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Executive Summary 

Most high temperature direct-fired furnaces, radiant tubes, and boilers operate with about 10 to 20 % excess combustion air at high fire to prevent the formation of dangerous carbon monoxide and unburned hydrocarbons in the flue gas and the formation of soot deposits on heat transfer surfaces and inside radiant tubes.  
Measurement of oxygen and combustibles such as carbon monoxide in flue gases can be used to monitor changes in excess air levels.  For most systems, 2 to 3% oxygen with a small amount of combustibles -- only 10 to 50 ppm -- indicates ideal operating conditions.  Older gas burner systems do not mix the fuel and air thoroughly.  To compensate, excess air is used to control emissions of carbon monoxide, unburned hydrocarbons, and soot.  
Reducing the amount of excess air will result in gas savings while maintaining the desired heat output or furnace temperature.  This measure encompasses a variety of methods to reduce excess air.  The simplest is to damper the combustion air flow to the point that CO emissions are near the upper limit.  This measure is suitable only if the burner operates at almost constant heat output.  Replacing an atmospheric burner with a power burner will allow a more significant reduction in excess air.  The power burner thoroughly mixes the fuel and air, thereby reducing the need for excess air to control emissions.  This measure is suitable if the burner operates over a wide range of heat output (high turndown ratio).  
Large furnaces, kilns, and ovens have openings into the combustion chamber.  The openings are for inserting instruments, or from poorly sealed doors or hatches.  Blocking these openings will reduce excess air leaking into the combustion chamber, which will result in gas savings.  
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1.
Overview
This Workpaper addresses the reduction of excess air in industrial process heat applications as a method to increase energy efficiency covered by the Business Energy Efficiency Programs (BEEP).  

The air-to-fuel ratio refers to the proportion of air and fuel present during combustion.  The chemically optimal point at which this happens is the stoichiometric air-to-fuel ratio (also referred to 100% theoretical air).  In theory, a stoichiometric mixture has just enough air to completely burn the available fuel.  In practice, complete combustion at 100% theoretical air is never quite achieved, due to incomplete mixing of the fuel and the air.  Excess air is the air flow in excess of the stoichiometric air-to-fuel ratio; excess air is expressed as a percentage of 100% theoretical air, i.e., if the air-to-fuel ratio is 1.1 times the stoichiometric air-to-fuel ratio, the excess air is 10% of theoretical air.  

Why reduce excess air?  Operating a boiler with an optimum amount of excess air will minimize heat loss up the stack and improve combustion efficiency.  Combustion efficiency is a measure of how effectively the heat content of a fuel is transferred into usable heat.  The stack temperature and flue gas oxygen (or carbon dioxide) concentrations are primary indicators of combustion efficiency.  Given complete mixing, a precise or stoichiometric amount of air is required to completely react with a given quantity of fuel.  In practice, combustion conditions are never ideal, and additional or “excess” air must be supplied to completely burn the fuel.  The correct amount of excess air is determined from analyzing flue gas oxygen or carbon dioxide concentrations.  Inadequate excess air results in unburned combustibles, other unburned hydrocarbons, soot, and carbon monoxide; while too much excess air results in heat loss due to unnecessary flue gas flow -- thus lowering the overall efficiency.  On well-designed natural gas-fired systems, an excess air level of less than 10% is attainable.  
The focus of this tool is on the reduction of natural gas requirements used for industrial processes by reducing excess air.  There are three main measures to reduce excess air:  
· Power Burner or Combustion Air Damper – This measure is to reduce the combustion air flow at the burner.  
· Induced Draft Leaks – This measure involves blocking leaks in a furnace, oven, or other process heating system where ambient air is drawn into the system due to a vacuum caused by an induced draft fan.  
· Stack Draft Leaks – This measure is similar to the induced draft case, except that the vacuum is caused by the draft effect created by the stack height.  
A brief summary of the important parameters follows:  

· Annual Gas Use – The estimated consumption of natural gas by the baseline combustion system (furnace, oven, kiln, etc.) in a recent 12-month period (therms/year).   

· Flue Gas Temperature – The temperature of the flue (stack) gases exiting the process before and after implementation of the efficiency measure.  

· Oxygen Concentration in Flue Gas – The percentage of oxygen in the flue gas measured on a dry basis.  

· Combustion Air Temperature – The temperature of the combustion air (which is the air mixed with fuel in the burner) before and after implementation of the efficiency measure.  

