control system was designed to deliver a maximum 

of 210 scfm (0.10 Nm3/s) of natural gas to each of 16 injection ports. The natural gas 

trams, which are identical for each set of injectors, contain flow modulating equipment, a 

flowmeter, and safety shutoff equipment. Under nominal and maximum design conditions 

the natural gas pressure at the nozzles is 1.0 psig (6.9 kPa) and 1.8 psig (12.4 kPa), 

respectively. 

One criterion which complicated the design of the gas injection nozzles is unique to 

tangentially-fired units. The primary method of controlling reheat steam temperature in 

tangentially-fired units is to control the angle of the burners, thereby moving the fireball in 

the furnace and affecting the ratio between radiant heat absorption in the furnace waterwalls 

and convective heat transfer in the tube banks. To maintain this same control ability, the 

design of the gas injection nozzles incorporated tilt control via a remote operator. The tilting 

mechanism was located at the exit of the nozzle and is shown schematically in Figure 12-4. 

The tilting mechanism was removed subsequent to optimization/parametric testing. 

The volume of flue gas to be recirculated for injection was set by the required mass flow 

determined from the flow modeling. The nominal and maximum FGR flows are, 

respectively, 23,000 lb/hr (2.90 kg/s) and 27,500 lb/hr (3.47 kg/s), corresponding to 10,900 

acfm (5.14 m3/s) and 13,000 acfm (6.14 m’ls). The injection velocity was critical to 

achieving rapid mixing with the primary zone gas. To recirculate the flue gas from the flue 

12-5 



r FGR Plenum 

-L 

! 
I 
I 

i .L 
t 

I 

! 
I 

L( 
1 
I 
i 

e 

I= 
- 

4 - 

.- 
* 

p Natural Gas 
Injector 

t 

Figure 12-4. Engineering design of the reburning fuel injectors 
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gas breeching between the economizer and, the air heater, a fan was required. The static 

discharge of the fan was set to provide the needed velocity head for injection plus the duct 

losses. A static pressure of 34” W.C. (8.45 kPa) is required to inject the FGR at the 

optimum velocity. To minimize erosion of the FGR fan and injection nozzles, a multiclone 

dust collection device was incorporated into the design. The tie-in point for the flue gas was 

selected to be upstream of the air heater. By selecting this point, the amount of oxygen in 

the flue gas was minim&d-prior to air heater leakage-and the degree of quenching in the 

furnace was reduced. Overall, the FGR injection system consists of a multiclone, a high 

static fan, conhpl dampers, flow metering, duct work, and injection nozzles. 

The flue gas particulate loading at the economizer with GR-SI was expected to be 

approximately 10 grainsldscf (22.9 g/dscm). Approximately 55% of this is from the injected 

sorbent and 45% is from the coal ash. The multiclone was designed to reduce the dust 

loading to approximately 2 grains/dscf (4.6 g/dscm). The FGR injection fan was designed to 

boost the static pressure from -6” W.C. (-1.5 kPa) to 34” W.C. (8.5 kPa). The maximum 

FGR flow case of 13,000 acfm has a static pressure rise. of 42” W.C. (10.4 kPa). 

Preheated combustion air was used as OFA to minimize the temperature quenching effect in 

the injection zone. Since the GR process has no overall effect on the combustion air flow, 

but only separates the normal air flow between the burner zone and the OFA zone, the OFA 

is supplied from the existing FD fan. In addition to specifying the OFA flow, injection 

configuration and elevation, injection velocity was also critical for optimum penetration and 

mixing. To meet the required velocity specified for injection, the available velocity head 

from the existing secondary air ducts was increased. This is accomplished by adjusting the 

existing coal burner air registers to a more closed position, thereby increasing the 

back-pressure in the secondary air ducts. This increases the static pressure in the OFA ducts 

from approximately 2” W.C. (0.5 kPa) to 3” W.C. (0.75 kPa). OFA was injected into the 

furnace via four rectangular ports located at the four comers of the furnace at an elevation 

approximately 500 milliseconds downstream of the rebuming fuel injection elevation. Four 

ports inject a nominal rate of 172,OCO lblhr (21.7 kg/s), corresponding to a volumetric flow 
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of 37,M30 scfm (17.7 Nm’/s) of air. The design OFA temperature is 575°F (302°C). The 

OFA system consisted of tying into the existing secondary air ducts, control dampers, flow 

metering, duct work, and the injection ports. 

12.2 Sorbent Iniection Svstem 

The SI system at Hennepin Unit 1 provides for sorbent unloading and storage, as well as the 

upper furnace injection of the sorbent through several injection nozzles. The system was 

designed to inject sorbent at a Ca/S molar ratio of 1.5 to 3.0, over a range of loads. The 

sorbent is carried to the site by pneumatically unloaded bulk hopper semi-trailers. It is 

stored on site in a silo, which has a capacity of 23,300 cubic feet (660 m3), a three day 

supply for nominal sorbent use. The sorbent is then transported pneumatically to either the 

upper furnace injection ports or the low load SI ports (located at the OFA ports). The 

sorbent plus transport air stream is mixed with the SI air for injection at the design jet 

velocity. SI is through either six (high load) or four (low load) 3 inch (7.6 cm) coaxial 

injectors. The properties of one of the sorbents evaluated (Liiwood calcitic hydrate) are 

shown in Table 12- 1. 

