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Executive Summary 

This workpaper describes four calculators that will allow The Gas Company account executives and other staff to estmate annual gas savings for industrial customers applying for incentive funds for heat recovery under the Business Energy Efficiency Programs (BEEP).  These calculators are as follows:

· Efficient Combustion Calculator – covering use of combustion air preheating and reduction of excess air in flue gases for either direct process heating equipment (furnace, oven, kiln, heater, etc.) or process boilers.  The calculator estimates the annual expected gas savings when the furnace conditions (flue gas temperature, gas consumption, excess air, and combustion air temperature) are known.  This calculator will also provide an estimate of savings from excess air reduction, though there is a more detailed Excess Air Calculator available for this use.  

· Flue Gas to Air Calculator – covering the use of flue gas for air heating.  This calculator allows calculation of recoverable heat available and the temperature that can be achieved at a given air flow rate and heat exchanger effectiveness.  Alternatively, it can be used to estimate the flow rates or heat exchanger effectiveness needed to achieve a given heat (or preheat) temperature.  

· Flue Gas to Water Calculator – covering the use of flue gas for water heating.  This calculator is very similar to the previous calculator only the flue gas heat is being transferred to water.  Therefore, the calculator estimates the expected temperature of a given flowrate of water through a flue gas heat exchanger of given effectiveness.  As in the previous calculator, the user can set the water temperature desired by adjusting the flowrate and HX effectiveness.

· Water to Water Calculator – covering heat transfer from one water source to another.  Given the two flowrates and inlet water temperatures, the calculator estimates the heat transferred to the cold side water and the expected outlet temperatures. 
The focus of these calculators is on the reduction of natural gas requirements used for industrial processes by either recovering heat from the process flue gases that would otherwise be wasted and on the recovery of heat from hot water that reduces energy requirements in other parts of the customer’s facility.
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1.
Overview
This workpaper describes four calculators that will allow the Southern California Gas Company (The Gas Company) account executives and other staff to estmate annual gas savings for industrial customers applying for incentive funds for heat recovery under the Business Energy Efficiency Programs (BEEP).  These calculators are as follows:

· Efficient Combustion Calculator – covering use of combustion air preheating and reduction of excess air in flue gases for either direct process heating equipment (furnace, oven, kiln, heater, etc.) or process boilers.  The calculator estimates the annual expected gas savings when the furnace conditions (flue gas temperature, gas consumption, excess air, and combustion air temperature) are known.  This calculator will also provide an estimate of savings from excess air reduction, though there is a more detailed Excess Air Calculator available for this use.  A schematic depiction of combustion air preheat using a recuperator to extract heat from the flue gases is shown in Figure 1. An example of direct heat recovery is the lengthening of a pusher-type steel reheat furnace to add an additional pre-heating zone as shown in Figure 2.  
· Flue Gas to Air Calculator – covering the use of flue gas for air heating.  This calculator allows calculation of recoverable heat available and the temperature that can be achieved at a given air flow rate and heat exchanger effectiveness.  Alternatively, it can be used to estimate the flow rates or heat exchanger effectiveness needed to achieve a given heat (or preheat) temperature.  

· Flue Gas to Water Calculator – covering the use of flue gas for water heating.  This calculator is very similar to the previous calculator only the flue gas heat is being transferred to water.  Therefore, the calculator estimates the expected temperature of a given flowrate of water through a flue gas heat exchanger of given effectiveness.  As in the previous calculator, the user can set the water temperature desired by adjusting the flowrate and HX effectiveness. Figure 3 shows a flue water heater.  
· Water to Water Calculator – covering heat transfer from one water source to another.  Given the two flowrates and inlet water temperatures, the calculator estimates the heat transferred to the cold side water and the expected outlet temperatures.   Particularly with large boilers, it may make economic sense to use recovered heat from boiler blowdown to preheat the incoming boiler feedwater as shown in Figure 4. 
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Figure 1.
Combustion Air Preheat Schematic Using a Recuperator
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Figure 2.
Product Heating – Direct Heat Recovery – Load Preheating in a Reheat Furnace
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Figure 3.
Waste Heat Water Heater Schematic
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Figure 4.
Heat Recovery from Boiler Blowdown Water to Preheat Feedwater