2.
Annual Gas Use
To determine the potential impact of an energy efficiency measure for a gas-fired system, it is first necessary to have an estimated gas use for the system prior to the implementation of the measure.  In general, a single gas meter is used to supply all gas equipment located at a customer’s site.  Therefore, to determine the gas use for an individual gas system – for example, a furnace – it is necessary to examine all gas equipment supplied by the gas meter and estimate the fraction of gas used by the gas system of interest.  
To provide a standardized estimate of the baseline annual fuel use for gas equipment, SoCalGas developed a Load Balance Tool
.  This tool allows the user to enter pertinent data for all gas equipment fed by a common meter.  The tool then allocates the known annual therms recorded by the meter to all gas systems supplied by the meter.  

For the gas savings calculations included in this Workpaper, the annual gas use calculated from the Load Balance Tool should be used as a starting point.  The equations and assumptions used in the Load Balance Tool are summarized in a separate document
.  
3.
Gas Savings Calculations
Reducing the amount of excess air will result in gas savings while maintaining the desired heat output or furnace temperature.  The annual gas savings (therms/year) is the difference between the annual gas use by the baseline system and the annual gas use by the gas system after the implementation of the efficiency measure.  In all cases involving excess air reduction, an essential step is to determine the amount of excess air before and after implementation of the measure, which in turn requires the measurement of the flue gas temperature and oxygen concentration with a flue gas analyzer.  The percentage of oxygen in the flue gas can be measured by inexpensive gas-absorbing test kits.  More expensive ($500-$1,000) hand-held, computer-based analyzers display percent oxygen and flue gas temperature.  In addition, the combustion air temperature is required.  
An Excel spreadsheet
 is available to calculate energy efficiency savings.  The three gas savings measures considered in the tool calculate the gas savings resulting from the installation of a power burner or a combustion air damper, from reducing the air infiltration on induced draft combustion systems, and reducing the air infiltration on stack draft combustion systems.  This calculator also calculates the combined gas savings resulting from reducing the excess air and preheating the combustion air.  

3.1 Gas Savings for Power Burner or Combustion Air Damper
The simplest method to reduce excess air of an atmospheric burner is to damper (reduce) the combustion air flow rate to the point that CO emissions are near the upper limit acceptable for flue gas emissions.  This measure is suitable only if the burner operates at almost constant heat output.  

An atmospheric burner is one in which both the fuel and the air are delivered to the combustion chamber at atmospheric pressure.  By contrast, a power burner is one in which the air for combustion (and sometimes the fuel as well) is supplied to the combustion chamber at a pressure higher than atmospheric pressure.  A power burner mixes fuel and combustion air and injects the mixture into the combustion chamber.  Replacing an atmospheric burner with a power burner will allow a significant reduction in excess air.  This measure is preferred (over a damper on the combustion air) if the burner operates over a wide range of heat output (high turndown ratio).  The turndown ratio is the maximum inlet fuel or firing rate divided by the minimum firing rate.  With proper design, most gas burners exhibit turndown ratios of 10:1 or 12:1.  A higher turndown ratio reduces burner starts, provides better load control, and provides fuel savings.  Since the power burner thoroughly mixes the fuel and air, they can be operated with less excess air to control emissions of CO, unburned hydrocarbons, and soot than atmospheric burners.  An efficient power burner requires only 2% to 3% excess oxygen, or 10% to 15% excess air in the flue gas, to burn fuel without forming excessive carbon monoxide, and provides the proper air-to-fuel mixture throughout the full range of firing rates, without constant adjustment.  
A schematic of the combustion system considered in the excess air calculation is illustrated in Figure 1.  See Section A.1 of Appendix A for a discussion of the physics and underlying assumptions built into this section of the excess air tool.  Appendix B list the gas composition used for developing the formulas used in this calculator.  Natural gas and combustion air pass through the burner into the combustion chamber (oven, furnace, etc.).  In this analysis, the excess air is included in the combustion air (not so in the other measures below).  The flue gas exits the combustion chamber through the stack.  
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Figure 1.
Generic Combustion System
The user interface for a measure involving a power burner or a combustion air damper is shown in Figure 2.  User inputs are in the white fields with blue font, the pale gray fields represent intermediate results, and the final results for annual gas savings are shown in the dark blue field.  The input parameters in the top two sections (Equipment Load and Annual Use Inputs, and Temperature and % Oxygen Inputs) apply to all three of the excess air measures covered by the tool.  Brief descriptions of these important parameters are listed in Table 1.  
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Repair furnace leaks for induced draft system

Repair furnace leaks for stack draft system

Baseline

Efficiency 

Measure

50,000

7,749

45%

3,487

1,743,525

1,600 1,600

4.0% 2.0%

80 80

22.1% 9.6%

1,743,525 1,614,898

Source:  Calculation methodology provided by Arvind Thekdi, E3M, Inc.