12.2.1 s orbent Delivers to Silo 

The sobent is delivered to the Hennepin site via pneumatically unloaded truck tmilers. The 

trailers are totally enclosed tankers with a capacity of 20 to 25 tons (18,200 to 22,700 kg). 

The loaded trailers are weighed on a truck scale to document the total sorbent used in the test 

program. The trailers are unloaded at a newly installed sorbent silo located near the power 

plant building. Unloading is accomplished using a truck-mounted blower to convey the 

sorbent pneumatically via a pipeline into the sorbent storage silo. The sorbent is unloaded at 

an approximate rate of 12 tph (3.0 kg/s). The blower is capable of supplying air at 15 psi 

(103 kpa) pressure differential. The silo has a m-bent capacity of 23,300 cubic feet (660 

m’), which is a three-day supply for full-load operation at a Ca/S molar ratio of 2.0. 
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TABLE 12-1. PROPERTIES OF LINWOOD CALCITIC HYDRATE 

Surface Area (cm*/g) 

Density (g/cm’) 

Mass Median Particle Size (microns) 

Bulk Density (lb/V) 

--LOOLoose 

-- Settled 

15.5 

2.18 

2.88 

25 

30 

WOW2 96.20 

Mg(OH), 0.14 

CaCO, 1.22 

Sia 1.66 

FcKb 0.50 

AM4 0.60 

so3 0.08 
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Conveying air is vented from the top of the silo through a cartridge baghouse filter equipped 

with replaceable elements. 

12.2.2 SW 

During GR-SI operation, sorbent flow from the conical bottom storage silo is enhanced by 

fluidizing air slides. An automatic slide gate valve is located behveen the storage silo and 

sorknt weigh hopper. The weigh hopper is mounted on four load cells which monitor the 

sorbent mass in the hopper. The conical bottom of the sorbent weigh hopper also is 

equipped with fluidizing air slides. A manual slide gate valve is located at the outlet of the 

sorbent weigh hopper. The sorbent rotary valve feeder is located immediately below the 

slide gate. Sorbent flows into the variable speed rotary valve feeder and is discharged at a 

controlled fIow rate that is measured by the weigh hopper load cells. The sorbent screw 
pump conveys the sorbent into the pneumatic transport line. By means of a blower on the 

clean air plenum of the baghouse, a slightly negative pressure is maintained so that all air 

leakage is into the feed system. This virtually eliminates fugitive dust emissions. 

Transport air is provided by a rotary positive displacement blower which operates at a 

constant volume output. Excess air at less than design loads is vented to the atmosphere. 

Transport air is controlled by an arrangement of flowmeters, pressure and temperature 

sensors, and flow control valves. This blower also provides the air to the fluidizing air 

slides. 

Transport air is delivered to the solids pump where sorbent is fed into the transport line. 

Sorbent is then pneumatically conveyed to a line diverter valve. The valve directs the flow 

to either the high-load splitter or the low-load splitter. The high- and low-load splitters 

divide the sorbent flows into equal outlet streams, six from the high-load splitter and four 

from the low-load splitter. 
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The pneumatically conveyed sorbent continues from the splitter to the nozzles on the furnace 

wall. The SI nozzles utilize a co-axial jet design. Here, the sorbent/transport air blend is 

mixed with injection air from a SI air fan to produce the required mass flow and nozzle 

velocities for injection. The transport air/sorbent are introduced into the center of the 

injection air stream, with mixing taking place in the barrel of the nozzle. 

12.2.3 Spent Sorbq@lv Ash DI- 

SI results in a significant increase in the amount of fly ash generated and a change in its 

composition. Under nominal GR-SI operation, the unit produces approximately 13,500 lblhr 

(1.7 kg/s) fly ash and 1,500 lblhr (0.2 kg/s) bottom ash, or a total of 15,OCO Ib/hr (1.9 

kg/s). The amount of ash/spent sorbent produced during GR-SI is double the amount from 

baseline operation, which is approximately 7,500 lb/hr (0.95 kg/s). Operating GR-SI over a 

one-year Period at a capacity factor of 40% is expected to result in the production of 23,000 

tons (20,900 tonne) of fly ash. SQ is formed from the combustion of the coal and reacts 

with injected sorbent in the upper furnace to produce calcium sulfate and calcium sulfite. 

The sorbent, which has a small particle diameter in comparison to fly ash, is carried by the 

furnace gas with the fly ash through the convective pass, air heater, and duct work to the 

existing ESP. The fly ash and spent sorbent are collected by the ESP and stored temporarily 

in insulated hoppers under the ESP. Ply ash and spent sorbent are periodically conveyed 

from the hoppers to the sluice system and then to the ash pond. The chemical composition 

of the ash is also different from the baseline cases; the calcium content is much higher. The 

makeup of the ash is similar to ash produced from firing high calcium western coal. Because 

the fly ash/spent sorbent mixture is highly alkaline, the system required injection of carbon 

dioxide (CO3 to control the pH of the water entering the ash pond within the range of 6.0 to 

9.0. 

The plant is equipped with a wet ash sluicing system supplied by United Conveyor. The 

system uses high pressure water and an ejector to create a vacuum. The fly ash is carried 

from hoppers by a transport air stream and is then mixed with water in the ejector. The 
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mixture flows to an air separator designed to completely mix ash with the water and separate 

the air. The amount of water used is approximately 25 pounds per pound of ash. The ash is 

then sluiced to an on-site settling pond. The sluice water is treated with CO* to a pH of 6 to 

9, before discharge into the Illinois River. 