The focus of the workpaper applications diescussion is on industrial process heating.  Industrial boilers can also utilize combustion air preheat or water preheating (economizer) to reduce energy consumption and the calculators will provide a correct estimate of potential gas savings for those applications as well.  
Heat recovery is theoretically possible whenever a temperature differential exists in different stages of a process.  Benefits from flue gas heat recovery depend on the flue gas temperature and flow rate of flue gases or total heat content of the flue gases.  Flue gas heat recovery is commonly used for combustion air preheating in boilers, furnaces, kilns, etc. or for charge preheating for furnaces or feed water heating for boilers.  The high temperature processes are typical of chemical processing, petroleum refining, metal and glass processing industries and certain other processes. Waste heat boilers, water heating, and air heating can be applied effectively with lower flue gas temperatures, especially if there is a plant need for the low grade heat streams.  
Three of these measures involve extraction of heat from flue gas exiting a process. Two of the calculators involve calculations concerning the heat content of water. Measurement of the impact of heat recovery options requires a determination of the heat contained in the flue gas, air or water stream.  The heat transferred to or from a material can be expressed as:
q = m(T)Cp
Where q = heat transferred, m = mass flowrate, T = the change in temperature and Cp = the specific heat.

Each calculator, then, is essentially an accounting device that keeps track of the temperature and mass flows of the flue gases and the product to be heated – air or water.  Built into the calculators are relationships that define required combusion air for natural gas, flue gas composition and volume resulting from combustion with a given volume of natural gas, the specific heats of this flue gas and the product to be heated – air, water, steam.  These relationships are based on the output of equilibrium combustion models and are identical, or nearly so, to the calculations in the Process Heating Assessment and Survey Tool (PHAST).

The calculators require a limited number of inputs  

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

· Flue Gas Temperature – The temperature of the flue gases exiting the process heating equipment 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. (This value is assumed to remain constant before and after implementation of efficiency measure.)  
· Combustion Air Temperature – The temperature of the combustion air before and after implementation of the efficiency measure. 
· Secondary Product Heat Recovery – For secondary heat recovery, hot water, steam, or hot air, two of the following three variables must be input – fluid (air or water) flowrate, heat exchanger effectiveness, and exit temperature of the secondary product.  

· Ambient or Starting Conditions for Fuel, Air, and Secondary Products – the startting temperature for combustion air, secondary products must be specified.  

· Water to Water Heat Recovery – For water to water heat recovery, the following five variables must be input – hot side flowrate and inlet temperature, cold side flowrate and inlet temperature, and heat exchanger effectiveness, and exit temperature of the secondary product.  

· Thermal Efficiency of Alternative Heating Process (for secondary products) – For example, steam or hot water produced by a waste heat boiler is assumed to save the natural gas that would otherwise been needed based on either an assumed efficiency of a standard boiler or the actual efficiency of an onsite process that is being turned off or turned down.

2.
Annual Gas Use
The baseline annual fuel use by an individual process heater within a facility is rarely measured directly because, typically, there is no sub-metering of individual equipment, just the main gas meter for the facility as a whole.  To provide a standardized estimate of the baseline annual fuel use, The Gas Company has developed an Excel based Load Balance Tool.
  The tool allows the user to identify and characterize the gas-using equipment within the facility.  The tool then allocates the metered facility consumption among the equipment identified within the facility.  The assumptions and equations used in the Load Balance Tool are documented in its workpaper
.  
3.
Gas Savings Calculations
The natural gas consumption and savings calculations are in the Excel based Heat Recovery Workbook.  There are four calculators in this workbook:

· Combustion Air Preheat Calculator 

· Flue Gas to Air Calculator

· Flue Gas to Water Calculator
· Water to Water Calculator.
3.1
Combustion Air Preheat Calculator
The inputs and the results for the Combustion Air Preheat Calculator are shown in a one-page table, Table 1.  User inputs are in blue on the white fields, the gray fields represent intermediate calculations, the final annual gas savings value and optional customer gas cost savings are shown at the bottom of the table in the dark blue fields.
Table 1.
Combustion Air Preheat Calculator – Input/Output Tabe
[image: image6.emf]Baseline

Efficiency 

Measure

1 Connected load (MBtuh) 5,000

2 Operating time (hrs/yr) 8,760

3 Load factor 0.685

4 Equivalent full load hours (hrs/yr) 6,000

5 Annual gas use (therms/yr) 300,000

6 Flue gas temperature (F) 1,500 1,500

7

Oxygen (O

2

) in flue gas (%, dry)

3.00 3.00

8 Excess air (%)  15.56 15.56

9 Combustion air temperature (F)  80 890

10 Available Heat to Process (%)  52.68 71.40

11 Gas savings (%)  Base 26.22%

12 New Gas Use (therms/year) Base 221,341

13 78,659

14 Gas Rate ($/therm) $0.95

15 $74,726

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

Gas Savings Rate and Annual Gas Savings

Annual Dollar Savings

Annual Savings ($/year)

GasSavings (therms/year)

Scenario

Parameter

Equipment Load and Annual Use Calculation

Combustion Air Preheat and Excess Air Assumptions


The calculator requires only three inputs to characterize the duty cycle and annual gas consumption, and six inputs to describe the before and after furnace (process) operation.  The calculations determine the fuel use, flue gas, and preheat air energy to define before and after available heat to the process.
  The unit savings are then applied to the annual consumption to determine the annual gas savings.
Equipment Load and Annual Use Calculation – Information from this section is to be taken from the Load Balance Tool.  Customer supplied information that varies from the Load Balance Tool requires The Gas Company management review and approval.
1. Input: Equipment rating or connected load (MBtu/hr) is provided by the customer (for screening purposes) this information may be available for customers using the MAS database.

