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ABSTRACT 
 
Feedlot biomass (cattle manure) has been proposed as a reburn fuel to reduce nitric oxide (NOx) 
emissions in coal-fired power units.  Coal plants that reburn with feedlot biomass (FB) can reduce 
CO2¬ emissions and save on coal purchasing costs while reducing NOx emissions by up to 90%.  
The purpose of this study is to estimate the emission variations and compute the annualized cost of 
installing and operating a FB reburn system retrofit to a plant currently with primary NOx 
controllers.  As FB supplies a greater percentage of the overall heat rate of the coal-fired unit, the 
amount of coal required to fuel the plant decreases; however, due to lower heating values of FB, 
the overall required amount of fuel mass will increase with biomass heat contribution.  Moreover, 
CO2 emissions from non-renewable sources are expected to decrease while the overall amount of 
ash production will increase when reburning with FB.  For a coal plant (500 MW, 9750 Btu/kWh, 
and 80% capacity factor), the annualized cost of reducing NOx through FB reburning (which 
includes O&M costs, biomass and coal delivery costs, ash disposal costs, ash revenues, and 
annualized capital costs) was found to be approximately $57.7 million per year.  Possible future 
CO2 penalties, increased coal cost, lower distances between plant and feedlot, and longer 
operation hours of the reburn system are all favorable to the value of a FB reburn system.
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1. INTRODUCTION 
 
 It has been proposed to use feedlot biomass (cattle manure) as a reburn fuel for nitric 
oxide (NOx) emission reduction in coal-fired plants and/or utility boilers.  Feedlot biomass (FB) 
has shown promise in reducing NOx due to its high volatile content, rapid release of volatile 
matter during combustion, and release of fuel bound nitrogen in the form of ammonia, NH3.  
Experiments conducted by Annamalai et al [2003] and Sweeten et al [2003], demonstrated that 
cofiring (blending 10% FB and 90% coal) FB and coal could reduce NOx emissions from 290 
ppm to 260 ppm.  Recent experiments conducted at the Texas A&M Renewable Energy 
Laboratory have shown that reburning with FB can reduce NOx emission up to 90%. 
 From these results, FB reburning can be considered a competitive technology to other, 
more common secondary NOx control technologies such as selective catalytic reduction (SCR) 
and perhaps superior to natural gas reburning and selective non-catalytic reduction (SNCR) as 
far as performance.  However, on an economic basis, FB reburning technology must also prove 
to be an acceptable investment for power plant proprietors. 
 The present report discusses and compares the economics of the most common primary 
and secondary NOx control technologies to that of FB reburning.  Moreover, changes in NOx 
emissions, CO2 emissions, and ash production when implementing FB reburning is also 
discussed.  However, first it is necessary to review the primary and secondary controls currently 
used on coal-fired power plants. 
 
2. COMMON NOX CONTROL TECHNOLOGIES 
 

2.1 Primary NOx Control Technologies  
 

The primary NOx controls on coal-fired power plants typically consist of either low-NOx 
burners, over fire air (OFA), or both.  These controls are widely used in coal-fired plants 
throughout the US.  Low-NOx burners delay the complete mixing of fuel and air as long as 
possible in order to reduce oxygen in the primary flame zone, reduce flame temperature, and 
reduce residence time at peak temperatures.  An illustration of the slower air and fuel mixing in 
LNBs may be seen in Figure 1.  The effectiveness of a LNB depends on several factors such as 
the properties of the coal and the size of the furnace.  Higher rank coals, that do not have high 
volatile matter and nitrogen contents, do not inhibit NOx formation in local fuel-rich 
environments as well as low rank coals.  Long flames from the LNB may impinge on furnace 
walls [Srivastava et al, 2005]. 

 
 

 
Figure 1. Schematic of a low-NOx burner [Srivastava et al, 2005].  

 
 Moreover, unburned carbon levels typically increase when LNBs are installed.  High 
unburned carbon levels affect boiler efficiency and the salability of ash.  The amount of 
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unburned carbon in fly ash, typically referred to loss on ignition (LOI), is limited to 6% by 
ASTM C618 for cement replacement in ready-mix concrete.  Low-NOx burners can increase LOI 
by 2-5% points [Srivastava et al, 2005].  Additional information and case studies on reducing 
LOI in wall fired and tangentially fired units can be found in [Conn et al, 2005]. 
 Over fire air is typically used as a supplementary technology to LNBs in which 5-20% of 
the combustion air is diverted and injected downstream from the primary combustion zone.  The 
diverted air is used to complete the combustion process when burners are operated at low air-fuel 
ratios.  When OFA is added to LNBs in wall-fired furnaces NOx reductions can increase 10-25%.  
Over fire air in tangentially-fired boilers can reduce NOx by more than 50%.  Enhancements to 
these primary NOx controls such as multilevel OFA and rotating opposed fire air can also be 
found in [Srivastava et al, 2005]. 
 In the following economic models, LNBs and OFA are modeled in much the same way as 
was done for the USEPA Integrated Planning Model discussed in [USEPA, 2004], in which wall-
fired boilers can be fitted with LNBs alone or with OFA.  For tangentially fired boilers, LNBs 
may be used with closed-coupled OFA, separated OFA, or both. 
 