Several upgrades to the original system were required. New tie-ins were required to 

accommodate the ash collected in the five hoppers in the humidification duct and the 

multiclone. The hoppers are equipped with screw conveyors and rotary valves and discharge 

ash into the new ash air conveyor line. The multiclone ash discharges into a new tie in line 
by a rotary valve. The cementitious nature of the GR-SI fly ash required a new Hydroveyor 

Ram clean-out device to scrape these deposits. The buildup of ash in the pipe leading to the 

settling pond is limited by the action of the coarse bottom ash also carried by the pipe. 

12.3 wification Svstem 

The humidification system was designed to cool the flue gas to within 70°F (39°C) of 

saturation, measured at the precipitator inlet, over a range of boiler loads from a nominal 

low load of 22 MWe a to full load of 75 MW,. A saturation temperature 125°F (52°C) was 

used. The humidification system was designed to cool the air heater outlet flue gas from 

350°F (177°C) to 195°F (91”C), requiring 60 gpm (3.8 l/s) of water at full load. 

Humidification water is injected into a duct immediately before the flue gas flow into the 

ESP. Rapid vaporization is required; therefore twin fluid atomization nozzles were used to 

obtain fine atomization. The design called for water atomization via 34 nozzles with a 

nominal flow rate of 1.76 gpm (0.11 l/s). 

Humidification water is supplied from the plant’s service water system. The water is passed 

through a basket-type strainer to remove debris, such as leaves, twigs, and pipe. scale. A 

motor driven centrifugal water pump boosts the pressure to overcome line losses and 

elevation head, and provide sufficient water pressure to the atomizing lances. Water flow 
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rate was measured by a vortex-type flowmeter, and controlled by a pneumatically actuated 

globe valve. 

Atomizing air is provided by three screw-type air compressors. Each air compressor is 

equipped with intake filters, oil and water separators, and aftercoolers. No provision is 

made for measuring air flow rate. Air pressure is controlled by a pneumatically actuated 

eccentric disc valve. 

Six humidification lances support the atomizing nozzle array, as well as deliver compressed 

air and water to each nozzle. Each lance was designed to accommodate a maximum of six 

atomizing nozzles. 

Humidification takes place in a horizontal section of the modified flue gas duct just 

downstream of the air heater gas outlet. This horizontal duct section has been enlarged to 

provide the required residence time for vaporization prior to any change in direction in the 

duct route. The humidification duct section terminates with a 90 degree turn upward towards 

the ESP inlet. The system was designed for complete water vaporization in the 

humidification duct, so that little or no liquid water can impact on the precipitator fields. 

Water droplet impingement and any subsequent ash deposit formation occur on the 

humidification lances and the vertical wail as the gases make the first turn. For this reason 

the duct has ash hoppers incorporated in the design downstream of the humidification lances, 

and one additional hopper below the first 90 degree bend. A screw conveyor is attached to 

the hopper flange to provide for ash removal. Twelve thermocouples per duct are pad- 

welded to the duct skin for monitoring temperature. 

Water in the flue gas is assumed to be completely vaporized by the time it enters the ESP. 

A temperature sensor is suspended in the center of the gas stream in a short section of the 

duct leading to the precipitator inlet. This temperature signal is used by the control system 

to modulate water flow rate. 
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12.4 Additional Plant Modifications 

Several modilications to the plant system were required. These include a new auxiliary 

power system, a GR-SI controls system, additional sootblowers in the backpass, and 

relocation of the induced draft fans to provide for the necessary residence time in the 

humidification duct. 

The power distribution system was designed to provide power and overload/fault protection 

to all GR-SI components. The power is received from the existing 2300 V Switchgear IA. 

The switchgear bus was extended and a watt-hour meter and breaker were installed to meter 

the GR-SI power usage and to disconnect these loads in case of overload or fault condition. 

The 2300 V power is transformed by a 1000 KVA transformer to 480 V and delivered to two 

motor control centers (MCC 1 and MCC 2). The motor control renters service 460 V 

motors and miscellaneous three-phase, 480 V loads in different areas. Feeder circuit 

breakers and starters alIow isolation of loads from MCC buses and provide overload and 

fault protection. Two 30 KVA hansformers are used to transform power from 460 V to 

1201208 v. The power is fed to 120/208 V, 3-phase, 4-wire panelboards. These 

panelboards distribute power through 20 A circuit breakers to various 120 V, single-phase 

loads. 

GR-SI operation requires control of flow rates of many inputs, including sorbent, sorbent 

transport air, SI air, natural gas, coal, primary air, etc. A control system was required to 

modulate these flows and to trip power in the event of equipment malfunction or unsafe 

conditions. The boiler control system (the original system) is a Leeds and Northrup system 

which was judged to be obsolete. Therefore several microprocessor-based control systems 

were evaluated and a Westinghouse WDPF system was selected. The control system 

included associated controllers, power supplies, input-output cards and terminations, and a 

table top CRT display with an operator keyboard station. The Westinghouse system 

interfaces with the Leeds and Northrup Control System by means of hardwired connections, 

but the integrity of each control system is maintained. The system interface was designed so 
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that during baseline operation (i.e. without GR-SI), the control of the boiler is maintained in 

the original manner requiring no change in operating procedure. 