2. Input: Equipment usage rate (hours/year)  -- to be taken from the Load Balance Tool
3. Input: Equipment load factor in use (percent ) – to be taken from the Load Balance Tool
4. Calc: Equivalent full load hours = (Line 2) x (Line 3).

5. Calc.:  Annual gas consumption = (Line 4) x (Line 1) x MBtu/therm conversion

Flue Gas, Combustion Air, and Excess Air Assumptions

6. Input: Flue gas temperature – a customer supplied input.  This is the temperature of the gas exiting the equipment before heat recovery.  For combustion air preheat or excess air changes, the baseline and energy efficiency measure flue gas temperatures are to be the same.  For direct product heating, the old and new flue gas temperatures will be different.  
7. Input: Oxygen percent in the flue gas (% dry basis) – a customer supplied input.  For combustion air preheat and direct product heating, this value should remain the same.  For excess air reduction, the value would be changed.  The oxygen percentage is to be measured before addition of any dilution air mixed with the furnace flue gases as may be the case in many high temperature applications.
8. Calc.: Excess air is a function of Oxygen in the exhaust (Line 7).  This is function is a polynomial curve fit to the output of a combustion equilibrium model.

9. Input: Combustion Air Temperature (degrees F.) – It is assumed that the base case is at ambient conditions.  For combustion air preheat, the preheat temperature should be input.  In no case should this temperature be higher than the flue gas temperature (Line 6.)  For direct product heating, the combustion air temperature is unchanged but the flue gas temperature is reduced (Line 6).  For excess air measures, the combustion air temperature remains unchanged.
10. Calc.: Available Heat to the Process (percent) – This is the heart of the calculation and includes the results of three factors: 1) available heat for stoichiometric gas combustion, 2) adjustment for excess air, 3) adjustment for combustion air temperature.  (The justification and documentation of this calculation are provided in Appendix B.
Gas Savings Rate and Annual Gas Savings
11. Calc.: Gas Savings Percent –  (New Available heat – Base Available Heat)/New Available Heat – from line 10.  Note: this provides the identical result as (Base gas consumption – new gas consumption)/Base gas consumption.

12. Calc.: New Gas Use = Base Gas Use x (1 – Line 11/100)

13. Calc.: Annual Gas Savings due to efficiency measure – this is the final output of the calculation.
Annual Gas Cost Savings (Optional Calculation)
14. Input: gas rate ($/therm) – Customer gas rate—avoided commodity and delivery rate.
15. Calc.: Annual savings ($/year) – (13) x (14).
In the example shown in Table 2, a 5,000 MBtuh furnace available 8760 hours/year with a 68.5% load factor consumes 300,000 therms/year.  The energy efficiency measure being evaluated is combustion air preheat to raise the temperature of combustion air from 80o F. to 890o F.
  The process has a 1,500o F. flue gas temperature with 3% oxygen on a dry basis in the flue.  This oxygen measurement indicates that there is 15.56% excess air.  The combustion air preheat increases the percentage of available heat to the process from 52.68% to 71.40% – a calculated savings of 26.22%.  The gas consumption after implementation of the combustion air preheat drops to 221,341 therms/year for an annual savings due to the efficiency measure of 78,659 therms/year.  
3.2
Flue Gas to Air Heat Recovery Calculator

Table 3 shows the one-page input/output table for the flue gas to air heat recovery calculator.  The calculator determines the air heating that can be achieved from a furnace of known conditions to a given volume of air using a heat exchanger of known efficiency.  Based on the energy transferred to the heated air, gas savings can be estimated based on the avoided consumption from a separate process of known efficiency.