2.2 Reburning 
 

A basic illustration of the reburning process can be seen in Figure 2.  Coal, or perhaps a 
blend of coal and biomass, is injected into a lean (excessive amount of air) primary burn zone 
(PZ) and releases gaseous emissions relatively high in NOx.  Next, the combustion gases enter a 
secondary stage of combustion, or reburn zone (RZ), in which a rich mixture (stoichiometric 
ratio, Φ = 1.05-1.2) of reburn fuel and air react with the hot combustion gases to produce 
emissions with a relatively low amount of NOx.  Finally, over fire air is injected into the boiler 
burner to complete the combustion process and reduce carbon monoxide (CO) emissions. 

 

 
Figure 2. Basic reburn process  

 
The most common reburn fuel is natural gas.  Conventional gas reburn systems can 

reduce NOx emissions by 50-60%.  Less common amine enhanced fuel lean gas reburn systems 
have been shown to reduce NOx emission by up to 70% [Staudt, 1999].  An FB reburn system 
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can offer comparable NOx reductions and also reduce CO2 emissions from fossil fuel sources.  
However, unless ash is removed from the FB, ash emissions will increase when supplying as 
received or dry ash FB in the RZ.  A more detailed discussion on how FB reburning affects these 
emissions is given later in this report. 

As for current reburning technology, about 30 coal-fired units in the US have used 
natural gas or coal reburning systems.  Although nearly all natural gas reburn systems are not 
operating or have been decommissioned mostly due to higher natural gas prices.  Thus only a 
few coal-fired units in this country consistently use any type of reburning system [Srivastava et 
al, 2005].  In order to make a FB reburning system conducive to the economics of the plant, the 
cost of collecting and transporting the FB should be as low, if not lower than coal, and certainly 
less expensive than natural gas. 
 

2.3 Selective catalytic reduction 
 
 One of the most common and effective ways to reduce NOx emissions is selective 
catalytic reduction (SCR).  A schematic of a SCR system may be seen in Figure 3.  These 
reduction systems inject ammonia (NH3) (aqueous or anhydrous) or some other reagent at flue 
gas temperatures of 340-400°C (650-750°F), in the presence of a catalyst to reduce NOx.  
Selective catalytic reduction systems can have reductions between 80 and sometimes greater than 
90%, depending on the catalyst, the flue gas temperature and the amount of NOx present in the 
combustion gases exiting the PZ [Srivastava et al, 2005].   
 

 

 
Figure 3. Schematic of a SCR application [Srivastava et al, 2005]. 

 
Currently, most commercial SCR systems do not reduce NOx further beyond 25.8 g/GJ 

(0.06 lbs/MMBtu) [USEPA, 2004].  However, if economics allowed, SCR systems could 
theoretically reduce NOx emissions by 100% [Mussatti et al, 2000b].  The major operational 
factors for SCR systems include: 

 
• Reaction temperature range, 
• Residence time available for reduction, 
• Mixing between the reagent (NH3) and the combustion gases, 
• Molar ratio of injected reagent to uncontrolled NOx in the combustion gases, 
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• Uncontrolled NOx concentration level, 
• Ammonia slip (amount of reagent escaping with exhaust gases), 
• Catalyst activity, selectivity, deactivation, pitch, management, and 
• Pressure drop across the catalyst. 

 
The most common reagent is NH3.  Usually the NH3 is transported in an aqueous solution 

(either 19% or 29.4% ammonia in water) due to required permits on handling and storing 
pressurized anhydrous NH3.  Table 1 lists the properties of anhydrous ammonia and aqueous 
ammonia.  In Figure 4, a comparison of cost for different reagents is presented for both all year 
operation and ozone season operation.  As can be seen, anhydrous ammonia tends to be cheaper 
for all boiler sizes (ratings) because more energy is spent on electric vaporizers when preparing 
aqueous ammonia for injection.   
 

 
Figure 4. Comparative costs for different reagents in SCR applications [Salib et al, 2005]. 

 
Moreover, a greater amount of aqueous ammonia must be delivered to the plant to inject the 
equivalent amount of ammonia into the SCR system.  However, since there are fewer regulatory 
restrictions on aqueous ammonia, it tends to be the most common.  Yet urea-to-NH3 conversion 
seems to be an option that is both cheaper than importing large amounts of aqueous ammonia 
and has fewer restrictions in transporting and storing than anhydrous ammonia [Salib et al, 
2005]. 
 