SI results in significant increase in the particulate matter flow through the upper furnace and 

backpass. The anticipated increased fouling of heat transfer surfaces necessitated the 

installation of additional sootblowers. Eight new IK type sootblowers were installed in the 

convective sections to maintain tube cleanliness/heat transfer. These are the same type as 

original sootblowers, supplied by Diamond Power Co. The time to complete one full cycle 

of M blower operation was doubled from 1 to 2 hours and the number of cycles Per shift 

also was expected to double. Therefore, the time for sootblower operation was expected to 

increase from 1 to 4 hours per 8 hour shift. The added sootblowers receive compressed air 

from the original compressed air supply. 

The induced draft (‘ID) fans were relocated to accommodate the necessary residence time of 

2.0 seconds in the humidification duct. A breechlng, with east-west orientation, carries the 

flue gas from the ID fans to the stack. The fans were originally located south of this 

breeching and discharged the flue gas northward. The fans were relocated to the north of the 

breeching and rotated 180 degrees, discharging the flue gas southward. The fan motors and 

foundations were replaced and turning vanes were installed at the fan outlet to improve 

uniformity of gas flow to the stack breeching. 

12.5 )&&I and m’. Cm mment 

The final GR-SI system had few changes from the original design. The changes were in the 

following areas: the rebuming fuel injector size, rebuming fuel injector tilting, number of 

humidification nozzles in use, the humidification duct configuration, and sorbent injectors in 

use. The rebuming fuel injectors required modification after they were received from the 

manufacturer. The nozzles were approximately twice the size specified, requiring 

modification so that the final design had approximately 75% of the original cross-sectional 

area. The original design specified tilting capability of the rebuming fuel injectors to follow 
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the angle of the coal burners. During the optimization/parametric testing evaluation the 

tilting of the injectors was found to have little impact on the emissions reduction 

performance. Therefore, the tilting capability of these injectors was removed and the 

rebuming fuel is injected horizontally. 

The humidification system required modification in two areas: nozzles in use and duct 

configuration. The humidification duct has 34 nozzles on six horizontal lances in two 

parallel ducts. During preliminary testing it was determined that water from the lower two 

lances (12 nozzles) was not evaporated rapidly. Due to the concern for water droplets 

entering the ESP, the use of the two lower lances was discontinued and the humidification 

water is injected through 22 nozzles affixed to the upper four lances. While this resulted in 

the capacity of the humidification system, the actual water flow required for ESP 

enhancement was much less than the design flow. Several changes to the humidification duct 

configuration were required to enhance water vaporization and ash collection, as discussed 

previously in Section 10. These include installation of the perforated plate and turning vanes 

at the humidification duct entrance, and two additional hoppers for collection of accumulated 

ash. 

One change from the original design was not in the GR-SI system configuration, but in the 

operation of that system at low loads. The GR-SI system design specified switching of SI 

from the upper furnace to the OFA port position at 50% load, due to a shift in the furnace 

gas temperature profile. Gptimization testing results indicate that the six upper furnace ports 

may be. used at reduced loads without loss in sorbent sulfation efficiency; therefore, no 

switching of injection configuration is necessary. 

12.6 &&ration/Svstem Confieuration at Proiect Comoletlon 

At the completion of the project, the host site restoration was completed. Illinois Power 

elected to retain GR capability and to remove the SI and flue gas humidification capability. 

The major changes were the removal of all SI equipment in the boiler building, the sorbent 
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silo and other equipment outside of the boiler building were retained. The humidification 

system was removed, the smaller diameter duct was restored. Other equipment removed 

include the sootblowing system compressor and the GR cooling air fan. 
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13.0 DESIGN VS. OPTIMIZED PERFORMANCE 

The Hennepin GR-SI system was designed for a wide range of natural gas, sorbent, and 

other process stream inputs for process optimization. In this section the nominal design case 

for full-load GR-SI operation and projected results are compared to actual and to optimized 

operating conditions and results. The performance of the GR-SI system is discussed with 

respect to several parameters including zone stoichiometric ratios and FGR flow. GR 

performance, evaluated primarily during optimisation testing and to some extent during the 

long-term demonstration, will also be discussed. 

13.1 msed vs. Actual Performance Comoarative Review 

An evaluation of the design operating scenario and performance and actual operation and 

measurements has been undertaken. Overall, the operating conditions under which the long- 

term demonstration was conducted are very similar to the design case. GR-SI design 

operation and the actual operating parameters under which the long-term demonstration was 

conducted are listed below: 

liklkll 
Primary Zone Stoichiometric Ratio 1.10 1.09 

Rebuming Zone Stoichiometric Rati0.90 0.91 

Exit Zone Stoichiometric Ratio 1.18 1.21 

Cat3 Molar Ratio 2.0 1.76 

Gas Heat Input (96) 18.0 18.2 

FGR (96 of Total Flue Gas) 3.0 2.1 

Over the long-term demonstration, these conditions resulted in emission reductions in excess 

of the 60% NOX reduction and 50% SO2 reduction goal. 
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13.1.1 Zone Stoichiometric Ratios 

As indicated above, design zone stoichiometric ratios were effectively used to achieve the 

emissions reduction goals. The primary zone stoichiometric ratio was tested over a wide 

range, from 1.045 to 1.153. Reduction in primary zone stoichiometric ratio results in 

reduced NO, formation in the primary zone, but also in an increase in the lower furnace gas 

temperature. This results in increased lower furnace heat flux and a potential increase in 

unburned carbon in ash due to inadequate primary zone Or concentration. Therefore, a 

lower limit for primary zone stoichiometric ratio is established. At high load, the primary 

zone stoichiometric ratio of 1.07 was typically maintained, while the primary wne 

stoichiometric ratio was normally above 1.10 at reduced loads. 