Table 2.
Flue Gas to Air Heat Recovery Calculator Input/Output Table

[image: image7.emf]1 Connected load (MBtuh) 2,000

2 Operating time (hrs/yr) 8,760

3 Load factor 0.600

4 Equivalent full load hours (hrs/yr) 5,256

5 Annual gas use (therms/yr) 105,120

6 Furnace flue gas temp. (F) 600

7

% O

2

 in flue gases (dry basis)

3.0

8 % Excess air 

15.56

9 Recoverable heat from flue gases (Therms/year)

14,968

10 Air heater - Inlet air temperature (deg. F.) 60

11 Required air flow for the air heater (scfm) 600

12 Expected flue gas/air HX efficiency % 50

13

Heat transferred-recovered in air heater 

(Therms/year)

7,484

14 Air temperature at outlet (deg. F.) 258

15 Combustion efficiency of avoided air heater % 80

16 Gas Savings (therms/year) 9,355

17 Gas Rate ($/therm) $0.95

18 Annual Savings ($/year) $8,887

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

Annual Dollar Savings

Flue Gas Heat Recovery for Air Heating

Equipment Load and Annual Use Calculation

Heat Source Process Conditions

Air Heater Process Conditions

Estimated Annual Gas Savings


Equipment Load and Annual Use Calculation – Information from this section is to be taken from the Load Balance Tool.  Customer supplied information that varies from the Load Balance Tool requires approval.  These inputs are in the same order and format as for the efficient combustion: combustion air preheat calculator.
1. Input: Equipment rating or connected load (MBtu/hr) is provided by the customer (for screening purposes) this information may be available for customers using the MAS database.

2. Input: Equipment usage rate (hours/year)  -- to be taken from the Load Balance Tool
3. Input: Equipment load factor in use (percent ) – to be taken from the Load Balance Tool
4. Calc: Equivalent full load hours = (Line 2) x (Line 3).

5. Calc.:  Annual gas consumption = (Line 4) x (Line 1) x MBtu/therm conversion

Heat Source Process Conditions – characterization of the process outlet conditions from which the heat is to be recovered.
6. Input: Flue gas temperature – upstream (before ) entering the heat exchanger, a customer supplied input.  

7. Input: Oxygen percent in the flue gas (% dry basis) – a customer supplied input.

8. Calc.: Excess air is a function of Oxygen in the exhaust (Line 7).  This is function is a polynomial curve fit to the output of a combustion equilibrium model.

9. Calc.: Recoverable heat from flue gases (therms/year.) – This is a calculated value that returns the heat content of the flue gases.  The calculation is based on the volume, specific heat, and temperature described in the Overview Section and in Appendix B.

Air Heater Process Conditions – characterization of the ambient air temperature, air flows, and heat exchanger effectiveness and calculation of heat transferred to the air stream and the outlet air temperature 
10. Input: Air heater inlet air temperature (deg. F.) – ambient conditions or somewhat higher due to heat from the blower motor, if applicable, transferred to the air stream.
11. Input: Required air flow for the air heater (scfm) – customer supplied input

12. Input: Expected flue gas/air HX efficiency % -- customer or vendor supplied input.  The typical range of heat exchanger efficiencies is 25-70%.  The calculator warns the user if the input values are out of this typical range.

13. Calc.: Heat transferred-recovered in air heater – equals the recoverable heat in the flue gases multiplied by the heat exchanger efficiency = (9) x (12)/100.

14. Calc.: Air temperature at outlet (deg. F.) – Based on the specific heat of air, the flow rate, and the assumed efficiency of the HX, this line calculates the exit air temperature for use in the secondary process.

Estimated Annual Gas Savings – Calculates an annual gas savings based on an assumed efficiency of an avoided air heater.
15.  Input: Combustion efficiency of avoided air heater % -- This variable represents the efficiency of the avoided process that would have been used for air heating.  

16. Calc.: -- Gas Savings (therms/year) – the annual gas savings are based on the energy transferred to the air stream divided by the efficiency of the avoided process – (13)/((15/)100).

Annual Gas Cost Savings (Optional Calculation)
17. Input: gas rate ($/therm) – Customer gas rate—avoided commodity and delivery rate.

18. Calc.: Annual savings ($/year) – (16) x (17).

In the example shown in Table 3, a 2,000 MBtuh process operating with 5,356 EFLH has a flue gas temperature of 600o F with 3% oxygen.  The recoverable heat in the flue gases is calculated at 14,968 therms/year.  The air heater takes 700 scfm of inlet air at 60o F through a heat exchanger with an efficiency of 50%.  The heat transferred to the air stream is calculated at 7,484 therms/year and the calculated air temperature leaving the HX is 230o F.  Assuming that this heat recovery avoids the use of an 80% efficient gas-fired heater, the annual savings are calculated to be 9,355 therms/year.

3.3
Flue Gas to Water Heat Recovery Calculator

The flue gas to water heat recovery calculator (shown in Table 4) is very similar to the flue gas to air heat recovery calculator.  In fact, three of the four sections are identical:

· Equipment Load and Annual Use Calculation
· Heat Source Process Conditions

· Estimated Annual Gas Savings.

The only section that is different is the water heater process conditions and the only input changes are the flow rate of water and estimation of the exit temperature for the water.