9.  Excess air (%) 

2.  Operating time (hrs/yr)

3.  Load Factor

7.  Oxygen (O

2

) in flue gas (%, dry)

5.  Annual Gas Use (therms/yr)

8.  Combustion air temperature (F) 

Parameter

Scenario



1.  Connected load (MBtuh)

Equipment Load and Annual Use Inputs

12.  Gas savings (therms/year)

4.  Equivalent full load hours (hrs/yr)

128,627

10.  Annual gas use (therms/yr)

11.  Gas savings (%)  7.4%

Temperature and % Oxygen Inputs

Gas Savings for Power Burner or Combustion Air Damper

6.  Flue gas temperature (F)



Approach for Excess Air Reduction (select one)

Cost Savings from Power Burner or Combustion Air Damper

$0.950

$122,196

13.  Gas rate ($/therm)

14.  Annual cost savings ($/year)


Figure 2.
Excess Air Tool for Power Burner or Combustion Air Damper
Table 1.
Excess Air Tool Input Parameters That Apply to All Excess Air Measures
[image: image4.emf]Equipment Load and Annual Use Inputs (for all approaches)

Inputs (cells with blue font)

Use Load Balance Tool to determine these inputs

Customer supplied information that varies from the Load Balance Tool requires approval

1.     Connected load (MBtuh)

Equipment input rating provided by the customer

May be available from the MAS database

2.     Equipment operating time (hours/year)

3.     Equipment load factor (equivalent full load hrs/yr as a percent of operating time)

Intermediate Results

4.     Equivalent full load hours (hours/year)

EFLH = OperatingTime * LoadFactor

5.     Annual gas use (therms/year)

BaselineGasUse = ConnectedLoad * EFLH / 100

Temperature and % Oxygen Inputs (for all approaches)

Inputs (cells with blue font)

Temperatures and oxygen concentration provided by customer measurements

6.     Flue gas temperature (F)

For combustion air preheat or excess air reduction, the baseline and efficiency 

measure flue gas temperatures are to be the same.  Generally flue gas 

temperatures are in the range 300-3,000 F.  For flue gas temperatures between 

200 and 300 F, the results calculated here are less accurate, but within 5%.  

7.     Flue gas oxygen concentration (% by volume O2, dry basis)

For excess air reduction, the value should be lower for the efficiency measure 

than for the baseline.  

8.     Combustion air temperature (F) 

The baseline combustion air temperature is assumed to be ambient conditions.  

For excess air efficiency measures, the combustion air temperature remains 

unchanged.

In no case should this temperature be higher than the flue gas temperature.  


A brief summary of the parameters and results related to power burners or combustion air dampers are listed below in Table 2.  See Appendix C for several validation result cases.  

Table 2.
Power Burner and Combustion Air Damper Parameters
[image: image5.emf]Gas Savings for Power Burner or Combustion Air Damper

Intermediate Results

9.     Excess air (% of theoretical air)

Theoretical air is the exact quantity of air required for complete combustion.

Excess air % is calculated from the % O2 in the flue gas.  

ExcessAir% = ftn(Oxygen %)

10.     Annual gas use (therms/year)

Baseline is same value as above

MeasureGasUse = ftn(BaselineGasUse, FlueGasTemp, Oxygen%, and 

CombAirTemp)

11.     Gas savings (% of baseline)

Gas savings expressed as a percent of baseline gas use

GasSavings% = ftn(FlueGasTemp, Oxygen%, and CombAirTemp)

Final Result

12.     Gas savings (therms/year)

Difference between annual gas use for baseline and efficiency measure

AnnualGasSavings = BaselineGasUse - MeasureGasUse

Cost Savings from Power Burner or Combustion Air Damper (optional)

Inputs (cells with blue font)