The design gas heat input of 18% was approached at 18.2%, resulting in an average 

rebuming zone stoichiometric ratio of 0.909. This resulted in NO, reduction of 67%, 

exceeding the design goal of 60%. The rebuming wne stoichiometric ratio ranged from 

0.860 to 0.982 and the gas heat input ranged from 12.1 to 19.7%, during long-term 

demonstration. Generally, the rebuming wne stoichiometric ratio is limited by the amount 

of rebuming fuel injected. As expected, the lower the rebuming zone stoichiometric ratio, 

the greater the reduction in NO, emissions. The following test results show the general 

impacts of operation near the design primary and rebuming zone stoichiometric ratios (SR,: 

1.10, SR2: 0.90) and operation at lower stoichiometric ratios: 

Date Steam flow Rebum Gas Primary Zone Rebum Zone NO= Emissions 

fLlhf.m c?a SB SB - 
312192 544,550 18.5 1.106 0.914 0.276 

3/l 1192 549,075 18.7 1.090 0.898 0.284 

3126192 553,423 18.8 1.073 0.885 0.250 

10/19/92 547,716 18.2 1.068 0.886 0.252 
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The coal burner tilt angles for these tests were in the +20 to +25 degree range (upward). 

As discussed in Section 7, the coal burner tilt angle impacts the NO, reduction process, with 

lower burner tilts resulting in higher process efficiency, i.e higher NO, reduction. 

13.1.2 Sorbe 
. . nt Utthaation 

The predicted sorbent utilization for Marblehead and Linwood hydrated lime was in the 20 to 

30% range. This compares well with the 16.5 to 32.5% range and average of 24.1% 

measured during the long-term demonstration. While the design case WS was 2.0, it was 

expected that a Ca/S molar ratio of 1.5 and gas heat input of 18% would result in 50% SO2 

emissions reduction. Replacement of 18% coal heat input with natural gas requires an 

additional reduction of 39% to achieve an overall 50% reduction. This level of SO, 

reduction was expected from a Ca/S of 1.5, requiring a calcium utilization of 26%. During 

the long-term demonstration, an average gas heat input of 18.2% and sorbent input 

corresponding to a WS of 1.76 resulted in an average SO2 reduction of 52.7%. An average 

calcium utilization of 24% was calculated. 

High sorbent utilizations were obtained while injecting sorbent from the upper configuration, 

even at low loads. It was expected that as the boiler load dropped, the lower SI 

configuration (located at the OFA air ports) would be used. But parametric test results 

indicated that the upper configuration may be used over the range of operating loads. 

Therefore, the sorbent sulfation rates did not significantly drop off with injection 

temperature. 

An evaluation of promoted sorbents showed that the same SOa emissions reductions may be 

obtained at significantly reduced sorbent inputs. Calcium utilizations under optimum 

conditions exceeded 40%. One of the sorbents also yielded reduction in NO, (20 to 35%) 

due to the NO, reducing properry of the proprietary additive. 
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13.1.3 G-Process 

The injection velocity and mixing rate are significant parameters for both rebuming and 

sorbent sulfation processes. For this reason, natural gas and SI require injection/carrier 

gases. GR is optimized for a mixing time; therefore, the system was designed to inject 

recycled flue gas at a rate corresponding to 3% of the total flue gas flow. The full-load 

design case called for an FGR flow of 4,900 scfm (2.3 Nmsls), which is 3% of the total full- 

load flue gas flow of 161,000 scfm (76.0 Nm’). To minim&. the FGR fan power 

requirement, the system was optimized for minimum FGR flow. During optimization 

testing, an FGR flow of 2800 scfm (1.3 Nm’/s), corresponding to 1.7% of the full load flue 

gas flow, was determined to be optimum. Over the long-term demonstration the FGR flow 

rate was 2,811 scfm (1.32 Nm’ls), corresponding to 2.1% of the total flue gas flow rate at 

the average load of 62 MW,. The design SI air flow is 4,200 scfm (2.0 Nm”/s), which is 

3% of the total air flow at full load. During the long-term demonstration period, the average 

SI air flow was 3,600 scfm (1.7 Nm3/s), which is equal to the design SI air flow at 62 MW, 

(long-term testing average load). Therefore, effective NO, reductions were obtained with 

less than two-thirds of the design FGR flow rate, while the SI process was carried out with 

the design injection air flow rate. 