Water Heater Process Conditions – characterization of the ambient water temperature, water flow rate, and heat exchanger effectiveness and calculation of heat transferred to the water stream and the outlet water temperature 
10. Input: Water heater inlet air temperature (deg. F.) – ambient conditions or average annual groundwater temperature of water.

11. Input: Required water flow for the water heater in gallons per minute (gpm) – customer supplied input

12. Input: Expected flue gas/air HX efficiency % -- customer supplied input.  The typical range of heat exchanger efficiencies is 25-70%.  The calculator warns the user if the input values are out of this typical range.

13. Calc.: Heat transferred-recovered in water heater – equals the recoverable heat in the flue gases multiplied by the heat exchanger efficiency = (9) x (12)/100.

14. Calc.: Water temperature at outlet (deg. F.) – Based on the specific heat of water
, the flow rate, and the assumed efficiency of the HX, this line calculates the exit water temperature for use in the secondary process.  The calculator warns the user if input values produce a water temperature above 200o F. to avoid the likelihood of producing steam in the heat exchanger. 
The final calculation of avoided gas use is the same as in the flue gas to air heat recovery calculator.
Table 3.
Flue Gas to Water Heat Recovery Calculator Input/Output Table

[image: image8.emf]1 Connected load (MBtuh) 2,000

2 Operating time (hrs/yr) 8,760

3 Load factor 0.600

4 Equivalent full load hours (hrs/yr) 5,256

5 Annual gas use (therms/yr) 105,120

6 Furnace flue gas temp. (F) 600

7

% O

2

 in flue gases (dry basis)

3.0

8 % Excess air 

15.56

9 Recoverable heat from flue gases (Therms/year)

14,968

10 Water heater - Inlet water temperature (deg. F.) 60

11 Required water flow rate (gpm) 2.37

12 Expected water/flue gas HX efficiency % 50

13

Heat transferred-recovered in water heater 

(Therms/year)

7,484

14 Water temperature at outlet (Deg. F.) 180

15 Combustion efficiency of avoided water heater % 80

16

Gas Savings (therms/year) 9,355

17 Gas Rate ($/therm) $0.95

18 Annual Savings ($/year) $8,887

Estimated Annual Gas Savings

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

Annual Dollar Savings

Flue Gas Heat Recovery for Water Heating

Equipment Load and Annual Use Calculation

Heat Source Process Conditions

Water Heater Process Conditions


Table 3 uses as a starting point the same process operating and flue gas conditions as shown in the air heating calculator (Table 3.)  Therefore, the calculation of 14,968 therms/year recoverable heat from the flue gases is the same.  Source water temperature was assumed to be 60o F.  In this example, the Goal Seek function in Excel was used to determine what water flow rate would produce an outlet water temperature of 180o F.  The required flow rate to produce this temperature with the assumed 50% efficient heat exchanger is 2.37 gpm.  The annual savings assuming an 80% efficient water heater are 9,355 therms/year – the same savings as were calculated if air was being heated instead of water.
3.4
Water to Water Heat Recovery Calculator

The water to water heat recovery calculator (shown in Table 4) is a standalone calculator that is different from the rest in that the heat source is not the process equipment flue gas.  The gas savings opportunity being considered here is the use of waste heat from hot water to preheat cold water – either as boiler feedwater preheat or to provide hot water for another process within the facility.  A necessary condition for effectively recovering heat from the hot water stream is that the heat in this stream would otherwise be wasted as in hot water to a dump radiator or boiler blowdown water.  Heat exchanger fouling can be an issue, particularly when using boiler blowdown water, that must be considered in the design and operating conditions for the system.  
Table 4.
Water to Water Heat Recovery Calculator Input/Output Table


[image: image9]
Heat Exchanger Inlet Flow Conditions

1.
Input:  Hot side water flow rate (lb/hr) -- If the hot side water flow rate is known in gallons per minute (gpm), multiply the value in gpm times 500 to obtain the value in lb/hr.   

2.
Input:  Hot side water inlet temperature (F) -- The hot side water flow is the heat source for the heat exchanger.  It must be considerably hotter than the cold side water flow and since this calculator does not handle steam, the hot water must be below its boiling point in the pipe.  Water temperatures above 200-212 (F require pressurization of the water system to avoid steam generation.  Pressurized heat recovery high temperature water heaters (HR-HTWH) can produce pressurized water considerably above the boiling point for water at atmospheric pressure.
3.
Input:  Cold side water flow rate (lb/hr) -- If the cold side water flow rate is known in gallons per minute (gpm), multiply the value in gpm times 500 to obtain the value in lb/hr.  

4.
Input:  Cold side water inlet temperature (F) -- The cold side water flow is what is being heated by the heat exchanger.  It must be considerably colder than the hot side water flow and must be above the freezing point.  