13.     Gas rate ($/therm)

Customer gas rate

Final Result

14.     Annual cost savings ($/year)

Customer cost savings resulting from annual gas savings

CostSavings = GasSavings * GasRate


3.2 Gas Savings from Reducing Air Infiltration on Induced Draft Combustion Systems
The pressure (or draft) in large combustion chamber is maintained slightly negative (making it a vacuum) to prevent the combustion products and ash from being discharged from the combustion chamber into surrounding areas through inspection ports, doors, feeders, etc.  In an induced draft system, an induced draft fan draws the hot gases through the furnace.  An induced draft fan makes high stacks unnecessary.  Control is accomplished by regulating the fan speed or through operation of a damper.  
However, ambient air flows into the combustion chamber through those same inspection ports, doors, feeders, etc.  This air is heated to the flue gas temperature before it leaves the combustion chamber.  The heat needed to raise the infiltration air from ambient temperature to the flue gas temperature is provided by the burner, and therefore reducing the infiltration air flow rate can save gas at the burner.  

A schematic of the combustion system considered in the induced draft air infiltration gas savings calculation is illustrated in Figure 3.  See Section A.2 of Appendix A for a discussion of the physics and underlying assumptions built into this section of the excess air tool.  Natural gas and combustion air pass through the burner into the combustion chamber (oven, furnace, etc.).  In this analysis, the excess air is a combination of the excess air included in the combustion air for complete combustion and infiltration air that enters the combustion chamber through the openings.  The flue gas exits the combustion chamber through the induced draft fan.  


[image: image6]
Figure 3.
Induced Draft Air Infiltration
The user interface for a measure reducing air infiltration on induced draft systems is shown in Figure 4.  Again, user inputs are in the white fields with blue font.  The parameters related to reducing air infiltration on induced draft combustion systems are listed below in Table 3.  See Appendix C for several validation result cases.  
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Repair furnace leaks for induced draft system

Repair furnace leaks for stack draft system

Baseline

Efficiency 

Measure

50,000

7,749

45%

3,487

1,743,525

1,600 1,600

4.0% 2.0%

80 80

0.200

36 0

21,580 0

1,743,525 1,635,925

Source:  Calculation methodology provided by Arvind Thekdi, E3M, Inc.

2.  Operating time (hrs/yr)

3.  Load Factor

7.  Oxygen (O

2

) in flue gas (%, dry)

5.  Annual Gas Use (therms/yr)

8.  Combustion air temperature (F) 

Parameter

Scenario



1.  Connected load (MBtuh)

Equipment Load and Annual Use Inputs

4.  Equivalent full load hours (hrs/yr)

Temperature and % Oxygen Inputs

6.  Flue gas temperature (F)



107,600

6.2%

17.  Air infiltration (scfh)

Approach for Excess Air Reduction (select one)

16.  Total opening area (square inches)

18.  Annual gas use (therms/yr)

19.  Gas savings (%) 

Gas Savings from Reducing Air Infiltration on Induced Draft Combustion 

15.  Induced draft (inches of W.C. of vacuum)

Cost Savings from Reducing Air Infiltration on Induced Draft Systems

21.  Gas rate ($/therm)

$0.950

20.  Gas savings (therms/year)

22.  Annual cost savings ($/year) $102,220


Figure 4.
Excess Air Tool for Induced Draft Air Infiltration
Table 3.
Induced Draft Parameters
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Inputs (cells with blue font)

15.     Induced draft (inches of W.C. of vacuum)

Obtain the vacuum pressure inside the combustion chamber, measured in inches 

of water column (IWC)

16.     Total opening area (square inches)

Work with customer to measure the size of every opening into the vacuum in the 

baseline combustion chamber, calculate the area of each, and add them 

together.  If there are any openings that cannot be blocked, re-measure their size 

after blocking the openings, calculate the area of each, and add them together 

for the entry in the efficiency measure column.    