Table 1: Ammonia reagent properties for SCR applications [Mussatti et al, 2000b] 

 
. 
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GasGas

 
 

The catalyst is typically made of a metal oxide such as molybdenum oxide (MoO3) or 
vanadia (V2O2) deposited on various materials including titanium oxide (TiO2) and Zeolite.  The 
catalysts may be configured as a ceramic honeycomb or coated parallel metal plates in which the 
surface promotes the reaction between the NH3 and NOx molecules to form nitrogen (N2) and 
nitrous oxide (N2O) [Srivastava et al, 2005].  For coal-fired plants, the catalyst operating life is 
between 10,000-30,000 hours (about 1-3 years).  Sometimes the manufacturer of the catalyst will 
reactivate or recycle components of the catalyst for other uses.  Otherwise, the facility operator 
must dispose of the catalyst in a landfill; however, catalyst formations are not considered 
hazardous in the US.  There are several reasons for catalyst deactivation [Mussatti et al, 2000b].  
Some of these are: 

 
• Poisoning:  fuel constituents such as calcium oxide and magnesium oxide occupy active 

pores in the catalyst.  This is typically the main factor for catalyst deactivation. 
• Thermal Sintering:  high flue gas temperatures change pore structure. 
• Other factors:  blinding, fouling, plugging, erosion, and aging of the catalyst. 

 
When comparing a FB reburn system to SCR systems, the same benefits apply for lower 

CO2 emissions from non renewable sources.  In fact, since ammonia and urea is usually obtained 
from processing natural gas, more CO2 may be released overall as a result of using SCR 
technology.  Moreover, since the biomass will release some heat in the RZ (5-15% of total heat 
release), coal-burning units using FB reburn systems will have to import slightly less coal, and 
hence save money on fueling.  The reagent in SCR is assumed to have a negligible heat input. 

Currently more than 150 power plants in the US have installed SCR systems.  Of the 19 
plants in Texas that fire coal, only one, W. A. Parish, currently operates with an SCR system.  
Table 2 contains some operating data for W. A. Parish Station. 
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Table 2. Primary and secondary controls for coal-fired units at W. A. Parish Electric 
Generation Station [USEPA, 2004]. 

 
Plant 
Name Unit

Capacity 
(MW)

Heat Rate 
(Btu/kWh) Firing Bottom

Primary 
Combustion 

Control

NOx Rate 
from Primary 
(lb/MMBtu)

Secondary 
Combustion 

Control

Controled 
NOx Rate 

(lb/MMBtu)

WAP5 650 10,290 wall dry LNB/OA 0.1446 SCR 0.0600

WAP6 650 10,500 wall dry LNB/OA 0.1202 SCR 0.0600

WAP7 560 10,551 tangential dry LNB/OA 0.1349 SCR 0.0600
WAP8 555 10,458 tangential dry LNB/OA 0.1604 SCR 0.0600

W. A. 
Parish

 
 

In the present economic analysis, SCR capital and O&M costs are also assumed to follow 
the USEPA Integrated Planning Model presented in [USEPA, 2004].  A more detailed and 
comprehensive economic model for SCR systems can be found in [Mussatti et al, 2000b].  
However, both models assume that aqueous ammonia is the reagent since it is the most common. 
 

2.4 Selective non-catalytic reduction 
 

Selective non-catalytic reduction (SNCR) is a similar post combustion technology to 
SCR, except that the NH3 or urea is injected without the presence of a catalyst and at higher 
temperatures of 980-1150°C (1800-2100°F) [Srivastava et al, 2005].  However, reductions for 
SNCR are rarely over 35% for large boilers with heat rates greater than 880,000 kWh/hr (3,000 
MMBtu/hr) due to mixing problems.  Therefore, SNCR systems are typically present in smaller 
units, less than 200 MW in capacity, due to their relatively low capital costs and better reductions 
up to 65% [Mussatti et al, 2000a and USEPA, 2004].  A schematic of a SNCR system may be 
seen in Figure 5.  The major operational factors for SNCR are generally the same as SCR except 
for those dealing with the catalyst. 

 
 

 
Figure 5. Schematic of a SNCR application [Srivastava et al, 2005]  
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The reagents for SNCR are typically aqueous ammonia or a 50% solution of urea and 
water.  Table 3 contains a list of properties for these two reagents.  Anhydrous ammonia is 
usually not used for SNCR due to restrictions and required permits.  Yet between aqueous 
ammonia and urea, urea is more commonly used in SNCR applications because it is non-toxic 
and safer to transport and store.  Also, urea droplets can penetrate further into the exhaust gases 
when it is injected, which enhances mixing [Mussatti et al, 2000a].   