13.1.4 Gas and Steam Temneratures 

Some differences between the design and actual flue gas and steam temperatures were 

evident. GR-SI resulted in fouling of the secondary superheater and reheater surfaces and an 

increase in the economizer outlet gas temperature. The GR-SI process also resulted in 

essentially no change in the superheater steam temperature. Heat transfer modeling indicated 

that application of GR-SI at full load was expected to result in an increase in the flue gas 

temperature at the economixer outlet, from a baseline of 692°F (367°C) to 701°F (372”(Z), a 

difference of 9°F (5°C). The economizer outlet gas temperature, which was recorded by the 

BPMS, increased at full load from a baseline of 65l’F (344”C), to 720°F (382”C), a rise of 

68°F (38°C). 
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The plant operators typically maintain the superheat and reheat steam temperatures 10°F 

(6°C) less than the design point of 1005°F (541°C). Superheater and reheater steam 

temperatures of 993°F (534°C) and 992°F (533”C), respectively, were measured under full- 

load baseline operation. These may be compared to superheater and reheater temperatures of 

994°F (534’C) and 999°F (537”C), respectively under GR, and 995°F (535°C) and 989°F 

(532°C) under full-load GR-SI. These measurements indicate that main steam temperature 

did not change, while the reheat steam temperatures were reduced under GR-SI. This 

reduction in reheat steam temperature was more significant at mid-load and was due to 

sorbent fouling of this convective heat exchanger. 

13.2 Physical Design Iimitations 

Physical design limitations experienced during the long-term demonstration extended to two 

areas of operation: sootblowing and humidification. The first area was improved by 

optimization of sootblowing cycles. Significant fouling of secondary and reheater surfaces, 

determined from reduction in heat transfer rates during GR-SI operation, required 

optimization of sootblower operation. Sootblower optimization resulted in reduction in 

thermal efficiency, increase in boiler exit temperature, and superheater attemperation rate. 

During start-up of the humidification system, it was determined that the water from the 

lowest set of nozzles was not vaporizing rapidly, resulting in significant wall wetting. 

Therefore, their use was discontinued and humidification was applied with 22 nozzles, a 

capacity of 38.7 gpm ‘(2.44 l/s) with nominal flow of 1.76 gpm (0.11 l/s) through each. 

During periods of high load GR-SI operation, water flow reached its capacity. Therefore, an 

improvement in the humidification configuration or nozzles should result in greater ESP 

enhancement. 

While humidification was applied successfully, especially at low load, some deterioration of 

ESP performance was apparent during extended full load GR-SI operation. Continuous full 
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load GR-SI operation was limited to 32 hours, due to elevated stack opacity approaching the 

30% limit. The stack opacity during this run approximated 15 to 20% when sootblowers 

were not in operation and 25% while sootblowing, which was conducted 84% of the time. 

13.3 Desien Lessons from Hennepin GR-SI 

During long-term testing, several design features of the Hennepin GR-SI system were noted 

for their beneficial or adverse. impacts on emissions/operations. These include the coal zone 

residence time, OFA injection velocity, and the sootblowing cycles. Emissions of NO, were 

lower when coal burners were tilted downward, as was the case for full-load GR operation 

but not GR-SI operation. At low load, the OFA injection velocity was insufficient to rapidly 

mix with rebuming zone gas, resulting in elevated CO emissions. The original sootblowing 

cycles required optimization to reduced boiler exit gas temperature and limit attemperation 

rates. 

One of the design features which appears to impact NO, emissions is the coal zone residence 

time. This is a function of the coal burner tilt angles, the rebuming fuel tilt angles, and the 

distance between the rebuming fuel injectors and the coal burners. Under full load GR 

operation, the coal burners were generally tilted downward, while under full load GR-SI 

operation the burners were tilted upward to maintain reheat steam temperatures. The upward 

tilting of coal burners resulted in a reduction in the coal zone residence time and reduced the 

rebuming process efficiency. The reburning fuel tilting mechanism, which was removed 

after optimization testing, allowed the rebuming fuel to be introduced into the furnace at the 

same angle as the coal burners, thereby enhancing zone separation. But rebuming fuel 

injector tilting had only a minor .effect on NO, emissions. NOX emissions during GR-SI 

operation were somewhat higher than under GR. The burner tilt angles were generally 

below -20 degrees (downward) during full load GR operation. Therefore, the impact of the 

rebuming fuel tilting mechanism is limited, while the burner tilt angle appeared to have 

significant impact on NO, emissions. ‘Ibis indicates that lower NOX emissions are obtained 

when there is greeter separation of primary combustion and rebuming fuel injection. 
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Elevated emissions of CO (above 100 ppm) were measured during low load GR-SI operation. 

While the stoichiometric ratios appeared to show sufficient burnout air for complete 

combustion, the injection velocity was below that required to rapidly mix with the furnace 

gas and bum out CO. The design studies showed that a significant drop-off in injection 

velocity would result from operation at reduced load, i.e. at 50% boiler load (approximately 

40 MW3 the injection velocity drops to 50% of the full load case. Therefore, the mixing 

rate is significantly reduced at low load, resulting in lower burnout of CO. 

Fouling of convective heat transfer sections during GR-SI operation resulted in an increase. in 

the boiler exit gas temperature, lower thermal efficiency, and higher superheater 

attemperation rates (due to greater heat transfer to the primary superheater). The eight IK 

sootblowers installed in the convective heat transfer section required optimisation. The 

addition of these sootblowers was expected to result in an increase in sootblowing time to 

50%, from the original 12%. In practice an increase in the sootblowing time to 84% was 

required during full load GR-SI operation to maintain a relatively constant boiler exit gas 

temperature, constant heat loss efficiency, and reduced superheater attemperation rates. 