Intermediate Results

17.     Air infiltration (scfh)

Total amount of air flowing into the combustion chamber before and after 

blocking the openings, expressed in standard cubic feet per hour

AirFlow = ftn(OpenArea, Draft)

18.     Annual gas use (therms/year)

Baseline is same value as above, efficiency measure is new value

MeasureGasUse = BaselineGasUse - AirFlow * OperatingTime * (Heat Required 

to Compensate for AirFlow)

19.     Gas savings (% of baseline)

Gas savings expressed as a percent of baseline gas use

GasSavings% = 1 - MeasureGasUse / BaselineGasUse

Final Result

20.     Gas savings (therms/year)

Difference between annual gas use for baseline and efficiency measure

AnnualGasSavings = BaselineGasUse - MeasureGasUse

Cost Savings from Reducing Air Infiltration on Induced Draft Systems (optional)

Inputs (cells with blue font)

21.     Gas rate ($/therm)

Customer gas rate

Final Result

22.     Annual cost savings ($/year)

Customer cost savings resulting from annual gas savings

CostSavings = GasSavings * GasRate


3.3 Gas Savings from Reducing Air Infiltration on Stack Draft Combustion Systems
A natural draft combustion system uses the stack (chimney) effect.  Since the flue gases inside the stack are so much hotter than the ambient air, the flue gases are less dense than the ambient air outside the stack.  The flue gases in the stack will rise, creating a vacuum (suction) in the combustion chamber, which will draw the combustion air and the infiltration air into the furnace.  Natural draft furnaces naturally operate below atmospheric pressure.  Control is accomplished by through operation of a damper on the combustion air.  
As with the induced draft systems, ambient air flows into the combustion chamber through the inspection ports, doors, and feeders, and this air is heated to the flue gas temperature before it leaves the combustion chamber.  The heat needed to raise the infiltration air from ambient temperature to the flue gas temperature is provided by the burner, and therefore reducing the infiltration air flow rate can save gas at the burner.  

A schematic of the combustion system considered in the stack draft air infiltration gas savings calculation is illustrated in Figure 5.  See Section A.3 of Appendix A for a discussion of the physics and underlying assumptions built into this section of the excess air tool.  Natural gas and combustion air pass through the burner into the combustion chamber (oven, furnace, etc.).  In this analysis, the excess air is a combination of the excess air included in the combustion air for complete combustion and infiltration air that enters the combustion chamber through the openings.  The flue gas exits the combustion chamber through the stack.  

[image: image9]
Figure 5.
Stack Draft Air Infiltration
The user interface for a measure reducing air infiltration on stack draft systems is shown in Figure 6.  Again, user inputs are in the white fields with blue font.  The parameters related to reducing air infiltration on stack draft combustion systems are listed below in Table 4.  See Appendix C for several validation result cases.  
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Repair furnace leaks for induced draft system

Repair furnace leaks for stack draft system

Baseline

Efficiency 

Measure

50,000

7,749

45%

3,487

1,743,525

1,600 1,600

4.0% 2.0%

80 80

20

4

36 0

21,300 0

1,743,525 1,637,322

Source:  Calculation methodology provided by Arvind Thekdi, E3M, Inc.

2.  Operating time (hrs/yr)

3.  Load Factor

7.  Oxygen (O

2

) in flue gas (%, dry)

5.  Annual Gas Use (therms/yr)

8.  Combustion air temperature (F) 

Parameter

Scenario



1.  Connected load (MBtuh)

Equipment Load and Annual Use Inputs

4.  Equivalent full load hours (hrs/yr)

Temperature and % Oxygen Inputs

6.  Flue gas temperature (F)



106,203

23.  Stack height (from openings to top) (ft)

24.  Stack inside diameter (ft)

26.  Air infiltration (scfh)

25.  Total opening area (square inches)

27.  Annual gas use (therms/yr)

Approach for Excess Air Reduction (select one)

Gas Savings from Reducing Air Infiltration on Stack Draft Combustion 

28.  Gas savings (%) 

29.  Gas savings (therms/year)

31.  Annual cost savings ($/year) $100,893

Cost Savings from Reducing Air Infiltration on Stack Draft Systems

30.  Gas rate ($/therm)

$0.950

6.1%


Figure 6.
Excess Air Tool for Stack Draft Air Infiltration

Table 4.
Stack Draft Parameters
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Inputs (cells with blue font)

23.     Stack height (from openings to top) (ft)

Measure the stack height from the average height of the openings into the 

combustion chamber to the top of the stack

24.     Stack inside diameter (ft)

Determine the average inside diameter of the stack.  If the stack is not circular, 

use the hydraulic diameter = square root of (area in square feet times 4/

p

).

25.     Total opening area (square inches)

Work with customer to measure the size of every opening into the vacuum in the 

baseline combustion chamber, calculate the area of each, and add them 

together.  If there are any openings that cannot be blocked, re-measure their size 

after blocking the openings, calculate the area of each, and add them together 

for the entry in the efficiency measure column.    