Table 3. Urea and ammonia reagent properties for SNCR applications [Mussatti et al, 
2000a]. 

   

 
 

 
Despite the lower capital cost and relative ease to install, SNCR technology has not been 

as prolific in coal-fired boilers as LNBs and SCR.  This is greatly attributed to the technologies’ 
unreliability and relative uncontrollability.  Moreover, boiler design and operation parameters, 
for example lower flame temperatures from LNBs, have made SNCR impractical for many 
applications [Mussatti et al, 2000a].  Furthermore, SCR systems have a few advantages over 
SNCR.  For example, since SCR can occur at lower and broader temperature ranges, SCR 
systems can be installed at various positions downstream from the main furnace (i.e. before or 
after an electrostatic precipitator) without the need for too much reheating.  Currently, 36 SNCR 
systems exist in the US; however, there are no SNCR systems installed in coal-fired plants in 
Texas [Srivastava et al, 2005]. 

In the present economic analysis, SNCR capital and O&M costs are also assumed to 
follow the USEPA Integrated Planning Model presented in [USEPA, 2004].  A more detailed 
and comprehensive economic model for SNCR systems can be found in [Mussatti et al, 2000a]. 
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3. MODELING PROCEDURE AND BASE CASE VALUES 
 
 For the current study on emissions and economics, a computer spreadsheet program was 
created to compute emissions and annual costs of four different cases: 
 

(1) coal (or a blend of coal and biomass) fired in a unit with primary NOx controls only, 
(2) coal (or a blend of coal and biomass) fired in a unit with primary controls retrofitted with 

a feedlot biomass (FB) reburn system, 
(3) coal (or a blend of coal and biomass) fired in a unit with primary controls retrofitted with 

a SCR system, and 
(4) coal (or a blend of coal and biomass) fired in a unit with primary controls retrofitted with 

a SNCR system. 
 
 It is expected that the most likely applications will be for units that cannot meet emission 
control standards with their primary controls and must choose a secondary control technology to 
be retrofitted.  The inputs include the ultimate and heat value analyses of the coal and of the 
biomass, the coal-firing plant’s characteristics, the reburn fuel characteristics, SCR and SNCR 
performance and operation time, biomass collection parameters, and economic parameters.  The 
ultimate and heat value analyses of the fuels considered in this study are listed in Table 4. 

A list of the base case parameters used as the reference run for the program are presented 
in Table 5.  The following results and discussions center on base case run outputs such as CO2 
emissions and annualized cost.  From these results, the FB reburn system’s applicability and 
profitability to current coal-fired power plants may be determined.

 

Table 4.  Ultimate and heat value analyses of selected fuels. 

 TXL WYPRB
Coal Coal HAFB-Raw LAFB-Raw HAFB-PC LAFB-PC

Moisture% 38.34 32.88 19.81 20.27 17.00 19.64
Ash% 11.46 5.64 47.10 16.10 53.85 16.50
C% 37.18 46.52 17.39 34.35 14.92 33.79
H% 2.12 2.73 2.10 4.17 1.39 3.65
N% 0.68 0.66 1.56 2.48 1.13 1.97
O% 9.61 11.29 11.70 22.10 11.40 23.94
S% 0.61 0.27 0.34 0.53 0.31 0.51
HHV, as rec (kJ/kg) 14,290          18,194          6,304            13,409          5,208            13,267          
HHV,DAF (kJ/kg) 28,467          29,593          19,052        21,074        17,867        20,775           
 
 

Table 5.  Base case values for emission and economic analysis of FB reburn system. 
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 Plant Capacity (MW) 500 Reburn Fuel LAFB-Raw
Heat Rate (Btu/kWh) 9750 % Heat from Reburn Fuel 15
Capacity Factor (%) 80 NOx emission exiting the RZ (lb/MMBtu) 0.0600
CO2 Penalty ($/ton CO2) 0.00 Capital Cost ($/kW) 35.00
Expected Ash Sale ($/ton) 25.00 Fixed O&M Cost ($/kW/yr) 0.85
Expected Ash Disposal Cost ($/ton) 30.00
% of Ash Sold* 20 Avg. Distance to feedlot (mi) 50
Hours of Operation (hr/yr) 8765 Biomass Collection ($/load) 10.00
Coal Cost ($/ton) 25.00 Truck Transport ($/ton/mi) 0.12

Biomass Loading (ton/load) 25.00
Coal Type WYPRB
%Excess Air 15 Book Life (years) 30

Tax Rate (%) 30.00
Boiler Type wall fired Discount Rate (%) 5.34
Primary NOx Control LNB w/o OFA Capital Charge Rate (%) 12.00
NOx emission exiting the PZ (lb/MMBtu) 0.2800