13.4 -Improvemel& 

13.4.1 fIumidification.&-t& 

During the field test, twin-fluid atomization noules designed by ERR were tested in the 

Hennepin humidification duct. The EER nozzles, called VEER-Jet, were effective in 

reducing wall wetting. This was determined by measurement of duct skin temperature in the 

east and west duct, when the VEER-Jet nozzles were used in the east duct and the normal 

Delavan nozzles were used in the west duct. The average duct skin temperature in the east 

duct was 273°F (134°C) when the water flow in the duct was 12.6 gpm (0.79 l/s), while the 

average duct skin temperature in the west duct was 251°F (122°C) when the water flow in 

the west duct was 10 gpm (0.63 l/s). These results are summarked in the table below. The 

drop size distribution from a scaled down version of the nozzles was obtained using a 
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Malvern instrument. The Sauter Mean Diameter (SMD) of the drops, as a function of air to 

water ratio, is shown in Figure 13-1. A SMD of under 25 microns for water flow of 0.8 

gpm (0.050 l/s) and air to water ratio of 0.1, is significantly smaller than those from most 

commercially available nozzles. Therefore, use of VEER-Jet nozzles would permit injection 

of a greater quantity of water which should allow continuous full load GR-SI operation 

without a time limit. 

Duct Nozzle Water Flow Duct Skin Temperature 

East VEER-Jet 

(tm) (“F) 
12.6 273 

West 1 Delavan r 10.0 I 251 

13.4.2 Sorbent Reactivity 

Another area in which the original technology was improved upon is the use. of advanced 

sorbents. SI operation over the load range of 40 to 50 MW, at Ca/S molar ratio of 1.75 

resulted in calcium utilization of 26% for Linwood hydrated lime. The utilization increased 

to 31% with PromiSORBn” A and 38% with PromiSORBTM B. HSAHJ.., which is produced 

by the Jllinois State Geological Survey, also showed improved performance, with an average 

utilisation of 34%. PromiSORBm B utilization was above 40% under a Ca/S molar ratio of 

1.5, in the above stated load range. A gas temperature effect evident from operation at high 

loads and GR operation was evident with these promoted sorbents. The performance of these 

sorbents at two Ca/S molar ratios is summarized in Figure 13-2. Therefore, use of these 

advanced sorbents can yield much higher utilization and corresponding SOz reductions, in 

comparison to conventional sorbents. 
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Figure 13-1. VEER-Jet Nozzle performance 
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n PromiSORBTMB q PromiSORBTMA 0 Linwood 

q HSAHL 

50 L 

45 - 

40- 

35 - 
g 

530 - .- 
1 
:225 - 
> 

.$ 20 - 
2 n 
“15 - 

10 - 

5 - 

o- 

Load: 45 - 50 MW 
1 

Figure 13-2. Comparison of promoted and unpromoted sohent utilizations 
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14.0 CONCLUSIONS AND RECOMMENDATIONS 

14.1 Conclusiona 

GR-SI has been demonstrated to be suitable for application to tangentially fired boilers for 

reduction of NO, emissions by 60% and SO2 emissions by 50%. These reductions, which 

were the project target levels, were consistently met and exceeded over the year long 

demonstration. The process also results in reductions in COI and CO emissions. Emissions 

of HCI and I-IF, measured during short-term tests, were also significantly reduced. Flue gas 

humidification has been demonstrated to be suitable for enhancing ESP performance, 

resulting in particulate matter emissions at or below baseline levels even with the 

considerable increase in particulate matter entering the ESP. GR-SI has minor impacts on 

thermal efficiency, resulting in a reduction in efficiency of less than 1.5% and an increase in 

heat rate of less than 200 BtulkWh (211 kI/kWh). The main steam temperature was 

unaffected by GR-SI; however, a small reduction in reheat steam temperature was measured. 

No significant impacts on the local environment or unit operation and wear rate were 

detected. 

14.1.1 u and SO, control 

Reductions of NO, emissions by 60% and SOI emissions by 50% may be obtained with 

natural gas heat input of 18% and sorbent input corresponding to a calcium/sulfur molar ratio 

of 1.75. Under these conditions, NO, emissions of 0.245 lb/MBtu (IO6 mg/MI) and SO2 

emissions of 2.51 IblMBtu (1,080 mglh4.I) were obtained over the year-long demonstration 

period. These correspond to 67.3% reduction in NOX and 52.6% in SO2 from “as found” 

baseline levels. Under optimum conditions (reduced load with the top mill out of service), 

NO, emissions were reduced to 0.179 lb/MBtu (77 mg/MJ). SO1 emissions as low as 2.01 

lb/MBtu (864 mglh4.I) were measured, under optimum GR-SI operation. 

NO= reductions were 55% at 10% gas heat input and increased to 67% at 18% gas heat 

14-l 



input. Reductions leveled off in the 12 to 20% gas heat input range. The parameters which 

appear to most strongly control NO, emissions are the gas heat input, the coal and rebuming 

zone stoichiometric ratios, the coal burner tilt angle, and the mills in service. Reductions in 

NO, emissions were obtained by operation at low primary and rebuming zone stoichiometric 

ratios. During full load GR-SI operation, the coal burner tilt angle also appeared to impact 

NO, emissions with lower NO, emissions measured when the burners were tilted downward. 

This is due to improved zone separation of the primary combustion and rebuming processes. 

Significant reductions in NO, emissions were measured when the top mill was out of service, 

when operating at reduced load. 

The parameter which most strongly impacted SO, emissions was the sorbent input, or the 

corresponding Ca/S molar ratio, The calcium utilizations obtained with the primary sorbent 

evaluated, Linwood hydrated lime, varied significantly and averaged 24.1% over the 

long-term demonstration. Advanced sorbents, prepared by EER and the Illinois State 

Geological Survey (ISGS), were evaluated and showed effects due to load and GR. 