Intermediate Results

26.     Air infiltration (scfh)

Total amount of air flowing into the combustion chamber before and after 

blocking the openings, expressed in standard cubic feet per hour

AirFlow = ftn(OpenArea, Draft)

27.     Annual gas use (therms/year)

Baseline is same value as above, efficiency measure is new value

MeasureGasUse = BaselineGasUse - AirFlow * OperatingTime * (Heat Required 

to Compensate for AirFlow)

28.     Gas savings (% of baseline)

Gas savings expressed as a percent of baseline gas use

GasSavings% = 1 - MeasureGasUse / BaselineGasUse

Final Result

29.     Gas savings (therms/year)

Difference between annual gas use for baseline and efficiency measure

AnnualGasSavings = BaselineGasUse - MeasureGasUse

Cost Savings from Reducing Air Infiltration on Stack Draft Systems (optional)

Inputs (cells with blue font)

30.     Gas rate ($/therm)

Customer gas rate

Final Result

31.     Annual cost savings ($/year)

Customer cost savings resulting from annual gas savings

CostSavings = GasSavings * GasRate


Appendix A.
Assumptions and Underlying Calculation Methodology
A.1
Gas Savings for Power Burner or Combustion Air Damper
The annual gas savings (therms/year) is calculated from the product of the baseline annual gas use and gas savings as a percent of the baseline annual gas use.  The first step is therefore to calculate the annual gas use.  The annual gas use (therms/year) is the product of the equivalent full load hours (EFLH) of the burner times the input rating (MBtuh) of the burner, with the conversion factor for MBtu to therms.  
AnnualGasUse = 0.01 * EFLH * InputRating

where the EFLH is the product of the annual operating time (hours/year) and the equipment load factor.  
The percent gas savings of both the power burner and combustion air damper excess air reduction measures are characterized by measuring the baseline and measure flue gas oxygen concentration.  For natural gas combustion, the excess air (EA) is directly related to the percent oxygen (PO2) measured in the flue gas by the following formula:  

EA = 0.0258 + 3.7855 PO2 + 0.60844 PO22 - 0.06275 PO23 + 0.00493 PO24
The calculation of the value of excess air reduction is based on the heating value of the fuel and the quantity of heat leaving the process in the flue gases.  The following formulation is generalized to properly account for the amount of heat that can be put back into the process by preheating the combustion air so that the Excess Air Tool can consider the combined benefits of excess air reduction and combustion air preheat.  This general relationship is described in the equation below:
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To calculate a numerical result for this general equation, one needs to know both the composition of the fuel (in order to determine the stoichiometric air to fuel ratio and the heating value) and also the amount of excess air that is in the flue gas.  Of course, the flue gas temperature and the desired combustion air preheat must also be input.  The problem is solved using fitted equations to the results of a general equilibrium combustion model.  There are three equations that go into the determination of Available Heat to the Process Percent:  These equations estimate the following:

1. Available heat to the process for stoichiometric air to fuel ratio based on an assumed natural gas composition (Appendix C.)
  

=95 - 0.025 x t2  (see variable definitions above)

2. Minus a correction factor for the heat contained in the excess air that is also “going up the flue”

=-(-2 + 0.02 x  t2)*(Excess Air%/100)

alternatively
= .02 x (t2 -100) x Excess Air%/100  (where .02 Btu/scf is the average specific heat of air and 100 is the assumed base combustion air temperature in degrees F.)

3. Plus a correction factor for the heat that is contained in the total combustion air including the excess air


=(-2+0.02* t2air)*(1 + Excess Air%/100)


As in (2) this equation is based on an average specific heat of air of 0.02 Btu/scf and an assumed starting point of 100o F.

4. The Available heat to the process = (1) – (2) + (3)

5. Energy savings equals the change in gas consumption divided by the original energy consumption.  The actual calculation for this value comes from the change in available heat to the process percent divided by the new available heat to the process percent.  These two terms are exactly equal because energy consumption is inversely proportional to available heat to the process percent.

The first equation is based on a fitted line to the results of an equilibrium combustion model of stoichiometric combustion with natural gas and 75o F. air.  This curve is shown in Figure 7.
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Figure 7.
Available Heat for Stoichiometric Natural Gas Combustion 

The heat content of air that is used in equations (2) and (3) is based on the relationship shown in Figure 8.  
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Figure 8.
Heat Content of Air as Function of Temperature

There are a number of simplifying assumptions and caveats for the relationship in the calculator:

· There are no wall losses assumed in the recuperator and ducting.
· There is no ambient air infiltration assumed.  All of the excess air is assumed to come from the combustion air.  