*For the base case run it is assumed that ash sales do not increase or decrease for FB reburning despite a higher amount of ash production during FB 
reburning (i.e. 20% of ash sold without reburning, about 14% ash sold with reburning amounts to roughly the same mass of ash sold for off-site uses)

 
 
 
4.  REQUIRED FIRING RATES 
 
 The FB reburn system operates for a specified percentage of the total heat released by 
both the primary fuel and the reburn fuel.  Since the primary fuel is coal, increasing the percent 
heat release from the reburn fuel will lower the amount of coal that must be fired at the plant; 
however, due to the lower heating value of the FB, the overall amount of mass that must be 
injected into the boiler burner unit will increase.  This increase in overall mass may be seen in 
Figure 6.  For this example, low sulfur Wyoming Powder River Basin (WYPRB) coal is burned 
in the PZ, while raw low-ash feedlot biomass (LAFB-Raw) is injected in the RZ.  Similar results 
may be found for burning Texas lignite (TXL) coal with FB. 
 

 

0

50

100

150

200

250

300

0 5 10 15
% energy released from reburn fuel

Fu
el

in
g 

R
at

e 
(to

n/
hr

)

FB
coal

 
Figure 6. Coal and reburn feedlot biomass fuel firing rates for a 500 MW, 9750 Btu/kWh, 80% 

capacity factor unit (WYPRB coal & LAFB-Raw). 
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Figure 7. Reburn feedlot biomass fueling rates for a 500 MW, 9750 Btu/kWh , 

80% capacity factor unit. 
 
 
 However, for other FB fuels with higher ash percentages, and lower heating values (see 
Table 4), the expected reburn fueling rates are greater.  In Figure 7, the fueling rates of raw high-
ash feedlot biomass (HAFB-Raw), partially composted high-ash FB (HAFB-PC), LAFB-Raw, 
and partially composted low-ash FB (LAFB-PC) are compared.  The moisture and ash 
percentages of LAFB-Raw and LAFB-PC were found to be very similar, and hence there is 
virtually no difference in fueling rate. 

Moreover, at least from a fueling or energy standpoint, there is little benefit from 
composting the biomass before reburning. 
 
5. FEEDLOT BIOMASS REBURNING EFFECTS ON EMISSIONS 
 
 Feedlot biomass reburning systems may, at least, affect three types of emissions from 
coal-fired units:  nitric oxides (NOx), carbon dioxide (CO2), and ash.  Although the primary 
function of a reburn system is to reduce NOx emissions, FB reburning is expected to also 
decrease CO2 from non renewable sources and increase ash production.  The extent to which 
these emissions are affected depends on the composition of the FB, the amount of FB injected in 
the RZ relative to the coal firing rate, and the expected NOx reduction of the FB reburn fuel. 
 

5.1 NOx emissions 
 

It is difficult to speculate how effective FB or any fuel may be as a reburn fuel because 
many other factors, aside from the reburn fuel’s chemical composition can determine the overall 
NOx reduction in the RZ.  Some of these factors include:  the RZ temperature, RZ stoichiometry, 
mixing between reburning fuel and main combustion gas, residence time, PZ NOx level, boiler 
load, reburn fuel percentage of total boiler heat input, reburn burner stoichiometry, reburn system 
characteristics and location, and the over fire air characteristics and location [Arumugam, 2004].  
Hence for the current study, an expected NOx emission (g NOx/GJ or lb NOx/MMBtu) emanating 
from the RZ will be treated as a parameter and assumed for the baseline case as 25.8 g/GJ (0.06 
lb/MMBtu).  For the base case run, primary controls (LNB w/o OFA) reduce NOx emission by 
47.38% from uncontrolled levels while FB reburning reduces NOx emission by 79% from 
primary controlled levels for a total reduction of 89% of uncontrolled emission levels.  During 
sensitivity analysis, the RZ NOx emission parameter, 25.8 g/GJ (0.06 lb/MMBtu), may be varied. 
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However, before NOx reductions are computed, the uncontrolled level of NOx (i.e. what 
the NOx emission would be without any primary or secondary controls) must be estimated.  For 
the present study, an estimation of the uncontrolled NOx production was made from known 
relations between fuel nitrogen conversions to fuel NOx and the weight percentage of nitrogen in 
the fuel adopted by Pohl & Sarofim [1977] and Fenimore [1971].  Moreover, 20% of the total 
uncontrolled NOx was assumed to come from thermal NOx. 

The typical NOx emission from SCR systems is also about 25.8 g/GJ (0.06 lbs/MMBtu), 
and for the base case run, FB reburning is expected to have a comparable emission. 