Improved calcium utilizations were obtained at reduced loads and while operating SI, without 

GR. At a WS molar ratio of 1.75, the performance of three advanced sorbents and the 

conventional Linwood sorbent may be summarised as follows: 

PromiSORBTM B HSAHL PromiSORBn” A Linwcod 

SO2 Capture (%) 66 60 54 46 

Calcium Utilization (W) 38 34 31 26 

These results were obtained at loads of 40 to 50 Mw,; operation at higher loads resulted in 

reduced calcium utilizations for advanced sorbents. 

14.1.2 ThermalPerformancc 

Operation of GR-SI had relatively minor impacts on thermal efficiency and steam conditions. 

These included a reduction in thermal efficiency from the baseline of 86.76% to 85.38% at 
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full load and from 86.54% to 85.09% at 45 MW,. These resulted in an increase in heat rate 

of 45 to 173 Btu/kWh (47 to 183 kJ/kWh), or 0.4 to 1.7% of the 10,338 Btu/kWh (10,908 

kJ/kWh) baseline. Main steam temperature was unaffected by GR-SI, with an average of 

995°F (535°C) at full load, compared to 993°F (534°C) under baseline operation. These 

may be compared to the design steam temperature of 1,005”F (541°C). During full-load 

GR-SI operation, the secondary superheater steam attemperation rate increased from a 

baseline of 6,700 lb/hr (0.84 kg/s) to 12,200 lblhr (1.54 kg/s). A modest increase in the 

boiler exit gas temperature, due to fouling of superheater and reheater surfaces, was noted. 

The air heater exit gas temperature increased from 317’F (158°C) to 350°F (177”(Z), during 

full load GR-SI. These effects do not significantly impact the emissions control process, 

steam generation capacity, or availability of the unit. 

14.1.3 ESP Enhancement With Humidification 

Flue gas humidification was successfully applied to enhance ESP performance during GR-SI 

operation. Cooling of flue gas to the design approach to saturation of 70°F (39°C) was not 

required, with satisfactory stack opacity and particulate emissions measured at a 150°F 

(83°C) approach to saturation. The actual humidification water requirement was 25 to 35 

gpm (1.6 to 2.2 l/s), which may be compared to the design requirement of 60 gpm (3.8 l/s). 

With flue gas humidification, particulate matter emissions of 0.015 to 0.025 lb/MBtu (6.5 to 

10.8 mg/MJ) were measured under full-load GR-SI operation. These~may be compared to 

full load baseline emissions of 0.018 to 0.035 lb/MBtu (7.7 to 15.1 mg/MJ). Continuous 

long-term operation exceeding 55 hours was possible under variable loads, and continuous 

full-load operation of 32 hours was also achieved with stack opacity within the 30% limit. 

14.1.4 Qther Imuacts of GR-SI on Boiler ODeration 

Other impacts of the year-long GR-SI demonstration were not significant. Some ash buildup 

was observed in the cold reheater and primary superheater sections. Increased fouling, 

especially of the secondary superheater and reheater surfaces, resulted in increased use of 
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sootblowers. However, this did not result in acceleration in tubewall wastage in these areas. 

The U.T. tubewall thickness data taken indicates that, in most areas, the wastage rate due to 

GR-SI was either reduced with respect to the baseline rate, or was within the tolerance for 

the measurement. In some areas where significant wastage rate was calculated during the 

period 1990 to 1992 (during the GR-SI demonstration), the 1990 thicknesses were 

significantly larger than 1988 measurements, indicating measurement inaccuracy. Visual 

inspections of the unit and chimney indicated.no significant added wastage due to GR-SI, but 

some increase in accumulated ash on the inner lining of the chimney. 

14.2 Recommendations 

The successful commercial demonstration of GR-SI at Hennepin Station Unit 1 indicates that 

the technology is suitable for widespread commercial application to meet the requirements of 

the CAAA. The results of this project and those from the GR-SI demonstration at a cyclone 

fired unit and the GR-Low NO, Burner demonstration at a wall fired unit indicate that 

significant efforts should be directed to marketing these technologies. 

14.2.1 A Ii ication ntiallv Fired Uni 

Further demonstration of GR-SI, or GR, at other units over a range of boiler sizes, is 

recommended to assist utilities selecting these technology. The CAAA require that pre-NSPS 

tangentially fired units limit their NO, emissions to 0.45 1bMBtu (194 mg/UT). The 

Hennepin GR-SI system has been show-n to effectively control NO, emissions to 0.245 

lblh4Btu (105 mg/MI). This is well under the CAAA Title IV limit of 0.45 lb/MBtu (194 

mg/MJ) and is in the range required for Title I. 
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14.2.2 
. &&cation of GR-SI to Other Fume Conf uzurations 

Further application to cyclone and wall fired units, over a range of sizes, is recommended to 

assist utilities in selecting GR-SI and GR-LID. EER’s GR-LNB demonstration project at 

PSCo’s Cherokee Station Unit 3 has shown that reductions of 60 to 72% may be achieved at 

a wall fired unit, and results from the GR-SI demonstration at CWLP’s Lakeside Unit 7 

indicate that 60% NO. reduction and 50% SO2 reduction may be achieved at cyclone tired 

units. 
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