· Energy losses in the furnace (process) itself are assumed to be unchanged – furnace wall losses, radiation losses, etc.  These losses do not affect the value of the heat recovery measure, but may be opportunities for other efficiency measures.

· The calculation tool does not measure the effectiveness of the proposed heat recovery equipment.  The performance, inlet and outlet temperatures must come from the customer or vendor. It is important that realistic values be entered for flue gas temperature and combustion air preheat.  

· The calculations are based on a fixed gas composition and stoichiometric air to fuel ratio.  The results are relatively insensitive to assumptions regarding fuel composition.  Going from 100% methane to 100% propane only changes the available heat estimate by 1%.
A.2
Gas Savings from Reducing Air Infiltration on Induced Draft Combustion Systems

The induced draft gas savings calculation estimates the gas savings that will result from blocking air infiltration into the furnace, oven, or other combustion chamber.  The user inputs specific to induced draft are the vacuum pressure (draft) (IWC) and the total opening area (square inches).  

Since the combustion chamber is operating under a mild vacuum caused by the induced draft fan, the ambient air is drawn into the combustion chamber through all of the openings in the walls of the combustion chamber.  The air flow rate (Q, standard cubic feet per hour) is calculated from square inches of opening area, A, and the draft ((P, inches of water column) by:  


[image: image15.wmf]P

A

Q

D

=

4

.

1340


The following assumptions are built into this equation:

· Incompressible air flow through the openings

· Ambient air temperature is 60 (F
· Ambient air pressure is 14.696 psia
· Ambient relative humidity is 50%

· The openings have an effective discharge coefficient, CD  = 0.8
The heat required to raise the air temperature from ambient to the flue gas temperature (Heat, Btuh) is calculated from the ambient air temperature (Tair, (F), the flue gas temperature (Tflue, (F), and the air flow rate (Q, scfh) given by:
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The percent excess air is calculated from the measurement of the percent O2 in the flue gas as described in the section above.  The percent of heat available to the process (AvailableHeat) is calculated as described in the section above.  The extra gas fuel flow (GrossHeat, Btuh) required to heat the infiltration air from ambient temperature to flue gas temperature is calculated from the heat required to raise the air temperature from ambient to the flue gas temperature (Heat, Btuh) and the percent of heat available to the process (AvailableHeat) by:  
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If we allow the possibility that not all of the leaks can be blocked, the annual gas savings (GasSavings, therms/year) is calculated from the product of the annual operating time (T, hours/year) and the difference in GrossHeat before the leaks are plugged (baseline) and after the leaks are plugged (measure):  
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A.3
Gas Savings from Reducing Air Infiltration on Stack Draft Combustion Systems

The stack draft gas savings calculation estimates the gas savings that will result from blocking air infiltration into the furnace, oven, or other combustion chamber when a stack is used to create the “draft” (vacuum) in the combustion chamber.  The user inputs specific to the stack draft analysis are the stack height (H, feet), the stack inside diameter (ID, feet), and the total opening area (A, square inches).  
The stack height and inside diameter are used to calculate the draft or vacuum in the combustion chamber, corrected by the frictional losses of the flue gas flowing inside the stack.  The density of the flue gas ((, pounds/cubic foot) is calculated from the air and flue gas temperature:  
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Assuming that one scf flue gas is produced for each 95 Btu heat release by combustion, the flue gas flow rate (CFS, actual cubic feet per second) is calculated from connect load or firing rate (FR, MBtuh) and the flue gas temperature:  
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The stack height and density difference to ambient air are used to calculate the theoretical draft (TD, inches of water column).  The ambient air is assumed to be at 14.696 psia and 60 F, with 50% relative humidity.  
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The frictional pressure loss (FL, inches of water column) in the stack is calculated from the stack height (H), inside diameter (ID), and flow rate (CFS) by assuming turbulent flow in the circular stack.  
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The effective draft in the combustion chamber ((P, inches of water column) is the theoretical draft less the frictional pressure loss.  The change in frictional pressure loss in the stack due to the reduced air infiltration and reduced burner flow rate is neglected.  