The local emissions policy typically determines the operating conditions and operating 
time of the secondary NOx control system, although individual control requirements are not 
specified for each source (plant or unit).  Instead, under a “cap and trade” policy, each source is 
given an emission “allowance.”  The total amount of allowances for every source affected by the 
policy cannot exceed the cap [USEPA, 2006].  See Table 6 for policies and specifications on 
NOx emissions in Texas.  A comprehensive algorithm for computing allowances may be found in 
[TCEQ, 2002]. 
 

Table 6.  Policies and specifications on NOx emissions in Texas [USEPA, 2004]. 

 
State Bill Emission Type Emission Specifications

Implementation 
Status

NOx-East
Annual emission cap of 58,365 tons for all 
grandfathered fossil >25MW [all of Texas 
traversed by or east of Rt 35]

2007

NOx-West
Annual emission cap of 18,028 tons for all 
grandfathered fossil >25MW [all of Texas not in 
East region or El Paso county]

2007

NOx-El Paso Annual emission cap of 1,058 tons for all 
grandfathered fossil >25MW [El Paso county] 2007

NOx-Houston Cap of 8,459 tons applied to all fossil units 2007

NOx-Dallas/Fort 
Worth

Unit-specific rate limits that can alternatively be 
met by a system-wide average cap of 2,164 tons 
applied to all fossil units

2007

NOx-East/Central
Unit-specific rate limits that can alternatively be 
met by a system-wide average cap of 123,528 
tons applied to all fossil units

2007

Texas

Senate Bill 7

Ch. 117

 
 
 

Sometimes a standard emission factor will be prescribed or suggested for sources in a 
given area.  For example in the Houston/Galveston non-attainment area counties, the emissions 
are referred to as the Emission Strategy for Attainment Demonstration (ESAD).  These emission 
factors must be met by March 31, 2007.  ESADs can be found in state legislation 30 TAC 
Chapter 117, Sections 106, 206 and 475.  For coal wall-fired utility boilers in the 
Houston/Galveston area, the ESAD is 21.5 g/GJ (0.05 lb/MMBtu) and for coal tangentially-fired 
utility boilers the ESDA is prescribed at 19.3 g/GJ (0.045 lb/MMBtu). 

Moreover, in many areas of the country, NOx emission standards are harsher in the 
summer ozone months.  Secondary controls are typically utilized more frequently during these 
months, although this may not be the case for every coal-fired unit. 
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As for SNCR systems, that usually only have reductions of 35% or less, economic 
comparisons between FB reburning and SNCR are made for equal operating times irregardless of 
the annual NOx emission.  These economic comparisons are discussed further in later sections. 
 

5.2 CO2 emissions 
 

Carbon dioxide (CO2) savings depend on the percentage of the total required heat release 
the reburn fuel meets.  Only CO2 emissions released from non-renewable sources, such as coal, 
are counted because they add to the net CO2 loading on the environment.  In principle, the 
“carbon cycle” requires that all carbon released from organic sources is returned to the fields, 
making the internal carbon cycle closed.  This suggestion is discussed thoroughly by Patzek 
[2004] for corn-ethanol biofuels.  However, certain factors may affect the extension of the 
carbon cycle argument to animal biomass.   

Since it is widely accepted that the rise of CO2 concentration in the atmosphere is 
primarily due to the consumption of energy from fossil fuels such as coal  [Ceotto, 2005], for the 
present calculations, less coal firing rates due to energy release from biomass will mean greater 
savings on CO2 emissions. 

Yet, currently, there are no CO2 emission charges for fossil fuel plants.  Coal plants in 
Texas only need to report CO2 emissions, but are not obligated to reduce them.  There have been 
several legislative proposals for CO2 charges in the US congress; however, none of them has 
passed.  A paper by Sekar et al [2005] discusses some of these possible carbon regulations and 
their future effect on coal-fired power plants.  For this study, no CO2 penalties are assumed for 
the base case run (See Table 5), yet it can be shown that CO2 charges can greatly increase the 
profitability of an FB reburn system. 

In Figure 8, some CO2 emissions are presented for different percent energy releases from 
the FB reburn fuel.  During these computations, it was assumed that only CO2 emissions from 
the coal contribute to the net CO2 output of the plant.  Therefore these results are directly related 
to the reduced coal fueling rates seen in Figure 6 for WYPRB coal.  Hence, if the FB reburn fuel 
provides 15% of the overall required heat release, the CO2 emissions should also drop by 15%. 
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Figure 8. Estimated CO2 reduction from feedlot biomass reburning (for both WYPRB & TXL 

coals). 
 

5.3 Ash emissions 
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Fly ash from coal fired power plants can be used as a pozzolanic cement additive, which 
improves the workability of concrete.  Fly ash increases the concrete’s density, increases its 
ultimate strength, and improves resistance to chlorine and sulfate attack.  Fly ash can typically be 
sold for $28-$33 per Mg ($25-$30 per ton) [Robl, 1997].  Other common uses for fly ash are 
listed in [USDOT, 2006]. 