5.
Input:  Heat exchanger effectiveness (%)
 – A customer or vendor supplied input.  The default value in the calculator is 70%. 

6.
Calc:  Heat transferred to cold water (Btuh) – Determined by the smaller of the hot and cold side flow rates
(6) = (1 Btu/lb-F) x (5) x [smaller of (1) and (3)] x [ (2) - (4) ]

7.
Calc:  Hot water outlet temperature (F) – the temperature of the source water exiting the heat exchanger 
(7) = (2) - (6) / (1) / (1 Btu/lb-F)

8.
Calc:  Cold water outlet temperature (F) – the final temperature of the product water being heated for process use.
(8) = (4) + (6) / (3) / (1 Btu/lb-F)

Annual Gas Savings

9.
Input:  Operating time (hrs/yr) -- Annual scheduled operating time of the process.
10.
Input:  Displaced boiler efficiency (%) -- Assuming that the cold water is heated by gas-fired equipment, the heat exchanger reduces the amount of gas burned by that equipment.  This value is the thermal efficiency of that gas-fired equipment, most likely a hot-water boiler.   

11.
Calc:  Annual Gas Savings (therms/year) 
(11) = (6) * (9) / (10) / 100000

Annual Gas Cost Savings (Optional Calculation)

12.
Input:  Gas rate ($/therm) -- Customer gas rate — avoided commodity and delivery rate

13.
Calc:  Annual cost savings ($/year) -- 
(13) = (11) x (12)

In the example shown in Table 4, a process operating for 6,000 hours per year has a hot side water temperature of 180 (F at a flowrate of 12,000 lb/hr, and a cold side water temperature of 50o F at a flowrate of 10,000 lb/hr.  With a heat exchanger effectiveness of 70%.  The heat transferred to the cold side stream is calculated at 910,000 Btuh.  The hot side water is cooled to 104 (F while the cold side water is heated to 141 (F.  Assuming that this heat recovery avoids the use of an 80% efficient gas-fired hot water boiler, the annual gas savings are calculated to be 68,250 therms/year.  At 95 cents per therm, the corresponding annual cost savings is $64,838 per year.  

Appendix A
Technology Description

This section provides a brief discussion of common types of heat recovery equipment.  This section is intended to introduce common equipment names, configurations, and applications.  There is no attempt at completeness.  The heart of the heat recovery process involves a heat exchanger that transfers heat from the flue gases to a working fluid such as (combustion air, air for a secondary process, or water.)  These heat exchangers have different names such as recuperators, regenerative burners, economizers, heat recovery water heaters, etc.
Radiation Recuperators

Radiation recuperators are high temperature heat exchangers that utilize radiation heat transfer to preheat combustion air or gas for the purpose of saving fuel. By recovering heat from the hot waste gas exiting a furnace and transferring it to the combustion air feeding the burners, fuel usage can be reduced by an average of thirty-five percent (35%), and in many cases, greater savings are realized. Waste gas temperatures entering radiation recuperators are usually in the 2000°F to 2500°F range, and combustion air preheat temperatures are usually in the 800°F to 1400°F range.
For very high temperature industrial furnaces, such as glass melting furnaces, recuperators are valuable tools for increasing furnace efficiency. Up to seventy-five percent (75%) of the available energy in the fuel may be carried out of the furnace in the waste gas, therefore, heat recovery is essential for fuel conservation and economical operation. With fuel costs rising, recuperation is certain to play a vital role in the future.  Figure 5 shows alternative designs for radiation recuperators.
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Figure 5.
Radiation Recuperator Designs (Source: Kalfrisa, SA)
Radiation recuperators can be of the tubes cage type (tubular radiation) or the double shell type.  Tubular radiation recuperators are most widely used on larger direct fired glass melters with firing rates typically between 15 MM.Btuh. and 60 MM.Btuh. The tubular radiation design incorporates a cylindrical alloy steel tube bundle suspended within a refractory-lined outer shell, operating with waste gas temperatures up to 2600°F and generating air preheat temperatures as high as 1500°F. These recuperators have proven reliable under the adverse corrosion and fouling conditions often present in these larger melting furnaces. 

The double shell type recuperator is commonly used on smaller direct fired glass melters, with firing rates typically between 0.5 - 20 MMBtuh.  This design is comprised of concentric, cylindrical metallic inner and outer shells traditionally operating with waste gas temperatures up to 2300°F and combustion air temperatures up to 1000°F. However, recent advances in design and materials technology now permit higher temperature operation with the stack recuperator design. 

Applications for radiation recuperators include the following:

· Glass melting furnaces 

· Fiberglass furnaces 

· Glass day tanks 

· Glass continuous tanks 

· Glass pot furnaces 

· Glass refiners 

· Glass forehearths 

· Ceramic and refractory kilns 

· Steel forge furnaces 

· Steel heat treat furnaces 

· Aluminum die cast furnaces 

· Calciners. 