(P = TD - FL
From this point on, the calculation is identical to the induced draft calculation discussed above.  
Appendix B.
Assumed Gas Composition

The gas composition assumed in the analysis is shown in Table 5.
Table 5.
Assumed Gas Composition

	Gas Analysis
	Molar Volume %

	CH4
	94.1%

	C2H6
	3.01%

	C3H8
	0.42%

	C4H10
	0.28%

	CO
	0.014%

	H2
	0.032%

	CO2
	0.71%

	O2
	0.01%

	N2
	1.424%


Appendix C.
Validation Cases

The validation cases for the following three energy efficiency measures are listed separately:

· Excess Air Reduction Measure for power burner or combustion air damper

· Repair furnace leaks to reduce air infiltration on induced draft system

· Repair furnace leaks to reduce air infiltration on stack draft system
Table 6 provides the input limits and validation case for the Excess Air Reduction Measure.  The Excess Air Tool checks input data entered in the tool, and provides error messages if the data falls outside the input ranges listed in the table.  The validation data compares the input and output parameters for the baseline and efficiency measure.  
Table 6.
Validation Case for Excess Air Reduction Measure
	Parameter
	Input Range
	Excess Air Tool

	
	
	Baseline
	Efficiency Measure

	Connected load (MBtuh)
	>0
	50,000
	50,000

	Operating time (hrs/yr)
	0-8760
	7,749
	7,749

	Load Factor
	0-100%
	45%
	45%

	Flue gas temperature (F)
	200-3000
	1600
	1600

	Oxygen (O2) in flue gas (%, dry)
	0-21%
	4.0%
	2.0%

	Combustion air temperature (F) 
	0-Tflue
	80
	80

	Gas savings (therms/year)
	Output
	
	128,627

	Gas rate ($/therm)
	>0
	
	$0.95

	Annual cost savings ($/year)
	Output
	
	$122,196


Table 7 provides the input limits and validation case for the Induced Draft Measure.  The Excess Air Tool checks input data entered in the tool, and provides error messages if the data falls outside the input ranges listed in the table.  The validation data lists the input and output parameters for the gas savings calculation.   
Table 7.
Validation Case for Induced Draft Measure
	Parameter
	Input Range
	Excess Air Tool

	Connected load (MBtuh)
	>0
	50,000

	Operating time (hrs/yr)
	0-8760
	7,749

	Load Factor
	0-100%
	45%

	Flue gas temperature (F)
	200-3000
	1600

	Oxygen (O2) in flue gas (%, dry)
	0-21%
	4.0%

	Combustion air temperature (F) 
	0-Tflue
	80

	Induced draft (inches of W.C. of vacuum)
	0-1
	0.200

	Total opening area (square inches)
	>0
	36

	Air infiltration (scfh/sq in)
	Output
	599

	Gas savings (therms/year)
	Output
	$107,600

	Gas rate ($/therm)
	>0
	$0.95

	Annual cost savings ($/year)
	Output
	$102,220


Table 8 provides the input limits and validation case for the Stack Draft Measure.  The Excess Air Tool checks input data entered in the tool, and provides error messages if the data falls outside the input ranges listed in the table.  The validation data lists the input and output parameters for the gas savings calculation.    
Table 8.
Validation Case for Stack Draft Measure
	Parameter
	Input Range
	Excess Air Tool

	Connected load (MBtuh)
	>0
	50,000

	Operating time (hrs/yr)
	0-8760
	7,749

	Load Factor
	0-100%
	45%

	Flue gas temperature (F)
	200-3000
	1600

	Oxygen (O2) in flue gas (%, dry)
	0-21%
	4.0%

	Combustion air temperature (F) 
	0-Tflue
	80

	Stack height (from openings to top) (ft)
	>0
	20

	Stack inside diameter (ft)
	>0
	4

	Total opening area (square inches)
	>0
	36

	Draft (inches of W.C. of vacuum)
	Output
	0.19480

	Air infiltration (scfh/sq in)
	Output
	591.66

	Gas savings (therms/year)
	Output
	$106,203

	Gas rate ($/therm)
	>0
	$0.95

	Annual cost savings ($/year)
	Output
	$100,893
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�  Load Balance Tool v0.11, The Gas Company, March 2006.  


�  Load Balance Tool, The Gas Company, March 2006.  


�  Excess Air Tool v1.1, The Gas Company, April 2006.  


� Combustion Technology Manual, Fourth Edition, Industrial Heating Equipment Association, 1988, pp267-270.
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