However, in reality, only about 11% of the solid by-products from coal combustion are 
sold and utilized off site.  This is because only about 61% of the by-products are actually fly ash; 
the rest of the products are either slag, bottom ash, or some other material.  Moreover, fly ash is a 
bulky and heavy material, which makes it expensive to transport, usually costing about $0.07-
$0.09/Mg/km ($0.10-$0.13/ton/mile).  Hence, consumption of fly ash for off site construction is 
typically restricted to the immediate region and due to variations in the building and construction 
industry, the value of fly ash may vary frequently [Robl, 1997]. 

Any solid by-products that are not sold contribute to the cost of disposal of the ash 
(typically in a landfill).  Fly ash from coal-fired plants is usually considered a non-hazardous 
waste material.  For the base case run, ash disposal costs are inputted as $33 per Mg ($30 per 
ton).  Landfill disposal costs for ash tend to be between $22 and $44 per Mg ($20 and $40 per 
ton) [ACAA, 2006]. 

For the total ash emission (total solid by-product emission) from FB reburning, Figure 9 
illustrates how ash production can increase with higher amounts of FB reburning fuel.  The 
increase of ash emissions depends greatly on the ash percentage of the FB fuel compared to the 
coal.  Figure 9 shows the increase in ash for a coal plant firing WYPRB coal.  Since TXL coal 
has a slightly higher ash percentage than WYPRB, (see Table 4) the increase in ash will be 
slightly less pronounced than that shown for WYPRB.  Moreover, as is clearly shown in the 
figure, ash production increases at a greater rate for high-ash FB reburn fuels. 
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Figure 9. Total ash emission from WYPRB coal and FB reburn fuel (for both LAFB-Raw & 

HAFB-Raw). 
 
 

 
6. ECONOMICS OF FEEDLOT BIOMASS REBURNING 
 
 The values chosen for the base case run in Table 5 were largely attained from literature 
review and research; however, some values are best guess assumptions.  The plant 
characteristics, 500 MW, 9750 Btu/kWh (2.86 kWh/kWh-electric), and 80% capacity factor are 
nominal for coal-fired utility units, although capacities can generally range from 25 MW to 
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800MW.  Actual operation parameters for coal-fired power plants in Texas can be found in 
[USEPA, 2004].  Values for ash sales and disposal costs come from [Robl, 1997], [USDOT, 
2006], and [ACAA, 2006].  The unit’s operation, as well as the reburn system operation time, 
was set for year round (8765 hrs/yr) operation for the base case run.  However, this value is used 
merely because of lack of actual information, and it may not be true for most units due to 
maintenance and down time.  The cost of coal may be a little high for lignites, but also note that 
this cost is supposed to encompass collection, transportation, and preparation for firing.  The 
NOx emission exiting a LNB w/o OFA on a wall fired boiler is about 120 g/GJ (0.28 lb/MMBtu).  
The heat contribution from the reburn fuel was assumed to be 15%, which is typical for natural 
gas and coal reburn systems as well [Srivastava et al, 2005]. 

The base case values for the FB reburn capital and O&M costs are similar to coal reburn 
systems as discussed in [Zamansky, 2000]. The biomass collection and transportation costs for 
FB may be difficult to predict.  The transportation cost for FB is similar to the transportation cost 
of fly ash discussed in [Robl, 1997].  The distances between the feedlots and the coal-fired unit 
should be as short as possible.  This will be discussed in a later section of this paper.  Feedlot 
biomass collection costs for the base case run are largely assumed.  Actual collection costs may 
vary widely depending on agreements and contracts with the proprietor of the feedlot and/or the 
manure hauling service.  Further research for these values is suggested.  The economic 
parameters in the base case run are the same as those used in the USEPA Integrated Planning 
Model for balance sheet financing structures for environmental retrofits. 
 

6.1 Capital and annualized cost of feedlot biomass reburning 
 
The annualized cost of reducing NOx ($/yr) is computed by summing the fixed and 

variable operation and maintenance costs of both the primary and secondary controls, the fuel 
delivery costs (both coal and reburn fuel), the CO2 penalties (if any), ash disposal costs, 
depreciation of capital, and the annualized capital.  Any revenue from ash sales is subtracted 
from the total.  The annualized capital is computed using the capital charge rate and the book 
life.  Straight-line depreciation was assumed when computing the depreciation component of the 
annualized cost. 