Convection Recuperators

Convection recuperators (also referred to as "flue" or "canal" recuperators) are tubular heat exchangers that utilize convection heat transfer to preheat combustion air or gas for the purpose of saving fuel. By recovering heat from the hot waste gas exiting a furnace and transferring it to the combustion air feeding the burners, fuel usage can be reduced by an average of twenty-five percent (25%), and in many cases, greater savings are realized. Waste gas temperatures entering convection recuperators are usually in the 1500°F to 2000°F range, and combustion air preheat temperatures are usually in the 800°F to 1200°F range.    

For high temperature industrial furnaces, such as steel reheat furnaces, recuperators are valuable tools for increasing furnace efficiency. Up to sixty percent (60%) of the available energy in the fuel may be carried out of the furnace in the waste gas, therefore, heat recovery is essential for fuel conservation and economical operation. With fuel costs rising, recuperation is certain to play a vital role in the future.

Convection recuperators are comprised of tube bundles with the tubes welded to the tube sheets to assure gas tightness. Tube arrangement, tube material and flow pattern are based on the specifics of each individual application, including temperatures, compositions, pressure drop limits and space availability. In a typical design, the hot waste gas from the furnace flows horizontally through the recuperator, passing outside of vertical tubes. Combustion air en route to the burners makes two or more passes inside the tubes in a counter cross-flow pattern.   Figure 6 shows a typical design.
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Figure 6.
A Typical Convection Heat Exchanger Design (Source : Hamon TTC)
Applications for convection recuperators include the following:

· Steel soaking pits 

· Steel reheat furnaces 

· Steel heat treat furnaces 

· Steel anneal and pickle lines 

· Steel galvanizing lines 

· Direct reduced iron furnaces 

· Aluminum melting furnaces 

· Aluminum de-lacquering systems 

· Aluminum heat treat furnaces 

· Ceramic and refractory kilns 

· Thermal oxidizers 

· Waste incinerators.
Regenerative Burner Systems

Regenerative burner systems recover waste heat from the flue gases by heating of refractory lined chambers.  While one chamber is heated by exhaust gases, combustion air is absorbing heat as it passes through the other, previously heated chamber.  
[image: image12.emf]
Figure 7.
Representation of Regenerative Burner Operation (Source: North American)
The regenerative burner pair has a compact heat storage regenerator containing ceramic brick or other heat storage material.  The North American TwinBed II shown in Figure 7 contains ceramic balls. Operating in pairs, one burner fires while the other burner exhausts. Combustion air is preheated in the regenerator of the firing burner and furnace gas gives up heat to the regenerator in the exhausting burner. Burner operations are switched within an application specific time period. The burner that was firing, now exhausts; and the burner that was exhausting, now fires. Burner operation continues cycling between firing and exhausting.
Regenerative burners are used in high temperature batch type furnaces.  Typical applications are as follows:

· aluminum melter

· glass melter

· steel forge furnace

· steel reheat furnace

· heat treat furnace

· retort furnace.

Flue Gas Water Heater (Boiler Economizer)

Economizers are gas-to-liquid heat exchangers that recover heat from flue gas streams and transfer it to water or another fluid. These units are typically used for boiler feedwater heating and process water heating. The economizers are often of finned tube design as shown in Figure 8.  Different types of fins can be utilized to coordinate with specific application requirements, primarily relating to fuel type and flue gas characteristics:    

[image: image13.emf]
Figure 8.
Finned Tube Flue Gas Water Heater (Boiler Economizer)

Cast iron protected finned tubes are used where flue gases may contain corrosive and/or abrasive substances, such as from coal or heavy oil combustion and waste incineration. Cast iron protected tubes are resistant to corrosion and particularly suited where temperatures are below the flue gas acid dew point.  Parallel welded finned tubes are frequently used under the dusty or abrasive flue gas conditions typically produced by coal and heavy oil firing or waste incineration processes. The parallel alignment of the fins allows easier cleaning of the tubes and reduced flue gas pressure drop.  

Applications for economizers include most steam generating equipment, such as industrial boilers and waste heat boilers.  Economizers are used in a variety of industries:
· Energy and Power 

· Incineration 

· Chemical 

· Petrochemical 

· Pulp and Paper 

· Environmental 

· Food 

· Automotive 

· Marine 

· Steel 

· Aluminum 

· Glass .
Selected References

A good understanding of heat recovery technology, engineering relationships and applications can be found in the following sources:

· Combustion Technology Manual, “Chapter 14: Heat Recovery Equipment, Hardware, Applications Economics,”Industrial Heating Equipment Association, 1988. (Fifth Edition is available.) 
· Improving Process Heating System Performance: A Sourcebook for Industry, U.S. Department of Energy and Industrial Heating Equipment Association.