Moreover, the total annualized cost may be normalized with the estimated total NOx 
reduction for both the primary and secondary controls.  This normalized cost may be referred to 
as the specific NOx reduction cost.  For the case of a coal-firing unit (500 MW, 9750 Btu/kWh, 
and 80% capacity factor) employing primary NOx controls and an FB reburn system with the 
base case operating parameters listed in Table 5, the annualized cost was found to be 
$57.7 million.  The combined annual NOx reduction from the primary control and FB reburn 
systems was computed as 7,320,074 kg per year (8,069 ton per year).  Thus, the specific NOx 
reduction cost was found to be $7.88 per kg of NOx ($7,150 per ton of NOx).  These 
computations can also be made for coal-fired units with SCR and SNCR retrofits.  Net present 
values (NPV) or costs (NPC) as well as payback periods of FB reburn retrofit projects may also 
be computed using the base case values in Table 5. 
 

6.2 Feedlot biomass reburning radius of profitability 
 

The profitability of FB reburn retrofits on coal-fired plants that currently have primary 
NOx controllers increases with shorter distances between feedlots and the plant and greater 
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amounts of operation time.  Shorter distances mean cheaper FB transportation costs, while 
greater operation times mean that more of the annual heat input to the plant is provided by 
biomass instead of coal.  Therefore, the ideal places to install FB reburn systems are in plants 
near or in geographical areas with high feedlot biomass production densities.  In Figure 10, the 
locations of exisiting coal-fired plants in Texas are compared to areas with high biomass 
production.  For feedlot biomass, Tolk and Harrington Stations in the western pan-handle seem 
to be ideal candidates for profitable FB reburn retrofits.  There is also a high density of 
agricultural waste in the north eastern part of the state, making plants like Monticello, Welsh, 
Pirkey, Martin Lake, Big Brown, and Limestone viable candidates for FB reburning as well. 
 
 

 
 

 

Agriculture

Forests

Urban Biomass

Coal-fired Power 
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Figure 10. Matching coal-fired power plants and areas with high agricultural biomass densities 

[adapted from Virtus Energy Research Associates, 1995 and Western Region Ash Group, 2006]. 
 
7. CONCLUSIONS 
 

1. Feedlot biomass (FB) reburn systems are competitive NOx reduction technologies to 
more common secondary controllers such as selective catalytic reduction (SCR) and 
selective non-catalytic reduction (SNCR). 

2. Greater heat contributions from feedlot biomass reduce the amount of coal needed to be 
fired, but due to FB’s lower heat value, the overall amount of fuel mass injected into the 
boiler must increase when reburning with biomass (See Figures 6 and 7). 

3. Non renewable CO2 emissions decrease and ash emissions increase with higher heat 
inputs from FB during reburning (See Figures 8 and 9). 

4. The annualized and specific NOx reduction costs for FB reburn systems (assuming base 
case parameters in Table 5 are $57.7 million per year and $7.88 per kg of NOx ($7,150 
per ton of NOx), respectively. 

5. Feedlot biomass has the potential to fuel reburn retrofits for coal-fired power plants if 
coal costs remain higher than biomass collection and transportation costs. 

6. Finally, biomass transport distances must be short and operation hours must be long for 
FB reburn retrofits to maximize their profitability (Figure 10). 
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9. GLOSSARY 
 
Book life – Expected economic life of the retrofit, or the approximate amount of time that 

revenues or costs can be expected to affect the initial investment in the retrofit project 
Capacity factor – The actual electrical output of the unit divided by the maximum possible 

output 
Capital charge rate – A representation of the time-value of money, allows initial investments 

(capital costs) to be annualized through out the book life of the retrofit project 
Discount rate – A representation of the time-value of money, allows past and future revenues and 

costs to be expressed in present dollars 
FB – Feedlot biomass 
HAFB-PC – Partially composted high ash feedlot biomass 
HAFB-Raw – Raw high ash feedlot biomass 
Heat Rate (Btu/kWh) – An expression of the unit’s overall efficiency, heat input over electrical 

output 
LAFB-PC – Partially composted low ash feedlot biomass 
LAFB-Raw – Raw low ash feedlot biomass 
LNB – Low NOx burner 
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NPV/NPC – The net present value or cost of a retrofit project, the initial investment plus the 
discounted future costs minus the discounted future revenues 

OFA – Over fire air 
O&M – Operation and maintenance 
Payback period (years) – The initial investment divided by the average annual revenue, does not 

take into account the time-value of money, approximate amount of time required to 
payoff the initial investment 

Plant Capacity (MW) – Coal-fire unit’s rating, maximum electrical power output of the plant or 
unit 

PZ – Primary burn zone 
RZ – Reburn zone 
Tax rate – The percentage of revenues (after depreciation) that must be paid to the government 
Ton = 2000 lb = 907kg 
TXL – Texas lignite coal 
WYPRB – Wyoming Powder River Basin coal 