· “Industrial Heat Recovery Strategies,” PG&E Energy Efficiency Application Note, available online.
· Principles of Heat Transfer, by Frank Kreith, Intext Educational Publishers, NY, 1973
· Compact Heat Exchangers, by W. M. Kays and A. L. London, National Press, 1955.  
Appendix B
Underlying Mass/Energy Balance Documentation 
The calculation of the value of heat recovery for preheating combustion air is based on the heating value of the fuel, the quantity of heat leaving the process in the flue gases, and the amount of heat that can be put back into the process by preheating the combustion air.  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 9.
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Figure 9
Available Heat for Stoichiometric Natural Gas Combustion as a Function of Flue Gas Temperature

The heat content of air that is used in equations (2) and (3) is based on the relationship shown in Figure 10.  

[image: image16.emf]-

10

20

30

40

50

60

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600

Temperature (Deg. F.)

Heat Content (Btu/scf)


Figure 10
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%.

Appendix C
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
	94.1000%

	C2H6
	3.0100%

	C3H8
	0.4200%

	C4H10
	0.2800%

	CO
	0.0140%

	H2
	0.0325%

	CO2
	0.7100%

	O2
	0.0100%

	N2
	1.4100%



























































� Arvind Thekdi, “Energy Efficiency Improvement Opportunities in Process Heating for the Forging Industry,” FIA Forging Clinic, February 8&9, 2005.


� Energy Solutions Center, labels added.


� “Boiler Blowdown Heat Recovery Project Reduces Steam System Energy Losses at Augusta Newsprint,” Best Practices, Technical Case Study, Department of Energy, Office of Industrial Technologies, February 2002.


� The PHAST model was developed as part of a formal partnership agreement between the Department of Energy and the Industrial Heating Equipment Association.  Dr. Arvind Thekdi, E3M, Inc. was the project manager for the development of PHAST and has provided the program logic for the calculators under a separatecontract to the Gas Company.


�  Excel based program, Load Balance Tool (ver 1).xls, 


�  Load Balance Tool, Workpaper, Energy and Environmental Analysis, Inc. April 2006.


� All of the relationships and thermodynamic calculations were contained in a preliminary calculation spreadsheet that was developed and provided to The Gas Company by Dr. Arvind Thekdi, EC3M Company.  Dr. Thekdi also provided the back-up relationships.


� Arvind Thekdi, private communication, 3/9/06.


� A separate calculation using the flue gas to air calculator described in the next section shows that this preheat temperature is achievable using a 50% efficient recuperator (HX).


� Arvind Thekdi, private communication, 3/9/06.


� Using the Excel menu option Goal Seek (within Tools), it is possible to set the desired outlet temperature by changing either the air flow rate (11) or the heat exchanger efficiency (12).  This effectively reverses the input and calc variable without changing the functions themselves.  Using Goal Seek  in this way allows the user to determine the necessary inputs to achieve a desired temperature condition for the secondary process.


� The specific heat of water is 1 Btu/lb of water per degree Fahrenheit at 39o F.  For practical purposes this value changes very little at other water temperatures so the value is assumed constant in this calculator for all water temperatures.


� The ideal heat exchanger is an infinitely large counterflow heat exchanger.  In it, the inlet stream with the smaller flow will reach the temperature of the other inlet stream.  The corresponding amount of heat is the maximum heat that can be exchanged between the two streams.  The heat exchanger effectiveness is the ratio of the actual amount of heat received by the cold stream divided by the maximum ideal amount of heat.


� Information in this section is taken from the website of Hamon Thermal Transfer Corporation� � HYPERLINK "http://hamon-thermaltransfer.com/Products_RadiationRecuperators.asp" ��http://hamon-thermaltransfer.com/Products_RadiationRecuperators.asp�


� Hamon Thermal Transport Company, Website, op.cit.


� Information from North American Company literature for TwinBed II burner.


� Information from Hamon Thermal Transfer Corporation, op cit.


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





[image: image18.emf]1 Hot side water flow rate (lb/hr) 12,000

2 Hot side water inlet temperature (F) 180

3 Cold side water flow rate (lb/hr) 10,000

4 Cold side water inlet temperature (F) 50

5 Heat exchanger effectiveness (%) 70%

6 Heat transfered to cold water (Btuh) 910,000

7 Hot water outlet temperature (F) 104

8 Cold water outlet temperature (F) 141

9 Operating time (hrs/yr) 6,000

10 Displaced boiler efficiency (%) 80%

11

Gas Savings (therms/year) 68,250

12 Gas Rate ($/therm) $0.95

13 Annual Cost Savings ($/year) $64,838
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